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Editorial on the Research Topic

Recent advances and product opportunities in the technology of proteins,

probiotics, and prebiotics

This special issue, titled “Recent Advances and Product Opportunities in the Technology

of Proteins, Probiotics, and Prebiotics,” draws together a collection of papers that address

current advances in product changes and in the technologies of proteins, prebiotics, and

probiotics. Many publications focused on this topic have been reviewed and published that

relate to the development of personalized nutrition, which differs from the population-based

nutrition intervention that provides one-size-fits-all treatments. Based on the individual’s unique

characteristics, including anthropometric characteristics, biomarkers, genotypes, gut microbial

composition, pre-interventional dietary patterns, and physical activity status, personalized

nutrition enables tailored healthy lifestyle choices and thus, improves health outcomes.

Kan et al. explored the potential variables that might alter an individual’s response to a

specific diet, and the results were transposed into three review articles (Wan et al.; Wang et al.).

The gut microbiome, genotype, and phenotypic related biomarkers were specifically highlighted

as the most important dimensions for personalized nutrition to achieve its desired goal (Wang

et al.). Variations in these dimensions were associated with distinctive nutrition-related traits,

including the bioaccessibility, bioavailability, and utilization of nutrients, which subsequently,

affected the efficacy of nutritional intervention (Kan, Wu, et al.; Wan et al.). Building upon these

endeavors, this group of researchers performed the first personalized nutrition study in China

to test the hypothesis that the deployment of the above-mentioned dimensions in a nutritional

intervention study could result in a greater lifestyle change among obese adults (Kan, Yi, et al.;

Zheng et al.). Their theory was supported by the subjects’ much greater decreases in body mass

index, waist measurement, and percentage of body fat in the personalized nutrition-treated team

compared to the standard study participants (Kan, Yi, et al.). In a subsequent investigation,

Zheng et al. identified the gut microbiome’s role in modifying lipid metabolism outcomes

connected to fat distribution and obesity-related gene polymorphisms, while Zhang et al.

discovered that through altering the gut microbiota, Lactiplantibacillus plantarum ST-III-

fermented milk can ameliorate autistic-like symptoms of mice with autism spectrum conditions

brought upon by the use of valproic acid. Zheng et al. summarized the systematic assessment
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of the prebiotics’ contribution to promoting probiotics (You et al.). By

identifying novel ligand fishing models using nanotechnologies for

obesity treatment, Tian et al. showcased another method to promote

further advancements in personalized nutritional interventions.

Noticeably, machine learning was utilized to capture complex

relationships between the phenotypic, genomic, and metagenomic

features and nutritional needs of an individual to develop

tailored dietary and nutritional advice. The fact that computational

algorithms need to be trained by big datasets will add tremendous

value to multi-omics approaches (Wang et al.). Some interesting

works that involved the novel utilization of natural products and

microorganisms are also included. Wang et al. successfully used

Lactobacillus for the improvement of meat quality in Sunit sheep.

And they further revealed that the underlying mechanism of such

improvement is related to the altered mitochondrial biosynthesis

via the AMPK pathway. Wu et al. investigated and found that by

targeting ferroptosis, traditional Chinese medicine has a preventive

impact on non-alcoholic fatty liver disease and liver cancer.
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Production of Prebiotic
Xylooligosaccharides via Dilute
Maleic Acid-Mediated Xylan
Hydrolysis Using an
RSM-Model-Based Optimization
Strategy

Kankan Jiang †, Xiaoliang Fu †, Rong Huang, Xingli Fan, Lei Ji, Damin Cai, Xiaoxiang Liu,

Yixiu Fu, Aihua Sun* and Chenzhuo Feng*

School of Basic Medical Sciences and Forensic Medicine, Hangzhou Medical College, Hangzhou, China

Xylooligosaccharides (XOS) are functional feed additives that are attracting growing

commercial interest owing to their excellent ability to modulate the composition of the gut

microbiota. The acid hydrolysis-based processing of xylan-containing materials has been

proposed to represent a cost-effective approach to XOS preparation, with organic acids

being preferable in this context. As such, in the present study, maleic acid was selected as

a mild, edible organic acid for use in the hydrolysis of xylan to produce XOS. A response

surface methodology (RSM) approach with a central composite design was employed to

optimize maleic acid-mediated XOS production, resulting in a yield of 50.3% following a

15min treatment with 0.08% maleic acid at 168◦C. Under these conditions, the desired

XOS degree of polymerization (2-3) was successfully achieved, demonstrating the viability

of this using a low acid dose and a high reaction temperature to expedite the production

of desired functional products. Moreover, as maleic acid is a relatively stable carboxylic

acid, it has the potential to be recycled. These results suggest that dilute maleic acid-

based thermal treatment of corncob-derived xylan can achieve satisfactory XOS yields,

highlighting a promising and cost-effective approach to XOS production.

Keywords: Xylooligosaccharides, xylan, dilute maleic acid, hydrolysis, response surface methodology

INTRODUCTION

Xylooligosaccharides (XOS) are non-digestible functional oligosaccharides with prebiotic activity,
leading to their extensive use as food additives (1). As XOS exhibit excellent thermos-stability
to 100◦C and strong acid resistance across a pH range of 2.0–7.0, they are well-suited to
gastrointestinal delivery given their ability to resist stomach acid (2). Several studies published
to date have demonstrated that the use of XOS as a feed additive can improve specific growth
rates and feed conversion ratio values in livestock while simultaneously promoting the growth of
beneficial bacteria within the intestines and improving overall digestive performance and immune
activity (3, 4). As a food additive, an intake of XOS (1–3 g/day) can readily promote the growth of
probiotic bacterial species, enhance calcium absorption, protect against dental caries, and decrease
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the incidence of gastrointestinal and cardiovascular diseases (5,
6). Given their robust prebiotic properties, XOS have been a
focus of growing scientific and commercial interest such that the
market price for XOS is forecast to exceed $130 million by 2023
(2, 4).

Xylooligosaccharides are composed of 2–10 xylose units and
are generated through the hydrolysis of xylan, which is the
major extract from hemicelluloses composition of lignocellulosic
biomass (7). XOS are currently produced by enzymatic method,
chemical method, or a combination of these two approaches
(2, 8). While enzymatic hydrolysis is more selective and can thus
yield XOS of higher purity, it is expensive, slow, and necessitates
specialized storage and handling of the utilized enzymes, thus
making it poorly suited to large-scale commercial production
(9, 10). In contrast, acid-based hydrolysis approaches are efficient
and inexpensive such that they are more frequently employed
in the context of large-scale industrial XOS production (11).
The acidic hydrolysis techniques generally hydrolyze xylan using
mineral acids or organic acids as catalysts (12–16). The use of
conventional sulfuric acid, however, results in large quantities of
inorganic waste in the form of gypsum together with significant
quantities of other degradation products including pentose-
derived furfural and hexose-derived 5-hydroxymethylfurfural.
As organic acids yield fewer byproducts (xylose and furfural)
in this reactive context, they are often favored over inorganic
acids (17–20), with those byproducts produced during organic
acid hydrolysis being more readily utilized in the form of
combustion fuel in a co-firing device, as fertilizer, or as animal
feed (19, 21, 22). Besides, simple soluble organic acids, e.g.,
mono-, di- and tri-carboxylic acids, are ubiquitous components
of the nature system.

Maleic acid (MA) is a dibasic carboxylic acid that functions as
an organic acid, releasing H+ to facilitate the depolymerization
of xylan and other hemicelluloses, thereby yielding oligomers
or monosaccharides. In prior reports, MA has been shown to
be a safe and environmentally friendly organic acid that can
be employed for the pretreatment of lignocellulosic materials.
As the furfural byproduct derived from xylose dehydration
necessitates higher activation energy, MA pretreatment can also
lower byproduct yields as compared to sulfuric acid pretreatment
(23). MA is also classified as a food additive, and it can thus
be used in the co-preparation of XOS for use in feed additives.
While MA has previously been reported in the context of
monosaccharide preparation (23–26), few studies have explored
its value in the context of XOS production. As such, in this
study, MA was herein utilized to facilitate xylan hydrolysis as a
means of generating XOS. Through single-factor and response
surface methodology (RSM)-based approaches, MA-mediated
XOS yields were optimized, and the interactive relationships
between reaction temperature, acid content, and holding time
were explored.

MATERIALS AND METHODS

Materials
Corncobs that served as inputs in the present study were
provided as a kind gift from farmers in Rizhao, Shandong

province, China. Corncobs were initially milled and passed
through 40–100 meshes, followed by use for xylan preparation.
The prepared corncob was composed of 35.9% cellulose, 32.1%
hemicellulose, and 17.3% lignin.

Xylan Preparation
A two-step approach was used to prepare xylan through alkaline
extraction and ethanol precipitation. Initially, the milled corncob
was treated for 45min with 7% NaOH at 120◦C. Following
alkaline treatment, the resultant sludge was centrifuged and
the xylan-containing supernatant fraction was collected. Next,
ice-cold 95% ethanol was used to precipitate these alkaline
supernatants, with the precipitate then being collected and rinsed
using 70% ethanol (10). Following this ethanol wash, precipitates
were freeze-dried to facilitate downstream analyses and acidic
hydrolysis. Xylan was assessed as per the standard method
developed by the National Renewable Energy Laboratory’s
standard method (27).

Maleic Acid-Mediated Xylan Hydrolysis
MA-mediated xylan hydrolysis was performed in a 100mL
screw-top pressure-resistant steel reactor. Briefly, 5 g of freeze-
dried xylan powder and 50 mL of dilute MA prepared at
the appropriate concentration were combined in the reactor
at a 1:10 solid-liquid ratio. Xylan hydrolysis was performed
using a constant temperature oil-bath pan (KEMAI, SC-10A,
China). Reactors were sealed and immersed in an oil bath
after stably reaching the selected preset temperature. After the
selected reaction duration, reactors were removed and cooled
in a cold water bath. The sludge therein was then centrifuged
for 8min at 8,000 rpm, after which supernatants were collected
for analysis.

Acid Hydrolysis Experimental Design
Experimental design was achieved using the response surface
analysis software Design-Expert (v 11.0). For this analysis,
three independent variables were selected, including reaction
temperature (A, 130–170◦C), acid concentration (B, 0.04%-
0.16%, w/w), and hydrolysis time (C, 15–45min). The XOS
yield (Y) served as the response in this analysis, enabling the
evaluation of interaction effects for reaction temperature, acid
content, and holding time, with a quadratic polynomial then
being generated via stepwise regression fitting. Significance for
the designed experiments was assessed using analyses of variance
(ANOVAs) (28). Model fit was assessed by calculating the R2

and adjusted R2 values, with model significance being established
based on F- and P-values. Response surfaces were established
with the fitted quadratic polynomial equation for each response
as a means of demonstrating the effects of the selected variables
on XOS yield.

Analytical Methods
Xylose and XOS (including xylobiose (X2), xylotriose (X3),
xylotetraose (X4), xylopentaose (X5), and xylohexaose (X6)) were
simultaneously detected via High-performance anion-exchange
chromatography (HPAEC) (Thermo Fisher, ICS-6000, USA)
with a CarboPacTM PA200 column (29). MA and furfural were
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assessed via high performance liquid chromatography (HPLC)
(Agilent 1200, USA), coupled with an Aminex Bio-Rad HPX-
87H column (300mm × 7.8mm; USA) and a refractive index
detector. An analytical column was operated at 55◦C with a
mobile phase consisting of 5mM H2SO4. The flow rate for the
mobile phase was 0.6 mL/min. Yields of xylose and XOS (X2-X6)
were determined as follows:

Xylose yield (%) =
Xylose content in hydrolysate (g)

The initial xylan content (g)
× 100% (1)

XOS yield (%) =
(X2+ X3+ X4+ X5+ X6) in hydrolysate (g)

The initial xylan content (g)
× 100% (2)

RESULTS AND DISCUSSION

Production of XOS in Single-Factor
Experiments
Corncob extract-derived xylan was used for all XOS production
in the present study. Briefly, alkaline corncob extracts from
different batches were pooled to yield the experimental input
material (69.1% xylan). The final recovery of xylan was 61.7%
relative to the total xylan in raw material. Following alkaline
treatment, the remaining non-xylan solids fraction was primarily
comprised of cellulose, which can also serve as a raw source of
glucan in the context of enzymatic hydrolysis-mediated glucose
production (30). The rate of xylan degradation has previously
been shown to be primarily influenced by reaction temperature,
acid content, and holding time (11). An RSM experimental
design approach was thus employed to explore the effects of
these factors on XOS yields. In total, 15 individual independent
experiments were performed at temperatures from 130–170◦C
(Figures 1A–C), with XOS yields (calculated based on the total
X2–X6 content) and the distributions of xylose, furfural, and
X2–X6 generated at a given fixed temperature being reported.

Under low reaction temperature and low acid content
conditions, X2–X6 distributions were average, but total XOS
yields were very low (<20%) (Figure 1A). For example, X2–
X6 contents following treatment for 15min at 130◦C with 0.1%
MA were 1.22, 1.16, 1.21, 1.36, and 1.59 g/L, respectively.
When harsher reaction conditions were employed, however,
declining trends in XOS concentrations were generally observed
from X2–X6. At 130◦C, XOS yields rose with increases in
acid concentration or holding time. For example, following
treatment at 130◦C for 45min with 0.04% MA, the XOS yield
was just 10.6%, which was much lower than that observed under
otherwise identical conditions with 0.16%MA (47.1%). At 150◦C,
the XOS yields rose with prolonged holding time at a low MA
concentration (0.04%), but dropped sharply at holding times
beyond 30min when the acid content was >0.1% (Figure 1B).
At 170◦C, XOS yields declined with increases in acid content
and holding time owing to the accelerated conversion of XOS to
xylose under these conditions such that treatment for 45minwith

0.1% MA at 170◦C for 45min resulted in an XOS yield of just
9.8%, whereas the xylose yield was as high as 80.1% (Figure 1C).
These data suggest that overly harsh reaction conditions can
result in the excessive breakdown of xylan,making them ill-suited
to preparing XOS (31). It is, however, important to note that
furfural yields remained low (<5 g/L) under even the harshest
conditions (170◦C/45 min/0.16%), owing to the dicarboxylic
structural characteristics of MA, which mimic the active sites
of natural enzymes and thereby stabilize xylose, slowing its
degradation (32). With appropriate acid concentrations and
holding time values, high XOS yields of 45–50%were successfully
achieved at 130, 150, and 170◦C.While an XOS yield of 47.1%was
achieved at 130◦C (0.16% MA, 45min), this required a notably
prolonged reaction time, whereas at 150◦C a 48.3% XOS yield
was achieved in just 15min using 0.16% MA. Overall, these
experiments revealed that xylose production constantly increased
with rising temperature, time, and MA concentration.

In acidic hydrolysis process, the glycosidic bonds between
adjacent xylose units in xylan can be randomly hydrolyzed
by hydronium ions, causing xylan depolymerization to give
xylooligomers and xylose (13, 33, 34). Xylan is generally first
broken down to yield polysaccharides with a higher degree of
polymerization (DP) in acidic hydrolysis processes, followed
by further degradation into oligomers with lower DP values
(22). Under lower temperature conditions, higher XOS yields
generally necessitate increases in either acid concentration
or holding time in a manner that may be poorly suited
to commercial applications. Increasing the holding time and
acid concentrations can also result in further oligosaccharide
degradation, yielding smaller byproducts including furfural
and xylose. Reaction temperature, acid concentration, and
holding time must therefore be synergistically regulated to
improve XOS yields while minimizing the production of
undesirable byproducts.

Model Fitting
XOS yields were optimized using a 3-factor-3-level central
composite design (CCD) strategy consisting of 15 experimental
runs exploring relationships among reaction temperature (A),
acid content (B), and holding time (C). For this approach, the
central condition was as follows: 150◦C, 0.1% MA, and 30min.
Each of the 15 runs was conducted in triplicate, with the resultant
average XOS yields and corresponding ANOVAs being shown in
Tables 1, 2, respectively.

A linear regression approach was successfully used to model
XOS yields based on the above data, with the model F-value
(30.66) corresponding to model significance given that there
is only a 0.85% chance that such a value would only occur
due to noise. Model terms with P-values <0.05 and >0.1,
respectively indicate significance and a lack of significance. In
cases when many model terms not necessary to support the
overall hierarchy of the model are insignificant, model reduction
can lead to further improvements in the model. The signal-to-
noise ratio (SNR) is a measure of precision, with an SNR >4
being desirable. Given the observed SNR of 16.388, the model
signal was considered to be adequate such that it could be
used to navigate the design space. A multiple regression analysis
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FIGURE 1 | Furfural, xylose, and X2-X6 distributions and XOS yields in xylan hydrolysates prepared using a range of MA concentrations, holding times, and

temperatures: (A) 130◦C; (B) 150◦C; and (C) 170◦C. X2: xylobiose; X3: xylotriose; X4: xylotetraose; X5: xylopentaose; X6: xylohexaose; XOS: xylooligosaccharides =

X2+X3+X4+X5+X6; MA: maleic acid.
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conducted with the Design-Expert software selected a quadratic
model as being most appropriately matched to this model based
on fit to the (Y). The resultant quadratic equation obtained
through this analysis was as follows:

Y = 11.6A + 2950.7B + 9.8C−13.4AB-
0.05AC−11.5BC−0.03A2-2753.5B2-0.03C2-1126.3, where A, B,
and C, respectively denote temperature (◦C), acid concentration
(%), and holding time (min).

For this equation, positive and negative regression coefficient
values correspond to synergistic effects and antagonistic effects,
respectively. F-tests and P-values were used to assess the
significance of each model term. As shown in Table 2, time
significantly affected XOS yield (P < 0.05). Quadratic terms for

TABLE 1 | The experimental design and response value (XOS yield).

Factors Response

A B C Y

Temperature /◦C Maleic acid /% Holding time /min XOSa yield /%

130 0.04 30 6.8

0.1 15 9.9

0.04 45 10.6

0.16 30 37.1

0.16 45 47.1

150 0.04 15 18.6

0.04 45 31.1

0.16 15 48.3

0.1 30 45.1

0.16 45 18.9

170 0.04 30 42.9

0.1 15 50.3

0.16 30 12.3

0.1 45 9.8

0.16 45 1.7

a XOS, xylooligosaccharides.

acid concentration and temperature were also significant, which
were the same as interactions between the two random factors.

The coefficient (R2) and adjusted coefficient of determination
(Adj. R2) values for this model were 0.98 and 0.93, respectively,
with both being in good agreement and larger than 0.80,
consistent with the fitted model exhibiting appropriate
consistency between predicted and actual values (35). As
the lack-of-fit value was not significant (not shown), this model
was considered to be adequate as a tool for predictive analyses.
In addition, strong linear correlations were visible between
predicted and actual XOS yield values, confirming the reliability
of this predictive model (Figure 2).

FIGURE 2 | Correlations between predicted and actual values.

TABLE 2 | Analysis of variance in RSM model.

Source Sum of squares Degree of freedom Mean square F-value P-value

Model 3134.11 9 348.23 30.66 0.0085 significant

A-Temperature 71.81 1 71.81 6.32 0.0866

B-Acid 55.11 1 55.11 4.85 0.1149

C-Time 179.54 1 179.54 15.81 0.0285

AB 1102.90 1 1102.90 97.10 0.0022

AC 688.14 1 688.14 60.59 0.0044

BC 456.67 1 456.67 40.21 0.0079

A² 324.02 1 324.02 28.53 0.0128

B² 196.52 1 196.52 17.30 0.0253

C² 96.68 1 96.68 8.51 0.0616

Residual 34.07 3 11.36

Cor Total 3168.19 12
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FIGURE 3 | Response surface plots demonstrating the interactive effects of (A) reaction temperature and MA content. (B) reaction temperature and holding time; and

(C) MA content and holding time on XOS production. XOS: xylooligosaccharides = X2+X3+X4+X5+X6.
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FIGURE 4 | Hydrolysate component distributions and XOS yields for three chosen conditions. X2: xylobiose; X3: xylotriose; X4: xylotetraose; X5: xylopentaose; X6:

xylohexaose; XOS: xylooligosaccharides = X2+X3+X4+X5+X6; MA: maleic acid.

The 3D response surface generated by the Design-Expert
software enables the visualization of interactive effects associated
with two factors when a third factor is fixed (Figures 3A–C).
The observed results suggested that slight changes in reaction
temperature, acid concentration, and holding time had the
potential to significantly affect XOS yields. At a fixed 30min
holding time, the maximal contour with the greatest XOS yield
(>45%) was obtained in the 145–160◦C and 0.08–0.12% MA
range (Figure 3A), with further increases in reaction temperature
and acid concentration resulting in decreased XOS yields owing
to the excessive conversion of XOS into xylose. Similar results
were also observed when exploring the interaction effects of
holding time and reaction temperature (Figure 3B) or holding
time and acid concentration (Figure 3C).

Predicted Value Verification
In light of the 3D surface plots generated above, it was clear
that holding time was the dominant factor significantly affecting
XOS yield responses, as evidenced by a higher F-value for
time relative to corresponding values for temperature or acid
concentration (Table 2), with A, B, and C values in the 160–
170◦C, 0.08–0.12%, and 15–20min ranges producing XOS yields
of > 50%. In the fitted yield, the maximal predicted XOS yield
(51.1%) was identified for the following reaction conditions:

164◦C, 0.11% MA, and 14min. From a practical industrial
perspective, however, lower acid concentrations are preferable
as they will lower the costs of downstream purification. Other
response conditions with predicted XOS yields of around 50%
were thus also compared (168◦C, 0.08% MA, 15min; 170◦C,
0.06% MA, 17min). Each of these experimental protocols was
repeated in triplicate using the indicated reaction conditions,
and xylan hydrolysis component distributions were then assessed
(Figure 4). In the resultant hydrolysates, X2 and X3, which
are considered to be the most effective prebiotic compounds
(36), were the dominant components, while X4–X6 yields were
substantially more limited.

The maximal achieved XOS yield under these experimental
conditions was 51.7%, corresponding to a total concentration of
35.7 g/L. This yield was largely consistent with the predicted yield
(51.1%) under the selected reaction conditions (164◦C, 0.11%
MA, 14min), further supporting the accuracy of the established
regression equation. XOS yields when xylan hydrolysis was
performed using 0.06 or 0.08% MA were 49.1 and 50.3%,
respectively. As these values were only slightly lower than the
51.7% yield achieved above, they were considered acceptable. At
the 0.06%MA concentration, xylose byproduct levels were higher
than those observed at a 0.08% MA concentration, leading to
the conclusion that XOS production with 0.08% MA at 168◦C
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FIGURE 5 | MA solution chromatograms (A) prior to and (B) following xylan hydrolysis at 168◦C with 0.08% MA for 15min. MA, maleic acid.

for 15min is preferable. This acid concentration is relatively low
as compared to previously reported organic acid concentrations
in other studies assessing xylan hydrolysis. For example, Zhang
et al. (37) achieved a maximal 45.86% XOS yield when using
20% acetic acid to hydrolyze waste xylan extracted from viscose
fiber plants for 20min at 140◦C. In another report, Zhao et al.
(14) employed 1.2% furoic acid to facilitate the xylan hydrolysis
of corncob xylan for 33min at 167◦C, achieving a 49.2% yield.
Besides, it was reported that the highest XOS yield of 45.18% was
obtained with 1% sulfuric acid at 120◦C for 60min during the
hydrolysis of the residual hemicelluloses of dissolving pulp (38).
Henriques et al. (39) concluded that a maximum XOS yield of

30.2% was obtained within 30min at 100◦C and pH 0.5 by nitric
acid hydrolysis of xylan from Eucalyptus globulus bleached kraft
pulp. The ability of dilute MA to efficiently hydrolyze xylan and
generate XOS can be attributed to the low dissociation constant
of MA (pKa1 = 1.83, pKa2 = 6.07) (40, 41). This property,
in turn, is attributable to the fact that MA is monounsaturated
and protonates via the formation of a stable cis-anion through
intramolecular hydrogen bonding. The sp2 character of MA
further improves its acidity as its electrons are more closely
located to the unsaturated carbon nucleus, resulting in a lower
energy state and enhanced anion stability (42). MA is also free
of additional alkyl groups that can inductively decrease acid
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strength. Together, these features are conducive to the enhanced
acidity of MA such that it is more similar to a strong acid
capable of readily releasing H+ (43). The activation energy for
MA-mediated hemicellulose hydrolysis is significantly lower than
that for sulfuric acid, suggesting MA to be a more efficient
catalyst in this context (44). Other studies have also reported MA
to exhibit greater efficacy when converting barley straw xylan
into reducing sugar as compared to other monocarboxylic or
dicarboxylic acids, including adipic acid, benzoic acid, malonic
acid, and salicylic acid (42). Lin et al. (11) have also further
reported MA to be better suited than citric acid to the catalysis
of hemicellulose conversion into XOS.

The feasible commercial use of MA as a catalyst necessitates
that it can be repeatedly recycled. MA chromatograms before and
after the hydrolysis of xylan at 168◦C with 0.08% MA for 15min
were compared in Figure 5. While partial overlap of the MA
and XOS peaks was observed, the intensity of the post-hydrolysis
MA peak was very similar to the pre-hydrolysis peak, suggesting
that MA does not undergo degradation or conversion during
hydrolysis. As such, MA offers great potential for the industrial-
scale production of XOS given that it can potentially be recovered
via electro-dialysis procedures (45).

CONCLUSIONS

In summary, dilute edible MA was employed to produce XOS
via an acid hydrolysis approach using xylan as an input, with
an RSM approach being used to optimize the necessary reaction
temperature, holding time, and acid concentration. Using this
strategy and quadratic regression model-based predictions, an
optimal 50.3% XOS yield was achieved, highlighting a promising
approach to achieving large-scale production of XOSwith desired
DP (X2 and X3).
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The traditional media used for the fermentation of Lactobacilli always contain
carbohydrate polymers, which interfere with the analysis of the exopolysaccharide (EPS)
produced by the bacteria. In this investigation, a novel medium formulation that could
avoid such interference was successfully developed. The beef extract, yeast extract,
and peptone used in this formulation were subjected to the removal of polysaccharides
before use. The factors affecting the EPS production were optimized by a single factor
test, Plackett–Burman design, and Box–Behnken design. The optimum formula was
ascertained as: 7.5 g L−1 yeast extract, 12.5 g L−1 beef extract, 10 g L−1 peptone,
21.23 g L−1 maltose, 5.51 g L−1 yeast nitrogen base, 2 g L−1 K2HPO4, 5 g L−1

anhydrous sodium acetate, 2 g L−1 ammonium citrate, 0.58 g L−1 MgSO4·7H2O,
0.25 g L−1 MnSO4·H2O, and 1 mL L−1 Tween 80. The initial pH of the medium was
6.5. The optimized conditions for fermentation of the strain to produce EPS were as
follows: seed size 1%, culture temperature 37◦C, and culture time 20 h. Optimum results
showed that EPS yield was 496.64 ± 3.15 mg L−1, being 76.70% higher than that of
unoptimized conditions (281.07 ± 5.90 mg L−1). The EPS was mainly comprised of
glucose and guluronic acid, with a weight average molecular weight of 19.9 kDa; it was
also characterized by Fourier transform infrared spectroscopy and UV analysis. EPS
was found to significantly enhance the phagocytic capacity, promote the NO, TNF-α,
IL-1β, and IL-6 secretion, and improve mRNA expression of cytokines in RAW 264.7
macrophages, indicating its considerable immunomodulatory activity. Western bolt and
immunofluorescence results demonstrated that the EPS was able to increase p65
nuclear translocation in the macrophages, indicating that EPS enhanced immunity via
the NF-κB signaling pathway. EPS investigated in this work has potential as an attractive
functional food supplement candidate for the hypoimmunity population.

Keywords: exopolysaccharide, Lacticaseibacillus rhamnosus, statistical optimization, immunomodulatory
activity, NF-κB
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INTRODUCTION

The exopolysaccharide (EPS) secreted by Lactobacilli organisms,
which was generally regarded as safe (GRAS), has been widely
used in food-, medicine-, and cosmetics-related industries
(1). Recently, studies have demonstrated that Lactobacilli EPS
possesses remarkable immunostimulatory effects with no obvious
side effects (2). EPS maintains the stability of the immune
system possibly by regulating the metabolism of the body, such
as preventing DNA damage, and controlling blood lipid levels
(3); enhancing specific cellular functions, such as improving
humoral immune response against antigens by stimulating the
proliferation of T/B-lymphocytes, and improving the phagocytic
ability of macrophages by promoting their proliferation (4–6).

Culture conditions, such as medium, pH, and temperature
are very important factors influencing bacterial growth. Skim
milk medium, M17 broth medium, and MRS broth medium
(7–9) have been widely used for cultivating Lactobacilli. Beef
extract, yeast extract, and peptone are often used as organic
carbon and nitrogen sources in those media for the fermentation
of Lactobacilli. A lot of polysaccharide-analogs derived from
those components cannot be utilized by the microorganism and
would precipitate together with EPS when using the alcohol
precipitation method to prepare EPS (10). Thus, the use of these
components in the culture medium would interfere with the
analysis and quantification of the EPS produced by the bacteria
(11). In an attempt to eliminate this interference and facilitate
EPS analysis, semi-defined media (12) and chemically defined
media (13) have been developed. Although the test strains grew
well in these media, in which some components were reduced,
substituted, or removed, these media might not be suitable for
the growth of other bacterial strains. Hence, eliminating the
interference of medium components, screening and optimizing
the key parameters that affect the yield of EPS are crucial for the
development of a culture method suitable for the EPS production
by Lactobacilli.

Recently, a bacterial strain was isolated from fresh milk in
our laboratory and identified as Lacticaseibacillus rhamnosus
ZFM216. This bacterium was found to possess a potential for
EPS production with a high yield in a preliminary study. The
objective of this work is to develop a medium that is suitable
for the production of EPS by this strain, and avoid the inference
of components in medium to EPS analysis. To this end, several
statistical methods, including single factor design, Plackett–
Burman design, and Box–Behnken design, were employed to
optimize the formulation of the medium and culture conditions.
The immunomodulatory activities and action mechanism of EPS
obtained under the optimal conditions are also reported.

MATERIALS AND METHODS

Strains and Reagents
Lacticaseibacillus rhamnosus ZFM216 was isolated from fresh
milk and cultured on MRS agar (14). The strain was identified
according to their morphological characteristics and 16S rDNA
sequences analysis (data not shown). L. rhamnosus ZFM216 has

been deposited in the China Center for Type Culture Collection
(CCTCC) under accession number NO. CCTCC M 2020325.
Macrophage RAW264.7 cells were kindly provided by the College
of Pharmaceutical Science, Zhejiang University. Beef extract,
yeast extract, and peptone were purchased from Hangzhou
Microbial Reagent Co., Ltd. (Hangzhou, China). Glucose,
galactose, fructose, sucrose, maltose, lactose, lipopolysaccharide
(LPS), and neutral red were obtained from Sigma Chemical Co.,
Ltd. (St. Louis, MO, United States). Yeast nitrogen base (YNB)
was purchased from Shanghai Yuanye Bio-Technology Co., Ltd.
(Shanghai, China). The kits for MTT, NO, and total protein
assays were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). ELISA kits for the mouse IL-1β, IL-
6, and TNF-α assays were supplied by Lanpai BIO (Shanghai,
China). All other chemical reagents used in this study were of
analytical grade.

Monitoring the Change in
Polysaccharide Content in the Culture
Medium During Fermentation
The strain L. rhamnosus ZFM216 was revived twice by incubating
on MRS agar at 37◦C for 48 h before use. A single colony was
inoculated in 10 mL of MRS broth and cultivated at 37◦C for
24 h, and then the bacterial suspension (1 mL, 1 × 108 cells
mL−1) was transferred into an MRS broth (100 mL) for 32-
h cultivation at 37◦C. Isolation of polysaccharides was carried
out according to a published protocol with some modifications
(15). After fermentation, the broth (100 mL) was heated to
100◦C in a water bath, then the bacteria were removed by
centrifugation (10,000 rpm, 15 min). The resulting filtrate was
concentrated on a rotary evaporator to about one-fifth of the
original volume (about 20 mL), then treated with 800 mg mL−1

of TCA (final concentration was 40 mg mL−1) for 12 h at
4◦C, followed by centrifugation (10,000 rpm, 15 min) to remove
protein. A quadruple volume of pre-chilled anhydrous ethanol
was then added and allowed to stand for 12 h at 4◦C. The
precipitate was obtained by centrifugation (10,000 rpm, 15 min),
then redissolved in 10 mL of ultrapure water and dialyzed (MW
cut off 2000 Da) against deionized water for 72 h. The dialyzate
was concentrated and then underwent freeze-drying to obtain
polysaccharides. The polysaccharide content was monitored by
measuring the total sugar content (16) at 2-h intervals during the
period of fermentation. In addition, the polysaccharide contents
of beef extract, peptone, and yeast extract in the MRS medium
were also determined according to the above methods. All the
experiments were performed in triplicate.

Modification of MRS Medium
The traditional MRS was composed of 5 g L−1 yeast extract, 10 g
L−1 beef extract, 10 g L−1 peptone, 20 g L−1 glucose, 2 g L−1

K2HPO4, 5 g L−1 anhydrous sodium acetate, 2 g L−1 ammonium
citrate, 0.58 g L−1 MgSO4·7H2O, 0.25 g L−1 MnSO4·H2O,
and 1 mL L−1 Tween 80. In this work, several modifications
were made based on the traditional MRS: (1) Removal of
polysaccharide-analogs in the three main components of the
medium (beef extract, yeast extract, and peptone) before the
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TABLE 1 | Plackett–Burman design and the results of EPS yield.

Run Maltose BE YE Pe YNB Time Temp pH Seed EPS
yield

X1 X2 X3 X4 X5 X6 X7 X8 X9 Y

1 −1 −1 −1 −1 −1 −1 −1 −1 −1 349.09

2 1 1 −1 −1 −1 −1 1 1 1 410.01

3 1 1 −1 1 −1 1 1 −1 −1 435.00

4 −1 1 1 −1 1 −1 1 −1 1 462.56

5 −1 1 −1 1 1 1 −1 1 1 371.87

6 −1 −1 1 1 −1 1 1 −1 1 356.32

7 1 1 1 −1 1 1 −1 −1 −1 487.91

8 1 −1 1 1 1 −1 1 1 −1 444.44

9 1 −1 −1 1 1 −1 −1 −1 1 432.69

10 −1 −1 −1 −1 1 1 1 1 −1 390.07

11 1 −1 1 −1 −1 1 −1 1 1 371.68

12 −1 1 1 1 −1 −1 −1 1 −1 351.87

High level 1 = 20 1 = 15 1 = 10 1 = 15 1 = 5 1 = 24 1 = 42 1 = 8 1 = 4

Low level −1 = 15 −1 = 12.5 −1 = 7.5 −1 = 10 −1 = 3 −1 = 20 −1 = 37 −1 = 7 −1 = 2

Unit g L−1 g L−1 g L−1 g L−1 g L−1 h ◦C / % (mg L−1)

p-value 0.0034
**

0.0100
*

0.0394
*

0.0461
*

0.0031
**

0.1649 0.0170
*

0.0091
**

0.0942

*Means significance at the p < 0.05 level and **means significance at the p < 0.01 level.

preparation of the new medium. In brief, beef extract, yeast
extract, and peptone were dissolved in pure water (10%, w/v),
a quadruple volume of pre-chilled anhydrous ethanol was then
added, and allowed to stand for 12 h at 4◦C. After centrifugation
(10,000 rpm, 15 min), the supernatant was concentrated and used
for the preparation of the medium. (2) Replacement of glucose
by other sugars as a carbon source by comparison (see Section
“Statistical Optimization of Medium Composition and Culture
Conditions for Exopolysaccharide Production”). (3) Addition
of yeast nitrogen base as nitrogen source. (4) Optimization of
dosage of nitrogen and carbon sources (see Section “Statistical
Optimization of Medium Composition and Culture Conditions
for Exopolysaccharide Production”).

Statistical Optimization of Medium
Composition and Culture Conditions for
Exopolysaccharide Production
Single Factor Tests
To optimize the culture conditions for the EPS production by
L. rhamnosus ZFM216, single factor tests were first performed
to investigate the effects of culture time (0–32 h), culture
temperature (27, 32, 37, 42, and 47◦C), seed size (1, 3, 5, 7, and
9%), initial pH (5, 5.5, 6, 6.5, 7, 7.5, and 8), carbon source (glucose,
fructose, galactose, maltose, sucrose, and lactose), and the dosage
of nitrogen source (beef extract, yeast extract, peptone, and YNB)
on the EPS yield.

Plackett–Burman Design
The Plackett–Burman experimental design, an economical and
effective two-level experiment design method, can effectively
screen out the main factors affecting the yield of EPS. According
to the results of single factor tests (nine factors) maltose, beef
extract, yeast extract, peptone, YNB, time, temperature, pH, and

inoculum size were chosen to conduct Plackett–Burman design.
Each factor was defined at two levels, a high level being denoted
by (1) and a low level being denoted by (−1) (Table 1). The results
of Plackett–Burman design were fitted by the first-order model as
follows [Eq. (1)]:

Y = β0 +

k∑
i=1

βiXi (1)

where Y is the predicted yield of EPS, β0 is the model intercept,
βi is the linear coefficients, Xi is the independent variable, and
k is the number of the factors. Nine assigned variables were
screened in 12 runs; all experiments were carried out in triplicate
and the average EPS yield was taken as a response. Design-
Expert software (Version 8.0.6, Stat-Ease Inc., Minneapolis, MN,
United States) was first used for the first-order model polynomial
coefficient calculation and analysis, and then the significant
variables were selected for further statistical analysis.

Box–Behnken Design
Box–Behnken design was conducted to further optimize the
culture pH, the amount of maltose, and YNB for the EPS
production. The design with 17 runs and the corresponding
results are presented in Table 2, and the results can be explained
by Eq. (2).

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βiiX2
i +

k∑
i=1

βijXiXj (2)

where Y is the predicted EPS yield, β0 is the model constant;
βi, βii, and βij are linear, quadratic, and interaction coefficients,
respectively; Xi and Xj are the independent factors; and k
is the number of the factors. The second-order polynomial
coefficient calculation and analysis were performed using Design-
Expert software.
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TABLE 2 | Box–Behnken design and the results of EPS yield.

NO. Maltose YNB pH EPS yield

X1/A X5/B X8/C Y(mg/L)

1 −1 0 −1 380.45

2 0 0 0 498.95

3 0 −1 1 421.12

4 1 1 0 445.12

5 −1 −1 0 353.24

6 0 −1 −1 353.11

7 −1 1 0 435.12

8 −1 0 1 390.16

9 0 1 −1 450.56

10 0 1 1 422.56

11 0 0 0 497.33

12 0 0 0 496.59

13 1 0 −1 432.56

14 0 0 0 486.12

15 1 0 1 432.52

16 1 −1 0 441.89

17 0 0 0 492.59

High level 1 = 25 1 = 7 1 = 7

Low level −1 = 15 −1 = 3 −1 = 6

Unit (g L−1L) (g L−1) (mg L−1)

Production of Exopolysaccharide
The fermentation of L. rhamnosus ZFM216 was performed using
R-MRS (medium prepared with the pretreated materials), S-MRS
(R-MRS containing 3 g L−1 of YNB), and M-MRS (the modified
MRS medium under the optimum conditions), respectively. The
method for the preparation of EPS was the same as that described
in Section “Monitoring the Change in Polysaccharide Content in
the Culture Medium During Fermentation.”

Characterization of Exopolysaccharide
Chemical Composition
The content of total sugar of EPS from L. rhamnosus ZFM216 was
determined by the phenol sulfuric acid method (16), protein was
measured using Coomassie brilliant blue method (17), and sulfate
was measured by barium sulfate turbidimetric method (18).

Monosaccharide Composition
The monosaccharide composition of EPS was determined by
High-Performance Liquid Chromatography (HPLC) according
to a published method with minor modifications (19). EPS
samples (10 mg) were hydrolyzed with trifluoroacetic acid
(5 mL, 2M). The hydrolyzate was derivatized with 1-phenyl-
3-methyl-5-pyrazolone (PMP). HPLC system (Agilent 1100,
Agilent, United States) was equipped with an Eclipse Plus C18
column (250 mm × 4.6 mm, 5 µm, Agilent, United States)
and the detector wavelength was set at 250 nm. The mobile
phase consisted of phosphate buffer (PBS, 0.09M PBS, pH 7.8)
acetonitrile (83:17, v:v) at a flow rate of 1.0 mL min−1.

Molecular Weight Determination
The molecular weight of EPS was analyzed by gel permeation
chromatography (GPC) (20). EPS sample (15 mg) dissolved in
1 mL ultrapure water was filtered through a 0.22-µm filter
and put into a 5-mL sample bottle, and then ultrapure water
containing NaNO3 (0.2 M) and NaH2PO4 (0.01 M) was added to
the scale line and ultrasonicated. The ultrasonic dispersion was
used for molecular weight determination. GPC system (Waters
1525 Isocratic HPLC Pump) was equipped with a PL aquagel-
OH MIXED 8 µm chromatographic column and a differential
detector (Waters 2414 Refractive Index Detector). Ultrapure
water containing NaNO3 (0.2 M) and NaH2PO4 (0.01 M) was
used as the mobile phase, the flow rate was 1 mL min−1, and
the column temperature was 30◦C. The standard sample was
narrow distribution polyethylene glycol provided by Polymer
Standards Service-USA, Inc., with molecular weights (Mp) of
330,000, 176,000, 82,500, 44,000, 25,300, 20,600, 12,600, 7130,
4290, 1400, 633, and 430, respectively, and the data were analyzed
using Agilent GPC software.

Ultraviolet and Fourier Transform Infrared
Spectroscopy Analysis
Ultraviolet spectra of EPS sample (1 mg mL−1) were obtained
by recording on a microplate reader (Spectramax iD3, Molecular
Devices, United States) in the range of 200–800 nm (21).

FT-IR spectrum of EPS sample was recorded on a Nicolet
Is50 (Thermo Fisher, United States) using a KBr pellet method
scanning in the range of 400 to 4000 cm−1 (21).

Immunomodulatory Activity Assays
Cell Culture
Murine monocyte-macrophage RAW264.7 cells were incubated
in a DMEM medium, supplemented with 1% penicillin-
streptomycin and 10% fetal bovine serum, at 37◦C in an
incubator (MCO-175, Sanyo, Japan) containing 5% CO2.

Cell Viability Assay
Cell viability of RAW264.7 was investigated using the MTT assay
(19). RAW264.7 cells (100 µL, 3 × 104 cell/well) were seeded
on a 96-well microplate and incubated at 37◦C for 24 h. The
supernatant was removed and the cells were washed gently with
200 µL of PBS twice. Then, the cells were treated with different
concentrations of EPS solution (100 µL; 100, 200, 300, 400, 500,
600, and 700 µg mL−1 in DMEM) for 24 h. MTT (10 µL)
was added and incubated for another 4 h, and the medium
was then removed. DMSO (100 µL) was added to dissolve the
insoluble formazan, and the absorbance of the resulting solution
was measured at 570 nm. DMEM containing LPS (1 µg mL−1)
served as a positive control, and DMEM without EPS served as a
control. All assays were performed in quintuplicate.

Phagocytosis Assay
In this study, uptake of neutral red was used to assess the effect
of EPS on the phagocytic activity of RAW 264.7 cells using a
published protocol with minor modifications (22). RAW264.7
cells (100 µL, 3 × 105 cell mL−1) were treated with different
concentrations of EPS solution (100 µL; 100, 200, 300, 400,
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500, 600, and 700 µg mL−1 in DMEM) in a 96-well microplate
and incubated at 37◦C in a 5% CO2 atmosphere for 24 h. LPS
(1 µg mL−1) was used as a positive control. After removal of
the supernatant, the cells were washed gently with PBS twice,
and neutral red (100 µL, 0.1%, w/w) was then added to each
well and continued to incubate for 1 h. Subsequently, the neutral
red was removed and the cells were washed with PBS twice,
followed by the addition of lysis buffer (200 µL, glacial acetic
acid:ethanol = 1:1). After standing at room temperature for 2 h,
the optical density was recorded at 540 nm.

Nitric Oxide and Cytokine Assays
RAW264.7 cells (1 mL, 3 × 105 cell mL−1) were treated with
different concentrations of EPS solution (1 mL; 100, 200, 300, 400,
500, 600, and 700 µg mL−1 in DMEM) in a 24-well microplate
and incubated at 37◦C for 24 h. LPS (1 µg mL−1) was used as
a positive control. The concentrations of NO, IL-1β, IL-6, and
TNF-α in the supernatant of the RAW264.7 cells were measured
using a commercial NO assay kit and the corresponding ELISA
kits according to the manufacturers’ instructions.

Immunomodulatory Mechanism Analysis
Real-Time Quantitative PCR Assay
The mRNA expression of inducible nitric oxide synthase (iNOS)
and cytokines were assessed by RT-qPCR (23). RAW264.7
cells (1 mL, 3 × 105 cell mL−1) were treated with different
concentrations of EPS solution (1 mL; 100, 300, and 500 µg
mL−1 in DMEM) or LPS (1 µg mL−1) in a 24-well microplate
and incubated at 37◦C for 24 h. The cells were then washed
with cold PBS twice and used for RNA extraction. The total
RNA from the cells was extracted using commercial E.Z.N.A. R©

Total RNA Kit II according to the manufacturers’ instructions.
The quality and quantity of RNA were assessed by measuring
the A260/A280 absorbance ratio using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, United States).
RNA was reversed into cDAN using Hifari R© III 1st Strand
cDNA Synthesis SuperMix (11141ES60, Yeasen, Shanghai, PRC)
according to the manufacturer’s instructions. Then, the cDNA
encoding iNOS, TNF-α, IF-1β, and IF-6 genes were analyzed
by RT-qPCR using Hieff R© UNICON Blue qPCR SYBR Green
Master Mix (11184ES08, Yeasen, Shanghai, China) according to
the manufacturer’s instructions. The relative gene expression was
calculated by the 2−11Ct method, and the housekeeping gene β-
actin gene was used as an internal control. Primer sequences for
the genes were listed in Supplementary Table 1.

Western Blot Analysis
Western blot analysis was performed according to a published
method with minor modifications (24). In brief, RAW264.7
cells (2 mL, 3 × 105 cell mL−1) were treated with different
concentrations of EPS solution (1 mL; 100, 300, and 500 µg
mL−1 in DMEM) or LPS (1 µg mL−1) in a six-well microplate
and incubated at 37◦C for 24 h, thereafter the total protein
was extracted with 100 µL of lysis buffer (PMSF protease
inhibitor: phosphatase inhibitor: RIPA lysis and extraction
buffer = 1:1:100), the protein concentration was determined by
BCA protein quantitative kit according to the manufacturers’

instructions, and stored at−20◦C for standby. After denaturation
in a boiling water bath, the proteins were separated by SDS-PAGE
gel electrophoresis and transferred to PVDF membranes. The
PVDF membranes were blocked with 5% BSA for 2 h, and then
incubated with the corresponding primary antibodies against p65
(1:1000), p-p65 (1:1000), and GAPDH (1:500) at 4◦C for 12 h,
then incubated with the secondary antibodies IgG (1:8000) for
1 h at 37◦C. The bands were visualized with a FluorChem HD2
system (ProteinSimple, United States) after treatment with ECL
luminous Kit. ImageJ software was used to determine the gray
value for quantitative analysis.

Immunofluorescence Assay
The immunofluorescence staining analysis of nuclear
translocation of NF-κB was performed according to the
literature with minor modifications (25). RAW264.7 cells (2 mL,
3× 105 cell mL−1) were treated with EPS solution (1 mL; 500 µg
mL−1 in DMEM) or LPS (1 µg mL−1) on a laser confocal dish
and incubated at 37◦C for 24 h. The cells were then fixed with
4% paraformaldehyde for 12 h, further treated with 0.5% Triton
X-100 for 20 min and blocked with 5% BSA at room temperature
for 1 h. The cells were incubated with the p65 primary antibody
(1:100) at 4◦C for 12 h and then incubated with the Anti-rabbit
IgG (H + L) F(ab’)2 Fragment (Alexa Fluor 488 Conjugate) at
37◦C for 1 h in the dark. The nuclei were stained with DAPI for
5 min, and the cells were observed and photographed with a laser
confocal microscope (Olympus, Japan).

Statistical Analysis
One-way analysis of variance (ANOVA) was performed using
SPSS version 25 (SPSS Inc., Chicago, IL, United States) to
compare the results. Duncan’s multiple range test was used for
analyzing the significance of the differences. If p < 0.01, the
differences were considered statistically significant. All the data
were expressed as mean± standard deviation (SD).

RESULTS AND DISCUSSION

Effect of MRS Medium on Bacterial
Growth and Exopolysaccharide
Production
As presented in Figure 1A, the polysaccharide content in MRS
broth in the presence of L. rhamnosus ZFM216 decreased over
time, and the final polysaccharide content was 582.30 ± 4.85 mg
L−1, while the polysaccharide content in MRS broth without
any strain remained almost unchanged (964.49 ± 3.96 mg
L−1). The result indicated that some polysaccharide-analogs were
metabolized by the strain. The polysaccharides presented in MRS
broth with L. rhamnosus ZFM216 included the EPS produced
by the strain and polysaccharide-analogs derived from the
medium. Vaningelgem et al. (26) found that the glucomannans
presented in yeast extract and peptone interfered with the
quantification of the EPS produced during the fermentation.
Some low molecular weight sugars can be removed by dialysis,
but most polysaccharide-analogs cannot be separated from the
EPS. It was found that beef extract, yeast extract, and peptone

Frontiers in Nutrition | www.frontiersin.org 5 June 2022 | Volume 9 | Article 92449521

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-924495 May 27, 2022 Time: 16:31 # 6

Chen et al. Medium and Exopolysaccharide of Lacticaseibacillus

FIGURE 1 | (A) Change in polysaccharide content in MRS broth and growth curves of the Lacticaseibacillus rhamnosus ZFM216 strain in different media. R-MRS
means the polysaccharide-analogs-removed MRS medium, S-MRS means R-MRS supplied with 3 g L-1 of YNB. (B) Effects of seed size, time, pH, and temperature
on the EPS production in the single factor tests. (C) Effect of carbon sources and their dosage on EPS production. (D) Effect of nitrogen source dosage on EPS
production.

in 1 L of MRS broth contained 489.38 ± 7.83, 312.25 ± 5.12,
and 134.02 ± 5.34 mg of polysaccharide analogs, respectively,
accounting for about 97% of the total polysaccharide in MRS
broth. Therefore, it is essential to remove the polysaccharide
analogs before preparing the new medium for fermenting the
strain to produce EPS.

It was found that the growth state of the bacteria, cultured
with the polysaccharide-removed MRS medium (R-MRS), was
lower than that in the traditional MRS broth (Figure 1A), and
the yield of EPS was only 281.07 ± 5.90 mg L−1. This is
possible because some necessary components for bacterial growth
were also removed when removing the polysaccharides from
beef extract, yeast extract, and peptone. When S-MRS (R-MRS
supplied with 3 g L−1 of YNB) was used for bacterial culture,

the growth state of the bacteria was comparable to that of the
traditional MRS medium (Figure 1A), and the yield of EPS was
340.14 ± 6.54 mg L−1. On the basis of the result, statistical
optimization was further used to obtain the optimal formulation
of the medium and culture conditions for the EPS production by
L. rhamnosus ZFM216.

Statistical Optimization for
Exopolysaccharide Production
Single Factor Tests
The effects of temperature, time, initial pH, seed size, carbon
source, and the dosage of nitrogen source on the yield of EPS
were investigated by the single factor tests. As illustrated in
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Figures 1B–D, optimal conditions for EPS production were as
follows: incubation temperature 37◦C, culture time 20 h, pH
6.5, maltose (15 g L−1) as carbon source, and BE (12.5 g L−1),
YE (7.5 g L−1), Pe (10 g L−1), and YNB (3 g L−1) as nitrogen
source. The seed size was found to have no obvious effect on
the yield of EPS, thus 1% of the seed size was used in the
following investigation.

Plackett–Burman Design
A Plackett–Burman design analysis was performed for each factor
at two levers for 12 trials, and the corresponding EPS production
are presented in Table 1. Based on the Design Expert analysis, a
first-order model expressing the EPS yield was obtained as follows
[Eq. (3)]:

Y = 373.37+ 25X1 + 29.16X2 + 8.61X3 − 6.59X4 + 26.3X5

−3.15X6 + 11.11X7 − 15.3X8 − 4.44X9 (3)

where X1, X2, X3, X4, X5, X6, X7, X8, and X9 represent dosages of
maltose, BE, YE, Pe, and YNB, time, temperature, initial pH, and
seed size, respectively.

Statistical analysis of the EPS production showed that the
p-value (<0.01) was low, implying the extreme significance of
the model. The high determinant coefficient R2 of the model
(0.9979) indicated that the model simulated the test process well.
The influences of maltose concentration (X1), YNB (X5), and pH
(X8) were extremely significant (p < 0.01) on EPS production,
while the effects of BE (X2), YE (X3), Pe (X4), and temperature
(X7) were significant (p < 0.05).

Box–Behnken Design
According to the results of the Plackett–Burman design, the three
factors which had an extremely significant effect on the EPS yield,
namely maltose (A), YNB (B), and pH (C) were selected for
further optimization by Box–Behnken design. The results and the
ANOVA of the models are presented in Table 3. The F-value of

the model was high (115.02) and the p-value was extremely low
(<0.0001), suggesting that the model was adequate. The value of
the regression coefficient R2 was 0.9933, implying that the model
fitted the test process well, while R2

adj (0.9846) explained more
than 98% of the reliability in EPS production. The p-value for lack
of fit (0.2908) indicated the insignificance of lack of fit compared
with the pure error. All the results showed a good consistency
with the predicted yield of EPS, suggesting the validity of the
mathematical model. The linear coefficients (A, B, and C), the
interaction term coefficients (AB and BC), and the coefficients of
the quadratic term (A2, B2, and C2) had a significant effect on the
yield of EPS (p < 0.01).

A second-order polynomial equation model by multiple
regression analysis was obtained by fitting the experimental data
as Eq. (4):

Y = 494.32+ 24.14A+ 23B+ 6.21C − 19.66AB− 2.44AC

−24BC − 39.19A2
− 36.28B2

− 46.2C2 (4)

The optimal level of the three variables and their interactions
were visualized by the three-dimensional response surface
methodology and the count plots in the function of two variables
(Figure 2). The elliptical shape of the contour plots indicated
that the interactions between the variables were significant. The
optimal value of the variables calculated by the equation model
was as follows: maltose 21.23 g L−1, YNB 5.51 g L−1, and pH
6.5, and the predicted maximum production of EPS reached
500.16 g L−1. Comprehensively, the optimized composition of
the M-MRS was as follows: 7.5 g L−1 yeast extract, 12.5 g L−1

beef extract, 10 g L−1 peptone, 21.23 g L−1 maltose, 5.51 g L−1

YNB, 2 g L−1 K2HPO4, 5 g L−1 anhydrous sodium acetate,
2 g L−1 ammonium citrate, 0.58 g L−1 MgSO4·7H2O, 0.25 g
L−1 MnSO4·H2O, 1 mL L−1 Tween 80, and initial pH was 6.5.
The optimized culture conditions for the production of EPS by
L. rhamnosus ZFM216 were ascertained as follows: seed size 1%,
culture temperature 37◦C, and time 20 h. Under these conditions,

TABLE 3 | ANOVA for the EPS production according to response surface quadratic model.

Source Sum of squares df Mean square F-value p-value

Model 36507.46138 9 4056.384597 115.0200761 <0.0001

A 4661.9168 1 4661.9168 132.1901344 <0.0001

B 4232 1 4232 119.9997067 <0.0001

C 308.5128 1 308.5128 8.74797862 0.0212

AB 1546.455625 1 1546.455625 43.85024137 0.0003

AC 23.765625 1 23.765625 0.67388186 0.4388

BC 2304.480025 1 2304.480025 65.34426445 <0.0001

A2 6468.165192 1 6468.165192 183.4068823 <0.0001

B2 5541.827287 1 5541.827287 157.1402763 <0.0001

C2 8986.824002 1 8986.824002 254.8242544 <0.0001

Residual 246.86727 7 35.26675286

Lack of fit 140.98455 3 46.99485 1.775354845 0.2908

Pure error 105.88272 4 26.47068

Cor total 36754.32865 16

R2 = 0.9933 R2
adj = 0.9846 Pred R2 = 0.9341 C.V. (%) = 1.87
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FIGURE 2 | The response surface and corresponding contour plots show the effects of variables on the response (yield of EPS).

the actual EPS yield was 496.64 ± 3.15 mg L−1, which was close
to the predicted value, indicating that the model could be used
to optimize the production of EPS from the strain. Furthermore,
the EPS yield under the optimized condition was 76.70% higher
than that in the unoptimized conditions (281.07± 5.90 mg L−1).
The improvement of fermentation strategies helps to enhance
EPS yield. Therefore, it is essential to improve or develop
novel fermentation techniques for microbial EPS production.
Moreover, the use of statistical models in fermentation helps to
obtain the maximum EPS yields (27).

Characterization of Exopolysaccharide
Chemical Composition, Monosaccharide
Composition, and Molecule Weight
The contents of total sugar, protein, and sulfate were determined
to be 70.06 ± 4.21%, 1.44 ± 0.11%, and 17.74 ± 1.02%,
respectively. As shown in Figure 3A, EPS was composed of
guluronic acid, mannuronic acid, mannose, ribose, rhamnose,
galacturonic acid, glucose, xylose, galactose, and arabinose
with the molar ratios of 95.2:1:19.2:1.4:3.3:1.2:106.8:1.4:5.9:13.6.
Glucose and guluronic acid residues were found to be
predominant in EPS.

The GPC analysis indicated that EPS had a weight average
molecular weight (Mw) of 32.2 kDa and a number average
molecular weight (Mn) of 19.9 kDa, with a polydispersity index
(PDI) of 1.61. This result agrees with some previous studies, in
which the Mw of EPS from L. rhamnosus was reported to be 104

to 105 Da (28, 29), but differs from that of Calsteren’s research
(107 Da) (30).

Ultraviolet and IR Analysis
No obvious absorptions at 260, 280, and >400 nm in the UV
spectrum of EPS (Figure 3B) indicated that EPS contained almost

no nucleic acid, proteins (<3%), and pigments, suggesting the
high purity of EPS.

In the FT-IR spectra of EPS (Figure 3C), a strong absorption
peak appearing at 3,383 cm−1 is ascribed to the hydroxyl group
(31); the peak at 2,933 cm−1 is caused by an asymmetrical C-H
stretching vibration (32); and the peaks at 1,634 and 1,418 cm−1

represent the asymmetric and symmetric stretching of COO-
group (33), confirming the existence of uronic acids. Meanwhile,
the presence of the signal at 1,730 cm−1 indicates the testification
of some uronic acid residues in EPS (34). Two successive peaks
around 1,150 and 1,040 cm−1 are the characteristics of C-O
vibration (C-O-H, C-O-C) in the pyranose ring (35).

Immunomodulatory Activity of
Exopolysaccharide
Effect of Exopolysaccharide on the Viability of
RAW264.7 Cells
Macrophages are a major class of innate immune cells in the
inflammatory response and play an important role in innate and
adaptive immune responses. When the body is stimulated by
inflammatory injury, there will be an elevated proliferation of
macrophages in the tissue, which promotes the immune response
driven by the specific microenvironment (27, 36, 37). Generally,
when the cell survival rate is less than 90%, the sample is
considered to be cytotoxic (38). As presented in Figure 4A, EPS
was able to promote the growth of RAW264.7 cells in a dose-
dependent manner in the concentration range of 100–600 µg
mL−1. Maximum viability was observed in the presence of 600 µg
mL−1 EPS, being 115.76% of the control group, but it was
lower than that of the positive control (129.22%). In the report
of Li et al. (36) a polysaccharide isolated from the Antarctic
bacterium Pseudoalteromonas sp. S-5 insignificantly affected the
viability of RAW 264.7 cells over the entire concentration range
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FIGURE 3 | Monosaccharide composition analysis by HPLC (A), UV spectrum (B), and FT-IR spectrum (C) of EPS.

FIGURE 4 | Effect of EPS on cell viability (A), phagocytosis (B), NO production (C), IL-1β (D), IL-6 (E), and TNF-α (F) secretion of RAW 264.7 cells. The data are
expressed as mean ± SD, different lower-case letters indicate the significant difference between the results at different EPS concentrations (p < 0.01).

of 2.5–500 µg mL−1. Polysaccharides from different sources
may have different effects on the growth of macrophages. Li
et al. (39) found that the degraded polysaccharide from Porphyra
haitanensis had to promote effect on the cell proliferation within a
certain concentration range; while an exopolysaccharide isolated
from a coral-associated fungus inhibited the viability of RAW
264.7 cells when the concentration of polysaccharide exceeded
250 µg mL−1 (40).

Effect of Exopolysaccharide on the Phagocytic
Activity
Phagocytosis is one of the defense mechanisms of organisms,
which eliminates bacteria, viruses, and foreign particles in

the tissue fluids and blood (41). Phagocytic activity has been
widely used as an index to evaluate the immunoregulatory
activity of macrophages. As shown in Figure 4B, the phagocytic
activity of the macrophages increased with increasing the EPS
concentration up to 500 µg mL−1, after which the effect
decreased slightly. The maximum phagocytosis was observed at
a concentration of 500 µg mL−1, being 128.92% of the control
group, which was comparable to that of positive control LPS
(p < 0.01). The finding in the present work is similar to that of
Wang et al. (22), who reported that exopolysaccharides produced
by Lactobacillus plantarum JLK0142 significantly promoted the
phagocytic activity of RAW 264.7 cells, and exhibited the
best effect at 500 µg mL−1. Polysaccharides from Hericium
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FIGURE 5 | Effects of EPS on mRNA expression of iNOS (A), IL-1β (B), IL-6 (C), and TNF-α (D) in RAW264.7 cells. The data are expressed as mean ± SD, different
lower-case letters indicate the significant difference between the results at different EPS concentrations (p < 0.01).

erinaceus fruiting bodies (42) and Rhodopseudomonas palustris
(43) were also found to possess an enhancing effect on the
phagocytic activity.

Effect of Exopolysaccharide on Nitric Oxide
Production
Nitric oxide is an important substance involved in the
antibacterial activity and antitumor immune response of
macrophages (44). Activated macrophages can increase the
activity of nitric oxide synthase, and the degree of immune
response can be reflected by the NO concentration. As presented
in Figure 4C, EPS significantly induced NO production of the
RAW 264.7 cells (p < 0.01). The NO production reached a
maximum at EPS concentrations of 500 and 600 µg mL−1, being
24.04 and 24.07 µM respectively, which was close to that in LPS-
treated group (p > 0.05). Such an increase in NO production
suggests that EPS may activate the tumoricidal and bactericidal

activities of macrophages and play a vital role in the host defense
system. Polysaccharides from Elaeagnus angustifolia L. pulp were
found to be able to significantly increase the production of NO
in the concentration of 25 to 400 µg mL−1(44). It has also
been reported that polysaccharides from different sources, such
as Sargassum fusiforme, Porphyra yezoensis, and Brassica rapa L.,
significantly increase the NO production of RAW 264.7 cells (45).

Effect of Exopolysaccharide on Production of
Cytokines
TNF-α, IL-1β, and IL-6 are produced by the activated
macrophages and play a vital role in immune responses (43).
As proinflammatory cytokines, TNF-α, IL-1β, and IL-6 can
protect the host from external infection and repair damaged
tissues and cells.

As shown in Figures 4D–F, the contents of IL-1β, IL-6, and
TNF-α in EPS-treated cells were significantly higher than those

Frontiers in Nutrition | www.frontiersin.org 10 June 2022 | Volume 9 | Article 92449526

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-924495 May 27, 2022 Time: 16:31 # 11

Chen et al. Medium and Exopolysaccharide of Lacticaseibacillus

FIGURE 6 | Effect of NF-κB signaling pathway on EPS-induced macrophage activation. (A) The effect of EPS on the level of phosphorylation of p65 in RAW264.7
cells by Western blotting. (B) Relative quantitative analysis of p-p65/p65 protein phosphorylation levels. (C) Effect of EPS on p65 nuclear status in RAW264.7 cells.
(D) Schematic diagram of immune regulation mechanism of EPS by NF-κB signaling pathway. The data are expressed as mean ± SD, different lower-case letters
indicate the significant difference between the results at different EPS concentrations (p < 0.01).

in the untreated macrophage group (control) (p < 0.01). Both
contents of TNF-α and IL-1β significantly increased with the
increase of EPS concentration up to 600 µg mL−1 (p < 0.01),
thereafter the values decreased (p < 0.01); while the content of IL-
6 significantly increased with the increase of EPS concentration
up to 500 µg mL−1 (p < 0.01), thereafter the value remained
unchanged. The maximum content of TNF-α observed in the
EPS group (153.30 pg mL−1) was still lower than that of positive
control LPS (175.22 pg mL−1). The maximum contents of IL-
1β and IL-6 of the EPS group (33.67 and 18.67 pg mL−1,
respectively) were close to the corresponding values of LPS (35.09
and 18.64 pg mL−1, respectively). It can be concluded that EPS
can stimulate RAW 264.7 cells and promote their secretion of
cytokines, thereby exerting immune-enhancing effect. Zhou et al.
(46) also found that polysaccharides from Shiraia bambusicola
increased the production of IL-1β, IL-6, and TNF-α in a dose-
dependent manner at 50–200 µg mL−1. EPS from L. rhamnosus
RW-9595 M could induce immunosuppression by increasing the
production of pro-inflammatory cytokines, including TNF-α and
IL-6 (47).

Immunomodulatory Mechanism
Effect of Exopolysaccharide on mRNA Expression of
Inducible Nitric Oxide Synthase and Cytokines
The activation of macrophages and the enhancement of immune
activity are closely related to the expression of genes encoding
immune-related cytokines. To investigate the immune-regulating
mechanism of EPS at the molecular level, the effects of EPS
on mRNA expression of inducible NO synthase (iNOS), TNF-
α, IL-1β, and IL-6 were quantitatively analyzed using RT-qPCR.
As shown in Figures 5A–D, EPS significantly increased the
mRNA expression of iNOS and three cytokines at the test
concentrations (100–500 µg mL−1). Immunomodulatory EPS
upregulated mRNA expression of related enzymes (27). NO is an

important signal molecule of immune response; thus, it is likely
that EPS promotes immunomodulatory activity by increasing
mRNA expression of iNOS (48). Zhang et al. (43) also found
a polysaccharide from R. palustris named REEPSs-30 which
increased the mRNA expression of TNF-α, IL-1β, and IL-6, and
the effect was also positively correlated with the concentration
of polysaccharide. A novel polysaccharide from H. erinaceus
fruiting bodies could significantly stimulate the cell secretion
of NO, IL-6, and TNF-α in a dose-dependent manner (at 100–
1,000 µg mL−1) (42).

NF-κB Signaling Pathway
Nuclear factor kappa-B (NF-κB) is a family of proteins composed
of complex polypeptide subunits. It usually forms a homologous
or heterodimer from p65 and p50 and is inactivated in the
cytoplasm due to the combination with the inhibitory protein
complex IκB-α (49). The NF-κB might be activated through
two major pathways, a canonical and non-canonical (alternative)
pathway. EPS has been demonstrated to stimulate macrophages
via activation of NF-κB through a canonical signaling pathway
through degradation of IκB-α (27). After activation, NF-κB
enters the nucleus and participates in protein transcription and
translation. Thus, it is closely related to immune response,
tumorigenesis, and apoptosis regulation (50, 51). The NF-
κB signaling pathway is also involved in the stimulation
of mRNA expression of iNOS, IL-1β IL-6, TNF-α, and the
secretion of NO and cytokines during an immune response
(52). The activation of NF-κB can be determined by detecting
the protein phosphorylation level of the main subunit p65 by
Western blot and transportation of p65 into the nucleus by
immunofluorescence.

Western blot analysis showed that the ratio of key proteins
phosphorylated p65 (p-p65) to p65 was significantly increased
compared to the blank group (Figures 6A,B), suggesting the
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activation of the NF-κB signaling pathway in RAW264.7 cells.
Moreover, the degree of activation was positively correlated with
the concentration of EPS. Similarly, in the research of Zhu et al.
(52), the phosphorylation ratio of p65 was significantly increased
when treated with the polysaccharide LGP-1 from Guapian tea,
showing an increasing trend with the increase of concentration.

In the immunofluorescence imaging (Figure 6C), the blue
region represented the nuclear staining area, and the green region
was the p65 protein fluorescence. The p65 green fluorescence of
the blank group was weak, and after EPS treatment, the green
fluorescence was significantly enhanced and the merged image
showed that a large number of purple co-localization regions
were represented in the nucleus. Similar to the result of Li et al.
(36), who used red fluorescence to label the protein p65, the
merged image showed a small amount of p65 subunit in the
nucleus of the control group. The red fluorescence of protein
p65, with bright and concentrated distribution, can be found in
the groups treated with LPS and polysaccharides (200 µg mL−1).
In conclusion, EPS could activate macrophages through the NF-
κB pathway (Figure 6D), resulting in an immune response and
increased release of cytokines.

CONCLUSION

A novel culture medium for EPS-producing L. rhamnosus
ZFM216 was successfully developed. Using this medium, the
interference of polysaccharides derived from the conventional
culture medium can be avoided in the quantification of EPS
produced during fermentation. Under the optimized culture
conditions, the EPS yield reached 496.64 ± 3.15 mg L−1,
which was 76.70% higher than that obtained under unoptimized
conditions (281.07 ± 5.90 mg L−1). The EPS investigated in
this work possessed good effects in enhancing the proliferation,
phagocytosis, and the release of NO and cytokines of RAW264.7
macrophages, suggesting the good immunomodulatory activity

of EPS. Upregulating the mRNA expression of iNOS, TNF-
α, IL-1β, and IL-6 could be the causative immunomodulatory
mechanism of EPS. EPS was also found to initiate and activate
the immune signal transduction through the NF-κB signaling
pathway. EPS could be a potential candidate for a functional food
supplement for the hypoimmunity population.
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Background: Overweight and obesity increase the risk of noncommunicable

diseases (NCDs). Personalized nutrition (PN) approaches may provide tailored

nutritional advice/service by focusing on individual’s unique characteristics to prevent

against NCDs.

Objective: We aimed to compare the effect of PN intervention with the traditional “one

size fits all” intervention on health status in overweight/obese Chinese adults.

Methods: In this 12-week randomized controlled trial, 400 adults with BMI ≥24 kg/m2

were randomized to control group (CG, n = 200) and PN group (PNG, n = 200). The CG

received conventional health guidance according to the Dietary Guidelines for Chinese

Residents and Chinese DRIs Handbook, whereas the PNG experienced PN intervention

that was developed by using decision trees based on the subjects’ anthropometric

measurements, blood samples (phenotype), buccal cells (genotype), and dietary and

physical activity (PA) assessments (baseline and updated).

Results: Compared with the conventional intervention, PN intervention significantly

improved clinical outcomes of anthropometric (e.g., body mass index (BMI), body fat

percentage, waist circumference) and blood biomarkers (e.g., blood lipids, uric acid,

homocysteine). The improvement in clinical outcomes was achieved through behavior

change in diet and PA. The subjects in the PNG had higher China dietary guidelines

index values and PA levels. Personalized recommendations of “lose weight,” “increase

fiber” and “take multivitamin/mineral supplements” were the major contributors to the

decrease of BMI and improvement of lipid profile.

Conclusion: We provided the first evidence that PN intervention was more beneficial

than conventional nutrition intervention to improve health status in overweight/obese

Chinese adults. This study provides a model of framework for developing personalized

advice in Chinese population.

Chictr.org.cn (ChiCTR1900026226).
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INTRODUCTION

Overweight and obesity increase the risk of non-communicable
diseases (NCDs), including diabetes, cardiovascular diseases,
non-alcohol fatty liver disease, and even certain cancers (1, 2).
The rising trends in overweight and obesity have plateaued
in many high-income countries, but have accelerated in most
Asian countries (1). Effective prevention strategies are required
to reduce the immense global burden of nutrition-related NCDs,
especially those primarily related to poor lifestyle choices,
including unhealthy dietary patterns and insufficient physical
activity (PA) (3, 4). Most population strategies to reduce the
burden of NCDs have used conventional ‘one size fits all’ public
health recommendations throughout the past decades, but with
limited efficacy (5).

Personalized nutrition (PN) approaches, which provide
nutrition advice, products, and services tailored for an individual
according to his/her unique biological characteristics, may
provide extra motivations to the individual, and therefore, be
more efficacious in preventing against NCDs (6). Zeevi et al.
created personalized diets using a machine learning algorithm
that integrated parameters including dietary habits, PA, and
gut microbiota, to successfully lower postprandial blood glucose
and its metabolic consequences (7). Mathers et al. carried
out the Food4Me randomized controlled trial (RCT) in seven
European countries and showed that decision tree-based PN
intervention produced larger and more appropriate changes in
dietary behavior compared with the conventional approaches.
These studies collectively triggered enthusiasm on PN research
in recent years (5, 8).

PN at the individual level requires not only the comprehensive
collection of information, including anthropometric data, dietary
intake, PA, blood biomarkers, and genotypes—which is both
costly and demanding—but also models that are capable of
accurately generating personalized advice for each individual
(9, 10). Food4Me decision trees have been validated in several PN
trials (5, 8, 11, 12). In the current study, the principal investigator
and registered dietitians certificated by the China Nutrition
Society revised the decision trees and accompanying advice
messages to keep them in accordance with the Chinese dietary
habits and technical standards. Using the localized decision trees,
along with the PN report prepared by the registered dietitians,
we carried out the first RCT on PN in China (Diet2Me study) to
investigate whether PN intervention would show greater benefits
to health status in overweight/obese adults compared with the
conventional intervention.

METHODS

Study Design
This randomized, controlled, multicenter clinical trial was
conducted in Aier Hospital and Songnan Hospital, Shanghai,
China. The participants were identified from the hospital
databases. A total of 400 participants were initially enrolled in
the study at baseline and randomized with a 1:1 ratio into two
groups: control group (CG) and personalized nutrition group
(PNG) (Figure 1). For both groups, questionnaires assessing

diet and PA, anthropometric measurements, blood samples,
buccal cells, and fecal samples were collected at baseline. During
the intervention, 24-h dietary recall was collected every 2
weeks, and portable devices were worn every day. At the end
point, the questionnaires, anthropometric measurements, blood,
and fecal samples were collected again from both groups for
analysis (Figure 2A). The primary outcome was body mass index
(BMI). The secondary outcomes were other clinical outcomes
of anthropometrics and blood biomarkers. No changes to trial
outcomes after the trial commenced. Informed consent was
obtained from all the patients. This trial was approved by the
Institutional Review Board (IRB) of the Shanghai Nutrition
Society and registered at chictr.org.cn (ChiCTR1900026226).

Inclusion/Exclusion Criteria
The inclusion criteria encompassed either of the sexes, age 25 to
50 years, and overweight/obesity with BMI ≥24 kg/m2. Subjects
were excluded if they had coronary heart disease, cerebrovascular
disease, liver disease, kidney disease, inflammatory bowel disease,
or hematologic disease; were pregnant or lactating women; were
currently taking any drugs or dietary supplements in recent days,
which could interfere with the study product; participated in
another clinical trial in the past 3 months; or were not willing
to comply with the study procedures.

Intervention
The subjects in CG received a non-personalized, conventional
health guidance on diet, PA, and nutritional supplements
intake based on Dietary Guidelines for Chinese Residents and
Chinese DRIs Handbook (Figure 2B). The guidelines embody
the recommended proportion of the different food groups
in the diet, recommendations to drink plenty of water, PA,
dietary supplement intake, and dietary recommendations for
specific population groups. A brochure summarizing the health
guidance was delivered to each CG subject at baseline. Differed
from the conventional nutrition intervention, a personalized
solution integrating recommendations on diet, PA, and dietary
supplements (Nutrilite, Guangzhou, China) was generated by
registered dietitians based on decision trees, and was biweekly
updated according to the dietary recall and PA assessments
during the study (Figure 2C). The interventions to the CG
and PNG were delivered through sending notifications via a
localized messaging and calling application (WeChat) with the
same frequency (biweekly) to ensure that both groups underwent
the same intensity of intervention throughout the study. Neither
CG nor PNG had actual interactions with dieticians to minimize
bias between the groups. More details on the personalized
intervention were described in the following sections. The list of
dietary supplements is shown in Supplementary Table 1.

Decision Trees
The decision trees used herein originated from the Food4Me
study decision trees, which were kindly provided by Prof. John
C. Mathers (5, 8). Considering the differences in dietary habits
and technical standards between Western and Eastern countries,
the decision trees and corresponding feedback messages were
revised by Prof. Hongwei Guo, the principal investigator of

Frontiers in Nutrition | www.frontiersin.org 2 June 2022 | Volume 9 | Article 91988232

https://chictr.org.cn
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Kan et al. PN Intervention Improves Health Status

FIGURE 1 | Flowchart of the clinical trial.

the current study, in addition to five other registered dietitians
certificated by the Chinese Nutrition Society. There were 16
decision trees in the current study, covering the majority of
macro- and micronutrients.

Personalized Nutrition Report
The PN report included a summary of the individual’s
anthropometric, nutrient, blood, and genetic (nutrition-related)
profiles, an overall goal established by the registered dietitian, as
well as personalized recommendations on lifestyle modifications.
All the PN reports were prepared manually by registered
dietitians using the revised decision trees. In brief, the numerical
data collected at baseline (anthropometric characteristics, blood
biomarkers, food intake, PA) were categorized into three levels:
green (normal), yellow (higher or lower in moderation), and
red (severely higher or lower), based on the Chinese standards
published by the Chinese Nutrition Society and Chinese Medical
Association (13, 14). Then, the categorized parameters were
ranked, and 3–5 targeted goals were identified by registered
dietitians. Specific messages related to each goal were developed
according to the decision trees to advise changes in dietary habits
and PA (5, 15). A nutritional supplement was suggested when
the calculated intake of a certain nutrient was lower than 80% of
the estimated average requirement (EAR). The complete report
was delivered to each subject at baseline. In the follow-up period,
the subjects received updated report sent by the dietitian every
2 weeks. This updated report was prepared based on the most
recently collected 24 h-recall and wearable device recording, and

just included the main goals and some follow-up comments on
the behavior changes regarding to the individual goal.

Anthropometric Measurements
Body weight (BW) and body height (BH) were measured using
a standardized digital weight scale (Seca, Hamburg, Germany)
and height meter (Seca). BMI is defined as weight in kilograms
divided by the square of height in meters (kg/m2). Waist
circumference (WC) and hip circumference (HC) was measured
using a non-stretch tape, and waist-to-hip ratio (WHR) was
calculated accordingly. Body composition was assessed utilizing
an InBody (Biospace Co., Ltd., Seoul, Korea), in which body
fat percentage (BFP) was recorded. Systolic blood pressure
(SBP) and diastolic blood pressure (DBP) were measured by
an electronic sphygmomanometer (Omron, Kyoto, Japan). All
measures were taken twice at least. A third measure was taken
when substantial discrepancies (difference ≥ 1%) were observed
in the first two attempts.

PA Assessment
Intensity (vigorous, moderate, or walking), frequency, and
duration of PA were recorded using the short version of the
International Physical Activity Questionnaire (IPAQ) to measure
the PA level (16). The minutes/week of each PA intensity
was calculated. According to the IPAQ scoring protocol, the
metabolic equivalents of task (METs)-min/week were obtained
by multiplying the average energy expenditure by min/week for
each PA intensity (8.0 MET for vigorous intensity, 4.0 MET
for moderate intensity, and 3.3 MET for walking) (17). Total
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FIGURE 2 | Overview of the study design. (A) Questionnaires, anthropometric measurements, blood, and fecal samples were collected at baseline and at end point.

Buccal cells were collected at baseline for genotyping. During the intervention, 24-h recall was collected every 2 weeks, and a portable device was worn every day. (B)

The subjects in the control group (CG) received non-personalized, conventional health guidance on diet, physical activity (PA), and nutritional supplements intake

based on the Dietary Guidelines for Chinese Residents and Chinese DRIs Handbook. A brochure summarizing the health guidance was delivered to each CG subject

at baseline, and follow-up notifications on nutrition education were provided biweekly to these subjects using WeChat. (C) The subjects in the personalized nutrition

group (PNG) received personalized nutrition solution on diet, physical activity (PA), and nutritional supplements intake from the registered dietitians based on the

decision trees. The personalized solution was updated biweekly based on the subjects’ dietary and PA changes.

PA score in MET-min/week was obtained by summing the
results of each intensity of PA. The continuous scores were then
categorized into three levels (low, moderate, and high) of PA to
classify populations. In addition, step count, consumed energy,
and sleep condition were recorded by Mi Band (Xiaomi, Beijing,
China), a wearable device, in real time.

Diet Assessment
A semiquantitative food frequency questionnaire (FFQ)
approved by the Chinese Center for Disease Control and
Prevention was slightly revised in the current study to assess
the dietary intake of the subjects (18). The questionnaire
contained 77 food items grouped into 13 categories: staple
food, bean, vegetable, fungi/algae, fruit, dairy, meat, fish, egg,
snack, drink, oil/spices, and smoke/alcohol. For each food item,
the frequency and amount of consumption over the past week
were recorded. China dietary guidelines index (CDGI) was
calculated accordingly to evaluate the overall diet quality of the
subjects. The details on the CDGI calculation were previously
published (19).

The participants also used 24-h dietary recalls to record the
name and amount of each food consumed for breakfast, lunch,
dinner, and snacks. Food composition analysis was performed
using commercially available software (Feihua, Beijing, China).

Blood Biomarkers
Blood samples were collected after over 12-h fasting. The
serum levels of triglycerides (TG), total cholesterol (TC), low-
density lipoprotein (LDL), high-density lipoprotein (HDL),
glucose (GLU), uric acid (UA), homocysteine (HCY), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT)
were determined by colorimetry. The levels of vitamin A
(VA), 25(OH)D3 (VD), docosahexaenoic acid (DHA), and
eicosapentaenoic acid (EPA) were determined by tandem mass
spectrometry. The levels of insulin (INS), vitamin B9 (folic
acid, VB9) and vitamin B12 (VB12) were determined by
chemiluminescence. The levels of calcium (Ca), magnesium
(Mg), iron (Fe), zinc (Zn), and copper (Cu) were determined by
atomic absorption spectrometry.

Genotyping
Buccal cells were collected with oral swab (DNA Genotek,
Ottawa, ON, Canada). DNA was extracted and analyzed by
WuXi NextCode (Shanghai, China) using an Asian Single
Nucleotide Polymorphism (SNP) Screening Chip (Illumina, San
Diego, California, USA). The list of nine nutrition-related genes,
including BCO1, GC, MTHFR, FTO, APOE, FADS1, TCF7L2,
CaSR, and TMPRSS6, is shown in Supplementary Table 2. The
gene variants were selected based on the documented evidence
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of gene-diet interactions (20–28). A systematic review of the
rationale for selection of genes will be published separately soon.

Sample Size Calculation
It was estimated that a total sample size of 286 participants (143
per group) would provide 80% power to detect a more than 5%
change in BMI (29) between the two groups, with a significance
level of 0.05. Allowing for a potential dropout rate of 25% during
the intervention, we recruited 400 subjects (200 for each group)
at baseline.

Statistical Analysis
Statistical analyses were completed using SAS 9.4 (SAS Institute
Inc., Cary, NC, USA). All statistical tests were two-sided and
performed at the 0.05 significance level. Means and standard
deviations (SD) were summarized for continuous variables with
a normal distribution; medians and quartiles were provided
for non-normally distributed variables; and frequencies and
percentages were provided for categorical variables. Differences
between the groups at baseline were assessed using analysis of
variance (ANOVA) for continuous variables, and chi-square test
for nominal categorical variables. Evaluations of the intervention
effect were performed using analysis of covariance (ANCOVA)
for normally distributed continuous variables, adjusted for
baseline values. Log transformation was applied to non-normal
continuous variables. Wilcoxon–Mann–Whitney test was used
for highly skewed variables. The connections of longitudinal
correlation network were calculated by Spearman or Point-
Biserial and then plotted as a network by Cytoscape 3.8.2
(Cytoscape Consortium, San Diego, CA, USA).

RESULTS

Study Design and Baseline Characteristics
A total of 2,718 participants were screened, of whom 400
eligible subjects were randomized into two groups: control
group (CG) and personalized nutrition group (PNG). During
12-week intervention, 82 subjects withdrew, resulting in a
total dropout rate of 20.5% (Figure 1). The subjects in PNG
received a personalized nutrition solution on diet, PA, and
nutritional supplements intake, which was provided by registered
dietitians using decision trees. The subjects in CG received
non-personalized, conventional health guidance (Figure 2). The
baseline characteristics of the subjects, including demographics
and anthropometrics, were comparable between the two
groups (Table 1).

Effect of PN Intervention on
Anthropometric Measurements and Blood
Biomarkers
After 12 weeks of intervention, the subjects in both
CG and PNG experienced significant improvement in
weight, BMI, body fat percentage, waist circumference,
and waist-to-hip ratio (Supplementary Table 3). The
effects of PN intervention on decreasing BMI, body fat
percentage, waist circumference, and waist-to-hip ratio were
significantly more potent than those in CG (Figure 3).

TABLE 1 | Baseline characteristics of the subjects who completed the study.

CG

N = 152

PNG

N = 166

P-value

Male (%) 60 (39.5) 71 (42.8) 0.551

Age (years) 38.1±7.5 38.8±7.5 0.415

25–34 64 (42.1) 69 (41.6)

35–50 88 (57.9) 97 (58.4)

Education (%) 0.441

≤ 9 years 9 (5.9) 15 (9.0)

9–12 years 15 (9.9) 20 (12.1)

>12 years 128 (84.2) 131 (78.9)

Family monthly income (%) 0.572

<20 000 RMB 16 (10.5) 24 (14.5)

20,000–30,000 RMB 76 (50.0) 79 (47.6)

≥30 000 RMB 60 (39.5) 63 (38.0)

Weight (kg) 72.7 ± 10.6 73.8 ± 12.0 0.378

Height (cm) 163.1 ± 8.8 164.3 ± 9.1 0.237

BMI (kg/m2) 27.3 ± 3.4 27.2 ± 2.8 0.834

Body fat percentage (%) 27.2 ± 5.3 27.5 ± 5.1 0.646

Waist circumference (cm) 92.4 ± 9.9 92.6 ± 9.5 0.863

Waist-to-hip ratio 0.92 ± 0.08 0.92 ± 0.08 0.801

Systolic pressure (mm Hg) 125.1 ± 20.4 123.2 ± 17.4 0.368

Diastolic pressure (mm Hg) 84.2 ± 9.7 84.2 ± 11.2 0.995

Smoking (%) 21 (13.8) 18 (10.8) 0.420

Alcohol (%) 28 (18.4) 26 (15.7) 0.513

Data are presented as frequency (%) or mean ± standard deviation (SD).

Intergroup differences were evaluated using chi-square test or one-way analysis of

variance (ANOVA).

BMI, body mass index; CG, control group; PNG, personalized nutrition group.

In addition, PN intervention was more efficient than
the conventional intervention in decreasing blood levels
of TG, TC, LDL, uric acid, and homocysteine (Table 2,
Supplementary Table 4).

Effect of PN Intervention on Dietary Intake
PN intervention significantly improved the overall diet
quality of the subjects, as reflected in the CDGI (Table 3).
Compared with the subjects in CG, the subjects receiving
PN intervention consumed more whole grains, vegetables,
especially dark green vegetables, fruits, dairy products, and
nuts. Within-intervention comparison showed the improvement
of diet quality in both groups, but PNG showed greater
improvement (Supplementary Table 5). Although the energy
intake was not signficantly differed, compared with the CG,
the PNG had substantially reduced fat consumption and
increased dietary intake of beneficial vitamin and minerals
(Supplementary Table 6). The dietary modification partially
explained why we observed significantly higher circulating
EPA, folic acid and calcium levels in the PNG than CG
(Table 2). Dietary supplement intake was beneficial in
improving blood biomarkers, and Multi-Vitamin and Minerals
(MVM) was the only supplement that led to significant BMI
decrease (Figure 4).
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FIGURE 3 | Changes in anthropometric measurements between CG and PNG. Intergroup differences in changes in anthropometric measurements (A–D) were

evaluated using Wilcoxon–Mann–Whitney test. *P < 0.05, **P < 0.01, ***P < 0.001.

Effect of PN Intervention on PA
Although both groups expereinced improvement in PA with
the interventions, the PNG had significantly higher vigorous,
moderate, and total metabolic equivalent of task (MET), as
compared to the CG (Table 3, Supplementary Table 7). In
addition, the sitting duration was shortened to a greater extent
in the PNG than the CG, whereas the sleeping duration
change in both groups was similar. The PA was categorized
into three levels (low, moderate, and high); a significantly
higher level of PA was observed in PNG after the intervention
compared with CG (Supplementary Table 8). Subjects with
higher PA level after the intervention experienced greater
reduction in body weight, BMI, and waist circumference
(Supplementary Figure 1). Based on the wearable device, the
PNG had signficantly more step counts and consumed more
energy than the CG (Supplementary Table 9).

Association Between Genotype and PN
Intervention Effect
Data collected at the baseline showed significant correlations
between the risk of MTHFR and blood level of folic acid; the
risk of FTO and the levels of HDL and uric acid; the risk of
APOE and the levels of TG, TC and LDL; the risk of FADS1 and
the level of HDL; and the risk of TCF7L2 and the level of uric
acid (Supplementary Table 10). The effects of PN intervention
on the change from baseline in anthropometric characteristics,
including body weight, BMI, waist circumference, and body fat
percent, as well as on the changes in blood levels of TG, TC,
HDL, and LDL, appeared to bring more benefits to the subjects
carrying risk alleles of FTO, APOE, FADS1, and TCF7L2 genes
than to those with normal alleles, though none of the interactions
between the genotype and intervention group were significant
(Supplementary Tables 11, 12).

PN Intervention Improved Clinical
Outcomes by Changing the Behavior
We analyzed the longitudinal correlation network among the
advice in the PN report, changes in lifestyle, and changes in
clinical outcomes. Following the given advice, the subjects in
PNG increased their PA and optimized nutrient intake, which
led to the increase of beneficial nutrients in the blood and to
the decrease of “bad” blood biomarkers and anthropometrics
(Figure 5). In the PNG, the decrease of BMI was mostly

related to the personalized recommendations of “increase fiber,”
“lose weight”, and “use MVM supplements,” the increase of
moderate MET, and the intake of dietary vitamin B2, B6,
and B12. In addition, TMPRSS6, FTO and MTHFR genotypes
mediated the efficacy of nutritional recommendations and
lifestyle modifications on BMI decrease (Figure 5, sub-network).

DISCUSSION

Health benefits achieved by PN should be measured using
validated clinical outcomes, such as anthropometric parameters
(e.g., BMI, body fat percentage, and waist circumference)
and blood biomarkers (e.g., blood lipids, blood glucose, and
blood nutrients) (10). Anthropometric measurements and blood
biomarkers are suitable for PN assessment and monitoring as
they provide real-time information that reflects an individual’s
current metabolic or physiological state (6). More importantly,
the information is readily actionable and easily trackable, as
these parameters change over time in response to diet, PA,
and other lifestyle factors (6). In this study, we observed
improved clinical outcomes (weight, BMI, body fat percentage,
waist circumference, waist-to-hip ratio, blood TG, TC, LDL,
uric acid, homocysteine, folic acid, EPA, and calcium) in
the PNG compared with those in the CG. This was the
first RCT to show the health benefits of PN intervention in
overweight/obese Chinese adults. In the Food4Me study, there
was no significant difference in clinical outcomes between PN
and control groups, though a trend was observed in weight,
BMI, waist circumference, and blood TC (5). The reason might
be the lack of inclusion criteria on BMI in the Food4Me study,
while in this study we included overweight/obese adults because
there is evidence that people are more open to health-promoting
information when the individuals recognize themselves as being
highly susceptible to preventable diseases (9, 30).

Diet is among the most important modifiable lifestyle factors
contributing to NCDs risk (9). Diets with high intake of energy-
dense and highly refined carbohydrate foods are associated with
obesity and type 2 diabetes (31). Changes in diet, especially a
personalized diet, can prevent the onset of disease (9). Zeevi
et al. continuously monitored glucose levels in an 800-person
cohort, measured responses to 46,898 meals, and found high
variability in the response to identical meals, suggesting that
universal dietary recommendations may have limited utility
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TABLE 2 | Blood biomarkers at baseline and at week 12 in both groups.

