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Editorial: Functional foods, supplements, and
dietary approaches in sports and clinical
nutrition. Front. Nutr. 10:1203477.
doi: 10.3389/fnut.2023.1203477

COPYRIGHT

© 2023 Santos, Forbes and Găman. This is an
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Editorial on the Research Topic

Functional foods, supplements, and dietary approaches in sports and
clinical nutrition

Nutritional research includes the investigation of various dietary approaches, functional

foods, and supplements, to guide personalized advice to enhance health and/or performance

(1–8). Evidence-based decisions must be made based on the most recent advances in

research. Therefore, we created a special issue entitled “Functional Foods, Supplements, and

Dietary Approaches in Sports and Clinical Nutrition”, which consisted of a number of leading

experts. In the special issue, 7 papers were focused on health or clinical populations and 4

manuscripts had a sport or performance focus. In this editorial, we briefly highlight the key

aspects of each manuscript.

Clinical studies

Intermittent fasting regimens have emerged as therapeutic tools to improve markers

of non-alcoholic fatty liver disease and cardiovascular risk factors (9–15). Kord-Varkaneh,

Salehi Sahlabadi et al. conducted a randomized controlled trial to assess the benefits

of intermittent fasting 5:2 in patients with non-alcoholic fatty liver disease. The results

of their research revealed that adherence to the 5:2 intermittent fasting regimen can

decrease anthropometric indices (waist circumference, body weight, fat mass, and bodymass

index), several biochemical markers (alanine and aspartate aminotransferases, triglycerides,

high-sensitivity C-reactive protein, and cytokeratin-18), as well as fibrosis and steatosis

scores. Fasting plasma glucose, insulin, HOMA-IR, total cholesterol, low- and high-density

lipoprotein cholesterol, as well as total antioxidant capacity levels, remained unaltered

following the intervention (Kord-Varkaneh, Salehi Sahlabadi et al.).

Another evidence-based manuscript targeted the topic of non-alcoholic fatty liver

disease. Kord-Varkaneh, Poursoleiman et al. performed a systematic review of the literature

to assess the potential benefits of low-fat vs. low-carbohydrate diets in the aforementioned

Frontiers inNutrition 01 frontiersin.org5

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2023.1203477
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2023.1203477&domain=pdf&date_stamp=2023-05-05
mailto:heitoroliveirasantos@gmail.com
https://doi.org/10.3389/fnut.2023.1203477
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2023.1203477/full
https://www.frontiersin.org/research-topics/37848/functional-foods-supplements-and-dietary-approaches-in-sports-and-clinical-nutrition
https://doi.org/10.3389/fnut.2022.948655
https://doi.org/10.3389/fnut.2022.948655
https://doi.org/10.3389/fnut.2022.987921
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Santos et al. 10.3389/fnut.2023.1203477

metabolic disorder and concluded that both dietary interventions

are effective in reducing anthropometric indices and metabolic

biomarkers, however, it appears that a reduced intake of fats were

more likely to drop liver enzyme concentrations.

Li et al. conducted a systematic review and meta-analysis

to assessed the impact of high-fructose corn syrup compared

to sucrose on anthropometric indices and metabolic biomarkers.

Their findings suggest that the two compounds are similar in

terms of their effects on anthropometric indices and metabolic

parameters, however, consumption of the former was linked to

higher concentrations of C-reactive protein (a marker of systemic

inflammation) (Li et al.).

Omega-3 polyunsaturated fatty acid supplementation (n-3

PUFAs) are essential components that can improve the glycemic

and cardiovascular profiles in different populations (16, 17).

Khorshidi et al. evaluated the effects of n-3 PUFA supplementation

on adolescents diagnosed with type 1 diabetes mellitus through

a randomized controlled trial. The researchers demonstrated that

the intervention enhanced flow-mediated dilatation, and reduced

triglyceride concentrations, without any notable impact on other

biomarkers of endothelial or vascular function or on metabolic

parameters (Khorshidi et al.).

Micronutrients, including vitamin D, are essential for health

and against diseases Proper screening for vitamin D status is

of global interest to prevent and possibly treat many ailments

diseases (18–21). Employing a systematic review and meta-analysis

approach, Fatahi et al. investigated the association between serum

vitamin D concentrations and inflammatory bowel disease in

children and adolescents. Their research indicated a tendency

toward children and adolescents with inflammatory bowel disease

to display vitamin D deficiency (Fatahi et al.).