CG

N = 152

PNG

N = 166

Between-group difference

LS Mean (95% CI) P-value

TG, mmol/L a Baseline 1.12 (0.82, 1.68) 1.27 (0.93, 1.81) −0.03 (−0.05, −0.001) 0.045

Week 12 0.99 (0.76, 1.36) 1.03 (0.72, 1.41)

TC, mmol/L Baseline 5.21 (0.93) 5.28 (0.93) −0.15 (−0.25, −0.05) 0.004

Week 12 5.07 (0.88) 4.97 (0.89)

HDL, mmol/L Baseline 1.51 (0.28) 1.51 (0.26) 0.04 (−0.003, 0.08) 0.067

Week 12 1.59 (0.31) 1.63 (0.28)

LDL, mmol/L Baseline 2.93 (0.71) 2.94 (0.72) −0.10 (−0.19, −0.02) 0.020

Week 12 2.67 (0.69) 2.58 (0.77)

Glucose, mmol/L a Baseline 4.70 (4.45, 5.20) 4.70 (4.50, 5.30) −0.005 (−0.02, 0.01) 0.455

Week 12 4.50 (4.10, 5.25) 4.60 (4.30, 5.10)

Insulin, µU/mL a Baseline 10.58 (6.24, 15.90) 8.98 (5.93, 12.34) −0.04 (−0.10, 0.01) 0.143

Week 12 9.39 (5.64, 15.33) 7.78 (5.59, 10.79)

Uric acid, mmol/L Baseline 328.07 (80.50) 337.08 (93.59) −10.36 (−19.39, −1.33) 0.025

Week 12 320.65 (74.85) 316.85 (76.49)

ALT, U/L a Baseline 28.75 (17.45, 44.50) 25.65 (15.90, 40.70) −0.04 (−0.08, 0.01) 0.150

Week 12 28.10 (21.15, 57.05) 24.30 (17.00–40.80)

AST, U/L a Baseline 23.60 (18.20, 31.35) 22.30 (17.90, 28.80) −0.01 (−0.05, 0.02) 0.539

Week 12 23.15 (18.90, 34.65) 21.75 (18.80–27.80)

Vitamin A, mg/L Baseline 1.04 (0.29) 1.01 (0.27) −0.01 (−0.05, 0.04) 0.738

Week 12 1.06 (0.25) 1.04 (0.22)

Vitamin B9, ng/mL Baseline 9.49 (5.06) 9.49 (5.05) 2.27 (1.37, 3.16) <0.0001

Week 12 11.71 (4.79) 13.98 (5.86)

Vitamin B12, pg/mL a Baseline 378.95 (284.07, 510.99) 357.84 (238.98, 461.68) 0.02 (−0.01, 0.04) 0.174

Week 12 369.20 (281.27, 506.65) 371.07 (275.55, 485.98)

Homocysteine, mmol/L Baseline 19.87 (7.36) 21.83 (8.42) −1.24 (−1.94, −0.54) 0.0005

Week 12 13.57 (3.93) 12.93 (4.02)

25(OH)D3, ng/mL Baseline 29.81 (8.94) 28.15 (8.38) −0.23 (−1.08, 0.63) 0.602

Week 12 30.10 (6.35) 28.84 (6.88)

DHA, % Baseline 5.84 (1.15) 5.64 (1.07) −0.10 (−0.28, 0.08) 0.262

Week 12 5.88 (1.01) 5.66 (1.07)

EPA, % a Baseline 0.42 (0.32, 0.55) 0.37 (0.30, 0.49) 0.09 (0.05, 0.14) <0.0001

Week 12 0.49 (0.32, 0.70) 0.52 (0.38, 0.72)

Calcium, mmol/L Baseline 1.65 (0.12) 1.67 (0.10) 0.03 (0.004, 0.05) 0.023

Week 12 1.68 (0.13) 1.71 (0.10)

Magnesium, mmol/L Baseline 1.52 (0.15) 1.52 (0.13) 0.01 (−0.02, 0.03) 0.489

Week 12 1.54 (0.14) 1.54 (0.13)

Iron, mmol/L Baseline 8.62 (0.89) 8.70 (0.82) 0.07 (−0.04, 0.18) 0.205

Week 12 8.66 (0.70) 8.78 (0.71)

Zinc, µmol/L Baseline 98.37 (10.97) 100.80 (10.65) 1.59 (−0.39, 3.57) 0.115

Week 12 99.49 (10.21) 102.24 (10.33)

Copper, µmol/L Baseline 16.71 (1.91) 16.53 (1.89) −0.01 (−0.38, 0.37) 0.978

Week 12 16.87 (1.53) 16.84 (1.86)

Data are presented as mean (standard deviation), or median (1st quartile, 3rd quartile) for non-normal and highly skewed data.

Unless otherwise stated, intergroup difference at week 12 was evaluated using analysis of covariance (ANCOVA) adjusted for baseline values.
a Intergroup difference at week 12 was evaluated using ANCOVA on log10 of the original data, adjusted for baseline values. Difference of least squares (LS) mean and 95% confidence

interval (CI) are presented on a log10 scale.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HDL, high-density lipoprotein; LDL, low-density lipoprotein;

TC, total cholesterol; TG, triglycerides.

(7). In the PREDICT1 study, a machine-learning model was
created to predict both triglyceride and glycemic responses
to food intake for developing personalized diet strategies (4).

These leading-edge studies shed new light on the personalized
diet intervention. In a previous RCT on PN, changing dietary
intake to better align with the MedDiet—widely recognized as
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TABLE 3 | Dietary intake and physical activity at baseline and week 12 in both groups.

CG

N = 152

PNG

N = 166

Between-group difference

P-value

Diet

Energy, kcal/d Baseline 1491.5 (1168.5, 1947.0) 1481.0 (1158.0, 1959.0) 0.485

Week 12 1481.5 (1137.0, 1905.0) 1411.0 (1079.0, 1767.0)

Whole grain, g/d Baseline 7.1 (0.0, 28.6) 8.6 (0.0, 28.6) <0.0001

Week 12 12.0 (0.0, 46.4) 35.7 (14.3, 57.1)

Vegetables, g/d Baseline 187.1 (111.8, 315.0) 191.4 (100.0, 365.7) <0.0001

Week 12 262.9 (162.1, 380.7) 323.4 (257.1, 402.9)

Dark green vegetables, g/d Baseline 128.6 (71.4, 214.3) 137.9 (64.3, 228.6) <0.0001

Week 12 201.8 (109.3, 296.4) 260.0 (194.3, 337.1)

Fruits, g/d Baseline 127.1 (57.1, 228.6) 107.1 (57.1, 200.0) <0.0001

Week 12 133.9 (56.4, 264.3) 221.4 (146.4, 303.6)

Dairy products, g/d Baseline 114.3 (34.3, 250.0) 142.9 (47.1, 235.7) 0.002

Week 12 128.6 (57.1, 242.9) 200.0 (85.7, 292.9)

Red meat, g/d Baseline 57.1 (28.6, 100.0) 64.3 (32.9, 114.3) 0.614

Week 12 57.1 (29.3, 392.9) 53.2 (32.1, 81.4)

Nuts, g/d Baseline 0 (0, 15.7) 0 (0, 214.3) 0.014

Week 12 0 (0, 13.6) 7.1 (0, 20.0)

Salt, g/d Baseline 8.0 (6.0, 10.0) 7.0 (5.0, 12.0) 0.484

Week 12 6.0 (5.0, 10.0) 6.0 (4.3, 8.0)

CDGI Baseline 55.7 (11.7) 55.7 (11.4) <0.0001

Week 12 58.6 (12.2) 67.0 (10.9)

Physical activity

Vigorous MET, min/w Baseline 0 (0, 480) 0 (0, 960) 0.0009

Week 12 0 (0, 0) 0 (0, 960)

Moderate MET, min/w Baseline 320 (0, 960) 360 (0, 1080) <0.0001

Week 12 240 (0, 840) 720 (240, 1680)

Walking MET, min/w Baseline 1386 (693, 2079) 1386 (693, 1485) 0.372

Week 12 1040 (693, 1601) 1386 (693, 1733)

Total MET, min/w Baseline 2418 (1386, 3359) 2127 (1215, 3564) <0.0001

Week 12 1695 (962, 3066) 2757 (1392, 4558)

Sitting duration, h/d Baseline 5 (0, 13) 5 (0, 13) 0.042

Week 12 5.75 (0, 12.5) 5 (0.08, 12)

Sleeping duration, h/d Baseline 7 (3, 12) 7 (3, 10) 0.389

Week 12 7 (1, 10) 7 (1, 10)

Data are presented as median (1st quartile, 3rd quartile) or mean (standard deviation).

Intergroup differences at week 12 were evaluated using Wilcoxon–Mann–Whitney test or ANCOVA adjusted for baseline values.

CDGI, China dietary guidelines index; MET, metabolic equivalents of task.

a healthy eating pattern—produced substantial health benefits
(8). The participants who received PN intervention consumed
less red meat, salt, and saturated fat, and had higher healthy
eating index score (5). In our study, we observed similar dietary
behavior changes in PNG, including increased consumption of
whole grains, vegetables, especially dark green vegetables, fruits,
dairy products, and nuts, and an improved CDGI, which again,
validated that PN intervention is more efficacious than the
conventional nutrition intervention. One of the novelties of the
current study is the application of dietary supplements, especially
among the subjects with high risk of deficiencies. Among all
the supplements, MVM displayed the most potent efficacy by

modulating serum TG, TC, homocysteine, and folic acid, and
facilitating the decrease in BMI, body fat percentage and waist
circumference. This was within expectation since MVM offered a
wide range of nutrients, which might generate synergistic effects
in promoting health outcomes.MVMwould be an optimal choice
for the overweight/obese adults who aim to lose weight.

In addition to diet, PA is another important modifiable
lifestyle factor included in PN intervention (32). Sedentary
behavior and physical inactivity are among the leadingmodifiable
risk factors worldwide for cardiovascular disease and all-cause
mortality (33). For all-cause mortality, spending > 3–4 h/day in
watching television and > 6–8 h/day in any sitting activity have
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FIGURE 4 | Spearman correlation with clustered clinical outcomes (anthropometric measurements and blood biomarkers) and supplement usage. Blue color

indicates strong reverse correlation; red color indicates strong positive correlation. *P < 0.05, **P < 0.01, ***P < 0.001. ALT, alanine aminotransferase; AST, aspartate

aminotransferase; BFP, body fat percentage; BMI, body mass index; Ca, calcium; Cu, copper; DBP, diastolic blood pressure; DHA, docosahexaenoic acid; EPA,

eicosapentaenoic acid; Fe, iron; GLU, glucose; HCY, homocysteine; HDL, high density lipoprotein; INS, insulin; LDL, low density lipoprotein; Mg, magnesium; MVM,

multiple vitamin mineral; SBP, systolic blood pressure; TC, total cholesterol; TG, triglycerides; SBP, systolic blood pressure; Suppl, supplement; UA, uric acid; VA,

vitamin A; VB, vitamin B; VC, vitamin C; VD, vitamin D; VE, vitamin E; WC, waist circumference; WHR, waist-to-hip ratio; Zn, zinc.

been suggested as detrimental (34). Although the health benefits
of PA and exercise are evident, the research on personalized
PA intervention is still limited. The Food4Me study showed
that PA attenuated the effect of the FTO genotype on obesity
traits in European adults (12). It is important to note that,
subjects in the CG and PNG recieved the exercise notifications
at the same frequency, so the differences in MET were not
due to the subjects’ awareness. Previous RCTs have shown that
tailored training, or personal training, are superior to untailored
trainging in promoting PA (35, 36), potentially through changing
the participants’ attitudes in PA. In this case, the subjects
in the PNG might feel more motivated when they read the
tailored notifications, which led to promoted PA duration and
intensity. These findings suggested the important contribution of
individualized PA advice to PN intervention.

PN advice promotes changes in individual dietary and PA
behaviors, which may result in health or function improvement
(10). In the P100 study, specific recommendations based on
personal data were customized by a coach to help participants
modify their behaviors, which potentially improved their clinical
biomarkers (37). The Food4Me study successfully led to health-
related behavioral changes but failed to bring significant
improvement in clinical outcomes (5). In our study, following
PN advice, the subjects improved their PA and nutrient intake,
which was associated with the increase of beneficial nutrients
in the blood and the decrease of “bad” blood biomarkers and

anthropometrics. For instance, BMI decrease was associated
with the increase of moderate MET, and the intake of dietary
vitamin B2, B6, and B12. The results suggested that our PN
intervention improved the clinical outcomes by changing the
subjects’ behavior. An important element to consider relating to
the efficacy of PN intervention is the sustainability of behavior
change, or longer-term adherence to personalized diet and
lifestyle recommendations (10). That would require a precise
and validated algorithm, professional and trustworthy guidance
from registered dietitian, and compassionate and sustainable
communication with a service team.

According to several publications, the PN intervention
strategies that include genetic information have greater potential
than the ones based on the phenotype alone for improving health
(38–40). Adding a genetic component and disclosure of genetic
information may bring crisis awareness and improve motivation
and compliance (38). In addition, people who carry risk alleles
may develop certain nutrient deficiency even when their intake
meets recommended levels (41, 42). Since the efficacy of diet
could be modulated or impaired by the SNPs of certain enzymes
(43), it is critical to apply dietary supplements among the
population that are genetically at risk of deficiencies. Although
the PN intervention effects on the changes in anthropometric
characteristics and blood biomarkers were similar for subjects
with risk or non-risk allele of FTO, APOE, FADS1, and TCF7L2
genes, we still observed that subjects with a risk allele experienced
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FIGURE 5 | Longitudinal correlation network of advice, genotype, lifestyles, and clinical outcomes. Connections were calculated by Spearman or Point-Biserial with

Benjamini-Hochberg-corrected P < 0.05 and then plotted as a network by Cytoscape. Nodes are colored according to (1) group of advice, including genetic risk

notification (e.g., FTO), lifestyle guidance (e.g., lose weight), and nutritional supplements (e.g., Suppl MVM), (2) change in lifestyles (diet and PA), and (3) change in

clinical outcomes (anthropometric measurements and blood biomarkers). Node sizes are proportional to betweenness centrality. Edge weights are proportional to the

correlation strength, and colors correspond to the direction of association (positive: red; negative: blue). Sub-network in top right shows an example of how “BMI”

change be associated with the advice, genotype, lifestyles, and clinical outcomes. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BFP, body fat

percentage; BMI, body mass index; Ca, calcium; Cu, copper; DBP, diastolic blood pressure; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; Fe, iron; GLU,

glucose; HCY, homocysteine; HDL, high density lipoprotein; I, iodine; LDL, low density lipoprotein; MET, metabolic equivalent of task; Mg, magnesium; MVM, multiple

vitamin mineral; Na, sodium; SBP, systolic blood pressure; SFA, saturated fatty acid; TC, total cholesterol; TG, triglycerides; UA, uric acid; VA, vitamin A; VB, vitamin B;

VC, vitamin C; VD, vitamin D; VE, vitamin E; WC, waist circumference; WHR, waist-to-hip ratio; Zn, zinc.

greater improvement in certain clinical outcomes. Follow up
studies are warranted in the future to further explore the
association between genotype and PN intervention effect.

As expected, the decrease of BMI was significantly associated
with the “lose weight” advice, since a series of suggestions were
provided under the “lose weight” node, which included dietary
changes and PA modifications, the most critical modifiable
lifestyle factors that are related to weight loss (44). The B
complex vitamins play an important role in maintaining energy
homeostasis. Vitamin B2, for example, is a vital cofactor within
the electron transport chain, Krebs cycle, and beta-oxidation (fat
burning) (45), which explained why the increased vitamin B2
intake is a major contributor of BMI reduction. Vitamin B6 and
vitamin B12 are involved in one-carbon metabolism, in which
MTHFR plays a critical role (46). Although there is a lack of clear
evidence of how promoted one-carbon metabolism is related
to weight loss, it is reported that vitamin B intake is positively
associated with fat-free mass in overweight/obese females (47),
and according to a meta-analysis with 9,075 participants, higher
serum vitamin B12 levels are inversely associated with obesity
(48). Expectedly, as the first identified obesity-related gene,

FTO polymorphisms affected weight loss. As an RNA N6-
methyladenosine (m6A) demethylase, the group of FTO proteins
are described as a regulator of m6A level of hormones, such
as ghrelin, to modify energy intake and adipogenesis (23, 49).
In addition to FTO and MTHFR, TMPRSS6 polymorphism
is another key genetic factor in the longitudinal correlation
network. This is interesting since no evidence has shown that
TMPRSS6 affects energy metabolism. As reported, TMPRSS6
genotype influences iron metabolism, and the mutations in
TMPRSS6 may lead to iron deficiency (27, 50). Previous studies
have shown that a low iron level may result in exercise
intolerance, weakness, and impaired muscle strength (51, 52).
Iron supplementation in the iron-depleted females significantly
improved their progressive fatigue resistance during exercise
(53). Considering that the increase inmoderateMET is one of the
major contributors to BMI decrease, it is possible that the subjects
with TMPRSS6 risk alleles may have experienced more fatigue
during exercises, which potentially affected their PA duration and
intensity, and subsequently sabotaged their plan on weight loss.

Admittedly, there are several limitations in this study. PN
intervention is a holistic and integrated solution, in which
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continuous follow-up action and motivation are part of the
whole PN intervention strategy to help the subjects achieve
the goal (54). In this study, we cautiously designed the
intervention of CG and PNG to minimize bias between the
groups. Nevertheless, we admit that the intensity of intervention
cannot be completely consistent between the groups, which is
due to the nature of PN intervention (15, 54). Another limitation
is the lack of objective biomarkers for assessing adherence.
Unlike non-personalized dietary intervention trials, it is difficult
to identify certain objective biomarker(s) to fully indicate the
adherence in the personalized setting. As alternatives to objective
biomarkers, CDGI, step count, and pill count were used in
our study to show the compliance of diet, PA, and nutritional
supplements, respectively. Previous studies have shown that
microbiota phenotypes might modulate physiological responses
to diet, especially postprandial TG, glucose, and insulin (4,
7). The analysis of “omics” data, such as metagenomics and
metabolomics data, may provide a broad perspective on the
changes of large sets of biomarkers (4, 55). In the near future,
we will add more parameters to the PN report by including the
multi-omics data.

Our current study has advanced our knowledge from
previously published PN studies. It is important to note that
this is the first RCT in China that showed the health benefits
of PN intervention in overweight/obese adults, which provided
a model of framework for developing the personalized advice
that leads to modification of lifestyle and improvement of
clinical outcomes. In previous studies, nutritional supplements
were usually neglected by investigators, even though taking
supplements is suggested when the residents are limiting dietary
intake (56), which leaves a major gap of knowledge in the study
of PN intervention. In contrast, we provided a holistic and
integrated solution, containing both diet (supplements were used
as a tool to fill the gap) and PA, to each individual in the PNG.
Moreover, we combined two critical elements in the delivery of
PN report: the validated decision trees as an algorithm to develop
a PN report and the registered dietitians certificated to provide
the solution. Currently, we are coding the decision trees to
develop a mini application to carry out a real-world study, which
may expand our data sources and facilitate our understanding on
the efficacy of PN intervention in everyday environments.

In conclusion, we demonstrated that PN intervention
showed greater benefits to health status in overweight/obese
Chinese adults compared with the benefits from conventional

intervention. PN intervention improved the clinical outcomes
of anthropometric characteristics and blood biomarkers by
changing the dietary and PA behaviors of subjects. The approach
and the associated outcomes presented here open up the
possibility for positive health outcomes in a general population
should a similar program become widely available.
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The effect of baking temperature on the physicochemical, sensory and digestive

properties of eel burgers was investigated. The moisture content of eel burgers gradually

decreased with increased baking temperature, whereas the water-holding capacity

remained unchanged. The breaking force of eel burgers baked at 160◦Cwas significantly

higher than that at other baking temperatures. With increased baking temperature from

100 to 220◦C, amide I in the Fourier transform infrared spectroscopy of eel burgers

shifted from 1,645 to 1,633 cm−1, and the peak intensity of 1,744 cm−1 initially increased

and then decreased. When the baking temperature exceeded 160◦C, the band intensity

of protein aggregate increased gradually with increased baking temperature. Scanning

electron microscopy result indicated that the muscle fibers in eel burgers contracted

significantly with increased baking temperature, and a honeycomb-like network structure

appeared in eel burgers baked at 220◦C. The sulfur compounds in the eel burgers baked

at 130◦C were lower than those of the sample baked at 100◦C, but it increased gradually

with further increased baking temperature. The aftertaste astringency, richness, saltiness,

and overall acceptability of eel burgers increased with increased baking temperature.

The eel burgers baked at 130–160◦C could be easily digested according to the in

vitro digestibility and confocal laser confocal microscopy of gastrointestinal digests. In

conclusion, the texture properties, barbecue aroma, and digestibility of eel burgers could

be controlled by the baking temperature.

Keywords: American eel, gel strength, microstructure, flavor, taste, in vitro digestion

INTRODUCTION

Eels are a typical warmwater fish with 19 species, among which Japanese (Anguilla japonica),
American (Anguilla rostrata), European (Anguilla anguilla), and Australian (Anguilla australis)
eels are commercially important (1). The annual eel production in China has exceeded 250,000 t
since 2020, and American eels have the highest proportion among the different regions due
to the comprehensive consideration of product quality and cost. Eels are usually roasted like
kabayaki according to the market demand and high-fat characterization. Heating is a crucial part
of commercial food processing as it highly affects the nutritional value, flavor, and texture of
products (2).
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The mechanisms involved in protein gelation are often
determined to investigate the relationship between the gel texture
and functional properties of proteins (3). During superheated
steam cooking, muscle-fiber integrity is gradually destroyed by
increased hot-air cooking temperature, and the structure of
muscle-fiber bundle even almost disappears at 180◦C (4). At
high temperatures, the cross-linking of proteins occurs after
being roasted, and the roasting-induced protein aggregation
increases with increased temperature (5). The number of protein
carbonyls in chicken patties roasted at 170◦C is reportedly lower
than that of samples boiled in a hot water bath due to that
the Maillard reaction products formed at temperatures above
100◦C inhibit the protein oxidation (6). On the other hand, the
addition of lipid could improve the juiciness, tenderness, and
mouthfeel of composite gel products (7). Volatile compounds
generated by the Strecker degradation of amino acids and
oxidation of lipids could provide roast odor and delicious flavors
(8). After being baked, the aromatic profile of farmed sea bass
containing a high lipid content is much richer than that of
wild sea bass (9). The mushroom-like odor provided by 1-
octen-3-ol is found in a red mullet product oven cooked at
200◦C (10). The content of alcohols, aromatic compounds, and
sulfur compounds in grilled eels is reportedly significantly higher
than that of fresh eels (11). A previous study has suggested
that the baking temperature plays an important role in the
formation of flavor compounds, and the roasted aroma could
be increased by increasing temperature (12). However, the effect
of baking temperature on the physicochemical, sensory and
nutrition properties of eel burgers is rarely reported.

Electronic-nose and electronic-tongue systems, which can
convert the flavor information of products into numerical
values, are extensively used in the food-flavor evaluation (13).
In the present study, the effect of baking temperature on the
physicochemical properties of eel burgers from American eels
(Anguilla rostrata) was investigated, and the flavor characteristics
of baked eel burgers were evaluated by using an electronic nose
and electronic tongue combined with sensory analysis.

MATERIALS AND METHODS

Materials and Chemicals
Pepsin from porcine gastric mucosa (250 U/mg) and α-
chymotrypsin from bovine pancreas (1,000 U/mg) were
purchased from Sigma-Aldrich Co. (St. Louis, USA). Trypsin
(50,000 U/g) was purchased from Sinopharm Chemical Reagent
Ltd., Co. (Shanghai, China). Lipase from Candida rugosa
(700 U/mg) was purchased from Beijing Solarbio Sciences
& Technology Co., Ltd. (Beijing, China). Bile salt from pig
was purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Live eels (Anguilla rostrata) with an average
weight of 1 kg were purchased from a local supermarket.
Upon arrival, eels were placed on ice and trimmed to remove
head, skin, bones, and viscera. The obtained white meat was
collected to mince with 4% (w/w) sorbitol, 4% (w/w) sucrose,
0.2% (w/w) sodium tripolyphosphate, and 0.2% (w/w) sodium
pyrophosphate. The prepared paste was stored at −20◦C for
further use. Sorbitol, sucrose, NaCl, sodium tripolyphosphate,

and sodium pyrophosphate were food-grade, and all the other
chemical agents were of analytical grade.

Preparation of Eel Burgers
To prepare eel burgers, eel paste was firstly thawed at 4◦C
overnight and ground in a mortar by using a pestle for 5min,
which was followed by an extra 15min of grinding after adding
2% (w/w) NaCl. The mixture was then molded overnight at
−20◦C and baked at 100, 130, 160, 190, and 220◦C for 30min
using an oven (SK-3O30, Sanki Co., Japan), respectively. After
baking, the eel burgers were cooled with ice and stored at 4◦C
until analyzed.

Moisture Content and Water Holding
Capacity
Two grams of eel burger were precisely weighed, and moisture
content was gravimetrically determined by drying to constant
weight at 105◦C.Water holding capacity (WHC) was determined
using the method of Fang et al. (14). About two grams of eel
burgers were wrapped with filter paper, placed in centrifuge
tubes, and centrifuged at 4◦C and 1,000 g for 15min. WHC
was determined as the mass ratio of eel burgers before and
after centrifugation.

Textural Properties
Textural properties were tested using a texture analyzer (Stable
Micro System, TA-XT Plus, UK) equipped with a spherical
plunger (diameter 5mm) and 50N load cell according to a
previous method (14). The test speed, pre-test speed, post-test
speed, trigger force and distance were 0.5 mm/s, 0.5 mm/s,
1.0 mm/s, 5 g and 10mm, respectively. The breaking force
(g) and defomation (mm) of eel burgers were obtained at
room temperature.

SDS-PAGE
The samples of eel burgers were dissolved in a protein-denatured
solution (8 mol/L urea, 2% SDS, and 20 mmol/L Tris-HCl;
pH 8.8) with and without 2% β-mercaptoethanol (β-ME) (15).
After the solution was centrifuged at 10,000 g and 25◦C for
15min, the obtained supernatant was mixed with SDS-PAGE
sample buffer containing 4% SDS, 20% glycerol, with or without
10% β-mercaptoethanol, and 0.125 mol/L Tris-HCL (pH6.8).
Electrophoresis was performed using 4% stacking gel and 6%
seperating gel.

FT-IR Analysis
The FT-IR spectra of eel burgers were obtained using an FT-
IR spectrometer (Nicolet, iS50, MA, USA). The eel burgers were
placed on an attenuated total reflectance (ATR) crystal after being
lyophilized (16). The scanning wavelengths ranged from 4,000 to
1,000 cm−1 with a resolution of 4 cm−1.

Scanning Electron Microscopy (SEM)
The microstructures of samples were observed following the
method of Weng and Zheng (15). The eel burgers were cut into
2 × 2 × 2 mm3 pieces, immersed in 0.1 mol/L phosphate buffer
(pH 7.2) containing 2.5% glutaraldehyde (v/v) and immobilized
in darkness for 24 h. It was then washed with 0.1mol/L phosphate
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buffer (pH 7.2), followed by gradient dehydration with 30, 50,
60, 70, 80, 90, and 100% ethanol. After dehydrating, the samples
were dried at the critical point using CO2 as a transition fluid.
The prepared samples were mounted onto aluminum specimen
holders coated with gold and photographed with an SEM system
(Hitachi, S-4800, Tokyo, Japan).

Electronic-Nose Analysis
The flavor characteristics of eel burgers were analyzed using
an electronic nose (Airsense, PEN 3.5, Schwerin, Germany)
according to the method of Yin et al. (17). The electric-
nose system comprised 10 metal-oxide gas sensors including
W1C (aromatic compounds), W1S (methyl), W1W (sulfides),
W2S (alcohols, aldehydes and ketones), W2W (organic sulfides,
aromatic compounds), W3C (ammonia, aromatic compounds),
W3S (long-chain alkanes), W5C (short-chain alkanes, aromatic
compounds), W5S (nitrogen oxides), and W6S (hydrides). For
the analysis, 4 g of minced eel burger was placed in 20mL airtight
vials and then incubated in a water bath at 50◦C for 60min.
Headspace gas was pumped through the sensor array at 400
mL/min to change the sensor conductance.

Electronic-Tongue Analysis
Taste attributes were analyzed using an electronic tongue (Insent,
TS-5000Z, Atsugi-shi, Japan) according to the method of Yin
et al. (17) and Yang et al. (18) with minor modifications. The
bitterness, astringency, aftertaste, richness, and saltiness of each
sample were measured at 25◦C. For the analysis, minced eel
burgers (60 g) were mixed with four volumes (w/v) of distilled
water (240mL) and then homogenized at 13,000 rpm for 1min
by using a homogenizer (Fluko, FA25, Shanghai, China). The
mixture was incubated in a water bath at 50◦C for 60min and
centrifuged at 10,000 g for 10min at 4◦C. The supernatant was
passed through filter paper twice for subsequent analysis.

Sensory Evaluation
A panel of 10 members with training experience was asked
to assess the organoleptic properties of the cooked eel burgers
according to the method of Al-Juhaimi et al. (19) with minor
modifications. Scores were determined using a 9-point scale as
follows. Color was rated 1 for white or motley with black spots, 5
for uneven light yellowwith black spots, and 9 for uniform golden
yellow without black spots. Flavor was rated 1 for heavy fishy or
peculiar odor, 5 for the light aroma of grilled eel with peculiar
odor, and 9 for the strong aroma of grilled eel without peculiar
odor. Taste was rated 1 for loose texture without elasticity, too
hard or too soft, greasy; 5 for less firm texture or elastic, less
hard or less soft, a little greasy; and 9 for firm, elastic, moderate
hardness, not greasy. Juiciness was rated 1 for too juicy or too dry,
5 for a little juicy, and 9 for acceptable juicy. Overall acceptability
was rated 1 for dislike extremely, 5 for a little like, and 9 for
like extremely.

In vitro Digestion
The in vitro digestion model was established according to the
methods of Kim et al. (20) with minor modifications. The baked
eel burgers (50 g) were ground with 50ml of distilled water.

The obtained mixture was added with 100ml gastric juice (6.9
mmol/L KCl, 0.9 mmol/L KH2PO4, 72.2 mmol/L NaCl, 0.12
mmol/L MgCl2, 0.5 mmol/L (NH4)2CO3, 0.15 mmol/L CaCl2,
4,000 U/mL pepsin), then adjusted to pH 3.0 with HCl, and
stirred at 37◦C for 2 h. The obtained gastric digests were added
with 200ml of intestinal juice (6.8 mmol/L KCl, 0.8 mmol/L
KH2PO4, 123.4 mmol/L NaCl, 0.33 mmol/L MgCl2, 0.6 mmol/L
CaCl2, 200 U/mL trypsin, 50 U/mL α-chymotrypsin, 2,000 U/mL
lipase, 8.6 g/L bile salt), then adjusted to pH 7.0 with NaOH,
and stirred at 37◦C for 2 h. After digestion, the gastrointestinal
(GI) digests were heated at 90◦C for 15min and cooled with
ice. The supernatant was collected by centrifugation (10,000 g,
15min, 25◦C) and freeze-dried. The control was conducted in the
same manner without centrifugation by adding the gastric juice
and intestinal juice which were heated at 90◦C for 15min before
addition. The digestibility of baked eel burgers was calculated
using the following equation:

Digestibility (%) =

[

Ws − (Wc −We)

We

]

× 100 (1)

Where Ws, Wc and We refer to the weight of freeze-dried
supernatant from GI digests, freeze-dried control samples and
baked eel burgers before digestion, respectively.

The morphology of GI digests was observed using a Leica TCS
SP8 confocal laser confocal microscopy (CLSM; Leica, Germany)
according to a method reported by Cao et al. (21). The GI
digests (1mL) were mixed with 5 µL of mixed staining solution
containing Nile red (0.05%, w/v) and FITC (0.05%, w/v). The
obtained mixture was observed using the 40× objective. The
excitation wavelengths were 488 and 543 nm for Nile red (mark
of fat) and FITC (mark of protein), respectively.

Statistical Analysis
All data are presented as themean± standard deviation. ANOVA
was used to analyze the data. Differences among the levels were
measured by Duncan’s multiple-range test (P < 0.05) with SPSS
software (version 17.0, SPSS, Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION

Moisture Content and WHC
The moisture content of eel burgers is shown in Figure 1A. The
moisture content of eel burgers baked at 100◦C was 63.75%,
which was slightly lower than that of paste (66.56%) due to
water evaporation during baking. The moisture content of eel
burgers gradually decreased with increased baking temperature.
A previous study has shown that the moisture content of
European eels decreased from 47.4 to 32.0% after baking at 200◦C
for 15min (22). In this study, the moisture content of eel burgers
decreased by about 10% after being baked at 220◦C for 30min
probably due to the improved water-maintaining ability of the
added sugar and phosphate in eel paste.

WHC is a key indicator of surimi gel quality. As shown in
Figure 1B, the WHC of eel burgers was about 95.6% irrespective
of the baking temperature of 100–220◦C. Regarding the effects
of different concentrations of Camellia tea oil on surimi gel
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FIGURE 1 | Effect of baking temperature on the moisture content (A) and water holding capacity (B) of eel burgers.

TABLE 1 | Effect of baking temperature on the gel strength of eel burgers.

Baking temperature (◦C) Breaking force (g) Deformation (mm)

100 67.76 ± 27.65d 6.20 ± 1.15d

130 287.29 ± 34.86bc 8.30 ± 0.61c

160 400.07 ± 33.04a 9.19 ± 0.23bc

190 327.84 ± 31.82b 9.58 ± 0.20b

220 256.59 ± 41.87c 9.90 ± 0.22a

Data are expressed as mean± standard deviation. Values with different letters in the same

column indicate significant differences at P < 0.05.

physicochemical properties, oil occupies the void spaces of the
protein matrix and forms a firmer structure that could trap more
water (23). No obvious effect of baking temperature on theWHC
of eel burgers was found in the present study probably due to the
high-fat content (Figure 1B), whichmay have formed an external
hard layer on the surface of baking sample to inhibite the exit
of seeping liquid (24). It was also reported that baking yielded a
tilapia fish burger with high WHC (95.82± 0.77), which was not
affected by the baking and grilling methods (25).

Textual Properties
The breaking force and deformation of eel burgers baked at
different temperatures are presented in Table 1. The breaking
force of eel burgers baked at 100◦C was 67.76 g, which
significantly increased with increased baking temperature and
reached the highest value at 160◦C. This finding was due to
the unfolding of protein promoted by an appropriate increase
in baking temperature, thereby improving the interaction
among heat-denatured proteins (2). Based on the changes of
sulfhydryl group content, a previous study suggested that protein
aggregation in the hairtail filets could be formed through new
disulfide bonds and hydrophobic interactions during baking at
220◦C (26). However, with further increased baking temperature,
the breaking force of eel burgers showed a downward trend

(Table 1). Notably, the fat of sardine filets baked at 200◦C
decreased from 15.44 to 14.60% compared with raw samples
(27). Therefore, the fat could be released from eel muscle at
high-temperature baking and filled into the protein-network
structure, causing the breaking force to decrease with increased
deformation of eel burgers.

SDS-PAGE
The electrophoresis analysis of eel paste and burgers is shown
in Figure 2. Myosin heavy chain (MHC, 200 kDa) and actin
(43 kDa) were the main components of eel paste. Regardless
of baking temperature, no changes occurred in the band
intensities of MHC and actin of the eel burgers, and a large
amount of high-molecular-weight polymer (HMWF) too large
to enter the polyacrylamide gel was observed. Meanwhile, when
the electrophoresis samples were added with β-ME, the band
intensity of HMWF weakened, whereas the band intensity of
MHC and actin slightly increased, indicating that eel paste
and baked burgers contained disulfide bonds. When the eel
burgers were baked at 160◦C or above, the band intensity of
HMWF gradually increased, indicating that some HMWF could
be formed through non-covalent bonds at excessive baking
temperatures. A similar phenomenon has been reported about
the effect of different cooking methods on the physicochemical
properties of farmed sturgeon filets (28).

FT-IR Analysis
The FT-IR spectra of eel burgers are shown in Figure 3. No
obvious changes occurred in the absorption peaks of amide A, B,
II, and III among the eel burgers baked at various temperatures.
Notably, the wavenumber 1,744 cm−1 did not change, but its
peak intensity increased and then decreased with increased
baking temperature from 100 to 220◦C. Conversely, the amide
I band of eel burgers baked at 100–190◦C was found at 1,645
cm−1, which shifted to 1,633 cm−1 when eel burgers were baked
at 220◦C.
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FIGURE 2 | SDS-PAGE of eel patties and burgers at various baking

temperatures. M, protein standard; R, eel patties.

FIGURE 3 | FTIR spectra of eel burgers baked at various temperatures.

Amide A (3,000–3,600 cm−1), attributed to N-H and O-H
stretching vibrations, was related to changes in the hydrogen
bond (29). Amide B (2,800–3,000 cm−1) and the absorption
band of 1,740–1,760 cm−1, associated with C-H and C=O
stretching vibrations, respectively, represented lipid change
(30). Amide I (1,600–1,700 cm−1) was assigned to C=O
stretching vibration, whereas amide II (1,480–1,575 cm−1) and
amide III (1,229–1,301 cm−1) were assigned to N-H bending
and C-N stretching vibration, respectively (29). Moreover, the
displacements of amide I, II, and III can represent the change
in inter/intramolecular hydrogen bonds of protein (31). Based
on the results of amides A, B, II, and III shown in Figure 3, no
obvious effects of baking temperature on the hydrogen bond of
the protein molecules in eel burgers were found. The changes

in the peak intensity of 1,744 cm−1 suggested that the fat
content of eel burgers initially increased and then decreased
with increased baking temperature. This finding could be due
to the gradual release of fat from the eel muscle with increased
baking temperature from 100 to 160◦C, but fat might lose slightly
with further increased baking temperature. A similar trend was
observed in chicken sausage superheated steam cooked at various
temperatures (150, 200, and 250◦C) with different time (32).

Microstructures
The microstructures of eel burgers baked at various temperatures
were characterized by SEM as shown in Figure 4. The fiber
tissue in the eel burgers baked at 100◦C was arranged neatly
and densely, with a clear muscle texture. With increased baking
temperature to 130◦C, the muscle fibers in the eel burgers
shrank to a certain extent, and a layer of oil-like luster appeared
on the surface probably due to the part of fat released from
muscle tissue. This finding was consistent with a previous
report stating that the protein of foal meat is denatured and
the fat is gradually released during baking, resulting in tissue-
structure reorganization of the roasted product (24). When the
eel burgers were baked at 160◦C, aggregates and pores of different
sizes formed probably due to the excessive shrinkage of fiber
tissue. This finding was similar to the study which reported
that pork muscle fibers were destroyed by hot-air cooking,
causing the contraction and rupture of the muscle bundle (4).
Analysis of the eel burgers baked at 190◦C (Figure 4) revealed
that the pores formed by fiber shrinkage disappeared partially.
This result may be due to the filling of some pores with fat
dissolved at high baking temperatures. With further increasing
baking temperature, a honeycomb-like fiber structure of baked
eel burgers was found probably due to the degradation of
myofibrils caused by high baking temperature. Consequently, the
gel strength and moisture content of eel burgers significantly
decreased (Table 1; Figure 1). In a review on the effects of
heat treatment on the protein modification of meat products
(2), the aromatic residues of the beef protein are degraded
significantly at high heating temperature, thereby affecting the
texture qualities of meat products. The results of Figure 4 also
showed that the degree of muscle fiber contraction and fat loss
increased with increased baking temperature, whereas protein
degradation andmuscle-fiber tissue destruction were observed in
the microstructure of eel burgers baked at high temperature.

Electronic-Nose Analysis
The sensors of the electronic-nose system are sensitive to the
aroma and volatile compounds. As shown in Figure 5A, when
the eel burgers were baked at 100◦C, the response values of
W5S, W1W, and W2W were significantly higher than those
of other sensors, indicating that nitrogen oxides and sulfides
were the main flavor source of the eel burgers baked at 100◦C.
A similar phenomenon has been reported by Sun et al. who
studied the flavor of bigeye tuna meat heated at 100◦C for 1 h
(33). The response values of W5S, W1W, and W2W of the
eel burgers baked at 130◦C were significantly lower than the
sample baked at 100◦C (Figure 5A). As a previous report, the
sensors of W5S, W1W, and W2W are reportedly sensitive to
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FIGURE 4 | Microstructure of eel burgers baked at various temperatures.

FIGURE 5 | Electronic-nose response data radar chart (A) and principal component analysis plot (B) of eel burgers baked at various temperatures.

TABLE 2 | Electronic-tougue analysis of eel burgers baked at various temperatures.

Baking temperature (◦C) Bitterness Astringency Aftertaste-B Aftertaste-A Richness Saltiness

100 6.82 ± 0.05b 2.31 ± 0.03b 1.20 ± 0.15a 1.00 ± 0.02e 0.86 ± 0.03b 1.96 ± 0.03c

130 7.34 ± 0.05a 2.62 ± 0.02a 1.21 ± 0.45a 1.23 ± 0.06d 0.79 ± 0.02c 1.80 ± 0.01d

160 7.32 ± 0.05a 2.65 ± 0.03a 1.33 ± 0.31a 1.28 ± 0.01c 0.85 ± 0.02b 1.90 ± 0.01c

190 7.26 ± 0.01a 2.66 ± 0.02a 1.42 ± 0.31a 1.37 ± 0.02b 0.88 ± 0.02b 2.12 ± 0.01b

220 6.80 ± 0.01b 2.66 ± 0.03a 1.60 ± 0.36a 1.53 ± 0.02a 0.95 ± 0.02a 2.50 ± 0.02a

Data are expressed as mean ± standard deviation. Values with different letters in the same column indicate significant differences at P < 0.05.

aldehydes, with response values reaching a high level in bigeye
tuna meat heated at 100◦C but decreasing with further increased
heating temperature (33). With increasing baking temperature
from 130 to 220◦C, no change in the response value of W5S

was found, whereas the response values of W1W and W2W
gradually increased (Figure 5A). W1W and W2W sensors were
also sensitive to sulfur compounds, some of which (e.g., dimethyl
trisulfide) could provide the characteristic aroma of seafood
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(11). This finding was consistent with the present results that a
higher baking temperature corresponded with a stronger aroma
of baked eel burgers.

Figure 5B shows the principal component analysis (PCA) of
the electronic-nose sensor data. The first principal component
(PC1) and the second principal component (PC2) accounted
for 84.0 and 12.2% of the total variance, respectively, indicating
that they can be used to analyze the odor information of eel
burgers baked at various temperatures (34). The lowest PC1
value was found in eel burgers baked at 130◦C, followed by
samples baked at 160–220◦C, consistent with the trend in
Figure 5A. Conversely, eel burgers baked at 160–220◦C can be
well distinguished on PC2, although the samples baked at 190◦C
were relatively close to those baked at 220◦C. These results
showed that eel burgers baked at 160–220◦C had similar flavor
compounds which could be distinguished by the electronic nose.

Electronic-Tongue Analysis
An electronic-tongue system was used to detect the taste
properties of eel burgers (Table 2). In eel burgers baked at 100◦C,
the bitterness value was the highest, followed by the astringency
value and saltiness value. At 130–190◦C baking temperature, no
significant changes were found in the bitterness and astringency
of eel burgers, which were higher than those of eel burgers

FIGURE 6 | Electronic-tongue principal component analysis plot of eel

burgers baked at various temperatures.

baked at 100◦C. With increasing baking temperature from 190
to 220◦C, the bitterness of eel burgers decreased. Bitter amino
acids and bitter peptides are reportedly degraded during thermal
treatment at 140◦C, leading to decreased bitterness (35). The
bitterness of chicken patties baked at 190◦C is also higher
than that of samples baked at 160◦C due to the more intense
Maillard reaction and caramelization reaction at 190◦C (36). It
was reported that bitter amino acids make could make umami
taste soft (37). In the present study, the astringency aftertaste-
A, richness, and saltiness of eel burgers showed an upward trend
with the increase in baking temperature, which may be related to
the water evaporation.

Figure 6 shows the PCA results of electronic-tongue data.
The total variance contribution rate of PC1 and PC2 was 88.2%,
which sufficiently reflected the taste information of baked eel
burgers. With increased baking temperature from 130 to 220◦C,
the PC1 value of eel burgers gradually increased. Among the
eel burgers baked at 130–220◦C, no significant difference was
found in PC2 value, which was clearly distinguished from the
eel burgers baked at 100◦C. These results indicated that the taste
compounds of eel burgers baked at 100◦C were different from
that of samples baked at 130–220◦C, and the taste compounds of
the eel burgers baked at 130–220◦C could also be distinguished
by the electronic tongue.

Sensory Evaluation
The sensory-evaluation results of eel burgers baked at various
temperatures are shown in Table 3. With increased baking

FIGURE 7 | In vitro digestibility of eel burgers baked at various temperatures.

TABLE 3 | Sensory evaluation of eel burgers baked at various temperatures.

Baking temperature (◦C) Color Flavor Taste Juiciness Overall acceptability

100 2.80 ± 0.92c 3.00 ± 0.82c 1.70 ± 1.06c 1.70 ± 0.67c 1.90 ± 1.10c

130 3.20 ± 1.23c 4.10 ± 0.88c 3.90 ± 1.60b 3.30 ± 1.16b 2.50 ± 0.97c

160 4.70 ± 1.42b 6.60 ± 1.35b 8.10 ± 0.88a 7.80 ± 1.23a 4.95 ± 2.11b

190 8.40 ± 0.70a 8.25 ± 0.92a 7.60 ± 0.97a 4.00 ± 2.62b 8.40 ± 0.52a

220 8.60 ± 0.52a 3.60 ± 2.22c 7.20 ± 0.63a 2.70 ± 0.82bc 7.40 ± 1.07a

Data are expressed as mean ± standard deviation. Values with different letters in the same column indicate significant differences at P < 0.05.
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FIGURE 8 | CLSM images of GI digests from baked eel burgers in vitro digestion.

temperature, the color score of eel burgers gradually increased.
The color change was related to the Maillard reaction primarily
due to the condensation of carbonyl and amine to form brown
high-molecular-weight compounds (38). The highest flavor score
was found in eel burgers baked at 190◦C, whereas the highest
taste score and juiciness score were found in eel burgers baked
at 160◦C. These values decreased with increased or decreased
baking temperature. Similar trends were observed in the results
of electronic nose, electronic tongue, and gel strength (Figure 5,
Tables 1, 2). With the increase in baking temperature from
100 to 220◦C, the overall acceptability of eel burgers gradually
increased, indicating that the color played an important role
in the sensory quality of baked eel burgers. With the increase
in baking temperature from 100 to 160◦C, the fishy odor of
eel burgers decreased, whereas the barbecue aroma increased.
Meanwhile, the interaction between lipid and protein was
promoted by baking. Thus, the increase in baking temperature
positively affected the taste and flavor of eel burgers. With
further increased baking temperature, the produced burnt flavor
negatively affected the flavor and juiciness of eel burgers.

In vitro Digestibility
The in vitro digestibility of eel burgers baked at various
temperatures is shown in Figure 7. Among the baked eel
burgers, the digestibility of samples baked at 160◦C was the
highest, reaching up to 98.17%. A hard dry layer could be
formed on the surface of the eel burgers with increasing baking
temperatures, resulting in the reduction of digestibility. However,
the digestibility of the eel burgers baked at 220◦C could reach up
to 89.3%, which was close to the digestibility (89%) of hairtail
filets baked at 220◦C for 25min reported by Semedo Tavares et
al. (26).

The CLSM images of in vitro GI digests from baked eel
burgers are presented in Figure 8. The red and green fluorescent
signals represented fat and protein, respectively. In the control
samples, it could be found that fat particles were dispersed in

irregular protein fiber fragments. As the baking temperature
increased, the fat gradually migrated from the inside of the eel
burgers to the outside, showing that the red fluorescence signals
increased. After simulated digestion, the dispersed fat particles
around the protein phase were found in the GI digests from
eel burgers baked at 100◦C and the size of some fat particles
was slightly smaller than the control. Moreover, the size of
fat particles in the GI digests from eel burgers baked at 130
and 160◦C was significantly smaller than that of other samples.
A review reported that the smaller the fat globule size, the
easier it is to be digested (39). When the baking temperature
was higher than 160◦C, there were little green fluorescence
fragments representing protein aggregates in Figure 8 (indicated
by magnification), suggesting that indigestible products could
be formed during high-temperature baking. These observations
were consistent with the finding on the digestibility of baked
eel burgers (Figure 7), further suggesting that the proteins and
oil of eel burgers baked at 130–160◦C could be easily digested
and absorbed.

CONCLUSION

Baking temperature significantly affected the quality of eel
burgers. The increased baking temperature could promote the
protein interaction of eel burgers, resulting that breaking force
was increased from 67.76 to 400.07 g at 100–160◦C. However,
when the baking temperature exceeded 160◦C, fat was easily
released from the muscle tissue and filled into the protein-
network structure, and the muscle fibers shrank and broke,
resulting in decreased gel strength. Electronic nose and electronic
tongue could distinguish the flavors of eel burgers baked at
various temperatures. The increase in baking temperature could
reduce the fishy odor of eel burgers but enhanced barbecue
flavor, astringency, richness, and saltiness. The eel burgers baked
at 160◦C were conducive to the digestion and absorption of
protein and oil, based on 98.17% of in vitro digestibility and
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the smallest sizes of GI digest particles. Therefore, the texture,
flavor, and digestibility of eel burgers can be controlled by the
baking temperature, thereby affecting the consumers’ acceptance
of products.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

This work was sponsored by Fujian Key Project of Natural
Science Fund (2019J02013) and Fujian Project of Marine
Economy Development (FJHJF-L-2021-3).

REFERENCES

1. Özogul Y, Özyurt G, Özogul F, Kuley E, Polat A. Freshness assessment of

European eel (Anguilla anguilla) by sensory, chemical and microbiological

methods. Food Chem. (2005) 92:745–51. doi: 10.1016/j.foodchem.2004.08.035

2. Yu TY, Morton JD, Clerens S, Dyer JM. Cooking-induced protein

modifications in meat. Compr Rev Food Sci Food Safety. (2017) 16:141–

59. doi: 10.1111/1541-4337.12243

3. Chen X, Xu X, Liu D, Zhou G, Han M, Wang P. Rheological

behavior, conformational changes and interactions of water-

soluble myofibrillar protein during heating. Food Hydrocoll. (2018)

77:524–33. doi: 10.1016/j.foodhyd.2017.10.030

4. Wang R, Huang F, Zhang L, Liu Q, Zhang C, Zhang H. Changes in the

texture, microstructures, colour and volatile compounds of pork meat loins

during superheated steam cooking. Int J Food Sci Technol. (2019) 54:2821–

30. doi: 10.1111/ijfs.14198

5. Xia C,Wen P, Yuan Y, Yu X, Chen Y, XuH, et al. Effect of roasting temperature

on lipid and protein oxidation and amino acid residue side chain modification

of beef patties. RSC Adv. (2021) 11:21629–41. doi: 10.1039/d1ra03151a

6. Ferreira VCS, Morcuende D, Madruga MS, Silva FAP, Estevez M. Role

of protein oxidation in the nutritional loss and texture changes in

ready-to-eat chicken patties. Int J Food Sci Technol. (2018) 53:1518–

26. doi: 10.1111/ijfs.13733

7. Diao X, Guan H, Zhao X, Diao X, Kong B. Physicochemical

and structural properties of composite gels prepared with

myofibrillar protein and lard diacylglycerols. Meat Sci. (2016)

121:333–41. doi: 10.1016/j.meatsci.2016.07.002

8. Zhang D, Ji W, Peng Y, Ji H, Gao J. Evaluation of flavor improvement in

Antarctic krill defluoridated hydrolysate by Maillard reaction using sensory

analysis, E-nose, and GC-MS. J Aquat Food Product Technol. (2020) 29:279–

92. doi: 10.1080/10498850.2020.1723764

9. Nieva-Echevarría B, Goicoechea E, Manzanos MJ, Guillén MD. Effects of

different cooking methods on the lipids and volatile components of farmed

and wild European sea bass (Dicentrarchus labrax). Food Res Int. (2018)

103:48–58. doi: 10.1016/j.foodres.2017.10.029

10. Salum P, Guclu G, Selli S. Comparative evaluation of key aroma-

active compounds in raw and cooked red mullet (Mullus barbatus) by

aroma extract dilution analysis. J Agric Food Chem. (2017) 65:8402–

8. doi: 10.1021/acs.jafc.7b02756

11. Huang X, Zheng X, Chen Z, Zhang Y, Du M, Dong X, et al. Fresh and grilled

eel volatile fingerprinting by e-Nose, GC-O, GC-MS and GC×GC-QTOF

combined with purge and trap and solvent-assisted flavor. Food Res Int. (2019)

115:32–43. doi: 10.1016/j.foodres.2018.07.056

12. Liu J, Liu M, He C, Song H, Chen F. Effect of thermal treatment on the flavor

generation fromMaillard reaction of xylose and chicken peptide. LWT - Food

Sci Technol. (2015) 64:316–25. doi: 10.1016/j.lwt.2015.05.061

13. Tan J, Xu J. Applications of electronic nose (e-nose) and electronic tongue (e-

tongue) in food quality-related properties determination: A review.Artif Intell

Agric. (2020) 4:104–15. doi: 10.1016/j.aiia.2020.06.003

14. Fang Q, Shi L, Ren Z, Hao G, Chen J, Weng W. Effects of emulsified lard

and TGase on gel properties of threadfin bream (Nemipterus virgatus) surimi.

LWT-Food Sci Technol. (2021) 146:111513. doi: 10.1016/j.lwt.2021.111513

15. Weng W, Zheng W. Effect of setting temperature on glucono-δ-lactone-

induced gelation of silver carp surimi. J Sci Food Agric. (2015) 95:1528–

34. doi: 10.1002/jsfa.6857
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E�ects of dietary protein levels
on production performance,
meat quality and flavor of
fattening pigs

Dong Wang1, Guoshun Chen1*, Minjie Chai2, Chengrui Shi3,

Yiwen Geng1, Yuyan Che1, Yancui Li1, Shuaishuai Liu1,

Yancheng Gao1 and Haoxia Hou4

1College of Animal Science and Technology, Gansu Agricultural University, Lanzhou, China,
2Pingliang Animal Husbandry and Fishery Station, Pingliang, China, 3College of Food Science and

Engineering, Gansu Agricultural University, Lanzhou, China, 4Gansu Longyuan Agricultural

Economic Cooperation Center, Lanzhou, China

This study aimed to evaluate the e�ects of dietary protein level on the

production performance, slaughter performance, meat quality, and flavor of

finishing pigs. Twenty-seven Duroc♂×Bamei♀ binary cross-bred pigs (60.86 ±

2.52 kg body weight) were randomly assigned to three groups, each group has

three replicates, and each replicate has three pigs. Three groups of finishing

pigs were fed 16.0, 14.0, and 12.0% crude protein levels diets, and these

low-protein diets were supplemented with four limiting amino acids (lysine,

methionine, threonine and tryptophan). The results showed that the pigs fed

low-protein diets increased (P < 0.05) loin eye muscle area, and reduced (P

< 0.05) heart weight, lung weight. The feed-weight ratio of the 14.0% protein

group was reduced (P > 0.05); Dietary protein levels significantly a�ected the

luminance (L24h), yellowness (b45min and b24h) (P< 0.05), reduced shear stress,

muscle water loss, drip loss, the levels of crude fat (P < 0.05), and increased

marbling score (P < 0.05) in the muscle of finishing pigs; The low-protein

diets improved PUFA/TFA, PUFA/SFA (P > 0.05), and increased hexanal, E-2-

heptenal, 1-octen-3-ol, EAA/TAA in the muscle of finishing pigs (P < 0.05);

The results indicated that reduced the crude protein levels of dietary by 2.0–

4.0%, and supplementation with four balanced limiting amino acids had no

significant e�ects on the production performance and slaughter performance

of finishing pigs, and could e�ectively improve meat quality and flavor.

KEYWORDS

dietary protein level, finishing pig, production performance, meat flavor, meat quality

Introduction

Low protein amino acid balanced diet can meet the needs of livestock and poultry

by reducing the protein level in the diet and adding free amino acids. It can improve the

utilization rate of livestock and poultry feed protein, reduce production costs and reduce

environmental pressure. Its application in the breeding industry is of great significance.

Adding industrial synthetic amino acids to feed to appropriately reduce dietary protein
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TABLE 1 Study design.

Items Control Group Group

group I II

Dietary crude protein levels/% 16.0 14.0 12.0

levels can effectively reduce feed costs, regulate gut microbiota

structure, improve gut morphology, increase nitrogen

utilization, reduce harmful gas emissions (ammonia), and

can Improve gut health without compromising pig performance

(1). Traditional corn-soybeanmeal diets typically have increased

levels of soybean meal to meet the lysine requirements of pigs.

This leads to excessively high dietary protein levels and low

protein utilization. At the same time, animal undigested protein

is excreted in large quantities through feces and urine, causing

serious environmental pollution (2).

In pig production, when the requirements of essential

amino acids (EAA) and total nitrogen are met, the levels

of crude protein in the diet could be reduced as protein

requirements in pigs are essentially those of amino acids pig

educed normal protein levels by 4% and balanced the dietary

levels of EAA (3). Wang et al. found that a low-protein (13.5%

CP) diet had no significant effect on growth performance,

but significantly improved apparent nitrogen digestibility and

nitrogen deposition rate, and significantly reduced nitrogen

emissions in manure and urine in finishing pigs (4). Xu et al.

found that neither a low-protein diet nor a high-protein diet

had any significant effects on the backfat thickness and loin

eye muscle area in finishing pigs, the low protein group has an

increasing trend (5). Li et al. found that feeding a low-protein

diet significantly increased the redness of muscle in finishing

pigs, whereas feeding low-protein and very low-protein diets

significantly reduced muscle shear force (6). Furthermore, low-

protein diets significantly improved the levels of intramuscular

fat and monounsaturated fatty acids (MUFA) in the muscle of

finishing pigs. Addition of alpha ketoglutarate to low-protein

diets significantly increased the levels of intramuscular fat, oleic

acid, and MUFA in the muscles of finishing pigs (7).

Current literature on low-protein diets of finishing pigs

has been focused mostly on growth performance, carcass traits,

and meat quality indicators. However, only a few studies have

evaluated the effects of low-protein, amino acid balanced diets

on volatile compounds in the muscle of finishing pigs. Early

research by our group found that reducing the dietary protein

level of Du×Min crossbred finishing pigs can significantly affect

the growth performance and slaughter performance, and have

positive effects on improving meat quality and muscle nutrient

composition (8). On the basis of previous study, this study

evaluated the effects of various low-protein, amino acid balanced

diets on production performance, slaughter performance, meat

quality, and flavor in finishing pigs. The results provide a

TABLE 2 Composition and nutrient levels of experimental diets

(air-dry basis).

Control group Group I Group II

Ingredients

Corn/% 63.5 68 72

Soybean meal/% 18.3 12.9 7.2

Wheat bran/% 5 5 5

Alfalfa meal/% 5 6.5 9

Bentonite/% 4 2.9 1.6

Soybean oil/% 1.5 1.7 2

Compound enzyme/% 0.1 0.1 0.1

Lysine/% 0.09 0.23 0.37

Methionine /% – 0.03 0.05

Threonine /% – 0.08 0.15

Tryptophan /% – 0.03 0.05

CaCO3/% 0.51 0.46 0.3

CaHPO4/% 1.15 1.22 1.33

Premixa/% 0.5 0.5 0.5

NaCl/% 0.35 0.35 0.35

Total/% 100 100 100

Nutrient levelsb

DE/MJ/kg 13.14 13.13 13.11

CP/% 15.94 (16.00%)c 14.00 (14.00%)c 12.05 (12.00%)c

CF/% 3.22 3.5 4.02

Ca/% 0.6 0.61 0.6

TP/% 0.55 0.55 0.55

Na/% 0.16 0.16 0.17

Cl/% 0.27 0.27 0.28

SID Lysine/% 0.86 0.86 0.86

SID Methionine/% 0.26 0.26 0.26

SID Threonine/% 0.59 0.59 0.59

SID Tryptophan/% 0.19 0.19 0.19

aThe premix provided the following per kg of the diet: Fe 64.00mg; Zn 71.00mg;

Mn 35.00mg; Cu 17.00mg; Se 0.36mg; I 0.64mg; vitamin A 790 IU; vitamin D3

135 IU; vitamin E 55.00mg; thiamine (vitamin B1) 2.20mg; riboflavin (vitamin B2)

2.50mg; biotin 0.05mg; folic acid 0.35mg; nicotinic acid 29.00mg; calcium pantothenate

27.00mg; vitamin B6 0.09mg; vitamin B12 1.00mg; choline chloride 5000.00mg; flavor

3000.00mg; sweeteners 3000.00mg; phytase 4000.00mg; lysine 30000.00mg; tryptophan

2000.00 mg.
bNutrient levels were calculated.
cSet experimental values in parentheses.

SID, standardized ileal digestibility.

theoretical basis for the application of a low-protein, amino acid

balanced diet in pig production.

Materials and methods

Ethics statement

Experiments involving animals were carried out in

accordance with regulations for the Administration of Affairs
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TABLE 3 E�ect of dietary protein level on growth performance in finishing pigs.

Items Control group Group I Group II P-value

Initial BW/kg 61.26± 3.27 60.79± 2.94 60.53± 2.39 0.877

Final BW/kg 119.44± 4.39 120.81± 6.56 115.48± 5.62 0.522

ADFI / kg•day-1 2.68± 0.13 2.70± 0.16 2.55± 0.12 0.412

ADG /kg•day-1 0.90± 0.02 0.92± 0.06 0.84± 0.05 0.171

Ratio of feed to gain(F/G) 2.99± 0.09 2.92± 0.02 3.02± 0.07 0.238

BW, body weight. Values in the same row, either without letter superscripts or the same letter superscripts indicate no significant difference (P >0.05). Different letter superscripts indicate

significant differences (P < 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively.

TABLE 4 E�ect of dietary protein level on slaughter performance, organ weight, and gastrointestinal tract pH of finishing pigs.

Control group Group I Group II P-value

Carcass weight/kg 88.35± 4.52 90.67± 6.41 85.57± 4.15 0.522

Dressing percentage/% 73.95± 1.05 75.01± 1.30 74.09± 0.17 0.413

Backfat thickness/mm 26.92± 3.10 26.52± 1.49 23.20± 6.01 0.501

Skin thickness/mm 2.99± 0.11 2.70± 0.70 2.72± 0.09 0.647

Carcass length/cm 105.62± 3.72 107.18± 1.00 102.03± 6.29 0.377

Loin eye area/cm2 38.04± 4.56b 46.04± 1.95a 43.70±1.00ab 0.034

Hind legs proportion/% 15.50± 0.22 14.82± 0.90 14.91± 0.30 0.341

Heart weight/kg 0.53± 0.03a 0.43± 0.06b 0.40± 0.00b 0.011

Liver weight/kg 1.68± 0.43 1.80± 0.61 1.95± 0.15 0.761

Spleen weight/kg 0.23± 0.03 0.22± 0.03 0.20± 0.00 0.379

Lung weight/kg 0.85± 0.10a 0.63± 0.08b 0.82± 0.08a 0.039

Kidney weight/kg 0.45± 0.00 0.35± 0.09 0.35± 0.05 0.131

Stomach weight/kg 0.98± 0.08 1.10± 0.15 0.92± 0.03 0.139

Gastric contents pH 3.66± 0.42 3.73± 0.22 3.81± 0.23 0.827

Cecal contents pH 5.78± 0.14 5.44± 0.18 5.53± 0.22 0.138

Jejunal contents pH 5.65± 0.08 5.65± 0.13 5.62± 0.23 0.965

Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the sameletter superscripts indicate no

significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively.

Concerning Experimental Animals (Ministry of Science and

Technology, China; revised in June 2004). Sample collection

was carried out according to the guidelines of the Ethics

Committee for the Care and Use of Laboratory Animals of

Gansu Agricultural University.

Experimental design and feeding
management

The experimental pigs were all selected from the parent-

generation pig farm of Gansu Agriculture and Animal

Husbandry Fine Breeding Farm (Jingtai County, Gansu

Province). The experimental animals were Duroc ♂ × Bamei

♀ binary cross-bred pigs that were close in parity, age, health

status, and initial weight.

A total of 27 Duroc heads were selected for the test ♂ ×

Bamei ♀ Binary cross bred pigs, which is 120 days old and weighs

60.86 ± 2.52 kg, and similar health status. They were randomly

divided into the control group, group I, and group II. There were

three replicates in each group and three pigs in each replicate.

Conduct 5-day pre-test, and the formal test period is 60 days.

The details of each experimental group are presented in Table 1.

Dietary composition and nutrition level

The reference index for finishing pigs with a body weight

of 60.86 ± 2.52 kg was selected, based on the low-protein

dietary recommendations in the “Piglet, Growing and Finishing

Pig Compound Feed” standard, proposed by the China Feed

Industry Association Group Standards Technical Committee in

2018. These recommendations were combined with themethods

of Bai (9). Based on previously published data on low-protein

diets with standardized ileal digestibility and supplemented

amino acids; we designed three diets with crude protein levels
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TABLE 5 E�ect of dietary protein level on routine indexes of meat quality in finishing pigs.

Control group Group I Group II P-value

Shear force/N 42.40± 2.81a 46.92± 6.84a 35.68± 5.95b <0.001

Filtration rate/% 6.85± 1.50a 4.14± 1.04b 7.04± 3.00a 0.008

Cooking loss/% 35.82± 5.24 34.91± 1.81 35.75± 1.47 0.809

Marbling score 3.03± 0.25b 3.11± 0.21ab 3.30± 0.15a 0.027

Drip loss/% 3.34± 0.26a 3.00± 0.19b 3.22± 0.19a 0.008

L45 min 40.52± 2.40a 36.75± 1.30b 40.16± 2.76a 0.003

L24 h 47.89± 2.40a 40.55± 2.38c 44.72± 3.88b <0.001

a45 min 4.32± 3.12 4.65± 2.28 3.42± 1.63 0.550

a24h 7.98± 0.26a 8.02± 3.23a 5.27± 2.26b 0.021

b45 min 12.57± 1.40a 7.82± 0.92c 9.80± 1.10b <0.001

b24 h 16.48± 2.57a 14.00± 0.77b 12.74± 2.08b 0.002

pH45 min 6.19± 0.05 6.25± 0.02 6.19± 0.19 0.455

pH24 h 5.71± 0.15 5.81± 0.14 5.78± 0.12 0.300

pH48 h 5.53± 0.06 5.54± 0.03 5.55± 0.09 0.678

pH72 h 5.50± 0.03 5.52± 0.06 5.52± 0.09 0.769

Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter superscripts indicate no

significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively. L* , lightness value after the specified time;

a* , redness value after specified time; b* , yellowness value after specified time.

TABLE 6 E�ect of dietary protein level on muscle nutrient contents and levels of inosinic acid in finishing pigs (fresh meat).

Control group Group I Group II P-value

Moisture/% 71.28 ± 2.64 72.53 ± 0.32 72.60 ± 1.92 0.633

CP/% 22.95 ± 0.25 22.93 ± 0.45 22.83 ± 1.10 0.954

EE/% 7.60 ± 0.10a 6.00 ± 0.44b 6.97 ± 0.81ab 0.021

Ash/% 1.19 ± 0.04 1.24 ± 0.07 1.33 ± 0.18 0.131

IMP/(g/kg) 2.69 ± 0.06 2.73 ± 0.28 2.70 ± 0.18 0.965

Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter superscripts indicate no

significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively. CP, crude protein; EE, ether extract.

of 16.0, 14.0, and 12.0%, respectively. The composition and

nutritional level of the basic diets for the experimental pigs are

shown in Table 2.

Feeding management

The pigs were raised on the parent-generation pig farm of

an agricultural and animal husbandry breeding farm in Gansu

Province. The pig house was cleaned and disinfected before the

study. During the study, pigs were dewormed and immunized,

according to standard pig farm management protocols. The

pigs had free access to feed and water. The pig house cleaned

twice daily and disinfected once a week. During the test period,

the amount of feed given and the amount remaining in each

group were recorded every day, and the daily feed intake was

calculated. After the experimental period, each pig was weighed

on an empty stomach.

Measurement indicators and
methods

Growth performance

During the trial period, pigs were weighed before morning

feeding and at the beginning and end of the trial. Body weight

at the beginning and end of the trial were recorded, and the

average daily weight gain was calculated. Furthermore, the daily

feed volume and the remaining volume in the feed trough

were recorded, and the average daily feed intake was calculated.

The feed-to-weight ratio was calculated, based on the average

daily gain and average daily feed intake, according to the

following formulas:

ADG = (final weight − initial weight)/no of days fed

ADFI = TFC/(feeding days×number of feeding)
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TABLE 7 E�ects of dietary protein level on amino acids in muscle of finishing pigs (fresh meat).

Control group Group I Group II P-value

Aspartic acid (g/kg)# 19.64± 0.79 19.55± 0.49 19.38± 1.07 0.915

Glutamate (g/kg)# 26.92± 0.80 27.18± 0.72 27.10± 1.36 0.947

Glycine (g/kg)# 8.53± 0.16 8.21± 0.56 8.08± 0.43 0.387

Arginine (g/kg)# 14.77± 0.44 14.76± 0.52 14.79± 1.03 0.925

Serine(g/kg) 8.93± 0.36 8.59± 0.24 8.43± 0.38 0.251

Histidine (g/kg) 14.69± 1.18 14.36± 0.87 14.46± 1.77 0.944

Proline (g/kg) 8.97± 0.24 8.67± 0.41 8.67± 0.43 0.565

Alanine (g/kg) 20.38± 0.75 20.13± 0.65 19.93± 0.96 0.745

Threonine (g/kg)* 8.01± 0.31 7.91± 0.17 7.72± 0.28 0.463

Tyrosine (g/kg)* 9.85± 0.39 9.99± 0.22 9.90± 0.44 0.783

Valine (g/kg)* 9.23± 0.29 9.82± 0.31 9.71± 0.51 0.211

Methionine (g/kg)* 4.69± 0.13 4.80± 0.10 4.50± 0.42 0.408

Cysteine(g/kg)* 10.50± 0.11a 8.99± 0.96b 11.70± 0.58a 0.006

Isoleucine (g/kg)* 9.73± 0.24b 10.68± 0.29a 10.54± 0.58ab 0.049

Leucine (g/kg)* 17.47± 0.64 17.68± 0.46 17.60± 0.82 0.887

Phenylalanine (g/kg)* 8.69± 0.29 8.84± 0.22 8.77± 0.42 0.838

Lysine(g/kg)* 20.21± 0.55 20.87± 0.53 20.70± 1.16 0.598

Total AA (g/kg) 221.19± 7.64 221.03± 7.31 221.97± 11.75 0.987

Essential AA (g/kg) 78.01± 2.43 80.60± 2.03 79.53± 3.80 0.571

Flavor AA(g/kg) 69.86± 2.19 69.70± 2.09 69.34± 3.87 0.969

Sweet AA (g/kg) 75.02± 2.36 74.38± 2.40 73.53± 3.61 0.815

Sour AA (g/kg) 61.25± 2.76 61.09± 2.06 60.94± 4.19 0.989

Bitter amino acids(g/kg) 89.11± 3.59 90.93± 2.91 90.25± 5.53 0.858

Glutamate/total AA (%) 12.17± 0.06 12.30± 0.19 12.21± 0.04 0.424

Essential AA/total AA (%) 35.27± 0.12c 36.47± 0.28a 35.84± 0.31b 0.002

Flavor AA/total AA (%) 31.59± 0.11a 31.54± 0.10a 31.24± 0.14b 0.020

#, umami amino acid; *, essential amino acid. Umami amino acids included glutamate, arginine, aspartic acid, and glycine. Sweet amino acids included glycine, serine, threonine, lysine,

proline, and alanine. Acid amino acids included glutamate, aspartic acid, and histidine. Bitter amino acids included histidine, methionine, valine, arginine, leucine, phenylalanine,

tryptophan, isoleucine, and tyrosine. Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts

or the same letter superscripts indicate no significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively.

TABLE 8 E�ect of dietary protein level on essential amino acid levels in the muscle of finishing pigs.

Control group Group I Group II P-value

Threonine 20.01± 0.77 19.77± 0.43 19.30± 0.70 0.458

Valine 18.45± 0.57 19.64± 0.62 19.42± 1.02 0.212

Methionine+ cysteine 43.39± 0.69a 39.41± 3.01b 46.29± 0.69a 0.011

Isoleucine 24.34± 0.60 26.71± 0.72 26.34± 1.45 0.061

Leucine 24.95± 0.90 25.25± 0.66 25.13± 1.17 0.911

Phenylalanine+tyrosine 30.90± 1.14 31.38± 0.71 31.12± 1.41 0.853

Lysine 36.75± 1.00 37.95± 0.96 37.64± 2.12 0.612

Essential AA 22.29± 0.69 23.03± 0.58 22.72± 1.08 0.542

AA, amino acid. Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter

superscripts indicate no significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively.
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TABLE 9 E�ects of dietary protein level on fatty acids in the muscle of finishing pigs (fresh meat).

Control group Group I Group II P-value

SFA (mg/kg)

C10:0 102.50± 22.50 151.33± 63.31 86.00± 14.11 0.187

C12:0 80.00± 20.07 52.00± 5.00 62.00± 9.00 0.085

C14:0 1237.50± 47.50a 798.33± 114.94b 975.00± 119.55b 0.004

C15:0 30.00± 5.00a 16.50± 0.50b 12.83± 0.76b <0.001

C16:0 19619.00± 49.00a 14858.33± 1 351.01b 17553.33± 2276.47ab 0.022

C17:0 176.50± 6.50 135.67± 45.46 157.00± 61.99 0.553

C18:0 8423.50± 780.50 7044.00± 365.59 8448.33± 1649.02 0.278

C20:0 171.50± 9.50 164.00± 41.58 135.67± 32.65 0.364

MUFA (mg/kg)

C16:1 3236.50± 358.50a 1998.33± 383.75b 2513.67± 187.20b 0.005

C18:1n9c 32869.00± 551.00a 26174.33± 3676.21b 30264.33± 1532.27ab 0.041

C20:1 198.00± 34.00 160.33± 14.84 160.33± 67.28 0.522

C22:1n9 47.00± 0.00 43.00± 1.00 53.50± 12.50 0.263

PUFA (mg/kg)

C18:2n6c 4952.50± 545.50 4012.67± 700.71 4371.00± 2022.26 0.662

C18:3n6 36.50± 6.50ab 20.50± 0.50b 50.33± 15.37a 0.021

C18:3n3 533.50± 27.50 537.67± 120.40 539.00± 88.39 0.989

C20:2 193.00± 8.00 181.67± 37.00 184.00± 62.75 0.939

C20:3n3 45.50± 6.50b 116.33± 30.99a 81.67± 22.01ab 0.024

C20:3n6 105.00± 16.00 162.67± 37.23 137.67± 55.90 0.278

C20:4n6 463.00± 100.00 681.67± 125.03 785.67± 373.55 0.298

C22:6n3 29.50± 1.50b 20.00± 1.00b 48.00± 12.00a 0.005

TFA 72549.50± 943.21a 57329.33± 4141.22b 66619.33± 7726.68ab 0.022

SFA/TFA/% 41.14± 1.44 40.50± 0.48 41.06± 1.98 0.765

UFA/TFA/% 58.86± 1.44 59.50± 0.48 58.94± 1.98 0.823

MUFA/TFA/% 50.10± 0.65 49.37± 3.65 49.79± 3.53 0.912

PUFA/TFA/% 8.76± 0.79 10.12± 3.31 9.15± 2.98 0.811

PUFA/SFA/% 21.35± 2.67 24.95± 7.94 22.32± 7.24 0.773

SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; UFA, unsaturated fatty acids; MUFA, monounsaturated fatty acids; TFA, total fatty

acids. Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter superscripts

indicate no significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and group II, respectively.

Ratio of Feed to Weight = ADFI/ADG×100%

ADG represents Average daily gain. ADFI is Average daily

feed intake.

Slaughter performance

Before slaughter, pigs were fasted for 24 h and allowed to

drink water freely. One pig was randomly selected from each

repetition in each group, to be weighed and slaughtered. Three

pigs were slaughtered in each group; thus, a total of nine pigs

were slaughtered. Slaughtering and sampling were carried out in

strict accordance with the “Good Practice for the Slaughtering

of Livestock and Poultry - Pigs” (Chinese Standard GB/T 19479-

2019). The warm carcass was weighed, and the carcass weight

to live body weight ratio was considered to represent the

slaughter rate.

The average thickness of back-fat was measured, according

to the Chinese “Feeding standard of swine” (Chinese Standard

NY/T 65 - 2004). The loin eye muscle area was measured as

follows: the contour of the loin eye muscle was drawn on sulfite

paper with a pencil, and the height and width of the muscle was

measured with vernier caliper The area of the loin eye muscle

was then calculated according to the following formula: height

× width × 0.7 (10). The oblique length of the carcass was

measured as follows: a hook was placed into the left hock of

the carcass, which was then hung upside down. The length from

the leading edge of the pubic symphysis to the leading edge of

the first rib and sternum was measured with a meter rule, Meat

quality analysis was also performed, and the levels of inosinic

acid, amino acids, fatty acids, and volatile flavor substances were
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TABLE 10 E�ects of dietary protein level on volatile compounds in the

muscle of finishing pigs.

Chemical Control group Group I Group II

Aldehyde compounds 18 24 27

Alcohol compounds 25 33 26

Ester compounds 46 38 15

Ketone compounds 11 10 16

Hydrocarbons 54 45 66

Other compounds 43 56 47

Total compounds 197 206 197

Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I, and

group II, respectively.

evaluated in samples of the longissimus dorsi between the first

and second ribs (11).

Meat quality measurements

The shear force tenderness was determined according to the

methods outlined in “The Determination of Shear Force for

Meat Tenderness” (Chinese Standard NY/T 1180-2006). Water

loss rate (hydraulic) was determined according to the methods

outlined in the “Determination of Meat Quality of Livestock and

Poultry” (Chinese Standard NY/T 1333-2007). Cooking loss,

marbling, and pH were determined by standard procedures,

previously published (12). Meat color was determined by a

CR-10 meat color tester.

Muscle nutrient content

The moisture content was determined by the electric oven

drying method at 105◦C (Chinese Standard GB 5009.3-2016).

The crude ash content was determined using a muffle furnace at

550◦C (Chinese Standard GB 5009.4-2016). The crude protein

content was determined by the semi-trace Kjeldahl method

(FOSS Kjeldahl apparatus, Chinese Standard GB 5009.5-2016).

The crude fat content was determined by the Soxhlet extraction

method (Chinese Standard GB 5009.6-2016).

Muscle inosinic acid content

High performance liquid chromatography was used to

evaluate inosinic acid levels (13), under the following conditions:

a C18 column (4.6 × 250mm, 5µm) was used with a 260 nm

UV detector. The column temperature was 25◦C; the injection

volumewas 10µL; the flow rate was 1mL/min, and the retention

time was 35 min.

Amino acid contents in muscles

The levels of 17 amino acids were determined according to

the methods outlined in the “Determination of Amino Acids in

Food” (Chinese Standard GB/T 5009.124-2003).

Content of fatty acids in muscles

The levels of each fatty acid were determined according to

the methods outlined in the “Determination of Fatty Acids in

Food” (Chinese Standard GB 5009.168-2016).

Volatile compounds in muscles

The volatile substances in fresh meat were separated

and identified by gas chromatography-massspectrometry (GC-

MS) on an Agilent GC analyzer. Samples were pretreated

as follows: 3 g of each specimen was placed into 20mL

bottles (no more than 1/4 of the capacity of the bottle);

the bottle was capped, and heated for 40min at 100◦C.

A solid-phase microextraction needle was then used for a

total of 30min for extraction and manual sampling (This

was followed by agitation at 250◦C for 10min; cooling to

20◦C; and successive washing with methanol, ethanol, ether,

n-hexane, deionized water, and again with methanol). During

extraction, the needle remained in the injection port for

5 min (14).

The gas phase conditions were as follows: an hP-5ms

GC column was used (30m × 0.25mm × 0.25µm). Helium

was used as a carrier gas at a flow rate of 1.0 mL/min

without diversion. The inlet temperature was 250◦C, and

the column temperature was 40◦C. The initial temperature

was set at 35◦C for 2min, after which the temperature was

increased to 230◦C, at a rate of 5◦C/min, and maintained for

5 min (15).

The conditions for mass spectrometry were as follows:

electron ionization source energy, 70 eV; and doubling voltage

1,400V. The temperature of the ion source and interface was

250◦C, and the scanning mass range (M/Z) was = 20–500, with

an interval of 0.3 s (16).

Data processing and analysis

The Excel 2016 software was used for preliminary statistics

and sorting of experimental data, followed by the SPSS 22.0

software for further analysis. One-way anova analysis of variance

was evaluated, and the Tukey’s multiple range test was used to

assess significant differences between various pairs of means. P

< 0.05 was considered significant. The results were all expressed

as the mean± standard deviation (SD).
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TABLE 11 E�ects of dietary protein level on the relative amount of volatile compounds in the muscle of finishing pigs (%).

Chemical Control group Group I Group II P-value

Aldehyde compound 34.34 ± 11.10 33.32 ± 6.46 45.19 ± 13.75 0.388

Alcohol compound 11.30 ± 2.73 12.55 ± 2.85 13.57 ± 0.98 0.526

Ester compounds 23.92 ± 6.24a 33.10 ± 8.84a 2.36 ± 2.19b <0.001

Ketone compounds 5.11 ± 0.81b 4.75 ± 0.73b 8.81 ± 1.10a 0.002

Hydrocarbon 12.21 ± 5.55 6.23 ± 4.35 13.50 ± 5.99 0.276

Other compounds 13.12 ± 3.09 10.06 ± 6.87 16.53 ± 5.58 0.388

Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter superscripts indicate no

significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I and group II respectively.

Results

E�ects of dietary protein level on growth
performance of finishing pigs

Compared with the control group (fed 16% crude protein),

the ADFI of the 12% protein group was reduced by 4.85% (P

> 0.05) (Table 3). The ADG in the 14% protein group was

increased by 2.22% (P> 0.05), and that in the 12% protein group

was reduced by 6.67% (P > 0.05). The ratio of feed to weight

in group I was 2.34% lower (P > 0.05). Thus, a low-protein

diet with a crude protein level of 14.0% could increase the

ADG, reduce the feed-weight ratio, and improve the production

performance of finishing pigs.

E�ects of dietary protein levels on
slaughter performance, organ weight,
and intestinal pH in finishing pigs

Compared with the control group, the average thickness of

back-fat of the 14 and 12% protein groups were reduced by 1.49

and 13.82%, respectively (P > 0.05) (Table 4). Furthermore, skin

thickness was reduced by 9.70 and 9.03% in the 14 and 12%

protein groups, respectively (P > 0.05). The area of the loin eye

muscle was increased by 20.03% in the 14% protein group (P <

0.05%), and increased by 14.88% (P > 0.05%) in the 12% protein

group. The heart weight in the 14% and 12% protein groups were

reduced by 18.87 and 24.53%, respectively (P < 0.05), and the

lung weight was reduced by 25.88% (P < 0.05) and 3.53% (P >

0.05), respectively.

The pH values of the cecum in the 14 and 12% protein

groups were reduced by 5.88 and 4.33%, respectively (P >

0.05%). A low-protein diet supplemented with amino acids had

little effect on the slaughter performance of finishing pigs, but

was able to significantly increase the area of the loin eye muscle

(P < 0.05). Furthermore, a low-protein diet supplemented with

amino acid can significantly reduce the heart weight of finishing

pigs (P < 0.05). When the crude protein level was 14.0%, the

lung weight of finishing pigs was significantly lower than that at

a protein level of 16.0% (P < 0.05). No significant effects were

observed on the weights of any other organs (P > 0.05).

E�ects of dietary protein levels on the
muscle quality of finishing pigs

Table 5 shows that compared with the control group, the

shear force in the 14% protein group was increased by 10.66%

(P > 0.05), whereas the shear stress in the 12% protein group

was reduced by 15.85% (P < 0.05). In the 14% protein group,

the filtration rate was significantly reduced (P < 0.05), and the

cooking loss was reduced by 2.54% (P < 0.05). In the 12%

protein group, the marbling score was significantly higher than

that in the control group (P < 0.05). The drip loss in the 14%

protein group was significantly reduced (P < 0.05). Compared

with the control (16.0% protein group), the shear force of the

muscle in finishing pigs was significantly reduced when the

crude protein level was 12.0%, and the water loss rate and

cooking loss were significantly reduced when the crude protein

level was 14.0%. Therefore, a low-protein diet supplemented

with amino acids could improve the marbling pattern and

quality of meat.

Compared with the control group, incarnadine L45min levels

in the 14% protein group were reduced by 9.30% (P > 0.05).

The incarnadine L24h levels in both the 14 and 12% protein

groups were reduced by 15.33% (P < 0.05) and 6.62% (P <

0.05), respectively. The incarnadine b45min values were reduced

by 37.79 and 22.04% in the 14% protein group and 12% protein

group, respectively (P < 0.05). Furthermore, both the 14 and

12% protein groups showed reductions in incarnadine b24h
values by 15.05 and 22.69, respectively (P < 0.05).

Based on the pH curve, at 24, 48, and 72 h after slaughter,

both the 14 and 12% protein groups showed a slower decline

in pH than the control group (fed 16% protein). These

findings show that less crude protein in the diet can cause

muscle pH levels to decline more slowly. The low-protein

diet supplemented with amino acids was able to reduce the
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TABLE 12 E�ects of dietary protein level on the relative amounts of major volatile compounds in the muscle of finishing pigs (%).

Chemical compound Control group Group I Group II P-value

Hexanal 9.96± 1.82b 19.39± 1.89a 16.93± 2.74a 0.004

Heptanal 1.49± 0.96 1.00± 0.13 1.35± 0.24 0.576

3-(Methylthio)-propanal 0.21± 0.19 0.21± 0.19 0.11± 0.04 0.626

(E)-2-Heptenal – 0.24± 0.04b 0.66± 0.08a <0.001

Benzaldehyde 5.07± 2.30 3.62± 2.48 3.33± 0.43 0.533

(E)-2-Octenal – 0.68± 0.52 0.84± 0.74 0.187

Benzeneacetaldehyde 0.46± 0.33 0.21± 0.06 0.40± 0.09 0.365

Nonanal 5.39± 2.83 3.45± 3.17 7.10± 1.76 0.289

(E)-2-Decenal 0.95± 0.86 0.51± 0.13 1.41± 1.11 0.419

Tetradecanal 0.68± 0.08b 1.32± 0.22b 3.99± 2.42a 0.046

1-Pentanol 0.47± 0.34 0.29± 0.07 0.45± 0.39 0.689

1-Hexanol 0.25± 0.13 0.25± 0.19 0.19± 0.04 0.769

1-Heptanol 0.39± 0.09 0.32± 0.09 0.45± 0.13 0.356

1-Octen-3-ol 2.47± 0.47b 3.89± 0.90a 4.08± 0.27a 0.026

1-Octanol 1.16± 0.38 0.69± 0.56 1.19± 0.32 0.316

Thiocyanic acid carbazol-3,6-diyl ester 0.43± 0.23 0.21± 0.12 0.23± 0.22 0.335

2-Heptanone 0.16± 0.04 0.24± 0.07 0.28± 0.07 0.113

2,3-Octanedione 0.10± 0.03b 0.38± 0.07b 2.10± 0.42a <0.001

Limonene 0.21± 0.13ab 0.34± 0.04a 0.12± 0.04b 0.048

Furan, 2-pentyl- 1.13± 0.52b 0.77± 0.17b 2.01± 0.15a 0.005

7H-Dibenzo[b,g]carbazole, 7-methyl- 1.79± 0.53 2.03± 0.31 3.19± 2.60 0.532

n-Hexadecanoic acid 1.50± 1.26 0.77± 0.52 2.26± 1.26 0.289

Different letter superscripts in the same row indicate significant differences (P < 0.05). Values in the same row, either without letter superscripts or the same letter superscripts indicate no

significant difference (P > 0.05). Crude protein levels of 16.0, 14.0, and 12.0% were fed to the control group, group I and group II, respectively.

luminance (L∼∗value) and yellowness (b∼∗value) of meat, slow

the decline in pH, and improve meat quality.

E�ects of dietary protein level on muscle
nutrients and inosine content in finishing
pigs

Compared with the control group, crude fat in the 14%

protein group was 21.05% lower; and in the 12% protein

group (P < 0.05), crude fat was 8.29% lower (P > 0.05)

(Table 6). However, muscle moisture, crude protein, crude ash,

and inosinic acid content showed no significant differences

among treatment groups (P > 0.05). Thus, a low-protein diet

supplemented with amino acids can reduce the crude fat content

of muscle, but has no significant effect on other nutrients

in muscle.

E�ects of dietary protein level on muscle
amino acids of finishing pigs

Compared with the control group, the EAA levels in

muscle were increased by 3.32 and 1.95% in the 14 and 12%

protein groups, respectively (P > 0.05) (Table 7). Furthermore,

EAA/TAA values were significantly increased by 3.40 and

1.62%, in the 14% protein and 12% protein groups, respectively

(P < 0.05). In the 14% protein group, cystine levels were

significantly reduced (P < 0.05), whereas the low-protein diet

with supplemented amino acids showed no significant effects on

any of the other 16 amino acids (P > 0.05). Glutamate levels

and Glu/TAA values in the experimental groups showed an

increasing trend, but this difference was not significant (P >

0.05). These results show that a low-protein diet supplemented

with amino acids could increase EAA and glutamate levels, and

thereby improve the quality and flavor of meat.

The amino acid values in Table 8 shows that in comparison

with the control group, the 14% protein group showed

significantly reduced methionine + cystine values in muscle (P

< 0.05). The methionine + cystine values in the 12% protein

group were increased by 6.68% (P > 0.05). Isoleucine values

in the 14 and 12% protein groups were increased by 9.74 and

8.22%, respectively (P > 0.05). Essential amino acid values

in the 14 and 12% protein groups were increased by 3.32

and 1.93%, respectively (P > 0.05). Therefore, a low-protein

diet supplemented with amino acids can improve the EAA

values, based on the Food and Agriculture Organization of
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the United Nations/World Health Organization (FAO/WHO)

recommendations for finishing pigs.

E�ects of dietary protein levels on
muscle fatty acids in finishing pigs

Compared with the control group, the 14 and 12% protein

groups showed significantly reduced levels of myristic acid and

15 carbonic acids (P< 0.05) (Table 9). In the 14% protein group,

the palmitic acid content was significantly reduced (P < 0.05).

However, no significant difference was observed in the 12%

protein group (P > 0.05). Fatty acids in both the 14% protein

and 12% protein groups were significantly reduced (P < 0.05).

Oleic acid content was significantly reduced in the 14% protein

group (P < 0.05); however, the 12% protein group showed no

significant difference (P > 0.05). In the 14% protein group,

linolenic acid content was significantly reduced (P < 0.05);

however, an increasing trend was noted in the 12% protein group

(P > 0.05).

In the 14% protein group, the levels of 20 carbon triene

fatty acids were significantly increased (P < 0.05). In the 12%

protein group, levels of docosahexaenoic acid were significantly

increased (P < 0.05). In addition, TFA levels in the 14% protein

group were significantly reduced (P < 0.05), but showed no

significant difference in the 12% protein group (P > 0.05). In the

14% protein group, SFA/TFA values were reduced by 1.56% (P

> 0.05). Furthermore, unsaturated fatty acid (UFA)/TFA values

in the 14% protein group were increased by 1.09% (P > 0.05).

The PUFA/TFA values in the 14% protein and 12% protein

groups were increased by 15.53 and 4.45%, respectively (P >

0.05). Furthermore, the PUFA/SFA values in the 14% protein

and 12% protein groups were 16.86 and 4.54% higher than the

control group, respectively (P > 0.05). These results show that

a low-protein diet supplemented with amino acids could reduce

the SFA content in the muscles of finishing pigs, and increase

UFA/TFA and PUFA/TFA values, reduce SFA/TFA values, and

improve the quality and flavor of pork.

The e�ect of dietary protein level on the
types and relative levels of volatile
compounds in the muscle of finishing
pigs

Tables 10, 11 show that the baseline numbers of compounds

in the muscle of finishing pigs were reflected by the values

in the control group. A total of 197 volatile compounds were

detected in the control group, 206 were detected in the 14%

protein group and 197 were detected in the 12% protein group.

Among the control, 14% protein and 12% protein groups, 18,

24, and 27 aldehyde compounds, respectively were detected. A

reduction in dietary crude protein levels increased the types

of aldehyde compounds in the muscle. The relative levels of

aldehyde compounds in the 12% protein group were increased

by 31.60%, compared with the control group (P > 0.05).

A total of 25, 33, and 26 alcohol compounds were detected in

the control, 14% protein and 12% protein groups, respectively.

A reduction in protein levels increased the types of alcohol

compounds in the muscle. The relative contents of the 14

and 12% protein groups were increased by 11.06 and 20.09%

respectively (P> 0.05). A total of 46, 38, and 15 ester compounds

were detected in the control, 14% protein and 12% protein

groups, respectively. A reduction in protein levels reduced the

types of ester compounds in the muscle.

The relative contents of the 14% protein group were

increased by 38.38% compared with the control group (P >

0.05), while the relative contents of the 12% protein group were

significantly reduced (P < 0.05). A total of 11, 10, and 16 ketone

compounds were detected in the control, 14% protein and 12%

protein groups, respectively. As the protein levels were reduced,

the type and relative levels of ketone compounds in the 14%

protein group were also reduced (P > 0.05), but significantly

increased in the 12% protein group (P < 0.05). A total of 54,

45, and 66 types of hydrocarbons were detected in the control,

14% protein and 12% protein groups, respectively. As the dietary

protein level was reduced, the relative levels of hydrocarbons in

the muscles were first reduced and subsequently increased (P >

0.05). A total of 43, 56, and 47 other compounds were detected

in the control, 14% protein and 12% protein groups, respectively.

A reduction in protein levels increased the levels of other types

of compounds, the relative contents of which were first reduced

and then increased (P > 0.05).

The e�ect of dietary protein levels on the
relative levels of major volatile
compounds in the muscle of finishing
pigs

Table 12 shows that a low-protein diet supplemented with

amino acids can significantly increase the hexanal content in the

muscle of finishing pigs (P < 0.05). Neither E-2-heptenal nor

E-2-octenal was detected in the control group. However, these

compounds were detected in both the 14% protein and 12%

protein groups. The levels of E-2-heptenal and E-2-octenal in

the 12% protein group were higher than those in the 14% protein

group. These findings indicate that reducing protein levels could

increase the levels of E-2-heptenal and E-2-octenal.

In both the 14% protein and 12% protein groups, levels of

benzaldehyde and phenylacetaldehyde were lower than those in

the control group (P > 0.05). Compared with the control group,

the levels of 1-octen-3ol in the 14% protein and 12% protein

groups were significantly increased (P < 0.05). Furthermore,
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in both the 14% protein and 12% protein groups, levels of 2-

heptanone and 2,3-octanone were increased compared with the

control group. Levels of 2,3-octanedione in the 12% protein

group were significantly increased compared with both the

control group and the 14% protein group (P < 0.05). Compared

with the control group, 2-pentylfuran levels were reduced in

the 14% protein group, but significantly increased in the 12%

protein group (P < 0.05). Compared with the control group,

levels of 7-methyl-7H-dibenzo [b,g]carbazole in both the 14%

protein and 12% protein groups were increased.

Discussion

E�ects of dietary protein level on the
growth performance of finishing pigs

Studies have shown that the growth performance of finishing

pigs is not affected by reductions in dietary protein levels

with appropriate supplementation of amino acids (17). They

Adding 0.49% alanine and 1% tyrosine to the diet of duchangda

three way hybrid finishing pigs with 12.52% protein level was

beneficial to the growth performance of finishing pigs, but it

would not significantly affect the ADFI, ADG and ratio of feed

to weight (18). The crude protein level of growing pigs was

reduced, and the addition of lysine had no significant effect on

the performance of growing pigs (19).

When the dietary protein level was reduced by 1–2% on the

basis of 14.8%, there was no significant effect on the growth

performance and apparent digestibility of nutrients of finishing

pigs (20). The results of the current study are consistent with

those of the aforementioned studies. The current study found

that 14.0% crude protein could increase the average daily gain

of finishing pigs and reduce the feed-to-weight ratio, compared

with the control (16.0% crude protein); however the differences

were not significant. The low-protein diets supplemented with

amino acids had no significant effects on growth performance in

finishing pigs.

E�ects of dietary protein level on
slaughter performance, organ weight,
and intestinal pH of finishing pigs

Whether dietary protein levels can alter the carcass and

meat quality is controversial, but most scholars believe that

the low-protein diet has no significant effect on the slaughter

performance of finishing pigs after balancing the nutritional

requirements of supplementing the essential amino acids of the

diet, with back fat and skin thickness reduced by 15.6 and 11.5%,

respectively, while the proportion of lean meat increased (21).

Chen et al. fed (12%, three different protein levels, 14%, 16%) to

DuYueba ternary hybrid pigs and showed that different protein

levels did not significantly affect the slaughter performance

of finishing pigs (22). However, the carcass weight and lean

meat percentage of the finishing pigs in their 14 and 16%

protein groups were higher than those in the 12% protein group.

Furthermore, they reported that the back fat thickness and fat

percentage were reduced with increasing protein level.

In the present study, feeding a low-protein diet with

supplemented amino acids was able to reduce the back fat and

skin thickness of finishing pigs. Differences in the results of

various studies could be attributed to differences in the selection

of pig breeds. Yang et al. found that appropriate reductions in

dietary protein levels and supplementation of amino acids had

no significant effect on dressing percentage, loin eye muscle

area, lean meat percentage and fat percentage (23). Sobotka et

al. found that the lean meat percentage of finishing pigs tended

to increase after being fed a low-protein diet and reported an

increase in the loin eye muscle area of 6.80% (24).

Zhang et al. reported that the dressing percentage of their

low-protein group was increased by 1.33% and the loin eye

muscle area was increased by 5.72% (25). The current study

showed that reducing the levels of dietary crude protein can

increase the loin eye muscle area of finishing pigs. The results of

Chen et al. (7) showed that low-protein diets have no significant

effects on the weights of internal organs of finishing pigs. The

current study found that a low-protein diet supplemented with

amino acids can significantly reduce the weights of the heart and

lungs but has no significant effects on the weights of other organs

of finishing pigs.

E�ects of dietary protein level on the
quality of meat in finishing pigs

The results of studies on the effects of dietary crude protein

levels on pork quality show wide variations. Zhu et al. found

that low-protein diets supplemented with amino acids can

significantly reduce the shear force of the longissimus dorsi of

finishing pigs, without any significant effects on muscle pH,

meat color, L∗, a∗ or b∗ values, cooking loss, and drip loss (26).

Zhang et al. reported no significant differences in flesh color (L∗,

a∗ and b∗), or muscle pH between the normal protein group

and the low-protein group (27). Goerl et al. reported that low-

protein diets can increase marbling score and improve muscle

tenderness (28). Bidner et al. found that dietary protein levels

had no significant effect on muscle color, pH, or drip loss (29).

Ruusunen et al. found that feeding low-protein diets can reduce

the pH of muscle in finishing pigs within 45min and increase

drip loss but show no significant effects on muscle pH after 24

h (30).

Li et al. fed finishing pigs diets with crude protein levels of 14

and 10% that low-protein diets showed no significant effects on

the color of the longissimus dorsi muscle, pH45min, pH24h, and
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drip loss (6). Zhang et al. found that the drip loss of finishing

pigs fed a low-protein diet was significantly higher than that of

pigs fed a diet with normal protein levels (27); however, neither

the pH45min nor pH24h showed significant differences from the

normal protein group. The current study showed that when the

dietary crude protein level was 14.0% the muscle dehydration

rate and drip loss were significantly reduced compared with

the 16.0% protein group. When the protein level was 12.0%

the reduction in muscle shear force and the improvement in

muscle marbling score were both significant compared with the

16.0% protein group. The 12.0 and 14.0% protein groups showed

significantly reduced muscle color L24, b45min and b24h which

improved the muscle quality of finishing pigs. However, neither

the 12.0% nor 14.0% protein groups showed any significant

effects on muscle pH.

E�ects of dietary protein level on the
nutritional composition and inosinic acid
levels in the muscle of finishing pigs

The nutrients contained in the meat of pigs determine the

nutritional value of pork. Hu et al. found that the intermuscular

fat contents of pigs fed different levels of crude protein were

decreased with as protein level was increased while the crude

protein content of muscle was increased with increasing dietary

protein level (31). These findings indicated that low-protein

diets can reduce the fat content and crude protein content

of muscle. Huo et al. established three protein levels (11.96,

13.04, and 14.16%, respectively) in three groups, and reported

no significant differences in the dry matter, crude ash, crude

protein, or inosinic acid levels in any group; however, the

crude fat and cholesterol levels in the low-protein group were

significantly reduced (32).

(33) found that with increasing dietary protein levels, the

crude protein content inmuscle is also increased, but the content

of crude fat and inosinic acid shows a decline (33). Li et al.

reported that dietary protein levels had no significant effects on

inosinic acid levels in the muscle of different breeds of chickens

(34); however, inosinic acid levels were increased with reduced

dietary protein levels. The current study showed that when the

crude protein level in the diet was 14.0%, the crude fat content in

the muscle was significantly reduced, compared with the 16.0%

protein group (control). The crude protein level in the diet had

no significant effects on the water content of muscle, crude ash,

crude protein, and inosinic acid.

Amino acids are the basic units of protein molecules. The

amino acid levels and composition have an important influence

on meat quality and flavor. Among the various amino acids,

EAA (lysine, phenylalanine, methionine, threonine, tryptophan,

isoleucine, leucine and valine) and umami amino acids (glutamic

acid, arginine, aspartic acidc and glycine) are often used as

indicators in the evaluation of muscle quality and flavor (35).

Chen reported that dietary protein levels had no significant

effects on the amino acid content of Duyueba three-way

crossbred pigs, and differences in the levels of EAA and savory

amino acids were not significant (22).

The current study found that low-protein diets

supplemented with amino acids can significantly increase

EAA/TAA values and increase the total amount of EAA.

Compared with the 16.0% protein group when the crude

protein level was 14.0%, no significant effects were observed on

FAA/TAA values; however, FAA/TAA values were significantly

decreased when the crude protein level was 12.0%. Glutamate

plays an important role in improving the flavor of pork because

of its buffering effect on unpleasant odors (36). The current

study found that a reduced dietary crude protein levels can

also increase the levels of glutamate in the muscle which can

improve the flavor of pork. The amino acid score can be used

as an index to determine the nutritional value of food. The

higher the amino acid score, the better the nutritional value

of the food (37). The current study showed that low-protein

diets supplemented with amino acids can improve the levels

of EAA in the muscle of finishing pig. These findings indicate

that appropriate reductions in dietary crude protein levels can

increase the nutritional value of pork and improve meat quality.

E�ects of dietary protein levels on fatty
acids in the muscle of finishing pigs

Fatty acids include saturated fatty acids and unsaturated

fatty acids. Excessive intake of saturated fatty acids

in humans can cause diseases such as arteriosclerosis.

Unsaturated fatty acids can have positive effects on human

health, such as anti-cancer, lipid-lowering effects, and the

prevention of cardiovascular disease (38–40). Huo et

al. found that low-protein diets can significantly reduce

linolenic acid levels in muscle and increase arachidic

acid levels, but show no significant effects on other fatty

acids (32).

The current study showed that low-protein diets

supplemented with amino acids can reduce linolenic acid

levels in muscle. However, much lower dietary protein levels can

increase linolenic acid levels in muscle, while low-protein diets

can increase arachidonic acid levels. These results are consistent

with those of the study of Zhou et al. (41), who reported that

low-protein diets can reduce the stearic acid, palmitic acid,

and linoleic acid levels, and increase oleic acid levels in the

longissimus dorsi muscle. The current study showed that

low-protein diets can also reduce stearic acid, palmitic acid,

and linoleic acid levels, as well as oleic acid levels in muscle.

The differences in results between studies could be attributed to

differences in the selected breeds of pigs.
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Teye et al. found that low-protein diets have a tendency

to reduce palmitic acid and stearic acid levels in muscle,

which is consistent with the results of the current study (42).

Furthermore, low-protein diets have no significant effects on the

levels of SFA, MUFA, and PUFA. Martinezaispuro et al. reported

that SFA and MUFA levels in a low-protein group were higher

than those in a comparatively high-protein group, while the

PUFA levels were reduced. However, the results of the current

study differ from those findings (43).

The current study showed that low-protein diets

supplemented with amino acids reduced SFA/TFA and

MUFA/TFA values, but increased PUFA/TFA values. The

differences in results could be attributed to differences in the

pig breeds selected, diet composition, and feeding environment.

The PUFA/SFA values are also commonly used as meat quality

evaluation indicators. Regarding human nutrition, meat

PUFA/SFA values should be 0.45 or slightly higher (44), and

WHO recommends PUFA/SFA levels >0.4 (45). The current

study showed that a low-protein diet supplemented with amino

acids could improve the PUFA/SFA values in the muscle of

finishing pigs and improve meat quality.

E�ects of dietary protein level on the
types and relative content of volatile
compounds in the muscle of finishing
pigs

Aldehydes are the most important volatile components in

pork, and they have the greatest effects on pork flavor. The

odor threshold of aldehyde compounds is low, and they have

strong recognizable odors (46). The current study showed that

compared with the 16.0% protein group, the dietary crude

protein levels of 14.0 and 12.0% increased the types of aldehyde

compounds in the muscles of finishing pigs. In addition, the

crude protein level of 12.0% increased the relative levels of

aldehyde compounds.

The alcohol contents in pork is also high, which contributes

to its flavor. The current study showed that when the dietary

crude protein level was 14.0%, the types of alcohol compounds

were more than those of the control diet (with a crude protein

level of 16.0%). Furthermore, the relative levels of alcohol

compounds in the 14.0 and 12.0% protein groups were higher

than those in the 16.0% protein group.

Ester compounds have little effect on the flavor of pork,

and no such compoundis known to reflect the characteristic

flavor of pork (47). The current study showed that in the 16.0%

protein group, levels of ester compounds were higher than those

in the 14.0 and 12.0% protein groups. Furthermore, and the

relative contents of ester compounds in the 16.0 and 14.0%

protein groups were significantly higher than those in the 12.0%

protein group.

Most ketone compounds have floral or fruity aromas,

and the longer the carbon chain, the stronger the floral

characteristics (48). The current study showed that the types and

relative levels of ketones in the 12.0% protein group were higher

than those in the 16.0% protein group. Hydrocarbons have a

high threshold, and therefore have little direct effect on pork

flavor. However, hydrocarbons are intermediates of heterocyclic

compounds, and still have basic effects on pork flavor (49). The

current study showed that as the dietary crude protein level was

reduced, the types and relative content of hydrocarbons were

first reduced and then subsequently increased.

E�ects of dietary protein level on the
relative content of main volatile
compounds in the muscle of finishing
pigs

Hexanal has a grassy odor, andis one of the most abundant

aldehydes in meat (47). Other aldehyde compounds may have

different flavors. The current study showed that a reduction in

dietary crude protein levels increased the hexanal content in the

muscles of finishing pigs, and increased the E-2-heptenal and

E-2-octenal levels. Alcohol compounds also play an important

role in pork flavor. Among them, levels of 1-octene-3-ol, which

has the flavor of cooked mushrooms, were relatively higher in

meat, and plays an important role in pork flavor (50). The levels

of 2-heptanone and 2,3-octanedione in ketones are relatively

high. Furthermore, 2-heptanone has a fruity aroma, and 2,3-

octanedione is a unique component of pork that imparts a

characteristic aroma (51, 52).

The current study showed that the levels of 2-heptanone

and 2,3-octanedione were increased as the protein level was

reduced. Furans and nitrogen-containing compounds also play

an important role in pork flavor. In addition, 2-pentylfuran has

a bean and vegetable flavor (11, 53). The current study showed

that as the level of dietary crude protein was reduced, the 2-

pentylfuran content was first reduced and then increased. The

low-protein diets supplemented with amino acids increased the

levels of the nitrogenous compound, 7-methyl-7H-dibenzo[b,

g]carbazole. In addition, a low-protein diet supplemented

with amino acids can increase the levels of characteristic

flavor compounds.

Conclusion

In conclusion, compared with the existing commercial feed

nutrition standards, the dietary protein level of finishing pigs

is reduced by 2.0–4.0%, which has no significant impact on the

growth performance and slaughtering performance of finishing

pigs, but it can improve the slaughtering performance and meat

quality to varying degrees, and increase the quantity and content
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of volatile flavor substances in muscle, which has a positive

impact on improving meat quality. Among them, the dietary

protein level of 14.0% is the best.
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Obesity has become an increasingly serious public health problem. Pancreatic

lipase (PL) is identified as a ideal target for the prevention and treatment of

obesity. Orlistat, the only approved PL inhibitor (PLI), is a powerful weight

loss drug but has many side e�ects. Therefore, there is an urgent need

to discover powerful PLIs with high safety. Protein hydrolysate has been

demonstrated to be a treasure trove of PLIs, but recognizing responsible

functional peptides from them is like looking for a needle in a haystack. In

this work, we synthesized and optimized a PL ligand fishing model (PLLFM)

using magnetic nanoparticles (MNPs), then PLLFM was used to quickly fish out

potential PLIs from the Cod meat hydrolysate (CMH). Finally, two new PLIs,

GSPPPSG and KLEGDLK were identified with IC50 of 0.60 and 1.08 mg/mL,

respectively. The Lineweaver-Burk diagram showed that GSPPPSG is a non-

competitively dominant mixed-type PLI, whereas KLEGDLK is a competitive

inhibitory-type PLI. Moreover, molecular docking suggested that both peptides

can stably bind to the key amino acid residues of the PL active site, mainly

through hydrogen bonding, hydrophobic, and electrostatic interactions. In

general, we not only established a method to rapidly fish out potential PLIs

from protein hydrolysate, but also provided safe and e�cient lead compounds

for the development of novel diet foods or drugs.

KEYWORDS

pancreatic lipase inhibitor, protein hydrolysate, ligand fishing, inhibition mechanism,

molecular docking

Introduction

Obesity is a state of excessive fat deposition caused by adipocyte hypertrophy and

proliferation (1). The latest study showed that in Europe, nearly 59% of adults and 29%

of children were either overweight or obese. It is estimated that they cause more than 1.2

million deaths each year in the region (2). Obesity also is considered to be the cause of at

least 13 types of cancer, arteriosclerosis, cardiovascular disease, and type 2 diabetes (3, 4).

Furthermore, the COVID-19 pandemic has also disproportionately affected overweight

people and those living with obesity (5). It is no exaggeration to say that obesity has

become one of the main killers threatening human health.
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Pancreatic lipase (PL) is a lipolytic enzyme that participates

in the hydrolysis of dietary triglycerides for absorption and

utilization. It can digest 50–70% of total dietary fat and has

been proven to be a crucial target for the development of anti-

obesity agents (6). Orlistat is an approved anti-obesity drug

with strong pancreatic lipase activity, which can prevent the

human body from absorbing about 30% of dietary fat. However,

it has serious side effects, such as abdominal pain, flatulence,

and oily stool, which often leads to patients’ disobedience

to treatment (7, 8). Therefore, there is an urgent need to

discover powerful PL inhibitors with few side effects. Protein

hydrolysates/peptides have attracted extensive attention because

of their wide range of biological activities, wide sources, and

safety characteristics (9, 10). So far, about 18 PL inhibitory

peptides have been screened from millet protein, edible insects,

camel milk, pork and chicken skin collagen, and so on (11–15).

In addition, PL inhibitory peptides designed and synthesized by

pharmacochemical methods have also been reported (16, 17).

How to capture active peptides from complex protein

hydrolysates has always been a research hotspot in the

field. The traditional activity-guided separation procedures

involve repeated fractionation steps and bioactivity tests, which

are time-consuming, labor-consuming, and inefficient (18–

20). Ligand fishing (LF) is an efficient screening technology

developed in recent years, which has been successfully applied to

rapidly discover active compounds from complex mixtures (21–

23). Affinity ultrafiltration is a typical representative of LF, which

has been successfully applied to the screening of XODI and

ACEI peptides from protein hydrolysates (23–25). However, the

problems of enzyme inactivation, and false-positive in affinity

ultrafiltration limit its further application. In order to avoid these

problems, magnetic nanoparticles (MNPs) immobilized enzyme

technology has been invented, which was highly valued due to its

high stability, reusability, and easy separation of ligands (26, 27).

This study aimed to efficient screening of PLIs from protein

hydrolysate through ligand fishing strategy. In particular,

the pancreatic lipase ligand fishing model (PLLFM) was

synthesized and optimized. Then, PLIs were targeted mining,

and identification from protein hydrolysate by PLLFM and LC-

Q-TOF-MS/MS. Finally, the inhibitory mechanism of active

peptides on PL was investigated by Lineweaver–Burk plots and

molecular docking.

Materials and methods

Materials and reagents

Five protein hydrolysates were from Cod meat, Sea

cucumber, Pseudostellaria heterophylla, Red snapper scale, and

Silver carp skin, and preserved in Dalian Polytechnic University

and Fuzhou University. Carboxyl-terminated Fe3O4 magnetic

nanoparticles SM3-P100 (MNPs, 1,150 nm, 10 mg/mL) were

purchased from Aorun Weina New Material Technology

Co., Ltd. (Shanghai, China). Porcine pancreatic lipase (PL,

CAS: 9001-62-1), p-nitrophenyl butyrate (pNPB, CAS: 2635-

84-9) were purchased from Sigma Chemical Co. (St. Louis,

MO, USA). N-hydroxysucci-nimide (NHS), 2-(N-morpholino)

ethanesulfonic acid (MES), 1-(3-(dimethylamino)propyl)-3-

ethylcarbodiimide hydrochloride (EDC·HCl) were purchased

from Macklin Biochemical Co., Ltd. (Shanghai, China). The

other chemicals and solvents were all of analytical reagent grade.

Synthesis and optimization of PLLF model

PLLFM was prepared following a previous paper with a

little modification (27). Briefly, MNPs were activated by EDC

solution and NHS solution. Then the PL solution was added to a

centrifuge tube containing activated MNPs. Finally, the PLLFM

were washed 4 times with PBS solution. Through single factor

experiments and response surface analysis, the optimal synthesis

conditions for the model are determined. Storage stability:

PLLFM was stored at 37 and 4◦C for 3 weeks. Reusability:

PLLFM was washed with PBS and 10% acetonitrile, a total of

7 times.

Pancreatic lipase inhibition assay

Grind small pieces of cod meat into surimi, add alkaline

protease, and hydrolyze for 2 h. The enzymewas then inactivated

by high temperature and centrifuged. Finally, the supernatant

was spray dried to obtain cod peptide (CP). According to the

method of Hou et al. (28), the PL inhibition test was carried out

on the protein hydrolysates, its gel chromatography fraction, and

the pure peptides. The sample and PL were dissolved in Tris-

HCl buffer (pH = 7.5), and pNPB was dissolved in acetonitrile,

and diluted with tris-HCl buffer. Add 100 µL of the sample, 200

µL of Tris-HCl buffer, 150 µL of PL (5 mg/mL) to a 1.5mL

EP tube, incubate at 37◦C for 10min, and then add 150 µL

of 10 mmol/mL pNPB, shake and mix, and incubate at 37◦C

for 10min. After the reaction was completed, the absorbance

value at 405 nmwasmeasured with amultifunctional microplate

reader, and the PL inhibitory activity was calculated according

to the following equation: Inhibition rate (%) = 1- (absorbance

in the presence of inhibitor/fluorescence intensity in negative

control)× 100%.

Fishing PLIs from protein hydrolysates

Five protein Hydrolysates from Cod meat, Sea cucumber,

Pseudostellaria heterophylla, Red snapper scale, and Silver carp

skin were taken to test their LP inhibitory activity. The most

active sample was separated by G-15 gel, and the most active
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fraction was determined as the fishing target. Specifically, 20 µL

(10 mg/mL) of the most active fraction (S0) was mixed with

the constructed PLLFM and incubated at 37◦C for 2 h. After

incubation, PBS buffer was added and eluted 3 times to remove

non-specific components (S1), and then 10% acetonitrile was

used to elute the active ligands with a strong affinity for PL (S2).

S0–S2 were analyzed by HPLC (AA12S05-1546WT, 220 nm, 0.5

min/mL), with the mobile phase containing solvent A (0.1%, v/v,

of formic acid in water) and solvent B (0.1%, v/v, of formic acid

in acetonitrile): 5–55% B at 0–30 min.

Identification of peptides by nano
LC-Q-TOF-MS/MS

The specific peak of S2 was collected and loaded onto Nano

LC-Q-TOF-MS/MS (maXis, Bruker Daltonics, Germany) at the

Instrumental Analysis Center of Shanghai Jiao Tong University

to identify the peptide amino acid sequence.

Peptide synthesis

The target peptides were synthesized by Cellmano Biotech

Co. Ltd. (Hefei, China) by solid-phase method.

Assay of PLIs kinetics

According to the method reported in the previous literature,

with a slight modification, the type of inhibition of PL by active

peptides was determined (29, 30). The peptide (0.8 mg/mL,

final concentration) was reacted with different concentrations

(0, 5, 10, 15, 20 mg/mL) of PL for 10min, then 10mM pNPB

was added for 10min. the absorbance of the reaction system

at a wavelength of 405 nm was measured to determine the

reversibility of the reaction. Next, the optimal PL concentration

(5 mg/mL) and peptide (0, 0.8 mg/mL, final concentration) were

fixed, and pNPB with different concentrations (1, 2, 3, 4, and

5mM)was added to react for 10min, a value wasmeasured every

30 s, and the wavelength was 405 nm. The Lineweaver-Burk

double reciprocal curve was used to determine the maximum

velocity (Vmax) and Michaelis–Menten constant (Km). The

slope and y-intercept of the Lineweaver-Burk plot vs. peptide

concentration give a straight line with the intercepts on the

horizontal axis as Ki (competitive inhibition constant) and K’i

values (uncompetitive inhibition constant), respectively.

Molecular docking analysis

Discovery Studio 2017 R2 software was used to further

evaluate the interaction mode and binding affinity between PL

and the peptide. The 3D structure of PL (PDB ID: 1LPB) was

obtained from the Protein Data Bank database, dehydrated and

hydrogenated, and the peptide wasminimized by the CHARMM

force field. LIBDOCK and CDOCKER were chosen to perform

the docking program. Phe 77, Ile 78, Tyr 114, Ser 152, Ala 178,

Pro 180, Phe 215, Ala259, and His 263 were active centers (31).

Statistical analysis

All values in this studywere reported as themean± standard

deviation (SD) based on triplicate independent experiments.

Statistical comparisons were performed using Duncan’s multiple

range test and the least significant difference (LSD) test in SPSS

18.0 software. It was determined to be significant when the

P-value was below 0.05.

Results and discussion

Synthesis and optimization of PLLFM

In order to improve the enzymatic immobilization

capacity and relative enzymatic activity of the PLLFM,

single-factor experiments and response surface optimization

of its synthesis conditions were carried out. The results

(Supplementary Figures S1, S2) showed that the optimal

immobilization conditions for PLLFM were pH 6.53, enzyme

concentration of 25.28 mg/mL, immobilization temperature

of 30.69◦C, and immobilization time of 3.00 h. Under these

conditions, the theoretical enzyme immobilization amount was

144.95 µg/mg, and the relative enzyme activity was 94.27%.

The morphology and structure of PLLFM were characterized

by scanning electron microscopy (SEM) and Fourier transform

infrared spectroscopy (FT-IR), respectively. Compared with

MNPs, the surface of PLLFM was rough, fluffy, and had some

irregular protrusions (Figure 1A), which means that PL is

successfully immobilized on the surface of MNPs. In addition,

the FT-IR (Figure 1B) showed that MNPs have a -COOH

characteristic absorption peak of the carboxyl group at 1,664.28

cm−1, while PLLFM has a broad and strong absorption peak

at 1,715.87 cm−1, which indicated that -COOH on the MNPs

reacts with -NH2 on the PL. Subsequently, we examined

the stability, and reproducibility of PLLFM. Figure 1C was a

comparison chart of the stability of free PL and PLLFM at

37 and 4◦C. It can be seen that the longer the storage time,

the lower the enzymatic activity. Among them, the enzyme

activity of free PL decreased significantly. After 3 weeks of

storage, the relative enzymatic activity of PLLFM remained

at about 60% (37◦C), and 80% (4◦C), while the free enzyme

activity dropped to about 15 and 20%, respectively. Figure 1D

showed the enzyme activity of PLLFM maintained at about

70% after repeated use 7 times. In conclusion, the storage
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FIGURE 1

Characterization and properties of PLLFM. (A) SEM Characterization. (B) FT-IR Characterization. (C) Storage stability. (D) Reusability of PLLFM.

stability and reusability of PLLFM are significantly better than

that of free PL, which is consistent with previous literature

reports (32, 33).

Fishing PLIs from protein hydrolysates

We used bioinformatics techniques to assist in the screening

of protein hydrolysates that may be active. Eighteen reported PL

inhibitory peptides were searched from the BIOPEP database,

and then the molecular weight distribution, chain length,

isoelectric point, net charge, hydrophilic amino acid ratio,

etc. were analyzed by online prediction software (34). The

result showed that the molecular weight of PL inhibitory

peptides was between 800 and 1,500 Da, the length chain

was mainly 6–8 amino acids, the isoelectric point was mainly

concentrated on 4–7, the net charge was mainly concentrated

on −1∼0, and the proportion of hydrophilic amino acids was

mainly concentrated in 20–50% (Supplementary Figures S3, S4;

Supplementary Table S1). By analyzing the commonality of

these peptides, we selected 5 qualified protein hydrolysates

prepared in our lab, which were obtained from Cod meat, Sea

cucumber, Pseudostellaria heterophylla, Red snapper scale, and

Silver carp skin for PL inhibitory activity tests. As displayed

in Figure 2A, the protein hydrolysates all showed a certain

PL inhibitory activity, and the Cod meat protein Hydrolysate

(CMH) has the best inhibitory effect on PL (IC50 = 3.33

mg/mL). Therefore, the CMH was selected as the further

research object. Immediately after, the CMH was separated into

five fractions (F1-F5) by Sephadex G-15, and their PL inhibitory

activities were tested at a concentration of 1 mg/mL. Among

them, F3 showed the strongest PL inhibitory ability, and its

inhibitory rate was about 1.67 times that of GMH (Figures 2B,C).

F3 (S0) was incubated with PLLFM at 37◦C for 2 h, the

supernatant was removed by magnetic separation, and eluted

with PBS and 10% acetonitrile solution in turn to obtain S1

and S2 eluates for HPLC analysis. As shown in Figure 2D, F3

(S0) detected more than six peaks by HPLC. Peaks 1, 2, and 4

were non-specifically adsorbed species because they were easily

eluted by PBS. Peaks 3, 5, and 6 were identified as the targeted

ligand because they were only eluted by the denaturant (10%

acetonitrile). Among them, peak 3 was collected for further

sequence identification due to its large amount, obvious signal,

and good water solubility.

Identification of peptides by nano
LC-Q-TOF-MS/MS

The characteristic peak 3 was collected, and its sequence was

identified by Nano LC-Q-TOF-MS/MS, and further analyzed

by Peaks studio 10.0 software combined with the NCBI
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FIGURE 2

The process of fishing out PLIs from protein hydrolysates. (A) Screening of the most active protein hydrolysate. (B) Separation of CMH with a gel

column G-15. (C) Screening of active fractions at a concentration of 1 mg/mL. (D) HPLC comparison of active components (F3/S0),

non-specific ligands (S1) and specific ligands (S2). The superscript letters indicate significance analysis. The same letters mean no significance.

database. As shown in Figure 3, the two peptides GSPPPSG

(m/z 598.2793 [M+H]+; −10lgP 34.05) and KLEGDLK

(802.4604 [M+H]+, 401.7348 [M+H]2+, 268.1593 [M]+H]3+;

−10lgP 48.96), which were considered as potential PLIs

for further activity validation due to their high confidence

and relative abundance. These two peptides are non-toxic

and stable, and their molecular weight, isoelectric point,

hydrophilicity and other properties are within the range of the

reported physicochemical properties of PL-inhibiting peptides

Supplementary Figures S3, S4; Supplementary Table S1).

IC50 and inhibition mode determination
of the PLIs activity

As shown in Figure 4A, both peptides showed significant

inhibition on PL at different concentrations. When the

concentration was 6 mg/mL, the residual activity of KLEGDLK

on PL was about 10%, while GSPPPSG could almost completely

inhibit the inhibition of PL activity. Figure 4B showed the IC50

values of different purities of CMH for PL. The IC50 value

of GSPPPSG for PL was 0.60 mg/mL, and the IC50 value of

KLEGDLK was 1.08 mg/mL, which were 5.5 and 3.1 times

higher than the initial CMH activity (IC50 = 3.33 mg/mL),

respectively. The activity of these two peptides was about one-

third that of orlistat (positive drug, IC50 of 14.6µg/mL), which

was also similar to the reported activities of natural products and

synthetic compounds (17, 28, 29).

The type of inhibition of PL by GSPPPSG and KLEGDLK

was shown in Figure 5. Compared to the blank group,

the slope of the straight line became smaller after adding

GSPPPSG and KLEGDLK, indicating that both peptides are

reversible inhibition (Figures 5A,C). Specifically, the straight

lines corresponding to different concentrations of GSPPPSG

intersect in the third quadrant, and with the increase

of concentration, both Km and Vmax gradually decrease

(Figure 5B; Table 1). These results suggested that GSPPPSG act

as a mixed-type inhibitor of PL, exhibiting both competitive

and non-competitive mechanisms. In other words, it competes

with the substrate for binding PL and can also bind to the

PL-substrate complex. The value of the competitive inhibition

constant Ki (4.19mM) was higher than the non-competitive

inhibition constant K’i (1.46mM) (Table 1), suggesting that

GSPPPSG could bind tightly to the PL-substrate complex
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FIGURE 3

Identification of active peptides. (A) The HR-ESI-MS of peak 3. (B) the full MS/MS spectrum of GSPPPSG and KLEGDLK.

(29). Interestingly, KLEGDLK is a competitive PL inhibitor, as

judged by an increase in Km value and a constant Vm value

(Figure 5D; Table 1). Furthermore, the Ki value (1.40mM) of

KLEGDLK was lower than that of GSPPPSG, which suggests

that KLEGDLK has a stronger affinity for the active site

of PL.

Molecular docking analysis

Molecular docking was performed using the “CDOCKER”

and “LIBDOCK” functions in Discovery Studio 2017 R2

software to understand the interactionmodel of the two peptides

with amino acid residues in the PL active pocket (31). From

the libdock scores (−57.1333,−141.3610) and cdocked energies

(−166.4120,−181.2060 Kal/moL) of GSPPPSG and KLEGDLK,

it was inferred that both peptides have high affinity for PL

(Table 2). Then, the protein-ligand conformations of these two

peptides were analyzed and shown in Figure 6. It can be

seen from Figure 6C that six hydrophobic interactions were

formed between the prolines in GSPPPSG and amino acid

residues of PHE77, TYR114, PRO180, ILE209, PHE2015, and

ALA259. Besides, four hydrogen bonds and two electrostatic

interactions were also important forces to maintain stability of

the PL-GSPPPSG complex (Table 2). The interactions between

KLEGDLK and PL were shown in Figure 6D, including five

hydrogen bond interactions, five electrostatic interactions, and

five hydrophobic interactions (Table 2). The active site of PL

(1LPB) is composed of the catalytic triad Ser 152-Asp 176-His

263. This catalytic site is highly restricted by a hydrophobic lid

domain consisting of amino acids Gly 76-Lys 80, Leu 213-Met

217 (17, 29, 35). From the above analysis, it can be seen that both

peptides can interact with Ser 152 and His 263 of the catalytic

center. However, these two peptides, especially KLEGDLK, did
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FIGURE 4

(A) The PL inhibitory activity of GSPPPSG and KLEGDLK at concentrations of 0.3, 0.6, and 6.0 mg/mL, respectively. (B) the IC50 values of CHM,

F3, S2, GSPPPSG and KLEGDLK inhibiting PL. The superscript letters indicate significance analysis. The same letters mean no significance.

FIGURE 5

E�ects of di�erent concentrations of GSPPPSG (A) and KLEGDLK (C) on the reaction rate of PL. Lineweaver–Burk plots of GSPPPSG (B) and

KLEGDLK (D).

not show excellent PL inhibitory activity in the experimental

validation, which may be because they lack the group to activate

the hydrophobic lid domain, resulting in difficult access to the

active site of PL.

Conclusion

In summary, rapid fishing of two new PLIs (GSPPPSG,

KLEGDLK) from CMH using PLLFM prepared by MNPs was
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TABLE 1 Vmax , Km, Ki , and K’i of the interaction between PL and GSPPPSG&KLEGDLK.

Peptide Concentration

(mg/mL)

Vmax

(1OD/min)

Km

(mM)

Ki

(mM)

K’i

(mM)

Mode of

inhibition

GSPPPSG 0 0.25 4.40 4.19 1.46 Mixed

0.8 0.14 3.73

1.6 0.09 2.95

KLEGDLK 0 0.06 0.87 1.40 / Competitive

0.8 0.06 1.32

1.6 0.06 2.09

TABLE 2 Interaction summary of GSPPPSG, and KLEGDLK with the active site of the PL.

Compound -CDOCKER

ENERGY

(kcal mol−1)

-LIBDOCK

SCORE

Hydrogen bond Charge Hydrophobic

GSPPPSG 57.1333 166.4120 PHE77, HIS151, ALA178, HIS263 HIS151, HIS263 PHE77, TYR114, PRO180, ILE209,

PHE215, ALA259

KLEGDLK 141.3610 181.2060 PHE77, HIS151, SER152, LEU213,

HIS263

HIS151, ASP205, PHE215,

ARG256, HIS263

TYR114, ALA178, PRO180,

LEU213, PHE215

FIGURE 6

(A,B) PL-GSPPPSG&KLEGDLK complex. (C) 2D diagram showing interactions between GSPPPSG and PL amino acid residue. (D) 2D diagram

showing interactions between KLEGDLK and PL amino acid residue.
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reported for the first time. Peptides GSPPPSG and KLEGDLK

showed strong PL inhibition with IC50 values of 0.60 and 1.08

mg/mL, respectively. Further studies showed that GSPPPSG is a

non-competitively dominant mixed-type PLI, while KLEGDLK

is a competitive inhibitory PLI. Molecular docking revealed

that both peptides bind to amino acid residues in the active

site of PL by hydrogen bonds, hydrophobic interactions, and

electrostatic interactions.
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Phytonutrients are natural bioactive components present in the daily diet

that can exert a positive impact on human health. Studies have shown

that phytonutrients may act as antioxidants and improve metabolism after

being ingested, which help to regulate physiological processes and prevent

metabolic disorders and diseases. However, their e�cacy is limited by their

low bioavailability. The gut microbiota is symbiotic with humans and its

abundance and profile are related to most diseases. Interestingly, studies

have shown that the gut microbiota is associated with the metabolism

of phytonutrients by converting them into small molecules that can be

absorbed by the body, thereby enhancing their bioavailability. Furthermore,

phytonutrients can modulate the composition of the gut microbiota, and

therefore improve the host’s health. Here, we focus on uncovering the

mechanisms by which phytonutrients and gut microbiota play roles in health,

and the interrelationships between phytonutrients and gut microbiota were

summarized. We also reviewed the studies that reported the e�cacy of

phytonutrients in human health and the future directions.

KEYWORDS

phytonutrients, gut microbiota, metabolism, health outcomes, bioavailability

Introduction

Nutrients play an essential role in maintaining the regular functions in the body.

Their basic functions include providing energy, contributing to body structure, and

regulating chemical processes. Carbohydrates, lipids, protein, vitamins, and minerals

are the major nutrients in food (1, 2). There are also certain physiologically active

compounds known as “phytonutrients” that play a crucial role in human health. Previous

studies have shown that phytonutrients are effective in preventing and mitigating a

variety of diseases and physiological disorders, thus imposing a tremendous impact

on the medical and health care system. Common phytonutrients include polyphenols,

phytosterols, saponins, and carotenoids. Well-documented phytonutrients, such as

catechins, curcumins, anthocyanins, quercetin and chlorogenic acid, can be easily
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ingested from diets, and many studies have demonstrated

their role in anti-cancer, neuroprotection, anti-aging,

treatment of metabolic disorders, and other diseases (3–

5). For example, curcumin and chlorogenic acid have been

implicated in alleviating fat accumulation, high cholesterol, and

metabolic disorders by affecting protein synthesis pathways and

modulating immune responses (6, 7). In general, due to people’s

pursuit of a healthy diet, there has been a growing focus on

natural products in recent years (8), and phytonutrients hold a

great promise in healthcare and clinical therapy thanks to their

beneficial effects (9, 10).

Understanding the metabolism and pharmacokinetics

of phytonutrients may facilitate the application of phyto-

pharmaceuticals to mitigate various diseases. Limited by

phytonutrients and individual differences in digestive capacity,

membrane transporters and metabolic enzymes, only a small

part of phytonutrients can be directly absorbed by the human

body after oral administration, andmetabolism is mainly carried

out in the liver and intestine (11). In the liver, phytonutrients

undergo oxidation, demethylation, and hydrolysis reactions in

phase I, and then combine with endogenous binders in phase

II to form small molecules to facilitate absorption. Despite

a low inaccessibility in the upper gastrointestinal tract, the

bioavailability of phytonutrients can be greatly enhanced with

the participation of gut microbiota in the lower gastrointestinal

tract (12). Poorly absorbed phytochemicals undergomicrobiota-

mediated biotransformation such as cleavage, demethylation,

dihydroxylation, deglycosylation, and are able to produce

metabolites with higher bioavailability and bioactivity (13, 14).

For example, the bioavailability of cyanidin-3-glucoside is only

0.02%, while the microbial degradation product of cyanidin-

3-glucoside, 3,4-dihydroxybenzoic acid, has a bioavailability of

44% (15).

Gut microbiota is a complex ecological community

comprising trillions of bacteria that live in the human gut and

develop a mutually beneficial symbiosis (16). Gut microbes

assist in human digestion by decomposing chemicals that the

human gut is unable to degrade on its own (17). Firmicutes,

Bacteroidetes, Actinobacteria, and Proteobacteria are the

most common bacteria genera in the human gut microbiota

(18). They can integrate brain and gastrointestinal functions,

such as intestinal movement, appetite and weight, through

the microbiota-gut-brain axis (19), and then affect normal

physiology and disease susceptibility through their collective

metabolic activity and host interactions (20–23). Gut microbiota

are not static, instead, they have been in a dynamic process

throughout the lifespan (24).

The relationship between phytonutrients and the human gut

microbiota is a two-way complex interaction. Phytonutrients

are absorbed first to alter the composition of the gut

microbiota which includes inhibiting pathogens and promoting

the growth of beneficial bacteria (5), and then to influence

the production of their metabolites, which would further

modify the intestinal environment by inhibiting the production

of harmful compounds such as indole, lipopolysaccharide,

and hydrogen sulfide (25). Some polyphenols, such as

those found in green and black tea, may inhibit the

growth of detrimental bacteria such as Helicobacter pylori,

Listeria monocytogenes, Staphylococcus aureus, Escherichia coli,

Salmonella typhimurium, and Pseudomonas aeruginosa (26–29).

In the meantime, microbial metabolites such as short chain

fatty acids and other bioactive components fermented/degraded

by gut microbiota not only provide essential materials and

energy for the growth of gut microbes, but also can target

multiple pathways in intestine, liver, and pancreas, resulting in

improvements in gut health (8, 30). For example, chlorogenic

acid and its related compounds can be metabolized in the gut

by the resident microbiota, which are responsible for the release

of caffeic acid and further metabolism, producing phenyl–

propionic, phenylacetic, and benzoic acid derivatives that are

then absorbed into the circulatory system for further actions

(7, 31).

Overall, the relationship between phytonutrients and human

health is established through the metabolic function of the

human digestive system, mainly through the participation of gut

microbiota (32, 33). The gut acts as an important sensory organ

capable of detecting, transmitting, integrating, and responding

to signals from the internal and external environment,

thereby triggering responses. Cascades of communication

along the gut-brain axis are associated with inflammatory

responses and immune homeostasis (34). For example, Ohno

et al. reported that curcumin supplementation modulated

the composition of gram-negative bacilli and subsequently

strengthened intestinal barrier and regulated the metabolic

functions of gut microbes, such as bile acid biosynthesis and

arachidonic acid metabolism (35). The purpose of regulating

physiological processes and treating diseases is achieved

through immunomodulation and anti-inflammatory, anti-

oxidative stress, and inhibition of various enzymatic functions

(6, 36), showing a complete chain of action of phytonutrients.

Accumulating evidence shows that different phytonutrients may

impact human health through different modes of action and

targets (37–42).

In conclusion, as the natural products from plants,

phytonutrients have shown unique diversity and safety.

Phytonutrients are involved in various physiological processes

and may prevent/mitigate disease pathogenesis through the

gut microbiota, which are closely linked with an individual’s

overall health (Figure 1). The complex and dynamic interactions

between phytonutrients and gut microbiota have become a

research hotspot. This review summarizes the sources, metabolic

processes of five phytonutrients including catechins, curcumin,

quercetin, anthocyanins and chlorogenic acid, and their

interactions with the gut microbiota. In addition, the influence

of these impacts on metabolism and the future directions of

phytonutrient-related studies are portrayed in detail.
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FIGURE 1

Summary of the factors a�ecting the bioavailability of phytonutrients. Created with BioRender.com.

Catechins and gut microbiota

Sources and chemical structures of
catechins

As a member of the flavan-3-ol polyphenol family, catechins

are widely distributed in a range of dietary sources, such

as tea, cocoa, apple, and kiwi fruit (43, 44). Catechins are

extremely abundant in polyphenol-rich green tea and its

extracts, accounting for approximately one-third of the solids in

brewed green tea (45, 46). Catechins include four major items,

namely epigallocatechin-3-gallate (EGCG), epigallocatechin

(EGC), epicatechin (EC), and epicatechin-3-gallate (ECG)

(Figure 2), among which EGCG is the most abundant and

has the highest biological activity (47, 48). The presence of

certain chemical structures like catechol group and pyrogalol

group in these compounds provide themwith strong antioxidant

properties and biological activity (49). Numerous studies

have demonstrated the health effects of catechins, including

anti-inflammatory, antimicrobial, immunomodulatory, and

neuroprotective effects (50).

Bioavailability and metabolism of
catechins

The bioavailability of catechins in the human body is

extremely poor (51). After oral administration, only a small

fraction of catechins is bioavailable (52), and transported to the

liver via the portal vein, where phase II enzymes convert them

into methyl, glucuronide, and sulfate derivatives. In fact, only

around 14% EGC, 32% EC, and 0.1% EGCG are accessible upon

oral intake (53).

Approximately two-thirds of catechins reach the colon

where catechins are degraded by microbial enzymes into a

range of metabolites (54, 55), followed by being released into

the enterohepatic or systemic circulation to perform diverse

physiological roles (56). There is evidence indicating that the

phase II metabolism of EC may occur in enterocytes, and the

metabolites (mainly sulfated conjugates) of EC were eliminated

by efflux back to the intestinal lumen, which was much higher

than the elimination via bile (57).

Interactions between catechins and gut
microbiota

Biotransformation of catechins into their metabolites is

mainly dependent on the gut microbiota. The gut microbiota’s

vast gene pool transforms the colon into a bioreactor with

immense catechin metabolic capacity (58, 59).

The gut microbiota can execute glycosidic connections, C-

ring fission, and degradation of the heterocyclic structures

of catechins, resulting in smaller compounds such as

phenylvalerolactones and phenylvaleric acids (55). These

newly produced microbial metabolites may then be absorbed
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FIGURE 2

Structure of EC, ECG, EGC, and EGCG.

across the colon epithelium and eventually enter the systemic

blood circulation (41). The metabolites of catechins produced by

microbial biotransformation may even outperform the parent

molecules in terms of biological activity (60). The relevant

process is summarized in Figure 3.

Metabolism of catechins by gut
microbiota

Catechins are metabolized by the gut microbiota to

facilitate absorption, and the degradation pathway has been

documented in various studies. The transformations can be

split into three major processes: (I) galloyl ester hydrolysis,

(II) C-ring opening, and (III) lactonization, decarboxylation,

dehydroxylation, and oxidation processes to further modify

the reaction products (53, 61, 62). Regarding galloylated

catechins (ECG and EGCG), the microbial metabolism begins

with galloyl ester hydrolysis by microbial esterases, which

produces gallic acid. The C-ring of the catechin residue is

opened after degalloylation, resulting in diphenylpropan-2-

ol, which is then transformed into valerolactone, resulting

in the formation of hydroxyphenylvaleric acids and/or 4-

hydroxyphenylvaleric acids. Meanwhile, dehydroxylation of

these hydroxylated phenolic acids at the original B-rings

may occur, yielding a variety of simpler phenolic acids.

The principal reaction products from catechins for intestinal

absorption are valerolactone and phenolic acids (63), which

can be easily absorbed by the large intestine and then

undergo phase I and phase II metabolism, distribution and

excretion (53).

Kutschera et al. reported that two bacterial strains,

Flavonifractor plautii and Eggerthella lenta, could biotransform

dietary catechins into hydroxyvaleric acid and valerolactone

metabolites (64). To further understand the underlying

mechanisms of the gut microbiota in modulating the effects of

catechins on health, more research is required to determine the

microbiota’s functional guild and characterization (65).
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FIGURE 3

The regulation of catechins on gut microbiota. Created with BioRender.com.

Modulation of gut microbiota by
catechins

Catechins are antibacterial compounds that are effective

against foodborne and other harmful microorganisms. Themost

widely acknowledged mechanism for catechins’ antibacterial

action is their capacity to disrupt membranes. EGCG can attach

directly to the exposed peptidoglycan layer of Gram-positive

bacteria, causing cross-links in the peptidoglycan to be cleaved.

When the peptidoglycan layer is damaged, its protective impact

is diminished and permeability increases, resulting in bacterial

demise (53, 66).

Several in vitro studies suggest that catechins may have

prebiotic effects by selectively improving the growth of

beneficial gut microbiota (28, 67). Green tea catechins have

been shown to boost the populations of beneficial bacteria,

such as Bifidobacterium spp. and Lactobacillus, while suppress

the harmful bacteria including Clostridium spp. in the in

vitro fermentation tests. Catechins have also been found

to increase the variety of gut microbiota and reduce the

ratio of Firmicutes/Bacteroidetes in several animal studies

(68, 69). Liao et al. found that tea catechins significantly

increased the abundance of Bifidobacteria while lowering

serum total cholesterol and low-density lipoprotein cholesterol

levels in mice (70). Furthermore, dietary catechins have been

reported to increase the relative abundance of Akkermansia

Muciniphila and alleviate high fat diet-induced metabolic

syndrome (71).

Catechins, microbiome composition, and
related health benefits

Obesity is the outcome of energy surplus and is a major

risk factor for a variety of chronic diseases. As a result,

implementing a nutritional intervention to avoid obesity

has become a public health priority (72, 73). Studies have

depicted that obese individuals have a lower gut community

diversity and different microbial profile compared with their

lean counterparts (74). The involvement of tea catechins

in weight management has been proposed due to their

beneficial effects in modulating gut microbial compositions.

Hursel et al. reported that catechins may improve blood

biomarkers for metabolic syndrome, such as insulin, glucose,

low-density lipoprotein, which was accompanied with an

altered Firmicutes to Bacteriodetes ratio (67). In rats, the
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combination of catechins with a high fructose oligosaccharide

(FOS) diet reduced their body weight, which was correlated

with increased Parabacteroides spp., Phascolarctobacterium spp.,

Robinsoniella spp., Prevotella spp., and decreased Lachnospira

spp., Clostridiales spp., Ruminococcus spp., Peptococcaceae spp.,

and Oscillospira spp. (75).

A recent study suggests that catechins may have prebiotic-

like activity and therapeutic potential through modulating

gut microbiota. Notably, the abundance of Bacteroides

and Firmicutes in the intestinal mucosa of patients with

inflammatory bowel disease (IBD) was significantly reduced

after catechin administration, while the population of

Proteobacteria and Actinobacteria was significantly increased

(76). Therefore, understanding the underlying crosstalk

mechanism may help us to further elucidate the clinical value of

tea catechins in the prevention and treatment of IBDs (77).

Patients with non-alcoholic fatty liver disease (NAFLD)

exhibit lower Bacteroidetes and Firmicutes abundance and

lower gut microbiota diversity than healthy people. The

severity of non-alcoholic steatohepatitis has been linked

to changes in microbiota composition (78). Patients with

cirrhosis and hepatocellular carcinoma, for example, showed

higher levels of Bacteroidetes and Ruminococci and lower

levels of Bifidobacterium than those with cirrhosis alone.

The link between gut dysbiosis and NAFLD, as well as

the fact that catechins lowered endotoxin levels in the

circulating and portal circulation, highlights the preventative

and therapeutic potential of catechins in restoring gut

barrier integrity and reducing the hepatic and intestinal

inflammation (46).

Curcumin and gut microbiota

Sources and chemical structures of
curcumins

Curcumin, also known as diferuloylmethane (1,7-bis(4-

hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), is a

polyphenol representing the major curcuminoids extracted

from the rhizomes of Zingiberaceae and Araceae plants. It

is the main active ingredient of turmeric, a common Asian

spice used as a dietary spice, food coloring, and herbal

medicine (47, 79). Different biological and pharmacological

aspects have sparked widespread interest in its therapeutic

potential. Its bioactive constituents have recently been

studied. It was reported that curcumin, has showed potent

functions at the cellular level via regulating numerous signaling

pathways (80). Notably, an increasing number of clinical

trials with regard to curcumin supplementation have been

published or are presently underway, reflecting the scientific

community’s growing interest in curcumin’s therapeutic

potential (79, 81–84).

Bioavailability and metabolism of
curcumins

Because of the poor solubility, low bioavailability,

chemical instability, and rapid metabolism, curcumin’s

therapeutic potential is severely limited (85, 86). Curcumin

undergoes substantial metabolism (reduction, sulfation, and

glucuronidation) in liver, kidney, and intestinal mucosa

after oral administration (87). Liver is the major site where

the metabolism of curcumin occurs, whereas intestine and gut

bacteria also play an important role in facilitating this process. In

hepatocytes and enterocytes, the double bonds of curcumin are

reduced, resulting in dihydrocurcumin, tetrahydrocurcumin,

hexahydrocurcumin, and octahydrocurcumin (88, 89). The

intestinal microflora is capable of deconjugating phase II

metabolites and converting them back to phase I metabolites

leading to the production of fission products (e.g., ferulic acid)

that have a higher bioavailability (90).

In spite of the low digestibility in the upper gastrointestinal

tract, curcumin can be fermented by gut microbiota,

which potentially explains how it performs various

physiological activities.

Interactions between curcumins and gut
microbiota

Curcumin bioactivity, like that of other dietary polyphenols,

is linked not only to absorption rate but also to its gut microbial

digestion. Curcumin has shown preferential distribution and

accumulation in the gut after oral or intraperitoneal dosing,

despite its limited plasma and tissue bioavailability (79, 91).

Curcumin can be transformed by human intestinal microbiota

in a variety of metabolic pathways, including the production

of active metabolites with local and systemic effects, but also

by reducing the heptadienone backbone and demethylation

by Blautia spp (92, 93). In summary, undigested curcumin

may accumulate in the gut, where upon the fermentation

by microbiota, it can be converted into biologically active

metabolites, which subsequently modulate the growth of gut

microbiota in a selective manner (Figure 4).

Metabolism of curcumins by gut
microbiota

Because of its formidable metabolic functions, such as the

transformation of numerous compounds that reach the colon,

the gut microbiota can be described as a biological reactor.

Since the biotransformaiton of phytonutrients is achieved with

the microbial enzymes produced by the gut microbiota, the
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FIGURE 4

Schematic illustration of the bidirectional interactions between curcumin and gut microbiota. Created with BioRender.com.

efficiency of curcumin biotransformation differs by microbial

profile (84, 94).

Curcumin can be modified in the colon tract by a specific

microorganism, Escherichia coli. Curcumin/dihydrocurcumin

reductase (CurA) is a nicotinamide adenine dinucleotide

phosphate (NADPH)-dependent enzyme that converts

curcumin to the intermediate product dihydrocurcumin and

then to the final product tetrahydrocurcumin. By reductive

disruption of the chromophoric diarylheptatrienone chain in the

first process of the reaction, dihydrocurcumin is produced from

curcumin. The mechanism for converting dihydrocurcumin to

tetrahydrocurcumin is the same in the second step (95).

Multiple gut bacteria are involved in curcumin metabolism,

among which the Firmicutes Blautia spp. produces two

derivatives, demethylcurcumin and bisdesmethylcurcumin,

through demethylation (92). While Escherichia fergusonii

and Escherichia coli strains are involved in the metabolic

processes that produce dihydrocurcumin, tetrahydrocurcumin,

and ferulic acid (82). Other microorganisms capable of

degrading curcumin include Bifidobacterium longum,

Bifidobacterium pseudostrandum, Enterococcus faecalis,

Lactobacillus acidophilus, and Lactobacillus casei. Microbial

metabolism of curcumin by Pichia anomala or a bacterial

strain of Bacillus megaterium has been reported to produce

new metabolites via various metabolic processes such as

hydroxylation, demethylation, reduction, and demethoxylation.

An ultra-performance liquid chromatography analysis

identified 23 metabolites and discovered several novel human

gut microbiota-curcumin metabolic pathways (96).

Interestingly, curcumin metabolites have been shown to

have an equivalent or stronger potency compared with

the parent compound. Tetrahydrocurcumin, for example,

outperforms curcumin as a free-radical quencher which has

shown therapeutic effects in alleviating neurodegenerative

diseases (97).

Modulation of gut microbiota by
curcumins

Since a majority of curcumin escapes the upper

gastrointestinal digestion and reach the colon, it may exert
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pharmacological effects by altering the richness, diversity,

and composition of gut microbiota (98). A previous study

found that curcumin-treated patients had a 69% increase in

bacterial species, whereas an overall 15% decrease in bacterial

species was observed in the control group. Participants

who responded to the treatment had consistent increases

in Bacteroides spp., Clostridium spp., Citrobacter spp.,

Enterobacter spp., Enterococcus spp., Klebsiella spp., and

Pseudomonas spp., as well as decreased relative abundance

in several Blautia spp. Curcumin increased the abundance

of Bifidobacteria, Lactobacilli, and butyrate-producing

bacteria while decreasing Prevotellaceae, Coriobacterales,

Enterobacteria, and Enterococci, resulting in a significant shift

in the beneficial-pathogenic microbiota ratio. Aside from

anti-inflammatory and anti-colonotropic carcinogenicity

activities, changes in gut microbiota may partially explain

how curcumin regulates immune responses and mitigate

hyperlipidemia (93).

By using a mouse model of acute myeloid, Liu et al.

revealed significant changes in gut microbiota composition

by intravenous curcumin administration. Specifically, they

observed a significant increase in Lactobacillus acidophilus,

Bifidobacterium bifidum and Lactobacillus reuteri, and

decrease in pathological bacteria including Bacteroides fragilis,

Escherichia coli, Fusobacterium nucleatum and Akkermansia

in the interventional group, which was associated with a

reduced disease severity (99). In rats, curcumin lowered the

Firmicutes/Bacteroidetes ratio and reversed the high fat diet-

induced gut dysbiosis, which was related to a decreased hepatic

ectopic fat deposition, reduced inflammatory markers, and

enhanced intestinal barrier integrity, suggesting that it could be

a novel therapeutic strategy for NAFLD (100).

Curcumin, microbiome composition, and
related health benefits

Changes in the microbiome have been linked to a variety

of metabolic diseases, including obesity, diabetes, and chronic

liver disease (101). In a rat model of menopause, Zhang et al.

investigated the relationship between curcumin intake and gut

microbial diversity, and reported that curcumin might partially

repair the changes in the richness and composition of the rat gut

microbiota caused by ovariectomy-induced estrogen shortage

(102). In specific, curcumin increased the abundance of Serratia,

Shewanella, Pseudomonas, Papillibacter, and Exiguobacterium

species, while lowered that of Anaerotruncus and Helicobacter

pylori (80).

Curcumin has shown neuroprotective properties

by targeting the gut-brain axis and reducing intestinal

inflammation through various molecular mechanisms (103–

105). Studies have revealed a close association between

gastrointestinal dysfunction and the exacerbation of

neurological disorders. For example, the most important

non-neurological complications of Huntington’s disease

are associated with gastrointestinal defects. Two studies

depicted that the patients with symptomatic Huntington’s

disease exhibited serum metabolomic shifts that suggested

changes in gut microbial-derived metabolites (106, 107).

Additionally, a study examined at how curcumin interacted

with the gut microbiota of APP/PS1 double transgenic mice

from two perspectives. Curcumin administration improved

spatial learning and memory abilities in these mice while

also lowered amyloid plaque burden in the hippocampus.

Interestingly, curcumin administration significantly altered the

relative abundances of bacterial taxa such as Bacteroidaceae,

Prevotellaceae, Lactobacillaceae, and Rikenellaceae at the family

level, and Prevotella, Bacteroides, and Parabacteroides at the

genus level, several of which have been reported to be key

bacterial species associated with Alzheimer’s disease (AD)

development. It is important to note that, the gut microbiota of

AD mice produced a total of 8 curcumin metabolites, and many

of these metabolites have been shown to have neuroprotective

properties (108).

Xu et al. used next-generation sequencing technology to

investigate the effects of curcumin on gut microbiota in a

rat model of uric acid nephropathy (UAN). As a result, they

found that in the interventional group, renal pathological

lesions were reduced, and the serum uric acid and metabolic

endotoxemia were decreased, which were tightly connected

with a suppressed proliferation of opportunistic pathogens

such as Escherichia coli and Bacteroides, and increased relative

abundance of bacteria that produce short-chain fatty acids

(SCFAs), such as Lactobacillus and Ruminococcaceae (109).

In a clinical trial, curcumin supplementation for 6 months

restored the α-diversity of gut microbiota to a normal value

in the patients diagnosed with chronic renal disease (CKD).

At the phylum level, curcumin supplementation significantly

inhibited the growth of Escherichia Shigella, but enhanced that

of Lachnoclostridium. Moreover, compared to the baseline levels,

Lactobacillaceae spp. were found to be considerably higher at the

family level in the last 3 months of supplementation. No adverse

events were reported in the supplemented group, suggesting

a high safety profile of curcumin phytosome after long-term

dosing (110).

Colorectal cancer (CAC) progression is also influenced

by gut bacterial profile. In an IL-10 knockout CAC mouse

model, a curcumin-rich diet significantly improved survival,

reduced colon weight/length ratio, and eradicated total tumor

burden. Such beneficial effects were associated with an

enhanced bacterial diversity, mitigated age-related decreases

in alpha diversity, a raised Lactobacillales relative abundance,

and a decreased Coriobacterales composition. Therefore, the

anti-tumorigenesis properties of curcumin were linked to

the maintenance of a more diversified colonic microbial

ecology (111).
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FIGURE 5

General structure of anthocyanidins and substitution pattern.

Anthocyanins and gut microbiota

Sources and chemical structures of
anthocyanins

Anthocyanins are a class of flavonoids found in nature

as pigments in a wide range of plant food. It is abundant

in many berry varieties, including blackberries, blueberries,

and cranberries. Their color changes depending on the pH

of the food matrix and may appear purple, red, or blue.

Anthocyanins contain a phenolic structure that contributes

to their biological effects. Pelargonidin, cyanidin, delphinidin,

peanidin, petunidin, and malvain are common anthocyanins

that occur naturally in food categories (Figure 5) (112, 113).

Anthocyanins have been linked to a variety of positive

health outcomes, including improved blood vessel function,

cancer prevention, and bone health. Since anthocyanins are

naturally present in dietary sources, their use in the prevention

and treatment of adverse health events is of interest, and

anthocyanins may provide a safe, inexpensive, and low-risk

approach to disease prevention (114–116).

Bioavailability and metabolism of
anthocyanins

The bioavailability of anthocyanins can be defined as the

fraction of anthocyanins that are absorbed and utilized by

the body. The bioavailability of natural anthocyanins has been

estimated to be as low as 2% (117). During metabolism,

only a small fraction of anthocyanins are absorbed by the

gastrointestinal tract and then transferred to various bodily

tissues such as the kidney and liver. Meanwhile, considerable

amounts of anthocyanins bypass the small intestine and

enter the colon, where they are hydrolyzed and fermented

by the microbiota for further digestion (118, 119). The

resulting colonic metabolites of anthocyanins are transported

to the liver to be further metabolized and subsequently

distributed to the circulating system to achieve various

biological effects.

Interactions between anthocyanins and
gut microbiota

Anthocyanin-rich diets may impact the composition of the

gut microbiota, which acts as a modulator for anthocyanin-

related health benefits. The metabolites of major anthocyanins

have been shown to improve overall gut integrity by decreasing

inflammation and oxidative stress (120).

The interactions between anthocyanins and gut microbiota

are important factor to be considered to understand the

biological activities of anthocyanins for their corresponding

health benefits. The interlinkage between anthocyanin

biotransformation to potentially more bioactive, low molecular

weight metabolites and anthocyanin-mediated modification

of gut microbiota composition contributes to favorable health

outcomes (121).

Metabolism of anthocyanins by gut
microbiota

With a small number of dietary anthocyanins are directly

absorbed, the majority of the ingested compounds reach the

colon. Bifidobaterium spp. and Lactobacillus spp. are two major

families of gut bacteria that have glucosidase activities. They

can metabolize phenolic substances during growth, providing

energy to foster the growth of other gut bacteria. These

bacterial groups have been linked to positive effects in the

large intestine, such as the antibacterial action of pathogenic

microorganisms through the generation of short-chain fatty

acids and competition for growth substrate and adhesion

sites (112).

In vitro studies conducted by Tian et al. showed that

the bacterial metabolism of anthocyanins involves glycosidic

linkage cleavage, anthocyanidin heterocycle breakdown, and

degradation into phloroglucinol derivatives and benzoic acids

(122). Anthocyanins and metabolites produced in the intestine

simultaneously have the potential to selectively stimulate

or hinder certain bacterial growth. Different metabolites

may be formed via anthocyanin fermentation depending

on the bacterial composition. The maximum conversions of

anthocyanins by probiotic bacteria have been recorded, with L.

Frontiers inNutrition 09 frontiersin.org

87

https://doi.org/10.3389/fnut.2022.960309
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Kan et al. 10.3389/fnut.2022.960309

FIGURE 6

Biotransformation of quercetin into metabolites by gut microbiota and their benefits in gut. Created with BioRender.com.

plantarum and S. thermophiles degrading cyanidin-3-glucoside

and cyanidin-3-rutinoside, respectively (123). Microbial

fermentation of anthocyanins and the catabolism of those

compounds at various stages along the process may produce a

wide range of chemicals, resulting in a highly dynamic profile of

some molecules.

Modulation of gut microbiota by
anthocyanins

The colonization of the gut microbiota can be altered

by anthocyanin ingestion, influencing intestinal bacterial

proliferation. Bifidobacterium, Lactobacillus, and Akkermansia

are among these bacteria that can benefit the host, and they can

catalyze anthocyanins alongside Bacteroides and Eubacterium

(124). These bacteria have been linked to beneficial effects in the

large intestine, including the antimicrobial effect of pathogenic

bacteria by producing short chain fatty acids and competing

for growth substrate and adhesion sites, but they also reduce

potentially harmful bacteria, such as Clostridium histolyticum,

which has been linked to tumor promotion and inflammatory

bowel disease (125).

In the mice with colon cancer, oral administration of

bilberry anthocyanin extract (BAE) enriched the diversity of

bacterial populations in the digestive system and increased

the abundance of Clostridium and Lactobacillus johnsonii.

Meanwhile, the improvement of gut microbiota with daily

BAE supplementation has been shown to reduce tumor growth

and improve PD-L1 treatment efficacy (126). Faria et al.

reported that in vitro incubation of malvidin-3-glucoside

with fecal slurry increased the growth of Bifidobaterium spp.

and Lactobacillus spp., but had no effect on the growth of

Bacteroides spp. Surprisingly, adding malvidin-3-glucoside to

other anthocyanins displayed a synergistic effect on bacterial

growth. Gallic acid, an anthocyanin metabolite found in the gut,

has been shown to reduce the abundance of potentially harmful

bacteria including Clostridium histolyticum without affecting

healthy bacteria (112).

Anthocyanins, microbiota composition,
and related health benefits

It has been shown that anthocyanins are able to prevent or

delay the onset of certain diseases with their anti-inflammatory
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and antioxidative properties (127). Phenolic chemicals have

the capacity of blocking pro-inflammatory mediators and

thereby reducing inflammation. Anthocyanin metabolites have

been shown to activate Nrf2, which activates the antioxidant

enzymes and antioxidation-related pathways. They may also

lower intestinal inflammation by modulating the MAKP and

NF-B pathways mediated by TAK1 and SphK/S1P (113).

Hidalgo et al. portrayed that a mixture of anthocyanins

enhanced the growth of Bifidobacterium and Lactobacillus-

Enterococcus in a batch culture fermentation system resembling

the human distal large intestine, and interestingly, the

microbial metabolite malvidin-3 -glucoside alone displayed

the similar beneficial effects compared with its parent

compounds (128).

In a study by Liu et al. oral administration of anthocyanins

in the C57BL/6 J mice significantly reduced high fat diet-

induced body weight gain by 20–27%, total adipose tissue

weight by 18–25%, and plasma total cholesterol by 25%.

Meanwhile, they observed a significantly reduced plasma

lipopolysaccharide concentration, which was correlated

with decreased relative abundances of Rikenella and

Rikenellaceae. At the genus level, dietary supplementation

of berry anthocyanin extract enhanced the grwoth of the groups

of Lachnoclostridium, Roseburia, and Clostridium innocuum,

resulting in increased fecal short-chain fatty acid (SCFA) release

(129). Consistently, two studies found that anthocyanins might

be able to alleviate high fat diet-induced dysbiosis by reducing

Luminococcus (129) and Muribaculaceae (130), while enriching

Oscillobacter (129).

Anthocyanins may prevent neurodegenerative illnesses by

modulating the microbiome in the gut. Marques et al. explored

into this association in rats fed a high fat diet, which is

known to contribute to obesity-related neuroinflammatory

and neurobehavioral abnormalities via altering the gut flora.

Increased Oscillibacter were discovered in the gut of the

animals treated with the anthocyanin-rich blackberry extract.

They came to the conclusion that anthocyanin regulation

in the gut is linked to anti-neuroinflammatory properties

by lowering TCK-1 expression, and that anthocyanins might

affect the central nervous system by altering tryptophan

metabolism in the kynurenine pathway, thereby increasing

the production of neuroprotective metabolites and reducing

systemic inflammation (130).

Khan et al. recently shown that anthocyanins can lower

the expression of proinflammatory cytokines, preventing

against the pathogenesis of neuroinflammation and Alzheimer’s

disease (131, 132). Furthermore, anthocyanin has been shown

to protect against Alzheimer’s disease and synapsis-related

functions in A1-42-injected mice (133). By blocking α’-amylase,

anthocyanins may limit starch digestion. When this undigested

starch enters the large intestine, it feeds probiotic bacteria like

Lactobacilli, Bifidobacteria, and Streptococci, allowing them to

continue to boost health (134).

Quercetin and gut microbiota

Sources and chemical structures of
quercetins

Quercetin, a polyphenolic flavonoid, is abundantly present

in onions, kale, apples, cherries, and red wine. Quercetin binds

to sugar moieties like rhamnose or rutose in nature by attaching

a sugar group as a substitute for one of the OH groups,

forming quercetin glycosides and rutin (135). The sugar groups

linked to quercetin can change its solubility, bioavailability,

and bioactivities (136). Quercetin’s antioxidative properties are

essential in the prevention and treatment of illnesses. Different

pharmacological benefits of quercetin in treating osteoporosis,

blood pressure, cancer, and cardiovascular disease have been

described in animal and human research (136, 137) (Figure 6).

Bioavailability and metabolism of
quercetins

Based on human studies, oral quercetin is primarily

administered as a purified aglycone supplement. The typical

daily consumption of quercetin in China, the United States,

and Europe is 6–18mg (54, 135). The bioavailability of

quercetin after a single oral administration was found to be

relatively low in human pharmacokinetic trials. In healthy

people, the absorption rate of quercetin glucoside (the natural

form of quercetin) varies between 3 and 17%/100mg. Limited

absorption, extensive metabolism, and/or quick excretion may

all contribute to quercetin’s low bioavailability (136).

Quercetin metabolism occurs primarily in the liver.

After absorption, quercetin is transported to the liver, where

it undergoes phase I and phase II metabolism, producing

metabolites that circulate in the blood for distribution to body

tissues (138). To fully understand the concentration of quercetin

in plasma following repeated administration of quercetin-rich

meals, Mullen et al. evaluated the accumulation of quercetin

conjugates in human plasma after feeding the subjects with

onions on a regular basis. The participants consumed about

100mg of quercetin each meal from onion slices over three

meals for a week. Results showed that fasting plasma levels of

glucuronide and sulfate metabolites in participants increased

from 0.04 to 0.63µM. The primary plasma metabolites

quercetin-30-sulfate and−3-glucuronide reached their peak

levels after half an hour. Furthermore, after 4 h, the major

urine metabolites quercetin-diglucuronide,−3′-glucuronide,

isorhamnetin-3-glucuronide, and sulfate-glucuronide all peaked

(139). Compounds that were not absorbed in the small intestine

escaped to the large intestine, where colonic microbiota

degraded the quercetin into phenolic acid compounds that

were easily absorbed and delivered to the liver via the portal

vein (140).
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Interactions between quercetins and gut
microbiota

In the intestine, quercetin is metabolized by resident

microbiota, and the resulting products may have different

biological activities compared with the parent compound.

Reciprocally, quercetin may alter the microbiota’s composition,

which is one of the proposed mechanism of actions for these

chemicals. Through promoting beneficial flora and inhibiting

potentially pathogenic flora, quercetin can therapeutically target

gut microbiota and produce beneficial health consequences for

the human host (141).

Metabolism of quercetins by gut
microbiota

In the intestine, quercetin is converted by the microbiota

to 3,4-dihydroxyphenylacetic acid, also known as 3-(3-

hydroxyphenyl) propionic acid, 3,4-dihydroxybenzoic acid,

and 4-hydroxybenzoic acid. Bacteroides fragilis, Clostridium

perfringens, Streptococcus, Lactobacillus, Bifidobacterium, and

Eubacterium cladobacterium have been identified as the strains

that convert quercetin to the compounds indicated above

(54, 142). Jaganath et al. analyzed the microbial metabolites of

quercetin 3-O-rutinand suggested that they might enhance the

overall antioxidant capacity of the colon following ingestion of

quercetin-rich food (143).

Modulation of gut microbiota by
quercetins

Quercetin has a significant impact on the gut environment,

which in turn has an impact on the regulation of gut

microbiota. Food-pathogenic bacteria such as Staphylococcus

aureus, Escherichia coli, Listeria monocytogenes, and Vibrio

parahaemolyticus, as well as clinically important hospital

or community-associated pathogens, may be present

in the human gut microbiota. With the prebiotic and

antibacterial effects, quercetin may diminish these pathogenic

microbiota (144–146).

Lan et al. discovered that quercetin treatment improved the

diversity of gut microbiota, and the major changes in the gut

microbiota (Clostridium, Bacteroides, and Bacilli) were observed

at the class level. After quercetin treatment, there was an

increase in Lactobacillus and a decrease in Ruminococcus (144).

Meanwhile, Shi et al. discovered that quercetin supplementation

improved the diversity of the gut bacterial community

in antibiotic-treated mice. This was accompanied with an

increase intestinal barrier function, as the researchers observed

a decreased serum D-lactic acid concentration and serum

diamine oxidase activity. Intestinal villi length and mucosal

thickness were both increased considerably after quercetin

supplementation. In addition, quercetin promoted rebuilding

of mice’s gut microbiota following antibiotic therapy and

might be used as a prebiotic in the fight against gut

dysbiosis (147).

Quercetin, microbiome composition, and
related health benefits

By using a mouse model of atherosclerosis and feeding

the mice with quercetin for 12 weeks, researchers found

that quercetin could prevent damaged arteries caused by

a high fat diet, which was associated with significantly

altered Bacteroidetes, Firmicutes, and Proteobacteria as well as

increased Phascolarctobacterium and Anaerovibrio (148). Nie

et al. found that in mice fed with a high fat diet for 12

weeks, oral quercetin supplementation significantly enhanced

the immune/inflammatory responses and alleviated oxidative

stress. Microbial analysis performed at the phylum level

reported that quercetin treatment decreased the abundance of

Verrocomicrobia, while increased the diversity of the microbiota

and the abundance of Actinobacteria, Cyanobacteria, and

Firmicutes. In addition, quercetin decreased gut cholesterol,

lysophosphatidic acid, and atherogenic lysophosphatidylcholine

levels, while increased faeprostanol levels (149).

Additionally, Lan et al. studied the effect of quercetin

in alleviating osteoarthritis in a rats, and found that the

quercetin supplementation reversed osteoarthritis-associated

dysbiosis and changed the microbial metabolites. These studies

suggested that quercetin might be used as a potential therapeutic

approach in alleviating various diseases by modulating gut

microbiota (144).

Chlorogenic acid and gut microbiota

Sources and chemical structures of
chlorogenic acid

Chlorogenic acid (CGA), one of the most common

polyphenols in the human diet, is present in a variety of

fruits, vegetables, and herbs, including apples, coffee beans,

tea, and wormwood plants, and has a number of health-

promoting qualities (150, 151). Chlorogenic acid belongs to

the hydroxycinnamic acid family of phenolic compounds.

With a caffeic acid (CA) and a quinic acid (QA) moiety, it

is also known as 5-O-caffeoylquinic acid (5-CQA) (Figure 7)

(152). Chlorogenic acid has shown several beneficial effects

with its anti-oxidative, anti-inflammatory, anti-cancer and anti-

neurodegenerative activities (150).
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FIGURE 7

Chemical structure of chlorogenic acid.

Bioavailability and metabolism of
chlorogenic acid

The hydrophilic characteristic of chlorogenic acid prevents

it from passing through lipophilic membrane barriers after

oral administration, resulting in limited absorption and

bioavailability (153). It has been well-documented that

chlorogenic acid is accessible and processed differently in the

gastrointestinal tract, liver, and kidney in humans. In general,

the metabolic pathways of chlorogenic acid are as follows: (I)

in humans, around one-third of the chlorogenic acid in food

is absorbed intact and enters the bloodstream without being

hydrolyzed in the stomach and/or upper gastrointestinal tract;

(II) a small amount of chlorogenic acid (about 7%) is absorbed

throughout the small intestine, including hydrolysis to caffeic

and quinic acid; (III) colonic microbiota-mediated metabolism

of chlorogenic acid and absorption of metabolites; and (IV)

intact chlorogenic acid and its metabolites are absorbed and/or

metabolized in the liver (7, 154). Experiments in rat models

have shown that chlorogenic acid is rarely hydrolyzed in the

stomach and has no significant bioavailability before reaching

the colon (155). Most chlorogenic acids are transferred to

the large intestine and become small molecules with higher

biological activities through the decomposition and metabolism

by intestinal flora.

Interactions between chlorogenic acid
and gut microbiota

Chlorogenic acid is formed from the esterification of

caffeic acid and quinic acid and is often referred to as a

“non-polysaccharide” based prebiotic. Only a small fraction of

ingested chlorogenic acid is absorbed by the small intestine,

while the majority is metabolized in the large intestine where it is

extensively degraded by the gut microbiota. The gut microbiota

can break down chlorogenic acid into a series of low-molecular-

weight aromatic acid metabolites, including metacoumaric acid

and derivatives of phenylpropionic acid and benzoic acid, which

may be the main molecules responsible for its biological activity.

For example, benzoic acidmay support gut health bymodulating

gut microboita (156–158).

Metabolism of chlorogenic acid by gut
microbiota

The colon’s resident microflora could quickly hydrolyze

chlorogenic acid, and the resultant products could be further

metabolized by the hosts’ enzymes to produce additional

metabolites that are then released to the circulating systems.

When espresso coffee was cultivated with human stool samples

for 6 h, it was discovered that the colonic microbiota swiftly

decomposed all of the coffee chlorogenic acids, resulting in a

total of 11 catabolites (155).

Tomas-Barberan et al. conducted resting cell studies

on nine different colonic populations to investigate the

biotransformation of caffeoylquinic acid by diverse human

colonic microbiota. Before hydrolyzing their ester linkages,

different bacterial communities can hydrogenate, dehydroxylate,

or eliminate the quinic acid moiety. All conversion pathways

focus on 3-(3-hydroxyphenyl)-propionic acid (HPPA), which

is the final metabolite in most samples. The transformation

rate of caffeoylquinic acid was increased under the action of

Bifidobacterium animalis subsp. lactis (159).

It has also been reported that nearly 30% of ingested 5-CQA

is hydrolyzed to caffeic acid and quinic acid in the rat cecum (7).

These findings are in line with the in vitro evidence that human

fecal bacteria at least partially hydrolyze 5-CQA.

Modulation of gut microbiota by
chlorogenic acid

Chlorogenic acid may regulate the relative abundances

of some essential microbial species (e.g., Burkholderiales,

Desulfovibrio, Klebsiella, Desulfovibrionales, and

Bifidobacterium, among others), which consequently benefit the

host (155).

An in vitro study showed that chlorogenic acid significantly

increased the abundance of beneficial bacteria such as the

Bifidobacterium spp and the Clostridium coccoides-Eubacterium

rectale group (153). Chen et al. discovered that chlorogenic

acid treatment greatly enhanced the abundance of the phylum

Firmicutes, adding to our knowledge of the favorable effects of

dietary chlorogenic acid on improving nutrient bioavailability

(158). Meanwhile, dietary chlorogenic acid supplementation

reduced Bacteroides abundance in ileal samples from weaned

pigs, while Bacteroides are gram-negative obligate anaerobic

bacteria that have deleterious effects on the gut (156). Another
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study conducted by Ludwig et al. showed that the abundance

of bacteria from the phylum Proteobacteria in the cecal samples

of the chlorogenic acid group was significantly lowered. This is

important because most bacteria in the Proteobacteria phylum

have been shown to cause long-term intestinal inflammation and

injury in both neonates and adults (160).

Chlorogenic acid, microbiome
composition, and related health benefits

Chlorogenic acid, as well as its metabolites caffeic acid and

ferulic acid, are potent antioxidants. One study by Ding et al.

demonstrated that chlorogenic acid could efficiently ameliorate

cadmium-induced kidney and liver damage. Oral chlorogenic

acid supplementation significantly enhanced the abundance

of Rikenella and other anti-inflammatory bacteria, lowering

cadmium poisoning symptoms (161). Ye et al. investigated

the role of gut microbiota in the protection of obesity and

metabolic endotoxemia by supplementing C57BL/6 mice with

chlorogenic acid. As a result, chlorogenic acid altered the gut

microbiota’s composition by increasing the abundance of SCFA-

producing bacteria (e.g., Dubosiella, Romboutsia,Mucispirillum,

and Faecalibaculum) and Akkermansia, which was correlated

with enhanced intestinal barrier. Furthermore, animals with a

microbiota that was modified by chlorogenic acid had reduced

body weight and fat content, as well as developed less metabolic

endotoxemia (162).

Another study by Wang et al. found that administering

chlorogenic acid for 6 weeks reduced body weight, improved

plasma lipids linked with high fat diet-induced obesity, and

modulated lipogenesis and adipogenesis gene expressions

in the epididymal white adipose tissue (163). Furthermore,

chlorogenic acid treatment significantly decreasedDesulfovibrio,

Erysipelas, Lachnospira, and Ruminococcus, as well as increased

Bacteroidetes and Lactobacilli, which was associted with a

decreased obesity severity. Shi et al. aimed to investigate the

effect of chlorogenic acid on high fat diet-induced mouse

model of non-alcoholic fatty liver disease (164), and reported

that chlorogenic acid could reduce high fat diet-induced

hepatic steatosis and inflammation, lower serum transaminases,

and improve insulin sensitivity. Simultaneously, chlorogenic

acid increased the Bifidobacteria content while decreased the

Escherichia coli content in feces. These findings suggest that

chlorogenic acid, through its capacity for modulating gut

microbiota, may protect against high fat diet-induced hepatic

steatosis and inflammation.

Bhandarkar et al. hypothesized that chlorogenic acid could

improve cardiovascular, hepatic, and metabolic responses in a

high carbohydrate, high fat diet-induced rat model of metabolic

syndrome. Energy intake and food absorption efficiency

were reduced in rats with chlorogenic acid supplementation,

resulting in a reduction in visceral fat. With these, chlorogenic

acid may improve the overall metabolism by regulating the

diversity and profile of gut microbiota. Thus, long-term dietary

chlorogenic acid reduces diet-induced inflammation as well

as cardiovascular, hepatic, and metabolic changes, indicating

the potential for further clinical studies of chlorogenic acid

(165). However, there is a lack of well-designed clinical

trials that validated the efficacy of chloric acid in improving

metabolic health.

Current research and limitation

Phytonutrients modulate the gut microbiota through

multiple mechanisms. These pathways may act independently or

in crosstalk (Figure 8, Supplementary Table 1). Taken together,

the mechanisms by which phytonutrients interact with gut

microbiota and in turn affect human health include (I) direct

or indirect regulation on the composition of the gut microbiota,

which has an impact on the brain-gut-microbiota axis and other

processes, (II) metabolism by gut microbiota, which enhances

bioavailability and bioactivity of the phytonutrients, and (III)

synergistic activities of different types of phytonutrients.

By reviewing the roles and mechanisms of the representative

phytonutrients above, we conclude that the interactions between

phytonutrients and gut microbiota may confer multiple benefits

to human health (Table 1). However, various factors continue

to obstruct phytonutrient function, including phytonutrient

bioavailability, the composition of the gut microbiota, and the

processes through which the gut microbiota influences the

human body.

The physiochemical parameters that affect bioavailability of

phytonutrients include the chemical class, polarity, molecular

weight, structure of the phytonutrients, the activity of

gastrointestinal enzyme, and the enterocyte absorption

(177). Administering phytonutrients by modifying them into

appropriate dosage forms would be a strategy to improve the

efficiency of phytonutrient metabolism and absorption. Chen

et al. proposed the use of novel nano-formulation techniques

to target delivery of these phytonutrients. The cumulative

transport and bioavailability of nano-EGCG was about twice of

free EGCG, and the dose advantage of nano-EGCG to induce

apoptosis in prostate cancer cells was more than ten times (178).

In addition, the bioavailability of most phytonutrients

depends on the microbes in the gut. By regulating the

abundance and quantity of gut microbiota, the bioavailability of

phytonutrients can be effectively improved. For example, when

mice were fed with a diet rich in pectin-rutin, bacterial

abundances in Bacteroidetes, Clostridium, Eubacteria,

Enterobacteriaceae, Lactobacillus, and Streptococcus were

significantly increased, and plasma quercetin level was also

increased (179). Meanwhile, dietary phytonutrients were

metabolized by gut microbiota to form beneficial short-chain
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FIGURE 8

Summary of mechanisms associated with phytochemicals modulating gut microbiota. Created with BioRender.com.

fatty acids, which might differentially affect phytochemical

bioavailability by modulating gut microbiota.

Furthermore, while earlier research has explored the impact

of phytonutrients on gut microbial composition, little is known

about the synergic effects of intestinal epithelial integrity and

microbiota in regulating the bioavailability and bioactivity of

phytonutrients. Additionally, most research focused on fecal

samples, which may not accurately reflect the entire small

intestinal or cecal microbiome. In order to better depict the

dynamic changes of the gut microbiota and the intestine, an

appropriate animal model can be established for research. For

instance, Sun et al. investigated the interaction of curcumin

with gut microbiota in APP/PS1 double transgenic mice for

the treatment of Alzheimer’s disease. The findings suggested

that curcumin could affect the diversity of the gut microbiota,

and a range of metabolites were bio-transformed by the gut

microbiota, which would provide insights into the treatment

of Alzheimer’s disease (108). By addressing these questions, we

will have a clear understanding of the relationship between

phytonutrients and gut microbiota, as well as the mechanism by

which gut microbiota acts on human body, which will guide the

use of phytonutrients in the future.

Conclusion and prospects

Phytonutrients, as a class of nutritional supplements that

can be obtained from the daily diet, enter the body through

oral absorption, produce biologically active substances during

metabolism in the body, and regulate the abundance and

composition of intestinal flora. In this review, we focus on

phytonutrients, including catechins, curcumin, anthocyanins,

quercetin, and chlorogenic acid, to discuss their sources,

bioavailability, interaction with gut microbiota, and their
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TABLE 1 E�ect of phytonutrients on gut microbiota modulation and their major e�ects on human health.

Phytonutrient Source Type of study Change to microbiome Outcome of benefit References

Catechins Tea, cacaos, apples,

berries, grapes

Fermentation in vitro, in vivo

animal study

(+) Bifidobacteria

(–) Bacteroides

Prevotella,

Clostridium

histolyticum

Eubacterium-Clostridium

Alleviate inflammation, resist microbial

invasion, regulate immunity, protect the

nervous system, protect circulatory

system and cardiac tissues

(70, 166)

EGCG Green tea In vitro assay in bacterial

medium, in vivo animal and

human study

(+) Bacteroides,

Christensenellaceae,

Bifidobacterium

(–) Firmicutes, Bacteroidetes

Prevent GMD, suppress obesity,

modulates gut microbiota, alleviate

low-grade inflammation

(167–169)

Polyphenol Green tea In vivo animal study and

human study

(+) Firmicutes and Bacteroidetes Reduce weight, promote energy

conversion, reduce the levels of glucose,

triglycerides and total cholesterol

(170, 171)

Curcumin Turmeric Pilot study in humans (–) Clostridium

Bacteroides

Citrobacter

Cronobacter

Enterobacter

Enterococcus

Klebsiella

Resistance to inflammation,

neurotrophic effects, restore normal gut

microbial diversity

(93)

Anthocyanins Cranberry, grape In vitro (batchculture

fermentation)

(–) Bacteroides, Prevotella, Blautia,

Lactobacillus,

Bifidobacterium,

Enterobacteriaceae,

Ruminococcus

Control blood sugar, reduce insulin

resistance, reduce inflammation

(172)

Quercetin Green tea, lettuce,

cranberry, apple, onion,

In vivo animal and human

study

(–) Firmicutes, Erysipelotrichia and

Bacillus genus, Bacillus,

Eubacterium cylindroides,

Erysipelotrichaceae

Reduce inflammation, reduce insulin

resistance

(173, 174)

Quercetin Onions, tea, lettuce,

broccoli, apples

In vitro (human feces) (–) Escherichia coli, Streptococcus,

lutetiensis,

Enterococcus gilvus, Clostridium

perfringens, Bacteroides fragilis,

Lactobacillus acidophilus

Converted to beneficial metabolites by

C. perfringens and B. fragilis

(142)

Chlorogenic acid Ertain fruits, vegetables In vivo animal model (+) Bifidobacterium, Dubosiella,

Romboutsia, Mucispirillum,

Faecalibaculum, Akkermansia

(–) Escherichia coli

Reduce oxidative stress, reduce

inflammation, reduce acute lung injury,

protect cardiovascular

(162, 164)

Coffee and Caffeic

acid

Green and roasted coffee

beans, or red wine

In vivo animal and human

study

(+) Bifidobacterium spp. Prevention of colon cancer metastasis,

inhibit tumor cell transformation

(175, 176)

impacts on human health. Although the recent two decades

witnessed an increasing interest in the studies of phytonutrients

and microbiota, the research on the interaction between

phytonutrients and gut microbiota is still in its infancy. In the

foreseeable future, phytonutrients may be applied to pregnant

women to maintain gut health, promote neurodevelopment,

and benefit overall wellness of the infant. At the same time,

the application of phytonutrients in the formation of intestinal

flora in children can help mitigate adverse conditions such as

inflammation in body, thereby enabling health promotion at the

adolescent stage. In addition, phytonutrients may be used to

improve sub-health status in adults, and daily supplementation

of corresponding phytonutrients may have preventive and

therapeutic effects. Although phytonutrients have shown various

beneficial effects, more studies are warranted to explore how

gut microbiota may enhance these bioactivities, as well as the
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interaction between phytonutrients and gutmicrobiota. It would

also be intriguing to explore unbeknown potential beneficial

effects of phytonutrients and their microbial metabolites in the

prevention and/or mitigation of diseases.
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Xylo-oligosaccharide (XOS) is a class of functional oligosaccharides that

have been demonstrated with prebiotic activity over several decades. XOS

has several advantages relative to other oligosaccharide molecules, such as

promoting root development as a plant regulator, a sugar supplement for

people, and prebiotics to promote intestinal motility utilization health. Now,

the preparation and extraction process of XOS is gradually mature, which

can maximize the extraction and avoid waste. To fully understand the recent

preparation and application of XOS in different areas, we summarized the

various technologies for obtaining XOS (including acid hydrolysis, enzymatic

hydrolysis, hydrothermal pretreatment, and alkaline extraction) and current

applications of XOS, including in animal feed, human food additives, and

medicine. It is hoped that this review will serve as an entry point for those

looking into the prebiotic field of research, and perhaps begin to dedicate

their work toward this exciting classification of bio-based molecules.