Natural compounds are purported to modulate hormones to

enhance men’s heath (22–24). In their randomized controlled trial,

Sadeghi et al. investigated the action of FruHis, a natural compound

derived from the combination of fructose and histidine. This

product was investigated alone or in combination with lycopene

in the setting of benign prostatic hyperplasia. According to their

findings, the co-administration of FruHis and lycopene reduced

IGF-1 levels, without statistically significant changes in other

clinical or laboratory parameters (Sadeghi et al.).

Herbal medicines can complement dietary approaches possibly

due to their anti-inflammatory properties (25–28). Jiang et al.

explored the impact of supplementation with echinacoside, a

natural compound used in traditional Chinese medicine and

extracted from Herba Cistanches, a type of medicinal herb, on

immune parameters and key genes involved in the immune

response in a murine model of exercise-induced injury. Their

research highlighted its anti-inflammatory properties. In addition,

they employed genetic studies and artificial intelligence techniques

to propose a new method of screening for the detection of natural

products that could elicit health benefits in humans by targeting

relevant genes involved in immunity (Jiang et al.).

Sport studies

Teixeira et al. investigated the effects of 8 weeks of protein

supplementation with either a plant-based protein supplement or

whey protein in high level futsal players. The futsal players were

ingesting “sufficient” amounts of daily protein previously shown

to optimize muscle performance (>1.6 g/kg/day) and therefore

the supplements did provide any further benefit. These results

are important for athletes and highlight that more protein is not

always better and further corroborates that 1.6 g/kg/day of protein

is optimal (Teixeira et al.).

In another longitudinal study, Cabre et al. randomized healthy

active participants to either a pre-post multi-ingredient supplement

or placebo in conjunction with a high intensity resistance

training and high intensity interval training program. Overall, the

supplement was able to positively enhance lean mass and muscular

strength (both upper and lower body) in both men and women

(Cabre et al.).

Rauch et al. conducted a systematic review with an aim to

investigate the effects of various supplementation protocols of pre,

pro, and syn-biotics in healthy active adults on gastrointestinal

outcomes at rest and in response to acute exercise. Overall,

1,204 participants were included from 37 manuscripts. The review

highlights that prebiotics can alter gut microbial composition and

short-chain fatty acids (SCFA) concentrations, while probiotics

increase the supplemented species-strain with limited effect

on SCFA and no effects on gastrointestinal status markers at

rest. Further, probiotics and synbiotic supplementation did not

influence epithelial injury and permeability, systemic endotoxin

and inflammation cytokine profiles, or gastro-intestinal symptoms

in response to exercise (Rauch et al.).

Exercising in a hot and humid environment stresses the

cardiovascular system and may impair performance. Roriz et al.

performed a systematic review aimed to examine whether ice,

cold beverages or menthol solutions can alter performance when

exercising in different environmental conditions. Menthol solution

appeared to improved physical performance during continuous

endurance exercise in the heat. In contrast, ice ingestion or cold

beverages did not consistently increase performance. Menthol

with or within ice drinks resulted in a synergistic effect on

performance. Interestingly, even in environmental conditions that

are not extreme, internal cooling strategies may be ergogenic (Roriz

et al.).

Conclusion

This Special Issue included several high-quality original

research articles and several rigorous systematic reviews that

provided new insights for scientists and practitioners to help guide

evidence based practice.
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Introduction: The effects of dietary protein on body composition and physical

performance seemingly depend on the essential amino acid profile of the given protein

source, although controversy exists about whether animal protein sources may possess

additional anabolic properties to plant-based protein sources.

Purpose: To compare the effects of a novel plant-based protein matrix and whey protein

supplementation on body composition, strength, power, and endurance performance of

trained futsal players.

Methods: Fifty male futsal players were followed during 8 weeks of supplementation,

with 40 completing the study either with plant-based protein (N = 20) or whey

protein (N = 20). The following measures were assessed: bone mineral content,

lean body mass, and fat mass; muscle thickness of the rectus femoris; total body

water; blood glucose, hematocrit, C-reactive protein, aspartate aminotransferase,

alanine aminotransferase, creatine kinase, creatinine, and estimated glomerular filtration

rate; salivary cortisol; maximal strength and 1-RM testing of the back squat

and bench press exercises; muscle power and countermovement jump; VO2max

and maximal aerobic speed. Subjects were asked to maintain regular dietary

habits and record dietary intake every 4 weeks through 3-day food records.
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Results: No differences in any variable were observed between groups at baseline or

pre- to post-intervention. Moreover, no time∗group interaction was observed in any of

the studied variables, and a time effect was only observed regarding fat mass reduction.