KEYWORDS

xylo-oligosaccharide, prebiotics, bio-application, extraction, isolation

Introduction

Xylo-oligosaccharide (XOS) is a type of oligosaccharide that is demonstrated to
provide benefits to intestinal motility, another phrase for prebiotics (1). Chemically,
XOS is the xylose-based oligosaccharides comprising 2–10 D-xylose residues linked
via β-1,4-glycosidic bonds (as shown in Figure 1). When XOS is ingested, it can
travel directly to the large intestine, where it is selectively utilized by bifidobacteria
Lactobacillus acidophilus and Lactobacillus casei for their proliferation (2, 3). Hence,
XOS ultimately provides the effect of inhibiting the growth of other harmful bacteria
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FIGURE 1

The schematic structure of xylose and xylo-oligosaccharides.

within the intestine due to targeted growth of those which
are beneficial (4). It has been reported that XOS is the
most efficient among the oligosaccharide peers (such as
galacto-oligosaccharides, lactulose, inulin, and fructose-
oligosaccharides) in promoting bifidobacterium proliferation
(5). As a reflection of the increasing interest in XOS (Figure 2A),
studies on XOS as prebiotics have increased year by year in the
past 20 years. This is due to widespread demonstration, both
in vivo and in vitro, of the health benefits provided through
human consumption of XOS. As can be seen, the keywords
co-occurrence mapping of XOS, XOS technology, and XOS
application in Figure 2B, XOS are being studied including raw
materials, production, and application. This picture vividly
conveys the connectivity, diversity, and importance of research
fields.

Currently, XOS can be obtained through two pathways:
(a) using glycosidase and glycosyltransferase enzymes to
glycosylate and resynthesize the monosaccharides to prepare
XOS (6); and (b) using the chemical, physical, or biodegradation
of polysaccharides technologies to prepare XOS from biomass
(7). Compared to the first technology, the second technology
is a practical pathway to produce XOS, which can directly
depolymerize the xylan in biomass via hydrothermal, steam
explosion, acidic, or alkali pretreatments (8–10). These
approaches can render an aqueous stream that contains varying
contents of XOS, which is dependent upon the hemicellulose
composition of the starting materials, as well as the severity of
pretreatment. There are also reports that sulfite, ionic liquid,
and organic solvent pretreatments provide similar effects for
different biomass to produce XOS (11). As expected, xylan-rich
biomass is the ideal candidate, including straw, cottonseed shell,
bagasse, and corn husks (12–14). The industrial manufacture
of XOS is currently produced from corn cobs due to their high
amount of hemicellulose content (∼30%) (8, 15). In addition,
new technology was also proposed to prepare XOS from corn

cobs. For example, Hao et al. (15) proposed delignification
with hydrogen peroxide-acetic acid followed by two-step
enzymatic hydrolysis to prepare XOS and monosaccharides.
The results showed that the xylo-oligosaccharide yield of corn
cob treated by HPAA containing 50 mM H2SO4 was 79.1%.
The hemicellulose in this natural plant is mainly composed of
xylan, so the hemicellulose content directly determines the yield
of XOS (16).

Research for the utilization of XOS can be dated back
to1960s (17). At present, the development of the oligosaccharide
industry worldwide is very active, which has been formed with a
multi-disciplinary research focus. With the rapid development
of technology, preparation processes and areas of application
for XOS continue to develop and evolve. In light of the
rapid pace of development, recent and relevant works on XOS
production technology (including acid hydrolysis, enzymatic
hydrolysis, hydrothermal pretreatment, and alkaline extraction)
and application (e.g., animal feed, food additives, and medicine)
are introduced, discussed, and contextualized within this review
work. We hope that this review will serve as a resource for
current researchers and new entrants alike in developing their
areas of research and fields of expertise.

Technology for the preparation of
xylo-oligosaccharide

Because hemicellulosic xylan is present in the cell wall of
plant cells, it interacts with lignin in its natural state through
covalent and physical bonds (18). As shown in Figure 3, the
cellulose and hemicellulose in the cell wall of lignocellulosic
biomass before pretreatment is wound around lignin, which
is linked to form the lignin-carbohydrate complexes (19–
21). Due to the complex structure of biomass, the xylan as
polysaccharides in cell wall cannot be directly hydrolyzed by
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FIGURE 2

The number of published studies for xylooligosaccharides in different years (A); keywords co-occurrence mapping of XOS, XOS technology,
and XOS application (B).
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FIGURE 3

The structure of xylan in the cell wall of biomass.

the enzyme into XOS. Hence, pretreatment for biomass or
extraction of xylan from biomass can be used to produce
XOS. For pretreatment, it can depolymerize and degrade the
original hemicellulose to render constituent monomer sugars,
oligosaccharides, and other byproducts (22, 23). Generally,
the amount and structure of oligosaccharides depend on the
biomass itself, the pretreatment method, and the severity of
the treatment process (24). It is well-known that the existed
lignin and cellulose in the cell wall can prevent the interaction
between xylan and xylanase, thus reducing the formation
rate and yield (25). Therefore, before enzymatic hydrolysis,
the raw material must be effectively pretreated to extract
xylan, and then XOS can be obtained by enzymatic hydrolysis
with xylanase (26, 27). In addition, XOS can be produced
by chemical degradation or pretreatment of hemicellulose
in lignocellulosic materials. Now, XOS is mainly prepared
by polysaccharide decomposition methods, including auto-
hydrolysis, acid hydrolysis, enzyme hydrolysis, and alkali
extraction (28–31). For example, XOS extracted from rice straw
has been prepared by hydrothermal method and purified by gel
filtration (GFC). GFC is a highly efficient purification method
for the recovery of interesting XOS species and has potential
applications in the pharmaceutical, food, and feed industries
(32). Wheat straw was treated by hydrothermal pretreatment,
alkali treatment, enzyme treatment, and their combination,
which overcame the resistance structure of wheat straw and
allowed selective separation into fermentable sugar and XOS
(33–35). To better understand these methods, the advantages
and disadvantages of these technologies were reviewed for
acid hydrolysis, enzymatic hydrolysis, hydrothermal, and alkali
extraction to produce XOS, which has been briefly introduced in
Table 1 (9, 17, 19).

Acid hydrolysis of biomass for
xylo-oligosaccharide production

Xylose can be prepared by partial hydrolysis of xylan with
dilute acid of hydrochloric acid and sulfuric acid (36). However,
this method is not often suitable for the production of XOS

TABLE 1 Comparison of different methods to prepare XOS.

Materials
and
methods

Advantages Disadvantages

Acid hydrolysis 1. Reduce the production of
inhibitors
2. Simple process

1. Difficult to control the
speed
2. High-cost input
3. High equipment
requirements

Enzyme
hydrolysis

1. Low production cost
2. Fewer byproducts

1. Substrate specificity
2. High price

Hydrothermal
pretreatment

1. Simple process
2. Reduce equipment
corrosion

1. Difficult to separate and
purify
2. Low conversion of raw
materials

Alkali treatment 1. Significantly improve yield
2. Good separation effect
3. Adapt to the lower
temperature

1. Seriously polluted
2. High toxicity

due to the strong acidity of the acid catalysts. High levels of
severity using these acids can lead to degradation of all XOS
into xylose and further degradation of xylose into furfural (37,
38). Furthermore, the use of strong acids is accompanied by
expensive metallurgy requirements and corrosion inhibition
regimens, adding cost to the overall process. A safer approach
is for the production of XOS making use of weak and/or
organic acids, such as acetic acid, butyric acid, furoic acid,
and gluconic acid.

One example of a suitable acid catalyst is acetic acid.
During acetic acid-catalyzed pretreatment of biomass, XOS
of varying degrees of polymerization (“DP”) are found in
the liquid phase among a minor quantity of xylose and
furfural (10, 39). The exact profiles of the liquid solution
are depended on the biomass itself and the severity of
acetic acid pretreatment. Lower severities tend to favor the
production of higher DP XOS, minimal xylose, and extremely
minor quantities of furfural. Higher severities can still shift
it in the opposite direction, even if using acetic acid in
place of stronger inorganic acids. Relevant work in this
subject area found that an acetic acid-based process could
render XOS yields of 45.9% based on raw xylan (40). In
a different work, XOS with a polymerization degree of 2–
6 was prepared from poplar sawdust under the catalysis of
acetic acid. The optimum reaction conditions were 170◦C and
6.5% acetic acid concentration, with a pretreatment duration
of 25 min. Under these conditions, the yield of xylan XOS
was 36.0% (41). Due to the low purity and high color value
of xylo-oligosaccharides obtained from corn straw, the acid
precipitation method was used to optimize and the elution
concentration of ethanol was investigated. Furthermore, XOS
purity was shown to increase from 67.3 to 87.3% when the
acid precipitation pH was 2 using acetic acid. Based on acid
precipitation, the highest purity of XOS was 97.87% under
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the adsorption and elution conditions (42). Although acetic
acid hydrolysis as a green technology can produce high value-
added xylo-oligosaccharides from lignocellulose, about 30%
of the inert xylan is still retained (43). Hence, a cascade
heating process strategy can be developed for the preparation of
xylo-oligosaccharides by continuous two-step acidolysis using
recyclable acetic acid as a catalyst. Under the conditions
of 140◦C and 190◦C, the yield of xylo-oligosaccharide was
63.41 and 61.44%, which were increased by 52.03 and 76.55%
compared with a one-step method. In addition, the two-
step cascade heating acidolysis technology can maximize the
utilization of hemicellulose and cellulose components and fully
realize the value-added utilization of lignocellulosic biomass
(44). It is also a good method to add soft acid catalysts
during acid pretreatment to prepare XOS, such as furoic acid
and gluconic acid, which can achieve an XOS yield of 45.6%
from sugarcane bagasse and an XOS yield of 56.2% from
corncob (45, 46).

Enzymatic hydrolysis for the
production of
xylo-oligosaccharide

Generally, many bacteria in nature can produce xylanase,
which can be the medium to degrade any solid xylan into XOS
(47). This method is generally used in industry. Hence, this
section will review the recent work of XOS from biomass by
enzymatic hydrolysis. As shown in Figure 4, there is a synergistic
effect between different xylanases, and the synergistic ability of
the enzyme is partly due to the increased stability of the enzyme
when it is bonded to the substrates (48).

The enzymatic hydrolysis of hemicellulose with
endonuclease-xylanase has fewer byproducts, which is beneficial
to the isolation and purification of XOS. The work of Tuncer
and Ball (49) used endo-xylanase, β-xylosidase, and α-L
arabinofuranosidase to study the degradation of crude xylan

FIGURE 4

Enzyme synergy for preparing XOS is highly substrate-dependent.
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The effect of xylanase coupled with other enzymes for hemicellulose to produce XOS.
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of oats by xylanase. It was found that the main oligosaccharide
products of oat xylan treated by endo-xylanase alone were
identified as xylobiose and Xylo-pentose, and the content of
xylo-tetrasaccharide was low (50, 51). Xylobiose and pentose
are the main products released by endo-xylanase alone (52).
The authors found that α-L arabinofuranosidase was also able
to release arabinose and xylose from oat xylan (53). Guido
et al. (54) studied enzymatic hydrolysis of beech xylan using
xylanase without β-xylosidase. They found that about 90%
(w/v) of XOS (9.18 mg/mL) could be obtained after enzymatic
hydrolysis for 24 h. The obtained XOS contained 66.46% of
xylose disaccharide (DP = 2), 25.10% of xylose triose (DP = 3),
and a few of xylose (4.97%) (49). In addition, de Freitas et al.
(55) investigated the detailed condition (xylanase load, substrate
mass load, and reaction time) of enzymatic hydrolysis to
prepare XOS from Aspergillus Versicolor. They found that the
highest XOS yield with 60% could be achieved when the enzyme
loading was 30 IU/g (54). Generally, xylan is the branched
polymer with β-1,4-xylose as the main backbone and with
side chains of an acetyl group, ferulic acid, uronic acid, and
araban (55). To improve the degradation efficiency and purity,
the supplemental enzymes of α-D-glucuronidases, acetylxylan
esterases, α-L-arabinofuranosidases, ferulic acid esterases, or
p-coumaric acid esterases should be coupled with xylanase to
degrade the side chains groups during enzymatic hydrolysis
process (as shown in Figure 5).

Generally, the mechanism of enzymatic hydrolysis for XOS
preparation from biomass-derived is relatively clear and the
yield is relatively high with specificity. Therefore, more work
should be carried out to investigate how to recycle the enzyme
after enzymatic hydrolysis for reuse. As the used enzyme in
the enzymatic hydrolysis system still possesses a portion of
catalytic ability, it can be further used for the new substance
(xylan) to produce XOS.

Hydrothermal pretreatments for
the production of
xylo-oligosaccharide

Hydrothermal pretreatment, also known as autohydrolysis,
is a green pretreatment process whose degradation mechanism
is based exclusively on the actions of hot water and
pressure upon biomass (55, 56). Through liberation of acetic
acid from acetate groups in the structure of hemicellulose
during hydrothermal pretreatment, the soft acid catalyst is
only produced in situ, allowing for reduced chemical cost.
Generally, this method is only truly applicable to biomass
with hemicellulose that bears a sufficient molar quantity of
acetate groups. Therefore, this process requires optimization
conditions for each biomass to be used. The chemical
degradation mechanism of biomass is greatly similar to the

use of soft organic acids, whereby hemicellulose is most
significantly degraded into XOS, xylose, and furfural (as well
as the all-important acetic acid). Hydrothermal pretreatment
mainly removes hemicellulose and a small amount of lignin
by degrading its sub-structures (mainly β-O-4 linkage) (57,
58). Hydrothermal pretreatment methods include liquid hot
water pretreatment (auto-hydrolysis or water extraction), steam
explosion pretreatment, and microwave-assisted hydrothermal
pretreatment (9). The mechanism and advantages of these
technologies have been briefly introduced in Table 2 (9).

Mushroom culture waste liquor (WM) is rich in nutrients
and hemicellulose. To improve the yield of XOS from this
substrate, a suitable combination of washing and grinding
pretreatment was studied, followed by intermittent and
continuous flow reactors for hydrothermal treatment. The
results showed that 2.3 kg of purified XOS could be produced
from 30 kg of wet WM (15% dry base yield). Based on
xylan mass, the theoretical yield of XOS can reach 48%
(59). In another work, xylo-oligosaccharides were obtained by
hydrothermal pretreatment for Eucalyptus by-product (EB) at
reaction conditions of 161◦C, 65 min, and a concentration
of 10%. The study found that 12.4 tons of XOS could be
produced from 200 tons of EB by hydrothermal pretreatment
(60). In the work of Jang et al. (61), they prepare XOS from
hemicellulose isolated from Eucalyptus pellita by liquid hot
water treatment under the conditions varied based on calculated
usage of combined severity factors (CSF). It is found that under
the condition of CSF1.0, the maximum XOS conversion rate of
67.2% was achieved at 170◦C for 50 min (62).

Generally, the obtained XOS from biomass by hydrothermal
pretreatment possess fractions with higher DP (over 6).
It is well-known that XOS with DP of 2–3 is the more
effective prebiotic to induce intestinal bacteria (61). Hence,
a combination of hydrothermal pretreatment and enzymatic
hydrolysis has been proposed for biomass to produce the
XOS with the content of higher-value fractions of X2-X3. For
example, Fang et al. (63) used a green biorefinery process based
on hot water pretreatment and enzymatic hydrolysis to achieve
efficient co-production of XOS and glucose from birch sawdust.
It is found that the maximum yield of XOS was 46.1% by
these combined technologies (64). In addition, Su et al. (65)
studied the production process of poplar XOS by combining
hydrothermal pretreatment with post-hydrolysis by xylanase
endo-nuclide. They found that the structural characteristics
of low DP xylan indicate that XOS yield can be effectively
increased by enzymatic hydrolysis with xylanase upon the liquid
hydrolysate. The yield of XOS and the proportion of xylo-
disaccharide (X2) to xylotriose (X3) increased from 35.4 and
46.9% to 44.6 and 78.7%, respectively (63).

Overall, the advantages of this method are a fast reaction
rate, no chemical reagent, and less pollution to the environment.
The mild pH conditions in hydrothermal pretreatment lead
to fewer corrosion problems, avoiding the steps of waste
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TABLE 2 Introduction of hydrothermal pretreatment methods.

Methods Theory Advantages

Steam explosion The heat of the steam and the shear forces generated by decompression decompose
the lignocellulose structure

1. Rapidly heating biomass
2. Remove hemicellulose evenly

liquid hot water At high temperatures, the H3O + generated by water will promote the cleavage of
acetyl groups in hemicelluloses to form acetic acid

1. Higher quantity
2. Lower concentrations of the dissolved products

Microwave-assisted
hydrothermal
pretreatment

Microwave heating uses electromagnetic waves in the range of 300–300 GHz to
directly coupled with dipoles in the heated material, and the energy is evenly
dissipated in the entire material.

1. Reducing the generation of by-products
2. Rapid and uniform heating
3. High extraction efficiency

management and acid recovery, and the degradation of
polysaccharides, which provides good selectivity and the
operation process is simple (65). The disadvantages are
heat resistance and pressure resistance, lignin and a large
number of monosaccharide residues, cumbersome separation
and purification process, and low raw material utilization rate
and conversion rate.

Alkaline extraction

Alkaline extraction of lignocellulose principle is to destroy
cell wall and reduces the crystallinity of cellulose by degrading
hemicellulose and lignin enough so that some of their fragments
are rendered alkali-soluble. This leaves a cellulose fraction with
higher purity that can more easily be processed (66). Under
alkali pretreatment, hemicellulose and lignin polymers can be
effectively co-extracted. The extracted xylan can be further
hydrolyzed by the enzyme that produces XOS. Even though
some lignin fractions may still exist in the produced XOS, it
is not necessary to remove lignin from the products when it is
used as the additive in animal feed. It has been reported that
lignin possesses a good antioxidant ability, which is a benefit for
the health of the animal by scavenging reactive oxygen species
(67–70).

For example, Samanta et al. (71) used corn cob to evaluate
the extraction efficiency of xylan using sodium hydroxide
and comparing it with potassium hydroxide. Results show
that sodium hydroxide is better than potassium hydroxide in
ensuring the recovery of xylan. The dry weight yield of xylan
was 32.4% of original hemicellulose after being treated with
12% NaOH and steam. In addition, alkali-extracted xylan does
not contain glucose or reduce sugar (72). The obtained xylan
can be used as stock to produce XOS by enzymatic hydrolysis.
In addition, alkali extraction can also be used in lignin-free
materials to produce XOS. It is reported that XOS could be
prepared from bleached kraft pulp from Eucalyptus globulus.
Under the condition of 100◦C, the maximum conversion rate of
xylan to XOS in 30 min is 30.2% (71). However, Samanta et al.
(73) extracted XOS from pigeon pea stems by sodium hydroxide
(12%) plus steam which resulted in the recovery of XOS by up
to 96%, which contained XOS, xylo-disaccharide, and xylotriose

(74). Overall, alkali extraction has the advantages of a good
separation effect and higher yield, but it will cause pollution and
high toxicity to the environment.

Application of
xylo-oligosaccharide in different
fields

Xylo-oligosaccharide is an important prebiotic, which can
selectively stimulate the growth and activity of one or several
bacteria to produce beneficial effects on the host, thereby
improving the health of the host (73). Now, XOS is a new
type of non-digestive oligosaccharides (NDOs) widely used as a
functional food ingredient or supplement in Japan and China.
In Japan, XOS is approved as a food ingredient under the
Designation of Food for Designated Health Use (FOSHU) (75).
According to the study conducted by Grand View Research Inc.,
the global prebiotics market was 581.0 kilotons in 2013 and is
expected to reach 1,084 kilotons by 2020, growing at a CAGR
of 9.3% from 2014 to 2020, and the global prebiotics market is
expected to reach USD 5.75 billion by 2020. The Asia-Pacific
region is expected to be the fastest-growing market by volume,
growing at a CAGR of 9.6% from 2014 to 2020 (4). The increased
market for XOS is due to its wide application in different fields.
Hence, the application of XOS as prebiotics in the fields of
animal feed, human food additives, and medicine was reviewed
in this section.

Application of
xylo-oligosaccharide as animal
feed

Xylo-oligosaccharide as a feed additive can enhance animal
immunity, improve animal production performance, and has
the characteristics of low dosage, no pollution, and no residue.
Hence, XOS as the feed additive has a broad application prospect
for animals (76). Many experimental results show that XOS
can improve the nutrient absorption rate and feed conversion
rate of animals. Added benefits include improvements to the
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balance of intestinal flora, enhanced immunity, as well as other
functions that has also been found for XOS as animal feed
(77–79). XOS alone or mixed with inulin has an obvious
prebiotic effect. This was demonstrated by changes in the
composition of the colon flora and its metabolic activity in
animals. For example, Samanta et al. (80) studied the effects
of XOS on blood biochemical characteristics of broilers. They
found that the addition of 0.5% corn husk-derived XOS to
broiler diets caused blood biochemical changes (81). Ding
et al. (82) found that the addition of XOS in the diet of
laying hens showed benefits for its intestinal health, which
could enhance the number of bifidobacterium and cecal butyric
acid content in the cecum of laying hens (80). In the work
of Wang et al. (83), they reported that the supplementation
of XOS (100 mg/kg) for chicks could increase the villus
height (VH) of all intestine segments, jejunal goblet cell
numbers, and the mRNA expression of zonula occludens-
1 and occludin of the jejunum (82). In addition, dietary
XOS supplementation can overall be described as improving
cecal microflora composition and blood biochemical indices of
broilers. These results further illustrate the regulatory effect of
prebiotics XOS on the intestinal microflora of broilers (81). It is
found that prebiotic fibers reduced pro-inflammatory responses,
reduced lipopolysaccharide (LPS) translocation, and improved
the secretion of IgA (S-IgA) into the lumen. In addition,
xylanase has also been added to poultry and pig feeds to counter
the anti-nutritional effects of non-starch polysaccharides (NSP)
in normal feeds, which can provide an opportunity to improve
the energy contribution of fiber and produce XOS in distal
intestinal fermentation (83).

Application of
xylo-oligosaccharide as human
food additives

With the development of XOS research, it was found that
XOS had good characteristics, such as biological effects, and the
low daily intake supplement in the food industry (25). XOS can
stimulate the growth of intestinal bifidobacteria when it was
added to infant milk powder, juices, yogurts, and carbonated
drinks (4, 84). It can have a synergistic effect on the whole
intestine and promote the maturation of the intestinal barrier
of the human body (85). High purity XOS products contain at
least 70–95% fraction, which is the general purity requirement
for XOS used in the food industry (86). Beyond the benefits
listed above, XOS has also been shown to inhibit the growth
of intestinal saprophytes, accelerate intestinal peristalsis, and
promote the rapid discharge of carcinogenic substances. In
addition, healthy volunteers ate a balanced diet rich in XOS,
which has shown that it possesses anti-inflammatory potential
activity (87). For example, it was found that XOS induced

the production of pro-inflammatory cytokines TNF-α, IL-1 β,
IL-6, and NO in unstimulated macrophages and inhibited their
production in a dose-dependent manner in lipopolysaccharide
(LPS) stimulated macrophages (88). These effects may explain
the immunomodulatory activity of XOS, which could enhance
innate immunity and prevent cardiovascular and chronic
inflammatory diseases among their other benefits (89). Yang
et al. (90) combined transcriptome and metabolic analysis of
XOS utilization and metabolism in adolescent Bifidobacterium
adolescentis 15703. Compared with xylose, XOS significantly
promoted the growth and fermentation performance of
B. adolescentis 15703 (91).

Except for the prebiotic property of XOS, it can also
improve the flavor, physical properties, and shelf life of
food. Compared with XOS, XOS is 0.25 times sweeter than
the 5% sucrose solution. When the sweetness concentration
is 5% sucrose, XOS has a sour and corn silk taste (90).
This low sweetness characteristic has been used in food
formulations to replace sucrose. In addition, the low caloric
density makes oligosaccharides to be used as expansion agents
in food formulations. Because of their high moisturizing
ability, they are used as humectants without increasing water
activity in XOS-rich yogurts to see if they had nutritional
properties and acceptable sensory properties (92–94). The
physicochemical and sensory properties of XOS-concentrated
yogurt at different storage times were measured. Maintaining
the sensory properties of all experimental yogurts, the results
indicated that the yogurts are supplemented with 3.5% XOS
successful treatment in terms of overall acceptability, allowing
the use of XOS to enhance the health benefits associated with
these non-digestible oligosaccharides (NDO). When XOS was
added to cookies, baking characteristics such as caramel flavor,
darker color, crispness, and better sweetness are increased and
the overall taste strength of cookies (95). It is found that
the addition of 5–10% XOS in the cookies could enrich it
in highly acceptable terms of physicochemical properties of
diameter, height, and slightly darker color than the control
(96, 97).

Application of
xylo-oligosaccharide as medicine

Xylo-oligosaccharide has the function of proliferating
beneficial bacteria and can prevent and treat diarrhea and
constipation (98). At the same time, XOS can absorb toxic
substances and pathogenic bacteria in the intestinal tract,
activate the immune system, and improve the body’s resistance
to diseases, such as reducing the incidence of obesity and
metabolic disorders, preventing the wide range of diseases
related to oncology and cardiovascular and endocrine systems
(88, 99). Hence, XOS has great prospects of development in
human medicine with a dose of 0.12 g/kg body weight in adults.
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In addition, XOS acts as prebiotics to improve calcium and
magnesium absorption, increase bone density, reduce cancer
risk, reduce cardiovascular disease, and improve the immune
system (100).

Several works have shown that XOS can have cytotoxic
effects, leading to a reduction in the activity of acute lymphocytic
leukemia cell line (101, 102). XOS was also evaluated in
premature aging in clinical trials of skin health in juices
containing XOS. After 8 weeks of juice-XOS intervention,
the average levels of skin brightness, moisture, elasticity,
pigmentation, UV, and brown spots increased by 2.7, 11, 5.1, 3.1,
6.2, and 0.6% (103). The xylo-oligosaccharides prepared from
Melia xylan have a potential anti-proliferation effect when used
as medicine. It could inhibit the growth of human colorectal

cancer (HT-29) cells but did not affect mouse fibroblasts,
confirming its biocompatibility (104). XOS, as an ideal additive
for conventional drugs, has been used for infants, pregnant
women, the elderly, as well as other special needs groups
of patients with hypertension, hyperlipidemia, and diabetes
(105). Overall, the application of XOS as medicine is based
on its prebiotic property. Hence, when XOS is utilized by the
patient, it may alleviate disease for the patient by regulating gut
microbial flora.

As can be seen in Figure 6, XOS as probiotics can maintain
health and prevent disorders of the patient (106). Overall,
the application of XOS as medicine is based on its prebiotic
property. Hence, when XOS is utilized by the patient, it may
alleviate disease for the patient by regulating gut microbial flora.

FIGURE 6

The role of probiotics in maintaining health and preventing disorders of the patient.
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Conclusion and prospect

Xylo-oligosaccharide has diversified effects for its wide
application in different fields. In addition to providing useful
modification of the physicochemical properties of foods, it also
has a variety of physiological functions to improve the intestinal
microflora based on the selective proliferation of bifidobacteria
and stimulate mineral absorption. With the increasing research
depth of XOS, people found that XOS has many advantages,
such as green environmental protection, safety, non-toxic, low
pollution, and the utilization rate gradually increased. XOS is
widely used to improve the growth efficiency of human and
animal health. In future, research into XOS should focus on
its mechanism of action, applicable objects, and safe dosages,
all among other issues. In addition, the advantages in the
extraction and processing of XOS and resources should be
further investigated. With the deepening of understanding and
the decrease in production cost, XOS will usher in a new stage
of development and inject new vitality into all aspects.
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Nutritional disorders have become a major public health issue, requiring

increased targeted approaches. Personalized nutrition adapted to individual

needs has garnered dramatic attention as an e�ective way to improve

nutritional balance and maintain health. With the rapidly evolving fields of

genomics and nutrigenetics, accumulation of genetic variants has been

indicated to alter the e�ects of nutritional supplementation, suggesting

its indispensable role in the genotype-based personalized nutrition.

Additionally, the metabolism of nutrients, such as lipids, especially omega-3

polyunsaturated fatty acids, glucose, vitamin A, folic acid, vitamin D, iron,

and calcium could be e�ectively improved with related genetic variants. This

review focuses on existing literatures linking critical genetic variants to the

nutrient and the ways in which these variants influence the outcomes of

certain nutritional supplementations. Although further studies are required in

this direction, such evidence provides valuable insights for the guidance of

appropriate interventions using genetic information, thus paving the way for

the smooth transition of conventional generic approach to genotype-based

personalized nutrition.

KEYWORDS

personalized nutrition, nutritional supplementation, nutrient, genotype, single

nucleotide polymorphisms, nutrigenetics

Introduction

Nutrition disorders, such as obesity, cardiovascular disease, and diabetes, primarily

driven by the unhealthy diet and/or lifestyle, are the leading cause of premature deaths

worldwide (1). Adherence to dietary guidelines, with the recommended intake of specific

nutrients, is necessary for health maintenance at the population level (2). However,

this one-size-fits-all approach does not consider interindividual variations, which result
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from varying responses to nutrients owing to different

genetic predispositions, metabolic phenotypes, and microbial

compositions. Therefore, personalized nutrition, which is

adapted to individual needs, has been proposed to meet

this challenge.

The concept of “personalized” or “precision” has been

widely used since the Precision Medicine Initiative was

launched in the United States in 2015 (3). Similar to

precision medicine, personalized nutrition refers to the

use of unique information about an individual to tailor

nutritional interventions, including advice, products,

and services, to assist them to gain improved health

benefits than those derived using generic, population-based

approaches. With the advances in “omics,” such as genomic,

transcriptomic, proteomic, metabolomics, microbiome and

data technology, personalized nutrition has gradually become

a reality (4, 5). Among them, genomics has evolved to

the post-genomic era, and genomic information has been

widely used to tailor personalized nutrition for certain

nutritional supplementations, yielding the interdisciplinary

science called nutrigenetics. According to the International

Society of Nutrigenetics/Nutrigenomics (ISNN), the future

of personalized nutrition should include three levels: “(1)

conventional nutrition based on general guidelines for

population groups by age, gender, and social determinants;

(2) individualized nutrition that adds phenotypic information

about the current nutritional status of individuals, and (3)

genotype-directed nutrition based on rare or common gene

variations” (6). This statement highlights future efforts from

general dietary guidelines to stratified and genotype-based

personalized approaches.

Genotype-based nutritional intervention has been evidently

useful for individuals with genetic defects and has helped

them effectively improve their health (7), especially for

individuals with rare genetic disorders such as phenylketonuria,

galactosemia, and vitamin D-resistant rickets (8). Till date,

with the aid of candidate-gene approaches or genome-

wide association studies (GWAS), several single nucleotide

polymorphisms (SNPs) have been identified to have influence

over the absorption, distribution, metabolism, excretion, and

signal transduction of macronutrients and micronutrients

(9–12). In this regard, a few genotypes have been further

highlighted to discriminate individuals based on sensitivity to

certain nutritional interventions, expanding the understanding

of the implementation of personalized nutrition (13–20).

In this review, we summarize the critical genotypes that

influence the levels of macronutrients and micronutrients

and provide the evidence that genotypes may interact with

nutritional supplementation or diet to alter nutritional response

or disease risk (Figure 1; Table 1). The aim of this review

is to provide insights into the use of nutritional genotypes

to guide individuals to determine appropriate nutritional

supplementation and ultimately achieve optimal health benefits.

Genotype-based supplementation of
macronutrients

Lipids and ApoE polymorphism

Lipids are an essential class of hydrophobic biomolecules

that include phospholipids, sterols, and triglycerides (TG). They

are involved in maintaining energy balance, sustaining vital

processes, controlling food intake, and regulating growth and

reproduction. However, intake of excessive lipids, such as TG

and low-density lipoprotein cholesterol (LDL), may lead to an

increased risk of metabolic diseases.

Apolipoprotein (ApoE), its three isoforms, namely ApoE2,

ApoE3, and ApoE4 encoded by ε2, ε3, and ε4 haplotype,

respectively, plays key roles in the transport of cholesterol

and functioning of cholesterol and other lipids in the

brain (Figure 2A). This haplotype system comprises two

non-synonymous SNPs rs429358 (T/C) and rs7412 (T/C) in

the exon of ApoE, where ε2 haplotype is represented by TT, ε3

represented by TC, and ε4 represented by CC. Furthermore,

rs769449 exhibits strong linkage disequilibrium with rs429358

(21). The ε4 allele, contributing to impaired LDL binding,

has been positively associated with an increased risk of

numerous diseases, such as cardiovascular diseases (CVDs)

and Alzheimer’s disease (AD). A study of 544 patients with

hypertension or coronary heart disease indicated that ApoE ε4

carriers exhibited high total cholesterol, TG, and LDL levels (22).

In addition, the ApoE ε4 allele has been reported as the strongest

genetic risk factor for sporadic AD in genome-wide association

meta-analyses (9).

Evidence suggests that the genotyping for ApoE may help

develop a highly targeted approach to disease prevention.

Adherence to Mediterranean diet, a well-known healthy

dietary pattern, may lower AD related anatomical or clinical

symptoms in individuals without ε4 genotype (23). In addition,

long-chain n-3 polyunsaturated fatty acids (n-3 PUFA) may

have a protective role in individuals without ε4 (24, 25). On

the contrary, the association of unfavorable diet with increased

disease risk in ε4 carriers has been reported. Diets high in

saturated fatty acids may increase AD risks by seven folds in

ε4 carriers than in non-carriers (26). Moreover, compared to ε4

non-carriers, afternoon snacks with a high glycemic load have

been significantly associated with cognitive decline in ε4 carriers

(13). These studies suggested that ε4 carriers might require a diet

containing healthier lipids to prevent AD onset.

Lipids and FTO polymorphism

Fat mass and obesity-associated gene (FTO), involved in the

expression of fat deposition and metabolism-related hormones

and genes, is the first gene associated with obesity. Furthermore,

SNP rs9939609, as well as the proxy SNP rs1121980 of FTO
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FIGURE 1

Overview of interactions of nutrients and genes involved in the nutritional metabolism, distribution, and signal transduction. Created with

BioRender.com.

FIGURE 2

Summary of SNPs for APOE and FADS1 in lipids synthesis or metabolism. (A) E�ect of ApoE recycling and aggregation on lipoprotein. Very

low-density lipoprotein (VLDL) containing triglycerides (TG), apolipoprotein E (encoded by ApoE), apolipoprotein B-100 (encoded by ApoB-100)

and cholesteryl ester (CE) that was synthesized in the liver and then secreted into the blood. The VLDL partially degreased by lipoprotein lipase

(encoded by LPL) and converted to intermediate-density lipoprotein (IDL). On one hand, IDL was hydrolyzed into low-density lipoprotein (LDL)

by triglyceride lipase (encoded by HTL). On the other hand, IDL and high-density lipoprotein (HDL) could mutual conversion by exchanging TG

and CE with cholesteryl ester transfer protein (encoded by CETP). In addition, nascent VLDL could be formed by acquisition of ApoE and ApoC

from HDL. (B) Overview of FADS1 and FADS2 genes in desaturation steps necessary for polyunstatured fatty acid (PUFA) biosynthesis. For

omega-6 biosynthesis, linoleic acid (LA) was absorbed from diet and converted to γ-Linoleic acid, Dihomo-γ-Linoleic acid by fatty acid synthase

2 (encoded by FAS2) and the elongase of very long chain fatty acid 5 (encoded by ELOVL5). Subsequently, the dihomo-γ-Linoleic acid was

converted into long chain highly unsaturated PUFAs, including arachidonic acid (AA), adrenic acid, 24: (4n-6), 24: 5n-6, 22:5n-6 and 22:5n-6

PUFAS by fatty acid synthase 1 (encoded by FADS1), ELOVL2 and FADS2. For Omega-3 biosynthesis, α-Linoleic acid was absorbed from diet and

converted to stearidonic acid and eicosapentanoic acid by FADS2 and ELOVL5, respectively. Subsequently, the eicosapentanoic acid was

converted into long chain highly unsaturated PUFAs, including eicosapentanoic acid (EPA), dococosapentanoic acid (DPA), 24:5n-3, 24:6n-3 and

docosahexanoic acid (DHA) by FADS1, ELOVL2 and FADS2, respectively. Created with BioRender.com.
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has been correlated with obesity and diabetes (27). Maha et al.

showed that FTO rs9939609 A/A genotype was significantly

associated with impaired fasting glucose and insulin resistance

(28). In addition, higher serum leptin and lower high-density

lipoprotein levels were observed in the homozygotes of the

FTO rs9939609 risk genotype (AA) compared to those with

the TT genotype in overweight adults (29), suggesting the

need of precise interventions for these high-risk population. In

fact, individuals genetically predisposed to obesity particularly

benefit by regulating dietary intake (30, 31) or following

personalized diet (32), suggesting a crucial role of FTO in

personalized nutrition.

n-3 PUFA and FADS polymorphism

n-3 PUFA, such as eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) are essential for maintaining

health by contributing to organ development, membrane

fluidity, and inflammation status. EPA and DHA can be

synthesized by desaturases and elongases through the PUFA

biosynthetic pathway, wherein fatty acid desaturase (FADS)

enzymes including FADS1 and FADS2, are rate-limiting step

enzymes (33) (Figure 2B).

GWAS on serum n-3 and n-6 PUFA showed that

FADS1/FASD2 strongly affected serum PUFA levels (8).

Additionally, Szilvia et al. demonstrated that all haplotypes

carrying the FADS1 rs174546 minor allele were associated with

lower1-5 desaturases (D5D) activity, which has been associated

with plasma long-chain PUFA and lipid levels in 1,144 European

adolescents (34). Previous studies also indicated that the FADS1

rs174546 C/T allele was an important determinant of plasma TG

concentrations (35). In addition, several other FADS1 SNPs have

been significantly associated with PUFA levels, such as rs174537

(including three variants G/G, G/T, and T/T) and rs174547

(C/T) (36–38).

Cumulative evidence suggested that the link between PUFA

intake and the risk of CVD could be altered using genetic

differences in FADS (39). In a large cohort study, α-linoleic

acid (ALA) intake was inversely associated with ischemic

stroke in rs174546 TT genotype carriers with low D5D activity

(14). Moreover, the findings that infants who received fish oil

supplements exhibited significantly higher erythrocyte DHA

levels were only noticed in homozygous for the minor rs174546

as well as other linkage disequilibrium SNPs (40). Nevertheless,

more studies are required to employ FADS1 genotyping to

personalized nutrition.

Glucose and TCF7L2 polymorphism

Glucose metabolic disorders may play an important

role in the pathogenesis of diabetes, CVD, cerebrovascular

diseases, and hypertension. SNPs in genes such as TCF7L2,

GCKR, G6PC2, and ALOX5 play an important role

altering in glucose metabolism (41–45). Among them,

Transcription Factor-7-Like-2 (TCF7L2), which belongs

to the T-cell factor/lymphoid enhancer factor (TCF/LEF)

family, is the most common susceptibility gene for type 2

diabetes mellitus (T2DM) (46). Studies have further identified

that TCF7L2 rs7903146 polymorphism was associated with

glucose homeostasis and obesity-related parameters. A meta-

analysis of 115,809 subjects indicated that TCF7L2 rs7903146

polymorphism was significantly associated with susceptibility

to T2DM (47). It was also reported that TCF7L2 rs7903146 T

allele was associated with elevated glycated-hemoglobin levels in

healthy individuals (11). Moreover, Li et al. indicated significant

associations between rs7903146 and body mass index or waist

circumference and elevated blood glucose levels (48).

The interaction of TCF7L2 and diet on glucose homeostasis

has been actively investigated. Lu et al. indicated that

TCF7L2 rs7903146 polymorphism affected glucose tolerance

and free fatty acid metabolism in adults. They also found

that monounsaturated fatty acid concentrations and percentages

were greater in females with the TT genotype than in those

with the CC genotype in oral glucose tolerance test, and

that TT carriers with high HOMA-IR exhibited significantly

higher fasting free fatty acid concentrations, lower disposition

index, and elevated glucose area under the curve than CC

carriers (15). These results indicated that TCF7L2 SNP-based

intervention can be helpful for regulating glucose levels using

dietary intervention.

Genotype-based supplementation of
micronutrients

Vitamin A and BCMO1 polymorphism

Vitamin A, a fat-soluble vitamin, is derived from two

different sources: the preformed vitamin A from animal-based

food, and carotenoids with provitamin A activity from plant-

based products (49). The conversion of β-carotene from dietary

carotenoids to retinal is the first step in the utilization of

vitamin A (Figure 3) (50). Vitamin A plays an important role

in maintaining visual function, promoting cell proliferation and

differentiation, enhancing immune function, promoting body

growth and bonemetabolism, and improving hemoglobin levels.

Vitamin A deficiency may cause dry eye, infectious diseases

such as measles, malaria, diarrhea and respiratory infections,

resulting in severe complications such as growth retardation,

anemia and even death.

β-carotene 15,15’-monooxygenase 1 (BCMO1) is the most

critical enzyme involved in retinoid metabolism (51). Leung

et al. identified two common nonsynonymous SNPs (R267S:

rs12934922; A379V: rs7501331) in the open reading frame of
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FIGURE 3

BCMO1 on transport, signaling and degradation of vitamin A metabolism. Retinol from diet is transported throughout the vasculature and

oxidized by retinol dehydrogenase 10 (encoded by RHD10) and alcohol dehydrogenases (encoded by ADHs) into retinal and then oxidized into

retinoic acid (RA) by aldehyde dehydrogenase 1A1, A2, and A3 (encoded by ALDH1A1-3). Retinal was also reversible generation to vitamin A by

short-chain dehydrogenase/reductase (encoded by DHRS3). β-carotene was another alternative pathway which conversed to retinal by

β-carotene-15,15-dioxygenase (encoded by BCMO1). Subsequently, on one hand, RA will be combined with binding to cellular retinol binding

protein 2 (CRBP2) and then activate gene expression together with retinoid-X-receptor (RXR), retinoic acid receptor (RAR) and retinoic acid

receptor element (RARE). On another hand, RA can di�use from cell and degraded by cytochrome P450 26A1 (CYP26) enzyme. Created with

BioRender.com.

BCMO1 with 42 and 24% variant allele frequencies, respectively

(52). In vitro R267S + A379V double mutant exhibited reduced

BCMO1 activity by 57%, whereas female carriers with A379V

alone or both R267S and A379V variant alleles exhibited a

reduction of 32 and 69%, respectively, in the conversion of beta-

carotene to retinol (52). Recently, in a study with 693 Filipino

children and adolescents showed that A379V TT variant was

inversely related to vitamin A status (53). These results suggested

that the polymorphisms in BCMO1 should be considered for

future vitamin A-supplementation recommendations.

Several studies have investigated plasma or tissue response

in carriers of vitamin A variants with carotenoid-rich diet.

For example, in a 3-week cross-over intervention, 23 healthy

subjects were daily provided with juices containing lycopene and

β-carotene, and then classified as strong or weak responders

based on their plasma carotenoids response profile. BCMO1

was found to modify these responses, as A/T vs. C genotype

in BCMO1 rs12934922 appeared to be associated with plasma

β-carotene changes, while BCMO2 did not show similar

effect partially due to its low frequency (54). Another study

examined 11 polymorphisms in putative genes associated with

carotenoid metabolism, and BCMO1 rs12934922 was found

to exhibit the strongest effect on carotenoid responses, with

the T-allele resulting in elevated lycopene accumulation in

plasma and prostate tissue (16). These studies suggested that

genetic variations, particularly in BCMO1 rs12934922, could

influence the degree of plasma response to dietary carotenoids,

thereby highlighting the need to examine this genotype when

considering personalized vitamin A supplementation.

Folic acid and MTHFR polymorphism

Vitamin 9, naturally occurring as folic acid, is synthesized by

plants and microorganisms. It cannot be synthesized by humans

due to the lack of a complete folate biosynthetic pathway.

Furthermore, as folic acid is involved in the biosynthesis of

nucleotides, amino acids, and certain vitamins, humans must

ingest and absorb folic acid derived from diet (55). Folate

deficiency can cause many diseases in both young and old age

(56), such as fetal pathologies, neural tube disease (57), anemia

(58), and depression (59).

As 5,10-methylenetetrahydrofolate reductase (MTHFR) is

a key enzyme in folic acid metabolism, its polymorphism

can decrease enzyme activity by 60%, resulting in disorders

associated with folate metabolism as well as a variety of other

diseases (Figure 4). Till date, 14 rare mutations with severe

enzymatic deficiencies and one mutation rs1801133 (C677T)

with a milder enzymatic deficiency in MTHFR have been

reported (60, 61). In addition, serum folic acid concentrations

were lower in individuals with the MTHFR rs1801133 TT

genotype than in individuals with the CC or CT genotypes (62).

Moreover, the risk genotype of rs1801133 has been found to

be associated with various diseases, including diabetes, CVDs,

cancer, and vascular disorders (62, 63). Several studies have also

revealed that MTHFR polymorphisms might be associated with

the elevation levels of homocysteine, thus exacerbating CVD

risk (64).

Studies on MTHFR have been successfully used to develop

disease prevention strategies. In the China Stroke Primary

Prevention Trial, the antihypertensive drug enalapril, in

addition to folic acid supplementation, significantly reduced

the risk of stroke in adults with hypertension, while MTHFR

rs1801133 TT genotype did not benefit those with low baseline

folic acid levels even upon folic acid supplementation, implying

that higher dosage of folic acid is needed for individuals at

risk of CVD with disadvantageous MTHFR genotype (17).

Interestingly, riboflavin (vitamin B2), the co-factor for MTHFR

in folate metabolism, has also been used to regulate blood

pressure (65, 66) or homocysteine levels (67), but such
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FIGURE 4

Overview of the function of MTHFR on folate metabolism. The

folic acid is reverted to dihydrofolate (DHF) and subsequently to

tetrahydrofolate (THF) by dihydrofolate reductase (encoded by

DHFR), and then THF was conversed to

methylenetetrahydrofolate (5,10-MTHF). On the other hand,

THF involved in the cycle of glycine synthesis from serine with

vitamin B6 (VB6) catalysis. Subsequently, 5,10-MTHF was

reverted to methylated tetrahydrofolate (5-MTHF) by

methylenetetrahydrofolate reductase (encoded by MTHFR) and

vitamin B2 (VB2) catalysis. 5-MTHF will be transform into THF

and participated into homocysteine-methionine cycle by

5-methyltetrahydrofolate-homocysteine methyltransferase

(encoded by MTR) and methionine synthase reductase (encoded

by MTRR) under vitamin B12 (VB12) catalysis. Created with

BioRender.com.

beneficial effects were only reported in the rs1801133 TT group,

suggesting that vitamin B2 might compensate for the loss

of MTHFR activity. In summary, these studies help improve

the implementation of more precise and effective folic acid

recommendations while consideringMTHFR polymorphisms.

Vitamin D and GC polymorphism

Vitamin D is an important fat-soluble vitamin, which is

primarily synthesized in the skin upon exposure to ultraviolet

B radiation (UVB) in sun exposure. In the circulation,

vitamin D and its products are transferred into the liver

and kidneys by vitamin D binding proteins (VDBP, encoded

by GC) (Figure 5). Vitamin D regulates the absorption of

calcium and phosphorus, maintains the levels of blood calcium

and phosphorus levels, and promotes normal bones and

teeth development. However, the widespread distribution of

VDBPs in the body indicates its unconventional role beyond

calcium and phosphorus regulation, including regulation of

cell proliferation and differentiation, synthesis, and secretion of

cytokines and other hormones. Moreover, vitamin D is critical

in preventing cancer, immune diseases, and diseases of the

endocrine system.

Several VDBP polymorphisms have been identified to affect

vitamin D levels that contribute to health outcomes (68), with

the most common polymorphisms being rs4588 and rs7041 in

GC, which may correlate with serum vitamin D levels (70, 71).

Spyridon et al. demonstrated that mothers with the CC genotype

for rs2298850 and rs4588 polymorphisms showed elevated

25(OH)D concentrations (72). Dong et al., also showed that GC

SNPs including rs17467825, rs4588, rs2282679, rs2298850, and

rs1155563, were significantly associated with maternal 25(OH)D

concentrations (73). Furthermore, a recent study confirmed the

rs4588 and rs7041 polymorphisms were more frequent in the

T2DM patients, compared to the control group (74). These

results showed that rs4588, rs7041, and other GC SNPs may be

correlated with not only serum vitamin D status but also the risk

of T2DM.

Ongoing studies have shown that genetic predisposition

related to the vitamin D metabolic pathway could modify

the response of 25(OH)D after vitamin D supplementation

or UVB exposure. Nimitphong et al. (69) reported that GC

rs4588 CC carriers exhibited an increase in 25(OH)D levels

compared to those with risk genotypes CA or AA, upon

daily vitamin D3 supplementation for 3 months; however, this

interaction was not observed for vitamin D2 supplementation.

Nonetheless, when more genes were included, the effects of

genetic variants persisted. In addition, Nissen et al. indicated

that carriers of all four risk alleles of GC rs4588 (A) and

CYP2R1 rs2060793 (G) were the least benefitted from the

consumption of vitamin D3-fortified food or UVB exposure

(73). Moreover, in a larger randomized controlled trial, Yao et al.

verified that the subjects with the risk genotype of GC exhibited

a significantly lower increase in 25(OH)D response after 20-

week vitamin D3 supplementation, and that the genetic factors,

evaluated as genetic risk score encompassing four variants

of GC, VDR and CYP2R1 genes exerted greater impact on

25(OH)D response than did non-genetic factors (75). Therefore,

these studies suggested that genetic factors, perhaps more

important than non-genetic factors, could provide valuable

insights for appropriate vitamin D recommendations, as those

with the risk genotype of GC and other vitamin D metabolism-

related genes may require increased vitamin D consumption or

UVB exposure.

Iron and TMPRSS6 polymorphism

Iron, as an essential trace element, regulates vital

physiological processes in the body, including DNA synthesis,

electron transport and oxygen transport. As iron homeostasis

and metabolism are tightly regulated, iron surplus or deficiency

can lead to various diseases (76).

Transmembrane protease serine 6 (TMPRSS6), which is

responsible for iron absorption and recycling, is critical

for iron homeostasis. GWAS have shown that TMPRSS6

variants were most associated with serum iron, soluble

transferrin receptor, and hemoglobin levels (12). Specifically, the

TMPRSS6 rs855791 T genotype with a non-synonymous amino
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TABLE 1 Summary of nutrigenetic evidence for the role of nutritional supplementation in personalized nutrition.

Nutrition Gene SNP Common
Allele

Risk
Allele

Risk
Genotype

Health issue Studies for genotype-based
personalized nutrition*

Ref

Lipid ApoE rs429358

rs7412

T

T

C

C

ε4: C/C Cardiovascular and

Alzheimer’s Disease

(1) ApoE non-ε4→ (Mediterranean diet→

↓AD risk)

(18)

(2) ApoE non-ε4→ (PUFA→ ↓cognitive

decline)

(19, 20)

(3) ApoE ε4→ (Saturated fat→ ↑AD risk) (21)

(4) ApoE ε4→ (High glycemic load snack→

↑cognitive decline)

(11)

FTO rs1121980 C T CT, TT Obesity and appetite (1) FTO rs1121980 (T) ↑(Personalized

intervention→ weight loss)

(25–27)

n-3 PUFA FADS1 rs174546 C T CT, TT Cardiovascular disease (1) FADS1 rs174546 (TT)→ (ALA→ ↓ischemic

stroke)

(12)

(2) FADS1 rs174546 (TT)→ (DHA

supplementation→ ↑erythrocyte DHA)

(35)

Glucose TCF7L2 rs7903146 C T CT, TT Diabetes and obesity (1) TCF7L2 rs7903146 (TT)→ (OGTT

→ ↑plasma free fatty acid, glucose response)

(13)

Vitamin A BCOM1 rs12934922 A T AT, TT Dry eyes, delayed growth, and

infectious diseases

(1) BCOM1 rs12934922 (A/T)↑(dietary

carotenoid→ plasma β-carotene response)

(47)

(2) BCOM1 rs12934922 (T)↑(dietary carotenoid

→ plasma and prostate carotenoid response)

(14)

Folic acid MTHFR rs1801133 C T CT, TT Fetal pathologies, neural tube

disease, anemia, hypertension

(1) MTHFR rs1801133 (TT) ↓ (folic acid

supplementation→ ↓stroke risk)

(15)

(2) MTHFR rs1801133 (TT)→ (Vitamin B2

supplementation→ ↓blood pressure)

(58, 59)

(3) MTHFR rs1801133 (TT)→ (Vitamin B2

supplementation→ ↓ homocysteine)

(60)

Vitamin D GC

CYP2R1

rs4588

rs10741657

C

A

A

G

CA, AC,

AG, GG

Rickets, osteoporosis, diabetes

mellitus, tuberculosis and

chronic obstructive

pulmonary disease

(1) GC rs4588 (A)+ CYP2R1 rs10741657 (G)

↓(UVB treatment or vitamin D3 fortified food

→ plasma 25(OH)D response)

(65)

(2) GC rs4588 (CC) ↑(VD3

supplementation→ plasma 25(OH)D

response)

(67, 68)

Fe TMPRSS6 rs855791 C T CT, TT Iron-deficiency anemia,

diabetes mellitus

(1) TMPRSS6 rs855791 (T)↓(iron

supplementation→ serum hemoglobin, iron

and ferritin response)

(69)

Ca CaSR rs17251221 A G AG, GG Nephrolithiasis, and

Alzheimer’s disease

Unknown

* For simplicity, studies were expressed as “genotype(s) modify (diet→ outcome).” For example, “BCO1-rs12934922 (A/T)↑(dietary carotenoid→ plasma carotenoid response)” means that BCO1-rs12934922 (A/T) genotype showed stronger response

to dietary carotenoid for plasma β-carotene, compared to its counterpart genotype. AD: Alzheimer’s disease; PUFA: polyunsaturated fatty acid; ALA: α-linoleic acid; OGTT: oral glucose tolerancetest.
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FIGURE 5

The function of GC on vitamin D synthesis, transport, and metabolism. 7-dehydrocholestrol is converted to pre-vitamin D3 and then to vitamin

D in the skin under ultraviolet radiation b (UVB) exposure. Vitamin D is also absorbed from diet and then transferred by binding with vitamin D

binding protein (VDBP, encoded by GC) into liver to form 25(OH)D by 25-hydroxylase (encoded by CYP2R1), and then transferred into the

kidney by VDBP which form the active metabolite 1,25(OH)2D by 1α-hydroxylase (encoded by CYP27B1). The latter is then transferred to

targeted tissue to combine with binding to vitamin D receptor (VDR), and then activate gene expression together with retinoid-X-receptor (RXR)

and vitamin D response element (VDRE). Created with BioRender.com.

acid substitution (A736V) reduced the enzymatic activity of

TMPRSS6. Furthermore, each copy of the minor alleles A and

G of the rs855791 polymorphism decreased serum ferritin by

4.50 g/L and by 5.00 µg/L, respectively, in under-2-year-old

children in Indonesia (77). Pei et al. also demonstrated that

homozygotes with the TMPRSS6 rs855791C genotype mitigated

iron deficiency anemia in women at reproductive age, especially

in those with menorrhagia (78). A recent study showed that

the rs855791polymorphism was significantly associated with

decreased iron levels in the participants from Saudi Arabia (79).

Moreover, Gan et al. revealed that the rs855791 and rs4820268

polymorphisms were both significantly associated with plasma

ferritin, hemoglobin levels, iron overload risk, and T2DM risk

in a Chinese population (80), suggesting the role of TMPRSS6 in

iron homeostasis as well as disease risk.

Since not only iron deficiency, but also iron overload can

exert adverse effects, it is critical to tailor personalized iron

supplementation to ensure iron homeostasis. De Falco et.al.

(81) indicated that for patients with persistent iron-deficiency

anemia, carriers of the TMPRSS6 rs855791 risk allele (T)

exhibited reduced serum iron changes upon oral iron

supplementation. Nevertheless, further studies are warranted to

investigate the effects of TMPRSS6 in the management of iron

nutritional status.

Calcium and CaSR polymorphism

Calcium is one of the primary constituents of human body,

and its active form is vital to maintain the integrity of cell

membranes, regulate excitation of muscles, and monitor various

functions of cells. Calcium deficiency is associated with diseases

of a variety of tissues and systems, such as bone, endocrine,

cardiovascular and cerebrovascular, nervous, digestive, urinary,

reproductive, and nervous systems (82), all of which could be

prevented with the use of calcium supplementation (83, 84).

Calcium-sensing receptors (CaSRs), members of the family

of G protein-coupled receptors, are mainly located in the

parathyroid gland and maintain the homeostasis of calcium by

regulating the secretion of parathyroid hormone (85). A GWAS

of 20,611 individuals of European ancestry showed that the

rs17251221 polymorphism was associated with elevated serum

calcium levels and accounted for 0.54% of the variance, and

that the G allele of the same polymorphism was also associated

with higher serum magnesium levels, lower serum phosphate

levels, and lower bone mineral density in the lumbar spine (86).

Another genome-wide meta-analysis on serum calcium revealed

that a missense variant rs1801725 accounted for 1.26% of the

variance in serum calcium levels, with the strongest association

exhibited in individuals of European descent, whereas similar

association was observed for rs17251221 in individuals of Indian

Asian descent (87). However, to the best our knowledge, no

studies have determined the effects of the interaction between

the CaSR genotype and dietary intervention on calcium levels or

health outcomes, thereby necessitating further investigation for

the precise management of calcium levels.

Conclusion and prospect

With the rapidly progressing fields of nutrigenetics,

accumulation of genetic variants has been identified to influence

both macronutrient and micronutrient levels, as well as

individual responses to dietary intake. Such variants are valuable

to develop appropriate personalized dietary interventions,

thus ensuring the transition of generic dietary guidelines to

genotype-directed nutrition.
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However, several challenges may hinder the widespread

adoption of personalized nutrition. Firstly, nutrition-related

diseases, such as CVDs and T2DM, are considered as polygenic

in nature, and are thus influenced by multiple genes with

small or medium effects. Therefore, polygenic risk scores of

more than a few variants may provide more information to

predict the outcome of personalized nutritional intervention

(88). Secondly, diseases result from the interaction of genes and

environmental factors. For example, individuals with genetic

predisposition to obesity may have increased odds of weight gain

compared to general population when they consume the same

amount of sugar-sweetened beverages (89). In this regard, deep

phenotyping using advanced “omics” technologies including

epigenomics, transcriptomics, proteomics, metabolomics, and

microbiome may help to discover the underlying gene-

environment interactions and explain the missing hereditary

(90, 91). Thirdly, “omics” technologies generate a large amount

of data, requiring the use of advanced analytical methods such

as machine learning (92, 93), which has been applied in multiple

stages of personalized nutrition, including blood glucose

monitoring (94), body weight management (95), disease risk

assessment (96) and nutritional management (97). For example,

by integrating blood biomarkers, diet, anthropometrics, and

gut microbiota, a machine-learning algorithm could accurately

predict the postprandial glycemic response, and therefore

assisting in blood glucose homeostasis (4). Fourthly, the efficient

implementation of personalized nutrition requires accurate

intervention of health professionals and good compliance from

individuals, thus requiring novel digital tools or tracking devices

to bridge the gap between them (98).

In conclusion, genotype-based nutritional studies have

highlighted the critical role of SNPs in the regulation of

macronutrient and micronutrient levels, which are fundamental

for health. Although further studies are required for the

adequate implementation of personalized nutrition into

healthcare research and practice, current evidence indicates

the necessity of incorporating more genetic variants into

personalized nutritional interventions to achieve improved

nutrient levels and health outcomes and reduce the burdens of

nutritional disorders on healthcare services.
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Background: Interindividual di�erences in response to personalized nutrition

(PN) intervention were a�ected by multiple factors, including genetic

backgrounds and gut microbiota. The fat mass and obesity associated (FTO)

gene is an important factor related to hyperlipidemia and occurrence of

cardiovascular diseases. However, few studies have explored the di�erences

in response to intervention among subjects with di�erent genotypes of FTO,

and the associations between gut microbiota and individual responses.

Objective: To explore the di�erential lipid metabolism outcomes associated

with FTO gene polymorphisms in response to PN intervention, the altered

taxonomic features of gut microbiota caused by the intervention, and the

associations between gut microbiota and lipid metabolism outcomes.

Methods: A total of 400 overweight or obese adults were recruited in the

study and randomly divided into the PN group and control group, of whom

318 completed the 12-week intervention. The single nucleotide polymorphism

(SNP) of rs1121980 in FTO was genotyped. Gut microbiota and blood lipids

were determined at baseline and week 12. Functional property of microbiota

was predicted using Tax4Fun functional prediction analysis.

Results: Subjects with the risk genotype of FTO had significantly higher

weight andwaist circumference (WC) at baseline. Generalized linear regression

models showed that the reduction in weight, body mass index (BMI), WC, body

fat percentage, total cholesterol (TCHO), and low-density lipoprotein (LDL)

was greater in subjects with the risk genotype of FTO and in the PN group.

Significant interaction e�ects between genotype and intervention on weight,

BMI, WC, TCHO, and LDL were found after stratifying for specific genotype

of FTO. All subjects showed significant increasement in α diversity of gut

microbiota after intervention except for those with the non-risk genotype in

the control group. Gut microbiota, including Blautia and Firmicutes, might be

involved in lipid metabolism in response to interventions. The predicted
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functions of the microbiota in subjects with di�erent genotypes were

related to lipid metabolism-related pathways, including fatty acid biosynthesis

and degradation.

Conclusion: Subjects with the risk genotype of FTO had better response

to nutrition intervention, and PN intervention showed better amelioration in

anthropometric parameters and blood lipids than the control. Gut microbiota

might be involved in modulating di�erential lipid metabolism responses to

intervention in subjects with di�erent genotypes.

Trial registration: [Chictr.org.cn], identifier [ChiCTR1900026226].

KEYWORDS

personalized nutrition, lipid metabolism, RCT, FTO, gut microbiota

Introduction

Hyperlipidemia is a common risk factor of cardiovascular

diseases (CVD), which are the predominant cause of mortality

and healthcare expenditure worldwide (1). Global Burden

of Disease Study showed that low-density lipoprotein (LDL)

has contributed to the increasing disease burden since 1990

and has become the sixth risk factor for death in the

Chinese population (2). Cardiovascular diseases result from

the combined additive and synergistic effects of genetic and

environmental risk, including diet and physical activity (PA) (3).

Numerous strategies have been developed to reduce the risk of

CVD, in which dietary intervention is of great importance (4).

With the rising prevalence of chronic diseases in recent

years, personalized nutrition (PN) has received increasing

attention, which incorporates one’s personal and cultural

preferences as well as genetic traits to create the most

appropriate and effective wellness strategies (4, 5). Dietary

intervention studies have found that responses varied

dramatically among individuals in a group, while interindividual

differences in response to diet are poorly understood (6).

Previous studies suggested that genetic variation could

modulate the response to diet, and multi-locus genotype

patterns were relevant to lipid metabolism (7). Of note, the

fat mass and obesity-associated (FTO) gene is one of the most

known genetic factors predisposing humans to non-monogenic

obesity, and the FTO SNP variant has the strongest known

effect on increased BMI and body fat (8, 9), which could be

the potential risk factor for disturbing lipid metabolism and

increasing the risk of CVD (10).

A meta-analysis of 10 studies and 6,951 participants showed

that individuals with risk allele of FTO could lose more weight

through diet/lifestyle interventions than non-carriers (11). The

underlying mechanisms are unclear, but it has been suggested

that gut microbiota might participate in the differential response

to dietary intervention (12). Previous studies have proved that

enterotypes could affect the outcomes of diet intervention.

For instance, Prevotella has been shown to be associated

with improved glucose metabolism after barley kernel-based

bread intervention (13). In addition, deletion of FTO led

to lower body weight in mice, and behavioral alterations of

FTO +/- mice were mediated by shift in gut microbiota

(14). However, to our knowledge, no studies have explored

the mechanism of interindividual differences in response to

intervention in populations with different genotypes of FTO

from the perspective of gut microbiota.

Consequently, this study aims to determine the difference

in changes of lipid metabolism in population with different

genotypes of FTO after PN intervention based on a randomized

controlled trial (RCT) conducted in Chinese overweight adults.

Further, the association between interindividual difference and

gut microbiota was explored. We believe the current study

helps to elucidate the mechanism of differential response

to interventions and pave the road toward personalized

clinical therapy.

Methods

Study design

This study was a multicenter RCT with 2-group parallel

design conducted in Shanghai Aier Hospital and Songnan

Hospital, China. Detailed information has been described

previously (15). This trial was approved by the Institutional

Review Board (IRB) of the Shanghai Nutrition Society and

registered at chictr.org.cn (ChiCTR1900026226).

Participants

Subjects aged 25 to 50 years with BMI ≥ 24 kg/m2 were

recruited in this study after signing informed consent form.

The major criteria for exclusion were having coronary heart

disease, cerebrovascular disease, liver disease, kidney disease,
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inflammatory bowel disease, or hematologic disease; being

pregnant or lactating; taking any drugs or dietary supplements

in recent days, which could interfere with the study results; or

participating in another clinical trial in the past 3 months.

A total of 400 participants were initially recruited in the

study at baseline, and randomly divided into PN group and

control group at a 1:1 ratio using the Random Sequence

Generator (https://www.random.org/sequences/). Participants

did not learn of their group assignment until they were

determined eligible for enrollment. The flow of the participants

through the trial has been described previously (15).

Dietary and physical activities
information collection

Dietary information of participants was obtained by

semiquantitative food frequency questionnaire (FFQ) at baseline

and the end of week 12. Meanwhile, 24-h dietary recall (24-h),

which was used to calculate daily energy and nutrients intake,

and sport frequency questionnaire (SFQ), which was used to

obtain the PA information, were conducted every 2 weeks. The

metabolic equivalents of task (METs)-min/week were obtained

by multiplying the average energy expenditure by min/week

for each PA intensity (16). In addition, participants were asked

to wear a sport band every day to collect daily exercise data.

Anthropometric measurements, including weight, body mass

index (BMI), body fat percent, and waist circumference (WC),

were conducted at baseline and week 12.

Intervention

The intervention in both groups lasted for 12 weeks,

which has been described in detail elsewhere (15). Briefly, for

the control group, participants were given traditional health

guidance on diet, PA, and nutritional supplements intake per

Dietary Guidelines for Chinese Residents and Chinese DRIs

Handbook by means of a brochure provided at baseline.

For the PN group, an integrated personalized solution

including recommendations on diet, PA, and dietary

supplements (Nutrilite, Guangzhou, China) was generated

by registered dietitians based on decision trees (15), which

was modified from the Food4Me study decision trees (17).

First, a PN report was generated based on the data collected

at baseline, including individual’s anthropometric, nutrient,

blood, and genetic (nutrition-related) profiles. The results

of these data were categorized into three tiers: normal,

moderately higher or lower, and severely higher or lower.

Second, 3∼5 targeted goals were identified by registered

dietitians for each participant according to the report, along

with specific recommendations. For instance, if a person’s

vitamin C was below the recommended value, he or she was

advised to consume more vitamin C-rich foods, such as fruit.

Additional nutritional supplement was suggested when the

calculated intake of a certain nutrient was lower than 80% of

the estimated average requirement (EAR) and a risk allele was

observed. If a weight loss goal was set, energy-restricted diet was

recommended, with an additional recommendation for physical

activity. The PN report and advice were biweekly updated

according to the 24-h and PA assessments during the study.

Genotyping

After recruitment, buccal cells of eligible participants

were collected using oral swab (DNA Genotek, Ottawa, ON,

Canada), with DNA extracted and analyzed by WuXi NextCode

(Shanghai, China) using an Asian SNP Screening Chip

(Illumina, San Diego, California, USA). The single nucleotide

polymorphism (SNP) of rs1121980 in FTO was genotyped.

The rs1121980 was significantly associated with morbid obesity

(18), non-alcoholic fatty liver disease (19), and gestational

diabetes mellitus (20) in Chinese after adjusting for potential

confounders. The risk allele of FTO was T, and the genotype

was classified into risk genotype (TT and TC) and non-risk

genotype (CC).

Blood lipids measurements

Fasting peripheral blood was collected at baseline and week

12, and serum was immediately separated after centrifugation.

Four kinds of blood lipids were analyzed by colorimetry in this

study: the levels of total cholesterol (TCHO), triglycerides (TG),

LDL, and high-density lipoprotein (HDL).

Fecal collection and 16S RRNA
sequencing

At baseline and week 12, fresh fecal samples were collected

from all participants using stool specimen container. Fecal

samples were frozen at −20◦C immediately after collection,

and then stored at−80◦C until DNA extraction. Total DNA

from fecal samples was extracted using QIAamp DNA Stool

Mini Kit following manufacturer’s protocol (QIAGEN, Hilden,

Germany). Subsamples from the DNA extracts were used for

amplifying the V3-V4 region of the microbial 16S rRNA gene

by using primers 341F (CCTACGGGNGGCWGCAG) and 805R

(GACTACHVGGGTATCTAATCC) (402,425 reads), followed

by sequencing by Illumina HiSeq 3000. The sequencing raw

data was optimized using Cutadapt (v1.9.1), Vsearch (1.9.6) and

Qiime 1 (1.9.1) software. The trimmed reads were clustered

into Operational Taxonomic Units (OTUs) at 97% identity

level using Qiime 1 and Vsearch software. The taxonomy
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of each OTU representative sequence was analyzed by RDP

Classifier 2.2 (http://rdp.cme.msu.edu/) with 70 % as confidence

threshold using the Silva database (SSU128). OTU abundance

information was normalized using a standard sequence number

corresponding to the sample with the least sequences.

Gut microbial α diversity (Shannon index) in subjects with

different genotypes at baseline and Week 12 was calculated

using the Vegan package (version 2.6-2) in R (version 4.2.0, R

Core Team). The significant taxonomic features were performed

using linear discriminant analysis (LDA) effect size (LEfSe) in

galaxy software (http://huttenhower.sph.harvard.edu/galaxy/)

with an effect logarithmic LDA score threshold of 2.0 and

p-value threshold of 0.05. Functional property of microbiota

was predicted using the Tax4Fun2 package in R, and the

significant pathways related to lipid metabolism were illustrated

with STAMP software. The low-abundance filters were applied

to discard taxonomic and functional features whose relative

abundance did not reach 0.1 and 0.001%, respectively.

Statistical analyses

The per-protocol (PP) population who completed the

study and provided blood samples at the end of the study

with available genotype information was considered the

primary analysis populations for the evaluation. Continuous

variables with a normal distribution were presented as

mean ± standard deviations (SD), highly skewed data were

presented as median and quartiles, and categorical variables

were presented as frequencies and percentages. Non-normal

continuous outcomes were transformed using the natural

logarithm (Ln) to improve the normality in the following

analysis. Differences of demographics and anthropometric

parameters between the risk genotype of FTO group and non-

risk genotype group were assessed using t test for continuous

variables and chi-square test for categorical variables. Group

difference of diet and PA at baseline was evaluated using one-

way analysis of variance (ANOVA); the difference at week 12

was evaluated using analysis of covariance (ANCOVA) with

adjustment for the baseline measures; within group change from

baseline to week 12 was evaluated using paired t-test. Difference

of baseline lipids in different specific genotype of FTO groups

was evaluated using ANOVA, and Bonferroni adjustment was

used for pairwise comparisons.

Associations between change of anthropometric parameters

and blood lipids from baseline to week 12 with genotype with

the intervention group were assessed by generalized linear

regressions (GLM) with the non-risk genotype and control

group set as reference. A thousand times of bootstrap were used

to generate 95% confidence interval (CI) of coefficients. Model 1

only included genotype and intervention group as independent

variables, and Model 2 further adjusted for age, BMI, intake

of macronutrients, total MET, and anthropometric or lipid

measurements at baseline. In addition, possible interactions

between genotype and intervention were investigated by

introducing the corresponding interaction terms in Model 3.

After stratifying for specific genotypes, the change of blood

lipids in different genotypes or in two intervention groups was

assessed by Mann-Whitney U Test with Bonferroni adjustment

for pairwise comparisons. Associations between the change of

blood lipids with genotype and intervention were assessed by

GLM as described above.

Statistical analyses were performed using R version 4.2.0 (R

Core Team). All statistical tests were 2-sided and conducted at

the 0.05 level of significance.

Results

Characteristics of study population

A total of 400 participants were screened for inclusion from

the initially recruited 2,718 participants, of whom 318 (79.5%)

completed the 12-week intervention (41.2% were males with the

average age of 38.4 years, with no significant difference in the PN

group and the control group).

For the 318 subjects who completed the trial, the average

body weight, BMI, WC, and body fat percent at baseline were

73.8 kg, 27.2 kg/m2, 92.6 cm, and 27.5% in the PN group and

72.7 kg, 27.3 kg/m2, 92.4 cm, and 27.2% in control group,

showing no significant difference. The average TCHO, TG,

HDL, and LDL at baseline were 5.28, 1.51, 2.94, and 1.51

mmol/L in the PN group and 5.21, 1.51, 2.93, and 1.36

mmol/L in the control group, respectively, with no statistically

significant difference.

The proportion of subjects with the risk genotype of

FTO (34.0%) was significantly lower than the proportion of

subjects with the non-risk genotype (66.0%). After stratifying for

genotypes of FTO, the baseline demographics, anthropometric

parameters, and blood lipids of study population are shown

in Table 1. Subjects with the risk genotype had significantly

higher weight (p = 0.021) and WC (p = 0.003) at baseline

than those with the non-risk genotype in the whole population

and in the PN group. Subjects with the risk genotype had

significantly lower HDL concentrations than those with the

non-risk genotype in the control group (p= 0.045).

Dietary intake and physical activity

The intake of energy and three macronutrients

assessed by 24-h and PA of the participants are shown in

Supplementary Table 1. Apart from total MET, diet intake and

PA at baseline were not significantly different between the risk

genotype group and non-risk genotype group. Participants with

the non-risk genotype showed significantly lower fat intake (PN:
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p = 0.007; control: p = 0.029) and higher total MET (PN: p =

0.008; control: p = 0.001) after intervention in both PN group

and control group. Besides, participants in the PN group showed

significantly higher total MET (non-risk genotype: p = 0.008;

risk genotype: p = 0.024) and daily walks (non-risk genotype: p

< 0.001; risk genotype: p = 0.001) after intervention, regardless

of genotype.

Change of anthropometric parameters
and blood lipids

Associations between genotype and intervention with

change of anthropometric parameters and lipids from

baseline to week 12 are shown in Supplementary Table 2. For

anthropometric parameters, subjects with the risk genotype of

FTO showed greater reduction in weight, BMI, WC, and body

fat percent than those with the non-risk genotype. Subjects in

the PN group showed greater reduction in all anthropometric

parameters than those in the control group. For blood lipids,

subjects with the risk genotype of FTO showed greater reduction

in TCHO and LDL after intervention than those with the non-

risk genotype. The amelioration of TCHO, TG, and LDL of

populations in the PN group was significantly better than those

in the control group.

After stratifying for specific FTO genotype, subjects with

TT genotype had greater weight, BMI, and LDL reduction, and

HDL increasement than those with TC or CC genotype in the

control group as shown in Table 2. Subjects with TC genotype

showed greater reduction inWC and fat percent than those with

CC genotype. Subjects with TC genotype showed significantly

greater reduction in weight (p = 0.032), BMI (p = 0.010), fat

percent (p= 0.006), and TCHO (p= 0.019) than those with CC

genotype in the PN group. In addition, significant interaction

effects between genotype and intervention on weight, BMI, WC,

TCHO, and LDL was found, indicating that intervention posed

different effects on subjects with different genotypes.

Association between gut microbiota with
genotype and intervention e�ect

The taxonomic features between subjects with the

risk genotype of FTO and with the non-risk genotype

at baseline is shown in Supplementary Figure 1. The gut

microbiota species with the greatest difference between

the two groups were Barnesiellaceae, Desulfobacterota

et al. in the subjects with the non-risk genotype

and NK4A214_group et al. in those with the risk

genotype, respectively.

First, we explored the Shannon’s diversity index of gut

microbiota (Figure 1). It was found that all subjects had
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TABLE 2 Change of anthropometric parameters and blood lipids from baseline to week 12 in subjects with di�erent genotypes in control group or PN group.

Lipid PN group (N = 166) Control group (N = 152) P-value

Risk genotype Non-risk genotype Risk genotype Non-risk genotype Genotype Intervention Genotype ×

TT (N = 5) TC (N = 49) CC (N = 112) TT (N = 4) TC (N = 50) CC (N = 98) Intervention

Anthropometric parameters

1Weight (kg) −2.10 (-2.70,−1.45) −3.10 (-3.85,−1.95) −2.45 ∧(-3.70,−0.13) −3.20 (-5.48,−2.35) −1.65* (-2.40,−0.88) −1.35 # (-2.78, 1.60) 0.036 <0.001 0.018

1BMI (kg/m
2) −0.78 (-0.88,−0.43) −1.19 (-1.48,−0.73) −0.89 ∧(-1.42,−0.02) −1.18 (-1.77,−0.92) −0.76* (-0.92,−0.25) −0.46 # (-1.05, 0.58) 0.061 <0.001 0.046

1WC (cm) −3.00 (-4.00,−2.00) −3.00 (-5.00,−2.00) −3.00 (-4.00,−1.00) −3.60 (-6.30,−2.25) −2.00 (-4.00,−1.00) −1.00 #,∧(-3.00, 1.00) 0.036 <0.001 0.034

1fat percent (%) −1.20 (-3.15, 0.35) −1.30 (-2.40,−0.45) −0.70∧ (-2.00,−0.10) −0.65 (-1.63,−0.20) −0.50 (-1.50,−0.30) −0.20∧ (-0.93, 0.70) 0.254 <0.001 0.402

Blood lipids

1TCHO (mmol/L) −0.31 (-0.51,−0.02) −0.38 (-0.60,−0.20) −0.22∧ (-0.51,−0.01) −0.29 (-2.39,−0.14) −0.22 (-0.48, 0.06) −0.06 (-0.33, 0.21) 0.061 <0.001 0.010

1TG (mmol/L) −0.13 (-0.65,−0.09) −0.29 (-0.48,−0.10) −0.23 (-0.41,−0.07) −0.08 (-1.11, 0.21) −0.10 (-0.35, 0.03) −0.09 (-0.30, 0.09) 0.487 0.058 0.265

1HDL (mmol/L) 0.14 (0.06, 0.31) 0.13 (0.06, 0.19) 0.12 (0.03, 0.19) 0.41 (0.25, 0.53) 0.11** (-0.07, 0.23) 0.04 ## (-0.07, 0.21) 0.014 0.057 0.052

1LDL (mmol/L) −0.53 (-0.68,−0.25) −0.40 (-0.52,−0.33) −0.41 (-0.60,−0.12) −0.89 (-0.94, 0.64) −0.42** (-0.55,−0.01) −0.24 ## (-0.58, 0.15) 0.022 0.024 0.032

Data were presented as median and IQR. Difference between different genotypes was assessed by Mann-Whitney U Test with Bonferroni adjustment for pairwise comparisons: significance level 0.05/3≈0.017. * : difference between TT and TC, *p <

0.017, **p < 0.003; # : difference between TT and CC, # p < 0.017, ## p < 0.003; ∧ : difference between TC and CC, p < 0.017. The effects of genotype, intervention, and genotype× intervention interaction were evaluated using generalized linear models,

adjusted for age, BMI, intake of macronutrients, total MET, and measurements at baseline.
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FIGURE 2

Comparison of gut microbiota composition before and after intervention in subjects with di�erent genotypes of FTO. Taxonomic representation

of statistically and biologically consistent di�erences between baseline (red) and Week 12 (green) shown in cladogram by LefSe analysis.

Di�erences are represented by the color of the most abundant class. Dot size is proportional to the abundance of the taxon. (A) Non-risk

genotype in the control group; (B) Non-risk genotype in the PN group; (C) Risk genotype in the control group; (D) Risk genotype in the PN group.

Discussion

To our knowledge, this study firstly explored the association

between gut microbiota and different responses to PN

intervention in subjects with different genotypes of FTO. It was

found that the improvement in anthropometric parameters and

lipid metabolism was greater in the PN group than in the control

group. Subjects with the risk genotype of FTO showed greater

reduction in anthropometric parameters, TCHO, and LDL than

the non-risk subjects. PN intervention effectively increased α

diversity of gut microbiota regardless of genotypes. The gut

microbiota, which was associated with pathways including fatty

acid biosynthesis and degradation, might be involved in lipid

metabolism in response to intervention.

The FTO gene has been reported to have key roles in

regulating energy balance and lipid metabolism process

pathways (21). We found that subjects with the risk

genotype of FTO had lower HDL concentrations and higher

LDL concentrations at baseline. Consistently, carriers of

homozygotes for the risk allele of FTO were found to have

1.25-fold lower HDL cholesterol concentration than carriers

of the non-risk genotype in patients with acromegaly (22). In

a study of 380 adult Iranian women, the lower levels of HDL

were observed in the risk genotypes compared to the non-risk

genotype of FTO (23). The mechanism of FTO polymorphism

affecting lipid metabolism has not been fully understood, but

it has been reported that FTO could interact with calmodulin-

dependent protein kinase II (CaMKII), thereby prolonging

CREB phosphorylation and affecting the expression levels

of Brain-derived neurotrophic factor (BDNF) and NPY1R

neuropeptide Y receptor Y1 (NPY1R), which were related

to lipid metabolic process (24). Besides, FTO catalyzes the

demethylation of m6A to alter the processing, maturation, and

translation of the mRNAs of lipid-related genes (25).

Genotypic variation influencing response to nutrition

intervention is of growing interest, and some PN intervention

approaches have been developed based on genotypes of various

genes. We found that subjects with risk genotype of FTO
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FIGURE 3

Tax4Fun2 predictions of the altered lipid-related functional composition of gut microbiota under di�erent intervention and genotype groups.

The KEGG pathways were analyzed by Tax4Fun2 and shown by STAMP. (A) Non-risk genotype in the control group; (B) Non-risk genotype in the

PN group; (C) Risk genotype in the control group; (D) Risk genotype in the PN group.

had greater anthropometric parameters, TCHO, and LDL

amelioration after intervention in our study, indicating the

necessity for timely intervention in high-risk populations.

Similarly, in a study of 776 high cardiovascular risk subjects

aged 55–80 years, subjects with the risk genotype of FTO had

higher body weight at baseline but lower body weight gain after

3 years of nutritional intervention with a Mediterranean-style-

diet (26). After 12 weeks of hydroalcoholic extract of arti-choke

supplement in women with metabolic syndrome, those with risk

allele of FTO showed better improvement in serum TG levels

than those without risk allele (27).

In addition, we found significant interaction effects between

FTO and intervention on anthropometric parameters, TCHO,

and LDL after stratifying for specific genotypes of FTO,

indicating subjects with different genotypes in PN group showed

better response to intervention than in the control group. Few

studies have explored the interaction between FTO and different

intervention methods, but the interaction between FTO and

lifestyle factors has been widely reported. A 6-month RCT of

1,270 adults across seven European countries (Food4Me) study

found that moderate-equivalent PA attenuated the effect of FTO

on BMI (Pinteraction = 0.020) and WC (Pinteraction = 0.005)

(28). This might be caused by the fact that FTO expression in

the hypothalamus is regulated by feeding, fasting, and energy

restriction, and the FTO expression affects energy homeostasis

and lipidmetabolism (29). In addition, individuals with different

FTO genotypes may exhibit different responses to exercise and

dietary intervention by altering C-reactive protein (CRP) (30).

The gut microbiota might be partly responsible for the

differences in lipid levels in subjects with different genotypes at

baseline. Barnesiellaceae was the main different gut microbiota

between subjects with different genotype of FTO at baseline

in our study, which plays a crucial role in maintaining health

status, including prevent blood stream infection (BSI) and other
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diseases (31). Barnesiellaceae can also serve as a biomarker of

obesity and was reported to be higher in control individuals

compared to obese patients (32). Among the more abundant

gut microbiota in subjects with the FTO risk genotype in our

study, the NK4A214_group had the highest LDA value. A rat

experiment showed that the fecal levels of TCHO and TG were

positively correlated with the relative abundance of NK4A214

(33), which might partly account for the higher levels of lipids

in subjects with the FTO risk genotype at baseline.

Our study showed that α diversity of gut microbiota was

significantly increased by PN intervention, which might partly

explain the better intervention results in the PN group. The

subjects with the non-risk genotype of FTO in the control group

had minimal change of α diversity after intervention, suggesting

that they were less responsive to the intervention. Moreover,

the gut microbiota of subjects with different genotypes showed

varied responses to the interventions. We found subjects with

the risk genotype had greater abundance of Blautia after

intervention in both PN group and control group, which might

partially explain the significant HDL and LDL amelioration

in subjects with the risk genotype of FTO. Blautia is a group

of bacteria containing various acetate and butyrate producers

(34). Blautia was found to be correlated with the improvements

in glucose and lipid homeostasis in a RCT study of Type 2

diabetes patients with hyperlipidemia, making it a common

target in the management of this disease (34). For subjects

with the non-risk genotype, the most significant change in gut

microbiota was Firmicutes, which included numerous bacterial

species involved in butyrate and propionate production, and

fatty acid biosynthesis and degradation (35, 36), as proved by

KEGG pathway analysis.

To date, studies exploring the association between FTO

genotype and gut microbiota were still very limited. An

animal study showed that FTO deficiency mice harbored

specific bacterial signature of suppressing inflammation,

characterized by higher abundance of Lactobacillus, lower

Porphyromonadaceae and Helicobacter (14). It was suggested

that FTO might target molecules involved in shaping the

intestinal microenvironment by regulating the pH value, bile

acid metabolism, and immune response (14). Therefore, the

gut microbiota might play a modulating role in the different

responses to intervention in different FTO genotypes.

This RCT study has several strengths. The study subjects

were compliant, and the intervention approach was developed

by the validated decision trees. FTO genotype and gut

microbiota were integrated, and multiple analysis methods were

used to fully explore factors associated with the individual

response to lifestyle interventions. However, this study is still

subject to two main limitations. First, the sample size of subjects

with TT genotype was relatively small, which might reduce

statistical power and increase uncertainty. Second, since gut

microbiota was influenced by environmental, dietary, genetic,

and other factors, it’s difficult tomaintain complete homogeneity

in different groups of subjects. It should be cautious to interpret

our results and apply them to other populations with different

lifestyles and diets.

Conclusions

In conclusion, subjects with the risk genotype of FTO

showed better response to nutrition intervention in terms of

anthropometric and blood lipid parameters. PN intervention

resulted in better amelioration of anthropometric parameters,

TCHO, and LDL in both genotypes population. The gut

microbiota, which were involved in multiple pathways including

fatty acid biosynthesis and degradation, might be responsible for

the different lipid levels at baseline and modulate different lipid

metabolism responses to intervention in different genotypes.
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Toxoplasma gondii is an important food-borne zoonotic parasite, and

approximately one-third of people worldwide are positive for T. gondii

antibodies. To date, there are no specific drugs or vaccines against T. gondii.

Therefore, developing a new safe and effective method has become a new

trend in treating toxoplasmosis. Koumiss is rich in probiotics and many

components that can alleviate the clinical symptoms of many diseases via the

functional characteristics of koumiss and its regulation of intestinal flora. To

investigate the antagonistic effect of koumiss on T. gondii infection, the model

of acute and chronic T. gondii infection was established in this study. The

survival rate, SHIRPA score, serum cytokine levels, brain cyst counts, β-amyloid

deposition and intestinal flora changes were measured after koumiss feeding.

The results showed that the clinical symptoms of mice were improved at 6 dpi

and that the SHIRPA score decreased after koumiss feeding (P < 0.05). At

the same time, the levels of IL-4, IFN-γ and TNF-α decreased (P < 0.001,

P < 0.001, P < 0.01). There was no significant difference of survival rate

between koumiss treatment and the other groups. Surprisingly, the results of

chronic infection models showed that koumiss could significantly reduce the

number of brain cysts in mice (P < 0.05), improve β-amyloid deposition in the

hippocampus (P < 0.01) and decrease the levels of IFN-γ and TNF-α (P < 0.01,

P < 0.05). Moreover, koumiss could influence the gut microbiota function in

resisting T. gondii infection. In conclusion, koumiss had a significant effect on

chronic T. gondii infection in mice and could improve the relevant indicators

of acute T. gondii infection in mice. The research provides new evidence for

the development of safe and effective anti-T. gondii methods, as well as a

theoretical basis and data support for the use of probiotics against T. gondii

infection and broadened thoughts for the development and utilization of

koumiss.

KEYWORDS

koumiss, Toxoplasma gondii, cytokines, intestinal microbiota, β-amyloid deposition,
cyst counting
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Introduction

Toxoplasma gondii is a worldwide intracellular protozoan
parasite that can infect almost all warm-blooded animals and
cause zoonotic diseases (1). T. gondii has a complex life
cycle, including tachyzoites, bradyzoites, oocysts, schizonts and
gametocytes. Humans are mainly infected by ingesting food
(cysts) and drinking water (oocysts) contaminated by T. gondii
or undercooked or raw meat (cysts) containing tissue cysts (2).
It causes toxoplasmosis after the host is infected with T. gondii.
Acute toxoplasmosis develops when tachyzoites invade and
replicate within the cells. It can result in fatal encephalitis,
pneumonitis and myocarditis. The severity of infection is
associated with the genotype of the parasite strain, the form of
infection and host immunity (3). Tachyzoites spread to brain
and skeletal muscle through the blood, convert into bradyzoites
under the function of autoimmunity, and subsequently persist
for a long time as dormant cysts (4, 5). The conversion from
tachyzoites to bradyzoites is a sign of infection in the chronic
phase (4).

It is estimated that more than 80% of immunocompetent
individuals are asymptomatic after infection with T. gondii (6).
Therefore, chronic toxoplasmosis was previously considered
benign (7). As a major neurotropic pathogen, T. gondii has
a higher affinity for the central nervous system than other
organs (8). Studies have shown that T. gondii is closely linked
with epilepsy (9), Alzheimer’s disease (10) and schizophrenia
(11). Furthermore, T. gondii infection could be responsible
for cognitive dysfunction and increased suicidal behaviors (12,
13). Another study suggested that the relative abundance of
harmful bacteria increased in the intestine in mice infected
with T. gondii (14). Notably, dormant cysts can be reactivated
and lead to severe consequences once host immunity is
defective (15). However, there are no specific vaccines or drugs
against T. gondii thus far. Sulfonamides are beneficial to treat
acute toxoplasmosis but ineffective for chronic toxoplasmosis
accompanied by side effects. Consequently, a new, secure and
effective method should be sought to alleviate or ameliorate
T. gondii infection.

Koumiss is a kind of traditional fermented milk product
made from mare’s milk, which is widely popular in Russia,
Mongolia, eastern Europe and central Asia. The koumiss culture
can be traced back to the Han dynasty in China. Koumiss has
a large number of nutrients, including all the essential amino
acids needed by human beings, such as proline, lysine, tyrosine,
valine and leucine (16). Moreover, koumiss has more essential
fatty acids than milk, which is good for human health (17).
The ratio of casein to whey is 1:1 in koumiss, which is close
to that in human milk (18). In addition to its high nutritional
value, koumiss also has excellent therapeutic potential due to
its anticarcinogenic and antioxidative properties, antibacterial
properties and intestinal enlargement (16). Koumiss was
reported as a therapeutic beverage against tuberculosis in

1861 (19). Those of Mongolian ethnicity have developed
“koumiss therapy,” which combines traditional Mongolian
medicine with koumiss used in the clinical treatment of
intestinal indigestion, hypertension, tuberculosis, and other
cases (20, 21). In addition, due to its rich probiotics and
good safety, koumiss has been used instead of antibiotics
to inhibit the growth of harmful bacteria and maintain
the natural flora balance (22, 23). Modern medical research
confirmed that koumiss could alleviate chronic atrophic
gastritis and hyperlipidemia by modulating gut microbiota
(20, 24).

To explore the effects of koumiss on T. gondii infection,
BALB/c mice were inoculated with T. gondii cysts and
gavaged orally with koumiss. The survival rate, serum cytokine
levels, SHIRPA score, number of brain cysts and 16S rRNA
gene sequence of intestinal microbiota were determined. This
study reveals the effects of koumiss consumption in treating
toxoplasmosis by regulating gut microbiota for the first time and
provides a theoretical basis and data support for developing a
novel treatment against T. gondii infection.

Materials and methods

Animals and parasites

Female BALB/c mice, 6 weeks old, weighing 15–18 g, were
purchased from SPF (Beijing) Biotechnology Co., Ltd. The
mice were given food and water arbitrarily and housed under
a 12 h light/dark cycle. The animal protocols were reviewed
and approved by the Inner Mongolia Agricultural University
Laboratory Animal Welfare and Animal Experimental Ethical
Inspection Committee (NND2021069). All experiments were
performed according to the relevant guidelines and regulations.
The T. gondii PRU strain was obtained from the National
Animal Protozoa Laboratory of China Agricultural University,
passaged and preserved serially in Kunming mice (25). Koumiss
samples and fresh mare’s milk samples obtained from the Abaga
banner of Xilin Gol League were used in their original form
(fermentation temperature: 18–20◦C, fermentation time: 72 h,
pH value: 3.88).

Acute infection

Forty-eight BALB/c mice were randomly divided into the
acute control group (AC, n = 12), acute infection group (AI,
n = 12), acute koumiss group (AK, n = 12) and acute mare’s milk
group (AM, n = 12). The AI, AK and AM groups were orally
inoculated with 200 µL PBS containing 50 cysts, while the AC
group was inoculated with the same volume of PBS alone. The
AC, AI, AK and AM groups were gavaged with 100 µL PBS, PBS,
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koumiss and mare’s milk respectively everyday. The mice were
used to calculate the survival rate after 6 dpi.

Chronic infection

One hundred and forty-four BALB/c mice were randomly
separated into the chronic control group (CC, n = 36), chronic
infection group (CI, n = 36), chronic koumiss group (CK, n = 36)
and chronic mare’s milk group (CM, n = 36). The CI, CK and
CM groups were infected with 3 cysts in 200 µL PBS, and the C
group was infected with the same volume of PBS alone. The CC,
CI, CK, and CM groups were gavaged with 100 µL PBS, PBS,
koumiss and mare’s milk respectively every 2 days.

Serum cytokine level measurement

The blood of mice was collected by the eyeball removal
method at 6 d post-infection (dpi) in the acute infection,
and chronic infection group collected at 14 dpi. Serum
was separated at 1,000 × g for 20 min and stored at
−20◦C. Enzyme-linked immunosorbent assay (ELISA) kits
(Tiangen, Beijing. Production lot number: 03/2021) were used
to determine the serum levels of IL-4, IL-10, IFN-γ, and TNF-
α. All operations were carried out in accordance with the
manufacturer’s instructions.

Clinical score

The modified SHIRPA index was used to assess the
clinical symptoms of mice infected with T. gondii (26). Acute
infection mice were assayed at 6 dpi. The modified SHIRPA
index provides quantitative data for individual performance,
which includes a series of individual tests. The tests were
performed in the following order, and one point was given
for conformity: piloerection, abdominal writhing, weight
loss, diarrhea, lacrimation, palpebral closure, moving speed,
reflexive escape from touch, spontaneous tremors, reduced grip
strength, hunched posture, and changes in respiration rate
(hyperventilation) (27). The control group was regarded as
having no changes in the clinical score.

T. gondii cyst counting

Mice were euthanized by cervical dislocation, and the brain
tissue was separated and homogenized with 3 mL of PBS.
A 20 µL sample of each homogenate was placed into the blood
count chamber, and the intact cysts were counted under a light
microscope for three times. The average value was calculated for
the final result.

β-amyloid deposition assay

On 42 dpi, the chronic infection mice were euthanized,
and the hippocampus were separated and used in the following
trial. Immunohistochemical staining was used to determine
β-amyloid deposition in the hippocampus. The hippocampal
tissue was fixed with 4% paraformaldehyde, embedded in
paraffin wax and sliced (4 µM). Rabbit anti-β-amyloid 1-40 (CT)
antibody (Bioss, USA) was diluted 200 times to treat the slices,
and then the samples were DAB-developed, dehydrated, and
sealed transparently. A Leica microscope was used to observe
and photograph the sections.

16S rRNA gene sequence measurement

Three mice were selected randomly from each group at
6 dpi in the acute infection, and six mice were selected at
random from each group at 7, 14, 21, 28, 35, and 42 dpi in
the chronic infection. Feces were collected aseptically within
2 h, treated with liquid nitrogen and stored at −80◦ until
the next experiment. Genomic DNA was extracted from
the feces using the cetyltrimethylammonium ammonium
bromide (CATB) method. Agarose gel electrophoresis
was used to determine the purity and concentration of
genomic DNA. The 16S rRNA genes were amplified with
specific primers with barcodes. The PCR primers and
conditions were performed as described previously (28).
The PCR products were determined by 2% agarose gel
electrophoresis and purified with a Qiagen Gel Extraction Kit
(Qiagen, Germany).

Libraries were constructed using the TruSeq R© DNA
PCR-Free Sample Preparation Kit (Illumina, USA) and
sequenced with high-throughput sequencing technology
on the Illumina NovaSeq sequencing platform. Each
sample was measured three times. All effective tags of
samples were clustered with 97% similarity into operational
taxonomic units (OTUs). The taxonomic information
was obtained by species annotation analysis, and the
community composition of the samples was counted
individually at each classification level, including the
Kingdom, Phylum, Class, Order, Family, Genus and Species
levels.

Statistical analysis

GraphPad Prism software was used for data analyses and
plots. Kyoto Encyclopedia for Genes and Genomics (KEGG)
classifications were performed with the Tax4Fun software
package. All data are expressed as mean ± standard deviation
(SD). P < 0.05 was considered a significant difference.
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Results

The survival rate of mice with acute
T. gondii infection

Mice in the AI, AK, and AM groups were inoculated with
50 cysts, and mice in the AC group received no treatment.
The AC, AI, AK, and AM groups were gavaged daily with
PBS, PBS, koumiss and mare’s milk, respectively. The survival
rate was measured, and the results showed that AC resulted in
no deaths, and the other groups all died (Figure 1). Koumiss
did not increase the survival rate of mice with acute T. gondii
infection.

Effect of koumiss on the SHIRPA scores
of mice with acute T. gondii infection

Mice showed a series of clinical symptoms after infection
with T. gondii, including piloerection, palpebral closure,
spontaneous tremors and hunched posture. At 6 dpi, the
modified SHIRPA index was used to assess the clinical
symptoms of the mice. The AC group was regarded as having no
changes in the clinical score. The AI, AK and AM groups were
evaluated on the basis of their behaviors. The results suggested
that there was a significant difference between the AI and AK
groups (P < 0.05). However, there was no difference between the
AI and AM groups (Figure 2). This result indicated that koumiss
treatment could improve the clinical symptoms of mice at 6 dpi
with acute T. gondii. infection.

Effect of koumiss on the serum
cytokine levels of mice with acute
T. gondii infection

ELISA was used to determine the serum cytokine levels
according to the manufacturer’s instructions. The results showed
that the levels of IL-4, IFN-γ and TNF-α increased, and the
levels of IL-10 decreased after infection with T. gondii (Figure 3).
There were significant differences between the AI and AK
groups in the levels of IL-4, IFN-γ and TNF-α (P < 0.001,
P < 0.001, P < 0.001). There was a higher level of IL-10 in the
AK group than in the AI group (P < 0.01).

Effect of koumiss on the gut
microbiota of mice with acute T. gondii
infection

Feces were collected aseptically within 2 h on 6 dpi. The
16S rRNA gene sequences of gut flora were determined by

FIGURE 1

The survival rate of mice with acute Toxoplasma gondii
infection. AC: no T. gondii + PBS; AI: 50 T. gondii cysts + PBS;
AK: 50 T. gondii cysts + koumiss; AM: 50 T. gondii cysts + mare’s
milk. All data are expressed as mean ± SD.

FIGURE 2

The SHIRPA scores of mice with acute T. gondii infection at
6 dpi. The control group (AC) was regarded as having no
changes in the clinical score. AC: no T. gondii + PBS; AI: 50
T. gondii cysts + PBS; AK: 50 T. gondii cysts + koumiss; AM: 50
T. gondii cysts + mare’s milk. All data are expressed as
mean ± SD. *P < 0.05 and N.S., no significance.

high-throughput sequencing technology. The intestinal flora
composition changes were analyzed at the phylum, family
and species levels (Figure 4). The focus of analysis was the
community structure of the gut microbiota whose abundances
were ranked in the top 10. The species composition of the
AC group consisted of Bacteroidota (43.8%), Firmicutes
(39.2%), Proteobacteria (7.9%), Desulfobacterota (6.2%),
Campylobacterota (0.6%), Actinobacteriota (0.6%) and others at
the phylum level (Figure 4A). After infection with T. gondii, the
relative abundance of Bacteroidota decreased, and Firmicutes
increased in the AI, AK, and AM groups. At the family level, the
relative abundances of Lactobacillaceae and Desulfovibrionaceae
decreased in mice infected with T. gondii (Figure 4B).
Moreover, there was an increasing trend in Prevotellaceae,
Muribaculaceae, Clostridiaceae, and Lachnospiraceae in the
AI, AK, and AM groups. There was a downwards trend in
Lactobacillus reuteri in mice infected with T. gondii at the
species level (Figure 4C).
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FIGURE 3

Serum levels of IL-4, IL-10, IFN-γ, and TNF-α in mice with acute T. gondii infection at 6 dpi. AC: no T. gondii + PBS; AI: 50 T. gondii cysts + PBS;
AK: 50 T. gondii cysts + koumiss; AM: 50 T. gondii cysts + mare’s milk. All data are expressed as mean ± SD. **P < 0.01; ***P < 0.001.

Effect of koumiss on the serum
cytokine levels of mice with chronic
T. gondii infection

Mice in the CI, CK, and CM groups were inoculated with
3 cysts and treated with PBS, koumiss and mare’s milk. The CC
group was inoculated and treated with PBS alone. On 14 dpi,
blood was obtained from eyeballs and centrifuged at 1,000 × g
for 20 min. ELISA was used to determine the serum levels of IL-
4, IL-10, IFN-γ, and TNF-α. The results showed that the levels
of IL-4, IFN-γ, and TNF-α increased, and IL-10 decreased after
infection with T. gondii (Figure 5). There was no difference
in the levels of IL-4 among the different groups. Compared
with the CI group, there were significant decreases in the levels
of IFN-γ and TNF-α in the CK group (P < 0.01, P < 0.05).
Moreover, there was a significant difference in the levels of IL-10
between the CI and CK groups (P < 0.05).

Effect of koumiss on brain cyst counts
in mice with chronic T. gondii
infection

Brain cyst counting is the most direct and important
index to reflect the chronic infection of T. gondii. The mice
were euthanized by cervical dislocation, and brain tissue was
homogenized with PBS at 42 dpi. Each sample was counted three
times under a light microscope. The results showed that there

was a significant difference in cyst counts between the CI and
CK groups (P < 0.05) (Figure 6). There was no difference in
cyst counts between the CI and CM groups. This indicated that
koumiss could reduce the brain cyst count of mice chronically
infected with T. gondii.

Effect of koumiss on β-amyloid
deposition in mice with chronic
T. gondii infection

When immunocompetent individuals are infected with
T. gondii, it can form a recessive infection in the body.
This recessive infection is closely related to anomalous
cognitive behaviors, including schizophrenia and Alzheimer’s
disease. β-amyloid plaques caused by amyloid deposition
in the hippocampus are indicative of pathological changes
in Alzheimer’s disease. In this study, immunohistochemical
staining was used to determine the β-amyloid deposition in
the hippocampus of mice chronically infected with T. gondii
at 42 dpi. After immunohistochemical staining was performed,
there were brownish yellow particles in the cytoplasm of
neurons in the positive samples, while there were no brownish
yellow particles in the negative samples. The results suggested
that the CC group had no brownish yellow particles and that the
CI, CK and CM groups showed many brownish yellow particles
(Figure 7A), indicating that T. gondii infection resulted in β-
amyloid deposition in the hippocampus of mice. Compared
with the CI group, the CK group had a lower optical density
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FIGURE 4

The intestinal microbiota composition changes of mice with acute T. gondii infection at 6 dpi. AC: no T. gondii + PBS; AI: 50 T. gondii
cysts + PBS; AK: 50 T. gondii cysts + koumiss; AM: 50 T. gondii cysts + mare’s milk; (A–C) indicate phylum, family and species levels,
respectively. All data are expressed as mean ± SD.

(OD) value (P < 0.01) (Figure 7B). The optical density value
is connected to the amount of dyeing. The greater the amount
of dyeing, the higher the optical density value. Therefore, the
results proved that there were fewer amyloid plaques in the CK
group, which indicates that koumiss could reduce β-amyloid
deposition.

Effect of koumiss on the gut
microbiota in mice with chronic
T. gondii infection

Feces were collected aseptically, and the 16S rRNA gene
sequences were determined with high-throughput sequencing
technology. Tax4Fun analysis is often performed to predict the
function of intestinal microbiota and environmental samples.
Its core content is comparing 16S rRNA gene sequencing data
with the KEGG database to achieve functional annotation. The
results of this study showed that the CK group had more bacteria
functioning in metabolism than the CC, CI and CM groups at
14 dpi, such as carbohydrate metabolism, energy metabolism
and lipid metabolism (Figure 8A). Moreover, there was also an
obvious increase in drug resistance, immune system and enzyme
families in the CK group at 14 dpi. Membrane transport in the
CK group showed a downwards trend compared with that in the
CC group at 14 dpi (Figure 8B).

Discussion

Toxoplasma gondii is one of the most successful pathogens
in nature, it can infect a wide range of mammals and birds and
cause potentially fatal diseases in humans (29). To date, there are
no specific drugs and vaccines against T. gondii. Koumiss is rich
in probiotics and various functional components that has been

used to alleviate the clinical symptoms of many diseases due to
its functional characteristics and regulation of intestinal flora. In
this study, the effect of koumiss on T. gondii infection in BALB/c
mice was explored.

Mice were inoculated with 50 PRU strain cysts to establish
a model of acute T. gondii infection and were gavaged with
koumiss at a dose of l00 µL/d. The survival rate, SHIRPA
score, serum cytokine levels and changes in gut microbiota
were measured. The results showed that all mice infected with
T. gondii were dead at 14 dpi. No significant difference in
survival rate with koumiss treatment compared to the AI group.
However, after koumiss feeding, the levels of IL-4, IFN-γ, and
TNF-α in the AK group were lower than those in the AI group.
When the hosts were infected with T. gondii, IFN-γ and TNF-α
were released to resist the pathogens. Excessive release of IFN-
γ and TNF-α and disruption of the Th1/Th2 balance will result
in pathological immunoreactions. This indicated that koumiss
could play an important role in inhibiting the excessive secretion
of proinflammatory factors.

In addition, the SHIRPA score was used to evaluate the
behaviors of mice acutely infected with T. gondii. The results
showed that there was a significant reduction in the AK group
compared with the AI group, suggesting that koumiss can
improve the clinical performance of mice acutely infected with
T. gondii. Moreover, the results proved that koumiss influenced
the gut microbiota composition of mice infected with T. gondii.
The most important finding is that the relative abundance of
Lactobacillus reuteri decreased in mice with acute T. gondii
infection. L. reuteri naturally exists in the intestines of almost all
vertebrates and mammals, has strong adhesion to the intestinal
mucosa, and can improve the intestinal flora and prevent the
colonization of harmful bacteria. The antibacterial substance
produced by L. reuteri has an excellent inhibitory effect on the
growth of bacteria, fungi and parasites (30). Previous studies
have shown that L. reuteri combined with other probiotics can
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FIGURE 5

Serum levels of IL-4, IL-10, IFN-γ, and TNF-α in mice with chronic T. gondii infection at 14 dpi. CC: no T. gondii + PBS; CI: 3 T. gondii
cysts + PBS; CK: 3 T. gondii cysts + koumiss; CM: 3 T. gondii cysts + mare’s milk. All data are expressed as mean ± SD. *P < 0.05; **P < 0.01.

inhibit 80% of Eimeria tenella invasion of bovine kidney cells
in vitro (31). Relevant studies have found that the probiotic
L. reuteri KUB-AC5 can rapidly colonize the intestinal tract
of mice and reduce the intestinal inflammation and systemic
transmission of mice caused by Salmonella infection (32). In
addition, L. reuteri was proven to inhibit the colonization
of Cryptosporidium parvum in the intestinal epithelium of
immunodeficient mice (33). Therefore, L. reuteri was considered
to potentially inhibit the colonization of T. gondii in the
host. Concerning the effect of koumiss on mice with acute
T. gondii infection, the study results showed that koumiss did
not increase the survival rate of mice but improved the relevant
indicators, including the serum cytokine levels and SHIRPA
score. To guarantee the establishment of an acute T. gondii
infection model in mice, mice were gavaged with koumiss for
a relatively short period of time (6 d), which may account for
the experimental results.

To further explore the effect of koumiss on T. gondii
infection, a chronic T. gondii infection model was established,
and mice were gavaged with koumiss every 2 days. Then, the
serum cytokine levels, brain cyst counts, β-amyloid deposition
and intestinal flora changes were determined. The results
showed that the levels of IL-4, IFN-γ and TNF-α increased,
while the levels of IL-10 decreased at 14 dpi. IFN-γ and TNF-
α are important cytokines against T. gondii infection that play
an important role in the initial stage of acute infection and
chronic infection (34). Koumiss can improve intestinal immune
function by increasing the number of leukocytes, repairing the
tissue structure of the spleen and thymus, and increasing the
CD4+/CD8+ ratio in immunosuppressed rats (35). Therefore,

FIGURE 6

The brain cyst count in mice with chronic T. gondii infection at
42 dpi. CC: no T. gondii + PBS; CI: 3 T. gondii cysts + PBS; CK: 3
T. gondii cysts + koumiss; CM: 3 T. gondii cysts + mare’s milk. All
data are expressed as mean ± SD. *P < 0.05 and N.S., no
significance.

after infection with T. gondii, the levels of IFN-γ and TNF-
α increased to resist T. gondii infection. The decrease in the
levels of IL-10 maintained the Th1/Th2 balance. After feeding
on koumiss, the levels of IFN-γ and TNF-α decreased, and the
levels of IL-10 increased, proving that koumiss could reduce
the levels of proinflammatory factors and enhance the levels of
anti-inflammatory factors to maintain the Th1/Th2 balance.

The brain cysts were counted at 42 dpi to determine
the presence of tissue cysts in the brain (36). The results
showed that there was a significant reduction in the CK group
compared with the CI group, demonstrating that koumiss
could reduce the brain cyst counts of mice with chronic
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FIGURE 7

β-amyloid deposition in mice with chronic T. gondii infection at 42 dpi. CC: no T. gondii + PBS; CI: 3 T. gondii cysts + PBS; CK: 3 T. gondii
cysts + koumiss; CM: 3 T. gondii cysts + mare’s milk; (A) The immunohistochemical staining results of the CC, CI, CK and CM groups. Red
arrows represent brownish yellow particles caused by amyloid deposition. (B) The optical density value of different treatment groups.
**P < 0.01. All data are expressed as mean ± SD. Scale bars: 100 µm.

T. gondii infection. A study showed that chronic T. gondii
infection can change or subvert the activity of neurons and
permanently affect the behavior of the host (37). Therefore,
β-amyloid deposition in the hippocampus was measured with
immunohistochemical staining. β-amyloid plaques produced by
amyloid deposition in the brain are characteristic pathological

changes of Alzheimer’s disease (38). Previous study has shown
that fermented milk of Lactobacillus helveticus IDCC3801
reduced β-amyloid and improved memory deficit (39). The
results showed that chronic T. gondii infection caused β-
amyloid deposition in the hippocampus of mice, while lactic
acid bacteria enriched in koumiss treatment may improved
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FIGURE 8

Effect of koumiss on the microbiota functional profile in mice chronically infected with T. gondii. (A) Level 1. (B) Level 2. CC: no T. gondii + PBS;
CI: 3 T. gondii cysts + PBS; CK: 3 T. gondii cysts + koumiss; CM: 3 T. gondii cysts + mare’s milk. All data are expressed as mean ± SD.

β-amyloid deposition. However, the cognitive behavior changes
caused by T. gondii infection and the effects of koumiss require
further testing.

Furthermore, gut microbiota changes were determined
with high-throughput sequencing technology. The differences
of microbiota structure were caused by strains of different
genotypes (40). The results showed that koumiss could increase
the relative abundance of bacteria functioning in metabolism at
14 dpi, such as carbohydrate metabolism and lipid metabolism.
The glycolysis pathway plays an important role in the T. gondii
tachyzoite stage because it provides a carbon source for fatty
acid synthesis and drives T. gondii invasion of host cells (41).
A study suggested that koumiss had prominent functions in
carbohydrate metabolism and amino acid metabolism (42).
Therefore, koumiss may inhibit the growth of T. gondii by
regulating carbohydrate metabolism. In addition, lipids also
participate in innate immunity and may play an important role
in controlling T. gondii infection (43). Koumiss consumption
caused significant changes in metabolites involving in numerous
metabolic pathway, including biosynthesis of primary and
secondary bile acid, as well as metabolism of unsaturated fatty
acid, linoleic acid and arachidonic acid (44). The study also
demonstrated that koumiss was related to fat synthesis and
metabolism (18), which might be another important impact
factor against T. gondii infection.

In this study, we explored the effect of koumiss on mice
with acute and chronic T. gondii infection. Although feeding
koumiss did not improve the survival rate of acute infection

in mice, related indicators were improved, such as the SHIRPA
score, cytokine level and intestinal flora. Moreover, koumiss had
an obvious antagonistic effect on chronic T. gondii infection in
mice, which was reflected in the reduction in brain cyst counts,
the reduction in brain tissue inflammatory reactions and the
increase in the relative abundance of certain bacteria related
to the inhibition of T. gondii infection. This study provided
a new theoretical basis and data support for the remission
and treatment of T. gondii infection as well as novel ideas
for research on the role of probiotics in resisting intracellular
pathogen infection.
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probable relationship between Toxoplasma gondii and cryptogenic epilepsy. Seizure
Eur J Epilep. (2003) 12:107–9. doi: 10.1016/S1059-1311(02)00256-X

10. Torres L, Robinson SA, Kim DG, Yan A, Cleland TA, Bynoe MS. Toxoplasma
gondii alters NMDAR signaling and induces signs of Alzheimer’s disease in wild-
type, C57BL/6 mice. J Neuroinflamm. (2018) 15:57. doi: 10.1186/s12974-018-1086-
8

11. Chen X, Chen B, Hou X, Zheng C, Yang X, Ke J, et al. Association between
Toxoplasma gondii infection and psychiatric disorders in Zhejiang, Southeastern
China. Acta Trop. (2019) 192:82–6. doi: 10.1016/j.actatropica.2019.02.001

12. Kannan G, Pletnikov MV. Toxoplasma gondii and cognitive deficits in
schizophrenia: an animal model perspective. Schizophrenia Bull. (2012) 38:1155–
61. doi: 10.1093/schbul/sbs079

13. Postolache TT, Wadhawan A, Rujescu D, Hoisington AJ, Dagdag A, Baca-
Garcia E, et al. Toxoplasma gondii, suicidal behavior, and intermediate phenotypes
for suicidal behavior. Front Psychiatry. (2021) 12:665682. doi: 10.3389/fpsyt.2021.
665682

14. Shao DY, Bai X, Tong MW, Zhang YY, Liu XL, Zhou YH, et al. Changes to the
gut microbiota in mice induced by infection with Toxoplasma gondii. Acta Trop.
(2020) 203:105301. doi: 10.1016/j.actatropica.2019.105301

15. Wohlfert EA, Blader IJ, Wilson EH. Brains and brawn: Toxoplasma infections
of the central nervous system and skeletal muscle. Trends Parasitol. (2017) 33:519–
31. doi: 10.1016/j.pt.2017.04.001

16. Afzaal M, Saeed F, Anjum F, Waris N, Husaain M, Ikram A, et al. Nutritional
and ethnomedicinal scenario of koumiss: a concurrent review. Food Sci Nutr.
(2021) 9:6421–8. doi: 10.1002/fsn3.2595

17. Malacarne M, Martuzzi F, Summer A, Mariani P. Protein and fat composition
of mare’s milk: some nutritional remarks with reference to human and cow’s milk.
Int Dairy J. (2002) 12:869–77. doi: 10.1016/S0958-6946(02)00120-6

18. Wu Y, Li Y, Gesudu Q, Zhang J, Sun Z, Halatu H, et al. Bacterial composition
and function during fermentation of Mongolia koumiss. Food Sci Nutr. (2021)
9:4146–55. doi: 10.1002/fsn3.2377

19. Kudayarova RR, Gilmutdinova LT, Yamaletdinov KS, Gilmutdinov AR,
Gabdelhakova LT, Zinnatullin RK. Historical aspects of the use in medicine kumis.
Bull Siberian Med. (2010) 9:186–9. doi: 10.20538/1682-0363-2010-5-186-189

20. Li CK, Hou QC, Duolana WL, Liu HX, Siqinbateer BY, Sun A, et al. Koumiss
consumption alleviates symptoms of patients with chronic atrophic gastritis: a
possible link to modulation of gut microbiota. J Nutr Oncol. (2017) 2:48–63.

21. Bao WYDL, He YX, Liu W. Diversity analysis of bacterial and function
prediction in hurunge from mongolia. Front Nutr. (2022) 9:835123. doi: 10.3389/
fnut.2022.835123

22. Chen Y, Aorigele C, Wang C, Hou W, Zheng Y, Simujide H. Effects of
antibacterial compound of Saccharomyces cerevisiae from koumiss on immune
function and caecal microflora of mice challenged with pathogenic Escherichia coli
O8. Acta Vet Brno. (2019) 88:233–41. doi: 10.2754/avb201988020233

23. Chen YJ, Wang CJ, Hou WQ, Wang XS, Gali BG, Yang SQ. Effects of
antibacterial compounds produced by Saccharomyces cerevisiae in Koumiss on
pathogenic Escherichia coli Os and its cell surface characteristics. J Integr Agr. (2017)
16:742–8. doi: 10.1016/S2095-3119(16)61516-2

24. Hou Q, Li C, Liu Y, Li W, Chen Y, Bao Y, et al. Koumiss consumption
modulates gut microbiota, increases plasma high density cholesterol, decreases
immunoglobulin G and albumin. J Funct Foods. (2019) 52:469–78.

25. Dubey JP, Lindsay DS, Speer C. Structures of Toxoplasma gondii tachyzoites,
bradyzoites, and sporozoites and biology and development of tissue cysts. Clin
Microbiol Rev. (1998) 11:267–99. doi: 10.1128/CMR.11.2.267

26. Rogers DC, Fisher EMC, Brown SDM, Peters J, Hunter AJ, Martin JE.
Behavioral and functional analysis of mouse phenotype: SHIRPA, a proposed
protocol for comprehensive phenotype assessment. Mamm Genome. (1997) 8:711–
3. doi: 10.1007/s003359900551

Frontiers in Nutrition 10 frontiersin.org

145

https://doi.org/10.3389/fnut.2022.1014344
https://doi.org/10.1038/s41579-021-00518-7
https://doi.org/10.1007/s00436-017-5518-7
https://doi.org/10.1016/j.actatropica.2016.12.006
https://doi.org/10.3390/pathogens10111351
https://doi.org/10.3389/fmicb.2020.57090
https://doi.org/10.1080/00325481.2019.1655258
https://doi.org/10.3389/fimmu.2019.0024
https://doi.org/10.1016/S1059-1311(02)00256-X
https://doi.org/10.1186/s12974-018-1086-8
https://doi.org/10.1186/s12974-018-1086-8
https://doi.org/10.1016/j.actatropica.2019.02.001
https://doi.org/10.1093/schbul/sbs079
https://doi.org/10.3389/fpsyt.2021.665682
https://doi.org/10.3389/fpsyt.2021.665682
https://doi.org/10.1016/j.actatropica.2019.105301
https://doi.org/10.1016/j.pt.2017.04.001
https://doi.org/10.1002/fsn3.2595
https://doi.org/10.1016/S0958-6946(02)00120-6
https://doi.org/10.1002/fsn3.2377
https://doi.org/10.20538/1682-0363-2010-5-186-189
https://doi.org/10.3389/fnut.2022.835123
https://doi.org/10.3389/fnut.2022.835123
https://doi.org/10.2754/avb201988020233
https://doi.org/10.1016/S2095-3119(16)61516-2
https://doi.org/10.1128/CMR.11.2.267
https://doi.org/10.1007/s003359900551
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1014344 September 22, 2022 Time: 14:24 # 11

Yan et al. 10.3389/fnut.2022.1014344

27. Estato V, Stipursky J, Gomes F, Mergener TC, Frazão-Teixeira E, Allodi S.
The neurotropic parasite Toxoplasma gondii induces sustained neuroinflammation
with microvascular dysfunction in infected mice. Am J pathol. (2018) 188:2674–87.
doi: 10.1016/j.ajpath.2018.07.007

28. Yan XL, Han WY, Jin XD, Sun YF, Gao JL, Yu XL. Study on the effect of
koumiss on the intestinal microbiota of mice infected with Toxoplasma gondii. Sci
Rep. (2022) 12:1–11. doi: 10.1038/s41598-022-05454-x

29. Saraf P, Shwab EK, Dubey JP, Su C. On the determination of Toxoplasma
gondii virulence in mice. Exp parasitol. (2017) 174:25–30. doi: 10.1016/j.exppara.
2017.01.009

30. Chen FY, Lee MT, Huang HW. Sigmoidal concentration dependence of
antimicrobial peptide activities: a case study on alamethicin. Biophys J. (2002)
82:908–14. doi: 10.1016/S0006-3495(02)75452-0

31. Hessenberger S, Schatzmayr G, Teichmann K. In vitro inhibition of Eimeria
tenella sporozoite invasion into host cells by probiotics. Vet parasitol. (2016)
229:93–8. doi: 10.1016/j.vetpar.2016.10.001

32. Songphon B, Chutikarn S, Thattawan K, Kowit N, Massalin N, Sunee N.
Anti-inflammatory effect of probiotic Limosilactobacillus reuteri KUB-AC5 against
Salmonella infection in a mouse colitis model. Front microbiol. (2021) 2463:716761.
doi: 10.3389/fmicb.2021.716761

33. Alak JI, Wolf BW, Mdurvwa EG, Pimentel-Smith GE, Adeyemo O. Effect of
Lactobacillus reuteri on intestinal resistance to Cryptosporidium parvum infection
in a murine model of acquired immunodeficiency syndrome. J Infect Dis. (1997)
175:218–21. doi: 10.1093/infdis/175.1.218

34. Zhang YL, Hu W, Liu Q, Ma ZL, Hu SP, Zhang Z, et al. Expression of
immunoproteasome subunits in the brains of Toxoplasma gondii-infected mice.
Exp Mol Pathol. (2021) 123:104684. doi: 10.1016/j.yexmp.2021.104684

35. Li QY, Zhang CJ, Xilin TY, Ji MY, Meng XX, Zhao YL, et al. Effects of koumiss
on intestinal immune modulation in immunosuppressed rats. Front Nutr. (2022)
9:765399. doi: 10.3389/fnut.2022.765499

36. Dubey JP, Pas A, Rajendran C, Kwok OCH, Ferreira LR, Martins J, et al.
Toxoplasmosis in sand cats (felis margarita) and other animals in the breeding
centre for endangered Arabian wildlife in the United Arab emirates and Al Wabra
wildlife preservation, the state of Qatar. Vet Parasitol. (2010) 172:195–203. doi:
10.1016/j.vetpar.2010.05.013

37. Tedford E, McConkey G. Neurophysiological changes induced
by chronic Toxoplasma gondii infection. Pathogens. (2017) 6:19. doi:
10.3390/pathogens6020019

38. Gomez J, Villegas-Lanau CA, Mesa A, Neuroscience Research Group.
Colocalization of the β-Amyloid peptide with bacteria in postmortem brain
tissue of patients with familial Alzheimer’s disease. Alzheimers Dement. (2021)
17:e058692. doi: 10.1002/alz.058692

39. Yeon SW, You YS, Kwon HS, Yang EH, Ryu JS, Kang BH, et al.
Fermented milk of Lactobacillus helveticus IDCC3801 reduces beta-amyloid and
attenuates memory deficit. J Funct Foods. (2010) 2:143–52. doi: 10.1016/j.jff.2010.0
4.002

40. Lv QB, Ma H, Wei JQ, Qin YF, Qiu HY, Ni HB, et al. Changes of gut
microbiota structure in rats infected with Toxoplasma gondii. Front Cell Infect Mi.
(2022) 1093:969832. doi: 10.3389/fcimb.2022.969832

41. Nitzsche R, Zagoriy V, Lucius R, Gupta N. Metabolic cooperation of glucose
and glutamine is essential for the lytic cycle of obligate intracellular parasite
Toxoplasma gondii. J Biol Chem. (2016) 291:126–41. doi: 10.1074/jbc.M114.624619

42. Xia YN, Liu H, Shuang Q. Analysis of microbial diversity and functional genes
of koumiss based on macrogenome. Chin J Food. 2022 (2022) 22:301–9.

43. Vallochi AL, Teixeira L, Oliveira KDS, Maya-Monteiro CM, Bozza PT. Lipid
droplet, a key player in host-parasite interactions. Front immunol. (2018) 9:1022.
doi: 10.3389/fimmu.2018.01022

44. Li CK, Liu XF, Wang HQ, Fan H, Mi ZH, Kwok LY, et al. Koumiss
consumption induced changes in the fecal metabolomes of chronic atrophic
gastritis patients. J Funct Foods (2019) 62:103522. doi: 10.1016/j.jff.2019.103522

Frontiers in Nutrition 11 frontiersin.org

146

https://doi.org/10.3389/fnut.2022.1014344
https://doi.org/10.1016/j.ajpath.2018.07.007
https://doi.org/10.1038/s41598-022-05454-x
https://doi.org/10.1016/j.exppara.2017.01.009
https://doi.org/10.1016/j.exppara.2017.01.009
https://doi.org/10.1016/S0006-3495(02)75452-0
https://doi.org/10.1016/j.vetpar.2016.10.001
https://doi.org/10.3389/fmicb.2021.716761
https://doi.org/10.1093/infdis/175.1.218
https://doi.org/10.1016/j.yexmp.2021.104684
https://doi.org/10.3389/fnut.2022.765499
https://doi.org/10.1016/j.vetpar.2010.05.013
https://doi.org/10.1016/j.vetpar.2010.05.013
https://doi.org/10.3390/pathogens6020019
https://doi.org/10.3390/pathogens6020019
https://doi.org/10.1002/alz.058692
https://doi.org/10.1016/j.jff.2010.04.002
https://doi.org/10.1016/j.jff.2010.04.002
https://doi.org/10.3389/fcimb.2022.969832
https://doi.org/10.1074/jbc.M114.624619
https://doi.org/10.3389/fimmu.2018.01022
https://doi.org/10.1016/j.jff.2019.103522
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


TYPE Review

PUBLISHED 05 October 2022

DOI 10.3389/fnut.2022.1000517

OPEN ACCESS

EDITED BY

Chunping You,

Bright Dairy & Food Co., Ltd., China

REVIEWED BY

Zhihong Sun,

Inner Mongolia Agricultural

University, China

Pei Gao,

Jiangnan University, China

Jinguang Hu,

University of Calgary, Canada

*CORRESPONDENCE

Qiming Wu

Hudson.Wu@amway.com

Chao Ding

dingchao21@nju.edu.cn

Caoxing Huang

hcx@njfu.edu.cn

†These authors have contributed

equally to this work and share first

authorship

SPECIALTY SECTION

This article was submitted to

Nutrition and Food Science

Technology,

a section of the journal

Frontiers in Nutrition

RECEIVED 22 July 2022

ACCEPTED 31 August 2022

PUBLISHED 05 October 2022

CITATION

You S, Ma Y, Yan B, Pei W, Wu Q,

Ding C and Huang C (2022) The

promotion mechanism of prebiotics

for probiotics: A review.

Front. Nutr. 9:1000517.

doi: 10.3389/fnut.2022.1000517

COPYRIGHT

© 2022 You, Ma, Yan, Pei, Wu, Ding

and Huang. This is an open-access

article distributed under the terms of

the Creative Commons Attribution

License (CC BY). The use, distribution

or reproduction in other forums is

permitted, provided the original

author(s) and the copyright owner(s)

are credited and that the original

publication in this journal is cited, in

accordance with accepted academic

practice. No use, distribution or

reproduction is permitted which does

not comply with these terms.

The promotion mechanism of
prebiotics for probiotics: A
review

Siyong You1,2†, Yuchen Ma1,3†, Bowen Yan1, Wenhui Pei1,

Qiming Wu4*, Chao Ding5* and Caoxing Huang1*

1Co-Innovation Center for E�cient Processing and Utilization of Forest Resources, College of

Chemical Engineering, Nanjing Forestry University, Nanjing, China, 2Department of Food Science

and Technology, National University of Singapore, Singapore, Singapore, 3Food Science and

Technology Center, National University of Singapore (Suzhou) Research Institute, Suzhou, China,
4Nutrilite Health Institute, Shanghai, China, 5Department of General Surgery, Nanjing Drum Tower

Hospital, The A�liated Hospital of Nanjing University Medical School, Nanjing, China

Prebiotics and probiotics play a positive role in promoting human nutrition and

health. Prebiotics are compounds that cannot be digested by the host, but

can be used and fermented by probiotics, so as to promote the reproduction

and metabolism of intestinal probiotics for the health of body. It has been

confirmed that probiotics have clinical or health care functions in preventing

or controlling intestinal, respiratory, and urogenital infections, allergic reaction,

inflammatory bowel disease, irritable bowel syndrome and other aspects.

However, there are few systematic summaries of these types, mechanisms

of action and the promotion relationship between prebiotics and probiotic.

Therefore, we summarized the various types of prebiotics and probiotics, their

individual action mechanisms, and the mechanism of prebiotics promoting

probiotics in the intestinal tract. It is hoped this review can provide new ideas

for the application of prebiotics and probiotics in the future.

KEYWORDS

prebiotics, probiotics, mechanism, intestinal flora, promotion

Introduction

Since entering the 21st century, the health of intestinal flora has become a topic

of concern among many scientists. Compared with the symbiotic flora in other parts

of the human body, the number of intestinal flora is larger and more complex.

The total number of adult intestinal flora is approximately 3.9 × 1013 in colon,

slightly more than the total number of human cells (1). Intestinal flora helps the

host digest nutrients in food and participates in systemically physiological activities

of the human body, which are closely related to the human health. According to its

effect on the human body, we divide intestinal flora into three functional categories:

probiotics, neutral bacteria, and pathogenic bacteria (2). In healthy individuals,

these compete and restrict with each other, maintaining a normal dynamic balance.
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The intestinal tract, which has been described as the

second brain of the human body, plays an important role in

health. The intestinal flora interacts with the human body,

helping the body to digest and absorb nutrients from food,

metabolize toxic waste produced in the intestine, and produce

functional substances necessary for life, such as amino acids,

vitamins, short-chain fatty acids (SCFAs) and other substances

(3, 4). If the intestinal flora is disturbed, it will affect human

health and even cause diseases such as obesity, diabetes,

irritable bowel syndrome and colon cancer, so it is important

to maintain its balance (5–7). Therefore, in order to keep

the intestinal flora in a healthy state, it is necessary to use

external forces to regulate the number of probiotics and

pathogenic bacteria.

Probiotics are living microorganisms that provide benefits

to host health by colonizing the body when given in

sufficient amounts. Probiotics can adjust the structure of

human intestinal microorganisms and inhibit the colonization

of pathogenic bacteria in the intestine. It addition, probiotics

show ability to help the body build a healthy protective

layer of intestinal mucosa, enhancing the intestinal barrier

effect and improving immunity (8, 9). According to the

characteristics of probiotics, we need to understand their

mechanism of action on the human body and promote their

growth and reproduction.

The growth and reproduction of probiotics cannot be

achieved without the promotion of prebiotics. Prebiotics are

ingredients, mostly polysaccharides, that cannot be digested

and absorbed by the human body, which can contribute

to the growth or reproduction of active microorganisms in

the host (10). Prebiotics have the function of improving

the regulation of immunity, resisting pathogens, influencing

metabolism, increasing mineral absorption, and enhancing

health (11). Prebiotics usually refer to certain polysaccharides,

oligosaccharides, microalgae, and natural plants, with a wide

range of sources. Emerging prebiotics are mainly found in

algae, fruit juice, peels, seeds, traditional Chinese medicine,

andmicroorganism involving polysaccharides, polyphenols, and

polypeptide polymers.

Most previous studies have focused on the health benefits of

prebiotics and probiotics (12, 13). However, systematic studies

on the types of prebiotics and probiotics, their mechanisms

and the relationship between them are lacking. Therefore, this

paper provides a comprehensive description of the common

types of prebiotics, the functional sources of emerging ones, and

their mechanisms of prebiotics in the intestine. In addition, the

types, functions, and applications of probiotics are described,

and the mechanisms of probiotic effects on the human body

are described in detail. Furthermore, this review also focuses on

the promotion mechanism between prebiotics and probiotics. It

is hoped that this review can help researchers understand the

relationship between prebiotics and probiotics and provide ideas

for human health, especially the balance of intestinal flora.

The concept of prebiotics

The definition of a prebiotic was first introduced in

1995 as an indigestible component of the body. It is an

ingredient that cannot be digested by the human body,

which can resist gastric acid and is not decomposed by

mammalian enzymes and absorbed by the gastrointestinal

tract. Prebiotics are fermented by the intestinal flora and

selectively stimulate a certain number of bacteria present

in the colon, thereby altering their growth and activity to

beneficially affect the host (14). In 2004, Gibson et al. (15)

proposed that prebiotics are ingredients that can be selectively

fermented and specifically alter the composition and activity

of beneficial host health flora in the intestine, which is termed

as “bifidogenic factors”. In 2016, the International Scientific

Association for Probiotics and Prebiotics redefined prebiotics

as substances that can be selectively used and transformed

by the host intestinal flora under the premise that they are

beneficial to host health. The new definition of prebiotics

includes non-carbohydrates, and the site of action is not

limited to the gastrointestinal tract, nor is its type limited to

food (16).

Types of prebiotics

Previous studies have considered prebiotics to be

oligosaccharide carbohydrates, of which mainly include

xylooligosaccharides (XOS), galacto-oligosaccharides (GOS),

lactulose and inulin and its derived fructose-oligosaccharides

(FOS) (17–20). However, recent studies have found that

prebiotics include not only carbohydrates, but also other

non-carbohydrates that meet the prebiotic criteria, such as

polyphenols isolated from fruits such as black raspberries

(21) and blueberries (22). With the continuous optimization

of the prebiotic preparation process, new prebiotic species

continuously are being developed, mainly including

polysaccharides, polyphenols and polypeptide polymers,

which have broad research prospects.

Galacto-oligosaccharides

GOS, a new functional substance with natural properties,

are not easily digested and absorbed by the body. GOS are

composed of two to eight sugar units, one of which is a

terminal glucose, and the rest are galactose and disaccharides

(containing two galactose units) (23). An important feature

of GOS is their hybrid structure, as evidenced by the

different glycosidic linkages between its glucose and galactose

or between the degree of polymerization (DP) and galactose

molecules (24). Figure 1 shows the schematic model of lactose
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FIGURE 1

Schematic model of lactose hydrolysis and GOS synthesis (23).

hydrolysis and GOS synthesis from glucose and galactose

by enzyme.

Several studies have evaluated the toxicity and genotoxicity

of GOS, which have proven that GOS are a very safe

food ingredient (24–28), and various regions, including the

United States, Japan, and the European Union, have granted

official safety approval for them (29). As one of the most

common and widely used prebiotics, GOS have many healthy

properties, such as regulating the balance of human colon

microbiota and promoting the proliferation of Bifidobacterium

in the intestine (29, 30). Currently, GOS are mainly used in

formula and infant milk powder. When infants cannot get

human milk, formula enriched with GOS or a mixture with

FOS can effectively replace human milk and alter infants’

intestinal flora (10, 31). An experiment with 35 healthy full-

term infants revealed that Bifidobacterium abundance increased

significantly after being fed infant formula supplemented

with GOS, while a decrease in microbiota alpha-diversity

was apparent GOS (OM55N). In addition, their fecal pH

and SCFAs patterns were similar to those of control infants,

suggesting that GOS stimulate indigenous Bifidobacterium

growth and establish microbiota similar to that of breast-

fed babies (32). That experiment’s findings were consistent

with those of Fanaro et al. (33), who presented multiple

studies of over 400 preterm and term infants, where probiotic

mixtures (short-chain GOS and long-chain FOS) effectively

stimulated the growth of Bifidobacterium and lactic acid

bacteria (LAB), reduced pathogen growth, and made the

stool characteristics of the experimental subjects consuming

GOS-containing infant formula consistent with those of

breast-fed infants.

Inulin-type fructans

In addition to GOS, inulin-type fructans are common

carbohydrates, which canmeet the criteria for prebiotics. Inulin-

type fructans are polymers made from fructose linked to

terminal α-linked glucose by β-2,1 bond. The longer chain

is inulin, which has a DP of 2–60, and the shorter chain is

oligofructose/ FOS, which has a DP of 2–8 (34). Several studies

have shown that inulin-type fructans can promote the growth of

Bifidobacteria, Anthobacteria and LAB (35).

Inulin, a water-soluble storage polysaccharide, is a non-

digestible carbohydrate (fructan-type) (36, 37). Inulin has been

part of the daily diet of humans for centuries and is widely found

in ∼36,000 plant species, of which chicory root is considered to

be the richest source of inulin (38, 39). Inulin consists of a linear

chain of β-2,1-linked d-fructofuranose molecules terminated at

the reducing end by a sucrose-type linkage by a glucose residue.

The presence of β-()-D-frutosyl fructose bonds between the

fructose unit and the isomeric carbon of inulin makes it difficult

for inulin to be absorbed and digested by the human small

intestine, but it can be fermented by the intestinal flora of the

human large intestine (40, 41).

Inulin is widely used in food processing as a multi-purpose

ingredient with the following main functions: (i) replace fats or

carbohydrates to give good flavor to food, but it only provides

approximately one-third of the energy and is much less sweet

than sucrose (42, 43); (ii) promote the absorption of minerals

(e.g., calcium, magnesium, and iron) (44, 45); (iii) relieve

constipation, prevents gastrointestinal diseases, and stimulate

the immune system (46); and (iv) as a prebiotic with bifidogenic

effect, effectively stimulate the development and metabolism
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of Bifidobacterium and Lactobacillus in the colon and increase

the activity of intestinal microorganisms (38, 45). In addition,

the relative abundance of Anaerostipes, Faecalibacterium and

Lactobacillus increased and that of Bacteroides decreased after

inulin supplementation (46).

Another well-known inulin-type fructan, FOS, are found

in a variety of natural plants, such as bananas, wheat, garlic

and onions. They are low-calorie, non-digestible carbohydrates

whose DP is <10 and are also a common prebiotic in the food

industry (47–50). FOS have a variety of beneficial physiological

effects, such as being low in carcinogenicity, improving mineral

absorption in the intestine, and lowering serum cholesterol

levels, triacylglycerols, and phospholipids (51). Among them,

the prebiotic activity of FOS in gastrointestinal digestion is

the focus of our focus. FOS improve the body’s intestinal

flora, relieve constipation, reduce the risk of heart disease and

certain cancers, improves lipids in hyperlipidemia, inhibit the

production of intestinal putrefactive substances, and allow the

body’s digestive system to function more healthily (51–54).

Emerging prebiotics

With the advancement of technology, the preparation

methods of prebiotics have been optimized. In addition,

various new prebiotic species (mainly including polysaccharides,

polyphenols, and polypeptide polymers) have been developed

(55). Emerging prebiotics are found mainly in algae, fruit juices,

fruits and their waste, herbal medicines, and microorganisms

from a wide range of sources. Although the knowledge of these

prebiotics is not as good as that of FOS and GOS, their potential

deserves to be studied in depth and has a promising future. In

order to overview the prepared emerging prebiotic in recent

years, the functions of polysaccharides, polyphenols and peptide

polymers were listed in Table 1.

Mechanism of action of prebiotics

In general, in the human intestine, the lack of enzymes

that hydrolyze the polymer bonds of prebiotics allows them

to remain in the gastrointestinal tract to resist digestion

in the small intestine. The human body then transports

these prebiotics intact to the large intestine, where they are

degraded by the intestinal flora and selectively fermented to

produce certain secondary metabolites, which are absorbed by

the intestinal epithelium or transported to the liver through

the portal vein and can have beneficial effects on host

physiological processes, exerting effects such as regulating

immunity, resisting pathogens, improving intestinal barrier

function, increasing mineral absorption, and lowering blood

lipid levels (29, 63, 64). The most abundant SCFAs in the

intestine are metabolized by beneficial bacteria, including

acetate, butyrate and propionate, which are beneficial to

maintaining intestinal and systemic health (65). Moreover, a

specific advantage of prebiotics is referred to their promotion

for the growth of target microorganisms. After consumption

of specific prebiotics (e.g., inulin, FOS, and GOS), they can

promote the growth of beneficial flora to compete with other

species by protecting or promoting the production of beneficial

fermentation products (66, 67). The possible mechanisms by

which prebiotics promote health benefits in humans are shown

in Figure 2. In addition, prebiotics have a protective effect not

only on the gastrointestinal system but also on other parts of the

body, such as the central nervous, immune, and cardiovascular

systems (Figure 3).

Overview of di�erent probiotics

The concept of traditional probiotics was originally born

based on the observations of Elie Metchnikoff in 1907, who

found that the health and increased longevity of older Bulgarians

was linked to their daily intake of fermented dairy products

rich in LAB, such as yogurt. Metchnikoff noted that bacteria

may have a beneficial effect on the natural gut microbiota. Since

then, probiotics have been symbolized as bacteria that benefit

the health of the host. Over time, the definition of probiotics has

been largely modified (Figure 4) (69).

According to the definitions of probiotics by Food

and Agriculture Organization of the United Nations and

World Health Organization, probiotics are live strains of

microorganisms that have been rigorously screened and, when

properly ingested, can exert beneficial effects on the health of

those who consume them (70). Probiotics can perform vastly

positive functions on the human body, such as regulating

human intestinal health, maintaining the balance of microflora,

regulating human immune function, helping the body to

better digest and absorb food residues, improving blood lipid

and blood sugar metabolism, and treating and alleviating

lactose intolerance, which has a positive impact on human

health (71–73). To achieve good health benefits, probiotics

must be able to grow in the food product and survive in

sufficient numbers until they reach their final destination,

the intestine. Therefore, it is clear that the factor that

must be considered in the selection of probiotics is their

adhesion to the intestinal mucosa and intestinal epithelial

cells (74).

Probiotics exert beneficial effects on the body through

four main mechanisms: prevention of potential pathogens

and inhibition of their growth, improvement of the barrier

function of the gut, immunomodulation of the body, the

production of neurotransmitters can modulate the host (75).

Oelschlaeger (76) found that probiotics can directly affect or act

on other microbial products, host products, or food ingredients

by modulating the host’s immune system. However, a point

Frontiers inNutrition 04 frontiersin.org

150

https://doi.org/10.3389/fnut.2022.1000517
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


You et al. 10.3389/fnut.2022.1000517

TABLE 1 Di�erent kinds of emerging prebiotics.

Prebiotic Component Source Function References

Polyphenol Blueberry polyphenol extract Blueberry Reduce weight and normalize

lipid metabolism

(22)

Wine grape seed flour Grape seed Intestinal permeability is

enhanced, and adipocyte gene

expression is altered to inhibit

high-fat-induced obesity and

inflammation.

(56)

Orange albedo Orange Stimulates the growth,

reproduction, and metabolism

of Lactobacillus acidophilus

and Lactobacillus animalis

(57)

Catechin and punicalagin Fermented pomegranate juice Increases antioxidant capacity

and improves survival of

lactic acid bacteria

(58)

Polypeptide polymers Poly-gamma-glutamate (PGA) Bacillus fermentation Increases abundance of

Lactobacillus and reduces

abundance of Clostridium,

helping to regulate the

intestinal microbiota.

(59)

Polysaccharides Algae polysaccharides Algae Improves the activity of some

beneficial flora and stimulates

the production of functional

metabolites in the intestinal

microbiota.

(60)

Lotus seed resistant starch (LRS3-20%) Lotus seed Shows high probiotic activity

against Bifidobacterium and

Lactobacillus acidophilus.

(61)

Longan pulp polysaccharides Logan Promotes the growth of

Lactobacillus plantarum,

Lactobacillus bulgaricus and

Lactobacillus fermentum

(62)

of concern is that the health improvement of probiotics is

dependent on the probiotic flora added, and what function

the probiotic performs depends on its metabolic characteristics

and surface molecules or secreted components of the cells

of these microorganisms. Furthermore, whole composition,

such as DNA and peptidoglycan, may play a very important

role in the efficacy of probiotics. It should be mentioned

there is no single strain can provide all the above-mentioned

probiotic properties of probiotics. According to the action

mechanisms of probiotics in Figure 5, it can be known that

probiotics can provide a variety of means to enhance host

immunity, which in turn directly affects immune cells and

other host cells. In addition, the antimicrobial component

substances and cross-feeds can be produced by probiotics, which

is generally produced from the combination of multiple action

of microorganisms.

Types of probiotics

Lactobacillus

Probiotics have a wide distribution range and a variety of

species, which can be broadly classified into three major groups:

Lactobacilli, Bifidobacteria and others. At present, most studies

on probiotic species are aimed at the LAB group, which is the

most representative probiotic in the LAB group. Lactobacillus

is an important probiotic in the study of human intestinal

microorganisms, which is closely related to human health; it

not only synthesizes essential vitamins and amino acids and

promotes mineral absorption, but importantly, it can achieve

the effect of improving intestinal microecology by inhibiting the

growth of harmful microorganisms (77). In addition, SCFAs,

an important metabolite of Lactobacillus, help maintain the
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FIGURE 2

A model for possible mechanisms of prebiotic benefits to human health (66). GLP1, glucagon like peptide1; M cell, microfold cell; NK, natural

killer; PYY, peptide YY; TGFβ, transforming growth factor-β; TH1, TH2, type 1T helper, type 2T helper; Treg, regulatory T; ZO1,

zonula occludens 1.

normal physiological function of the colon and the morphology

of the colonic epithelium, as well as promote the growth and

reproduction of Lactobacillus, thus reducing the number of

Escherichia coli in the intestine (78).

Lactobacillus has a significant positive effect on host growth,

especially by improving body weight and size. For example,

Liu et al. (79) found that Lactobacillus plantarum (which

is termed as Lactiplantibacillus plantarum according to the

updated microbial taxonomy) ZJUFT17 (T17), isolated from

traditional Chinese sour dough, could act as a potential

probiotic with anti-obesity or weight loss properties and could

improve systemic inflammation and insulin resistance mediated

by intestinal microbiota. Specifically, the weight gain, energy

intake and serum lipids of high-fat diet induced mice could

be inhibited when 24 × 108 cfu of T17 was administered

for mice for 10 weeks. Li et al. (80) investigated the use of

soymilk fermented with Lactobacillus plantarum HFY01 for

weight reduction and lipid-lowering in mice with HFD-induced

obesity, and the results were similar. Lactobacillus plantarum

HFY01 fermented soymilk reduced body fat percentage and liver

index in obese mice and strongly inhibited high-fat diet-induced

obesity, showing good utilization potential.

Lactobacillus influences microbial interventions to maintain

or improve microbial balance in the host environment and to

inhibit pathogen invasion. Synergistic interactions between LAB

and endogenous commensal flora are an important factor in

restoring microbial endostasis (81). For example, LAB in sour

dough can be used in combination with plant- and/or animal-

based ingredients. Due to the differentmechanisms of action and

ideal symbiotic activities, the functional characteristics of the

whole combination can be enhanced, and it has good flavor and

nutritional value (82). In addition to the synergistic effect with
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FIGURE 3

The role of prebiotics in maintaining health and preventing disorders (68). TAG, triacylglycerol; LDL, low-density lipoprotein; IBS, irritable bowel

syndrome; IL-4, interleukin 4; IL-8, interleukin 8; IL-10, interleukin 10.

commensal flora, LAB produce compounds with antimicrobial

effects in the defense against pathogens by enhancing the

epithelial barrier function of the intestine (83, 84).

Bifdobacterium

Bifidobacterium is a genus of Gram-positive specialized

anaerobic bacteria that is often bifurcated at the end, which

is the origin of its name (85). It is a physiological bacterium

that exists in the human body and is a very important group

of probiotics for humans. Bifidobacterium can adapt to the

anaerobic intestinal life, reproduce and metabolize in the

middle and end of the small intestine and large intestine, and

secrete bifidogenic factors with probiotic effects to regulate

intestinal health (86, 87). Currently, Bifidobacterium includes 32

species and 9 subspecies, 14 of which have been isolated from

humans (88).

The physiological functions of Bifidobacterium are mainly

as follows: (i) Similar to other LAB, Bifidobacterium can restrain

the growth of pathogenic bacteria, so as to maintain the

balance of normal intestinal bacterial flora and inhibit pro-

inflammatory cytokines (89, 90). Related experiments have also

demonstrated that Bifidobacterium can protect against intestinal

barrier dysfunction both in vitro and in vivo. This protective

effect is associated with inhibition of pro-inflammatory cytokine
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FIGURE 4

Timeline of selected items in the history of probiotic related terms.

secretion and vimentin release and improvement of intestinal

tight junction integrity (91). (ii) Bifidobacterium bifidum

synthesizes vitamins and amino acids in the intestine and

increases calcium bioavailability, and it is thought to improve

bone health (92, 93). (iii) Bifidobacterium bifidum has anti-

tumor effects. Shimizu et al. successfully produced a strain

of Bifidobacterium longum that secretes C-CPE-PE23 and can

selectively localize and proliferate in tumors. The isolated

Bifidobacteria were specifically distributed in the tumors of

mice with breast cancer and significantly inhibited tumor

growth without serious side effects such as weight loss or liver

and kidney damage, and the experimental results suggest that

Bifidobacteria can be special carriers of anti-cancer proteins

against malignant tumors (94).

Other bacteria species

In addition to Lactobacillus and Bifidobacterium, Gram-

positive parthenococci such as Enterococcus are frequently used

in the food industry today. The ability of Enterococcus strains

to survive, compete and attach to host cells in the intestine is

a key feature as a probiotic. In addition, Enterococcus is highly

resistant to a wide range of pH and temperature; this is attributed

to its strong bacteriocin production capacity, which can be used

as a natural antimicrobial agent in the food industry (95).

Saccharomyces cerevisiae is a well-known non-pathogenic

and selective probiotic that is now used in the commercial

production of probiotic foods. Saccharomyces boulardii, for

example, has been extensively studied for its probiotic action

and is commonly used to treat digestive disorders such as

diarrhea symptoms, especially when used as an adjunct to

antibiotic therapy. Furthermore, when passing through the

digestive tract, Saccharomyces boulardii has a higher survival

capacity compared to other probiotics, helping to maintain

the balance of the normal microflora of the intestinal tract.

It also has immunomodulatory effects, acting to fine-tune

immunological pathways during pathogenic infections or

chronic diseases (96–98).

In addition to the enterococci and yeasts mentioned above,

other categories of probiotics that are more common are Bacillus

species, Streptococcus species, and E. coli. Based on recently

published work, the roles and applications of some common

probiotics were summarized in Table 2.

Mechanism of action of probiotics

Enhancement of barrier function for
intestinal mucosa

As the largest immune organ in the body, intestine is

very important to human body. The intestinal barrier is a

heterogeneous body composed of extracellular components,

including the mucus layer, the cellular layer and the lamina

propria of the intestinal epithelium (8). Figure 6 presents
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FIGURE 5

Action mechanisms of probiotics (66).

relevant details of the intestinal barrier and the main

cellular players.

Both mucus layer and intestinal epithelium possess the

own specific cell types, which can be a physical barrier to

intestinal microorganisms. For example, enterocytes can absorb

the molecules from the intestinal lumen. Paneth cells possess the

ability to synthesize and secrete antimicrobial peptides during

contact with intestinal bacteria. Saccharomyces cerevisiae cells

can secrete mucus. Intestinal endocrine cells are the constituent

part of intestinal epithelium (72, 108, 109). The main roles of the

intestinal epithelial mucus layer are to create a protective barrier

against the hostile luminal environment, to facilitate the passage

of food, and to avoid the adhesion of pathogens into the lamina

propria (110).

Probiotics will interact with intestinal bacteria after entering

the intestine; the first to play the role of physical barrier

is the intestinal mucosa, which keeps the intestine at a

safe distance from toxic substances in the intestinal lumen.

Probiotics will react with bacteria after entering the intestine

to enhance its chemical barrier, mechanical barrier, biological

barrier and immune barrier (111). Reaching the intestine,

probiotics will interact with intestinal cells, with the aim of

restoring intestinal permeability, stimulating mucus production,

promoting mucosal regeneration, and maintaining the mucosal

barrier’s integrity and the intestinal mechanical barrier’s normal

function (112). For example, some studies have found that

antibiotics disrupt normal intestinal microbes and cause

disruption of the intestinal barrier. However, the water-

soluble polysaccharide from Fagopyrum esculentumMoench bee

pollen can alleviate antibiotic-induced microbiota dysbiosis and

improve intestinal barrier integrity by increasing intestinal sIgA

secretion and suppressing inflammation (113).

Enhancement of the immune response of
the system

Certain probiotics in the gut can influence the function

of various immune cells such as monocytes, macrophages, T

cells, B cells and natural killer (NK) cells in the body in

a direct or indirect way, thus acting as immune regulators

and controlling inflammation; some of these probiotics are of

the immunostimulatory type (9, 114, 115). These probiotics

enhance non-specific cellular immune responses characterized
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TABLE 2 Functions and applications of probiotics.

Strain Function Application References

Bifidobacteria The exopolysaccharides produced have

antioxidant, anticancer, antibacterial,

and immunological activities

Used as a starter culture for fermented foods (99)

Lactobacillus casei Prevention or treatment of diseases that

disrupt the intestinal microbiota

Dairy fermentation (100)

Bifidobacterium adolescentis It reduces the inflammation of spleen

and brain, and changes the microbiota

of cecum and colon

Medicine and clinic (101)

Lactobacillus acidophilus Reduces cytokines to relieve

inflammatory bowel disease, alleviate

cancer, modulate immunity, lower

cholesterol and relieve diarrhea

Medicine and clinic (102)

Bacillus coagulans It can regulate the balance of intestinal

microbiota, promote the metabolism

and utilization of nutrients, improve

immunity, and has the characteristics of

high temperature resistance, acid

resistance, and bile resistance

Medicine and animal husbandry (103, 104)

Bacillus subtilis Improved growth, nutrition, immunity

and disease resistance of aquatic species

Aquaculture (105)

Lactobacillus rhamnosus Has the ability to fight against

pathogenic bacteria and fungi in the

genitourinary tract, preventing the

recurrence of urinary tract infections in

postmenopausal women

Fermentation of milk, millet, fruit juice and Medicine (106)

Lactococcus lactis Helps improve the texture and flavor

profile of fermented products, and

breaks down metabolic amino acids to

produce volatile flavor substances

Cheese fermentation (107)

by fighting against cancer cells, inducing IL-12 production, thus

activating NK cells and developing Th1 cells, and releasing

various cytokines in a strain-specific and dose-dependent

manner; they also fight against allergies through the balance

between Th1 and Th2 (116). To improve the intestinal mucosal

immune system, for example, yogurt can be used to deliver

the required probiotics to increase the number of IgA+ cells

and cytokine-producing cells in the intestinal effector sites and

enhance the immune response of the system (117). Short-term

supplementation with probiotics can also enhance the body’s

cellular immune function. One study found that probiotics

increased the body’s polymorphonuclear phagocytosis capacity

and tumor-killing activity of NK cells and improved cellular

immune function in older people after supplementation with

appropriate amounts of probiotics (118).

Generally, the probiotics can directly or indirectly stimulate

immune cells in the gut to enhance its function. Some probiotics

(i.e., immunomodulatory probiotics) can also regulate enzyme

activity by altering microbial metabolism (119). If exposed

to any foreign antigen, the host intestinal mucosal immune

system initiates an immune response, partly through an

adaptive immune response and partly by inducing inflammation

to maintain homeostasis in the body. Immunomodulatory

probiotics are characterized by the production of IL-10 and

Treg cells, leading to a reduction in symptoms such as

allergy and inflammation (120, 121). It has been found that

probiotics increase intestinal barrier function by stimulating

B cells and influencing cytokine production, thereby initiating

an adaptive response in the host body, and that short-

term supplementation with probiotics can also enhance

the body’s cellular immune function. In the presence of

probiotics, monocytes act synergistically with NK cells to

reduce and inhibit inflammatory cytokine release by secreting

IL-10 to induce regulatory differentiation of stem cells and

resistance to NK cell-mediated cytotoxicity (122). Figure 7

shows an immunomodulatory mechanism involving two
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FIGURE 6

Schematic representation of the intestinal barrier and major cellular players.

different classes of probiotics, namely, immunostimulatory

and immunomodulatory.

Prevention of pathogenic bacteria
adsorption and colonization

Probiotics regulate the intervention of intestinal

microorganisms through colonization by modulating

microorganism metabolism and improving human health.

Probiotics prevent gastrointestinal diseases by competing

for nutrients or producing antimicrobial factors to form

colonization resistance to reduce infection by intestinal

pathogenic microorganisms. The health of rabbits can be

improved by using the autogenous strain Enterococcus

faecalis EF2019 (CCM7420), which has a good ability to

colonize the intestinal tract and produces the antimicrobial

enterococin Ent7420, which effectively reduces coagulase-

positive staphylococci, coliforms and clostridia (123). In

addition to the gut, probiotics have the ability to colonize

the epithelial surface and produce antimicrobial metabolites

capable of controlling and maintaining the microbiota of the
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FIGURE 7

Mechanism of immune regulation by probiotics (117). TH1, TH2, TH16, type 1T helper, type 2T helper, type 17T helper; DC, dendritic cell; MØ,

M cell; IL-10, IL-12, interleukin-10, interleukin-12; NK, natural killer.

vagina. For example, Lactobacillus acidophilus KS400 produces

bacteriocins with antimicrobial activity against relevant

urogenital pathogens (124).

Because the activity of probiotics depends on the conditions

of the host gastrointestinal tract and changes in the intestinal

flora, the colonization and persistence of probiotics are

important. Probiotic strains secrete secondary metabolites such

as SCFAs and peptides with antimicrobial activity, which

may interact directly with the host or pathogen to prevent

proliferation of pathogens and improve the efficacy of probiotics

(125). Probiotics can adsorb to mucus and epithelial cells to

create a competitive advantage over pathogenic bacteria and

bind to the host to produce stronger interactions and stimulate

the host’s immune response (126).

Thus, probiotics can be ingested as exogenous bacteria,

colonize the human intestine, change the composition of

intestinal flora, and then compete with pathogenic bacteria for

nutrients, further excluding pathogenic bacteria and improving

the immunity of the body.

Mechanism of action between probiotics
and gut-brain axis

The importance of the gut-brain axis in maintaining

homeostasis in the body has long been appreciated, and

it is considered a central nervous system pathway that

regulates bidirectional communication between the gut

and the brain at the neuronal, endocrine, and immune

levels (127). As one of the important regulators of the

gut-brain axis, microbiota have been of great interest in

understanding of the importance of the gut-brain axis. Current

evidence suggests that the gut microbiota and the brain

communicate with each other through various pathways,

including the immune system, tryptophan metabolism, the

vagus and enteric nervous systems, and other mechanisms

that may be involved in gut microbial signaling to the

brain involving microbial metabolites such as SCFAs,

branched-chain amino acids and peptidoglycans (128). In

turn, the brain can change the composition and behavior

of microorganisms through the autonomic nervous system

(129, 130).

Many hormones and neurotransmitters are made

in the gut, such as SCFAs, secondary products from

carbohydrate fermentation, dopamine and serotonin,

which can directly influence brain function and behavior

(131). The gut microbiota broadly and profoundly affects

the gut-brain relationship, including mental status, mood

regulation, neuromuscular function, and hypothalamic-

pituitary-adrenal (HPA) axis regulation, and the emotional

and cognitive centers of the brain are affected either

directly or indirectly (132). Figure 8 shows the schematic
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FIGURE 8

Schematic diagram of microbiota gut-brain axis bidirectional signal pathway (by Figdraw).

diagram of microbiota gut-brain axis bidirectional

signal pathway.

The relationship between intestinal flora and depression

has been a hot topic of research in recent years. The gut

microbiota has been shown to be involved in the pathogenesis

of depression, and although the relevant pathogenesis is

unclear, it may be associated with modulation of monoamine

neurotransmitter release and efficacy, altered activity and

function of the HPA axis, and changes in the abundance of

brain-derived neurotrophic factor. Therefore, attempts to target

the microbiota-gut-brain axis to treat depression are increasing

(132, 133). Studies have found that probiotics promote the

production of SCFAs such as butyric acid, which is very

important for the integrity of the intestinal barrier, it affects the

central nervous system by changing the expression of BDNF

and also has a positive impact on reducing the incidence

rate of depression (134). To determine the effect of probiotic

intake on depressive symptoms and metabolic status in major

depressive disorder patients, Akkasheh et al. (135) conducted

an experiment on 40 major depressive disorder patients (i.e.,

ingesting probiotic supplements composed of Lactobacillus

acidophilus, Lactobacillus casei, and Bifidobacterium bifidum).

They found that the administration of probiotic showed positive

effect to decrease in the Beck Depression Inventory index and

a significant decrease in insulin levels. This result is consistent

with the experimental results of Kazemi et al., where, among 110

patients who were randomly treated with probiotics for 8 weeks,

Beck Depression Inventory scores decreased significantly (136).

New research points to a link between autism and imbalance

in the gut microbiota. Srikantha and Mohajeri (137) tested

metabolites in the urine of children with autism and found that

patients had abnormal levels of SCFAs, LPS, and indoles, which

are likely to be caused by an incomplete gut barrier. Therefore,

probiotics can be used to regulate the gut flora and re-establish

gut homeostasis. The possible pathogenesis of Alzheimer’s

disease is like that of autism, where increased intestinal barrier
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permeability and immune cell activation impairs blood-brain

barrier function, loses neurons, promotes neuroinflammation,

and causes nerve damage, leading to disease onset. The use of

probiotics as a supplement can regulate the balance of intestinal

flora, which introduces a research direction for the treatment

and prevention of Alzheimer’s disease (138).

Promotion mechanism of prebiotics
for probiotics

Promoting the growth and multiplication
of probiotics

Previous studies have found that prebiotics can promote the

growth of probiotics in the human gut and improve intestinal

microbial diversity (139, 140). Probiotics account for a certain

proportion of the normal intestinal flora in the intestine;

they can inhibit the growth of harmful bacteria, regulate the

human immune mechanism, and are closely related to human

health. Probiotics cannot grow and metabolize without a carbon

source (mainly carbohydrates). Prebiotics are not decomposed

by human digestive juices, and indigestible prebiotics can be

converted into carbon sources required by probiotics in the

intestine, promoting the proliferation of good bacteria and

regulating the composition of probiotics.

There are many studies on prebiotics promoting the

growth and reproduction of probiotics, most of which focus

on polysaccharide-based prebiotics. For example, Vázquez-

Rodríguez et al. found that the polysaccharide fraction isolated

from brown seaweed Silvetia compressa could proliferate

Bifidobacterium and Lactobacillus to increase the synthesis of

total SCFAs with effects similar to inulin (141). Shang et al. (142)

investigated Enteromorpha clathrata polysaccharide and found

that Enteromorpha clathrata polysaccharide greatly altered

the structure of the intestinal microbiota and significantly

promoted the growth of probiotics in C57BL/6J mice.

Moreover, Enteromorpha clathrata polysaccharide affected the

microbiota differently in females and males, with Enteromorpha

clathrata polysaccharide causing an increase in the number of

Lactobacillus bacteria in male mice and Bifidobacterium and

Akkermansia muciniphila (the next generation of probiotics) in

females. The positive effect of sulfated polysaccharides isolated

from sea cucumber Stichopus japonicus (SCSPsj) on rodent

health was attributed to the significant modulation of the gut

microbial community by SCSPsj due to the regulation of gut

microorganisms. Although not directly proliferating LAB,

SCSPsj significantly promoted biofilm formation and mucus

binding, contributing to their enrichment in vivo and indirectly

increasing their abundance (143).

In addition to polysaccharide prebiotics, polyphenolic

compounds can selectively promote the growth of probiotics.

The existed phenolic compounds (e.g., catechin, gallic acid,

vanillic acid, and protocatechuic acid) in mangos can inhibit

the growth of pathogenic bacteria and have a good effect on the

growth and reproduction of probiotics (144). Not only limited to

the intestinal tract, Sphallerocarpus gracilis polysaccharides both

enhance the acidifying activity of Streptococcus thermophilus,

Lactobacillus plantarum and Lactobacillus rhamnosus (which is

termed as Lacticaseibacillus rhamnosus according to the updated

microbial taxonomy) duringmilk fermentation and promote the

growth of these probiotics (145). Overall, the above findings

are a good indication that prebiotics can be utilized by certain

probiotics, thus increasing flora abundance.

Promoting the metabolism of probiotics

SCFAs are the metabolism products of fermentation

of carbohydrates and proteins by intestinal bacteria from

endogenous or dietary sources. They consist of saturated fatty

acids with chains of 2–6 carbons (146). Probiotics and prebiotics

are the most important factors in the formation of SCFAs. In

the intestine, prebiotics produce beneficial metabolites in the

presence of probiotics, predominantly SCFAs, which influence

the intestinal environment and lower intestinal pH (147).

SCFAs are mostly produced by anaerobic bacterial

fermentation of undigested and unabsorbed carbohydrates in

the colon, with SCFAs-producing probiotics mainly including

Lactobacillus, Bifidobacterium and Clostridium Butyricum.

Prebiotics have an important effect on SCFAs production

by probiotics. One study showed that the physical form of

the prebiotic substrate affected fermentation rate and SCFAs

production (148). Higher crystallinity bacterial cellulose

had lower fermentation rates than less crystalline soluble

polysaccharides, and cellulose complex fermentation produced

a different SCFAs profile compared to soluble polysaccharides,

with significantly higher butyric acid production and lower

propionic acid production than that of rapidly fermentable

substrates (149).

The concentration of prebiotics is also an important factor

affecting the amount SCFAs produced by probiotics. Fehlbaum

et al. found that five prebiotics of varied concentrations (i.e.,

inulin, α-GOS, β-GOS, xylo-oligosaccharides and β-glucan) to

explore their regulatory effects on intestinal microorganisms

(150). The experimental results showed that β-glucan had

the most significant effect on microbial composition and

metabolism—as it promoted the growth and reproduction of

Prevotella and Roseburia—resulting in a significant increase in

the production of propionic acid. In addition, the proportion

of butyrate increased with the increase of β-glucan and inulin

concentrations. As an important energy source for intestinal

epithelial cells, butyrate has beneficial properties such as anti-

colon cancer and anti-inflammation effects (151, 152). Taking

tea dietary fiber as an example, it was found that with the

increase of tea dietary fiber concentration, the pH value in
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the fermentation broth could be significantly reduced, where

3% dietary fiber powder showed the most significant effect

(153). In addition, Fei et al. (154) found that prebiotics could

be fermented into the SCFAs, which showed the benefits to

promote the niche opportunity of probiotics by strengthening

tight junctions, promoting colon cell proliferation and mucus

production, and lowering intestinal pH. The produced SCFAs

can also be regarded as the nutrients to enhance the function

of probiotics (155). In addition, prebiotics and pathogens

can competitively bind to the receptors on epithelial cells,

facilitating the probiotics to produce antimicrobial peptides

to show the antibacterial effect. The detailed mechanisms of

prebiotics for enhancing the functions of probiotics were shown

in Figure 9A (154).

In general, prebiotics promote the production of SCFAs

(mainly butyric acid, propionic acid, and acetic acid) by

probiotics, and the increase in SCFAs also leads to a decrease in

the pH of the intestine and is beneficial to human health. In the

human intestine, a suitable pH value is conducive tomaintaining

the adhesion ability of probiotics and promoting their growth

and colonization, and a lower intestinal pH value can effectively

inhibit the reproduction of harmful bacteria and promote the

reproduction of probiotics.

Promoting the resistance of probiotics to
reactive oxygen species and bile
salts/acids

It is well known that the existing bacteria and probiotics

in the intestine survive under the oxidizing environment

with oxygen and reactive oxygen species (ROS), which is

produced from the steps of tricarboxylic acid (TCA) cycle

and the electron transport system (ETS) during the process of

oxidative phosphorylation of oxygen inmitochondria (156). The

moderate amount of ROS shows benefits to keep the health

of the human body. While, the excessive amount of ROS in

the intestine can induce an adverse effect on the diversity and

survival of intestinal probiotics by reacting with DNA, proteins,

and lipids in their cell membranes (157).

It has been reported that the prebiotics of fructans, plant

polyphenols, inulin, and yellow lupin polysaccharides could

scavenge the free ROS in the gastrointestinal tract, which showed

the protective effect for probiotics (158–160). The capability of

prebiotics to scavenge ROS is due to the produced butyrate

acid in SCFAs can consume the oxygen during the metabolism

process in the gut. As shown in Figure 9B, the decreased

oxygen concentration further can adjust the habitability of gut

environment for oxygen-sensitive probiotics (154, 161).

Generally, bile shows the ability to promote the digestion

and absorption of lipids in the body. Most probiotics in

the intestine are extremely sensitive to bile salts/acids, which

FIGURE 9

The mechanism of prebiotics promoting probiotics: (A)

prebiotics for enhancing the functions of probiotics; (B)

prebiotics for enhancing the resistance of probiotics to reactive

oxygen species; (C) protective functions of prebiotics by

maintaining the viability of probiotics during gastrointestinal

transit (154).

can inhibit the growth and function of probiotics by causing

oxidative stress, dissolving bacterial membranes and damaging

DNA (162, 163). It is reported that bile salts/acids can be

degraded by the prebiotics of GOS, resistant starch (RS), and

inulin-type fructans via binding up bile acids, reducing their

reabsorption and increasing their turnover rate in the intestines

(164). For the probiotics, they can be incorporated into

microcapsules with the wall materials of used prebiotics, which

can avoid exposure of probiotics in the gastric fluids. In addition,

the produced butyrate by prebiotics shows an ability to reduce

the toxicity of bile salt by reversing the hyper proliferation

of the colonic surface induced by deoxycholate (165). The
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potential protective functions of prebiotics by maintaining the

viability of probiotics during gastrointestinal transit was shown

in Figure 9C (154).

Utilization of prebiotics by probiotics is
related to the degree of polymerization
of the former

The DP of prebiotics is closely related to probiotic activity.

In general, the lower the prebiotic DP, the stronger the prebiotic

effect, and the easier it is to be used by probiotics, the

possible reason being that prebiotics of lower molecular weight

are thought to have active groups that are more exposed.

To investigate the effects of fibers with different degrees

of polymerization on human intestinal bacteria, Chen et al.

(166) investigated the pH, air pressure, and SCFAs content of

fecal fermentation with three fiber substrates of different DPs

(i.e., carboxymethylcellulose, β-glucans, and GOS). The results

showed that operational taxonomic units in Bifidobacterium,

Streptococcus, and Lactobacillus were then negatively correlated

with DP, indicating that lower values of fiber DP produced

greater probiotic effects.

As the most common prebiotic, the polymerization degree

of inulin has also been widely studied. The prebiotic effect

of inulin mainly depends on its DP, which determines its

degradation site, hydrolysis rate and fermentation products.

Li et al. (167) investigated the effect of inulin with different

DP on the intestinal microbiota of c57bl/6 J mice fed a HFD.

The experiment found that short-chain inulin preferentially

stimulated Bifidobacterium, which showed that Bifidobacterium

had the ability to effectively use oligosaccharides. Besides,

inulin may inhibit the secretion of endotoxin by increasing

the proportion of Bifidobacterium and Lactobacillus, which is

conducive to anti-inflammatory activity. Interestingly, long-

chain inulin preferentially stimulates the growth of Bacteroides,

which has a series of enzymes that can degrade complex

polysaccharides into oligosaccharides and monosaccharides.

This finding also shows that long-chain inulin is more

dependent on bacteria (such as Bacteroides) that can process

complex polysaccharides than short-chain inulin, as inulin with

a high DP must be hydrolyzed to monosaccharides before being

used by bacteria. Zhu et al. (168) proved that in terms of

stimulating probiotics, inulin intervention measures with low

DPs were more effective than those with high DPs. Specifically,

the increase of Lactobacilli, Bifidobacteria and Myxomycetes in

the FOS group was higher than that in the inulin group; because

the DP value of inulin was higher than that of FOS, it was

easier to hydrolyze into monosaccharides and be digested and

utilized by probiotics, which also showed that compared with

inulin with a high DP, inulin with a low DP ferment faster in

the intestinal microbiota in vitro. In addition, this study also

showed that the dosage of prebiotics affected the increase in

probiotics. At high doses, the increase in probiotics’ number was

more excellent.

From the above research, it can be concluded that inulin with

a lowDP has amore obvious impact on the structure of intestinal

flora than that with a high DP. The reason may be related to

the water solubility of inulin. Generally, the water solubility of

oligomeric inulin is higher than that of high-aggregation inulin.

Short-chain inulin is easier to dissolve in water than long-chain

inulin, which is conducive to the rapid utilization of probiotics.

As the protective agent in probiotic viable
preparations

Probiotics have a variety of functions and can be used as

supplements for human or animals. They are widely used in

food, drugs, cosmetics, health products, feed and other fields.

In order to increase the longevity of probiotics, it is best to dry

them (169). In the preparation of probiotics, they are usually

dried into powder by freeze-drying or spray drying. However,

adverse environmental conditions, such as acid, heat, pressure,

and oxygen, can also cause a significant decline in the cell

viability of probiotics (170).

Freeze-drying can protect the probiotic from external

invasion during storage, maintain the properties and bacteria

number of probiotic powders, and give better play to the

probiotic effect. This method has the advantages of convenient

transportation, maintaining bacteria activity, and long-term

storage (171). However, due to the influence of various factors

in the freeze-drying process, the bacteria may die. Therefore,

a protective agent can be used to change the environment

of probiotics during freeze-drying, reduce the damage to

cells, and maintain the original physiological and biochemical

characteristics and biological activities of microorganisms as

much as possible (172).

A prebiotic is one of the commonly used protective

agents. Savedboworn et al. (173) studied protein-trehalose as a

protective agent and found that it has a significant impact on the

survival of probiotic Lactobacillus plantarum TISTR 2075 grown

in the extract of Plai-Ngahm-Prachinburi rice and improved

the survival rate of the strain after freeze-drying (98.13%).

Compared with other protective agents, even under long-term

storage, the protein-trehalose protective agent maintained a

high number of living cells and the lowest cell death rate.

Shu et al. (174) optimized the compound cryoprotectant

containing lactose (21.24%), trehalose (22.00%), and sodium

glutamate (4.00%). The optimized protective agent exhibited an

S. boulardii survival rate as high as 64.22%, and a maximum

number of living cells of 9.5 × 109 cfu/g, which proved that the

protective agent prepared from prebiotics had a good protective

effect on probiotics during freeze-drying.
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Another study evaluated the potential of spent brewer’s yeast

β-glucan (YβG) as a protective agent for probiotic Lactobacillus

cultures and compared it to two common prebiotic protectors,

FOS and oligofructose. The experimental results showed that

β-glucan and FOS protected Lactobacilli similarly during the

first 90 days of refrigeration (4◦C). However, after 90 days, FOS

provided higher protection and resulted in lower cell membrane

damage. In contrast, for Lactobacillus plantarum 201, YβG was

more effective as a protective agent (175). It is worth noting that

for different probiotic species, the effect of different prebiotics as

protectants varied, indicating that the effect of cryoprotectants

varied with the strains tested.

Compared with freeze-drying, spray-drying takes less time,

consumes less energy, costs less, and is more suitable for

industrial production (176, 177). The process of spray drying

cannot avoid of drying and dehydrating at high temperatures,

which will destroy the structure of proteins and nucleic

acids, and disrupt the connection between monomer units,

largely affecting the viability of probiotics. Therefore, protective

agents play a crucial role in protecting probiotics from

adverse conditions and in storing them for long periods after

drying (170).

For example, Verruck et al. (178) investigated how to

improve the survival of Bifidobacterium BB-12 and found that

using goat milk (200 g L−1) and inulin (100 g L−1) as carriers,

the survival rate of Bifidobacterium is higher than that without or

with FOS, and the spray dried powder produced has the lowest

water activity and the best powder stability. Similar results were

obtained by Dantas et al., whose experimental results illustrated

that the use of inulin as a protective agent was more effective

than that of no using or use of FOS, with an encapsulation rate

of 88.01% and the highest survival rate of Bifidobacteria during

120 days of storage (179). Both of these studies illustrate the

advantages and potential of prebiotics as a protective agent in the

preparation of live probiotic formulations, which can effectively

improve the survival of the target strains and maintain good

viability during storage.

Summary and prospective

In the current study, prebiotics and probiotics have shown

excellent ability to regulate human health, especially the

balance of intestinal microorganisms. When they are applied

in health food, clinical and other fields, they can show

excellent health effects of preventing some diseases, regulating

human health, secreting or synthesizing beneficial substances

such as antibiotics and SCFAs, and increasing the number

of beneficial bacteria. However, further research should be

carried out. First, the current mechanism of prebiotic selective

promotion of probiotics remains to be explored, especially

whether the concentration, preparation method and glycosidic

bond connection form of prebiotics have an impact on the

utilization efficiency of probiotics, which would aid in selecting

the appropriate prebiotics to promote probiotics in practical

applications. Second, the mechanism of prebiotics entering the

intestinal flora needs to be further revealed. Although many

studies have proved the promoting effect of prebiotics on

the intestinal flora, the experimental methods and theoretical

mechanism still need further improvement. Third, the influence

and mechanism of probiotics on the gut-brain axis need to

be further explored, which is also an important direction of

future development.
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China, 2Jiangsu Co-innovation Center of E�cient Processing and Utilization of Forest Resources,

College of Chemical Engineering, Nanjing Forestry University, Nanjing, China, 3Guangxi Key

Laboratory of Clean Pulp & Papermaking and Pollution Control, School of Light Industry and Food

Engineering, Guangxi University, Nanning, China

Since the immune-boosting properties as well as the benefit of promoting

the growth of gut bacteria, xylooligosaccharides as prebiotics have attracted

considerable interest as functional feed additives around the world. A growing

number of studies suggest that acidic hydrolysis is the most cost-e�ective

method for treating xylan materials to prepare xylooligosaccharides, and

organic acids were proved to be more preferable. Therefore, in this study,

glutamic acid, as an edible and nutritive organic acid, was employed as

a catalyst for hydrolyzing xylan materials to prepare xylooligosaccharides.

Further, xylooligosaccharide yields were optimized using the response

surface methodology with central composite designs. Through the response

surface methodology, 28.2 g/L xylooligosaccharides with the desirable

degree of polymerization (2–4) at a yield of 40.5 % could be achieved

using 4.5% glutamic acid at 163◦C for 41min. Overall, the application of

glutamic acid as a catalyst could be a potentially cost-e�ective method for

producing xylooligosaccharides.

KEYWORDS

prebiotics, xylooligosaccharides, glutamic acid, xylan, hydrolysis

Introduction

In parallel with the emergence of health consciousness in the consumer market,

natural and healthier food resources are being embraced, such as prebiotic products

and preventive medicines (1). Prebiotics are a class of substrates that can be selectively

utilized by beneficial microorganisms in the host, conferring health benefits (2).

The common prebiotics include lactitol, lactosucrose, fructooligosaccharides (FOS),

mannanoligosaccharides (MOS), xylooligosaccharides (XOS), galactooligosaccharides

(GOS), isomaltooligosaccharides (IMO), and milk-oligosaccharides (3, 4). Among these

oligosaccharides prebiotics, XOS, as a class of oligomers that comprise 2–10 xylose

monomeric units, are defined as non-digestible food or feed additives and are proved

to feature in the proliferation of beneficial microorganisms (5, 6). XOS with dietary

supplementation of 100 mg/kg can effectively improve the proportion of probiotics

(Lactobacillus and Bifidobacterium) and enhance the amount of short-chain fatty
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acids; these gut intestinal probiotics and the biologically

generated short-chain fatty acids contribute significantly to

boosting intestinal development and regulating immunity

function (5, 7). As feed additives, a small addition of XOS

can effectively improve the growth performance of animals and

reduce mortality in animal breeding (8, 9).

As a promising prebiotic product, the XOS can be sold

in China at market prices ranging between 25 $ and 50 $

per Kg. The relatively high market prices of XOS products

have driven more and more researchers to perform the

study of advanced and simple methods for preparing XOS

(10). XOS has been reported to naturally appear in fruits,

vegetables, and bamboo shoots; however, the extraction of

XOS was very difficult as its concentration in these materials

is too low (11). The XOS products can be produced from

lignocellulosic materials rich in xylan by enzymatic or acidic

hydrolysis methods (5, 12). The method of enzymatic hydrolysis

can realize high purity XOS production, however, the main

drawbacks of the method of enzymatic hydrolysis are the loss

of enzymes activities and they are unrecyclable, resulting in

a higher cost; meanwhile, the enzymatic hydrolysis process

requires a relatively prolonged time, casing a lower output

(13, 14).

Relatively speaking, acidic hydrolysis methods, by rapidly

breaking the glycosidic linkages in the case of the specific

hydrogen ionic environment, are more suitable or preferred

for industrial-scale XOS production (15–17). Based on previous

literature, both mineral acids and organic acids are capable

of assisting in hydrolyzing xylan-rich materials into XOS

products (18, 19). However, the main drawback of mineral

acids hydrolysis is the generation of more byproducts, such as

xylose and furfural, reducing the XOS production; moreover,

the use of mineral acids can result in the large formation of

inorganic effluent (20). Different from mineral acids, organic

acids are generally weak acids and have desirable features of

less equipment corrosiveness and fewer byproducts, which are

more preferable for producing XOS with a higher yield (17, 21).

Theoretically, organic acids, such as gluconic acid, maleic acid,

citric acid and xylonic acid, could be directly co-prepared with

XOS and applied as feed additives (17, 19, 22–24).

In this study, glutamic acid (GluA), as an edible and

nutritive additive, is also able to release hydronium ions (H+) to

randomly cleave xylan into XOS and xylose. GluA, as one kind of

amino acid, which occurs naturally in proteinaceous foods such

as meats, seafood, stews, soups, sauces, is nontoxic and harmless

for animals or humans (25, 26). The XOS and GluA can be co-

prepared as a mixture and applied in feed or food additives.

Therefore, GluA was introduced as the acid catalyst to assist the

hydrolysis of xylan, which was extracted from sugarcane bagasse,

into XOS products (27). As XOS production was the primary

objective of this work, response surface methodology (RSM) was

used to optimize the conditions of GluA concentration, reaction

temperature, and hydrolysis period (28, 29).

Materials and methods

Materials

The xylan powder was extracted from sugarcane bagasse,

which was collected from Guangxi Province, China. The dried

sugarcane bagasse mainly comprises 43.5% glucan, 27.9% xylan,

23.8% lignin, and 2.1% ash content. Generally, 1,000 g sugarcane

bagasse with sizes of 40–120 mesh was mixed with 10 L 10%

(w/v) NaOH in a 15-L stainless steel rotary pot, and the alkaline

treatment was conducted at 120◦C for 1 h; the mixture was

filtered after alkaline treatment and the pH was adjusted to 5

by adding H2SO4 (27). The xylan was then precipitated with

an equal volume of 95% ethanol (v/v). The precipitated xylan

was centrifuged at 6,000 rpm for 10min and washed with ice-

cold ethanol for three times. Finally, the precipitated xylan was

freeze-dried for further study. The purity of the freeze-dried

xylan sample was 69.5%, which was analyzed according to the

protocol of National Renewable Energy Laboratory (30). Besides,

the Klason lignin content and acid soluble lignin in the xylan

sample were respectively 18.5% and 3.8%.