Conclusions: Supplementing with either a novel plant-based protein matrix or whey

protein did not affect any of the variables assessed in high-level futsal players over 8

wks. These results suggest that whey protein does not possess any unique anabolic

properties over and above those of plant-based proteins when equated to an essential

amino acid profile in the population studied. Furthermore, when consuming a daily protein

intake >1.6 g/kg BW.day−1, additional protein supplementation does not affect body

composition or performance in trained futsal players, regardless of protein type/source.

Keywords: supplementation, protein, athletes, lean body mass, power, aerobic capacity

INTRODUCTION

Futsal is a demanding team sport involving strenuous high-
intensity bouts of running accelerations and decelerations along
with kicking, tackling, turning, changes of direction, and repeated
sprinting (1, 2). Although similar to football (soccer), futsal has
different features i.e., unlimited number of substitutions, use of
a smaller ball with less bounce, lower number of players (only
four outfield players and one goalkeeper), smaller goals (with 2×
3m), shorter match duration (two equal periods of only 20min
with clock stoppage for fouls, etc.) (3, 4). Due to these specific
features, research indicates that high-level futsal players require
high levels of agility (5), muscle power (5–7), repeated sprint
ability (2, 8, 9), jumping (10), and aerobic performance (3, 11).
In fact, 5 to 10% of the distance covered during a futsal match is
performed while sprinting (12–14), which when associated with
other tasks (i.e., kicking, turning, etc.) requires high strength and
power development of the lower limbs (15). Additionally, like
other small-sided games, high level futsal requires elevated levels
of aerobic capacity (VO2max 55.2–62.8ml.kg−1.min−1) (3).

Despite its growing popularity (12), research studies regarding
dietary supplements in futsal athletes are scant. While evidence
indicates that protein supplementation enhances muscle strength
and hypertrophy, it may also play a role in muscle repair
and recovery from endurance exercise (16), and further
improve VO2peak with endurance training (17). Current protein
recommendations for endurance athletes and those engaged
in team sports range from 1.2 to 2.0 g/kg BW.day−1 (18–
20), with earlier recommendations for football (soccer) ranging
between 1.4 and 1.7 g.kg BW.day−1 (21) and more recent
recommendations indicating potential benefits from higher
amounts 1.6–2.2 g/kg BW.day−1 (22).

To optimize muscle hypertrophy in conjunction with
regimented resistance exercise training (RET), a protein should
provide 6–15 g of essential amino acids per serving (23, 24),
including 1.7–3.5 g of leucine (24, 25), with a total daily protein
intake of ∼1.6 g/kg BW.day−1; timing, dose, and protein source
appear to play only a minor role in the process (16). Several
research studies have compared whey protein with plant-based
proteins such as rice (26, 27), pea (28), and soy (29, 30), with no
differences in body composition or strength observed between

groups. Conversely, other research has found superior results
with whey or milk protein when compared to soy (31, 32). No
research has been performed comparing a plant-based protein to
whey regarding team sports, i.e., futsal. Thus, the purpose of this
study was to compare supplementation with whey vs. a protein
matrix combining multiple plant-based protein sources fortified
with branched-chain amino acids (BCAA) (33) on measures of
body composition, strength, power, and aerobic performance in
futsal players. Given that both protein sources provided identical
amounts of protein and essential amino acids, we hypothesized
that changes would be similar between conditions.

METHODS

Ethics
This investigation was approved by the Faculty of Human
Kinetics Institutional Review Board (approval number 37/2021)
and conformed to all standards of human research set out in
the declaration of Helsinki (34). The trial was registered at
clinicaltrials.gov as NCT05228236 (https://clinicaltrials.gov/ct2/
show/NCT05228236). Prior to engaging in any of the study
procedures, the purpose and design of the study, the data
collectionmethodologies, and all potential risks and benefits were
explained to potential research participants. All participants gave
their verbal and written informed consent before enrolling.