Glutamic acid assisted hydrolysis of xylan

Five grams of xylan powder from sugarcane bagasse was

added in a 100mL screw-top pressure-resistant steel tube

reactor, which contained 50mL 1–7% GluA solution with

the solid-liquid ratio of 1:10. Then the tube was placed in

an oil bath at a preset temperature (130–180◦C) and heated

for 30–70min. The reactions were stopped at the scheduled

arrival time; the mixture was centrifuged at 6,000 rpm for

10min. Then the supernatant containing XOS was harvested for

subsequent analysis.

Design of single-factor experiments and
response surface method

Single-factor screening experiments were performed to

assess the effect of reaction temperature, GluA concentration,

and hydrolysis period for xylan hydrolysis. Firstly, in the case

of the fixed 5% GluA concentration and 50min hydrolysis

period time, the effect of the reaction temperature was tested

at 130–180◦C. Then, in the case of the fixed 160◦C reaction

temperature and 50min hydrolysis period, the effect of the GluA

concentration was evaluated with 1–9%. Lastly, in the case of the

fixed 160◦C reaction temperature and 5% GluA concentration,

the effect of the hydrolysis period was investigated with the time

of 30–70 min.

Following the single-factor experimental results, a suitable

point was selected and subjected to Design-Expert R© (Version

11.0) for designing response surface experiments. This
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TABLE 1 Di�erent combination of independent variables of software design and experimental results.

Variables Responses Byproducts

x1:

Reaction

temperature (oC)

x2: GluA
a

concentration (% w/w)

x3:

Hydrolysis period

(min)

Y: XOSb yields (%) Xylose

(%)

Furfural (%)

150 3 50 16.54 3.92 0.17

150 5 30 6.34 1.42 0.00

150 7 50 24.83 9.40 1.08

150 5 70 32.15 18.63 1.14

160 3 30 17.69 4.21 0.00

160 7 70 17.20 48.58 3.71

160 5 50 40.30 26.17 1.81

160 3 70 31.49 31.71 1.22

160 7 30 29.47 10.86 1.49

170 5 30 34.92 18.38 3.43

170 5 70 12.28 60.81 5.00

170 3 50 36.80 51.33 3.97

170 7 50 17.24 28.21 1.05

aGluA, glutamic acid.
bXOS, xylooligosaccharides.

experiment was conducted with reaction temperature (150,

160, and 170◦C), GluA concentration (3, 5, and 7% w/w),

and hydrolysis time (30, 50, and 70min) as the independent

variables. A 33 factorial design was elaborated and listed in

Table 1, which showed the detailed experiments conducted in

triplicate. One-way analysis of variance (ANOVA) and Duncan’s

multiple range test (p < 0.05) were used for analyzing the

statistical significance. The relationship between the response

(XOS yield) and independent variables [reaction temperature

(x1), GluA concentration (x2), and hydrolysis period (x3)] was

calculated through the following quadratic polynomial equation.

Y = a0 +
∑

aixi +
∑

aiix
2
i +

∑

aijxixj

In this equation, Y represents the XOS yield as a response,

a0 is a constant term, xi and xj are independent variables, and

ai, aii, and aij are coefficients of linear, quadratic, and interaction

parameters, respectively.

Analytical methods

Furfural and xylose were simultaneously measured through

the high performance liquid chromatograph (Agilent 1260)

equipped with the column of Aminex Bio-Rad HPX-87H

(Bio-Rad Laboratories). XOS, including xylobiose (X2),

xylotriose (X3), xylotetraose (X4), xylopentaose (X5), and

xylohexaose (X6), were determined through high performance

anion exchange chromatography (HPAEC) (Thermo ICS-5000)

equipped with the column of CarboPacTM PA200 (Thermo)

(31). The following are the equations used to calculate the yields

of xylose, furfural, and XOS.

Furfural yield (%) =
Furfural content in hydrolyates (g)

Initial xylan content (g)

×100%

Xylose yield (%) =
Xylose content in hydrolyates (g)

Initial xylan content (g)
× 100%

XOS yield (%)

=
X2+ X3+ X4+ X5+ X6 content in hydrolyates (g)

Initial xylan content (g)

×100%

Results and discussion

Influence of single factors on the acidic
hydrolysis process of xylan

XOS production has been reported to be significantly

influenced by process parameters, such as reaction temperature,

acid concentration, and hydrolysis period (17, 32). Therefore,

single-factor experiments were used to examine the effects of

these variables on XOS production and xylan degradation in this

study, and the results were described in Figure 1. It could be

observed that XOS yields increased progressively as the reaction

temperature increased, and reached a peak (the content and

yield of XOSwere 27.9 g/L and 40.1%) at 160◦C, before declining

as the reaction temperature increased further. In addition, when

the reaction temperature was <150◦C or higher than 170◦C,

XOS yields were relatively low.
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FIGURE 1

The e�ects of (A) reaction temperature, (B) GluA concentration

and (C) hydrolysis period for the products, including the content

of furfural, xylose, X2-X6, and the yields of XOS in

GluA-hydrolysate of xylan. X2, xylobiose; X3, xylotriose; X4,

xylotetraose; X5, xylopentaose; X6, xylohexaose; XOS,

xylooligosaccharides.

The release of H+ from GluA during the process of acidic

hydrolysis can contribute to breaking glycosidic linkages of

xylan. Xylan was first hydrolyzed into saccharides with relatively

high DP; subsequently, these saccharides were further degraded

into oligomers (33, 34). As the reaction continues, the oligomers

would also be hydrolyzed into xylose and furfural (17).

Higher temperature provides much higher activation energy for

dehydration since it releases H+ from organic acid more readily,

which results in more saccharides being degraded to XOS and

xylose. The evidence also showed that the hydrolysis reaction

rates could be accelerated with increased reaction temperatures,

namely, the excessively high reaction temperature would cause

a lower content of XOS with a low degree of polymerization

(DP), the proportion of X2 gradually increased and the rate of

accumulation of small molecular compounds such as xylose and

furfural also increased synchronously. Figure 1A showed that

the yields of xylose and furfural were increased greatly while

the reaction temperature was over 170◦C. In the case of 180◦C,

the yield of xylose from xylan hydrolysis was nearly 50%. These

results suggested that the reaction temperature strength should

be controlled at 150–170◦C.

Figure 1B showed the effects of GluA concentration on

the degradation of xylan. Similarly, as the GluA concentration

was raised, XOS production increased gradually, attained

a maximum value with GluA concentration of 5%, and

then declined as the GluA concentration rose above 7%. In

comparison with reaction temperature, the changes in GluA

concentration did not show strong effects on the XOS yield.

As shown in Figure 1B, the XOS yield gradually increased from

21.3 to 40.1% with the GluA concentration increasing from 1 to

5%. However, a further increase in GluA concentration resulted

in a slight decline in the XOS yield. Approximately 31% XOS

yield was obtained with 7–9% GluA. Apparently, under the

same hydrolysis period and reaction temperature conditions, the

higher GluA loading provides more H+, thereby accelerating

the xylan hydrolysis and forming more byproducts (xylose and

furfural).

Figure 1C displayed the effect of the hydrolysis period for

XOS yield, which increased with the extended reaction time at a

certain range (30–50min).With the increased duration, the high

DP oligomers, such as X5 and X6, would be further hydrolyzed

into lower DP oligomers (X2 and X3). It could be observed

that the amounts of X5 and X6 declined and the amounts of

X2 and X3 continued to ascend with a longer retention period.

In addition, the inordinately long duration also gave rise to

the decomposition of XOS into xylose, even furfural, which

caused the drop in the XOS yield. All results suggested that the

realization of desirable DP distribution with relatively high XOS

yield was dependent on all three key factors.

Response surface method optimization
for maximizing xylooligosaccharides
yields

The results based on the single-factor experiments revealed

that the maximum XOS yield was found to be at 160◦C with

5% GluA for 50min. In addition to elucidating the effect of
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individual variable and their interactions, RSM can provide

an empirical model. To determine the optimal conditions,

a three level-three factor (including 13 experimental runs)

central composite design (CCD) was used for modeling

the experimental process (Table 1) (35). In this study, three

independent variables, GluA concentration (3–7%), reaction

temperature (150–170oC), and hydrolysis period (30–70min)

were considered to discuss their effect on the yield of XOS

(Y). A corresponding XOS yield (average value) under different

conditions was determined by repeating the designed assays

for three times. Herein, x1, x2, and x3 represent reaction

temperature, GluA concentration, and hydrolysis period,

respectively. After multiple regression analyses using Design-

Expert software, the quadratic model was selected as the best fit

FIGURE 2

The plot for actual vs. predicted XOS yield.

to the Y. Following is the equation used to calculate the response

value XOS:

Y = 35.42x1 + 90.88x2 + 111.83x3 − 0.44x1x2 − 0.051x1x3

−0.16x2x3 − 0.095x1
2
− 1.28x2

2
− 0.028x3

2
− 3335.88

A regression equation with a coefficient of determination

R2 and an adjusted coefficient of determination R2 (Adj. R2)

of more than 0.80 is considered to be a good fit. In this

model, R2, and Adj. R2 were 0.9911 and 0.9644, showing an

indication of the suitability of the fitted model for experimental

results and predictions (36). In addition, Figure 2 represented

the comparison between the predicted and the actual values of

the XOS yields, which indicated that the difference between the

actual and predicted values was small and themodel was feasible.

The values from the ANOVA for the yields of XOS

are depicted in Table 2. A coefficient’s significance is always

determined by its probability value (P-value), only variables

that have the P-values lower than 0.05 for the regression model

can be regarded as statistically significant, and lesser P-values

signify a higher significance. The P-value and F-value were

0.0064 (<0.05) and 37.17, indicating that the selected model is

significant. In this study, the P-values of x1, x1x2, x1x3, x2x3,

x1², x2², x3² were all <0.05, suggesting that they were significant

model terms. In terms of the independent variable, only reaction

temperature (P-value: 0.0320) was significant, whereas GluA

concentration (P-value: 0.0916) and hydrolysis period (P-value:

0.4651) were insignificant, and the order of significance for

three independent variables for the yield of XOS was: reaction

temperature > GluA concentration > hydrolysis period.

In addition, reaction temperature × GluA concentration,

reaction temperature × hydrolysis period, and GluA

concentration × hydrolysis period were the three main

groups of interactive factors. The response surface graphs of

interactive effects between two independent variables for XOS

TABLE 2 ANOVA for quadratic model.

Source Sum of squares df Mean square F-value P-value

Model 1,324.41 9 147.16 37.17 0.0064 Significant

x1 57.12 1 57.12 14.43 0.0320

x2 23.76 1 23.76 6.00 0.0917

x3 2.76 1 2.76 0.6965 0.4652

x1x2 193.93 1 193.93 48.99 0.0060

x1x3 586.83 1 586.83 148.23 0.0012

x2x3 169.79 1 169.79 42.89 0.0072

x1² 206.03 1 206.03 52.04 0.0055

x2² 110.50 1 110.50 27.91 0.0132

x3² 201.23 1 201.23 50.83 0.0057

Residual 11.88 3 3.96

Cor total 1,336.26 12
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FIGURE 3

Response surface showing the e�ects of independent variables on XOS yields: (A) Reaction temperature and GluA concentration; (B) Reaction

temperature and hydrolysis period; (C) GluA concentration and hydrolysis period. XOS, xylooligosaccharides.
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FIGURE 4

The distributions of the main components in hydrolysate under

the optimum condition. X2, xylobiose; X3, xylotriose; X4,

xylotetraose; X5, xylopentaose; X6, xylohexaose.

yield as a function were depicted in Figure 3. As graphical

representations of regression equations, two-dimensional (2D)

contour plots and three-dimensional (3D) response surfaces

can show the interactive effects of two factors, whereas the

third one is fixed. A red zone in Figure 3 represents the ideal

conditions for XOS production. It could be seen in Figure 3A,

that when the reaction temperature ranged from 159 to 165◦C

and GluA concentration ranged from 3.7 to 5.2%, the maximal

contour with the XOS yield over 40% could be achieved. At high

reaction temperature or GluA concentration, increasing H+

concentration or temperature can aggravate the hydrolysis of

xylan or oligomers, and even further cause the dehydration and

acetylation of xylose. Therefore, too high values of both the two

variables would lead to a decline in XOS yield and an increase

in xylose yield. This phenomenon is in good agreement with

the previous literature (23). Additionally, similar observations

also could be observed in Figures 3B,C, which revealed the

interaction effects of reaction temperature and hydrolysis

period, as well as GluA concentration and hydrolysis period on

XOS yield.

Verification of the optimal results

All results suggested that the changes occurring in the

reaction temperature, GluA concentration and hydrolysis

period would significantly invoke a change in obtaining XOS.

To maximally obtain XOS, these three variables should be

controlled in the ranges of 159–165◦C, 3.7–5.2%, and 41–

54min, which achieved the XOS yield of over 40%. By applying

the RSM, the optimum conditions for XOS yield were achieved:

reaction temperature 162.608◦C, GluA concentration 4.546%,

and hydrolysis period 40.828min. For sake of the convenient

operation, the condition was selected as: reaction temperature

163◦C, GluA concentration 4.5%, and hydrolysis period 41min.

For validation of the model, the experiment was conducted in

triplicate under the optimum condition as predicted by the fitted

model, and the distributions of the main components (furfural,

xylose, X2–X6) in the hydrolysate were described in Figure 4.

Based on the results of the highest yield, the mean value

was 40.5%, which corresponded to the predicted value (40.8%).

The experimental result indicated that the actual result was

consistent with the predicted result, confirming the accuracy of

the formed quadratic polynomial equation. In previous studies,

Zhang et al. (37) obtained a maximum XOS yield of 45.86%

when using 20% acetic acid at 140◦C for 20min to hydrolyze

waste xylan extracted from viscose fiber plants. A maximum

49.2% yield of XOS was achieved after applying 1.2% furoic

acid to facilitate corncob xylan hydrolysis for 33min at 167◦C

(38). Though the XOS yield in this study was lower than other

organic acid hydrolysis, GluA catalysis for XOS production is

still feasible as the advantage of low acid dosage and edibility.

Moreover, the hydrolysate from xylan hydrolysis under the

optimal condition contained 8.54 g/L X2, 8.12 g/L X3, 5.01 g/L

X4, 4.21 g/L X5, and 2.31 g/L X6. Meanwhile, the xylose content

was 18.67 g/L and the produced furfural was low (1.32 g/L).

The distribution of XOS components showed that the main

oligomers were X2–X4, which were considered to be the most

effective compounds for prebiotics (39). The content of X2–X4

accounted for 84.2% of all XOS, whereas the proportion of X5

and X6 was relatively small, implying the GluA contributed to

the acquisition of desirable DP of XOS.

Conclusions

In this study, the edible glutamic acid as catalyst was

initiatively used for preparing XOS via acidic hydrolysis of

sugarcane bagasse-derived xylan. RSM approach following the

single-factor experiments was employed to maximize the XOS

yield and evaluate the effects of reaction temperature, acid

concentration and hydrolysis period on the XOS yield. As a

result, the maximum XOS yield was 40.5% using 4.5% glutamic

acid at 163◦C for 41min. Under these conditions, desirable XOS

degree of polymerization (2-4) accounting for 84.2% of all XOS

was achieved, while the furfural was low. This study provides

an insight into a promising and feasible method for large-scale

production of prebiotic XOS.
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Non-alcoholic fatty liver disease (NAFLD) is a chronic liver disease with high

incidence and is closely related to metabolic syndrome. If not controlled, it

may eventually become hepatocellular carcinoma (HCC). Ferroptosis, a non-

apoptotic form of programmed cell death (PCD), is closely related to NAFLD

and HCC, and the mechanisms of action involved are more complex. Some

studies have demonstrated that many drugs inhibit ferroptosis and protect

liver steatosis or carcinogenesis. The role of Traditional Chinese Medicine

(TCM), especially herbs or herbal extracts, has received increasing attention.

However, there are relatively few review articles on the regulation of NAFLD by

TCM through ferroptosis pathway. Here, we summarize the TCM intervention

mechanism and application affecting NAFLD/NAFLD-HCC via regulation of

ferroptosis. This article focuses on the relationship between ferroptosis and

NAFLD or NAFLD-HCC and the protective effect of TCM on both by targeting

ferroptosis. It not only summarizes the mechanism of early prevention and

treatment of NAFLD, but also provides reference ideas for the development of

TCM for the treatment of metabolic diseases and liver diseases.

KEYWORDS

traditional Chinese medicine, active ingredient, ferroptosis, non-alcoholic fatty liver
disease, protective effect

Introduction

Liver dysfunction leads to metabolic disorders and ultimately endangers personal
health (1). For example, non-alcoholic fatty liver disease (NAFLD) is a manifestation of
metabolic syndrome in the liver (2). Simple steatosis occurs when the intrahepatic fat
content is > 5% due to of non-alcoholic or other secondary factors, and it can be further
developed into non-alcoholic steatohepatitis (NASH). Nearly half of patients with NASH
have the probability to develop liver fibrosis, cirrhosis, or even hepatocellular carcinoma
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(HCC) (3). Approximately 25% of the global population suffer
from NAFLD, and the incidence is gradually increasing (4). It
is important to note that, in order to reflect the mechanisms
of metabolic dysfunction and hepatic steatosis in patients more
accurately, NAFLD has been gradually renamed as metabolic
associated fatty liver disease (MAFLD) in the recent years (5, 6).
While cirrhosis was previously thought to be a major risk factor
for the development of HCC, up to 50% of NAFLD related-HCC
occurs in patients without cirrhosis as opposed to virus-driven
HCC. This group is also often neglected and diagnosed at an
older age and at an advanced stage of HCC (7, 8). Hester et al.
conducted a cross-sectional study of 13,648 HCC patients and
determined that NAFLD was the leading cause of HCC in both
the inpatient and outpatient populations, accounting for 32.07
and 20.22% of all cases, respectively (9).

NAFLD is a chronic progressive lesion involving in
inflammation, oxidative stress, insulin resistance, and
imbalances in lipid metabolism (10, 11). However, the
specific underlying mechanisms are not clear, and no definite
treatment criteria have been established (12). Cell death
determines pathological processes such as liver inflammation,
fibrosis, and even transformation (13). Furthermore, hepatocyte
ballooning and death can be aggravated by lip toxicity, oxidative
stress, organelle dysfunction, or inflammatory response (14).
More seriously, NAFLD may gradually transition to NAFLD-
HCC status. Therefore, it is necessary to explore strategies
to prevent NAFLD to reduce the probability of progression.
Programmed cell death (PCD) is a dominant process, which
forms part of the core of the complete growth of eukaryotes
and plays a regulatory role in NAFLD (15), including apoptosis,
necroptosis, autophagy, entosis, paraptosis, pyroptosis, etc. The
PCD pathways mentioned above may be activated at different
stages of NAFLD, and the key effector molecules involved
are also the focus of attention when developing therapeutic
agents for NAFLD. Therefore, targeting the modulation of
the PCD pathway is an effective approach to prevent or treat
NAFLD/NAFLD-HCC (16–18).

Several studies have demonstrated that ferroptosis plays a
crucial role in the occurrence of NAFLD (19–21). Inhibition
of ferroptosis improves pathophysiology of metabolic-related
diseases and is a potential pathway and effective strategy for
the prevention and treatment of NAFLD (22, 23). Traditional
Chinese medicine (TCM) has the advantages of multi-target,
multi-channel, structural stability and high safety (24, 25).
And a variety of natural molecules based on TCM such
as artemisinin, baicalein, and salvia have been found to be
valuable in tumors and nervous system diseases by intervening
with ferroptosis (26). However, there is a lack of systematic
review of the mechanism of action and clinical application of
TCM interventions on ferroptosis affecting the NAFLD disease
spectrum. Therefore, we take it as our focus to summarize
the association between ferroptosis and NAFLD/NAFLD-HCC,
and summarize the intervention mechanisms and applications

of TCM that have been reported previously, providing ideas
and information for the future development of herbs or herbal
extracts for the prevention and treatment of NAFLD/NAFLD-
HCC.

Ferroptosis and non-alcoholic
fatty liver disease/non-alcoholic
fatty liver disease-hepatocellular
carcinoma

Ferroptosis

Ferroptosis is a non-apoptosis with a completely different
morphology. Condensation of the cell membrane without
affecting membrane integrity, blistering of the plasma
membrane, increased density of the mitochondrial membrane,
reduction or disappearance of the mitochondrial crest, and
rupture of the mitochondrial outer membrane are typical
characteristics of ferroptosis (27). It is often accompanied
by complex networks of genes, proteins, and metabolisms
(Figure 1) (16), which means that it is associated with multiple
mechanisms of occurrence. Iron metabolism imbalance, lipid
peroxidation and the System Xc-/GSH/GPx4 axis imbalance
are the “three hallmarks” (28). Iron is well known to have two
different valence states that can undergo redox reactions in vivo.
The ferroptosis-sensitive cellular transferrin receptor 1 (TFR1)
can transports Fe3+ into cells for reduction to Fe2+, which is
stored in the intracellular unstable iron pool in the form of
an iron storage protein complex consisting of a ferritin light
chain polypeptide, and a ferritin heavy chain polypeptide in
the presence of divalent metal ion transport protein 1 (DMT1).
However, when excess free Fe2+ is present in the cell, ferritin is
recruited and solubilized by specific cargo receptor recognition,
and the released excess Fe2+ in turn increases the formation
of hydroxyl radicals through the Fenton reaction, inducing
reactive oxygen species (ROS) production and increased
susceptibility to cellular ferroptosis (29).

Lipid peroxidation is an important factor driving
ferroptosis. Polyunsaturated fatty acids (PUFAs) contain
easily extractable diallyl hydrogen atoms, making it sensitive
to lipid peroxidation and one of the essential elements for
the occurrence of ferroptosis (30). Hydrogen of PUFAs is
acquired by hydroxyl groups to form carbon-centered lipid
atom groups (L-), and O2 reacts rapidly with L- to produce
lipid peroxidation atom groups (LOO-). Lipidomic results
suggest that phosphatidylethanolamine (PE) containing
arachidonic acid (AA) is the key membrane phospholipid
for the occurrence of oxidation-driven ferroptosis (31). Acyl
coenzyme A synthase long chain family member 4 (ACSL4)
and Lys phosphatidylcholine acyltransferase 3 (LPCAT3) are
involved in PE biosynthesis, activating PUFA and forming
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FIGURE 1

Core regulation of ferroptosis (16). The pathways primarily divided into two based on iron metabolism and oxidative stress. CoQ10, coenzyme
Q10; DHODH, dihydroorotate dehydrogenase; FSP1, ferroptosis suppressor protein 1; GSH, glutathione; GPx4, GSH peroxidase 4; GSSG,
oxidized glutathione; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; TFR1, transferrin receptor 1.

PUFA-PE. The loss of ACSL4 and LPCAT3 depletes substrates
for lipid peroxidation and increases inhibition of ferroptosis.
Eventually PUFA-PE further promotes ferritic oxidation
catalyzed by lipoxygenase (LOX) (32).

System Xc- is a heterodimeric cell surface amino acid reverse
transmitter. Extracellular cystine will be transported into cell
and reduced to cysteine for the synthesis of glutathione (GSH)
(33). GSH is the major antioxidant in mammals and is a cofactor
of GPx4. If the level of GSH is compromised by System Xc-, ROS
will accumulate and ferroptosis will be initiated by GPx4 with
reduced activity (34).

In addition to the above typical pathways that regulate
cellular susceptibility to ferroptosis, several others also play
a role. P53 is a tumor suppressor gene that inhibits System
Xc- uptake by downregulating SLC7A11, affecting GPx4
activity and ultimately inducing ferroptosis (35). Nuclear
factor erythroid-2-related factor-2 (Nrf2) is an important
antioxidant regulator that promotes the HO-1, GSH, and GPx4
expression in the downstream, eliminates ROS accumulation
in the liver, and reduces malondialdehyde (MDA) levels
(36). Meanwhile, protein genes responsible for encoding GSH
synthesis, such as SLC7A11, GCLC/GLCM, and GSS are all
target genes of Nrf2 (37). The latest research has found
that dihydroorotate dehydrogenase (DHODH) in mitochondria
can regulate ferroptosis through a GSH-independent pathway,
which provides a new idea for precise targeted regulation of
ferroptosis (38). Therefore, the pathways regulating ferroptosis
susceptibility are more abundant and are considered to have

important implications in the pathogenesis, treatment or drug
development, and specific studies may be more beneficial for its
comprehensive understanding.

Ferroptosis in non-alcoholic fatty liver
disease/non-alcoholic fatty liver
disease-hepatocellular carcinoma

Metabolic changes and hepatocyte lip toxicity caused by the
ectopic accumulation of free fatty acids (FFAs) in the liver are
considered to be the principal causes of liver injury in patients
with NAFLD (39). However, the mechanisms that drive simple
steatosis to NASH, fibrosis and even cirrhosis and HCC are still
not fully understood. Whereas the liver is an important organ
for iron storage, and the content of iron and lipid ROS in the
dysfunctional liver are significantly increased. Serum ferritin is
usually showing a high level in patients with NAFLD, which
is associated with intrahepatic iron accumulation (40). Insulin
resistance is one of the key causative factors of NAFLD, and iron
accumulation in the body can also interfere with the function
of Islet β Cells, affecting insulin synthesis and secretion, and
resulting in insulin resistance (41, 42). Various results suggest
that iron metabolism and lipid peroxidation, as the main links
in ferroptosis, are closely related to the pathogenesis of NAFLD.

Notably, as researches continue, it has been found that
ferroptosis in the different stages of NAFLD may variable.
Early results suggested that in addition to iron, levels of the
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lipid peroxide MDA, 4-NHE, are simultaneously elevated in
NAFLD patients (43). Vitamin E, the ferroptosis inhibitor,
can reduce lipid peroxidation and improves liver injury (44).
Subsequently, Tsurusaki et al. reported that ferroptosis in
hepatocytes and intrahepatic macrophages may be the incentive
for early simple steatosis and the progression from NAFLD
toward to NASH: hepatocyte ferroptosis precedes apoptosis
during the initial stages of NAFLD in model mice, leading
to liver damage, immune cell infiltration, and inflammatory
response (19). Contrastingly, ferroptosis inhibition results in
reduced liver injury inflammatory and lipid peroxidation (19).
This report provides the first clear insight into the relationship
between ferroptosis and NAFLD, and contrasts the differences
among hepatocyte ferroptosis, apoptosis and necrosis. Li et al.
found that AA metabolism enhanced lipid ROS accumulation,
and key regulatory factors of iron metabolism significantly
were increased in MCD-induced NASH mice (21). However,
these changes occurred after administration of a ferroptosis
inhibitor, ferrostatin-1 (21). Increased Fe2+ and AA may act
jointly to promote lipid peroxidation and NASH. Excessive
Fe2+ impairs the function of pancreatic β cells and liver
cells through oxidative stress and mitochondrial injury, leading
to insulin resistance and affecting NAFLD development (41).
Other studies have shown that ferroptosis may exacerbate
the early inflammatory, oxidative stress, and cell damage in
NASH (45). Further progression of NASH can lead to the
development of liver fibrosis in patients. The key to the
development of liver fibrosis is the activation of hepatic
stellate cells (HSC). And HSCs are abundant in iron. Induce
activation of HSCs promotes the accumulation of Fe2+, elevates
ROS levels, and leads to ferroptosis (46). In addition, HSCs
contain the ferroptosis regulator P53, ELAV-like protein 1
(ELAV1) and zinc finger monoprotein 36 (ZFP), which have
been reported to be effective targets for fibrosis prevention
(47, 48). As previously mentioned, P53 inhibits SLC7A11 and
reduces GPx4 activity, leading to ferroptosis in HSC. The p62-
kelch-like ECH associated protein 1 (Keap1)- Nrf2 antioxidant
signaling pathway is more frequently engaged in HCC, which
is also involved in the regulation of ferroptosis. Inhibition or
knockdown of Nrf2 enhanced erastin- or sorafenib-induced
ferroptosis in HCC in vitro and in vivo (49). Non-coding RNAs
(ncRNAs) are responsible for the regulation of tumorigenesis
through various biological processes. Among them, microRNA
(miRNA) regulates GSH, Fe levels, Nrf2 and ROS to regulate
ferroptosis and inhibit cancer development (50, 51). LncRNAs
mainly act as the regulatory factors of transcription factors
in the nucleus or as miRNAs of sponges in the cytoplasm to
regulate ferroptosis (52). In conclusion, ferroptosis is pivotal
in the occurrence and progression of the NAFLD disease
spectrum. However, unlike the early two stages, the promotion
of cellular ferroptosis may be beneficial for liver fibrosis and
HCC. This may also be a perspective to distinguish the
severity of NAFLD.

Intervention effects of herbs or
herbal extracts in regulating
ferroptosis on non-alcoholic fatty
liver disease

Currently, there is no agreed standard or definitive effective
drugs for the treatment of NAFLD. The commonly used
chemotherapeutic drug sorafenib is resistant to treatment in
patients with advanced HCC. Therefore, the search for more
effective new drugs has become an urgent task. TCM occupies
an equally important position as Western medicine in health
management and disease treatment, and even numerous of
clinical cases have proven to be superior in treatment of
certain diseases (53–56). TCM is the natural treasure trove
of compounds with a wide range of sources, a great deal of
active ingredients, and the stability of structure (57). TCM
intervention in ferroptosis has certain efficacy and value.
For example, artemisinin and piperine amide are believed
to exert effective mechanisms of anti-cancer by interfering
ferroptosis in HCC, pancreatic cancer and other tumor
diseases (58, 59). Baicalein is also a natural inhibitor of
ferroptosis, weakening lipid peroxidation and ROS production
and protecting cells of acute lymphoblastic leukemia induced by
RSL3 from ferroptosis (60). Herbs or compounds and derived
compounds or extracts have a certain ameliorating effect on
NAFLD based on antioxidants, lipid metabolism and intestinal
microbiota regulation (61). Therefore, TCM can intervene with
NAFLD (Figure 2) or NAFLD-HCC by regulating ferroptosis
(Table 1 and Figure 3).

Monomers

Dehydroabietic acid
Dehydroabietic acid (DAA) is a natural diterpenoid resin

acid, which is primarily obtained by catalytic disproportionation
of rosin abietic acid (62). It is stable in nature and has the
properties of anti-tumor (63) and anti-inflammatory (64). DAA
alleviates insulin resistance and weakens hepatic steatosis and
lipid accumulation through activation of PPAR-γ and PPAR-
α in high-fat diet (HFD) model mice, leading to reducing
hepatic function (65). Further studies revealed that DAA
was able to bind to Keap1 in the cytoplasm and increase
the luciferase activity of Nrf2-antioxidant reactive element
(ARE), promoting the expression of downstream antioxidant
gene hame oxygenase-1 (HO-1), GSH, and GPx4 through the
Keap1/Nrf2 pathway, while DAA treatment results in achieving
attenuation of ROS and lipid peroxidation (36). Importantly,
Nrf2 is a necessary transcription factor that regulates the
cellular oxidative stress reaction and also controls Fe2+, which
is manifested as an inhibition of ferroptosis (27, 66). HO-1,
an important source of intracellular iron, plays a key role in
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FIGURE 2

Major molecules, genes, and metabolic networks for ferroptosis involved in NAFLD interfering by traditional Chinese medicine. Keap1, kelch like
ECH associated protein 1; Nrf2-ARE, nuclear factor erythroid-2-related factor-2-antioxidant reactive element; TFR1, transferrin receptor 1;
IREB2, iron-responsive element binding protein 2; FTH1, ferritin heavy chain; HO-1, hame oxygenase-1; GSH, glutathione; GPx4, GSH
peroxidase 4; ROS, reactive oxygen species.

TABLE 1 Intervention effects of TCM in regulating ferroptosis on NAFLD.

TCM Function Stage in NAFLD References

DAA Activates Nrf2, leading to reducing lipid peroxidation Simple steatosis and NASH (36, 65, 67)

GB Activates Nrf2, leading to reducing lipid peroxidation Simple steatosis and NASH (70, 71)

Que Targets Mitochondrial ROS-Mediated Ferroptosis Simple steatosis and NASH, HCC (75–79)

EGCG Inhibits system Xc− , for preventing GSH consumption, GPx4 inactivation and lipid peroxidation NASH (83–85)

DLT Increases Fe2+ accumulation, promoting ubiquitination of the IREB2 protein and suppressing
expression of FTH1

Simple steatosis and NASH (90)

DHA Decreases the expression of GPx4, inducing HSC ferroptosis; Activates the anti-survival UPR and
upregulates CHAC1 expression

Fibrosis, HCC (93–95)

ART Inhibits ubiquitination of IRP2, promoting its accumulation for HSC ferroptosis Fibrosis (46)

Artesunate Activates HSC ferritinophagy/ferroptosis; Acts synergistically with sorafenib Fibrosis, HCC (96, 97)

ART, Artemether; CHAC1, Chac glutathione-specific γ-glutamylcyclo-transferase 1; DAA, Dehydroabietic acid; DHA, dihydroartemisinin; DLT, Danlou tablet; EGCG, Epigallocatechin
Gallate; FTH1, ferritin heavy chain; GB, Ginkgolide B; HCC, hepatocellular carcinoma; HSC, hepatic stellate cell; Que, Quercetin; Nrf2, nuclear factor erythroid-2-related factor-
2; ROS, reactive oxygen species; GSH, glutathione; GPx4, glutathione peroxidase; IREB2, iron-responsive element-binding protein 2; IRP2, iron regulatory protein; UPR, unfolded
protein response.

ferroptosis induced by erastin (67). At the same time, DAA
increased the expression of key genes of ferroptosis such as
ferroptosis suppressor protein 1 (FSP1) in vivo and in vitro (36).
Therefore, it is believed that DAA inhibits ferroptosis through
activation of the Keap1/Nrf2 pathway and is a potentially
effective means of treating NAFLD. One shortcoming, however,
is that these studies did not compare DAA with ferroptosis
inhibitors. If available, the credibility of DAA modulation of
ferroptosis to improve NAFLD would be increased.

Ginkgolide B
Ginkgolide B (GB) belongs to terpene trilactones and is the

main active ingredient in Ginkgo biloba leaf extract (68). Like

DAA, the effect of anti-inflammatory function by GB is well
known (69). Application of GB for treatment of HFD-induced
obese mice reduced the body weight and triglyceride (TG) levels
and improved steatosis in the liver (70). To verify whether the
protective effect of GB on steatosis hepatocytes is related to
ferroptosis and the underlying molecular mechanisms, Yang
et al. conducted in vivo and in vitro experiments (71). Mice
fed with HFD and HepG2 cells treated by palmitic acid
(PA) oleic acid (OA) exhibited significant reduction in Fe2+

concentrations and obvious increase in Fe3+ concentrations,
and both showed changes in combinations of biomarkers based
on ferroptosis, such as the upregulation of TFR1, and the
inhibition of Nrf2 expression (71). The reversal effect was
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FIGURE 3

Summary of herbs or herbal extracts modulating the disease spectrum of NAFLD. NAFL, non-alcoholic fatty liver; NASH, non-alcoholic
steatohepatitis; HCC, hepatocellular carcinoma.

evident after GB administration, with a clear promotion in
the expression of Nrf2, which facilitated iron metabolism and
inhibited oxidative stress in the liver (71). And the effect of
high concentrations of GB approximated that of the positive
control drug atorvastatin, an ferroptosis inhibitor. TFR1, as
an ferroptosis sensitive protein, also plays a crucial role in
hepatic iron metabolism. It can be found that GB and DAA
have similarities in the pathways related to the regulation of
ferroptosis, both of which may mobilize downstream genes by
influencing Nrf2 activity, and finally exert the role of anti-
ferroptosis, while achieving a balance of iron metabolism and
lipid peroxidation.

Quercetin
Quercetin (Que) is a polyhydroxy flavonoid widely

distributed in fruits, vegetables, and the root, leave or fruit from
medicinal plants. The antioxidant activity of Que is excellent,
and the phenolic hydroxyl groups rich in its structure can
inactivate free radicals by providing active hydrogen while
being oxidized to a more stable form of free radicals themselves
(72). In addition, Que is a natural iron chelator. Its B ring
displays the catechol portion and multiple free hydroxyl groups
that drive the reduction of Fe3+ to Fe2+ (73); and at pH 7.2,
quercetin completely blocks the iron-promoted Fenton reaction
at the micromolar level (74). This is an effective strategy to

prevent excess iron-induced oxidative stress, which means
that chelation with Fe2+ is the key to the antioxidant activity
of Que. And it is oxidative stress that plays a crucial role in
the pathogenesis of NAFLD. Zhu et al. found that Que intake
resulted in a 39% reduction in hepatic TG content and a 1.5-fold
increase in VLDL in HFD-induced NAFLD rats (75). Yang
et al. applied Que in NAFLD model in vivo and vitro and
showed a significant decrease in serum transaminase levels,
a recovery for liver superoxide dismutase, catalase and GSH
levels, and a relieve in lipid accumulation (76). In a randomized,
double-blind and controlled trial, 90 patients supplemented
with Que twice daily for 12 weeks showed significantly higher
erythrocyte levels but evidently lower mean erythrocyte volume
and hemoglobin, as well as ferritin compared to controls
(77). It was suggested that Que exhibits potent in animal
models hepatoprotective effect and also beneficial for some
NAFLD-related biomarkers in clinical patients. Recently,
Jiang et al. found that lipid peroxidation, lipid accumulation
and ferroptosis induced by HFD could be alleviated via Que
supplementation in mice. Next, Que was found to markedly
depress mitochondrial ROS production in FFA-treated L-02
cells, with similar effects to Fer-1, an ferroptosis inhibitor (78).
Mitochondrial ROS is a unique property of ferroptosis that
distinguishes it from other types of PCD, and chelation of
Fe2+ in the liver by Que reduced hepatocyte lipid peroxidation
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and ROS production. In addition, Que seems to have twofold
properties. It was shown that for HepG2 hepatoma cells it was
able to induce lysosomal activation mediated by transcription
factor TFEB, promote ferritin degradation and eventually
induce ferroptosis (79). However, the specific signaling pathway
by which Que regulates mitochondrial ROS to improve NAFLD
has not been elucidated, and this may be something that could
be explored further.

Epigallocatechin gallate
Epigallocatechin Gallate (EGCG) is the main polyphenol

catechin in green tea, with antioxidant and anti-inflammatory
effects, and is also beneficial in metabolic syndrome and
different types of liver injury (80, 81). These advantages rely
on its unique structure. EGCG has three hydroxyl groups at
carbons 3’, 4’, and 5’ of the B ring and an esterified gallate
portion at carbon 3’ of the C ring, which contributes to its
ability to scavenge free radicals and chelate transition metal ions
(80). Data from multiple in vitro and vivo experiments showed
that EGCG is helpful for improving NAFLD-related fibrosis
and HCC (81). EGCG increases the activity of mitochondrial
complex chains, thus promoting lipid peroxidation to prevent
hepatic steatosis (82). EGCG-treated rat liver showed a decrease
The MDA levels was significantly decrease, while GSH and SOD
levels was clearly elevated in mice treated with EGCG (83),
the antioxidant activity of the liver increased. In recent years,
EGCG was found to be a novel ferroptosis inhibitor, which can
prevent the depletion of GSH, inactivation of GPx4 and lipid
peroxidation by chelating iron ion (84). Ning et al. investigated
the effect of EGCG on NASH by intraperitoneal injection and
gavage, and found that the iron accumulation in the liver of mice
fed by both methods was significantly lower than that of the
NASH group, and the long-chain fatty acid coenzyme ACSBG
expression was increased, with a significant negative correlation
with Bacillus mimicus, a representative lineage organism genus
of the intestinal microbiota (85). ACSBG is necessary in fatty
acid metabolism and ferroptosis pathway, indicating that EGCG
altered the intestinal microbiota and regulated the metabolism
of NASH mice, which in turn improved lipid accumulation
and ferroptosis, so as to prevent the development of NASH.
Therefore, the regulation of EGCG on NAFLD is inseparable
from its efficacy as an ferroptosis inhibitor. It is also worth
noting that humans may experience side effects if they ingest
large amounts of EGCG, so the safe dose range needs to be
considered when applying it.

Compounds

Danlou tablet
Danlou tablet (DLT) are composed of ten Herbs, including

Chuanqiong, Radix Salvia Miltiorrhiza, Trichosanthes, Allium
macrostemon, Pueraria lobata, Paeoniae Rubra, Tulip, Rhizoma

Drynariae, Alismol, and Radix Astragali (86). Among them,
Alismol, Pueraria lobata, and Radix Astragali exhibit the
ability to anti-oxidant stress and anti-inflammatory (87–
89). Ethanol extracts of Danlou tablet (EEDT) can inhibit
inflammation by downregulating the NF-κB single signal and
promote the outflow of cholesterol and lipids by activating the
PPARα/ABCA1 signaling pathway (90). Xin et al. established a
model of NAFLD in HFD ApoE-/- mice to explore whether DLT
mediates the occurrence and development of NAFLD through
the ferroptosis pathway (91). After the DLT intervention,
the Fe2+ levels in liver tissue of mice were significantly
reduced, and the protein and mRNA expression levels of GPx4
and ferritin heavy chain (FTH1) were apparently elevated,
and the cytoplasm was brownish yellow and dark in color
(91). Moreover, the protein and mRNA expressions of iron-
responsive element-binding protein 2 (IREB2) were reduced,
and hepatocyte swelling was lightened, and the number of fat
vacuoles was completely lessened (91). Unlike DAA and GB,
IREB2 is a key indicator of cellular ferroptosis, and increased
Fe2+ can promote ubiquitination of the IREB2 protein and
suppress expression of FTH1. This is sufficient to proof that DLT
targets ferroptosis to inhibit oxidative stress and inflammatory
factor levels to achieve a protective effect on the liver of NAFLD
model mice. The evidence on DLT still appears weak, so more
verifications are necessary.

Artemisinin compounds
Artemisinin is the active ingredient of the dried stems

and leaves of Artemisia annua, a member of the Asteraceae
family, and belongs to the sesquiterpenoids. The derivatives
of it include dihydroartemisinin (DHA), artemether (ART),
artesunate and so on. In addition to anti-malaria, artemisinin
compounds also have various pharmacological effects such as
anti-inflammatory and anti-fibrotic (92). Zhang et al. found
that DHA triggered ferroptosis to eliminate the activation of
HSC, which characterized by iron overload, GSH depletion, lipid
ROS accumulation, and peroxidation, whereas Fer-1 and Lip-
1 inhibited the DHA effect (93). Shen et al. reported similar
results, at the same time, they discovered that DHA attenuates
liver fibrosis by activating autophagy to trigger ferroptosis in
HSC (94). In addition, DHA induced ferroptosis as an antitumor
agent in primary liver cancer (PLC) by activating the anti-
survival unfolded protein response (UPR) and upregulating
Chac GSH –specific γ-glutamylcyclo-transferase 1 (CHAC1)
expression, which was significantly attenuated by Fer-1 and
DFO application after iron loading (95). These reveal a potential
mechanism by which DHA ameliorates liver fibrosis or PLC,
and moreover suggest that ferroptosis is a favorable method
to eliminate activated HSC or PLC cells. ART was detected to
promote the accumulation of iron regulatory protein (IRP2) by
inhibiting its ubiquitination, thus inducing an increase in iron
content, generating a large amount of ROS and leading to the
onset of ferroptosis of HSCs (46). Kong et al. demonstrated
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that artesunate obviously evoked ferroptosis of activated HSC
in fibrotic liver, as characterized by decreased cell viability,
accumulated iron, elevated lipid peroxidation, and diminished
antioxidant capacity. In contrast, the inhibition of DFO almost
abolished the antifibrotic effect induced by artesunate (96).
Artesunate is a clinically well-tolerated compound that acts
synergistically with sorafenib to induce ferroptosis in the HCC
cell lines Huh7, SNU-449, and SNU-182 (97). Thus, artemisinin
compounds have prominent effects as ferroptosis inducers to
hinder HSC activation in the liver fibrosis stage of NAFLD,
resulting in antifibrosis. In addition, all the above results imply
a possible interaction between autophagy and ferroptosis from
another perspective, which deserves to be explored in depth.

Conclusion and perspectives

With the increasing incidence and the wide spread of
complications, NAFLD has become one of the most concerned
chronic liver diseases. The unclear pathogenesis is a major
obstacle to the treatment of NAFLD, and at present, the main
focus is to protect liver with pharmacological, especially TCM.
The core steps of ferroptosis are reflected in the development
of the NAFLD disease spectrum, and the manifestation at
different stages may vary according to the current pathological
features, which also opens a new approach for the study of the
hepatic protective mechanism of TCM. Although studies on
the improvement of NAFLD by intervention of ferroptosis in
herbs or herbal extracts are not well reported yet, these suggest
their strong potential to be used as natural ferroptosis inhibitors.
Compared to classical ones, they have the advantage of being
widely available, less expensive, more stable, and fewer side
effects. In addition to the above mentioned, there are many
studies on the protective effect of liver by herbs or herbal extracts
through the means of anti-lipid peroxidation. Hesperidin has
been shown in in vitro and in vitro experiments to upregulate
antioxidant levels by activating the PI3K/AKT-Nrf2 pathway
and alleviate liver steatosis by inhibiting NF-κB-mediated
inflammation (98). Bicyclic, extracts of Wuweizi, has a wide
range of pharmacological effects that attenuate tetracycline-
induced hepatic steatosis, and hepatic lipid accumulation and
physalide steatosis are ameliorated (99). They are all potential
regulators for ferroptosis, and whether the mechanisms involved
in liver protection are related to the ferroptosis pathway
that ultimately led to the regulation of NAFLD should be
further explored in works. For HCC, several therapies or
drugs have been tried in the clinic, but no breakthroughs have
been achieved, and even some approved drugs later failed to
inhibit tumor growth due to the emergence of drug resistance
mechanisms. Ferroptosis is considered to be the most promising
tumor growth inhibitor that can affect the development and
progression of HCC by regulating intracellular iron levels
and ROS (100). This provides new therapeutic options for

patients with HCC. The research prospect of TCM targeting
ferroptosis is very promising, and although there are some
undeniably limitations and difficulties involved, the meaning
for the prevention and treatment of NAFLD and NAFLD-HCC
is great. For example, ferroptosis is involved in the occurrence
and development of NAFLD and can serve as an independent
predictor of early alterations in NAFLD, as well as a potentially
important target for prevention and treatment in clinical
practice. However, the disadvantage is that most of the current
research focuses on animal models, and there is still less evidence
to prove the mechanism of ferroptosis from the molecular level
or in clinical patients. Whether ferroptosis or other forms of
PCD can be clearly distinguished during the disease for targeted
prevention and treatment is also deserves further exploration.
In addition, Studies on the regulation of ferroptosis by herbs
or herbal extracts at different stages of NAFLD development
to achieve intervention remains inadequate, and the related
mechanisms need to be further explored as well.
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Toxoplasma gondii is an obligate intracellular parasite that infects nucleated

cells of all warm-blooded animals, and most patients have latent infections.

The latent infection will be reactivated in the immunocompromised or

immunocompromised individuals, which will lead to severe toxoplasmosis.

At present, less research has been focused on the reactivation of T. gondii

infection. Koumiss is a kind of fermented milk made from fresh mare’s milk

through natural fermentation that can be applied to clinical and rehabilitation

medicine to mitigate the development of various diseases due to its unique

functional characteristics. In this study, we explored the antagonistic effect

of koumiss on reactivation of T. gondii infection. Mice were treated with

dexamethasone to establish a reactivation model after infection with T. gondii

and then treated with koumiss. The survival rate, SHIRPA test, serum cytokine

levels, organ parasite burden and intestinal microbiota were measured,

respectively. Our results showed that koumiss treatment improved the clinical

symptoms of mice, significantly reduced the organ parasite burden of mice,

and improved the composition and structure of intestinal flora. This study

provides new evidence for the alleviation and treatment of toxoplasmosis and

provides a novel idea for the development and utilization of koumiss.

KEYWORDS

koumiss, reactivation of Toxoplasma gondii infection, immune factor, intestinal
microbiota, Bifidobacterium

Introduction

Toxoplasma gondii (T. gondii) is an obligate intracellular parasite that is widespread
worldwide and can cause encephalitis, enteritis, and pregnancy loss. Nearly all warm-
blooded creatures are at risk of infection, including humans (1, 2). T. gondii has a very
complex life cycle because the reproduction and development of the parasite require
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intermediate hosts and definitive hosts (3). Infection may
occur through consumption of food or water contaminated
with cat feces carrying infected oocysts, raw meat products
that have formed T. gondii tissue cysts, or undercooked raw
meat. Maternal infection with T. gondii during pregnancy can
cause congenital infections such as teratogenicity and stillbirth
(4). According to previous reports, approximately 30% of the
world’s population is infected with T. gondii and suffers from
toxoplasmosis, and most patients have latent infection (5).

T. gondii is a class of opportunistic pathogenic parasitic
protozoa, and the damage caused to the host by infection
with T. gondii is closely related to the state of the host’s
immune system. When T. gondii infects individuals with
normal immunity, the clinical manifestations are mostly
stable latent long-term infection. In immunocompromised or
immunodeficient individuals, such as patients with tumors or
AIDS, latent infection will be activated. T. gondii tachyzoites
can multiply rapidly and cause disseminated lesions in the body,
even resulting in death (6). T. gondii coinfection occurs in 5–
10% of patients with AIDS, and the resulting encephalopathy
is one of the causes of death in patients with AIDS (7).
Previous studies have shown that T. gondii infection can cause
neurological diseases (8), and many studies have reported a
higher prevalence of T. gondii antibodies in schizophrenia
patients than in the normal population, which indicated that
T. gondii infection can seriously threaten human health (9).
However, less research has been focused on the reactivation of
T. gondii infection when the host has a low immune system
function after the host is infected with T. gondii. To date,
there is no specific vaccine or drug for treatment of T. gondii
infection, clinical treatment of toxoplasmosis usually involves
the use of pyrimethamine or sulfonamides, but there is a risk of
adverse effects such as diarrhea, nausea, vomiting, and even the
risk of teratogenicity with etanercept. Reactivated toxoplasmosis
introduces combination antiretroviral therapy (cART), which
reduces the incidence but still has the potential for reactivation
of toxoplasmosis (10). Therefore, there is an urgent need to find
a safe and effective method to alleviate T. gondii infection.

The composition and function of the gut microbiota are
closely related to the development of disease after human
infection with parasites (11). The changes in the composition
and species of the microbiota may prevent the infection process
of intestinal parasites. Recently, the bidirectional link between
the gut microbiota and the central nervous system has received
much attention, and the gut microbiota has been implicated in
the pathological mechanisms of many behaviors and psychiatric
disorders through the “gut-brain axis” (12). Mice infected with
Trichuris muris exhibit anxiety-like behavior but can be restored
to normal by treatment with the probiotic strain Bifidobacterium
longum (13). However, the effect of changes in gut microbiota on
reactivation of T. gondii in mice is unclear.

Koumiss is a kind of traditional acid-fermented milk with
a unique aroma and low ethanol content that is made of fresh
mare milk through naturally fermented by microorganisms such

as lactic acid bacteria and yeasts (14). It is a very popular dairy
food for the people of Mongolia, Kazakhstan, Kyrgyzstan, and
some regions of Russia and Bulgaria (15). Many studies have
reported that it may affect and alleviate the development of
various diseases, such as chronic gastritis and cardiovascular
system diseases, by changing the composition of gut microbiota
due to its rich microbial resources and nutrients (16, 17). The
nomadic people in Inner Mongolia use koumiss as a traditional
Mongolian medicine to treat and heal intestinal dyspepsia,
hypertension, tuberculosis and dyslipidemia (18–20).

Dexamethasone (DEX) is a glucocorticoid that is widely
used clinically to treat inflammatory and autoimmune
diseases. However, long-term use of DEX can make patients
more susceptible to T. gondii infection, resulting in acute
toxoplasmosis (21). In this study, T. gondii was used to cause
chronic infection in mice. After a stable latent infection
was formed, the mice were treated with DEX to establish a
reactivation of T. gondii infection model. Koumiss was used
to treat the mice in order to explore the effect of koumiss on
reactivation of T. gondii infection in mice. Our data showed
an alleviating effect of koumiss on reactivation of T. gondii
infection, which provides a novel idea and theoretical basis for
the treatment method of anti-T. gondii infection.

Materials and methods

Animals and parasites

Forty-eight 6-week-old female BALB/c mice with a body
weight of 15 to 18 g without specific pathogens were purchased
from SPF (Beijing) Biotechnology Co., Ltd., Beijing, China.
All mice were given free access to food and water. Sterile
rat chow, drinking water, and bedding were changed daily,
and the mice were housed under a 12 h light/dark cycle. The
animal experiment protocol was approved by the Laboratory
Animal Welfare and Animal Experiment Ethics Inspection
Committee of Inner Mongolia Agricultural University (approval
No.: NND2021069). The T. gondii PRU strain was donated by
the National Animal Protozoa Laboratory of China Agricultural
University, passaged and preserved serially in Kunming mice.
Koumiss samples and fresh mare’s milk samples obtained from
the Abaga Banner of Xilin Gol League were used in their original
form (fermentation temperature: 18–20◦C, fermentation time:
72 h, pH value: 3.88). After a 1-week acclimation period, mice
were randomly divided into the Control group (C, n = 12),
Infection group (G, n = 12), Koumiss group (S, n = 12), and
Mare milk group (X, n = 12). Then, the G, S, and X groups
were infected orally with 3 T. gondii cysts in 200 µL PBS, while
the C group was given the same volume of PBS alone. After
28 days, DEX (8 mg/L) was added to the drinking water of mice
to establish the reactivation of T. gondii infection model in mice.
The mice in Groups C, G, S and X were fed PBS, PBS, koumiss
and fresh mare’s milk (5 mL/kg) daily, respectively.
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Sample collection

Nine mice were randomly selected from each group to
calculate the survival rate after establishing the reactivated
T. gondii infection model, the remaining three mice were
conducted the experiment of body weights recorded, and
SHIRPA determined at 7 dpi. The feces of the mice were
collected aseptically and blood was collected from the eyeballs.
The mice were then sacrificed by cervical dislocation and the
organs were collected to measure the organ parasite burden.
The remaining mice completed the survival test. The feces were
frozen in liquid nitrogen and stored at−80◦C until assayed.

Evaluation of SHIRPA

The modified SHIRPA (22) procedure was used to describe
and characterize the behavior and symptoms of mice after
establishing the reactivation of T. gondii infection model. The
scoring items are as follows: standing hair, abdominal peristalsis,
weight loss, diarrhea, watery eyes (orbital wetness), squinting,
slower movement speed, avoidance from touch, involuntary
tremors, decreased grip strength, curled up, deepened and
accelerated breathing 1 point is awarded for any one of the
above, out of a total of 12 points.

Determination of serum cytokine levels

Blood samples collected from mouse eyeballs were left at
room temperature for 1 h, in a constant temperature incubator
at 37◦C for 1 h, and in a refrigerator at 4◦C for 1 h, then
centrifuged at 1,000 × g for 20 min, and the supernatant was
aspirated and stored at −20◦C for preservation. The levels
of the serum cytokines IL-4, IL-10, IFN-γ, and TNF-α were
measured using enzyme-linked immunosorbent assay (ELISA)
kits (Production lot number: 03/2021, Tiangen, Beijing) as per
the manufacturer’s instructions.

Determination of organ parasite
burden

The parasite burden of T. gondii in different organs of mice
was determined by reverse transcription-polymerase chain
reaction (RT-PCR), and genomic DNA was extracted using a
tissue genomic DNA extraction kit as per the manufacturer’s
instructions. For PCR amplification of the extracted genomic
DNA, the T. gondii B1 gene was the target gene, the
primer sequence was F (5′-TCCTTCGTCCGTCGTAAT-
3′) and R (5′-TTCTTCAGCCGTCTTGTG-3′) (23), and
the primer sequence of the internal control β-actin was

F (5′-TTGCTGACAGGATGCAGAAG-3′) and R (5′-
ACATCTGCTGGAAGGTGGAC-3′) (24). PCR was designed
in a 25 µL reaction system that contained 12.5 µL 2× Taq PCR
Master Mix, 1 µL of each forward and reverse primer, 1 µL
DNA template, and 9.5 µL ddH2O. The PCR conditions were
as follows: initial denaturation at 94◦C for 3 min, followed by
35 cycles of denaturation at 94◦C for 30 s, annealing at 60◦C
for 30 s, and elongation at 72◦C for 30 s, with a final elongation
stage at 72◦C for 5 min. The PCR products were detected by
1% agarose gel electrophoresis. Then, RT-PCR amplification
was performed in a 20 µL reaction system that contained 10 µL
SYBR Green Master Mix, 0.8 µL of each forward and reverse
primer, 2 µL DNA template, and 6.4 µL ddH2O. The reaction
conditions were the same as those for PCR amplification.

Detection of intestinal microbiota

For fecal genomic DNA extraction and PCR amplification,
the V3-V4 region of the 16S rRNA gene was sequenced
by using the cetyltrimethylammonium ammonium bromide
(CATB) method to determine the composition of the intestinal
microbiota. Amplification was performed using primers with
the following sequences: the forward primer was 515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and the reverse primer
was 806R (5′-GGACTACHVGGTWTCTAAT-3′). The PCR
conditions were as follows: initial denaturation at 98◦C for
1 min, followed by 30 cycles of denaturation at 98◦C for 10 s,
annealing at 50◦C for 30 s, and elongation at 72◦C for 30 s, with
a final elongation stage at 72◦C for 5 min. The PCR products
were determined by 2% agarose gel electrophoresis and purified
with a Qiagen Gel Extraction Kit (No. 28704, Qiagen, Germany).

Library construction and sequencing

The library was constructed using the TruSeq R© DNA
PCR-Free Sample Preparation Kit (Illumina, USA), and then
sequenced on the Illumina NovaSeq sequencing platform to
generate 250 bp paired-end reads, and the measurement was
repeated three times for each sample. The obtained reads were
spliced with FLASH1 and filtered with QIIME.2 Tags were
compared with reference databases (Silva database),3 and the
chimeric sequence was removed to obtain the effective tags.

Bioinformatics analysis

The effective tags of all samples were clustered with 97%
similarity as operational taxonomic units (OTUs) using the

1 http://ccb.jhu.edu/software/FLASH/

2 http://qiime.org/scripts/

3 https://www.arb-silva.de/

Frontiers in Nutrition 03 frontiersin.org

191

https://doi.org/10.3389/fnut.2022.1032271
http://ccb.jhu.edu/software/FLASH/
http://qiime.org/scripts/
https://www.arb-silva.de/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1032271 October 14, 2022 Time: 15:42 # 4

Yan et al. 10.3389/fnut.2022.1032271

UPARSE algorithm.4 The minimum amount of data in the
sample was used as the standard for homogenization α diversity
analysis and β diversity analysis. The taxonomic information
was obtained by species annotation analysis, and the community
composition of the samples was counted individually at each
classification level, including the Kingdom, Phylum, Class,
Order, Family, Genus, and Species levels.

Data statistics and analysis

GraphPad Prism software was used for data analyses and
plots. Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey’s test using SPSS 21.0
software (SPSS Inc., Chicago, IL, USA). All data are expressed as
the means± standard deviations (SD). P < 0.05 was considered
to be statistically significant.

Results

Effects of koumiss on the survival rate
of mice with reactivation of
Toxoplasma gondii infection

Twenty-eight days after the mice were infected with
T. gondii, DEX was added to the drinking water of the mice
to establish a reactivation of T. gondii infection model, and the
survival rate of the mice was observed. As shown in Figure 1. All
the mice in Group C survived, and the mice in Group G began to
die from 6 days after addition of DEX. The mice in Groups S and
X died at 8 dpi. At 14 dpi, the survival rates of mice in Groups G,
S, and X were 11.1, 22.2, and 11.1%, respectively. There was no
significant difference in the survival rates between the different
groups.

The effect of koumiss treatment on
SHIRPA in mice

Following treatment with DEX, the function of the immune
system of the mice is weakened, and immunity is reduced.
The bradyzoites in the mice are activated into tachyzoites,
which invade host cells again and cause serious harm, and the
originally stable latent infection of T. gondii is reactivated to
acute infection. Mice develope a series of clinical symptoms,
such as pilosis, squinting, tearing, weight loss, diarrhea, slower
movement speed, involuntary trembling, and curling up. As
shown in Figure 2. The mice in the Group G showed obvious
pilosis and curling up, accompanied by severe squinting and

4 http://www.drive5.com/uparse/

FIGURE 1

The survival rate of mice with reactivation of Toxoplasma gondii
infection. C: no T. gondii + DEX + PBS; G: 3 T. gondii
cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X:
3 T. gondii cysts + DEX + mare’s milk. All data are expressed as
mean ± SD.

tearing. Clinical symptoms resolved in Group X, but slight
pilosis, squinting and curling up remained. Compared with
Group G, The symptoms of pilosis and curling up in Group S
have significantly disappeared. Using the SHIRPA to describe
the behavior and symptoms of the mice, different treatment
groups had different effects on the SHIRPA (Figure 3).
Compared with Group G, the scores of Group S decreased
significantly (P < 0.05), while compared with Group X, there
was no significant difference in scores. From this result we
conclude that yogurt treatment has a certain inhibitory effect on
the reactivation of T. gondii infection in mice.

Effects of different treatments on
serum cytokine levels in mice

Mice were treated with DEX to establish a reactivation
model of T. gondii. Blood was collected from the eyes of the mice
at 7 dpi, the blood samples were separated into serum, and the
concentrations of the cytokines IL-4, IL-10, IFN-γ, and TNF-
α were measured by commercial ELISA kits. Compared with
Group C, the concentration of IL-4 increased after mice were
infected with T. gondii, among which Group S had the highest
level, but there was no significant difference between Groups G,
S, and X (Figure 4A). After mice were infected with T. gondii,
the concentration of IL-10 generally showed a decreasing trend,
and there was no significant difference among the G, S, and
X groups (Figure 4B). Compared with Group C, the levels of
IFN-γ in Groups G, S, and X all increased. In terms of the
effects of the different treatment methods on IFN-γ, the level
of Group S increased the most and was significantly different
from that of Group G (P < 0.001) but was not significantly
different from that of the X group (Figure 4C). Compared with
Group C, the levels of TNF-α in Groups G, S and X were all
increased, and there was a significant difference between Group
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FIGURE 2

Pictures of mice with reactivation of Toxoplasma gondii infection. C: no T. gondii + DEX + PBS; G: 3 T. gondii cysts + DEX + PBS; S: 3 T. gondii
cysts + DEX + koumiss; X: 3 T. gondii cysts + DEX + mare’s milk.

S and Group G (P < 0.01) but no significant difference from
Group X (Figure 4D).

Koumiss treatment reduces organ
parasite burden in mice with
reactivation of Toxoplasma gondii
infection

Long-term chronic stable infection developed in mice
28 days after infection with T. gondii. Mice were induced with

FIGURE 3

SHIRPA of mice with reactivation of Toxoplasma gondii
infection. C: no T. gondii + DEX + PBS; G: 3 T. gondii
cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X:
3 T. gondii cysts + DEX + mare’s milk. All data are expressed as
mean ± SD. ∗P < 0.05 and NS, no significance.

DEX to establish the parasitic protozoa infection reactivation
model. The mice in each group were treated as described above.
The mice were sacrificed and dissected at 7 dpi. The brain tissue,
heart, liver, spleen, lung and kidney of the mice were collected,
and genomic DNA was extracted using a tissue genomic DNA
extraction kit. RT-PCR was used to determine the relative
expression of the T. gondii gene in different organs of mice and
to determine the parasite burden in different organs. As shown
in Figure 5. The DNA copies of T. gondii in the brain tissue
in Group S were lower than those in Group G, and there was
a significant difference between Groups S and G (P < 0.01).
The DNA copies of T. gondii in the heart, liver and spleen of
mice in Group S were significantly lower than those in Group
G (P < 0.05). Compared with Group G, although the number
of DNA copies of T. gondii in the lungs and kidneys of mice in
Group S decreased, there was no significant difference between
the different groups. The DNA copies of T. gondii in each tissue
and organ of mice in Group X were lower than those in Group
G, but there was no significant difference between the different
treatment groups.

Effect of koumiss treatment on
intestinal microbiota with reactivation
of Toxoplasma gondii infection

After the mice were infected with T. gondii to form a
long-term and stable inapparent infection, the mice were
treated with DEX to establish a reactivated T. gondii infection
model. Feces of mice in each group were collected aseptically
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FIGURE 4

Serum cytokines levels of IL-4, IL-10, IFN-γ, and TNF-α in mice with reactivation of Toxoplasma gondii. C: no T. gondii + DEX + PBS; G: 3 T.
gondii cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X: 3 T. gondii cysts + DEX + mare’s milk; (A–D) Indicate IL-4, IL-10, IFN-γ and
TNF-α of serum cytokines levels, respectively. All data are expressed as mean ± SD. **P < 0.01; ***P < 0.001.

after 7 days, and 16S rRNA gene sequencing was performed
on their intestinal microbiota. The results are shown in
Figure 6. The species composition of the C group consisted
of Bacteroidota (44.3%), which was the highest, followed by
Firmicutes (36.3%), Proteobacteria (6.2%) and others at the
phylum level (Figure 6A). Compared with Group C, the relative
abundance of Bacteroidetes in Groups G, S, and X showed a
downward trend of 32.4, 32.1, and 33.9%, respectively. The
relative abundance of Firmicutes increased, of which Group
S (52.2%) increased the most. The relative abundance of
Proteobacteria in Groups G and X increased by 6.9 and 10.0%,

FIGURE 5

Organ parasite burden of mice with reactivation of Toxoplasma
gondii infection. C: no T. gondii + DEX + PBS; G: 3 T. gondii
cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X:
3 T. gondii cysts + DEX + mare’s milk. All data are expressed as
mean ± SD. *P < 0.05; **P < 0.01 and NS, no significance
between Group C and other groups.

respectively, while the relative abundance of Proteobacteria in
Group S decreased by 2.4%. Compared with Group C, the
relative abundance of Actinobacteriota in Group G decreased
(1.1%), while in Group S, it increased (5.9%). The species
composition of the C group consisted of Muribaculaceae
(30.1%), Lactobacillaceae (13.4%), Lachnospiraceae (10.3%), and
others at the family level (Figure 6B). Muribaculaceae was the
dominant family in Groups C, G, S, and X, but compared with
Group C, the proportion of Muribaculaceae in Groups G, S, and
X showed a downward trend, and the decrease in Group S was
the least. Importantly, compared with Group C, the number of
Bacillaceae in Groups S and X was increased.

A heatmap showed the relationship between the relative
abundance of the top 35 genera in the gut microbiota and
different treatment groups (Figure 7). Compared with Group
C, the relative abundance of Corynebacterium, Actinomyces,
Veillonella, Faecalibaculum, and Bifidobacterium in Group G
was decreased; however, in Group S these decreases were
restored and were even higher than that in Group C.

Discussion

T. gondii is an obligate intracellular parasite that infects
nucleated cells of any mammalian or avian species (25). Hosts
infected with T. gondii develop latent infection and show no
clinical signs of toxoplasmosis. When host immunity decreases
in the state of T. gondii latent infection, latent infection
is activated, causing severe acute toxoplasmosis again. In
clinical studies, patients with solid malignant tumors, solid
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FIGURE 6

The intestinal microbiota composition changes of mice with reactivation of Toxoplasma gondii at 7 dpi. C: no T. gondii + DEX + PBS; G:
3 T. gondii cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X: 3 T. gondii cysts + DEX + mare’s milk. (A,B) Indicate phylum and family
levels, respectively. All data are expressed as mean ± SD.

organ transplant (SOT) (26), human immunodeficiency virus
(HIV)/AIDS, diabetes, and those receiving immunosuppressive
agents have a high risk of reactivated toxoplasmosis (27, 28).
Therefore, reactivation of T. gondii infection is more common
in patients with these diseases. In this experiment, we used
T. gondii cysts to infect BALB/c mice. After the formation of
latent infection, DEX was used to induce mice to establish a
model of T. gondii latent infection activation.

In this experiment, the survival rate results showed that
there was no significant difference in the survival rate of mice

in Groups G, S, and X. However, the results indicated that the
treatment of koumiss improved clinical signs of mice. In the
SHIRPA test, different treatment groups had different effects on
the SHIRPA, and the scores of mice fed koumiss were lower
than those of the other treatment groups. Previous studies have
shown that sulfadiazine, a traditional drug for the treatment
of T. gondii, might promote the recovery of microcirculatory
homeostasis after infection with T. gondii by preventing the
neuroinflammatory effects of such focal reinfection (29), and
koumiss may also alleviate the clinical symptoms of mice by a
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FIGURE 7

The relationship between the relative abundance of the top 35 genera in the gut microbiota of mice with reactivation of Toxoplasma gondii
infection at 7 dpi. C: no T. gondii + DEX + PBS; G: 3 T. gondii cysts + DEX + PBS; S: 3 T. gondii cysts + DEX + koumiss; X: 3 T. gondii
cysts + DEX + mare’s milk. All data are expressed as mean ± SD.

similar mechanism. The results of the organ parasite burden of
the reactivation of T. gondii infection in mice showed that the
parasite burden in the brain tissue, heart, liver and spleen of
mice was significantly lower than that in the infection group
after consuming koumiss. Compared with the parasite burden
in other organs, that in brain tissue was always higher. This
may brain tissue is the predisposing organ of T. gondii (30).
This result indicated that although koumiss could not improve
the survival rate of infected mice, it could reduce the organ
parasite burden and relieve the clinical symptoms, suggesting
that koumiss can inhibit the reactivation of T. gondii infection
to a certain extent.

Serum cytokine levels were determined by ELISA. TNF-α
and IFN-γ secreted by Th1 cells are representatives of immune
upregulating factors, which have specific chemotactic activation

effects on monocytes and macrophages (31). Natural Killer cells
(NK cells) have critical protective roles in innate immunity
during the T. gondii infection through releasing IFN-γ (32).
IL-10 secreted by Th2 cells is a representative of immune
downregulation factors, which can promote the immune
evasion and survival of pathogens such as T. gondii (33).
The levels of proinflammatory factors and anti-inflammatory
factors maintain a relatively stable dynamic equilibrium, and
a severe pathological immune responses occurs when this
equilibrium is broken (34). IL-10 can inhibit the excessive
production of IFN-γ, which causes a severe inflammatory
response and even tissue necrosis. IL-10 plays an important
role in the host’s resistance to T. gondii infection (35). In
this study, after T. gondii latent infection was reactivated,
the level of IFN-γ was significantly increased, which may be
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due to the breakdown of the dynamic equilibrium between
proinflammatory factors and anti-inflammatory factors, the
reduction in the concentration of IL-10, and the dysfunction
of immune function. Overproduction of IFN-γ leads to relapse
of latent infection of T. gondii. The concentration of IL-10
increased after feeding koumiss, which may be due to the
improvement of the imbalanced immune function and the relief
of the reactivation of T. gondii infection. This is consistent with
the conclusion that koumiss may alleviate the clinical symptoms
of reactivation of T. gondii infection.

Alterations in host intestinal microbiota were thought
to affect host behavior and cognition (36). Previous studies
have shown that T. gondii infection altered the composition
of the host intestinal flora (37). Here, we examined the
intestinal microbiota of the reactivation of T. gondii infection.
Compared with the intestinal flora composition of uninfected
control mice, the mice infected with T. gondii had more
conditional pathogenic bacteria. The results showed that
the proportion of Proteobacteria in the intestinal flora of
infected mice increased slightly. An increasing proportion
of Proteobacteria will change the overall structure of the
intestinal flora. The relative abundance of Proteobacteria
in many host intestines is thought to be related to the
ecological imbalance of the host gut microbiota and can
be used as a marker of intestinal flora instability. Previous
studies have shown that the severity of colitis is positively
correlated with the abundance of Proteobacteria (38). The
severity of clinical symptoms of recessively infected activated
mice treated with koumiss was alleviated, which may be due
to the reduction in the proportion of Proteobacteria in the
intestinal tract, thus reducing body inflammation. The results
showed that while the relative abundance of Proteobacteria in
Group S decreased, the proportion of Firmicutes increased,
which corresponded to the increase in the relative abundance
of Bacillus in Group S at the family level. In addition,
the relative abundance of Bifidobacterium in Group S was
increased. Members of the genus Bifidobacterium are high
G + C Gram-positive bacteria belonging to the phylum
Actinobacteria and represent common inhabitants of the
gastrointestinal tract (GIT) of mammals, birds and certain cold-
blooded animals (39). Among the known health-promoting
or probiotic microorganisms, bifidobacteria represent one
of the most dominant groups, and some bifidobacterial
species are frequently used as probiotic ingredients in many
functional foods (39). Bifidobacterium spp. seems to exert
immunomodulatory effects, impacting the immune system
both locally and systemically (40). Previous studies have
shown that Bifidobacterium interacts with human immune
cells and modulates specific pathways involved in innate and
adaptive immune processes (41). A synbiotic composed of
Bifidobacterium animalis and fructooligosaccharides is capable
of synthesizing IFN-γ and may be beneficial to the control
of toxoplasmosis (42). Therefore, we propose that consuming

koumiss may improve the composition of intestinal flora
structure. Proteobacteria was replaced by Firmicutes, and
the relative abundance of Bifidobacterium increased, which
inhibited the colonization of T. gondii in the host, thus
reducing the amount of organ parasite burden and alleviating
the severity of clinical symptoms in mice with reactivation of
T. gondii infection.

Our results showed that koumiss treatment may improve
the clinical symptoms of mice and the composition of intestinal
flora structure, significantly reducing the organ parasite burden
of mice, inhibiting the T. gondii latent activation infection,
and relieving the symptoms of reactivation of protozoan
infection. In this study, we investigated the relationship
between intracellular parasitic protozoa and hosts and provided
methodologies and evidence for the mitigation and treatment
of T. gondii infection, as well as broadening the ideas for
the application of koumiss and probiotics in the fight against
intracellular infection.
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Effect of garlic extract on
weight loss and gut microbiota
composition in obese women: A
double-blind randomized
controlled trial
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Zahra Hoseini-Tavassol1, Shirin Hasani-Ranjbar1* and
Bagher Larijani2

1Obesity and Eating Habits Research Center, Endocrinology and Metabolism Clinical Sciences
Institute, Tehran University of Medical Sciences, Tehran, Iran, 2Endocrinology and Metabolism
Research Center, Endocrinology and Metabolism Clinical Sciences Institute, Tehran University
of Medical Sciences, Tehran, Iran, 3Microbiology Research Center, Pasteur Institute of Iran, Tehran,
Iran

Objective: From a nutritional perspective, garlic extract could be a prebiotic

product, which is useful for obese subjects, and one of its health-promoting

underlying mechanisms is modulating gut microbiota composition. In this

randomized double-blind clinical trial, the goal was to determine the effect

of Allium (garlic extract) on anthropometric indices and gut microbiota

composition in obese women following a low-calorie diet.

Materials and methods: Forty-three obese women were randomly divided

into garlic extract (400 mg Allium sativum powder containing 1,100 mcg

allicin/tablet) or placebo groups. During the 2 months of the study, each

participant took two tablets per day. At the beginning and at the end of the

clinical trial, anthropometric measurements were done and blood and fecal

samples were collected. We evaluated the gut microbiota composition using

quantitative real-time PCR.

Results: In total, 16 subjects in each group completed the 2-month trial.

Allium and placebo groups’ participants had mean ages of 37.8 ± 7.4

and 34.2 ± 6.8 years, respectively (P > 0.05). Baseline body mass index

(BMI) was significantly different between groups, subjects in the placebo

group had lower BMI compared with the Allium group (P < 0.05). Allium

and placebo caused a 1.7% and 2.7% decrease in BMI from the baseline

values, respectively (P < 0.01). Fasting insulin level significantly decreased

in the both groups (P < 0.01). Level of homeostasis model assessment of

insulin resistance (HOMA-IR) has decreased significantly in the Allium group

(P = 0.007). The frequency of Akkermansia had decreasing trend while the
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abundance of Faecalibacterium and Bifidobacterium showed increasing trend

in the Allium group.

Conclusion: In the both groups, a decrease in BMI and other anthropometric

indices has been observed. Despite weight loss after following a low-calorie

diet and taking Allium, slight changes have been shown in the composition of

gut microbiota in obese women.

Trial registration: This trial was registered in the Iranian Registry of Clinical

Trials (IRCT) (code: IRCT090420001825N2).

KEYWORDS

gut microbiota, clinical trial, obesity, Allium sativum, prebiotic

Introduction

Obesity as a pandemic has challenged the health care
systems all over the world. The worldwide prevalence of obesity
and overweight has nearly tripled over the past three decades
(1, 2). The prevalence of obesity was reported 22% in women
within the Middle East and it has been remained stable between
2014 and 2020. 45% of Iranian women suffered from obesity
and overweight in 2016 (3–5). Obesity is considered the most
common health problem, causing many chronic diseases such
as cardiovascular disease, diabetes, inflammation, high blood
pressure and cancers (6, 7). Despite the huge investments
for the development of effective anti-obesity agents, only a
few drugs have been approved for marketing. Furthermore,
several of them have been withdrawn due to their side
effects. Due to the limited number of safe and effective
drugs approved, especially for the long-term treatment of
obesity, there is an urgent need to discover new effective
weight loss agents.

In recent decades, medicinal plants have become more
popular than synthetic drugs and bariatric surgeries due to
their higher access and relatively fewer side effects (8, 9).
Recent evidence has shown the effects of different species
from the genus Allium and its bioactive compounds on
health, including anti-obesity, anti-diabetic, antioxidant, anti-
inflammatory, antimicrobial, antifungal, anti-scar and anti-
cancer properties (10–12). Therefore, its prescription along with
lifestyle modification may be useful for the prevention and
treatment of obesity.

The most studied species of Allium whose medicinal
properties have been known since ancient times, include Allium
sativum (garlic), Allium cepa (onion), Allium ampeloprasum
var. porrum (leek) and Allium ascalonicum (shallot) (13,
14). Garlic is known as a prebiotic food that is rich in
sulfur-containing compounds such as allicin, allian, ajoenes,
vinyldithins and flavonoids such as quercetin (15, 16).
Allicin (diallyl thiosulfinate) isolated from garlic extract is

a lipid-soluble sulfur and natural food compound with
numerous biological and medicinal functions. Garlic extract
and specifically allicin is known for its weight loss properties,
reduction of adipose tissue mass and improvement of
plasma lipid profile via the downregulation of multiple
genes expression that is included in adipogenesis along
with upregulation of mitochondrial inner membrane proteins
expression (12, 17, 18). Moreover, Allium appears to affect
the composition of gut microbiota. The gut microbiota as
a complex and dynamic microbial community plays an
important role as a link between genes, environment and
immune system and is associated with diseases such as
obesity. Some studies have been evaluated the effect of
Allium and polyphenolic components on the gut microbiota
composition (14, 19–21). However, since the effect of garlic
extract on intestinal microbial composition varies in different
health situations, it should also be evaluated in healthy
obese individuals.

This double-blind randomized controlled clinical trial was
conducted in obese women to evaluate the effect of garlic extract
alongside a low-calorie diet on anthropometric indices and gut
microbiota composition.

Materials and methods

Subjects

This randomized, double-blind, parallel-group clinical trial
has been conducted at the Obesity Clinic of Shariati Hospital
in Tehran, Iran. Advertisements in clinics and hospitals had
been done between October 2017 and March 2018 and
evaluation according to the eligibility criteria, recruitment
of participants and intervention has been started in April
2018. Women between 20 and 45 years old, body mass
index (BMI) in the range of 30–40 kg/m2, willing to comply
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with the study criteria, were included in this study. We
considered the following criteria for exclusion: pregnancy
and lactation, smoking, use of antibiotics, corticosteroids,
prebiotics or probiotics during the 3 months before the study
and suffering from co-morbidities including cardiovascular
disease, kidney and liver disorders, gastrointestinal disorders,
inflammatory bowel diseases and cancer and history of acute,
chronic diarrhea over the last month. Sample size was
determined according to the expected change of 2 kg/m2

in BMI between garlic extract and placebo groups. The
alpha value and power were considered equal to 0.05 and
80%, respectively. The targeted sample size was calculated
as 20 participants per group by considering a 20% drop-
out rate.

All participants signed an informed consent form. The
ethical committee of Endocrinology and Metabolism Research
Institute of Tehran University of Medical Sciences approved all
procedures (ID number: IR.TUMS.EMRI.REC.1395.0090) and
the trial was registered with the Iranian Registry of Clinical
Trials (IRCT) under the code IRCT20090420001825N2.

Study design

In total, 43 subjects were randomly assigned to the garlic
extract (n = 21) or placebo (n = 22) groups by balanced
block randomization using computer random numbers. Patients
were given two pills of garlic extract (Allium-S, containing
400 mg Allium sativum powder equivalent to 1,100 mcg
allicin per tablet, Dineh Iran Industrial Complex, Iran)
or placebo (containing lactose and starch) per day for
2 months, which they received with the main meals. To
reduce the daily caloric intake by 500 kcal, both groups
were given a low-calorie diet (LCD) throughout the study.
Diet recommendations consisted of 55% carbs, 30% fats, and
15% protein. At first, the needed energy by each person
was calculated, after subtracting 500 kilocalories from the
daily energy requirement, the number of needed serving size
for each food group was provided. Subjects in both groups
were advised to partake in physical activity such as a brisk
walk for 30 minutes during the day. Instructions on how to
take the pills, not changing medications, and avoiding other
supplements were given to participants during the initial visit
and the study period.

Both subjects and researchers were blinded to the type of
treatment they received. Allium-S and placebo pills had the
same appearance and were separated by a code. All the pills
were packed in the identical sequentially numbered, opaque
sealed containers to implement the allocation concealment. At
the end of the study, participants were asked to bring their
remaining pills. Participants were monitored by investigators
during weekly phone calls and those who were taking
less than 80% of the pills or not following a low-calorie

diet were defined as non-compliant and were excluded
from the analysis.

Anthropometric, dietary and
biochemical measurements

Every participant completed a demographic questionnaire
and dietary intakes, prescribed and non-prescribed medications,
and medical history were recorded for all subjects. After
collecting demographic information, anthropometric
measurements were performed at the beginning and after
2 months. Participants’ weight was measured in light clothing
and without shoes with an accuracy of 0.1 kg using a digital
scale (Seca, Germany). Height was measured with a precision
of 0.5 cm without shoes using a stadiometer. Then BMI has
been calculated as body weight in (kg) divided by the square of
height (kg/m2).

Waist circumference and hip circumference were measured
with an accuracy of 0.1 cm. Waist to hip ratio (WHR) was
calculated by waist circumference divided by hip measurement,
and waist-to-height ratio (WHtR) has been calculated waist
circumference divided by height measurement.

At baseline, participants filled out a semi-quantitative food
frequency questionnaire (FFQ) consisting of 147 items to assess
energy and macronutrient consumption. A dietitian conducted
an interview to determine the frequency of food consumption
over the past year. An acceptable reliability and validity of the
FFQ has been reported (22, 23).

Blood samples were taken from participants after 12–14 h
of overnight fasting at the beginning and end of study. The
blood serum was immediately separated at room temperature
by centrifuging at 1,300 g for 10 min and they were frozen at
−80◦C until analysis.

Fasting blood sugar (FBS), total cholesterol (TC),
triglyceride (TG), high-density lipoprotein cholesterol (HDL),
low-density lipoprotein cholesterol (LDL), very low-density
lipoprotein cholesterol (VLDL), alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and high-sensitivity
C-reactive protein (hsCRP) concentrations were measured by
Roche kits using an auto-analyzer instrument (Hitachi, Cobas
C 311, Roche Diagnostics GmbH). Serum insulin concentration
was measured by an enzyme immunoassay kit (Monobind Inc.,
Lake Forest, CA, USA). Insulin resistance index was calculated
by the homeostasis model assessment of insulin resistance
(HOMA-IR) equation: HOMA-IR = [FBS (mg/dL) × fasting
inulin concentration (mU/L)/405]. Lipoprotein lipase (LPL),
glucagon-like peptide 1 (GLP-1) (ZellBio GmbH, Germany) and
fasting-induced adipose factor (FIAF) (BioVendor, Germany)
were determined by ELISA kits.

Concentrations of fasting blood sugar (FBS), total
cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL), low-density lipoprotein cholesterol (LDL),

Frontiers in Nutrition 03 frontiersin.org

202

https://doi.org/10.3389/fnut.2022.1007506
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1007506 October 18, 2022 Time: 14:3 # 4

Ettehad-Marvasti et al. 10.3389/fnut.2022.1007506

very low-density lipoprotein cholesterol (VLDL), as well as
alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and high-sensitivity C-reactive protein (hsCRP) were
measured by Roche kits using an auto-analyzer instrument
(Hitachi, Cobas C 311, Roche Diagnostics GmbH). An
enzyme immunoassay kit was used to determine serum
insulin concentration (Monobind Inc., Lake Forest, CA, USA).
Insulin resistance index was calculated by the homeostasis
model assessment of insulin resistance (HOMA-IR) equation:
HOMA-IR = [FBS (mg/dL) × fasting insulin concentration
(mU/L)/405]. Lipoprotein lipase (LPL), glucagon-like
peptide 1 (GLP-1) (ZellBio GmbH, Germany) and fasting-
induced adipose factor (FIAF) (BioVendor, Germany) were
measured by ELISA kits.

DNA extraction from fecal samples

Fresh fecal samples have been collected at baseline and
2 months after intervention in sterile cups and brought to
the laboratory immediately. Samples were stored at −80◦C to
determine the fecal microbial quantity, DNA was extracted from
200 mg of each fecal sample, using QIAamp DNA stool mini
kit (Qiagen, Hilden, Germany) according to manufacturer’s
instructions. The quality and quantity of the extracted DNA
were analyzed by NanoDrop ND-8000 (Thermo Scientific,
USA), respectively.

Quantitative real-time PCR analyses

To determine the abundance of bacterial genera including
Prevotella, Lactobacillus, Bifidobacterium, Akkermansia,
Bacteroides, Faecalibacterium, Escherichia and, specific primers
were targeted the bacterial 16s rRNA genes (24–30). The
sequence of specific primers used in the current study are
presented in Table 1.

The abundance of bacteria fecal samples was analyzed using
quantitative real-time PCR based on SYBER green method
(LightCycler R© 96 SW Roche, Switzerland). Each Quantitative
real-time PCR reaction was composed of SYBR Premix Ex Taq II
(RR820L; Takara, Japan), each of the specific 16s rRNA primers,
and the DNA template. Each qPCR reaction was performed in
triplicate using LightCycler

R©

8-Tube Strips. The amplification
program was designed according to the appropriate annealing
temperature: an initial denaturation step 1 cycle of 95◦C for 60 s,
followed by 40 cycles of denaturation at 95◦C for 5 s, annealing
at 55◦C for 30 s, and extension at 72◦C for 30 s. Melting
curve analysis was carried out after amplification to control the
specificity of PCR reaction, followed by 1 cycle at 95◦C for
5 s, 60◦C for 60 s, and 95◦C for 1 s. To calculate the DNA
concentration of each bacterium from fecal samples used to
standard curves. The standard curve is graphically represented

as a semi-log regression line plot of the obtained threshold cycle
value vs. log of DNA concentration.

Measurement of metabolites in fecal
samples

Fecal concentrations of short-chain fatty acids (SCFAs) were
determined using gas chromatography. At first, about 100 mg
of the fecal sample was suspended in 1 ml of saturated NaCl
solution (36%). After that, 50 µL of 10.7 µM 2-ethylbutyric
acid (Merck, München, Germany) in MQ water was added as
internal standard and glass beads were used to homogenize the
samples. Next, 150 µl of 96% H2SO4 was added and SCFAs
were extracted in 3 ml of ether. Then, the gathered ether layer
was dried by Na2SO4 (150 mg). 0.5 µl of isolated supernatant
was analyzed by gas chromatography-flame ionization detection
(GC-FID) method (Agilent). Gas chromatography, with an
analytical column of DB FFAP (30 m × 0.53 mm ID, 1.0 µm;
Agilent) and helium grade GC (5.6) was used as the carrier
gas with a constant flow of 4.2 ml/min. The temperature
of the oven was maintained at 100◦C for 3 min initially,
increased at 4◦C per minute to 140◦C (isotherm for 5 minutes)
and then at 40◦C to 235◦C (isotherm for 15 min). The
ChemStation (Agilent technologies) was used to process the
obtained chromatograms. Acetate, propionate and butyrate
were measured using calibration curves obtained based on the
quantification of the internal standard.

Statistical analysis

In this study, statistical analysis was performed by IBM SPSS
version 26.0 (SPSS Inc., Chicago, IL, USA). P value < 0.05
was considered as the level of significance. Data were expressed
as mean ± standard deviation or median (± IQR). The
normality distribution for different variables was tested by the
Kolmogorov–Smirnov test. Paired samples t-test was used to
compare the changes within each group. For variables with non-
normal distribution, comparison within two groups was done
using Wilcoxon Signed Ranks Test. Independent samples t-test
was employed to assess the differences of variables between
the intervention and placebo groups. In case of the normality
assumption was violated, Mann–Whitney U test was used.

Results

Study participants

From the 43 participants, 21 obese women were included
in the Allium + LCD group and 22 women were comprised in
the Placebo + LCD group. The statistical analysis was conducted
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TABLE 1 16S rRNA gene specific primers for the studied bacterial genera.

Target organism Forward (5′ to 3′) Reverse (5′ to 3′) Amplicon size (bp) References

Lactobacillus AGCAGTAGGGAATCTTCCA CACCGCTACACATGGAG 341 (25)

Bifidobacterium TCGCGTCYGGTGTGAAAG CCACATCCAGCRTCCAC 243 (26)

Akkermansia CAGCACGTGAAGGTGGGGAC CCTTGCGGTTGGCTTCAGAT 329 (27)

Bacteroides GGTGTCGGCTTAAGTGCCAT CGGAYGTAAGGGCCGTGC 140 (29)

Faecalibacterium GGAGGAAGAAGGTCTTCGG AATTCCGCCTACCTCTGCACT 248 (30)

Escherichia CATTGACGTTACCCGCAGAAGAAGC CTCTACGAGACTCAAGCTTGC 190 (28)

Prevotella CACCAAGGCGACGATCA GGATAACGCCYGGACCT 283 (24)

FIGURE 1

Flow diagram of the study participants.

on 16 women from each group who finished the 2-month
experiment. Two participants were lost to follow-up in the
Allium group. Totally, six participants left the trial (one from
the Allium group and five from the placebo group) due to a lack
of enthusiasm for continuing the interventions and following
a low-calorie diet. Moreover, one person in both groups was
excluded from analysis because of a lack of procured stool
samples (Figure 1). Side effects reported by two participants
in the Allium group included itchy skin and heartburn. In the

placebo group, two people also complained of bloating and
insomnia. There were no differences in the reported side effects
between the groups.

The baseline characteristics of the subjects are shown in
Table 2. The participant’s mean age in the Allium and placebo
groups was 37.8 ± 7.4 and 34.2 ± 6.8 years (P > 0.05).
BMI was significantly different between groups, subjects in
the placebo group had lower BMI compared with the Allium
group (P < 0.05). No statistically significant difference in body
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composition, bone mineral density (BMD) and dietary intakes
was observed between the study groups at the beginning of
the study.

Effect of Allium on anthropometric
indices in obese women

Changes of the anthropometric indices during the study
in obese women are presented in Table 3. Body mass index
decreased significantly in both groups from the baseline values.
BMI decreased by 1.7% in the Allium group and 2.7% in the
placebo group (P < 0.01). The BMI reduction was higher in
the placebo group than in the Allium group. Weight, waist
circumference, hip circumference and WHtR had a significant
decrease in both Allium and placebo groups (P < 0.01). There
were no significant differences between the two groups by
adjusting the baseline values (P > 0.05).

Effect of Allium on serum
concentration of biochemical variables
in obese women

Effects of intervention groups on biochemical variables in
obese women are shown in Table 3. Fasting blood glucose
concentration in the placebo group increased significantly
compared to baseline values (P = 0.028). Fasting insulin
concentration significantly decreased in the both groups after

TABLE 2 Baseline characteristics and dietary intakes of the
study participants.