Participants
Fifty male futsal players, not engaged in RET, at the time
of the investigation, volunteered to participate in this 8-week
study. From the initial sample, forty completed the investigation.
Participants were between the ages of 18 and 35 y and were
recruited from national level futsal sports clubs. They were
randomly assigned to one of two groups: novel plant-based
protein (PB) or whey protein (WP). For details, please refer to
the CONSORT flow diagram (Figure 1). Baseline measures were
performed pre-season while wk 4 and 8 were assessed during
the competitive season, in the first half of the regular phase of
the championship.

The final sample was comprised of both professional and
semi-professional players. The professional players (n = 16)
participated in the Major Portuguese National Futsal League
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FIGURE 1 | CONSORT diagram of the randomization and flow of participants through the study.

“LIGA PLACARD” and had a sport-specific training frequency
of 5 times per week (5×/wk) and a weekend game frequency of
1×/wk. Each training session lasted∼1.5 h.

The semi-professional players (n = 34) participated in either
the second (n = 17) or third (n = 17) Portuguese National
Futsal League. Training sessions lasted∼1.5 h for both teams and
athletes had a training frequency of 3×/wk and a weekend game
frequency of 1×/wk.

Participants represented the top five teams of each division
and included players from the current and former national team.
Although the players were from different teams, they had similar
training schemes, where sport-specific training regimen was
normally comprised of mobility and injury prevention exercises

for ∼20min, followed by technical and tactical components for
∼30min. The remainder of the training session was dedicated to
open exercises, mimicking game conditions. RET was not part
of the coaches’ training prescription at the initial phase of the
season, nevertheless, three players reported that they occasionally
went to the gym on their own to perform RET.

Sample Size and Study Design
Most previous research comparing plant-based whey proteins
show similar effects on body composition and performance (26–
28, 35), assuming equal amounts of protein and essential amino
acids are provided. Anticipating similar results and bearing in
mind that when there are no differences between the arms of
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TABLE 1 | Supplementation nutritional composition.

PB WP

Dose per serving (g) 32 34

Energy (kcal) 130 135

Fat (g) 2.7 2.4

Saturated fats 0.6 1.5

Carbohydrates (g) 0.6 2.7

Sugars <0.5 2.1

Protein (g) 25 24.8

Essential amino acids (g)

Histidine 0.6 0.4

Isoleucine* 1.1 1.4

Leucine* 2.2 2.4

Lysine 1.7 1.8

Methionine 0.3 0.3

Phenylalanine 1.1 0.8

Threonine 0.9 1.2

Tryptophan 0.2 0.1

Valine* 1.1 1.0
∑

Essential Amino acids (g) 9.2 9.4
∑

BCAA* (g) 4.4 4.8

*BCAA, branched-chain amino acids; PB, plant-based protein; WP, whey protein.

the study, a significant effect size does not exist, we employed
a non-inferiority trial. Nevertheless, the only study that found
significant differences between a plant-based protein (soy) and
whey protein reported an 80% power at an α-level of 5%, with a
0.5 kg difference in lean bodymass (LBM) (32). Assuming similar
conditions but 85% power, an alpha of 0.05, and a 0.5 effect size
(36), GPower (version 3.1, Dusseldorf, Germany) calculated a
required sample of 36 participants. Considering a 25% dropout, a
sample of 48 participants would be required and we recruited 50
participants as a buffer against attrition.

Supplementation and Randomization Protocol
All protein powders presented a third-party certificate of analysis
regarding their nutritional composition (Table 1) and were tested
for doping-controlled substances (LGC group, Middlesex, UK).
Additionally, the protein content of both supplements was
re-assessed at our laboratory using a Dumatherm automatic
Nitrogen analyzer (C. Gerhardt GmbH, Germany) according
to the manufacturer’s guidelines. More specifically, a sample
within 90–140mg was weighted in an aluminum foil (Dumafoil,
C. Gerhardt GmbH, Germany) using an analytical scale (Kern
model ABS 320-4N, GmbH, Germany). The sample was then
compacted and inserted into the device. The results were
analyzed considering a conversion factor of 6.25 (for PB) and
6.38 (for WP) per N gram, an O2 factor of 1.8 mL/mg and a 300
ml/min of O2 flow rate.

The PB supplement was comprised of a proprietary blend
(BETTPRO R©) containing pea protein isolate (85% PRO
concentration), yeast protein (80% PRO concentration), and
BCAA 4:1:1, currently, patent-pending (Bettery S.A., Oeiras,

Portugal), while the WP supplement was comprised of a whey
protein concentrate yielding an 80% protein concentration
(Ewalco AB, Gothenburg, Sweden). The proprietary blend
was mostly comprised of pea protein (>70%) with the yeast
and BCAA included to complement and match the essential
amino acid profile of whey. Both supplements required the
addition of fat-reduced cocoa powder, emulsifiers, thickeners,
and sweeteners to ensure similar taste and texture. The PB
required the use of masking excipients to neutralize the typical
flavor of the pea protein. Both supplements were weighted in
single-dose (see Table 1 for supplement composition) individual
plastic bags using a digital scale model EMB 5200G 5 (Kern,
Balingen, Germany). The participants were instructed to dissolve
the content of each bag within 250mL of water. A 2-week supply
was delivered to each player; a researcher collected the empty
plastic bags to assess adherence while delivering a new supply.
Participants received the packaged supplements and instructions
in a double-blinded fashion. Supplementation compliance (a
minimum of 90% compliance was deemed acceptable), possible
side effects, and subjectively perceived fatigue and muscle
recovery were assessed by questionnaire at the end of each 4-week
block of supplementation.

Participants were randomized, within each competitive level,
using a covariate adaptative randomizationmethod based on age,
grip strength, DXA-measured fat (FM), and LBM. Accordingly,
at baseline, there were no statistically significant differences
between groups regarding all the reported variables (Tables 2, 3).
The investigator responsible for the sample randomization and
supplement distribution was not directly involved in participants’
eligibility interviews or data collection. All other investigators
and all the participants were blind to the supplementation
conditions and randomization sequence.

Assessments
Athletes’ anthropometry, body composition, strength, power,
aerobic performance, nutritional intake, health, and safety
biochemical parameters were assessed at baseline and week
8. A partial evaluation was performed in week 4 that
included anthropometry, body composition, strength, power,
and nutritional intake assessment. All evaluations of the
participants, including blood and saliva samples collection, were
performed in our laboratory facilities, early in the morning
(7 a.m.) after a 12-h fast and without consumption of alcohol,
caffeine/stimulant beverages, and at least 12 h from the last
exercise session. Biofluids and body composition assessments
were performed fasting, while the performance evaluations
were made in a fed state, with the consumption of a meal
replacement bar (nutritional composition: 231 kcal, 14 g fat, 12 g
carbohydrate, and 13 g protein).

Anthropometry
Participants had their weight and height measured wearing
minimal clothing and without shoes to the nearest 0.1 kg and
0.1 cm, respectively, with a scale and a stadiometer (Seca,
Hamburg, Germany) using standardized procedures as reported
elsewhere (37).
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TABLE 2 | Energy and macronutrient intake at baseline and after 8 weeks of intervention.

PB (n = 20) WP (n = 20)

Baseline Post 4 weeks Post 8 weeks Baseline Post 4 weeks Post 8 weeks

Energy (kcal) 2,057.3 ± 350.3 2,073.5 ± 309.9 2,064.2 ± 366.7 2,055.5 ± 242.1 2,093.5 ± 246.3 2,080.5 ± 255.0

Energy (kcal/kg FFM) 36.3 ± 8.1 36.1 ± 9.5 35.8 ± 7.1 36.1 ± 6.7 36.2 ± 6.0 37.1 ± 6.4

Protein (g) 113.6 ± 26.6 117.7 ± 21.5 121.1 ± 21.4 118.2 ± 27.2 118.6 ± 28.0 121.7 ± 20.9

Protein (g/kg BW.day−1) 1.6 ± 0.5 1.7 ± 0.2 1.7 ± 0.3 1.6 ± 0.5 1.7 ± 0.4 1.7 ± 0.4

Fat (g) 84.9 ± 17.4 84.6 ± 18.8 84.1 ± 16.3 85.5 ± 22.5 83.2 ± 15.0 84.2 ± 18.4

Carbohydrate (g) 203.9 ± 51.9 202.7 ± 54.4 198.8 ± 58.0 188.5 ± 32.9 201.5 ± 33.8 200.8 ± 38.2

BW, body weight; PB, plant-based protein; WP, whey protein.

TABLE 3 | Body composition, performance, and hematological and biochemical markers at baseline and after 4 and 8 weeks of intervention.