Variables Allium (n = 16) Placebo (n = 16)

Age (years) 37.8 ± 7.4 34.24 ± 6.82

METS/week 246.0 ± 39 252 ± 38

Body composition

BMI (kg/m2)* 35.6 ± 4.4 32.7 ± 2.2

Lean body mass (kg) 46.4 ± 8.8 44.1 ± 3.1

Fat mass (kg) 40.0 ± 10.5 38.1 ± 5.4

Body fat percentage (%) 44.7 ± 3.8 44.9 ± 3.9

BMD (g/cm2) 1.18 ± 0.08 1.18 ± 0.07

Dietary intake

Energy (kcal/day) 2768 ± 720 2614 ± 657.5

Carbohydrate (g/day) 420.0 ± 123.0 398.0 ± 118.0

Protein (g/day) 96.0 ± 30.0 94.0 ± 24.0

Fat (g/day) 85.0 ± 25.0 83.0 ± 24.0

Fiber (g/1000 kcal) 19.0 ± 5.0 20.0 ± 7.0

BMI, body mass index; BMD, bone mineral density; WHR, waist-to-hip ratio; WHtR,
waist to height ratio; METS, metabolic equivalents.
Data are presented as mean ± SD. Comparisons were made with independent samples
t-test.
*Significant difference between groups.

interventions (P < 0.01); however, there were no significant
differences between the two groups. Level of insulin resistance
index (HOMA-IR) had decreased in both groups during the
study, although this reduction was significant only in the Allium
group (P = 0.007). The level of total cholesterol and LDL-
C in the placebo group was reduced significantly (P < 0.05)
and the concentration of LDL-C after the intervention showed
a difference between groups (P = 0.058). HDL-C value was
increased in the Allium group but this increase was not
statistically significant (P = 0.135). Glp1 concentration had an
increasing trend in both groups; however, this increase was only
significant in the placebo group (P = 0.008). The concentrations
of hepatic enzymes, hsCRP, FIAF and LPL factors did not change
significantly during the interventions (P > 0.05).

Effect of Allium on gut microbiota
composition in obese women

The abundance of some bacterial genera had changed
with the intervention. In the Allium group, the abundance
of Bifidobacterium had increased significantly (P = 0.005).
Moreover, there were non-significant changes in the frequency
of some bacterial genera in this group. The frequency
of Akkermansia decreased after the intervention and the
abundance of Faecalibacterium, a butyrate-producing genus,
had increased. The frequency of Akkermansia, Lactobacillus
and Bifidobacterium had non-significant increase in the placebo
group. Within Bacteroidetes phylum, the bacterial load of
Prevotella decreased in both intervention groups. No significant
difference was found in bacterial level between the two groups
(P > 0.05) (Figure 2).

Effect of garlic extract on fecal
short-chain fatty acids

Although changes in the concentration of fecal SCFAs in
the Allium group were not significant; concentration of butyrate
had a slight increase. An increase in total SCFAs concentration
was observed in the placebo group. Fecal concentrations
of acetate and butyrate were significantly increased during
the study in the placebo group (P < 0.05). Fecal SCFAs
levels had no significant difference between the two groups
(P > 0.05) (Figure 3).

Discussion

During this single site, randomized, double-blind, placebo-
controlled parallel-group clinical trial on obese women, we
showed that anthropometric indices and insulin concentration
significantly decreased in both garlic extract + LCD and
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placebo + LCD groups. Besides, a decrease in insulin resistance
as well as an increase of HDL-C level have been observed
in the Allium group compared to the placebo. We found no
significant changes in hepatic enzymes, lipid profile and satiety
regulating hormones.

In this study, we observed a significant decrease in BMI,
weight, waist and hip circumferences in the Allium group.
However, weight reduction was also observed in the placebo
group, maybe as a result of low calorie diet. Since Allium
has been added as a complementary treatment to the low-
calorie diet in this study, it seems that a longer intervention
period is needed for reaching a clearer conclusion regarding
the extra effect of Allium. In accordance with our study,
Zhang et al. showed that transplantation of Allicin-induced
gut microbiota to high fat diet (HFD)-fed mice could prevent
body weight and adipose tissue gain and improve plasma

lipid profiles and energy homeostasis without any effects on
energy intake (31). Aslani et al. indicated that garlic plus lemon
juice resulted in an improvement in lipid levels, fibrinogen
and blood pressure of patients with hyperlipidemia (32). Joo
et al. suggested that high hydrostatic pressure extract of
garlic efficiently could reduce body weight gain and lipid
profile, partially mediated by regulating lipid metabolism,
increasing of the fecal triglyceride excretion and downregulation
of adipogenic genes expression and plasminogen activator
inhibitor 1 together with upregulation of UCP2, resistin,
and TNF-α gene expression in rats fed a high-fat diet
(11, 33, 34). Sangouni et al. showed that garlic powder
supplementation improved hepatic features and lipid profile
among non-alcoholic fatty liver disease (NAFLD) patients
(35). However, in our study no significant change was
observed in LDL-C and hepatic enzymes. This discrepancy

TABLE 3 Effects of 2 months consumption of Allium and placebo on anthropometric indices and biochemical variables in obese women.

Variables Allium (n = 16) Placebo (n = 16) P-value

Baseline After intervention Baseline After intervention

Anthropometrics

Weight (kg) 91.0 ± 18.25 88.5 ± 21.25* 88.5 ± 9.38 84.5 ± 7.5* 0.21

BMI (kg/m2) 35.16 ± 6.96 34.20 ± 9.71* 32.46 ± 3.89 31.04 ± 3.13* 0.46

Waist (cm) 106.0 ± 11.5 98.5 ± 16.0* 100.0 ± 7.75 95.0 ± 7.0* 0.55

Hip (cm) 122.0 ± 14.5 117.0 ± 16.25* 115.0 ± 9.75 110.0 ± 6.5* 0.37

WHR 0.89 ± 0.07 0.87 ± 0.05 0.86 ± 0.09 0.84 ± 0.08 0.54

WHtR 0.66 ± 0.07 0.61 ± 0.09* 0.61 ± 0.03 0.58 ± 0.03* 0.47

Glucose metabolism

FBS (mg/dL) 78.0 ± 13.0 78.0 ± 11.0 79.0 ± 16.5 85.0 ± 9.5 0.99

Insulin (mU/L) 6.7 ± 12.9 4.2 ± 4.6* 7.2 ± 11.2 4.8 ± 4.1* 0.84

HOMA-IR 1.33 ± 2.63 0.95 ± 0.9* 1.33 ± 1.93 1.0 ± 1.2 0.58

Lipid profile

TC (mg/dL) 178.0 ± 36.5 175.0 ± 41.0 182.5 ± 46.25 170.5 ± 33.0 0.08

TG (mg/dL) 134.0 ± 93.0 127.0 ± 116.0 148.0 ± 59.0 149.0 ± 80.25 0.49

LDL (mg/dL) 111.0 ± 45.0 105.0 ± 33.5 114.0 ± 33.5 103.0 ± 29.5 0.06

HDL (mg/dL) 37.0 ± 10.0 41.0 ± 15.5 42.0 ± 11.5 41.5 ± 8.75 0.84

Liver markers

ALT (U/L) 11.0 ± 5.0 12.0 ± 6.0 10.0 ± 2.0 11.5 ± 7.75 0.96

AST (U/L) 19.0 ± 5.0 19.0 ± 4.0 19.0 ± 3.75 18.5 ± 5.75 0.15

Satiety hormone

GLP1 (pg/mL) 29.0 ± 12.0 43.2 ± 284.3 29.1 ± 16.2 86.5 ± 294.53* 0.36

Inflammatory marker

hsCRP (mg/L) 7.2 ± 5.45 5.1 ± 5.2 2.0 ± 2.83 2.4 ± 8.45 0.33

Adipose factors

FIAF (ng/mL) 65.0 ± 37.5 60.0 ± 32.5 70.0 ± 23.5 67.5 ± 13.75 0.84

LPL (pg/mL) 491.7 ± 148.75 297.5 ± 1085.55 426 ± 208.1 494.75 ± 1396.23 0.58

Data are presented as median ± IQR.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; FBS, fasting blood sugar; FIAF, fasting-induced adipose factor; GLP-1, glucagon-like peptide
1; HDL, high density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; hsCRP, high sensitive C reactive protein; LDL, low density lipoprotein
cholesterol; LPL, lipoprotein lipase; TC, total cholesterol; TG, triglycerides; WHR, waist to hip ratio; WHtR, waist to height ratio.
*Significant difference within groups.
P-value indicates significance of comparison between groups.
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FIGURE 2

Bacterial load in fecal samples before and after intervention in obese women. (A) Bacterial load before and after Allium intake. (B) Bacterial load
before and after placebo intake. Comparisons were done using paired samples t-test or Wilcoxon test. *Significant difference within groups.
**p-value < 0.01.

may be due to different doses of used active ingredients and
intervention period.

In this study, we observed a significant decrease in insulin
concentration and level of insulin resistance in the Allium
group. Padiya et al. showed that homogenized raw garlic
is effective in improving insulin sensitivity, and significantly
reduced serum glucose, insulin, and oxidative stress in fructose-
fed rats (36). Sangouni et al. showed that garlic powder
supplementation improved insulin resistance and oxidative
stress which are the main causes of fatty liver among NAFLD
patients (37). Similar to our findings, Maeda et al. observed
decrease in insulin resistance in mice which were fed an aged

garlic extract supplemented diet. The hypoglycemia effect of
garlic is mainly attributed to the presence of active compounds
including allicin and dialyl sulfide (38). Considering that weight
gain is one of the main factors of insulin resistance (39), we
showed that oral administration of garlic extract for two months
caused simultaneously a significant decrease in body weight
and an improvement of insulin sensitivity. Therefore, reduction
of body weight in the present study may contributed in the
improvement of insulin sensitivity.

Studies have shown that dietary changes affect the
composition of the gut microbiota in animals and humans. In
this study, Allium supplementation has been associated with
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FIGURE 3

Fecal concentration of short chain fatty acids (SCFAs) before and after intervention in obese women. (A) Fecal concentration of SCFAs before
and after Allium intake. (B) Fecal concentration of SCFAs before and after placebo intake. Comparisons were done using paired samples t-test
or Wilcoxon test. *Significant difference within groups. *P-value < 0.05.

an increase in abundance of Bifidobacterium and a decrease
in abundance of Bacteroides; although these changes have
not reached statistically significant level, they are clinically

important. According to the recent research, the best prebiotic
compounds are those which cause an increase of butyrogenic
bacteria in addition to increasing the abundance of bifidogenic
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bacteria. Bifidogenic bacteria produce acetate and lactate, which
are consumed by butyrogenic bacteria producing butyrate (40,
41). In the present study, the consumption of Allium increased
abundance of Bifidobacterium as well as Faecalibacterium.

The gut microbiota is one of the factors involved in systemic
immune response. It has been shown that the frequency of
Bifidobacterium, Faecalibacterium, Ruminococcus and Prevotella
was inversely associated with hsCRP (42–44). In the present
study, the increasing trend of Faecalibacterium is in accordance
with decreasing trend of hsCRP in the Allium group.

Chen et al. (45) showed that whole garlic supplementation
increases intestinal microbiome diversity while also decreasing
the relative abundance of Prevotella. Overall, they showed
that garlic supplementation could improve HFD-induced
dyslipidemia and intestinal microbiome disorder in the mouse
model (45). The results of our study showed a decrease in the
frequency of Prevotella in line with this study. In another study,
Zhang et al. showed that transplantation of Allicin-induced
gut microbiota to HFD-fed mice could significantly improve
the gut microbiota composition and induced enrichment
of Bifidobacterium and Lactobacillus (31). In our study, we
also identified an increasing trend in Bifidobacterium, but
no significant change was observed in the frequency of
Lactobacillus. Wu et al. observed that intervention with black
garlic melanoidins (MLDs) modified the gut microbiota in
HFD-induced obese mice as the frequency of SCFA-producing
bacteria (Bacteroidaceae) and probiotics bacteria including
Lactobacillaceae and Akkermansiaceae was increased and the
frequency of opportunistic pathogens (Enterobacteriaceae and
Desulfovibrionaceae) was decreased. Therefore, MLDs can
improve glucose tolerance, induce SCFAs production and
inhibit the production of LPS endotoxin, most likely by
modulating the gut microbiota (46). In contrast, the results
of our study showed a slight decrease in the frequency of
Akkermansia in the Allium group which may have occurred as
a result of changes in food intake. More and longer studies are
needed in this field to differentiate the effects of diet and Allium.

Recent research has shown that H2S gas, which is produced
by the activity of sulfate-reducing bacteria in the colon, can
directly stimulate the production of GLP-1 and could be effective
in controlling appetite. This gas is produced from fermentation
of organosulfur prebiotics (47, 48). In this study, we also saw
an increase in the concentration of GLP-1 as a consequence
of sulfur-containing Alliin intake. The effect of this compound
on sulfate-reducing bacteria in the gut needs to be further
investigated. About 80% of garlic organosulfur compounds are
alliin, which are transformed to allicin.

Previous studies have proposed increased production of
SCFAs via fermentation of intestinal bacteria as a potential
mediating mechanism of health properties of garlic extract
(46, 49). However, in our study the concentration of SCFAs
did not change significantly. Yuan et al. showed that allicin
regulated cascade response of the microbiota-SCFAs signaling to

reverse the reduction of acetic acid and propionic acid by acryl
amid treatment (50). Sánchez et al. showed that Allium extract
increased the levels of propionic, isobutyric, and isovaleric acids
significantly (51).

In the placebo group, anthropometric indices had a
decreasing trend and energy restriction in this group improved
blood insulin, total cholesterol and LDL and increased GLP1.
The diet prescribed in this study was mild and only reduced
about 500 kcal of the participants’ energy intake, therefore
may have a limited effect on the gut microbiota composition
in the placebo group. The results of microbiota assessment
in this group showed that the frequency of Akkermansia and
Bifidobacterium had an increasing trend but did not reach
a significant level. The increasing trend of Bifidobacterium
is in line with increased fecal butyrate concentration in this
group. Evidence has shown the anti-inflammatory properties
of butyrate which has a beneficial effect on gut health (52). To
confirm the observed results, further studies with higher sample
sizes and longer intervention periods are needed. In order to
measure the extent to which the dietary intervention makes the
composition of the microbiota of obese women similar to that
of healthy people with normal weight, considering a healthy
group in future studies could be helpful. Moreover, it should be
noted that prescribed diet was the same in both groups, so some
specific changes in composition of microbiota could be expected
as a result of Allium addition.

To the best of our knowledge, this is the first clinical trial
to examine the effect of Allium on the composition of the
gut microbiota of obese women. One of the strengths of this
study is its design as a double-blind randomized clinical trial.
Considering that the composition of the gut microbiota of
each individual is compared before and after the intervention,
the effects of interpersonal differences of microbiota are
eliminated. Moreover, the effect of two important confounders
including antibiotic and slimming drugs has been eliminated
by considering as exclusion criteria. This study has some
limitations. We cannot determine how much of the observed
weight loss is linked to microbiota changes. As an additional
limitation, this study did not include a group of healthy controls,
so we did not compare the gut microbiota changes due to
Allium with microbiota composition of healthy individuals.
Another weakness of this study is its low sample size. Further
clinical trials with higher sample size and greater power are
recommended in this regard. In the present study, Allium has
been prescribed along with the LCD, so a longer intervention
period may have been required in order to distinguish the diet
and Allium effects.

Conclusion

In the present clinical trial, Allium supplementation along
with low calorie diet caused weight loss in obese women
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during 2 months of intervention and the frequency of
fecal Bifidobacterium and Faecalibacterium in the Allium
group had increasing trend. Further studies are needed
to investigate the correlation between weight changes and
gut microbiota alterations as a result of garlic extract
supplementation.
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Background: Non-alcoholic fatty liver disease (NAFLD) is the most prevalent

chronic liver disease. Research on the efficacy of probiotics, prebiotics, and

synbiotics on NAFLD patients continues to be inconsistent. The purpose of this

study is to evaluate the effectiveness of these microbial therapies on NAFLD.

Methods: Eligible randomized-controlled trials reporting the effect of

probiotics, prebiotics, or synbiotics in NAFLD were searched in PubMed, Web

of Science, Embase, Google scholar, and CNKI databases from 2020 to Jul

2022. The changes in the outcomes were analyzed using standard mean

difference (SMD) and 95% confidence intervals (CIs) with a random- or fixed-

effects model to examine the effect of microbial therapies. Subgroup analysis,

influence and publication bias analysis were also performed. The quality of the

eligible studies was evaluated using the Cochrane Risk of Bias Tool.

Results: Eleven studies met the inclusion criteria involving 741 individuals.

Microbial therapies could improve liver steatosis, total cholesterol (TC),

triglyceride (TG), low-density lipoprotein (LDL-c), alanine aminotransferase

(ALT), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), and

homeostasis model assessment-insulin resistance (HOMAI-R) (all P < 0.05).

But microbial therapies could not ameliorate body mass index (BMI), energy,

carbohydrate, fat intake, fasting blood sugar, HbA1c, insulin, high-sensitivity

C-reactive protein (hs-CRP), and hepatic fibrosis of patients with NAFLD.

Conclusion: Probiotics, prebiotics, and synbiotics supplementation can

potentially improve liver enzymes, lipid profiles, and liver steatosis in

patients with NAFLD.

KEYWORDS

non-alcoholic fatty liver disease, probiotics, prebiotics, liver enzymes, lipid profile,
resistance, meta-analysis
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Introduction

Non-alcoholic fatty disease (NAFLD) is the most prevalent
liver disease worldwide due to an increase inobesity and
diabetes, especially in western developed countries (1). NAFLD
has now become a public health issue, following globalization
and rejuvenation trends (2). In addition to deteriorating
into non-alcoholic steatohepatitis (NASH), liver cirrhosis, and
hepatocellular carcinoma, NAFLD can result in cardiovascular,
cerebrovascular diseases, and metabolic syndrome (MS) (3).
Various researchers have investigated the complex pathogenesis
of NAFLD. In addition to insulin resistance, oxidative stress,
inflammatory mediators, and cytokines factors (4), intestinal
flora was also involved in the progression of NAFLD
identified in both human and animal models (1). Changes
in the microbiome can result in intestinal dyskinesia and
inflammation, and affect the severity of NAFLD (5). The
dysbiosis of intestinal flora may cause an increase in the
permeability rate of the small intestine and disrupt gut
barrier integrity. Consequently, toxic bacterial metabolic by-
products derived from the gut microbiota and endotoxins will
continuously enter into the circulation and impair liver function
(6, 7). Therefore, efficient interventions and modifying the gut
microbiota to restore intestinal microbial diversity may be novel
methods to improve NAFLD.

Several researchers have investigated the effectiveness of
microbial therapies for NAFLD (8–12). Probiotics, for instance,
have been confirmed as a group of active microorganisms
that are beneficial to the host by colonizing the human gut
and reproductive system to improve the host’s imbalanced
microbiota (13). It has been reported that (14) probiotic
supplementation can reduce the production of pathogenic
bacteria by absorbing endotoxin, improve the microecological
balance and reduce the production and entry of harmful
substances into the liver, thereby preventing and alleviating the
pathological process of NAFLD. Prebiotics are additional
effective interventions through dietary supplements of
indigestible food ingredients that improve host health by
selectively stimulating the growth and activity of bacteria in
one or a small number of colonies. Prebiotics can indirectly
affect the human body by influencing the activity of probiotics
(13). The combination of probiotics and prebiotics is known as
synbiotis (15, 16). Previous studies have investigated the efficacy
of these treatments for NAFLD (17–23). Nonetheless, some
meta-analysis studies only included a few published studies
(17, 19, 21–23), and some of these only addressed the efficacy
of probiotics (19, 21, 23). In addition, all included studies
were outdated, which may result in the inaccuracy of pooled
analysis results.

A healthy lifestyle has been suggested as the most prevalent
intervention to mitigate or reverse NAFLD pathogenesis
(24), such as, weight reduction through diet and exercise
(24). Therefore, recent reports on probiotics, prebiotics, or

symbiotics treatment also investigated the change in the intake
of energy, carbohydrate, and total fat compared between
the initial point and intervention endpoint (8, 9, 15, 18). In
addition, fasting blood sugar (FBS), glycated hemoglobin
(HbA1c), insulin, homeostasis model assessment-insulin
resistance (HOMAI-R), lipid profiles, systematic inflammation,
and liver enzymes, were also evaluated. No meta-analysis
study has evaluated the effect of microbial therapies on all the
following parameters among NAFLD patients: dietary change,
lipid profiles, glucose homeostasis parameters, systematic
inflammation, liver enzymes, and hepatic features (fibrosis
and steatosis). This study aims to comprehensively evaluate
the efficacy of probiotics, prebiotics, and synbiotics in NAFLD
patients in light of recent studies. In study, the primary
outcomes, including intake of energy, carbohydrate, and total
fat, blood sugar homeostasis, lipid profiles, liver enzymes,
systematic inflammation, hepatic fibrosis, and steatosis, were
extracted from the included studies, followed by subgroup
analyses and publication bias assessment. For each intervention
and control group, the changes in mean and standard deviation
(SD) values on the baseline and final points were computed.
Continuous variables (the changes in mean and SD of the
outcomes) were analyzed using standard mean difference
(SMD) and 95% confidence intervals (CIs).

Methods

This present meta-analysis was performed according to
the Systematic and Meta-analytical Preferred Reporting Project
(PRISMA) statement (25).

Search strategy

Two authors performed independently searched the
electronic database of Pubmed, PMC, ISI Web of Science,
Embase, Cochrane Library, and Chinese National Knowledge
Infrastructure (CNKI). These eligible articles were published
in English and Chinese between January 2020 and Jul 2022.
The following keywords used for the literature search were:
“probiotic,” “prebiotic,” “dietary fiber,” “symbiotic,” “symbiotic,”
“non-alcoholic fatty liver disease,” “NAFLD,” “fatty liver,”
“non-alcoholic steatohepatitis,” or “NASH.” In addition, studies
were limited to randomized controlled trials (RCTs). To avoid
missing the eligible studies, the references cited in eligible
studies were also manually searched.

Inclusion and exclusion criteria

Two authors independently read the titles, abstracts, and
full text of the articles that matched the inclusion criteria.

Frontiers in Nutrition 02 frontiersin.org

214

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 3

Xing et al. 10.3389/fnut.2022.1024678

The inclusion criteria were as follows: (1) a randomized
controlled trial (RCT) was designed; (2) patients were diagnosed
with NAFLD; (3) the effects of probiotics, prebiotics, or
synbiotics were evaluated in NAFLD patients and control
subjects; (4) studies reported data both on baseline and end
of intervention for the outcomes: BMI, body fat, dietary
intake of energy, carbohydrate, and fat, FBS, HbA1c, insulin
(INS), HOMA-IR, high-sensitivity C-reactive protein (hs-CRP),
total cholesterol (TC), low-density lipoprotein-cholesterol
(LDL-C), high-density lipoprotein-cholesterol (HDL-C), TAC,
triglycerides (TG), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and gamma-glutamyl transferase (γ-
GGT), hepatic steatosis and fibrosis; (5) studies language were
districted in English or Chinese. These studies will be excluded if
they meet any one of the following exclusion criteria: (1) hepatic
steatosis or fibrosis in patients were caused by autoimmune
hepatitis, hepatitis, liver cancer, or other factors; (2) the study
design was not RCT; (3) the study didn’t provide the baseline
and final outcome data; (4) the study was duplicated.

Data extraction and quality assessment

Two authors independently extracted the data from these
included studies, and any disagreements were resolved through
further discussion. The following information was extracted
from each study: the first author, the publication data, the
subject’s ethnicity, the number of case and control groups, ages
of case and control subjects, intervention, follow-up duration,
and outcomes. The mean and SD values at the baseline and the
endpoint were directly extracted or calculated from the provided
data provided by each study.

The risk of bias in each RCT was assessed by the Cochrane
Collaboration’s tool in RevMan5.4 software1 (26, 27). Briefly,
the risk of bias includes seven domains: random sequence
generation, allocation concealment, blinding of participants
and personnel, blinding of outcome assessment, incomplete
outcome data, selective reporting, and other types of bias (27).
Each study was evaluated by two authors, and any disagreement
was further discussed with the third author.

Data statistical analysis

This meta-analysis estimated the liver-related changes,
including subject metabolic characteristics (BMI), dietary
components’ intake (energy, carbohydrate, and total fat), blood
glucose homeostasis assessments (FBS, HbA1c, insulin, and
HOMA-IR), and hs-CRP, hepatic features (steatosis and fibrosis)

1 https://community.cochrane.org/help/tools-and-software/revman-
5

and liver enzyme levels, lipid profiles (changes in TC, TG,
LDL-C, and HDL-C).

The differences in these continuous outcome indexes were
calculated and analyzed using SMD and CIs from the baseline
to the final points. A p-value < 0.05 was considered statistically
significant. The heterogeneity of this meta-analysis was also
evaluated by χ2 and I2 tests. I2 values of 25%, 50%, and 75%
indicated a slight, moderate, and high level of heterogeneity,
respectively. If the statistical heterogeneity I2 was ≥ 50%
among the studies, the random effect model would be used to
estimate the pooled analysis. Otherwise, the fixed-effect model
will be used in the combined analysis. All the analyses were
conducted using the Stata 12.0 (Stata Corp, College Station, TX,
USA) software.

Assessment of publication bias and
sensitivity analysis

Egger’s test and Begg’s test were used to visually assess
publication bias through funnel plots. In addition, we
also performed a sensitivity analysis to determine the
consistency of the results. The evaluation of funnel plots
and sensitivity analysis were performed using the software
Stata 12.0 (Stata Corp, College Station, TX, USA). In
case of significant funnel asymmetry or any outside of
the upper or the lower limit of the sensitivity analysis,
we further performed subgroup analysis based on the
characteristics of the study, including the difference in
ethnicity, intervention, and others.

Results

Clinical characteristics of the included
studies and patients

According to the searched results, there were a total of 192
records, 62 of which are duplicates that need to be removed.
Then, we removed 78 articles that did not meet the inclusion
criteria based on the titles and abstracts. After reading the full
text of these articles, another 41 articles were removed due to a
lack of detailed data to calculate the change of designate indexes,
such as, BMI, liver features, insulin, and others. Finally, we
included 11 (8–12, 15, 16, 18, 28–30) different RCTs that met all
the inclusion with the following outcomes: BMI (n = 9), energy,
carbohydrate, and total fat intake (n = 4), FBS (n = 8), HbA1c
(n = 3), insulin (n = 5), HOMA-IR (n = 5), hs-CRP (n = 9),
hepatic features [steatosis (n = 4), and fibrosis (n = 4)], ALP
(n = 3), ALT (n = 10), AST (n = 10), GGT (n = 8), TC (n = 10),
TG (n = 10), LDL-C (n = 9), HDL-C (n = 9). The details of the
flowchart diagram are shown in Figure 1.
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FIGURE 1

The flowchart diagram for literature selecting process from database.

The clinical characteristics of the studies and subjects were
described in Table 1. These studies included 741 individuals
(392 patients with NAFLD, and 349 healthy individuals). The
included studies were published from Jan 2020 to Jul 2022, and
conducted in Asia (9, 28), North America (11), and Europe
(8, 10, 12, 15, 16, 18, 29, 30), respectively. There are eight
studies with the probiotics intervention, two with synbiotics
intervention, and one with prebiotics intervention for patients
with NAFLD. In addition, some studies presented data on
multiple different intervention groups. We, therefore, treated
these groups as independent investigations. One of the included
trials involved children with NAFLD, while the remaining trials
involved adults with NAFLD. The patient and control sample
sizes ranged from 16 to 70 individuals. The median follow-up
duration of these studies ranged from 2.5 to 14 months.

The risk bias of the included RCTs was shown in
Supplementary Figure 1. These RCTs were well designed in
terms of random sequence generation. Only one study was
considered to have a substantial risk of bias. The majority of
the studies did not discuss the blinding of outcome assessment.

Regarding the blinding of participants and personnel, four
studies reported an unclear risk of bias. Six RCTs had a
low risk of bias regarding incomplete outcome data. Four
studies showed a high risk of biased response to selectively
reporting results.

Body mass index and dietary intake

Firstly, we examined the effects of probiotics, prebiotics,
or symbiotics on the BMI across all study populations. We
observed no significant difference in absolute changes for BMI
(SMD = −0.01, 95% CI = −0.17 to 0.15, I2 = 0.0%, P = 0.995),
but there was a decreasing trend following the intervention.
Subgroup analysis based on different ethnicity and intervention
showed that there was no significant difference between the
microbial treatment responses of Caucasian, European, or
Asian, as revealed in Figures 2A,B. Sensitivity analysis showed
that there was no data outside of the lower or upper limit,
and the effect estimates were robust and reliable. According to

Frontiers in Nutrition 04 frontiersin.org

216

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 5

Xing et al. 10.3389/fnut.2022.1024678

T
A

B
LE

1
T

h
e

cl
in

ic
al

ch
ar

ac
te

rs
o

f
th

e
in

cl
u

d
ed

p
at

ie
n

ts
an

d
st

u
d

ie
s.

R
ef
er
en

ce
s

Et
hn

ic
ity

St
ud

y
de
si
gn

Su
bj
ec
ts
N
o.

(c
as
e/
co
nt
ro
l)

A
ge

of
ca
se

(y
ea
rs
)

In
te
rv
en

tio
n

Fo
llo

w
-u
p

du
ra
tio

n
O
ut
co
m
es

D
er

os
a

et
al

.(
11

)
C

au
ca

si
an

RC
T

30
/3

0
>

18
ye

ar
s

Pa
tie

nt
sw

er
e

ra
nd

om
iz

ed
to

ta
ke

pl
ac

eb
o

or
V

SL
# 3R

,2
sa

ch
et

s/
da

y
3

m
on

th
s

N
o

ch
an

ge
in

BM
I,

FP
G

,T
C

,L
D

L-
C

,H
D

L-
C

,a
nd

A
D

N
.T

g,
H

s-
C

RP
,G

G
T,

Tr
an

sa
m

in
as

es
,

A
ST

/A
LT

ra
tio

,a
nd

H
SI

de
cr

ea
se

d

M
oh

am
ad

N
or

et
al

.
(9

)
A

si
an

RC
T

17
/2

2
53

.4
4

(1
4.

13
)

Pr
ob

io
tic

sc
on

ta
in

in
g

si
x

di
ffe

re
nt

La
ct

ob
ac

ill
us

an
d

Bi
fid

ob
ac

te
ri

um
sp

ec
ie

sa
ta

co
nc

en
tr

at
io

n
of

30
bi

lli
on

C
FU

w
er

e
us

ed
fo

rp
at

ie
nt

s

6
m

on
th

s
N

o
ch

an
ge

si
n

he
pa

tic
st

ea
to

si
sfi

br
os

is
le

ve
ls,

A
ST

,
to

ta
lc

ho
le

st
er

ol
,T

g,
gl

uc
os

e,
C

D
4+

T
ly

m
ph

oc
yt

es
.C

D
8+

T
ly

m
ph

oc
yt

es
,Z

O
-1

de
cr

ea
se

d.

C
ro

m
m

en
et

al
.(

10
)

Eu
ro

pe
an

RC
T

25
/2

3
38

(7
9)

Th
e

pa
tie

nt
sw

er
e

tr
ea

te
d

w
ith

a
sp

ec
ifi

ca
lly

ta
ilo

re
d

m
ul

tis
tr

ai
n

pr
ob

io
tic

po
w

de
r

3
m

on
th

s
A

SA
T,

Tg
,l

iv
er

fib
ro

si
ss

co
re

,t
he

vi
sc

er
al

ad
ip

os
ity

in
de

x
de

cr
ea

se
d.

Ro
dr

ig
o

et
al

.(
12

)
Eu

ro
pe

an
RC

T
43

/4
1

11
.3

(1
.9

)
Pr

ob
io

tic
s(

Bi
oK

ul
t1

4
st

ra
in

ca
ps

ul
e)

fo
r6

m
on

th
s

6
m

on
th

s
Tg

,A
ST

,A
LT

,A
ST

/A
LT

ra
tio

,a
nd

al
ka

lin
e

ph
os

ph
at

as
e

de
cr

ea
se

d.

C
ho

ng
et

al
.(

30
)

Eu
ro

pe
an

RC
T

19
/1

6
57

(8
)

Pa
tie

nt
sw

er
e

ra
nd

om
ly

al
lo

ca
te

d
to

ta
ke

2
sa

ch
et

s
V

SL
# 3

pr
ob

io
tic

.
2.

5
m

on
th

s
N

o
si

gn
ifi

ca
nt

ly
im

pr
ov

e
in

su
lin

re
si

st
an

ce
,

en
do

th
el

ia
ld

ys
fu

nc
tio

n,
ox

id
at

iv
e

st
re

ss
,

in
fla

m
m

at
io

n,
or

liv
er

in
ju

ry
.

K
av

ya
ni

et
al

.(
8)

Eu
ro

pe
an

RC
T

18
/1

8
43

.7
2

(4
.4

9)
Th

e
in

te
rv

en
tio

n
gr

ou
p

re
ce

iv
ed

fa
t(
∼

20
g)

as
C

SO
w

ith
10

g/
d

re
si

st
an

td
ex

tr
in

an
d

th
e

pl
ac

eb
o

gr
ou

p
re

ce
iv

ed
a

si
m

ila
ra

m
ou

nt
of

C
SO

an
d

m
al

to
de

xt
ri

n.

3
m

on
th

s
In

su
lin

co
nc

en
tr

at
io

n,
H

O
M

A
-I

R
,h

s-
C

RP
,

en
do

to
xi

n,
co

rt
is

ol
,G

H
Q

,D
A

SS
,a

nd
M

D
A

de
cr

ea
se

d,
TA

C
an

d
su

pe
ro

xi
de

di
sm

ut
as

e
in

cr
ea

se
d.

Sc
or

le
tti

et
al

.(
16

)
Eu

ro
pe

an
RC

T
55

/4
9

50
.8

(1
2.

6)
Pa

tie
nt

sr
ec

ei
ve

d
fr

uc
to

-o
lig

os
ac

ch
ar

id
es

w
ith

a
de

gr
ee

of
po

ly
m

er
iz

at
io

n
<

10
at

4
g/

tw
ic

e
a

da
y.

14
m

on
th

s
N

o
re

du
ct

io
n

in
liv

er
fa

t,
pa

tie
nt

sh
ad

hi
gh

er
Bi

fid
ob

ac
te

ri
um

an
d

Fa
ec

al
ib

ac
te

ri
um

,a
nd

lo
w

er
in

O
sc

ill
ib

ac
te

ra
nd

A
lis

tip
es

.

C
ai

et
al

.(
28

)
A

si
an

RC
T

70
/7

0
46

.1
3

(1
2.

72
)

Li
ve

C
om

bi
ne

d
Bi

fid
ob

ac
te

ri
um

,L
ac

to
ba

ci
llu

s,
an

d
En

te
ro

co
cc

us
Po

w
de

rw
as

gi
ve

n
or

al
ly

,
1

g/
tim

e,
2

tim
es

/d
fo

rt
he

pa
tie

nt
s.

3
m

on
th

s
A

LT
,A

ST
,G

G
T,

TC
,T

G
,H

O
M

A
-I

R
,N

A
S,

an
d

co
nd

iti
on

so
ff

ec
al

flo
ra

in
th

e
ob

se
rv

at
io

n
gr

ou
p

w
er

e
be

tte
rt

ha
n

th
os

e
in

th
e

co
nt

ro
lg

ro
up

.

A
bh

ar
ie

ta
l.

(1
5)

Eu
ro

pe
an

RC
T

23
/2

2
47

.7
(1

1.
4)

Pa
tie

nt
sr

ec
ei

ve
d

ei
th

er
sy

nb
io

tic
or

pl
ac

eb
o

ca
ps

ul
es

fo
r1

2
w

ee
ks

.
3

m
on

th
s

D
ec

re
as

e
A

ST
,G

ST
,T

N
F-

α
,N

F-
kB

,a
nd

he
pa

tic
st

ea
to

si
s

Be
hr

ou
z

et
al

.(
18

)
Eu

ro
pe

an
RC

T
30

/2
9/

30
38

.4
6

(7
.1

1)
Th

e
pa

tie
nt

sw
er

e
ra

nd
om

ly
as

si
gn

ed
to

th
e

th
re

e
gr

ou
ps

:A
(p

ro
bi

ot
ic

ca
ps

ul
es

an
d

pl
ac

eb
o

of
pr

eb
io

tic
),

B
(p

re
bi

ot
ic

po
w

de
ra

nd
pl

ac
eb

o
of

pr
ob

io
tic

),
an

d
C

(p
la

ce
bo

of
pr

ob
io

tic
an

d
pl

ac
eb

o
of

pr
eb

io
tic

)

3
m

on
th

s
D

ec
re

as
ed

tr
ig

ly
ce

ri
de

,A
LT

,A
ST

,G
G

T,
hs

C
RP

,
an

d
al

ka
lin

e
ph

os
ph

at
as

e.
Tr

ig
ly

ce
ri

de
,L

D
L-

C
,

A
LT

,A
ST

,a
nd

G
G

T
di

ffe
re

d
in

pr
eb

io
tic

gr
ou

p
in

co
m

pa
ri

so
n

to
th

e
pl

ac
eb

o.

Sa
dr

ka
bi

re
ta

l.
(2

9)
Eu

ro
pe

an
RC

T
33

/2
8

43
.2

6
(1

1.
42

)
Th

e
in

te
rv

en
tio

n
gr

ou
p

re
ce

iv
ed

da
ily

2
ca

ps
ul

es
of

50
0

m
g

of
G

er
iL

ac
t.

2
m

on
th

s
D

ec
re

as
e

A
LT

,A
ST

,c
ho

le
st

er
ol

le
ve

ls,
no

si
gn

ifi
ca

nt
ch

an
ge

si
n

FB
S,

tr
ig

ly
ce

ri
de

s,
LD

L,
an

d
H

D
L;

fa
tty

liv
er

gr
ad

e
w

as
im

pr
ov

ed
by

63
.6

%
in

th
e

in
te

rv
en

tio
n

gr
ou

p

A
ge

of
ca

se
w

as
ex

pr
es

se
d

as
m

ea
n

(S
D

).
BM

I,
Bo

dy
m

as
si

nd
ex

;F
PG

,f
as

tin
g

pl
as

m
a

gl
uc

os
e;

TC
,t

ot
al

ch
ol

es
te

ro
l;

LD
L-

c,
lo

w
-d

en
si

ty
lip

op
ro

te
in

-c
ho

le
st

er
ol

;H
D

L-
c,

hi
gh

-d
en

si
ty

lip
op

ro
te

in
-c

ho
le

st
er

ol
;A

N
D

,a
di

po
ne

ct
in

;T
G

,T
ri

gl
yc

er
id

es
;H

s-
C

RP
,h

ig
h-

se
ns

iti
vi

ty
C

-r
ea

ct
iv

e
pr

ot
ei

n;
A

ST
,

A
sp

ar
ta

te
am

in
ot

ra
ns

fe
ra

se
;A

LT
,a

la
ni

ne
am

in
ot

ra
ns

fe
ra

se
;H

IS
,h

ep
at

ic
st

ea
to

si
si

nd
ex

;L
BP

,l
yc

iu
m

ba
rb

ar
um

po
ly

sa
cc

ha
ri

de
;T

A
C

,t
ot

al
an

tio
xi

da
nt

ca
pa

ci
ty

;M
D

A
,m

al
on

di
al

de
hy

de
;C

SO
,C

am
el

in
a

sa
tiv

a
oi

l;
D

A
SS

,d
ep

re
ss

io
n,

an
xi

et
y

an
d

st
re

ss
sc

al
e;

G
H

Q
,g

en
er

al
he

al
th

qu
es

tio
nn

ai
re

;G
G

T,
γ

-g
lu

ta
m

yl
tr

an
sf

er
as

e;
TN

F-
α

,t
um

or
ne

cr
os

is
fa

ct
or

-α
;N

F-
kB

,n
uc

le
ar

fa
ct

or
-k

B.

Frontiers in Nutrition 05 frontiersin.org

217

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 6

Xing et al. 10.3389/fnut.2022.1024678

FIGURE 2

Forest plot of the effect of microbiota therapies on BMI and dietary intake in patients with NAFLD. (A) The effect of microbiota therapies on BMI
based on different ethnicity. (B) The effect of microbiota therapies on BMI based on different interventions. (C) The effect of microbiota
therapies on the intake of energy. (D) The effect of microbiota therapies on the intake of carbohydrates. (E) The effect of microbiota therapies
on the intake of fat. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

Begg’s test (P = 0.586) and Egger’s test (P = 0.996), there was no
publication bias, as shown in Supplementary Data Sheet 1.

Then, we evaluated the effects of probiotics, prebiotics, or
synbiotics on the dietary habits in all populations under study.
The absolute mean and SD of dietary intakes are shown in
Figures 2C–E. Compared to the intervention group and placebo
group, intake of energy, carbohydrates, and fat was reduced, but
the reduction was not significantly different.

Glucose homeostasis

We also calculated the mean difference in absolute
changes for FBS, HbA1c, insulin, and HOMAI-R after
probiotics, prebiotics, or synbiotics administration. There was
no significant reduction in the overall analysis for FBS, although
there was a slight reduction in the European population
(SMD = −0.03, 95% CI = −0.23 to 0.18, I2 = 9.5%, P = 0.785)
(Figure 3A). In addition, there was likely higher reduction for
FBS by prebiotics than probiotics administration (prebiotic:

SMD = −0.37, 95% CI = −0.77 to 0.04, I2 = 0.0%, P = 0.075;
probiotics: SMD = 0.15, 95% CI = −0.14 to 0.44, I2 = 11.0%,
P = 0.316; Figure 3B). Moreover, we observed a reduction trend
toward lower levels of HbA1c (SMD =−0.10 95% CI =−0.39 to
0.19, I2 = 0.0%, P = 0.497; Figure 3C) and insulin (SMD =−0.05,
95% CI = −0.30 to 0.20, I2 = 19.5%, P = 0.702; Figure 3D),
however, this was not significant. A significant decrease in
HOMAI-R (SMD =−0.30, 95% CI =−0.58 to−0.02, I2 = 26.5%,
P = 0.034; Figure 3E) was observed. Sensitivity analysis for
FBS showed no data outside of the lower or upper limit, and
the effect estimates were robust and reliable. There was also no
publication bias according to Begg’s test (P = 0.621) and Egger’s
test (P = 0.636), as shown in Supplementary Data Sheet 1.

Lipid profile

A meta-analysis of serum lipid profiles was conducted
on the included studies that reported TC, TG, LDL-c, and
HDL-c. Overall, results showed that probiotics, prebiotics, or
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FIGURE 3

Forest plot of the effect of microbiota therapies on glucose homeostasis in patients with NAFLD. (A) The effect of microbiota therapies on FBS
based on different ethnicity. (B) The effect of microbiota therapies on FBS based on different interventions. (C) The effect of microbiota
therapies on the intake of energy. (D) The effect of microbiota therapies on the level of HbA1c. (E) The effect of microbiota therapies on the
change of HOMAI-R. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

synbiotics therapies significantly reduced TC (SMD = −0.34,
95% CI = −0.54 to −0.14, I2 = 41.3%, P < 0.001) (Figure 4A).
According to the subgroup analysis by ethnicity, this reduction
in Caucasian, European, and Asian populations was 0.42,
0.33, and 0.28, respectively. Meantime, individually probiotic
treatment had a more reduced effect on TC (SMD =−0.40, 95%
CI =−0.57 to−0.23, I2 = 0.0%, P < 0.001) than other treatment,
while synbiotics treatment did not decrease TC (Figure 4B).
Individually probiotics, prebiotics, or synbiotics treatment could
also combined decrease the TG level of patients with NAFLD
(SMD = −0.19, 95% CI = −0.37 to −0.03, I2 = 29.2%,
P < 0.001). The treatment effect was similar to the reduction
of TC (Figures 4C,D). Then, we combined the effects of the
three treatments on LDL-c and HDL-c. Results showed that
the three treatments significantly decreased the level of LDL-c
(SMD =−0.31, 95% CI =−0.46 to−0.16, I2 = 0.0%, P < 0.001)
and slightly decreased the level of HDL-c (SMD = −0.05, 95%
CI =−0.19 to−0.10, I2 = 0.0%, P = 0.055), shown as in Figure 5.
Analysis by ethnicity showed that all three treatments could
decrease the level of LDL-c in the Caucasian, European, and
Asian populations by a SMD value of −0.51, −0.27, and −0.36,
respectively (Figure 5A). Analysis by treatment type showed
that probiotics decreased the level of LDL-c (SMD =−0.28, 95%
CI = −0.46 to −0.10, I2 = 0.0%, P = 0.002), but synbiotics did
not (P = 0.157) (Figure 5B). Neither probiotics, prebiotics, nor
symbiotic could change the level of HDL-c in any population, as
shown in Figures 5C,D.

Sensitivity analysis showed no data outside of the lower or
upper limit, and the effect estimates were robust and reliable.
There was also no publication bias according to Begg’s test (TC:
P = 1.00; TG: P = 0.681, LDL-c: P = 0.392, HDL-c: P = 0.938)
and Egger’s test (TC: P = 0.979; TG: P = 0.913, LDL-c: P = 0.509,
HDL-c: P = 0.890), as shown in Supplementary Data Sheet 1.

Hepatic enzymes ALT, AST, GGT, and
ALP

In our meta-analysis, all the treatments improved NAFLD
disease by lowering levels of liver enzymes, including ALT,
AST, ALP, and GGT, as shown in Figures 6, 7. All
probiotics, prebiotics, or synbiotics treatments could reduce
ALT (SMD = −0.36, 95% CI = −0.66 to −0.06, I2 = 74.2%,
P = 0.046) (Figure 6A). The treatment effect presented more
pronounced in Caucasian population (SMD = −0.53, 95%
CI = −1.04 to −0.01, I2 = 0.0%, P = 0.063) than in European
(SMD = −0.41, 95% CI = −0.84 to −0.02, I2 = 81.9%,
P = 0.722) and Asian population (SMD =−0.10, 95% CI =−0.66
to −0.46, I2 = 61.2%, P = 0.018). Probiotics reduced ALT
levels with a SMD of −0.27 (P = 0.083), and synbiotics
reduced ALT with a SMD of −0.32 (P = 0.499) (Figure 6B),
while prebiotics significantly reduced ALT (SMD = −1.30,
95% CI = −1.87 to −0.74, P < 0.001) reported by Behrouz
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FIGURE 4

Forest plot of the effect of microbiota therapies on TC and TG in patients with NAFLD. (A) The effect of microbiota therapies on TC based on
different ethnicity. (B) The effect of microbiota therapies on TC based on different interventions. (C) The effect of microbiota therapies on TG
based on different ethnicity. (D) The effect of microbiota therapies on TG based on different interventions. For each study, the estimated mean
changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

et al. (18). Nevertheless, all treatments resulted in a non-
significant reduction in AST levels (Figures 6C,D). In
addition, all treatments were significantly effective for Caucasian
(SMD = −0.68, 95% CI = −1.20 to −0.16, I2 = 0.0%,
P < 0.001) and European population (SMD = −0.41, 95%
CI = −0.75 to −0.08, I2 = 74.4%, P < 0.001), as displayed in
Figure 6C.

In addition, all the treatments improved NAFLD disease
by reducing ALP and GGT levels. As shown in Figure 7A,
three comparisons showed the absolute change of ALP level
after treatment with a significant SMD of −0.33 (P = 0.03).
The level of GGT was also significantly decreased by all the
treatments with an overall SMD of −0.41 (P = 0.004), which
was lower induced by the treatment in the Caucasian population
(SMD = −0.41, 95% CI = −0.75 to −0.08, I2 = 74.4%,
P < 0.001) than European and Asian population (Figure 7B).
The pooled effect of probiotic, prebiotic and symbiotic was
−0.40 (P = 0.016), −1.06 (P < 0.001), −0.10 (P = 0.635),
respectively (Figure 7C).

Sensitivity analysis showed no data outside of the lower or
upper limit, and the effect estimates were robust and reliable.
There was also no publication bias according to Begg’s test (ALT:

P = 0.337, AST: P = 0.222, ALP: P = 0.117, GGT: P = 0.621) and
Egger’s test (ALT: P = 0.305, ALP: P = 0.4556, GGT: P = 0.636),
as shown in Supplementary Data Sheet 1.

Fibrosis, steatosis, and systematic
inflammation

There were four studies that utilized the hepatic fibrosis
score and hepatic steatosis score to evaluate the NAFLD
progression, with a non-significant reduction with a combined
SMD value of −0.12 (P = 0.632), as depicted in Figures 8C,D.
In addition, the probiotic and symbiotic treatment could
also improve hepatic steatosis by combining analysis of four
comparisons (SMD = −0.66, 95% CI = −1.30 to −0.02,
I2 = 70.7%, P < 0.05). Furthermore, NAFLD can progress into
non-alcoholic steatohepatitis (NASH), where inflammation and
hepatocellular damage are associated with steatosis (11). In the
present meta-analysis, there are nine comparisons related to
the level of hs-CRP and showed a slight decrease without any
significance after treatment (SMD = −0.10, 95% CI = −0.30 to
0.10, I2 = 5.2%, P = 0.313), as shown in Figures 8A,B.

Frontiers in Nutrition 08 frontiersin.org

220

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 9

Xing et al. 10.3389/fnut.2022.1024678

FIGURE 5

Forest plot of the effect of microbiota therapies on LDL-c and HDL-c in patients with NAFLD. (A) The effect of microbiota therapies on LDL-c
based on different ethnicity. (B) The effect of microbiota therapies on LDL-c based on different interventions. (C) The effect of microbiota
therapies on HDL-c based on different ethnicity. (D) The effect of microbiota therapies on HDL-c based on different interventions. For each
study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

Discussion

The present meta-analysis indicated that microbial therapies
ameliorate hepatic steatosis by reducing the levels of lipid
profiles (TC, TG, LDL-c, HDL-c), liver enzymes (ALT,
AST, ALP, and GGT), and HOMAI-R. Probiotics showed
better efficacy than prebiotics and symbiotics. Moreover, the
efficacy of probiotics in Caucasian population was proven
to be better than that in the European or Asian population
population. Nevertheless, probiotics, prebiotics, or synbiotics
supplementation failed to improve BMI parameters, lifestyle
(energy, carbohydrate, and fat intake), FBS, HbA1c, hs-CRP,
and hepatic fibrosis in any population. Multiple factors, such
as design, patient sex, genetics, dietary habits, lifestyle, or
environmental strains may have contributed to each response
to microbial therapies in the included studies.

Although multiple treatments have been used to improve or
prevent NAFLD disease, a healthy lifestyle is always the most
common and effective intervention for NAFLD. For example,
a body mass loss of 3–5% could decrease cardiovascular
risk, a body mass loss of 2–5% lower the level of HbA1c
in T2DM patients, and a body mass loss of 7–10% could

improve insulin sensitivity, liver enzyme concentrations, and
liver steatosis and fibrosis in obese NAFLD patients (10, 31).
Researchers investigated the BMI, and dietary habits (energy,
carbohydrate, and fat intake) of NAFLD patients in the included
trials. Previous studies found that probiotic supplementation
could help weight loss and reduce body fat mass and waist
circumference in overweight individuals to improve body
composition and fat distribution (32). In addition, previous
reports found that B. coagulans supplementation as a probiotic
could produce short-chain fatty acids (SCFAs) (15). The binding
of SCFAs to specific G-protein-coupled receptors (GPCRs)
could stimulate the release of glucagon-like peptides (GLP-1),
GLP-2, and PYY to maintain energy homeostasis and enhance
fat storage (33, 34). However, when we analyzed the change
in BMI after microbial therapies using data from nine RCTs,
we found no improvement in the BMI of NAFLD patients.
Meantime, the intake of energy, carbohydrate, and fat in the
meal of these individuals remain unchanged. However, our
results were still consistent with previous meta-analyses (20–22).

Previous findings indicated that probiotics intake promoted
to decrease in fasting blood glucose in patients with type 2
Diabetes Mellites (T2DM) (35). Probably, probiotics contain
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FIGURE 6

Forest plot of the effect of microbiota therapies on ALT and AST in patients with NAFLD. (A) The effect of microbiota therapies on ALT based on
different ethnicity. (B) The effect of microbiota therapies on ALT based on different interventions. (C) The effect of microbiota therapies on AST
based on different ethnicity. (D) The effect of microbiota therapies on AST based on different interventions. For each study, the estimated mean
changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

multiple different microbial species that may affect the progress
of sugar digestion and absorption, incretin secretion, and
fat absorption (36, 37). In this study, we didn’t find any
significant changes in FBS, insulin, and HbA1c in patients with
NAFLD, which is in accordance with the previous result of the
meta-analysis (21). In contrast, the change in HOMA-IR was
statistically significant between microbial therapies and control
subjects (P < 0.05). Chong et al. found that insulin resistance
and liver inflammation are closely linked, especially HOMA-IR
and AST (30). Moreover, a similar relationship between insulin
sensitivity and AST and ALT has also been reported in the
Insulin Resistance Atherosclerosis Study (IRAS) study (38). In
our analysis, liver enzymes, including AST, ALT, ALP, and GGT,
were significantly reduced by microbial therapies. In general,
the imbalanced gut microbiota increases intestinal epithelial
barrier permeability, and then various harmful substances, such
as metabolites, lipopolysaccharide (LPS), and bacteria, bacterial
DNAs will influx into the liver (39). Meantime, metabolites
produced by an imbalanced microbiome, such as SCFAs, and
bile acids, interact with mitochondrial function or genes,

or influence the level of inflammatory factors and promote
NAFLD process (40). Probably, supplementation of probiotics,
prebiotics, or synbiotics corrected the imbalanced microbiota
and improved the impaired liver, followed by decreased the
levels of AST, ALT, ALP, and GGT.

The imbalanced gut microbiota also resulted in the
activation of specific and non-specific immune responses
between the intestinal tract and liver, following increased
intestinal permeability, which may result in body blood lipid
metabolism disorder (41). Microbial therapies improved
intestinal flora disorder, and the metabolites of lactobacillus
inhibit cholesterol synthase from regulating cholesterol.
Simultaneously, the intestinal bacteria can also combine with
cholesterol synthase, inhibit its absorption, and promote
its excretion by influencing the circulation of cholesterol
supplements in bile salts (42). This efficacy of probiotics
has been demonstrated in the present meta-analysis.
Microbial therapies could significantly decrease the lipid
profiles, such as TC, TG, LDL-c, and HDL-c. In addition,
the improvement of lipids is closely associated with the
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FIGURE 7

Forest plot of the effect of microbiota therapies on ALP and GGT in patients with NAFLD. (A) The total effect of microbiota therapies on ALP.
(B) The effect of microbiota therapies on GGT based on different ethnicity. (C) The effect of microbiota therapies on GGT based on different
interventions. For each study, the estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

Frontiers in Nutrition 11 frontiersin.org

223

https://doi.org/10.3389/fnut.2022.1024678
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1024678 October 19, 2022 Time: 19:0 # 12

Xing et al. 10.3389/fnut.2022.1024678

FIGURE 8

Forest plot of the effect of microbiota therapies on fibrosis, steatosis, and systematic inflammation in patients with NAFLD. (A) The effect of
microbiota therapies on hs-CRP based on different ethnicity. (B) The effect of microbiota therapies on hs-CRP based on different interventions.
(C) The effect of microbiota therapies on hepatic fibrosis. (D) The effect of microbiota therapies on hepatic steatosis. For each study, the
estimated mean changes and the 95% CI are plotted with a diamond and a horizontal line, respectively.

stimulation of adenosine 50-monophosphate (AMP)-activated
protein kinase (AMPK) and serine/threonine kinase (AKT)
proteins, and lipogenesis- or lipolysis-related proteins induced
by microbial supplementation (43). Previous research also
revealed that probiotics could decrease the number of
duodenal CD4 + and CD8 + T lymphocytes to affect the
mucosal immune function to improve lipid metabolism
dysregulation (44).

Microbial therapies also could be a potential target for local
mucosal inflammation, such as hs-CRP, IL-8, and TNF-alpha
(11, 45). Previous research indicated that supplementation with
Bifidobacterium long with fructooligosaccharides significantly
reduced serum hs-CRP levels in NASH patients (18). Probably,
intestinal flora disorder changed by the microbial intervention,
subsequently, SCFA production was increased, which reduced
the expression of inflammation-relevant genes (46). On the
other hand, SCFAs products can also increase the level of IL-
18 expression, which is associated with the decreased enzymatic
synthesis of hepatic CRP (47). There were also RCTs showing no
significant change in hs-CRP after the microbial intervention.
For example, Chong PL, et al performed VSL#3 R© probiotic
supplementation for NAFLD patients (30), and Crommen
et al. performed a specifically tailored multistrain probiotic
supplementation for NAFLD patients (10). We combined
analysis of the eight included studies and found that microbial
intervention failed to improve the level of hs-CRP. Nevertheless,
we found an improvement in liver steatosis even without a
change in systematic inflammation. In general, inflammation

and hepatocellular damage are associated with steatosis during
NAFLD progressing into NASH (48).

Limitations

This meta-analysis had some limitations despite the fact that
we had demonstrated significant improvement in liver enzymes,
lipid profiles, HOMA-IR, and liver steatosis after microbial
therapies. First, the included RCTs had a small sample size,
diverse populations and regions, and different drug treatments
and diets, which will generate heterogeneity and influence the
stability of the combined results. Therefore, we conducted
the subgroup meta-analysis according to population and
intervention. However, other subgroups couldn’t be performed
become of the absence of detailed data. Second, sex hormones
and chromosomes have a definite impact on the differences in
microbiomes between men and women (49). A previous study
revealed that a sex-specific microbiome might play a critical
role in NAFLD and obesity incidence (50). Nevertheless, the
included RCTs didn’t involve any subgroup according to sex,
and microbial therapies may generate different improvements
in men or women with NAFLD, which may lead to the
heterogeneity of the intervention results. Third, we transformed
the median, or the first and third quarter values, into the mean
and SD values at both baseline and final points of the formula,
which may also generate error and bias. Fourth, the duration
of the included studies ranged from 2.5 to 14 months, which
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may influence the effectiveness of treatment and result in the
instability of the combined analysis.

Conclusion

The present meta-analysis focuses on the clinical
efficacy of microbial therapies for NAFLD. Supplementation
probiotics, prebiotics, or symbiotic may improve glucose
homeostasis, decrease blood lipid, and improve liver enzymes
and hepatic steatosis in patients with NAFLD. Moreover,
probiotics was more effective in improving NAFLD in the
Caucasian population than prebiotics or symbiotic in the
Asian or European populations. Nevertheless, our results
didn’t show any significant effect of microbial therapies
on BMI, FBS, hs-CRP, and hepatic fibrosis in patients
with NAFLD. In the future, more studies that considering
patients’ sex, strains, sample size, and duration should be
performed on NAFLD patients under RCT design and multiple
centers.
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Sunit sheep are famous for their high meat quality, but the meat quality of

them has declined due to the change in feeding methods. Lactobacillus has a

variety of probiotic effects and is widely used in animal diets to optimize meat

quality. This study aimed to investigate the effect of dietary supplementation

with different levels of Lactobacillus on meat quality. A total of 24 3-month-

old Sunit sheep with an average body weight of 19.03 ± 3.67 kg were

randomly divided into control (C), 1% (L1), 2% (L2), and 3% Lactobacillus

groups (L3), with 6 sheep in each group. Myofiber characteristics, meat quality,

and metabolic enzyme activity were detected. Moreover, the regulatory

mechanism of Lactobacillus on meat quality was explored by using Western

blotting and real-time Quantitative polymerase chain reaction (RT-qPCR). The

results showed that dietary addition of Lactobacillus decreased LDH activity

in the Biceps femoris of Sunit sheep (P < 0.05). Compared to the other

groups, the 1% Lactobacillus group showed the conversion of myofibers from

the glycolytic to the oxidative type, and the increasing b∗ values (P < 0.05),

decreasing shear force and cooking loss of meat (P < 0.05) and the relative

gene and protein expression levels of AMPK, PGC-1α, NRF1, TFAM, and COX

IV (P < 0.05) in the Biceps femoris were also increased in the 1% Lactobacillus

group. Therefore, the addition of Lactobacillus to the diet of Sunit sheep could

regulate the AMPK signaling pathway to promote myofiber type conversion,

which improves meat quality. This study provided a theoretical and data

basis for improving the meat quality of sheep and supplied a novel way of

applying Lactobacillus.
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Introduction

Sunit sheep is a special breed of grassland sheep in Inner
Mongolia, China under long-term natural selection and using
the traditional natural grazing method; the breed model is
popular among consumers for its good meat quality and high
nutritional value (1). In recent years, the feeding method of
Sunit sheep has altered to grazing from barn feeding for the
development of large-scale farming and the implementation of
the national policy of pasture protection, which had decreased
its meat quality (2). Therefore, improvement of the meat quality
of Sunit sheep is vital and urgent. Kang et al. (3) found that the
deposition of intramuscular fat could improve the tenderness
and water retention of meat. Nemati et al. (4) discovered that
vitamin E increased the antioxidant capacity of meat, which
improved meat quality. It has also been shown that meat quality
can be optimized by modulating the transformation of myofiber
types (5).

Myofibers are the basic constituent unit of animal muscle
that can be classified into four types according to the
polymorphism of myosin heavy chain (MyHC): slow oxidizing
type (I), fast oxidizing type (IIa), fast glycolytic type (IIb) and
intermediate type (IIx) (6). And according to ATPase staining,
they can be classified into three types: type I, type IIA and
type IIB. The metabolic enzyme activity levels and structural
protein contents of different myofibers are different and have
diverse effects on meat quality (7). It has been found that type
I myofibers play a positive role in meat quality (8). Meat with
a high content of type I myofibers has higher water retention
and tenderness and a brighter red color, and vice versa for
meat with type II myofibers. It was reported that myofiber types
could be converted as follows: I ↔ IIa ↔ IIx ↔ IIb, which
were affected by breed, feeding model, sex, age and nutrition
(9–13). Therefore, adjusting myofiber type transformation is an
important way to improve meat quality.

Mitochondrial dysfunction could reduce the proportion of
slow muscle fiber and increase the proportion of fast muscle
fiber in skeletal muscle, providing evidence for the involvement
of mitochondria in the transformation of myofiber types (14).
Chen et al. (15) discovered that Lactobacillus paracasei PS23
maintained mitochondrial function and improved muscle mass
in aging mice, providing a certain basis for Lactobacillus-
induced mitochondrial biogenesis to transform myofiber
types. Moreover, it was reported that lactate could regulate
mitochondrial biogenesis and increase the quantity and
quality of mitochondria by upregulating AMPK (AMP-activated
protein kinase), PGC-1α (peroxisome proliferator-activated
receptor gamma coactivator−1α) and other factors (16).

Lactobacillus is a kind of probiotic with an extremely wide
range of applications, such as its use as a nutritional additive
in animal diets, which can improve the growth performance
and immunity of animals and can maintain their intestinal
microecological balance (17–20). A recent study revealed that

supplementation of Lactobacillus in the diet could increase the
proportion of oxidized myofibers and improve the quality of
meat in sheep (21). However, little information is available
on the mechanism of this phenomenon, especially the role of
mitochondrial biogenesis.

In this study, Lactobacillus was added to the diet
of Sunit sheep, and myofiber characteristics were tested.
Furthermore, the gene and protein expression levels of
factors related to the AMPK signaling pathway that can
regulate mitochondrial biogenesis in muscle were determined
to uncover the mechanism by which Lactobacillus affects
the transformation of myofiber types. This study provided
not only a new method for the application of Lactobacillus
but also a technical reference for the production of high-
quality sheep meat.

Materials and methods

Animals, diet and sample collection

Our animal protocols were approved by the Experimental
Animal Welfare Ethics Committee of Inner Mongolia
Agricultural University (No: NND2021072). This experiment
was conducted in Chuanjing Sapomu, Urat Middle Banner,
Bayannur City, Inner Mongolia, China. A total of 24 healthy, 3-
month-old purebred Sunit sheep with an average body weight of
19.03± 3.67 kg were randomly divided into a control group (C),
a 1% Lactobacillus group (L1), a 2% Lactobacillus group (L2)
and a 3% Lactobacillus group (L3), with 6 sheep in each group,
half male and half female. The control group was fed a basal diet
(mainly corn and concentrate feed), which did not contain any
antibiotics. The composition and nutritional level of the basal
diet were shown in Table 1. The basal diet of the test groups
was supplemented with 1, 2, and 3% Lactobacillus (Ruanbang,
Lactobacillus casei HM-09, Lactobacillus plantarum HM-10, 1.5
× 109 cfu/g), respectively. All sheep were individually reared
in pens, which were fed once a day and allowed to freely drink
water during the experiment. The sheep were killed after 90
days, and then Biceps femoris samples from carcasses were
collected for meat quality determination. 100 mg of sample
were quickly frozen in liquid nitrogen and stored at –80◦C
for the determination of gene and protein expression and
enzyme activity. The Biceps femoris samples were cut into
approximately 1 × 0.5 × 0.5 cm3 (L ×W × H) muscle masses
along the direction of myofiber, dehydrated with isopentane,
quickly frozen with liquid nitrogen, and stored at –80◦C for the
study of myofiber characteristics.

Determination of meat quality

The pH0 (after 45 min of slaughter) and pH24h value (after
24 h (4◦C) of acid excretion) of the biceps muscle were obtained
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directly by a pH meter (pH-STAR, Matthaus, Germany), which
was calibrated at 4◦C using standard buffer solution (pH 4.6
and 7.0). For each sample, three measurements were recorded
to calculate the average value. Lightness (L∗), redness (a∗) and
yellowness (b∗) values of Biceps femoris samples were measured
with a chromometer (TC-P2A, Shanghai, China) using a mean
of three random readings after a 1 h of blooming time; the
chromometer was calibrated with a standardized white tile, at
2◦C observer angle, 50 mm aperture size, and the illuminant
D65. After 24 h of carcass adaptation to 4◦C, Biceps femoris
muscle was removed to measure the cooking loss and shear
force. Cooking loss was determined as described by Yang et al.
(22). Briefly, each of Biceps femoris sample was weighed (m1/g)
and individually placed in a polyethylene bag, and then heated
in a 75◦C water bath (HH-8, Jiangsu, China) until the inner
temperature reached 70◦C; the surface of samples were dried
and their post-boiling mass (m2/g) were recorded after recovery
to room temperature. Shear force was measured on cooked
samples (from cooking loss). The muscle sample was cut into
3 × 1 × 1 cm3 (L ×W × H) dimensions and then analyzed in
parallel to the longitudinal orientation of the muscle fiber with a
Digital Meat Tenderness Instrument (C-LM3B, Beijing, China)
with parallel five times and the average value was taken.

Cooking loss (%) = (m1 – m2)/m1× 100%

m1 —the mass of Biceps femoris sample before boiling (g);
m2 —the mass of Biceps femoris sample after boiling (g).

Determination of myofiber
characteristics

Transverse sections (10 µm thickness) were made
with a cryostat microtome (Slee, Germany) at –25◦C from
the entire block of frozen meat sample and stained with
ATPase according to Bakhsh et al. (23). A microscope
(Leica, Germany) was used to observe and select a clear
field of view for slicing (total number of myofibers
per sample > 1000). The number, diameter and cross-
sectional area of the different types of myofibers were
statistically analyzed using Leica Qwin V3 fiber color
analysis software.

Determination of metabolic enzyme
activity

The activities of succinate dehydrogenase (SDH), malate
dehydrogenase (MDH) and lactate dehydrogenase (LDH)
were measured with a commercial kit (Nanjing Jiancheng
Bioengineering Institute, China) according to the instructions.
Each sample was measured three times in parallel.

TABLE 1 Basic diet composition and nutritional levels (%).

Rawmaterial
composition

Content/% Nutritional
indicators

Content/%

Maize 60.00 Crude protein 18.00

Sunflower cake
(meal)

18.00 Crude fiber 11.60

Soybean meal (cake) 13.45 Crude ash 7.80

Vegetable (cotton)
seed meal

4.00 Calcium 1.21

Stone powder 1.00 Phosphorus 0.63

Calcium hydrogen
phosphate

0.50 Lysine 0.48

Sodium chloride 0.75

Lysine 0.80

Vitamin and mineral
premix

1.50

Total 100.00

Vitamin and mineral premix includes vitamin A, vitamin D3 , vitamin E, vitamin K3 ,
vitamin B12 , ferrous sulfate, zinc sulfate, copper sulfate, manganese sulfate, etc.

Real-time quantitative polymerase
chain reaction

Gene mRNA expression was quantified using real-time
quantitative polymerase chain reaction (RT-qPCR) analysis.
Total RNA was extracted from muscle using TRIzol Reagent
(TaKaRa, Dalian, China), and cDNA was synthesized according
to the instruction manual of the PrimeScriptTM RT Reagent Kit
with gDNA Eraser (TaKaRa, Dalian, China). The endogenous
control was glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primer sequences used were presented in
Table 2. The 2−11Ct method was used to quantify gene
expression levels.

Western blotting

Proteins were extracted from Biceps femoris muscle using
lysate (Aladdin, Shanghai, China). The protein concentration
was detected using a BCA protein concentration assay kit
(Beyotime Biotechnology, Shanghai, China). The proteins were
electrophoresed, transferred, immunoblotted, and visualized
as described by Xu et al. (24). Primary antibodies against
β-actin, and HRP-labeled sheep anti-rabbit (1: 50000, Wuhan
Bode, cat. No. BA1054) were n (1: 1000, Wuhan Bode,
cat. No. BM0627), AMPK (1: 1000, Cell Signaling, cat. No.
2532), p-AMPK (1: 1000, Cell Signaling, cat. No. 2535),
PGC-1α (1: 2000, Abcam Affinity, cat. No. ab106814), NRF1
(recombinant nuclear respiratory factor 1) (1:2000, Affinity, cat.
No. AF5298), TFAM (mitochondrial transcription factor A) (1:
1000, Affinity, cat. No. AF0531), and COX IV (Cytochrome
C oxidase IV) (1: 1000, Abcam, cat. No. ab33985) and the
secondary antibodies HRP-labeled sheep anti-mouse (1: 50000,
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TABLE 2 Primers used for RT-PCR.

Gene Primer sequence (5′-3′) Product size/bp Gene bank number

GAPDH F: CTCAAGGGCATTCTAGGCTACACT 180 NM_001190390.1

R: GACCATGAGGTCCACCACCCTGT

MyHC I F: AAGAACCTGCTGCGGCTG 250 AB058898

R: CCAAGATGTGGCACGGCT

MyHC IIa F: GAGGAACAATCCAATACAAATCTATCT 173 AB058896

R: CCCATAGCATCAGGACACGA

MyHC IIb F: GACAACTCCTCTCGCTTTGG 247 XM_027974883.1

R: GGACTGTGATCTCCCCTTGA

MyHC IIx F: GGAGGAACAATCCAATGTCAAC 178 AB058897

R: GTCACTTTTTAGCATTTGGATGAGTTA

AMPKα1 F: TCCGAAGTATTGATGATGA 154 XM_027980096.1

R: ACAGATGAGGTAAGAGAAG

NRF1 F: GTCGCTCATCCAGGTTGGTA 118 NM_001100708.1

R: CACCTCTCCATCAGCCACAG

PGC-1α F: GGTGACCATGACTATTGTCAG 105 XM_004009738

R: CTCGGATTTCCTGGTCTTGAA

TFAM F: CGCTCCCCCTTTAGTTTTGC 216 XM_015104510.1

R: CTGCCAGTCTGCCCTGTAAG

COX IV F: CCCATCCCGCACACCTTT 237 XM_012133553.1

R: CCTCACTTCTTCCACTCGTTCTTG

Wuhan Bode, cat. No. BA1051), HRP-labeled rabbit anti-sheep
(1: 50000, Wuhan Bode, cat. No. BA1060) used to detect
protein expression.

Statistical analysis

All text data were analyzed by ANOVA using GLM pro-
cedures of SPSS 17.0 software (SPSS Inc., Chicago, IL) and
were reported as means and pooled SEM. P < 0.05 was
considered a significant difference to apply Duncan’s significant
difference test.

Results

Effects of the dietary addition of
Lactobacillus on the meat quality of
Sunit sheep

The effects of dietary supplementation with Lactobacillus on
the meat quality of Sunit sheep were shown in Table 3. The
pH0 values were not significantly different among any of the
groups (P> 0.05). The L∗ and a∗ values of the samples were
not significantly different among the groups (P > 0.05), and the
b∗ value of the L1 group was significantly higher than that of
the C group (P < 0.05). Compared with the C group, the shear

forces of the L2 and L3 groups were significantly increased (P<

0.05), but those of the L1 group were significantly decreased
(P < 0.05). The cooking loss levels in all Lactobacillus groups
were significantly lower than that in the C group (P < 0.05).
This demonstrated that Lactobacillus was able to increase the
water retention and tenderness of meat.

Addition of Lactobacillus could affect
the transformation of muscle fiber type

We found that the addition of Lactobacillus could affect
the histological properties of myofibers of Sunit sheep by
using ATPase histochemical staining of the Sunit sheep’s
femoral biceps (Figures 1A–D). The number, diameter and
cross-sectional area of the different types of myofibers were
statistically analyzed as described before. The myofibers of
the Biceps femoris of Sunit sheep were mainly type IIB,
and the oxidized type (type I and type IIA) accounted for
approximately 50% (Figure 1E). As shown in Figures 1F,G,
the diameter and cross-sectional area of type II myofibers
were highest in all types of Sunit sheep. The cross-sectional
area of type IIB myofibers in the L1 group was significantly
lower than those in the C and L2 groups. Moreover, the
gene expression of MyHC IIa in the L1 group was highest
(Figure 2). It was shown that Lactobacillus could increase
the oxidative myofiber content and decrease the glycolytic
myofiber content.
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TABLE 3 Effects of lactobacillus on the meat quality of Sunit sheep.

Item C L1 L2 L3 SEM

pH0 6.35 6.36 6.62 6.45 0.04

pH24h 5.46b 5.52ab 5.58ab 5.66a 0.03

Lightness (L∗) 37.68 38.67 37.83 39.85 0.51

Redness (a∗) 20.54 20.46 19.80 21.10 0.23

Yellowness (b∗) 3.42b 4.19a 3.71ab 4.01ab 0.13

Shear force (N) 36.18b 28.09c 48.00a 46.74a 1.16

Cooking loss (%) 36.20a 28.29b 27.11b 27.70b 1.17

Different letters in peer data indicate significant difference between the groups (P < 0.05), same letter or no letter indicates non-significant difference between the groups (P > 0.05).

Effects of the dietary addition of
Lactobacillus on metabolic enzyme
activity

Metabolic enzyme activity can respond to changes in
myofiber type. As presented in Figure 3, the LDH activity in all
test groups was significantly reduced (P< 0.05), and the MDH
activity levels in the L2 and L3 groups were significantly higher
than that in the C group (P< 0.05). However, there was no
significant difference in the activity of SDH among all the groups
(P> 0.05). This result suggested that Lactobacillus could down
regulate LDH activity, which affected muscle metabolism levels.

Addition of Lactobacillus affects
mitochondrial biogenesis through the
AMPK pathway

To determine whether the skeletal muscle AMPK signaling
pathway was activated after the dietary addition of Lactobacillus,
we measured the gene and protein expression levels of AMPK,
PGC-1α, NRF1, TFAM, and COX IV in the Biceps femoris of
Sunit sheep, and the results are presented in Figure 4. The
mRNA expression levels of AMPKα1, NFR1, TFAM, and COX
IV in the L1 group were significantly higher than those in the
L2, L3, and C groups (P < 0.05), while the mRNA expression
levels of PGC-1α in the L1 group were significantly higher
than those in the C group (P < 0.05). This finding indicated
that Lactobacillus could be involved in regulating mitochondrial
biogenesis via the AMPK/PGC-1α signaling pathway.

Discussion

In this study, we reported that addition of Lactobacillus
to the diet of Sunit sheep enhanced mitochondrial biogenesis
in muscle by activating the AMPK pathway, which ultimately
improved meat quality. Meat quality is an important factor
influencing the choice of consumers which is typically evaluated
by pH, tenderness, color, flavor, etc. (25, 26). It has been

previously reported that modulation of myofiber type had
an effect on meat quality (27). Zheng et al. (28) discovered
that dietary supplementation with beta-hydroxy-beta-methyl
butyrate could improve the meat quality of Bama Xiang mini-
pigs through manipulation of myofiber type IIb to type I. In our
study, we observed that the proportion of type I myofibers in
the L1 group increased and the proportion of type IIB myofibers
in the L1 group decreased, which indicated the conversion
of myofibers from the glycolytic to the oxidative type. We
also observed that the L1 group had the best meat quality by
measuring the pH value, meat color, shear force and cooking
loss. This may be related to the fact that Lactobacillus acts mainly
by forming a dominant flora in the intestine. The number of
viable bacteria in feeding is directly related to the effect on
sheep, with too little number having no obvious effect; too much
number, beyond the range of the dominant flora, may produce
negative effects. Therefore, we should pay attention to the
appropriate amount of use in the process of livestock breeding.
It was also shown that the addition of Lactobacillus to the diet
could confer good quality to meat through the conversion of
myofibers from the glycolytic to the oxidative type.

Moreover, it has been reported that the conversion of
myofiber type is related to metabolic enzyme activity. MDH and
SDH participate in the tricarboxylic acid cycle, which can reflect
the body’s aerobic metabolism level. The activities of MDH and
SDH were also relatively high in muscles with more oxidative
myofibers, which was in agreement with the MDH results in
this experiment (29, 30). LDH is involved in glycolysis. A high
LDH content will accelerate the accumulation of lactic acid in
the body, affecting the quality of meat after slaughter. Xu et al.
investigated the effect of proanthocyanidin B2 on myofiber type
conversion and found that LDH activity was reduced during
the conversion of glycolytic to oxidative myofibers, which was
consistent with our results (31).

Meanwhile, the transformation of myofiber types was
influenced by calcium signaling pathway, AKT-mTOR signaling
pathway, AMPK signaling pathway, etc. (31–33). And it
was reported that the activation of the AMPK pathway was
associated with a decrease in LDH activity and increases in
MDH and SDH activity (31). The AMPK pathway is a key
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FIGURE 1

Effects of Lactobacillus on the histological properties of myofibers in Sunit sheep. (A–D) ATPase staining results of the C, L1, L2, L3 group.
(E) Effects of Lactobacillus on the proportion of myofiber types. (F) Effects of Lactobacillus on myofiber diameter. (G) Effects of Lactobacillus on
the cross-sectional area of myofibers. Bar: 200 µm. The myofibers observed under a 10 × 10 microscope were structurally intact, well-defined,
neatly arranged, and distinctly typed. The three types I, IIA, and IIB were indicated by the arrows. Different letters indicate significant differences
between the groups (P < 0.05), and the same or no letters indicate insignificant differences between the groups (P > 0.05).

FIGURE 2

Effects of Lactobacillus on the relative gene expression of myofibers. Different letters indicate significant differences between the groups
(P < 0.05), and the same or no letters indicate insignificant differences between the groups (P > 0.05).

pathway regulating mitochondrial biogenesis. In this pathway,
the activation of AMPK could produce PGC-1α protein
through the activation of PGC-1α, which regulates the nuclear
production of NRFs and stimulates the expression of TFAM
(34). It was reported that high-level expression of TFAM mRNA
could increase muscle mitochondrial DNA content, increase the
proportion of type I myofibers and decrease the proportion of

type IIb myofibers (35). Bifidobacterium breve B-3 has been
reported to increase the proportion of oxidative myofibers by
activating the AMPK pathway by promoting high expression
of PGC-1α in rat flounder muscle (36). We found that the
expression of the AMPKα1 gene and the p-AMPK protein was
dramatically increased in the L1 group (Figure 4A), indicating
that Lactobacillus could contribute to the activation of the
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FIGURE 3

Effects of Lactobacillus on the metabolic enzyme activities of Sunit sheep. Different letters indicate significant differences between the groups
(P < 0.05), and the same or no letters indicate insignificant differences between the groups (P > 0.05).

FIGURE 4

Effects of Lactobacillus on the expression of mitochondrial biogenesis-related proteins and genes in Sunit sheep. (A–E) Effects of Lactobacillus
on the gene and protein expression of AMPK, PGC-1α, NRF1, TFAM, COX IV. Different letters indicate significant differences between the groups
(P < 0.05), and the same or no letters indicate insignificant differences between the groups (P > 0.05).

AMPK pathway through the phosphorylation of the AMPK
protein. Moreover, the significant increases in COX IV mRNA
and protein expression levels of the L1 group (Figure 4E) in

our study indicated that the addition of Lactobacillus could
enhance mitochondrial biogenesis by activating the AMPK
pathway. COX reflects the aerobic oxidative capacity of cells,
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and the activity of COX IV may reflect the level of mitochondrial
biogenesis (37). It has also been shown that mitochondrial
biogenesis can promote skeletal muscle type transformation,
which was consistent with the results of the significantly higher
percentage of type I myofibers in the L1 group (Figure 1E) (38).

In summary, dietary supplementation with Lactobacillus
was able to activate the AMPK signaling pathway to promote
mitochondrial biogenesis and affect metabolic enzyme activity,
which could regulate the transformation of glycolic myofibers
to oxidative myofibers and ultimately improve meat quality.
Therefore, mediating myofiber-type transformation to improve
meat quality by regulating mitochondrial biogenesis is an
important research direction in the future, which could
promote the development of the quality meat industry. Single
Lactobacillus strain selection to improve the meat quality and
the related mechanisms will be involved in our further study.
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Introduction: Autism spectrum disorder (ASD) is a serious

neurodevelopmental disorder with a rising incidence. More and more

studies have shown that abnormal microbiota composition may aggravate

the behavioral symptoms and biological signs of ASD, and interventions of

probiotics and diet have emerged as a potential improvement measure.

Methods: Lactiplantibacillus plantarum ST-III-fermented milk was applied

as an oral intervention in a valproic acid (VPA)-induced ASD mice model,

and the effect of probiotic intake on autistic-related behaviors and gut

microbiota composition was evaluated by behavioral tests and 16S rRNA gene

sequencing.

Results: Gender specificity was shown in VPA-induced behavioral

abnormalities in a mouse model, and L. plantarum ST-III-fermented milk

was effective in ameliorating the impaired social interaction in male ASD

mouse models, but not for the anxiety behavior exhibited by female ASD

mouse models. Meanwhile, dietary changes were found to be the main cause

of the altered gut microbiota in mice, and additional intake of L. plantarum

ST-III-fermented milk seemed to improve autistic-like behaviors in male ASD

mouse models by modulating specific gut microbes.
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Discussion: These findings suggest that L. plantarum ST-III-fermented milk

may play a beneficial role in improving the behavioral symptoms of ASD and

is expected to be one of the candidate functional foods for ASD.

KEYWORDS

Lactiplantibacillus plantarum ST-III, fermented milk, autism spectrum disorder,
dietary intake changes, gut microbiota, Gut-Microbiota-Brain Axis

Introduction

Autism spectrum disorder (ASD) is a serious
neurodevelopmental disorder frequently occurring in infants
and young children. It is characterized by communication and
social disorders, restricted interests and repetitive stereotyped
movements (1). ASD has been reported to be increasing in
prevalence rate worldwide (2). According to the latest data
released by the US Centers for Control and Prevention, the
prevalence of ASD increased from 1:68 in 2016 to 1:59 in
2018 (a 15% increase in prevalence) (3). China had an average
prevalence rate of 0.70%, with approximately 1 in 143 children
suffering from ASD (4). Consistent with the results reported in
other literature (5), the prevalence ratio of males to females in
Chinese children with ASD was 4.3:1 (0.95% in boys and 0.3%
in girls) (4). ASD is currently thought to be the result of the
interaction of both genetic and environmental risk factors (6),
with prenatal or postnatal exposure to chemicals and drugs, air
pollution, stress, uterine cavity infections and dietary factors
all increasing the risk of developing ASD (7). For example,
previous studies have shown that taking valproic acid (VPA, a
drug for epilepsy and mood swings) during pregnancy greatly
increases the risk of ASD in offspring (8, 9).

Among the multiple comorbidities of ASD, variable levels of
gastrointestinal dysfunctions are frequently reported, together
with changes in the intestinal microbiota (10, 11). Children
with ASD are 3.5 times more likely to develop gastrointestinal
disorders (12), including chronic constipation, abdominal pain,
diarrhea, gastroesophageal reflux, gastrointestinal inflammation
and enteric nervous system abnormalities (13). They are also
more prone to problems such as irritability, anxiety and social
withdrawal, but experience a reduction in the severity of their
illness after their gastrointestinal symptoms are improved (14).
Studies have found that the gut microbiota of children with
ASD significantly differ in composition compared to healthy
controls and have a certain correlation with gastrointestinal
(GI) symptoms and ASD developing (15). Sharon et al. (16)
transplanted gut microbiota from human donors with ASD or
typically developing (TD) controls into germ-free mice and
found that mice colonized with ASD microbiomes exhibited
hallmark autistic-like behaviors, such as repetitive behaviors and
social avoidant. Several meta-analyses have reported reductions
in Bifidobacterium and increase in Faecalibacterium and
Clostridium in children with ASD (17). Another study has found

that compared with control group, children with ASD have
lower gut microbiota diversity and higher levels of Bacteroidetes,
Lactobacillus, Clostridium, Desulfovibrio, Caloramator, and
Sarcina (18). These associations have inspired research on
the intertwined relationships among gut microbiota, ASD
and behavior (19). However, the exact microbial composition
associated with the occurrence of ASD has not been determined,
with conflicting results at the phylum, genus and species levels
and in diversity studies (20). Furthermore, it is still unclear
whether microbiota alterations appear as a consequence of
ASD or are involved in its onset. Despite discrepancies and
controversies between studies remain, more and more research
suggests that abnormal microbiota composition may aggravate
the behavioral symptoms and biological signs of ASD (21).

Autism spectrum disorder is placing a heavy burden on
both the society and families. Unfortunately, there are currently
no specific therapies for such disability. Rather than finding a
cure for ASD patients, current research on autism has focused
on how to relieve symptoms (22). Notably, modulation of the
gut microbiota in patients with ASD through interventions of
probiotics and diet has emerged as a potential improvement
measure. Host diet is one of the most effective regulators of
the gut microbiome (23). Changes in dietary macronutrients
(including carbohydrates, proteins, fats, vitamins, etc.) lead to
rapid and comprehensive changes in the composition of the
gastrointestinal microbiota (24). Moreover, some studies have
found that interfering with one or more specific probiotics
could improve the integrity of gut barrier in ASD mouse model,
restore the abundance of specific microbes, and reverse the
behavioral abnormalities associated with ASD (25).

Lactiplantibacillus plantarum (L. plantarum) is a gram-
positive lactic acid bacteria species (26). L. plantarum can
survive under different environmental conditions and is one of
the few probiotics that can colonize the gastrointestinal mucosa
of the human body (27). It has also been shown to be an
important probiotic strain with multiple beneficial effects on
intestinal health, metabolic disorders and brain health (28).
L. plantarum ST-III is a probiotic strain originally isolated from
a Chinese traditional pickle (29), which can effectively regulate
human cholesterol levels (30). In an in vitro study, Yan et al. (31)
found that L. plantarum ST-III could reduce the overall number
of Enterobacteria and Bacteroidetes and increase the abundance
of Lactobacillus and certain Bifidobacterium species in infant
gut microbiota. Zang et al. (32) found that long-term feeding
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of L. plantarum reduced anxiety-like behaviors in zebrafish
caused by triclosan exposure and improved their motor
activity and learning ability. It has also been found in clinical
experiments that single-strain intervention of L. plantarum can
improve autism-related behaviors such as destructive behavior,
anxiety, and communication disorder (33). However, there
are few studies have reported on the effects of L. plantarum
fermented milk on autism-like behaviors. In the published
studies, researchers only used L. plantarum probiotic capsules
or bacterial pellet for intervention experiments (32, 34), which
may miss the efficacy of probiotic fermentation metabolites and
dietary nutrients in regulating gut microbiota. That’s because
many strains of the L. plantarum (including L. plantarum ST-III,
etc.) are difficult to proliferate and grow in milk, due to the lack
of some nutritional ingredients in milk essential for the strains,
which limits the research and application of fermented milk of
L. plantarum (35, 36).

In this study, pregnant mice were exposed to VPA and
offspring mice with autism-like behaviors were screened for the
intervention experiments. Meanwhile, our team used our own
patented technology (36) to ferment and curd L. plantarum ST-
III directly in milk to get the fermented milk. We evaluated
the effects of dietary changes and probiotic (L. plantarum
ST-III-fermented milk) intake on the improvement of autism-
like behavior and gut microbiota composition and explored
the relationship between gut microbiota changes and ASD-
related symptoms.

Materials and methods

Sample preparation

The preparation method of the intervention sample refers
to our existing patent (WIPO patent WO2018049853A1) (36).
Briefly, 80% raw milk, 2% proliferation agent, 7% sucrose,
5% orange juice and an appropriate amount of thickener
were homogeneously mixed at 65◦C and 20 MPa. After
high temperature sterilization at 95◦C for 10 min, it was
cooled to 37◦C and then inoculated with L. plantarum ST-III.
The proliferation agent is a mixture produced by enzymatic
hydrolysis reaction of soybean protein and pineapple whole
juice at 25–80◦C for 0.5–8 h, which could make L. plantarum ST-
III strain grow faster and better in milk and increase the content
of live bacteria. After incubation under 37◦C for 12 h, the viable
count was measured to be 5.0× 108 CFU/mL.

Animals and experimental design

Healthy ICR mice of childbearing age were purchased from
Shanghai Jiesijie Laboratory Animal Co., Ltd., and fed in a SPF-
level laboratory animal room having a constant temperature of

24◦C, relative humidity of 30–60% and alternating light of day
and night for 12/12 h. After 1 week of adaptation, the male
and the female (female: male = 2:1) mice were caged together
overnight at 5 p.m., and the female mice were checked for the
presence of vaginal plugs when they were separated at 9 a.m. the
following day. The female mice having success fertilization were
randomly divided into two groups, which were given a single
intraperitoneal injection of VPA 500 mg/kg or equal volume of
sterile saline solution on the 12.5 day of gestation. The offspring
mice were subjected to behavioral tests from 6 to 8 weeks after
birth. Compared with the control group, mice with obvious
autistic-like behaviors were selected as ASD model mice for
subsequent experiments. A total of 80 mice (20 normal control
mice and 60 ASD model mice) were randomly divided into four
groups, namely control group (normal control mice fed with
sterile saline), VPA group (ASD model mice fed with sterile
saline), ST-III group (ASD model mice fed with L. plantarum
ST-III -fermented milk) and milk group (ASD model mice
fed with milk containing proliferation agent), with 20 mice in
each group, including 10 males and 10 females. All mice were
given gavage administration of 400 µL solution in the morning
and evening for 2 weeks, after which the behavioral test was
performed. The mice were free to drink and eat during the
intervention. All animal experimental procedures were carried
out according to the governmental guidelines and approved by
the Ethical Committee for Animal Research of the Shanghai
Institute of Planned Parenthood Research (protocol code 2020-
22, approval date 5/27/2020).

Behavioral test

Behavioral tests were performed in the order of open field
exploration and three chambers social test. At each test, the
test mice were gently place back into the cage and the device
was then wiped with 75% alcohol and allowed to dry for the
next mouse test.

Open field test
The open field test is widely used to measure anxiety-like

and locomotor behaviors in rodents. The test mice were placed
in an open field of 50 cm × 50 cm × 40 cm and allowed to
explore freely for 10 min to adapt to the environment. Then, the
camera system (1/3′′SONY Super HAD CCD) was turned on to
record the total movement distance and central area residence
time in the next 10 min for subsequent analysis.

Three chamber social test
Three chamber social test was used to evaluate social

behaviors of mice. The test was conducted as previously study
with some modifications. Briefly, a 60 cm × 40 cm × 22 cm
plexiglass box was divided into three interconnected chambers
(A–C). Mice were first habituated for 10 min to the full empty
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arena and then mice were confined in the B chamber (center
chamber). A matched unfamiliar mouse with same genotype,
age, sex and treatment was placed in the A chamber while a
small object was placed in the C chamber (Figure 1G). For the
next 10 min, the test mice were allowed to move freely in three
chambers, and an overhead camera (1/3′′SONY Super HAD
CCD) recorded the olfactory interacting time between the tested
mice and the strange mice.

Sample collection and 16S rRNA gene
sequence analysis

After 2 weeks of intervention, the mouse fecal samples
were collected by taking individual mice out of cages and
were immediately stored in −80◦C until DNA extraction.
The genomic DNA was extracted from 30 mg feces of
mice using QIAamp DNA stool mini kit (Qiagen, Hilden,
Germany) according to the protocol. A total of 1.5% agarose
gel electrophoresis was used to check the integrity of extracted
DNA. The 16S rRNA gene V3–V4 variable region was amplified
by the primers 341F (5′-CCTACGGGNGGCWGCAG-3′)
and 805R (5′-GACTACHVGGGTATCTAATCC-3′). The
thermocycling steps were as followed: 95◦C for 5 min, 20 cycles
of at 95◦C for 45 s, 55◦C for 30 s, 72◦C for 30 s and a final
extension step at 72◦C for 10 min. A 2% agarose gel was used
for the recovery of the PCR products of each sample with the
AxyPrep DNA Gel Extraction Kit (Axygen Inc., Union City, CA,
USA) for the purification. All the amplicons were equivalently
pooled after spectrophotometric assessment (QuantiFluor-ST;
Promega, Madison, WI, USA), and sequenced according to
Illumina MiSeq platform standard operating procedures.