PB (n = 20) WP (n = 20)

Baseline Post 4 weeks Post 8 weeks Baseline Post 4 weeks Post 8 weeks

Body composition

Body mass (kg) 70.8 ± 9.2 70.5 ± 9.3 69.9 ± 9.0 71.6 ± 10.2 70.6 ± 7.7 69.7 ± 7.7

TBW (L) 43.1 ± 4 4 43.0 ± 4.3 42.9 ± 4.4 43.7 ± 4.3 43.1 ± 3.7 42.8 ± 4.0

Muscle thickness rectus femoris (mm) 26.7 ± 3 6 27.2 ± 2.7 28.0 ± 3.2 26.4 ± 3.4 27.0 ± 2.9 27.9 ± 2.7

Bone mineral content (kg) 2.93 ± 0.39 2.96 ± 0.38 2.97 ± 0.43 3.06 ± 0.45 3.06 ± 0.46 3.07 ± 0.42

Lean body mass (kg) 57.7 ± 5.8 57.9 ± 5.4 58.5 ± 6.3 58.0 ± 5.9 58.2 ± 5.3 58.9 ± 5.5

Lean soft tissue (kg) 54.6 ± 5.5 55.0 ± 5.1 55.3 ± 5.9 54.8 ± 5.5 55.1 ± 4.97 55.7 ± 5.1

Fat mass (kg) 13.1 ± 5.0 12.1 ± 5.0 11.4 ± 4.1# 13.6 ± 5.4 11.5 ± 3.5 10.9 ± 3.2#

Fat mass (%) 18.1 ± 4.9 17.6 ± 4.8 16.1 ± 4.2 18.5 ± 4.8 17.7 ± 3.7 15.4 ± 3.2

Visceral fat area (cm) 61.9 ± 21.5 59.6 ± 20.0 57.1 ± 21.3 57.1 ± 18.3 53.1 ± 11.9 51.2 ± 10.4

Muscle strength

Handgrip dominant hand (N) 471.2 ± 91.2 483.4 ± 93.8 486.4 ± 89.3 461.3 ± 75.9 470.5 ± 74.0 475.4 ± 73.7

Back squat 1 RM (kg) 76.6 ± 14.3 78.4 ± 13.8 85.5 ± 15.6 80.2 ± 14.7 81.0 ± 13.8 85.9 ± 13.1

Bench press 1 RM (kg) 54.6 ± 13.0 55.3 ± 16.2 56.9 ± 9.1 56.8 ± 8.6 57.4 ± 9.4 59.1 ± 9.7

Counter movement jump (cm) 33.5 ± 4.2 34.7 ± 4.5 38.0 ± 4.7 33.5 ± 3.9 36.9 ± 4.0 38.7 ± 3.4

Anaerobic and aerobic performance

Anaerobic peak power (W/kg) 12.9 ± 4.50 – 11.4 ± 3.2 12.4± 4.8 – 11.5 ± 4.2

Anaerobic average power (W/kg) 8.5 ± 1.0 – 8.4 ± 0.7 8.3 ± 0.9 – 8.1 ± 0.9

Anaerobic power drop (%) 62.7 ± 15.4 – 58.5 ± 11.1 64.0 ± 16.9 – 62.8 ± 14.0

VO2max (mL/kg/min) 49.7 ± 7.1 – 50.6 ± 7.6 51.2 ± 7.0 – 51.1 ± 3.3

VO2max (mL/min) 3,545.8 ± 436.8 – 3,544.8 ± 380.9 3,719.1 ± 410.8 – 3,582.7 ± 294.8

MAS (km/h) 16.0 ± 1.6 – 16.3 ± 1.9 15.0 ±1.9 – 16.2 ± 1.2

Hematological and biochemical markers

C Reactive protein (mg/L) 10.0 ± 5.0 – 9.4 ± 1.2 8.9 ± 2.2 – 8.3 ± 0.7

Hematocrit (%) 44.2 ± 3.3 – 43.6 ± 2.6 44.4 ± 2.4 – 44.3 ± 2.4

Creatine kinase (U/L) 254.4 ± 126.3 – 201.0 ± 68.9 272.5 ± 114.1 – 195.5 ± 55.6

Alanine aminotransferase (U/L) 22.8 ± 15.4 – 19.0 ± 6.1 21.0 ± 9.6 – 20.2 ± 6.9

Aspartate aminotransferase (U/L) 25.3 ± 16.9 – 20.5 ± 6.9 19.3 ± 7.4 – 19.7 ± 5.9

Glucose (mg/dL) 77.8 ± 13.1 – 70.1 ± 11.6 76.6 ± 13.6 – 67.6 ± 12.4

Creatinine (mg/dL) 1.4 ± 0.2 – 1.5 ± 0.2 1.4 ± 0.3 – 1.5 ± 0.2

Estimated glomerular filtration rate (mL/min) 82.1 ± 17.3 – 80.8 ± 12.6 83.4 ± 20.2 – 79.6 ± 20.1

Salivary cortisol (µg/dL) 1.2 ± 0.6 – 1.2 ± 0.4 0.9 ± 0.6 – 0.7 ± 0.5

PB, plant-based protein; WP, whey protein; TBW, Total body water; MAS, maximal aerobic speed.
#Time effect from baseline (ANCOVA).

Results are presented as mean ± SD.
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Body Composition
Body composition was determined by three methodologies:

(a) Dual energy X-ray absorptiometry (DXA) (Horizon Wi,
Hologic, Waltham, USA) where participants underwent a whole-
body DXA scan according to the procedures recommended by
the manufacturer. The same technician positioned the patient,
performed the scan, and executed the analyses. The DXA
measurements included whole-body measurements of bone
mineral content (BMC, g), LBM (kg), as well as absolute and
percentage fat mass (FM, kg, and %).Within FM, visceral adipose
tissue was distinguished using DXA software (38).

(b) B-mode ultrasonography for muscle thickness (MT)
measurement of the rectus femoris (RF) (39) using a 7.5 MHz
linear-array transducer (model WED-180 HL, Welld, Shenzhen,
China). Longitudinal and transversal scans were obtained at the
muscles’ mid-belly at 56% of the distance from the proximal
edge of the patella to the anterior superior iliac spine (40).
Participants were positioned in a seated position with their
knees flexed at 90◦ (0◦ being a full extension), participants’
legs were supported during the scan and their muscles relaxed.
To ensure that repeated scans (weeks 4 and 8) were taken
from the same site, scanning locations were mapped with a
malleable transparent plastic sheet at the baseline measurement,
along with other distinguishing surface landmarks (e.g., border
of the patella, tattoos, scars, moles). We defined MT as the
perpendicular distance between the subcutaneous adipose tissue-
muscle interface and intermuscular interface. Averaged values
from three measurements were considered for further analysis.
All measures were collected and digitally analyzed by the same
operator who was blinded to group allocation. The test-retest CV
in 29 participants for the MT in RF using ultrasonography in our
laboratory is 2.1%.

(c) Bioelectrical impedance analysis (BIA) is a phase sensitive
device, from which whole-body resistance (R) and reactance
(Xc) are obtained using a single frequency of 50 kHz (BIA 101
BIVA R©PRO, Akern S.R.L., Pisa, Italy). Device calibration was
performed according to the procedures recommended by the
manufacturer. Assessments were obtained after a 10-min rest
period in a supine position following the guidelines for athletes
stated elsewhere (41). From the raw data R and Xc, total body
water (TBW) was determined using Akern Software (version
1.19.2). The test-retest CV in 15 participants for R and Xc in our
laboratory is 3.5 and 1.5%, respectively.

Hematological and Biochemical Analysis
Saliva and whole blood were collected into salivettes and
EDTA tubes by standard procedures. Blood measurements
included the assessment of glucose, hematocrit (Hct), C-reactive
protein (CRP), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), creatine kinase (CK), and creatinine,
using photometry techniques in automated equipment (Vario
Photometer II DP310, Diaglobal Gmbh, Berlin, Germany;
Nycocard reader II, Abbott, Chicago, Illinois, EUA). Creatinine
values were used to calculate the estimated glomerular filtration
rate (eGFR) (42). Cortisol was evaluated in saliva through
Enzyme-Linked Immunosorbent Assay (ELISA) commercial

kits (Salimetrics, PA, USA) in an automated reader (800 TS
Absorbance Reader, Biotek, Vermont, USA).

Performance Tests

Muscle Strength
Maximal isometric handgrip strength of the dominant hand was
determined using a Jamar R© hydraulic hand dynamometer
(Jamar, Sammons Preston, Inc, Bolingbrook, IL). The
participants were tested in a standing position with an elbow
in full extension (43). The participant was asked to squeeze the
dynamometer at maximal effort for three trials, with a 30-s break
between each trial. The best of the three trials was considered for
data analysis.