Bioinformatics analysis

The quality-controlled sequences were generated using
DADA2 plugin of QIIME2 (version 2021.4) (37) from raw
paired FASTQ files, then were clustered according to 97%
similarity to obtain the representative OTU sequences using
VSEARCH plugin. Community richness, evenness and diversity
analysis (ACE, Shannoneven and Shannon) were performed
using QIIME2 (version 2021.4) with the same sequence depth
(24,797 sequences per sample). Principal Co-ordinates Analysis
(PCOA) was performed using the Weight Unifrac algorithm
at the OTU-level to assess species composition differences.
Diversity of bacterial community compositions between groups
was assessed using ANOSIM based on Bray-Curtis distance.
Taxonomy was assigned using the online software RDP
classifier at default parameter (80% threshold) based on the
Ribosomal Database Project. To determine taxa significantly
differential abundance in four groups, STAMP was applied
to assess the abundance from phylum level to genus levels

with p-value < 0.05 (38). Pair-wise Spearman correlation
analysis was performed to explore co-occurrence patterns of
microbial feature on genus level, and significant correlations
(p < 0.05) were used in co-occurrence network construction by
an open source software platform Cytoscape (version 3.2.1) (39).
PICRUSt2 was used to infer the microbes’ metabolic functions
based on the MetaCyc database (40). The coefficient relationship
between genus and metabolic pathways was calculated using
R package with Spearman correlation algorithm, and the
correlation parameters were set as: coefficient >0.68 or <−0.68
and p < 0.05.

Statistical analysis

SPSS22.0 software was used for data analysis, and GraphPad
Prism 9 was used to make various statistical graphs. All data
are expressed as mean ± standard deviation, and differences
between groups are compared by one-way analysis of variance
(ANOVA) with LSD or Duncan post-hoc analysis to correct for
multiple comparisons. Differences were considered statistically
significant when the p < 0.05.

Results

Administration of milk and
Lactiplantibacillus plantarum
ST-III-fermented milk alters valproic
acid-induced autistic-like abnormal
behaviors in mice

After 2 weeks of intervention, the behavior tests were
performed. In the open field test, we recorded the total
movement distance and the number of entering central area,
which could reflect the locomotor behavior and anxious state.
The results showed that compared with normal control group,
the total movement distance of male and female mice in
VPA group significantly decreased. In male mice, both the
ST-III and milk group restored the locomotor behavior of
mice, especially the total movement distance of the ST-III
group was significantly higher than that of the control group.
However, in female mice, comparing with the VPA group, the
administration of L. plantarum ST-III-fermented milk seemed
to have no effect; the milk group increased the total movement
distance to a certain extent, but still did not return to normal
levels (Figures 1A,D). The results of the number of entering
central area showed that the VPA group in male mice had a
decreasing trend without statistical significance, while female
mice significantly decreased the entering number compared
with control group. Both intervention of L. plantarum ST-III -
fermented milk and milk seemed to be unable to significantly

Frontiers in Nutrition 04 frontiersin.org

239

https://doi.org/10.3389/fnut.2022.1005308
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1005308 November 19, 2022 Time: 14:46 # 5

Zhang et al. 10.3389/fnut.2022.1005308

FIGURE 1

Valproic acid (VPA) offspring mice exhibit autistic-like behavior abnormality, and administration treatment of Lactiplantibacillus plantarum
ST-III-fermented milk ameliorates the behavior deficits. (A–C) Total movement distance, number of entering central area and social duration of
male mice. (D–F) Total movement distance, number of entering central area and social duration of female mice. (G) Schematic of the
three-chamber social test. (H) Thermodynamic diagram of male mice in three chamber social test. All data are expressed as mean ± standard
deviation, and differences between groups are compared by one-way analysis of variance (ANOVA) with LSD or Duncan post-hoc analysis to
correct for multiple comparisons. Differences were considered statistically significant when the p < 0.05. (a–c) Different superscript letters
indicate statistically significant differences, and same superscript letters indicate statistically insignificant differences. n (male) = 10 per group, n
(female) = 9 per group.

improve the anxiety-like behavior of either male or female mice,
even had opposite effects (Figures 1B,E).

The three-chamber social test is used to measure the
impairments in social interaction of mice. Male VPA offspring
mice exhibited significant deficits in sociability since they
preferred to interact with a novel object rather than a novel
mouse. Treatment with L. plantarum ST-III -fermented milk
significantly improved the social duration comparing with VPA
group, while the effect of the milk treatment was not that
obvious but still had an increasing trend (Figures 1C,H).

VPA group in female mice showed a reduction trend of the
proportion of social time (no statistical significance), and
both ST-III and milk group significantly improved this trend
comparing with the VPA group (Figure 1F).

Altogether, VPA-induced offspring mice showed autistic-
like abnormal behaviors, including the decrease of locomotor
behavior, anxiety and deficient sociability. Oral treatment with
L. plantarum ST-III -fermented milk ameliorated ASD-related
behavioral abnormalities in male mice but seemed not effective
in female mice. Dietary changes caused by the administration of
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the mixture of milk and proliferation agent also seemed to have
some positive or negative effects on autism-like behaviors.

According to the behavioral test results, we found that
after the intervention of L. plantarum ST-III fermented
milk, male mice showed more obvious improvement in
VPA-induced autism-like behavior comparing with female
mice. Therefore, in the following study, we focused on the
effect of dietary changes and probiotic intake on the gut
microbiota of male mice.

Administration of milk and
Lactiplantibacillus plantarum
ST-III-fermented milk increases the gut
microbiota diversity in male valproic
acid mice

The alpha diversity analysis of male mice showed that
no statistical difference were observed in the ACE index
(richness), Shannoneven index (evenness), and Shannon index
(structure) of gut microbiota between the control group
and VPA group, while both the ST-III group and milk
group exhibited a significant increase (p < 0.05) or an
increasing trend relative to the control group and VPA group
(Figures 2A–C), indicating that the abundance, evenness and
diversity of gut microbiota in the intervention group (ST-
III group + milk group) were higher than those of non-
intervention group (control group + VPA group). Notably,
the ST-III group had the highest ACE index among the four
groups (Figure 2A).

The PCoA analysis revealed treatment-related clustering,
with a marked difference between the intervention group (ST-
III group + milk group) and non-intervention group (control
group + VPA group) (ANOSIM, R = 0.6294, p < 0.001)
(Figure 2D), indicating that 2 weeks of milk and L. plantarum
ST-III -fermented milk treatment could change the gut
microbiota of mice. ANOSIM analysis also supported that there
is no significant difference between the control group and VPA
group (R = 0.1134, p = 0.066), or the ST-III group and milk
group (R = 0.1762, p = 0.022).

As shown in Figure 2E, at the family, genus and OTU
levels, the common number in these four groups was 31,
72, and 307, respectively; and the ST-III group contained the
highest number of unique microbes, followed by the milk
group. In contrast, the VPA group had the lowest number
of unique microbes at the genus and OTU levels. These
findings indicated that dietary changes and probiotic intake
significantly influenced the alpha diversity of gut microbiota
in male offspring mice, whereas maternal injection of VPA
had little effect. Moreover, consuming fermented milk with
L. plantarum ST-III was more beneficial for increasing the
diversity of gut microbiota.

Administration of milk and
Lactiplantibacillus plantarum
ST-III-fermented milk alters the gut
microbiota composition in male
valproic acid mice

Analysis of changes in the gut microbiota composition of
fecal samples from male mice at the level of phylum is presented
in Figures 3A,B and Table 1. Firmicutes and Bacteroidetes were
the dominant bacteria in the gut microbiota (82.43 ± 3.13%,
79.26 ± 15.20%, 88.92 ± 3.85%, and 89.61 ± 9.03% in the
control, VPA, ST-III and milk group, respectively). The relative
abundance of Firmicutes in the VPA (38.40 ± 8.91%) and
milk (35.50 ± 13.18%) group showed a significant decrease
comparing with the control group (49.01 ± 12.00%) (p < 0.05
and p < 0.01, respectively), while recovered to 52.36 ± 8.75%
in the ST-III group (p < 0.01) (Figure 3A and Table 1).
The Firmicutes/Bacteroidetes (F/B) ratio was 1.82 ± 1.14 in
the control group and decreased to 1.03 ± 0.39 (p < 0.05)
and 0.81 ± 0.66 (p < 0.05) in the VPA and milk groups,
respectively, while the ratio in the ST-III group was 1.70± 1.00,
closing to the control group (Figure 3B and Table 1). We
also found that the relative abundance of Deferribacteres in
the VPA group increased from 1.64 ± 2.41% (control group)
to 7.86 ± 14.93% (no statistical difference), which was mainly
attributed to the increase of species Mucispirillum schaedleri.
After the intervention of L. plantarum ST-III fermented milk
and milk for 2 weeks, the level of Deferribacteres decreased
to 0.41 ± 0.48% and 0.16 ± 013% (no statistical difference),
respectively (Table 1).

At the family level, we could observe that the dominant
bacteria of mice gut microbiota in the intervention group and
the non-intervention group changed significantly (Figure 3C).
The changes in the composition of the gut microbiota in the
four groups were mainly distributed in Lactobacillaceae,
Lachnospiraceae, and Desulfovibrionaceae (Figure 3C
and Supplementary Figure 1). The relative abundance of
Lachnospiraceae was significantly decreased in the VPA group
relative to the control group (p < 0.05). We found that the
administration of L. plantarum ST-III, not the milk, markedly
restored the relative abundance of Lachnospiraceae (p < 0.001)
(Figure 3D). Besides, we also found that the relative abundance
of Lactobacillaceae was significantly lower in the intervention
groups (ST-III group + milk group) compared with the control
group (p < 0.01 and p < 0.01, respectively) (Figure 3E).

At the genus level, the relative abundance of Kineothrix
was reduced in the VPA group (p < 0.05) compared with
the control group, while a significant increase was detected
in ST-III group compared with the VPA group (p < 0.01)
(Figure 3F). In addition, Desulfovibrio and Adlercreutzia in both
ST-III and milk groups were decreased compared to the control
group (p < 0.05); Acetatifactor in ST-III group was significantly
increased compared with the VPA group (p < 0.05); Lachnospira
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FIGURE 2

The effect of milk and Lactiplantibacillus plantarum ST- III -fermented milk on gut microbial diversity in male VPA mice. (A–C) Alpha-diversity in
terms of the ACE, Shannoneven and Shannon index. (D) Bray-Curtis distance-based PCoA plot of all OTUs from feces of control, VPA, ST-III and
milk group. (E) Venn diagram at family, genus and OUT levels. All data are expressed as mean ± standard deviation, and differences between
groups are compared by one-way analysis of variance (ANOVA) with LSD or Duncan post- hoc analysis to correct for multiple comparisons.
Differences were considered statistically significant when the p < 0.05. (a–c) Different superscript letters indicate statistically significant
differences, and same superscript letters indicate statistically insignificant differences. n = 10 per group.

was significantly increased in the milk group relative to the
control and VPA group (p < 0.05) (Supplementary Figure 1).
Remarkably, our sequencing results also showed that species
L. plantarum (OTU318) was almost absent in the other three
groups and was detected only in ST-III group (Figure 3G),
indicating that L. plantarum ST-III was able to be resistant to
gastric acid, and persisted in the intestinal tract of mice with
certain functional activities.

Co-occurrence between
Lactiplantibacillus plantarum ST-III and
intestinal microbiota of male valproic
acid mice

Network analysis was used to explore co-occurrence of
bacteria that was significantly affected (p < 0.05) by diet and
administration of L. plantarum ST-III. As shown in Figure 4A,
Harryflintia was positively correlated with Kineothrix and
Acetatifactor, and negatively associated with Burkholderia,
Desulfovibrio, Gemella, and Adlercreutzia. On the contrary,

Burkholderia was found to be positively correlated with
Saccharibacteria genera incertae sedis, Desulfovibrio, Gemella,
and Adlercreutzia. Notably, Lactiplantibacillus (predominantly
present in the ST-III group) was found to be well integrated
into the co-occurrence networks, with not only a significant
positive correlation with Kineothrix and Harryflintia, but also a
significant negative correlation with Burkholderia.

We next focused on the co-occurrence between
Lactiplantibacillus and other intestinal microbes (Figure 4B).
We found that in addition to the three genera mentioned above
(Kineothrix, Harryflintia, and Burkholderia), Lactiplantibacillus
was positively correlated with Coprococcus, Intestinimonas,
and Mediterraneibacter, which were capable of producing
short-chain fatty acid (butyrate) (41, 42).

Functional features of the intestinal
microbiota for male valproic acid mice

The functional profiling assessment through PICRUSt2
produced a total of 361 metabolic pathways in microbial
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FIGURE 3

The effect of milk and Lactiplantibacillus plantarum ST- III -fermented milk on gut microbial composition in male VPA mice. (A) Phylum level.
(B) Firmicutes/Bacteroidetes (F/B) ratio. (C) Family level. Relative abundance of (D) Lachnospiraceae, (E) Lactobacillaceae, (F) Kineothrix, and
(G) L. plantarum in control, VPA, ST-III and milk group. n = 10 per group. *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 1 Relative abundance of gut microbiota and F/B ratio in the control, VPA, ST-III and milk group at the level of phylum.

Phylum Control group VPA group ST-III group Milk group

Firmicutes 49.01± 12.00% 38.40± 8.91%∗ 52.36± 8.75%## 35.50± 13.18%**11

Bacteroidetes 33.41± 12.55% 40.86± 11.43% 36.56± 11.43% 54.11± 16.68%**#11

Firmicutes + Bacteroidetes 82.43± 3.13% 79.26± 15.20% 88.92± 3.85%# 89.61± 9.03%#

Firmicutes/Bacteroidetes 1.82± 1.14 1.03± 0.39∗ 1.70± 1.00 0.81± 0.66*1

Deferribacteres 1.64± 2.41% 7.86± 14.93% 0.41± 0.48% 0.16± 0.13%

All data are expressed as mean ± standard deviation, and differences between groups are compared by one-way analysis of variance (ANOVA) with LSD or Games-Howell analysis to
correct for multiple comparisons. n = 10 per group. *p < 0.05 and **p < 0.01 compared with the control group. #p < 0.05 and ##p < 0.01 compared with the VPA group. 1p < 0.05 and
11p < 0.01 compared with the ST-III group.

populations. Compared with the control group, the abundance
of 65 metabolic pathways was significantly changed in VPA
induced mice model, but 25 of them showed significantly
opposite change after L. plantarum ST-III intervention,
including butanoate production and glutamine biosynthesis
(Supplementary Table 1). To predict the association of these
metabolic pathways with significantly enriched or diminished
bacteria (genus) due to L. plantarum ST-III supplementation,
Spearman correlation analysis was performed. As shown
in Figure 5, 75 pathways of four functional categories
(biosynthesis, degradation/utilization/assimilation, generation
of precursor metabolites and energy, and superpathways)
showed high correlations (R > 0.68 or < −0.68) with seven
significantly changed genera (Supplementary Table 2). Genus
Lactiplantibacillus and Kineothrix were enriched in the ST-
III group. Lactiplantibacillus was positively correlated with

one pathway related to amine and polyamine degradation;
Kineothrix was positively correlated with three pathways
related to amino acid biosynthesis, carbohydrate degradation,
and inorganic nutrient metabolism. Burkholderia had a
direct co-exclusion relationship with Lactiplantibacillus,
while Adlercreutzia and Gemella had indirect co-exclusion
relationship (Figure 4), and they were all mainly enriched
in the control and VPA groups. These three genus were
positively correlated with 11 pathways related to nucleoside
and nucleotide biosynthesis, amino acid degradation, aromatic
compound degradation and carbohydrate degradation.
Among them, Burkholderia and Gemella were also negatively
correlated with nine pathways related to cofactor, carrier, and
vitamin biosynthesis, fatty acid and lipid biosynthesis, and
other biosynthesis.
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FIGURE 4

The biological network of gut microbiota in mice. (A) Network analysis showed co-occurrence among gut microbes in mice. Each node
represents a genus of bacteria, and the size of the node is proportional to the relative abundance of that organism in the microbial community.
The different color in the circles indicate the proportion of the relative abundance of the genus among the four groups. Red and black lines
between nodes imply a positive and negative relationship between bacteria, respectively. (B) Network analysis showed co-occurrence between
Lactiplantibacillus and other gut microbes in mice. Each node represents a genus of bacteria with the color indicating the phylum to which the
genus belongs. The size of the node is proportional to the relative abundance of that organism in the microbial community. Red and green lines
between nodes imply a positive and negative relationship between bacteria, respectively. Only taxa with correlation significance less than 0.05
are shown.

FIGURE 5

Coefficient relationship between differential bacteria (genus level) and metabolic pathways analyzed using PICRUSt2 based on the 16S rRNA
amplicon data. Only results with p < 0.05 and correlation coefficient >0.68 or < –0.68 are shown in the figure. I = Biosynthesis;
II = Degradation/Utilization/Assimilation; III = Generation of precursor metabolites and energy; IV = Superpathways.

Discussion

This study aimed to evaluate the effects of dietary changes

and probiotic (L. plantarum ST-III -fermented milk) intake

on ASD mouse model. ASD is a complex developmental

disability with unclear etiology and no effective or targeted cure

(25). Researchers have developed a variety of animal models

to explore its pathogenesis and treatment methods, such as
zebrafish, monkeys, and songbirds, but the main experimental
models are rodents (43). Here, we injected 500 mg/kg of VPA, a
drug for epilepsy and mood swings (9) and an environmental
risk factor during pregnancy associated with developing ASD
in offspring, on day 12.5 of pregnancy. Compared with the
control group, male offspring of the VPA group showed
significant abnormalities in the total movement distance and
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the three chambers social test, while there was a decreasing
trend in the number of entering central area. On the other
side, female VPA offspring mice showed a significant decrease
in locomotor behavior and a significant increase in anxiety
behavior, but not significant abnormalities in sociability. In
mammals, both the prenatal and postnatal periods were the key
developmental windows that ultimately affect adult behaviors
(44). Kim et al. (45) have reported that exposure to VPA
on day 12 of gestation in maternal rodents was ideal as the
offspring showed significant behavioral deficits and no other
significant teratogenicity (such as tail deformities). In addition,
as an environmental factor induced model mice, the VPA-
induced ASD mice are usually used for the study of the gut
microbiota-ASD relationship (46). These studies have shown
that rodent models with prenatal VPA exposure were useful for
ASD animal model.

Another noteworthy phenomenon was the gender
specificity in VPA-induced behavioral abnormalities,
characterized by sociability deficits in male mice and anxiety
symptoms in female mice. Schneider et al. (47) evaluated rodent
VPA ASD models using a series of behavioral, immunological,
and endocrinological tests, and found that male offspring rats
had more behavioral abnormalities than the female ones. It
was also found in another study that prenatal VPA exposure
increased excitatory neuron differentiation and decreased
inhibitory neuron differentiation in the offspring of both male
and female rats, but postsynaptic changes in the cortex were
mainly limited to the male ones, indicating that ASD rat models
showed a male preference for decreased inhibitory function
in the brain (45). A clinical study of twin samples from TEDS
(Twins Early Development Study) and CATSS (Child and
Adolescent Twin Study of Sweden) showed females with ASD
are protected against some of the symptoms of ASD (often
called the female protective effect or FPE) (46).

The Food and Agriculture Organization and the World
Health Organization define probiotics as living organisms
which, when administered in adequate amounts, confer a health
benefit to the host. While the beneficial effects of probiotics
on gastrointestinal function are generally well recognized,
a growing body of new studies have suggested potential
therapeutic benefits of probiotics in several central nervous
system (CNS) conditions through the “Gut-Microbiota-Brain
Axis,” such as anxiety, depression, ASDs and Parkinson (48).
L. plantarum has been shown to have multiple benefits for
human health, including promoting gut integrity and motility,
altering intestinal microbiota and inhibiting growth of potential
pathogens, modulating human immune function, and the ability
to treat and ameliorate human disease (26). In this study,
we evaluated the effect of L. plantarum ST-III-fermented milk
improving behavioral deficits in VPA-induced ASD mice. After
the administration of L. plantarum ST-III-fermented milk
to ASD mice for 2 weeks, the behavioral performance was
observed. We found that probiotic intervention, but not milk,

significantly improved locomotor behavior and sociability in
male ASD mice. In contrast, probiotics intervention seemed
to be less effective in improving behavioral deficits in female
ASD mice. Specifically, ST-III group was not as effective as the
milk group in the improvement of total movement distance and
social duration, and even had the opposite effect in experiments
reflecting anxiety behavior in female mice.

This kind of differences in treatment effect associated with
gender and behavior were widely reported. Hsiao et al. (25) used
maternal immune activation (MIA) mouse as an autism model
and have found in their studies that oral administration of the
gut commensal Bacteroides fragilis could improve the integrity
of gut barrier and ameliorated atypical anxiety, communicative,
repetitive, and sensorimotor behavioral symptoms, but not
sociability or social preference, in the polyinosinic-polycytidylic
acid-induced ASD mice. Sgritta et al. (44) reported that
treatment of Lactobacillus reuteri MM4-1A acted in a vagus
nerve-dependent manner and selectively rescued social deficits
in three types of male ASD model mice, including the
VPA environmental model, the BTBR idiopathic model and
the Shank3B−/− model. In a clinical study, the effects of
L. plantarum PS128 on boys with ASD was investigated by
giving PS128 capsules to 36 children for 4 weeks. The results
showed that PS128 ameliorated anxiety behavior, and decreased
hyperactivity and opposition/defiance behaviors (34). Data
from rodent models and preliminary clinical studies provide
arguments on the potential effect of probiotic treatments on
ASD-related behavioral deficits, and on the complex interplay
of the gut microbiota and nervous system in ASD. Each strain
or even species of probiotic could have a different influence on
ASD symptoms, and our data suggested that L. plantarum ST-III
could effectively ameliorate VPA-induced autism-like behaviors,
especially sociability deficits in male ASD mice.

In the “Gut-Microbiota-Brain Axis” theory, gut microbes
play an important role in two-way communication system
between the gut and the brain (49). Many studies have
reported alterations in gut microbiota in ASD (25). In animal
experiments, VPA rat model of ASD exhibited altered gut
microbial composition and reduced richness in a pattern similar
to that seen in patients with ASD (50). Generally, a higher
diversity of gut microbiota is considered to be a healthier
gut environment, as the integrated gut microbiota is able to
protect gut from environmental risk factors (51). Therefore, we
studied the gut microbiota of male ASD mouse models using
16S rRNA gene sequencing to survey the changes associated
with probiotic intervention. Interestingly, in contrast to other
studies, our results revealed an increased alpha diversity of gut
microbiota in the intervention group (especially in the ST-III
group), and no significant differences between VPA-exposed
and control mice. The finding of de Theije et al. was consistent
with our results (52). They investigated microbiota composition
in mice in utero exposed to VPA and found that the microbial
diversity and species richness showed no differences between
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ASD mice and control mice. The PCoA analysis also showed
a markedly altered microbial community structure between the
intervention and non-intervention groups. The VPA group had
the least number of unique microbiota, while the ST-III group
had the most. Thus, we suggested that the dietary shifts in the
intervention group were an important determinant of increased
gut microbial diversity in mice, and the intake of L. plantarum
ST-III-fermented milk had a more significant effect than the
milk group without probiotics.

Besides the microbiota diversity, several key differentiating
bacterial taxa with significant differences between the four
groups were identified. The ratio of F/B, which is tightly related
to ASD and obesity (53), decreased in the VPA and milk group
comparing with the control group, and returned to normal levels
in the ST-III group. The relative abundance of Deferribacteres
was observed to be elevated in the VPA group, and further
analysis revealed that the increase of M. schaedleri was the
main cause of this change. M. schaedleri is a gram negative
and obligate anaerobic bacterium, which is a dominant member
of the cecal crypt microbiome in mice and was found to be
sufficiently invasive to prime adaptive immune responses in a
normal host context (54). In the ST-III group and the milk
group, the trend of increasing the abundance of Deferribacteres
was suppressed. At the family level, the relative abundance of
Lachnospiraceae, which was significantly reduced in the VPA
group, was found to increase significantly after L. plantarum ST-
III-fermented milk intake, but there was no such improvement
in the milk group. Lachnospiraceae is an abundant family of
anaerobic bacteria in healthy humans and impact their hosts by
converting primary bile acids to secondary bile acids, producing
short-chain fatty acids or lantibiotics, an important class
of peptide antibiotics, and facilitating colonization resistance
against intestinal pathogens. A decrease in Lachnospiraceae
abundance may have negative health effects (55–57). Another
family that showed significant changes after intervention was
Lactobacillaceae. We found that the intake of skim milk (with
proliferation agent) and ST-III fermented milk decreased the
abundance of Lactobacillaceae, which was mainly attributed
to the reduction of genus Lactobacillus (from 13.9% (Control
group) and 15.01% (VPA group) to 3.19% (ST-III group) and
3.27% (Milk group), respectively). The prior finding of Yin et al.
showed that the relative abundance of ingested L. plantarum
WCFS1 was significantly increased during mouse consumption
of HFHSD (high-fat, high-sugar diet) and was negatively
associated with the numbers of indigenous Lactobacillus in
mice intestines (58). Reduced Lactobacillus abundance was also
found in other rodent studies with altered diets (14). At the
genus level, the abnormal reduction of Kineothrix induced by
VPA exposure was significantly improved in the ST-III group.
Individual studies have reported significantly lower intestinal
Kineothrix levels in both Parkinson’s patients and constipation
model mice (59). Liddicoat et al. found that an increase in the
relative abundance of Kineothrix alysoides, a butyrate-producing

anaerobic species, was associated with the decrease in anxiety-
like behavior in mice (60). In addition, compared with the
VPA group, the abundance of Acetatifactor was significantly
increased in the ST-III group, which produces acetate and
butyrate (61). Therefore, we supposed that the macronutrients
alteration caused by diet seemed to be an important factor
affecting the composition of the indigenous microbiota in mice,
while additional probiotic intake (L. plantarum ST-III and its
metabolites) was able to modulate the abundance of specific
microbes in the gut of ASD mice.

To determine whether L. plantarum ST-III has a direct
or indirect effect on the structure of the gut microbiota in
ASD mice, we performed the network analysis to explore
co-occurrence among the microbiota. Lactiplantibacillus
(predominantly present in the ST-III group) was found
to be well integrated into the co-occurrence network and
had direct co-occurrence or co-exclusion relationship with
Kineothrix, Harryflintia, and Burkholderia. Harryflintia,
a genus of the family Ruminococcaceae, has been found
contributing to the antidepressant effect (62). Genus
Burkholderia includes a wide variety of bacterial species
that are pathogenic to humans and other vertebrates.
Burkholderia is associated with chronic infections, such as
pneumonia and gastrointestinal infections, and is intrinsically
resistant to major classes of antibiotics (63). The genera that
were negatively correlated with Harryflintia and positively
correlated with Burkholderia included Desulfovibrio, Gemella,
and Adlercreutzia. Gemella is an opportunistic pathogen that
can cause life-threatening infections in individuals with risk
factors (64). Adlercreutzia has been reported to be associated
with depression in animal experiments (65). Our results
indicated that Harryflintia and Burkholderia may play a
role in alteration of the gut microbial composition, while
Lactiplantibacillus may affect VPA mice gut microbiota by
altering specific microbiota.

Additionally, a PICRUSt2 analysis was performed
to infer the functional enrichment or reduction in the
microbiome community. The abundance of 25 pathways
were significantly changed (19 reduced and 6 increased) in
VPA-induced ASD mice model, but the change was reversed
after L. plantarum ST-III intervention (Supplementary
Table 1). The pathway acetyl-CoA fermentation to butanoate
II and L-glutamate and L-glutamine biosynthesis were
both reduced in VPA-induced ASD mice model, and
increased after L. plantarum ST-III intervention. Butanoate
(Butyrate), as a short-chain fatty acid (SCFA), could attenuate
social behavior deficits (66). The level of glutamine is
decreased in children with ASD (67). So the abundance
increase of the two pathways after L. plantarum ST-III
intervention might be associated with autistic-like behaviors
improvement. In the ST-III group, the enrichment of
genus Lactiplantibacillus was positively correlated with the
functional pathway of amine and polyamine degradation,
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including the functional ID of PWY-3661 (glycine betaine
degradation I). The enrichment of genus Kineothrix was
positively correlated with the functional pathway of amino
acid biosynthesis, carbohydrate degradation and inorganic
nutrient metabolism, including PWY-5505 (L-glutamate and
L-glutamine biosynthesis), PWY-6737 (starch degradation
V) and PWY490-3 [nitrate reduction VI (assimilatory)].
The related functional pathways of Burkholderia and
Gemella were mainly negatively correlated with the
fatty acid and lipid biosynthesis pathway, and positively
correlated with the aromatic compound degradation,
carbohydrate degradation and nucleoside and nucleotide
biosynthesis pathways. From the PICRUSt2 analysis, we
speculated that the intervention of L. plantarum ST-III
may alter the autism-related gut ecological environment
and microbiota structure through enrichment of related
functional pathways including PWY-3661, PWY-5505,
PWY-6737, and PWY490-3.

Conclusion

In this study, L. plantarum ST-III-fermented milk, not
the milk alone, was effective in ameliorating the impaired
social interaction and total movement distance in male ASD
mice, but not the anxiety behavior exhibited by female
mice. Meanwhile, it was found that dietary changes were
the main cause of the altered gut microbiota in mice,
and additional intake of probiotic L. plantarum ST-III-
fermented milk seemed to improve autistic-like behaviors
in male mice by modulating specific gut microbes, like
increasing the relative abundance of family Lachnospiraceae
and genus Kineothrix, which were significantly reduced in
the VPA-induced ASD mice model. In addition, 25 metabolic
pathways which were significantly changed in VPA-induced
mice but reversed after L. plantarum ST-III intervention,
like butanoate production and glutamine biosynthesis, might
contribute to improving the autistic-like behaviors. In short,
these findings have provided some experimental data for gut
microbiota-based therapeutic intervention for ASD, suggesting
that the probiotic fermented milk by L. plantarum ST-
III may play a beneficial role in improving the behavioral
symptoms of ASD, and is expected to be one of the candidate
functional foods.
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SUPPLEMENTARY FIGURE 1

Relative abundance of the gut microbiota at the family (f) and genus (g)
levels. (A) VPA group vs. Control group. (B) ST-III group vs. Control

group. (C) Milk group vs. Control group. (D) ST-III group vs. VPA group.
(E) Milk group vs. VPA group. (F) Milk group vs. ST-III group. n = 10 per
group. ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.
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Intermediate role of gut
microbiota in vitamin B nutrition
and its influences on human
health
Zhijie Wan1†, Jianheng Zheng2†, Zhigang Zhu2, Lan Sang1,
Jinwei Zhu1, Shizheng Luo1, Yixin Zhao1, Ruirui Wang1,
Yicui Zhang1, Kun Hao1, Liang Chen2, Jun Du2, Juntao Kan2*
and Hua He1*
1Center of Drug Metabolism and Pharmacokinetics, China Pharmaceutical University, Nanjing,
China, 2Nutrilite Health Institute, Shanghai, China

Vitamin B consists of a group of water-soluble micronutrients that are mainly

derived from the daily diet. They serve as cofactors, mediating multiple

metabolic pathways in humans. As an integrated part of human health, gut

microbiota could produce, consume, and even compete for vitamin B with

the host. The interplay between gut microbiota and the host might be a

crucial factor affecting the absorbing processes of vitamin B. On the other

hand, vitamin B supplementation or deficiency might impact the growth of

specific bacteria, resulting in changes in the composition and function of

gut microbiota. Together, the interplay between vitamin B and gut microbiota

might systemically contribute to human health. In this review, we summarized

the interactions between vitamin B and gut microbiota and tried to reveal the

underlying mechanism so that we can have a better understanding of its role

in human health.

KEYWORDS

vitamin B, gut microbiota, interaction, absorption, human health

Introduction

Vitamin B is a group of water-soluble essential nutrients that serve as precursors of
essential cofactors in numerous metabolic pathways. Vitamin B deficiency would cause
a series of diseases including cognitive dysfunction, neuropathy, cardiovascular disease
(CVD), and osteoporosis (1–7). Humans cannot synthesize these vitamins de novo, so
vitamin B is mainly supplied through diet and, to a lesser extent, synthesized by gut
microbiota. With the assistance of specific transporters, dietary vitamin B is primarily
absorbed in the small intestine while the vitamin B synthesized by gut microbiota is
absorbed in the colon, where microbes are densely populated.
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As the most dominant member of the gut microbiota,
gut bacteria could interfere with the utilization of vitamin
B either directly or indirectly (8). Gut bacteria that are
capable of synthesizing and supplying an excessive amount of
vitamin B for the host, as well as other intestinal microbes
are defined as vitamin B-producers. On the other hand,
bacteria that can’t produce vitamin B but require vitamin B
to maintain normal physiological functions are called vitamin
B-consumers. The balance between vitamin B-producers and
-consumers determines the role of gut microbiota, whether
as suppliers or competitors, to the host. Gut microbiota
could indirectly affect vitamin B utilization by interfering
with the nutrient absorption process, which is composed
of the release of vitamin B from food and its transport
across the intestinal epithelial layer (9). Several physiological
factors jointly determine the absorption process of vitamin
B: digestive enzymes, gut motility, acidity of gastrointestinal
tract, the transporters, and the bound proteins. These factors
are largely affected by disease progress of inflammatory bowel
diseases (IBD), which could be triggered by invasion of the
adherent pathogenic microbiota (10–12). In contrast, probiotics
could prevent or alleviate IBD, resulting in a normalized
physiological feature of the gut (13, 14). Hence, gut microbiota’s
bidirectional effects on gut might influence the absorption
process of vitamin B.

Moreover, vitamin B supplementation could change the
profiles of gut microbiota, including the diversity, abundance,
and function. Considering the crucial role of gut microbiota on
human health, disruptions of gut microbiota are associated with
multiple disease progressions, such as neurological disorders,
CVD, obesity, metabolic diseases, and non-alcoholic liver
disease (15–22). Since many bacterial functions originate from
their metabolites, a variation in the production of metabolites
caused by vitamin B could modulate host health. For now,
short-chain fatty acids (SCFAs) are the most well-studied small-
molecule metabolites of gut microbiota linking vitamin B
nutrition to the maintenance of the host’s intestinal homeostasis
and benefits of extra-intestinal organs (23). Other metabolites,
however, due to limited published knowledge concerning
vitamin B’s influences on them, would not be discussed in
the current review.

The potential interaction between vitamin B and gut
microbiota has raised the interest to study the relationship
between vitamin B and gut microbiota. Recently, excellent
review papers have been published to reveal the role of
vitamin B on gut microbiota, how gut microbiota affect the
absorption of vitamin B remains unclear (24, 25). To establish
the relationship between vitamin B and gut microbiota, it is
required to understand not only the role of gut microbiota on
vitamin B absorption, but also the influence of gut microbiota
on vitamin B absorption. The purpose of this review is to
summarize the role gut microbiota on vitamin B absorption and
the indirectly beneficial role of vitamin B on human health via
gut microbiota.

Vitamin B1

Vitamin B1 and human health

Vitamin B1, also known as thiamine monochloride,
thiamine chloride, and aneurine, is a thermal unstable water-
soluble essential vitamin. Thiamine is essential for all organisms
to metabolize carbohydrates and branched-chain amino acids
through glycolysis and the tricarboxylic acid cycle (26). Dietary
vitamin B1 occurs to be thiamin pyrophosphate (TPP), which
is catalyzed by thiamine pyrophosphate kinase in the presence
of ATP to produce thiamine. Vitamin B1 performs as a
cofactor of transketolase in the pentose phosphate pathway and
pyruvate dehydrogenase and α-ketoglutarate dehydrogenase in
the mitochondria (27). The World Health Organization/Food
and Agriculture Organization recommends a daily intake of 1.1–
1.2 mg of vitamin B1 for adults (28). Vitamin B1 deficiency
can induce drowsiness, beriberi, polyneuritis, and Wernicke–
Korsakoff syndrome (WKS). Thiamine administration reduces
the progression of neurological deficits caused by WKS
(29). Nutritional intervention for the treatment of hepatic
encephalopathy includes adequate, but not excessive, vitamin B1
supplementation (30).

Dietary vitamin B1 release and
absorption

Dietary vitamin B1 is primarily absorbed in the small
intestine, while those vitamin B1 produced by intestinal
microbes are mainly absorbed in the large intestine (Figure 1;
27). Human beings are not able to store free thiamine, and
only small amounts of phosphorylated thiamine exist in cells.
Therefore, a continuous supply of dietary vitamin B1 is
required. Most dietary thiamine is present in phosphorylated
forms, which are subsequently hydrolyzed by intestinal alkaline
phosphatase to free thiamine. Studies have suggested that the
proximal small intestine is the primary site for the absorption
of free thiamine (31). Thiamine absorption relies on both
unsaturated passive diffusion and saturated active transport (31,
32). In the case of an oral dose below 5 mg, free thiamine is
mainly absorbed by the intestinal epithelium through thiamine
transporters (THTR-1 and THTR-2, encoded by genes SLC19A2
and SLC19A3) (33). Similarly, microbiota-produced vitamin
B1 is absorbed either identically with to the dietary origin or
directly by the colon through the TPP transporter (encoding
gene SLC44A4) (34).

Influence of gut microbiota on vitamin
B1 utilization

Bacteroidetes and Fusobacteria are the most common
two bacterial phyla that are able to synthesize TPP (35).
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FIGURE 1

Schematic diagram of vitamin B structure and absorption sites. Vitamin B derived from diet (left) and microbiota (right) are absorbed in
gastrointestinal tract (middle). The different colors represent bacteria producing different vitamin B. CFU, colony forming unit.

Some intestinal microbiota can produce vitamin B1, such
as Bacteroides fragilis, Prevotella, Fusobacterium varium,
Actinobacteria, and Clostridium (35–39). About half number
of enzymes presented in these microbiotas take part in the de
novo synthesis of thiamine (40). However, there also remains
gut microbiota in which vitamin B1 synthesis pathway is
absent and external source is required for their growth, such
as Ruminococcaceae (41). For these bacteria, competing with
the host for vitamin B1 is a potential approach for survival,
especially in the small intestine.

The gut microbiota may have impact on gastrointestinal
functions, therefore affecting the absorption of vitamin B1.
Clostridium botulinum isolated from the feces of botulism
infant can produce thiaminase I to degrade vitamin B1 (42).
According to in vitro study on Caco-2 cells, thiamin uptake
was significantly reduced by Enterotoxigenic Escherichia coli
infection, which reduces the expression levels of THTR-
1 and THTR-2 (43, 44). Transcellular H+/OH− gradient
has been proved to be the driver of THTR-1 and THTR-
2 dependent thiamine transport (33). In addition, vitamin
B1 is easy to be oxidized and lose activity in neutral

and especially alkaline environment. Lactic acid bacteria
can produce acids such as Bifidobacterium, Lactobacillus,
Enterococcus, and Streptococcus in the intestinal tract (45,
46). The growth of these microbiota is then deduced to
improve the absorption of thiamine via their regulation of
intestinal pH. In the study of Ibrahim Elmadfa et al., the
probiotic yogurt microbiota including Lactobacillus casei GG
could reduce vitamin B1 bioavailability in humans (47).
In contrast, yogurt containing Lactobacillus. exhibited an
oppositive effect on plasma vitamin B1 levels in healthy adult
humans, and this observation might be attributable to the
complex interactions among vitamin B1, gut microbiota, and
host (48). Thus, further studies are required to reveal these
complex interactions.

Indirect role of vitamin B1 on human
health as mediated by gut microbiota

Vitamin B1 is essential to the growth of microorganisms,
therefore changing the form of gut microbiota. In the
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absence of thiamine, the population of thiamine acquisition
mutant strain was rapidly decreased in vitro (40). An initial
population of 90% had fallen to 0.1% by day 5. Another
study found that the Eubacterium rectale A1-86, Roseburia
intestinalis M50/1 were unable to grow in the absence of
thiamine even though they have the genes encoding thiamin
synthesis (39). By contrast, the growth level was improved
when supplied with thiamine. With the increase of exogenous
thiamine, the population of thiamine acquisition mutant was
increased in vitro (40). The optimal growth was achieved
in human intestinal thiamine-nutrient-deficient bacteria, such
as Subdoligranulum variabile DSM 15176, E. rectale A1-86,
R. intestinalis M50/1, and Roseburia inulinivorans A2-194,
when thiamine concentrations were at or above 5 ng/mL
(39). The relative abundance is correlated with some intestinal
bacteria that require peripheral intake of vitamin B1. A positive
correlation was reported between vitamin B1 and the relative
abundance of Ruminococcaceae (Firmicutes phylum), which
lacks the vitamin B1 synthesis pathway and requires a
supply of vitamin B1 from the host diet (41). Supplying
thiamine to cows’ diet could increase the abundance of
cellulolytic microbiota such as Bacteroides, Ruminococcus 1,
Pyramidobacter, Succinivibrio, and Ruminobacter, and enhance
ruminal acetic acid production. Their increase enhanced
the fiber degradation and ruminal acetate production, thus
improving ruminal function (49).

Vitamin B1 has an important influence on SCFAs
production by gut microbiota. Faecalibacterium, the most
abundant of the rumen cocci family, expresses pyruvate iron
oxidoreductase to convert pyruvate to acetyl coenzyme in the
butyrate production pathway. During this process, vitamin B1 is
required as a coenzyme, emphasizing its importance in butyrate
production (41).

Vitamin B2

Vitamin B2 and human health

As the precursor of flavin mononucleotide (FMN) and
flavin adenine dinucleotide (FAD), vitamin B2 (Riboflavin) plays
a crucial part in multiple biological redox reactions, energy
metabolism, antioxidant, and anti-inflammatory, synthesis, and
activation of vitamin B6 and vitamin B9 (50–52). Considering
the protective role of vitamin B2 in various medical conditions,
vitamin B2 deficiency is related to multi-system dysfunction.
Lack of vitamin B2 can alter cellular metabolic homeostasis,
which leads to night blindness, cataracts, anemia, migraines,
and dermatological symptoms (53, 54). Early diagnosis coupled
with riboflavin supplementation can heal up ariboflavinosis
in an early stage. In addition, a previous study showed that
vitamin B2 intake was inversely associated with colorectal
cancer and its adequate supply can effectively lower blood

pressure in hypertensive patients identified with the MTHFR
677TT genotype (55, 56).

Dietary vitamin B2 release and
absorption

Dairy products, green vegetables, fruits, eggs, and meat
are excellent sources of vitamin B2 (57). The absorption of
vitamin B2 depends on the riboflavin hydrolyzed from FMN and
FAD by alkaline phosphatases and FMN/FAD pyrophosphatases
(Figure 1; 58, 59). Enterocytes actively involves in the
absorption of vitamin B2 through a carrier-mediated process,
contributing up to 30 mg of riboflavin at each meal (57).
Following cellular uptake, riboflavin may generate FMN by
ATP-dependent phosphorylation, and most FMN is further
converted to FAD. Vitamin B2 can be absorbed through the
basolateral membrane of the enterocytes in the form of free
riboflavin or FMN, and then released into the portal blood
toward the liver (60).

Influence of gut microbiota on vitamin
B2 utilization

De novo synthesis pathway of vitamin B2 was found
in nearly all genomes of Bacteroidetes, Fusobacteria, and
Proteobacteria. It is estimated that 65% of bacterial genomes
(a total number of 256 genomes), can produce vitamin B2
according to a systematic genome assessment of B-vitamin
biosynthesis (35). Interestingly, Clostridium acetobutylicum,
Eremothecium ashbyii, Ashbya gossypii, Bacillus subtilis, and
many other strains have been industrialized to produce
vitamin B2 (61). Vitamin B2 produced by gut microbiota
is mainly adsorbed in the colon, serving as an additional
source of daily vitamin B2 uptake other than dietary supply
(59). Over-expression of riboflavin biosynthesis genes in
Lactococcus lactis could switch its role from a consumer into
a producer of vitamin B2. Compared with the native strain,
administration of L. lactis modified to produce riboflavin
in riboflavin-deficiency rats could improve their riboflavin
status, suggesting its importance on maintaining the state of
vitamin B2 (62).

Gut microbiota may change the physiological or
pathological conditions of the gastrointestinal tract, and
then influence the absorption of vitamin B2. The decreased
gastric emptying rate has been reported to improve the
bioavailability of vitamin B2 (63). Lactobacillus reuteri and
Lactobacillus gasseri OLL2716were able to slow down the
gastric emptying rate. The phenomenon indicated that these
species of bacterial have a potential influence on vitamin B2
absorption (64, 65). On the other hand, several bacteria could
intervene the gastric disease progression. For example, a lower
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plasma level of vitamin B2 was observed in gastric cancer
patients with the presence of Helicobater pylori than in patients
without infections (66). Meanwhile, lactic acid bacteria, as
complementary treatments for intestinal inflammation, have
been proved to be effective in the suppression or prevention of
Helicobater pylori infection (67). These results indicate that gut
microbiota may affect the absorption of vitamin B2 by the way
of changing rate of gastric emptying (48).

Indirect role of vitamin B2 on human
health as mediated by gut microbiota

The growth of anaerobic bacteria Blautia coccoides,
R. intestinalis and Enterococcus faecalis was stimulated by
vitamin B2 in vitro (68). Replenishment of vitamin B2 has
been reported to alter the composition and β diversity of
gut microbiota in mice (69). Colon-targeted vitamin B2
supplementation for 3 weeks improved the α diversity of
gut microbiota in healthy volunteers but not in Crohn’s
disease patients, suggesting that effects of vitamin B2 on
gut microbiota are different between groups of people
with different physiology situation microbiota (70–72). In
clinical interventions, vitamin B2 supplementation for 2 weeks
increased the relative abundance of F. prausnitzii in healthy
individuals (73). Moreover, treatment of vitamin B2 and vitamin
C significantly reduced the number of Proteobacteria, and
showed a trend to increase the number of Firmicutes and
decrease the number of Bacteroidetes (70). Another study
also reported that the relative abundance of Streptococcus was
negatively correlated with dietary intake of vitamin B2 (74).
Several groups of Streptococcus are thought to be correlated with
strep infection, such as Streptococcus pyogenes and Streptococcus
pneumoniae. Consequently, sufficient daily intake of vitamin B2
might protect the host from strep infections. In volunteers with
migraine, daily supplementation of vitamin B2 increased the
abundance of anaerobic bacteria Roseburia, and F. prausnitzii,
while decreased the abundance of E. coli (75).

Vitamin B2 forms part of the electron transfer flavoprotein
complex of butyryl-CoA dehydrogenase. Consequently,
butyrate production is directly affected by vitamin B2 (39).
Concentration of SCFAs produced by human gut isolates rely
upon vitamin B2 in in vitro condition (39). Furthermore,
cecal SCFAs content of vitamin B2 depletion-repletion
mice model was remarkably increased by the repletion of
vitamin B2 (69). Faecalibacterium prausnitzii is an effective
producer of SCFA, especially butyrate, and a 2-week vitamin
B2 supplementation in healthy individuals could increase
the abundance of Facealibacterium. prausnitzii, which is an
effective producer of SCFAs, especially butyrate (39, 75, 76).
A randomized trial showed that butyrate production was
significantly increased in groups treated with 50 and 100 mg/d
of vitamin B2 (73).

Vitamin B3

Vitamin B3 and human health

Nicotinamide (NAM) and nicotinic acid (NA) are
collectively referred to as vitamin B3 (77). The functional
cofactors derived from vitamin B3 are nicotinamide adenine
dinucleotide and nicotinamide adenine dinucleotide
phosphate, providing reducing equivalents for cellular
biochemistry and energy metabolism (78, 79). Vitamin B3
is considered as a potent antioxidant capable of protecting
the brain’s cellular membranes and is deemed to be
effective in neurodegenerative diseases (80). Aging-related
nicotinamide adenine dinucleotide deficiency in the retina
is considered as a possible reason for glaucoma in the
elderly, and oral administration of vitamin B3 could alleviate
the symptoms (81). The most typical disease caused by
vitamin B3 deficiency is pellagra, which is characterized by
inflammation of mucous membranes, skin lesions, diarrhea,
and dementia. Besides, NA is widely used to treat lipid
disorders (82).

Dietary vitamin B3 release and
absorption

Vitamin B3 can be obtained from both endogenous and
exogenous sources. The endogenous source is produced from
tryptophan, and the exogenous source is dietary NA and NAM
(Figure 1) (83). NAM mainly exists in animal products, while
NA mainly exists in plant-based foods such as beans. With
human-derived intestinal epithelial Caco-2 cells and purified
isolated brush-border membrane vesicles, a study on the
mechanism of NA uptake in humans suggested the existence
of an acidic pH-dependent and carrier-mediated mechanism in
the physiological range of niacin concentrations (84). Based on
the environmental acidity, NA is absorbed in the stomach and
the upper part of small intestine by proton co-transporters and
an anion antiporter (84–86). Besides, it has also been reported
that vitamin B3 could be absorbed by passive diffusion at higher
concentrations (87).

Influence of gut microbiota on vitamin
B3 utilization

Several gut microbial species possess vitamin B3
biosynthesis pathways and can synthesize vitamin B3 from
tryptophan (83). Bacteria with vitamin B3 biosynthesis pathway
include B. fragilis, Prevotella copri, Ruminocccus lactaris,
Clostridium difficile, Bifidobacterium infantis, H. pylori, and
F. varium (35, 88). Nabokina et al. reported that NA uptake
by Caco-2 cells increased when the extracellular pH reduced
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from 8.0 to 5.0 (84). Considering that the absorption of vitamin
B3 is pH-dependent, we can deduce that lactic acid bacteria,
such as Bifidobacterium, Lactobacillus, Enterococcus, and
Streptococcus, can change the intestinal acidity and influence
the absorption of NA.

Indirect role of vitamin B3 on human
health as mediated by gut microbiota

For now, the role of vitamin B3 on gut microbiota remains
unclear. Fangmann et al. found a reduced α diversity and a
decreased abundance of Bacteroidetes in the microbiome of
obese subjects under a low dietary NA intake (89). For this
reason, delayed-release microcapsules targeting the ileocolonic
region were developed to deliver vitamin B3 to the microbiome,
avoiding the adverse side effects of NA. Such vitamin B3
containing microcapsules significantly increased the abundance
of Bacteroidetes in human gut (89). Another study has also
shown that NA plays an essential role in maintaining normal
intestinal homeostasis, reducing intestinal inflammation, and
regulating the production level of intestinal antimicrobial
peptides (90). The supplementation of NA was also reported to
increase the production of acetate while reducing the ratios of
propionate/acetate and butyrate/acetate in the colonic contents
of piglets, suggesting a beneficial effect of NA on SCFAs
production (91).

Vitamin B5

Vitamin B5 and human health

Vitamin B5, also known as pantothenic acid, is available
in a variety of plants and animal products and unprocessed
grains (92). Food-derived vitamin B5 is converted to pantethine
and then to Acetyl CoA and acyl carrier protein (93). These
two compounds are critical in burning fats and carbohydrates
in energy metabolism. Acetyl CoA is also required to produce
adrenal hormones including Cortisol (steroid hormone). Hence,
vitamin B5 deficiency is associated with impaired adrenal
cortical function (94). Patients with rheumatoid arthritis were
observed with lower blood pantothenic acid and the severity
of arthritis is negatively correlated to the level of vitamin B5
(95). The most common symptoms associated with vitamin
B5 deficiency were headache, fatigue, and a sensation of
weakness. Health volunteers fed a semisynthetic, pantothenic
acid-free diet for 9 weeks developed subclinical signs of fatigue
ad listlessness without clinical symptoms (96). Low serum
vitamin B5 level also associates with an increased incidence of
hypertension (97).

Dietary vitamin B5 release and
absorption

The intestinal tract is exposed to two sources of vitamin B5:
diet- and bacteria-origin (98). Dietary vitamin B5 exists mainly
in the form of coenzyme A, which is hydrolyzed to pantetheine
by alkaline phosphatase and then quickly converted into the
absorbable forms of pantothenic acid by pantetheinase in the
intestinal lumen (Figure 1; 99). At low luminal concentrations,
free pantothenic acid is actively transported via the sodium-
dependent multivitamin transporter (SMVT, SLC5A6) (100–
103). At higher concentrations, passive diffusion of vitamin B5
occurs, and no significant difference in the transport rate in
different segments of the intestine. It is indicated that absorption
of the bacterially synthesized vitamin B5 in the large intestine
also involves the SMVT system, though direct evidence is
lacking (100, 103, 104).

Influence of gut microbiota on vitamin
B5 utilization

Vitamin B5-producing bacteria and vitamin B5-consuming
bacteria coexist in the intestinal tract (25). Vitamin B5-
producing bacteria include E. coli and Salmonella typhimurium.
Escherichia coli can utilize aspartate and intermediate
metabolites of valine biosynthesis as substrate (24, 105–
107). Salmonella typhimurium produces pantothenate from
alpha-ketoisovalerate using acetohydroxy acid synthase
isozyme I and dihydroxy acid dehydratase enzymes (108).
Other bacteria, such as Lactobacillus helveticus, Streptococcus,
and E. faecalis, members of the vitamin B5-non-producing
Firmicutes phylum, require vitamin B5 for their growth
in vitro, which might compete vitamin B5 with the host
(109, 110).

For now, the regulatory effect of gut microbiota on vitamin
B5 absorption is still unclear. However, extensive evidence
supports that utilization of bacterially synthesized vitamin
B5 depends on the gut microbiota, especially in vitamin B5
deficiency. Chemicals containing sulfonamide functional
group, including succinylsulfathiazole and sulfathiazole,
can change the composition and function of the gut
microbiota (111, 112). It was reported that mice consuming the
vitamin B5-deficient diet and receiving succinylsulfathiazole
exhibit signs of pantothenic acid deficiency (111). A similar
phenomenon has also been observed in rats (112). Moreover,
the addition of succinylsulfathiazole to a vitamin B5-
normal diet deteriorated the deficiency of pantothenic
acid, resulting in signs of pantothenic acid deficiency
characterized by achromotrichia and porphyrin-caked whiskers
appearing in 3 weeks.
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Indirect role of vitamin B5 on human
health as mediated by gut microbiota

At present, little is known about the role of dietary
vitamin B5 supplementation on gut microbiota. Enhanced
vitamin B5 intake appears to increase the relative abundance
of Prevotella and Actinobacteria and to decrease the abundance
of Bacteroides in lactating women (113). Non-linear effects
of vitamin B5 on the diversity and abundance of intestinal
microbiota were observed. In fish, a diet supplemented
with 26.0 mg/kg of vitamin B5 increased the diversity and
abundance of intestinal microbiota compared with other levels
of vitamin B5 supplementation (114). The maximum portion
of Proteobacteria, Firmicutes, and Mycoplasma appeared in the
20.0 mg/kg, 26.0 mg/kg, and the no-vitamin B5-supplement
group, respectively. The minimum portion of Proteobacteria,
Firmicutes, and Tenericutes appeared in the 37.0, 20.0, and
26.0 mg/kg groups. Among the investigated bacterial species,
Mycoplasma is suggested to be correlated with infectious
disease pathogenesis (115, 116). It can be inferred from the
experimental results that vitamin B5-supplement could inhibit
the number of Mycoplasma thus increasing the anti-infection
abilities. An in vitro study of L. helveticus demonstrated that
a vitamin B5-deficient medium greatly inhibited the synthesis
of fatty acid and protein, and this observation is likely to be
explained by the downregulated expression of genes associated
with fatty acid synthesis and biotin metabolism (117). Together,
these results indicate that deficiency of vitamin B5 might
change the growth profile and the biological function of
intestinal microbiota.

Vitamin B6

Vitamin B6 and human health

Vitamin B6 is a group of compounds with a defined
structure, including pyridoxine (PN), pyridoxal, and
pyridoxamine, and all of them have 5-position phosphoryl
derivatives (118). All these compounds cannot be synthesized
by the human body and are mainly provided by diet (119).
Animal products mostly contain pyridoxal 5’-phosphate (PLP)
and pyridoxamine 5’-phosphate, while pyridoxine 5’-phosphate
(PNP) is the dominant form in plant products (119–122). The
recommended daily intake amount is 1.3∼1.7 mg for adults
(123). Vitamin B6 is a cofactor in many metabolic reactions that
include amino acid metabolism, biosynthesis, and degradation
of sphingolipid and carbohydrate metabolism (120, 124, 125).
Moreover, PLP is the primary active form among all forms
of these above derivatives. It acts as a cofactor for many
enzymes, such as tryptophan synthase (126), O-acetylserine
sulfhydrylase (127), 5-Aminolevulinate synthase (128), serine
hydroxymethyltransferase (129), and branched-chain amino

acid aminotransferase (130). Vitamin B6 deficiency may cause
neuromuscular irritability, peripheral neuropathy, dermatitis,
stomatitis, cheilosis, depression of the immune system, and
sideroblastic anemia (131). Moreover, vitamin B6 has also
shown its importance in maintaining a regular function of
cognition and keeping the elderly away from CVD (132, 133).
Additionally, supplementation of vitamin B6 could protect
against reactive oxygen free radicals (132, 134, 135).

Dietary vitamin B6 release and
absorption

The phosphorylated form of vitamin B6 in the diet is
hydrolyzed by pyridoxal phosphatase and then absorbed in the
intestinal lumen (Figure 1; 136). Many studies demonstrate
that, under normal circumstances, the concentration of vitamin
B6 in food is not saturable and vitamin B6 enters intestinal
cells by passive diffusion (131). However, a study with Caco-
2 cells has recently challenged this concept. It gives clear
evidence for a specialized, carrier-mediated system for the
uptake of PN (120). Another study finds that the unique
carrier-mediated mechanism for PN uptake functional exists
in mammalian colonocytes (124). And these results indicate
that the uptake of vitamin B6 could be affected by several
extracellular and intracellular factors (124). As an instance, Said
et al. demonstrated a pH-dependent and amiloride-sensitive
system involving PN uptake in intestinal epithelial cells (120).

Influence of gut microbiota on vitamin
B6 utilization

For humans, there are two primary sources of vitamin
B6, one is from the diet, and the other is produced by
normal gut microbiota (124). For example, B. fragilis and
P. copri (Bacteroidetes), Bifidobacterium longum and Collinsella
aerofaciens (Actinobacteria) and H. pylori (Proteobacteria),
and these species of bacteria can produce vitamin B6
(35). Furthermore, many studies have shown that there are
two biosynthetic pathways, the deoxyxylulose 5-phosphate
(DPX)-dependent pathway for PLP and the DPX-independent
pathways for PNP (137), and different gut microflora decide on
different pathways to choose (35).

Under normal circumstances, dietary and bacterial sources
can offer enough vitamin B6 for the human body to absorb, and
deficiency of vitamin B6 is a rare phenomenon (114). However,
some researchers reported that drugs, alcohol, and smoking,
deoxyxylulose 5-phosphate (DPX) (138). Furthermore, these
factors above could change gastrointestinal motility, which
might bring about a narrowed absorption window and a reduced
bioavailability for vitamin B6 (139, 140). Moreover, such
intestinal environmental factors could change gut microbiota

Frontiers in Nutrition 07 frontiersin.org

256

https://doi.org/10.3389/fnut.2022.1031502
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-1031502 December 7, 2022 Time: 15:11 # 8

Wan et al. 10.3389/fnut.2022.1031502

composition (141–144). Ferrer et al. found that gut microbiota
in the lean gut seems to get more involved with vitamin B6
biosynthesis and offer more vitamin B6 for absorption (145,
146). At the same time, the hydrolysis of vitamin B6 is a
significant procedure for absorbing vitamin B6 and is closely
related to the pH of the intestinal lumen. Since some species
of lactic acid bacteria, including Bifidobacterium, Lactobacillus,
Enterococcus, and Streptococcus (45–48), can produce acid to
lower the pH, we may infer that variation in the proportion
of these specific bacterial can influence vitamin B6. Meanwhile,
alkaline phosphatase is the essential enzyme during this process.
It is also able to affect the growth of gut microbiota (147). The
intervention between alkaline phosphatase and gut microbiota
is complicated, and it is essential to figure out its influence
on vitamin B6 absorption. Unfortunately, there is not much
investigation about it.

Indirect role of vitamin B6 on human
health as mediated by gut microbiota

In the intestine, vitamin B6 serves as essential nutrients
for the gut microbiota (25). Some species of microbiota lack
the ability to biosynthesize vitamin B6, such as most genera
within the Firmicutes phylum (Veillonella, Ruminococcus,
Faecalibacterium, and Lactobacillus spp.) (35). Hence, they
acquire exogenous vitamin B6 from the intestinal tract
to maintain their life activities. The proportion of food
compositing vitamin B6 can influence the profile of the
gut microbiota. For example, a larger amount of vitamin
B6 absorbed from food was associated with greater richness
and evenness of the gut microbiota (124). Mayengbam et al.
investigate the composition of gut microbiota and their
metabolites in a rat model with vitamin B6 deficiency. They
reported that arginine biosynthesis was impaired in this rat
model, and the vitamin B6 metabolism was affected. Arginine
not only performs as a substrate for protein synthesis but also
as a precursor for a variety of molecules linked to cell function,
such as nitric oxide. Insufficient vitamin B6 might interferes
the host’s de novo protein synthesis and related cell functions.
Vitamin B6 produced by microbiota is not enough for gut
microbiota, and the composition of gut microbiota is changed
for this reason (148).

Vitamin B7

Vitamin B7 and human health

Vitamin B7, also known as biotin, acts as a cofactor for
multiple carboxylases that are associated with fatty acid, glucose,
and amino acid metabolism (149). Vitamin B7 is exclusively
synthesized by plants and microbiota such as bacteria and

yeast, so vitamin B7 synthesized by microbiota in human large
intestine make an important contribution to daily supplements
for human in addition to food. The adequate daily requirement
of vitamin B7 is 35 µg for infants and 150–300 µg for adults.
And it is relatively non-toxic even at doses of greater than
60 mg/day for several months (149). Vitamin B7 participates
in normal immune function, maintaining the integrity of the
intestinal mucosa or homeostasis. It also plays an important
role in maintaining skin health and anti-inflammation via
inhibiting NF-κB activation (101, 150). Therefore, severe
vitamin B7 deficiency results in skin abnormalities, neurological
disturbances, and growth retardation. Symptoms of vitamin
B7 deficiency contain inflammation, loss of appetite, glossitis,
dandruff dermatitis, and hair removal. Hence, therapeutical
vitamin B7 supplementation can improve hair loss and prevent
not only seborrheic hair loss, but also juvenile gray hair
in the pathological case of biotin deficiency (151). Although
neuroleptic effect of vitamin B7 has not been proven, it does
demonstrate a beneficial effect on treatment of depression and
insomnia (139).

Dietary vitamin B7 release and
absorption

Humans are exposed to two sources of vitamin B7, including
dietary sources and bacterial source in the large intestine (9).
Dietary vitamin B7 exists in either free form or protein-bound
form. Ingested protein-bound forms of vitamin B7 are firstly
broken down by gastrointestinal proteases and peptidases to
biocytin (biotinyl-L-lysine) and biotin-oligopeptides (Figure 1).
These products are further processed in the intestinal lumen
to release free biotin before absorption. Free biotin from
the gastrointestinal tract is rapidly absorbed. Absorption of
free biotin by the proximal intestine is mediated by SMVT,
which also transports vitamin B5 and antioxidant lipoates (136,
142). In the intestine, SMVT is exclusively expressed on the
apical membrane of polarized intestinal absorptive cells and
thus SMVT system is the only biotin uptake system in the
mammalian gut (104).

Influence of gut microbiota on vitamin
B7 utilization

It has long been recognized that the normal microbiota of
large intestine can synthesize large amounts of biotin. Vitamin
B7-producing microbiota includes B. fragilis, F. varium, and
Campylobacter coli (24). Meanwhile, vitamin B7-consuming
bacteria must gain vitamin B7 from the environment to
maintain microbial functions and these bacteria lack the vitamin
B7 biosynthetic pathways. For instance, Lactobacillus possesses
genes involved in obtaining biotin from environments (145).
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Human body lacks the capacity to produce vitamin B7,
for which vitamin B7 is mainly supplied by the jejuna and
to a lesser extent, from the distal gut. However, absence of
gut microbiota may negatively affect circulating vitamin B7
levels. In rodent model, enhanced vitamin B7 transport was
observed in decreased intestinal pH (152). Since lactic acid
bacteria such as Bifidobacterium, Lactobacillus, Enterococcus,
and Streptococcus can produce lactic acid and lower the local
acidity in the intestinal lumen (45, 46), it is suggested that
supplementation of lactic acid bacteria might increase the
absorption of vitamin B7. Rat intestinal infection of Salmonella
enterica serotype Salmonella typhi results in a significant
reduction in intestinal vitamin B7 intake (150). Obese mice
induced by a high-fat diet demonstrate a changed gut microbiota
profile, resulting in fewer microbes expressing genes for vitamin
B7 synthesis (153). As a result, a reduction in vitamin B7
synthesis and lowered plasma vitamin B7 levels in obese
mice were observed, indicating the significant importance
of intestinal microbiota in maintaining vitamin B7 levels in
obesity (153).

Indirect role of vitamin B7 on human
health as mediated by gut microbiota

The composition of gut microbiota may be influenced by
vitamin B7. Vitamin B7-consuming bacteria with free biotin
transporter, including Prevotella, Bifidobacteria, Ruminococcus,
and Lactobacillus, require vitamin B7 to maintain their
microbiological functions (154). Hence, vitamin B7 deficiency
might interfere with the abundance of the above bacteria.
For instance, deprivation of vitamin B7 has been reported to
cause intestinal dysregulation and overgrowth of Lactobacillus
murine (155).

Vitamin B9

Vitamin B9 and human health

Vitamin B9 (folate) is a micronutrient for the synthesis and
functional regulation of many biomacromolecules in humans
(156, 157). In fortified foods, supplements, and pharmaceuticals,
vitamin B9 occurs in the synthetic form of folic acid (158). As
a critical cofactor in one-carbon metabolism, vitamin B9 could
transfer carbon units in methylation reaction, DNA and RNA
biosynthesis, and amino acid metabolism (159). Megaloblastic
anemia is one of the most common symptoms of vitamin B9
deficiency. The main reason for this disease is the inhibition
of the maturation of erythropoietic precursors (159, 160).
Lack of vitamin B9 also correlates with neural tube defects
(161). Furthermore, vitamin B9 inadequacy is associated with
the pathogenesis of several chronic diseases including CVD,

cancers (colorectal, prostate, and breast cancer) (162–164), and
Alzheimer’s disease (160, 165, 166).

Dietary vitamin B9 release and
absorption

Natural folate and folic acid have similar absorption
processes (158). In food, vitamin B9 usually occurs as folate
polyglutamate, which is hydrolyzed to the monoglutamate
form by glutamate carboxypeptidase II before the absorption
in the brush border of the proximal part of the jejunum
(Figure 1; 167). Monoglutamate folate can be transported
by the proton-coupled folate transporter (PCFT) across
the apical membrane of enterocytes (168, 169). After
vitamin B9 is metabolized to 5-methyl-tetrahydrofolate in
the enterocytes by dihydrofolate reductase, it can be transported
by multidrug resistance-associated protein (MRP) into the
portal vein. Vitamin B9 could experience enterohepatic
circulation, which means it can be discharged into the bile
and then reabsorbed in the intestine. Bacteria synthesized
folate might be absorbed in the colon because the colon
has abundant PCFTs for vitamin B9 absorption (170, 171).
Moreover, the enzymes that favor the absorption of vitamin
B9, such as folate hydrolase, γ-glutamyl hydrolase, and
folate hydrolase 2, are also highly expressed in the colon
(172, 173).

Influence of gut microbiota on vitamin
B9 utilization

The gut microbiota also plays a valuable role in producing
and consuming vitamin B9 (172, 174). According to an
evaluation of human gastrointestinal bacterial genomes, 13.3%
of the bacteria possess the ability of vitamin B9 de novo
synthesis, and 39% could produce vitamin B9 with extra
para-aminobenzoic acid provided from other bacteria or
food (172). It is also reported that 26% of Actinobacteria,
71% of Proteobacteria, 79% of Fusobacteria, and 15% of
Firmicutes in the human gut microbes have the potential to
de novo synthesize vitamin B9 (35). A systematic genome
evaluation of the vitamin B family suggested human intestinal
microorganism is capable of producing 37% of daily required
vitamin B9 in non-pregnant adults (35). Folate-producing
strains have been extensively screened to fortify vitamin B9
content (175–177). Liu et al., have isolated Latilactobcillus
sakei LZ217, a good producer of vitamin B9, from raw milk
(176). Zhang et al. screened high vitamin B9-producing strains
from 12 lactic acid bacteria and then obtained its variant,
Lactobacillus plantarum GSLP-7 V after stressing with drugs
(177). Based on a vitamin B9 deficient rat model induced
by a vitamin B9-free diet, they further proved GSLP-7 V
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and its fermented yogurt could restore serum vitamin B9
and homocysteine (Hcy) to normal levels. A case that is
closer to clinical application is L. reuteri ATCC PTA 6475.
It has been proved to be safe for humans and could
produce vitamin B9 with additional para-aminobenzoic acid
(172). Collectively, the microbiome has beneficial potential
in treating vitamin B9 deficiency. Another study pointed out
that 86% of the 512 investigated bacterial reference genomes
required vitamin B9 or its intermediates from food or other
microbiota (172).

Indirect role of vitamin B9 on human
health as mediated by gut microbiota

A vitamin B9-supplement diet slightly increased gut
bacterial community richness according to the abundance-
based coverage estimator, compared to a vitamin B9-deficient
diet in the high-fat-diet-induced obesity mouse model. The
relative abundance of Actinobacteria was significantly increased,

while it is the opposite for Clostridia (178). However, Wang
et al. proved additional folic acid didn’t make significant
differences in the indices of diversity in the cecum, but increased
relative abundance of Lactobacillus salivarius, L. reuteri,
and Lactobacillus mucosae (179). Vitamin B9 deficiency can
influence bacterial diversity. Compared to a micronutrient-
sufficient diet in gnotobiotic mice, the vitamin B9 deficiency
diet increased β diversity after 21-day treatment. But a 14-day
full diet treatment did not change this trend (180). Another
study based on human gut microbiota assessed fecal microbiota
composition. The fecal microbiota community has lower α and
β diversity when healthy volunteers with less vitamin B9 diet.
And the fecal microbiota community has a higher potential to
produce vitamin B9 in vitro experiments (181). It’s suggested
that vitamin B9 deficiency probably decreases the richness of
human gut microbiota.

Vitamin B9 also can influence the amount of SCFAs in
the gastrointestinal tract. In the study of Wang et al., there
were more acetic acid and valeric acid in the cecum and
colon of weaned piglets fed with vitamin B9 supplementation

TABLE 1 Summary of vitamin B absorption processes.

Vitamin Daily intake Hydrolysis from food Absorbing
location

Transporter

Vitamin B1 1.1–1.2 mg (28) Intestinal alkaline phosphatase (33). Small intestine and
large intestine (27).

A combination of unsaturated
passive diffusion and saturated
active transport (31, 32, 230).
By intestinal epithelium through
THTR-1 and THTR-2 (SLC19A2
and SLC19A3) (33).

Vitamin B2 1.1–1.3 mg (59) The diet needs to be hydrolyzed to riboflavin
through protein denaturation and hydrolysis
by alkaline phosphatases and FMN/FAD
pyrophosphatases (59, 231).

Small intestine (58,
231).

Specific carrier-mediated
processes (57).

Vitamin B3 28 mg for male and
18 mg for female in the
diet (79)

Synthesized from tryptophan by pyridine
carboxylase (83).

Stomach and upper
intestine (84–86).

Proton cotransporters
SMCT1 (SLC5A8), GPR109A
(HCAR2) (25).

Vitamin B5 4–7 mg for adults and
5–9 mg for pregnant
women (28)

Dietary vitamin B5 is firstly hydrolyzed to
pantetheine by alkaline phosphatase in the
intestinal lumen, and then is converted into
the absorbable forms of pantothenic acid by
pantetheinase (99).

Intestinal lumen
(99).

At low luminal concentrations,
free pantothenic acid is actively
transported into the absorptive
cells via the SMVT (100–103).

Vitamin B6 1.3–1.7 mg (123) The vitamin B6 in the diet is hydrolyzed by
pyridoxal phosphatase (83, 232, 233).

Jejunum, would also
occur in ileum or
cecum (234).

Vitamin B7 150–300 µg for adults,
35 µg for infants (149)

Ingested protein-bound forms of biotin are
first broken down by gastrointestinal proteases
and peptidases to biocytin (biotinyl-L-lysine)
and biotin-oligopeptides (9).

Small intestine (149). SMVT (100, 136)

Vitamin B9 400 µg for adult, 600 µg
for pregnant women (28)

Glutamate carboxypeptidase II, dihydrofolate
reductase (167).

Brush border of the
proximal part of the
jejunum (167).

PCFT (168, 169)

Vitamin B12 5–30 µg (187) Vitamin B12 is released from the protein
carriers with the help of gastric acid and
pepsin (197).
Pancreatic proteases.

Duodenum (197,
199).

Transmembrane protein
amnionless and megalin/LRP2
(197, 199).
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(179). Liu et al. proved the vitamin B9-produced probiotics,
L. sakei LZ217, could increase SCFAs content, especially
for propionic acid and butyric acid in the fecal slurry
cultures (176).

Vitamin B12

Vitamin B12 and human health

Vitamin B12 (cobalamin) is a member of the corrinoids
that is required by methionine synthase and methylmalonyl-
CoA mutase (182, 183). Methionine synthase is pivotal
in catalyzing the conversion of Hcy to methionine. The
subsequently adenosylated of methionine would generate
S-adenosylmethionine to supply methyl groups for biological
methylation modifications of proteins and nucleic acid.
Methylmalonyl-CoA mutase is involved in mitochondrial
metabolism. A daily intake of 4 µg is adequate to maintain the
normal biological functions of vitamin B12 (184), which could
be satisfied by dietary supplementation with 5–30 µg (185).
Vitamin B12 deficiency is correlated with several pathological
progressions due to its important role in methylation and
catabolism. Without sufficient vitamin B12 to convert total
homocysteine (tHcy) to methionine, circulating level of
accumulated tHcy might increase the risk of CVD (186,
187). Moreover, vitamin B12 deficiency is responsible for
cognitive impairment and neurological disorders, which might
result from the accumulation of tHcy and methylmalonic
acid (188–190). In addition, deficiency of vitamin B12 has

also been reported to perform a positive association with
osteoporosis (191), macular degeneration (192, 193), and
frailty (194).

Dietary vitamin B12 release and
absorption

For human, the major source of vitamin B12 is animal
products while intestinal microbiota synthesis might also
contribute to a minor fraction (195). Vitamin B12 could be
absorbed by both passive diffusion and receptor mediated
endocytosis in the intestine (Figure 1). Passive diffusion is
negligible in physiological doses (100–1000 µg) supplied by
food or supplementation (196). The absorption of vitamin
B12 by receptor mediated endocytosis is a multistep process
(197–199). In the upper gastrointestinal tract, vitamin B12
is released from the protein carriers with the assistance of
gastric acid and pepsin and then binds to haptocorrin under
the acidic condition. After the degradation of haptocorrin
by pancreatic proteases, the released vitamin B12 binds to
intrinsic factors in duodenum. The generated vitamin B12-
intrinsic factor complex is then endocytosed by mucosal
cells in the distal ileum with the help of receptor cubilin,
transmembrane protein amnionless, and megalin/LRP2. After
entering the mucosal cells, vitamin B12-intrinsic factor complex
is dissociated from cubilin in the early endosomal compartment.
In the lysosome, intrinsic factor is degraded and released
vitamin B12 enters the cytoplasm via LMBD1. The exit of
free vitamin B12 from enterocyte might depend on MRP1.

TABLE 2 Summary of vitamin B-producers and vitamin B-consumers.

Vitamin Producing bacteria Consuming bacteria

Vitamin B1 B. fragilis (36), Prevotella (37), F. varium (38), Actinobacteria (39),
Clostridium (35)

Ruminococcaceae (41), E. rectale A1-86 and R. intestinalis M50/1 strains
(39)

Vitamin B2 The de novo synthesis pathway was found in nearly all genomes of
Bacteroidetes, Fusobacteria, and Proteobacteria (35).

Vitamin B3 B. fragilis and P. copri (Bacteroidetes); R. lactaris, C. difficile
(Firmicutes); B. infantis (Actinobacteria); H. pylori (Proteobacteria);
and F. varium (Fusobacteria) (25).

Bacteroidetes (25)

Vitamin B5 Vitamin B5 producing bacteria include E. coli and S. typhimurium
(24, 105, 106)

L. helveticus, Streptococcus and E. faecalis, members of the vitamin B5
non-producing. Firmicutes phylum, requires vitamin B5 for their
growth in vitro (109, 110, 235).

Vitamin B6 B. fragilis, P. copri, B. longum, C. aerofaciens, H. pylori (35) Most Firmicutes genera (Veillonella, Ruminococcus, Faecalibacterium,
and Lactobacillus spp.) lack a vitamin B6 biosynthesis pathway (35).

Vitamin B7 Bacteria that can produce vitamin B7 include B. fragilis, F. varium,
and C. coli (24).

Lactobacillus

Vitamin B9 L. sakei LZ217, has shown a good ability of producing vitamin B9
(176).
L. plantarum GSLP-7 V
L. reuteri ATCC PTA 6475

Most of them (In 512 bacterial reference genomes, 86% of them required
vitamin B9 or intermediates from human food or other bacteria) (172).

Vitamin B12 L. reuteri CRL1098 (236), L. reuteri JCM1112 (237), L. reuteri DSM
20016 (238), L. reuteri (201), and E. faecium LZ86 (200).

80% of bacteria are predicted as consumers of vitamin B12 in the
gastrointestinal tract (204), e.g., B. thetaiotaomicron.
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With enterohepatic circulation, the secreted vitamin B12 in
duodenum would bind to intrinsic factor and then reabsorbed
into the circulation.

Influence of gut microbiota on vitamin
B12 utilization

Intestinal microbiotas are either producers or consumers of
vitamin B12. Moreover, the intestinal absorption of vitamin B12
could be in turn influenced by intestinal microbiota (35). Several
bacteria have been reported to be vitamin B12 producers, such
as L. reuteri, and Enterococcus faecium (200, 201). It is supposed
that vitamin B12-producing bacteria supplementation could
improve vitamin B12 utilization in the gastrointestinal tract.
Such an assumption has been proved in mice fed with vitamin
B12 deficient diets. The supplementation of L. reuteri CRL1098,
a vitamin B12-producing strain, prevented the signs of vitamin
B12 deficiency, suggesting the therapeutical effect of intestinal
bacteria in vitamin B12 deficiency (202). However, these
beneficial effects might be limited if the bacteria are colonized in
the colon (203), where lack of necessary transporters. In order
to develop a probiotic treatment for vitamin B12 deficiency,
the position of bacterial colonization should be considered.
Around 80% of microbiota in the gastrointestinal tract are
considered as consumers of vitamin B12 (204). Hence, the
overgrowth of bacteria might compete with the exogenous
vitamin B12 with their host and then reduce the bioavailability

(205). In small intestinal bacterial overgrowth, consumption
of vitamin B12 by the increased anaerobesis was considered
a major reason for vitamin B12 deficient symptoms (206).
Reducing the abundance of vitamin B12-consuming bacteria is
of benefit to vitamin B12 deficiency. For instance, daily probiotic
treatment of Lactobacillus performed a beneficial effect on both
bacterial overgrowth and vitamin B12 absorption, suggesting the
probiotic treatment might improve the vitamin B12 deficiency
via inhibiting the vitamin B12-consuming bacteria overgrowth
(207, 208).

Besides production or consumption of vitamin B12,
intestinal microbiota might indirectly change the bioavailability
of vitamin B12 via exerting influences on the absorption-related
physiological factors. Gastrointestinal diseases associated with
reduced acid secretion or enzyme content might interfere with
the release of vitamin B12 from food (209) or the translation
of vitamin B12 to intrinsic factors (199). Reduced vitamin B12
absorption is also observed in IBD, which is characterized by
abnormal gut permeability (198, 199). As a probiotic, Lacidofil
treatment significantly improved the gastric acid secretion in
H. pylori-infected mongolian gerbils, which conduced to the
release of vitamin B12 from food (210). Some gut bacteria
have also presented the remission effect on IBD, which might
improve the absorption of vitamin B12 via normalizing the gut
permeability (211). Besides, excessive competition between gut
microbiota and the host might interfere with the bioavailability
of vitamin B12. For instance, Bacteroides thetaiotaomicron
expresses an essential surface-exposed lipoprotein for vitamin

TABLE 3 Gut microbiota affect the absorption of vitamin B via modifying the physiological properties of gastrointestinal tract.

Key physiological
factors for nutrient
absorption

Influences of microbiota on physiological
conditions

Influence on vitamin B absorption

Permeability ↓ the abundance of Bifidobacterium, Faecalibacterium, and
Lactobacillus→↑ gut permeability→↑ IBD (239, 240)
L. Plantarum, L. casei, B. infants, and S. salivarius→↓ gut
permeability→↓ IBD (241–244)

Vitamin B (except vitamin B9) could be absorbed by
passive diffusion. Bacterial infection might increase
vitamin B amount of absorption.

Gastrointestinal motility Gut bacteria→ SCFAs→↑ gastrointestinal motility IBD mouse
(245–247)
L. casei and Bifidobacterium animalis→ SCFAs→↓ intestinal
motility in rats (232, 248–250)
Gram-negative bacteria, E. coli Nissle and L. reuteri→
↓ gastrointestinal motility in mice (10, 251–254)

Enhanced gastrointestinal motility resulting from
intestinal microbiota might cause a narrowed
absorption window (140) and thus results in reduced
bioavailability of vitamin B.

The degree of acidity (pH) in
gastrointestinal tract

H. pylori infection→↑ pH (255)
Bifidobacterium, Lactobacillus, Enterococcus, and Streptococcus→
↓ pH (45, 46)

The absorption progress of vitamin B1, vitamin B3,
vitamin B6, and vitamin B9 are pH-dependent.
Lactic acid bacteria might change the rate of vitamin B
absorption.

Expression of transporter Gordonibacter→↓ the expression level and activities of MDR1,
BCRP, MRP2, and MRP7 in vitro and mice (256, 257)
E. coli→↓ the expression of THTR-1 and THTR-2 in a Caco-2 cell
model (44)
S. enterica serovar Typhimurium→↑ CFTR expression in the
intestinal epithelium (258), ↓ the transcription of SLC5A6
S. typhimurium→↑MRP2 expression in human intestinal biopsy
material (259, 260), ↓ transport function of P-gp (260)

Overgrowth of E. coli might compromise vitamin B1
absorption due to downregulation of THTR-1 and
THTR-2.
S. enterica serovar Typhimurium might reduce
absorption of vitamin B5 and vitamin B7 via inhibiting
the SMVT (100, 150).
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B12 transport named BtuG (212). The higher binding affinity
of BtuG could remove vitamin B12 from intrinsic factors and
reduce vitamin B12 absorption.

Indirect role of vitamin B12 on human
health as mediated by gut microbiota

Vitamin B12 serves as a critical cofactor of diverse enzymes
in human gut microbes for nucleotide synthesis, amino acid
metabolism, carbon and nitrogen metabolism, and secondary
metabolite synthesis (203, 213). The biosynthesis of vitamin
B12 involves about 30 enzyme-mediated steps and only a small
fraction of bacteria could produce this vitamin (214). Most gut
bacteria utilize vitamin B12 that escapes the absorption in the
ileum and reaches the large intestine (215). The competition

of vitamin B12 in gut microbiota might influence their growth,
colonization, and metabolic processes (5, 204, 216).

In vitro study of colonic model suggested that vitamin
B12 supplementation may increase α diversity, but the results
depend on the form and dose of cobalamin administered
(217). In another in vitro study, α diversity is reduced after
methylcobalamin supplementation but not in cyanocobalamin
treatment group (218). In mice, no significant difference in
α diversity had been observed after vitamin B12 treatment,
even under different doses (182, 219). A study suggested that
cyanocobalamin supplementation had an increase in the α

diversity and exerted a significant difference in β diversity at the
genus level (220). However, some studies were unable to support
this conclusion (182, 221). In humans, vitamin B12 intake could
promote the increase of α diversity in adults but not in infants
or children (72, 113, 222, 223). However, the association between

TABLE 4 Influence of vitamin B on gut microbial profiles.

Name Diversity Abundance SCFAs

Vitamin B1 ∼ Ruminococcaceae (Firmicutes phylum) has a
positive correlation between the relative
abundance and vitamin B1 intake (41).

Involved in the butyrate production
pathway (41).

Vitamin B2 Improve microbial α diversity in healthy
volunteers (70–72).
Change β diversity in mice (69).

In vitro, the growth of B. coccoides, R. intestinalis,
and E. faecalis was stimulated (68).
In humans, increased in F. prausnitzii, Roseburia,
and decrease in Streptococcus and E. coli (74, 75).

Increased SCFAs content, especially
butyrate both in mice and human (39, 69,
70, 75, 76).

Vitamin B3 Improve in obese human subjects (89) Increase in Bacteroidetes in obese human subjects
(89).

Improve SCFAs concentrations in the
colon (261).

Vitamin B5 Increased the diversity in Juvenile Golden
Pompano (114).

Increases in Prevotella and Actinobacteria,
decreased in Bacteroides in lactating women (113).
Increased abundance of intestinal microflora in
Juvenile Golden Pompano (114).
Vitamin B5 supplements might inhibit the number
of Mycoplasma.

In vitro, fatty acid synthesis and protein
synthesis are greatly inhibited without
vitamin B5 (117).

Vitamin B6 Positive relationship (124).
In rats, vitamin B6 diet showed intestinal
microbiota segregation (148).

In mice, a vitamin B6 diet reduced S. typhimurium
(262).

In vitamin B6-deficient rats, the cecal
concentrations of SCFAs (i.e., propionate,
butyrate, isobutyrate, valerate, and
isovalerate) were decreased, whereas
acetate levels were unchanged (148).

Vitamin B7 Improved microbiota diversity in mice
(153).

Biotin deficiency causes intestinal dysregulation
and overgrowth of L. murine (155).

Vitamin B9 In human, less vitamin B9 in food cause
lower α diversity (181).
In mice, a vitamin B9 deficiency diet
increased β diversity after 21-day
treatment (180).
Human fecal microbiota (participants
with less vitamin B9 diet) had lower β

diversity (181).

In weaned piglets, a vitamin B9 diet increase in L.
salivarius, L. reuteri, and L. mucosae (179).
In obesity mouse model, vitamin B9 diet slightly
increased gut bacterial community abundance. The
Actinobacteria was increased but opposite for
Clostridia (178).
In human, vitamin B9 deficiency decrease the
richness of gut microbiota (178).

In weaned piglets, vitamin B9 diet increase
SCFAs content, especially for propionic
acid and butyric acid in the fecal slurry
cultures, acetic acid, and valeric acid in
cecum and colon (176, 179).

Vitamin B12 In colonic model, vitamin B12 increases α

diversity (217).
In human, vitamin B12 increases α

diversity in adults but not in infants or
children (72, 113, 222, 223).
In mice, cyanocobalamin supplementation
exerted significant difference in β diversity
at the genus level (220).

In colonic model, methylcobalamin
supplementation increased Acinetobacter and
declined Bacteroides, Enterobacteriaceae, and
Ruminococcaceae (218).
In healthy human, vitamin B12 intake might
increase the proportion of Proteobacteria (113)
and Verrucomicrobia (72) and reduce the
abundance of Bacteroidetes

In vitro, cobalamins increases the
generation of SCFAs, especially butyrate
and propionic acid (218).
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vitamin B12 intake and β diversity was only observed in infants
at 6 months of age and in older veterans rather than in other
observed groups, including infants at the age of 4 or 5 months,
lactating women, and children aged between 2 and 9 years (72,
113, 222, 223).

In the colonic model, cobalamin supplementation would
increase the relative abundance of Firmicutes and Bacteroidetes
and is opposite to Proteobacteria and Pseudomonas (217).
After 7 days of methylcobalamin supplementation, an increased
proportion of Acinetobacter and declined a fraction of
Bacteroides, Enterobacteriaceae, and Ruminococcaceae had been
observed in another colonic model-based study (218). In
the studies of murine, the associations between vitamin B12
supplementation and the relative abundance of bacteria have
been also reported (182, 219, 220). The supplementation
of vitamin B12 has elevated the fraction of Firmicutes
and reduced the proportion of Bacteroidetes. Compared

to methylcobalamin, cyanocobalamin treatment resulted in
higher levels of Bacteroidetes and Proteobacteria and lower
levels of Firmicutes in mice. In humans, vitamin B12
intake might increase the proportion of Proteobacteria (113)
and Verrucomicrobia (72) and reduce the abundance of
Bacteroidetes (224). However, some clinical studies also
suggested that vitamin B12 intake had no influence on bacterial
abundance (222, 223, 225–227). These controversial results
might be due to the different study designs and participants.

In vitro study suggested that the addition of cobalamins
increases the generation of SCFAs, especially butyrate and
propionic acid (218). Another in vitro study indicated that
low-dose cyanocobalamin-enriched spinach could increase the
generation of butyrate and acetate (228). In mice, a reduction
of SCFAs has been observed in dietary vitamin B12 restriction
(229). However, the effect of oral vitamin B12 on cecal SCFA was
absent in mice with dextran sodium sulfate induced colitis (220).

FIGURE 2

Summary of the relationship between vitamin B and gut microbiota. Vitamin B can affect the diversity, composition, and abundance of gut
microbiota by influencing cofactors. Gut microbiota affects vitamin B by producing or consuming and by modifying the physiological properties
of the gastrointestinal tract. Solid lines represent effect, dashed lines represent transportation. The blue lines show the effect of vitamin B on gut
microbiota, and the green lines show the effect of vitamin B on gut microbiota. Red lines represent the process of substance transfers into
circulation. Yellow lines represent the effects of circulation substances on organs. The metabolites of gut microbiota and dietary vitamin B can
affect human health. SCFAs, short chain fatty acids.
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Conclusion and prospects

In this review, we summarized current knowledge about
the interaction between gut microbiota and vitamin B
nutrition (Figure 2) to infer the consequence of probiotics
supplementation, which might be helpful to optimize the
treatment of probiotics. Vitamin B perform as essential
micronutrients for human. The absorption process of multiple
dietary vitamin B requires the assistance of many transporters,
which generally occurs in the small intestine (Table 1). At
the same time, gut microbiota not only act as producers
and/or consumers to modify the supplementation of vitamin
B in the gut (Table 2) but also affect the absorption
of vitamin B by altering the physiological or pathological
factors of the gastrointestinal tract (Table 3). As cofactors of
multiple enzymes, supplement with vitamin B can change the
diversity, abundance, and functions of gut microbiota (Table 4).
Understanding the interactions between vitamin B and gut
microbiota can help us prevent vitamin B deficiency and,
more importantly, allow us to recognize beneficial potential of
probiotics on human healthy.

In addition to supplements, the probiotic product has
recently been approved by FDA as the therapeutical approach
for disease treatment, which has significantly extended the
application of probiotics. Considering their ability for vitamin
B production and intestinal function modification, probiotics
might be a potential therapeutical approach for vitamin B
deficiency. Although conventional vitamin B supplements have
been applied, they are insufficient to treat vitamin B deficiency
patients of malabsorption. In this population, improved
intestinal absorption rather than vitamin B supplementation
would be a more efficient approach to improve vitamin B
nutrition. The combination of probiotics regulating intestinal
function and vitamin B producers/supplements could further
increase the absorption of vitamin B in the gastrointestinal
tract. Despite the beneficial effect on human health, risks
are remaining in probiotics treatment. The overgrowth of
Lactobacillus murinus after vancomycin treatment might
deplete vitamin B7 available, suggesting the potential risk

of nutrition competition after probiotics treatment. For the
purpose of reducing the risk of nutrition competition, vitamin B
should be supplied along with probiotics. Another consideration
of vitamin B supplementations in probiotics treatment is the
beneficial effect of vitamin B on the growth and function of
gut microbiota. But types and dosages of vitamin B should
be optimized as supplements of probiotics treatment. Overall,
probiotics treatment could be a potential treatment for vitamin
B deficiency, and vitamin B supplement might either reduce the
risk of probiotics-induced vitamin B deficiency or improve the
efficacy of vitamin B. Nonetheless, these assumptions are still
requiring further scientific and clinical studies to optimize the
combination of vitamin B and probiotics treatment.
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