Maximum strength (1-RM) was predicted based on load-
velocity relationship for the back squat and bench press exercises
on a Multipower machine. For both back squat and bench press,
participants performed one set of 8 repetitions at a self-selected
load, having been instructed to perform the concentric phase
as fast as possible. A linear encoder (Vitruve Encoder, Madrid,
Spain) was attached to the barbell during the tests, measuring its
vertical displacement and velocity. The higher mean propulsive
velocity along the 8 repetitions was used to predict the 1-RM
(44). The determination of 1RM was directly supervised by an
NSCA-certified strength and conditioning specialist.

Jump height was assessed by a countermovement jump which
was performed on a contact-mat jump system controlled by
an open-source hardware and software model (Chronojump,
Barcelona, Spain). The displacement of center of gravity (jump
height h) during the flight was estimated by means of flight time
(t) through a standardized kinematic equation h = t2.g/8, where
g is gravity (45). The best attempt out of three was considered
for analysis.

Participants were familiarized with the muscle strength tests
prior to our investigation.

Anaerobic and Aerobic Performance
Anaerobic power performance was assessed via a supramaximal
cycling test—Wingate, performed on a cycle ergometer (Monark
ergomedic 894 E, Monark Exercise AB, Vansbro, Sweden).
Participants were instructed to cycle as fast as possible against a
predetermined resistance (7.5% of the participant’s bodymass)for
30 s (46). Variables collected at the end of the test included
anaerobic peak power, anaerobic average power, and anaerobic
drop power, calculated as the percentage drop between peak and
minimum power of the test.

Aerobic performance was assessed via VO2max and maximal
aerobic speed (MAS), determined by a breath-by-breath gas
analyzer (Quark, Cosmed, Italy) in an incremental treadmill
test. After a 3-min warm-up at 5 km·h−1, participants began
the test at 6 km·h−1 and 2% grade. Each minute the speed
increased 1 km·h−1 until volitional exhaustion so that fatigue
would be induced within 8–12min (47). Standardized verbal
encouragement was given throughout the test. The MAS was
considered as the speed of the last stage completed (48) while
VO2max was considered the highest 30 s average value of VO2

and assumed when at least 2 of the following criteria were met:
respiratory quotient >1.10; heart rate (HR) equal to or >95%
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of predicted maximal HR (calculated as 208–0.7× age); and
increments in VO2 below 2 ml·kg−1 · min−1 despite an increase
in speed (49).

Diet Control and Supplementation
Three-day food records (2 weekdays and 1 weekend day) were
requested to characterize the food intake of the participants
at baseline, weeks 4 and 8. Individuals were instructed to
maintain their normal dietary intake during the 8-week study
period. Food records were then analyzed by software [Nutritics
Research Edition (v5.09), Dublin, Ireland] for total energy and
macronutrient consumption, by a registered dietitian.

After evaluations, each participant received either PB or WP.
Participants were only aware that these were protein supplements
and that compounds were distributed in a double-blinded
manner. Both groups consumed the protein supplements 30–
60min after exercise on training days and 30–60min before
bedtime on non-training days.

Statistical Analysis
IBM SPSS Statistics version 25.0, 2012 (IBM, Chicago, Illinois,
USA) was used to analyze the data. Basic descriptive statistics
were run to characterize the study participants. All variables
were assessed for normality using the Kolmogorov–Smirnov
test. Independent sample T-tests were used to compare means
between groups at baseline. Post-hoc intention to treat (ITT)
analysis was applied to investigate the effects of intervention over
time within and between groups through generalized estimated
equations (GEE) analyses. Time and time-by-group interactions
were analyzed by analysis of covariance (ANCOVA), using
baseline measurements as the covariate. The equality of the
matrix of variance and sphericity were explored with the Levene
F-test and Mauchly’s test, respectively. Significance for α was set
at p ≤ 0.05.

RESULTS

Data from 40 participants were considered for final analysis (PB
= 20, WP=20). Sample losses were due to personal reasons
(N = 5) or due to injury during practice (N = 5), therefore
an intervention adherence of 80% was observed. No differences
were observed between groups at baseline nor after 8 weeks of
supplementation. Analysis of food records showed no differences
between groups at baseline nor pre- to post-study regarding
energy and macronutrient intake (Table 2).

Participants were compliant with the supplementation, taking
93 ± 1% of supplements with no adverse effects reported
throughout the study. No differences were found between groups
regarding general perceived side effects of the supplementation.
Additionally, perceived gastrointestinal disturbances were 18%
higher in the WP group.

No differences were observed between conditions at baseline
regarding all variables (see Table 3; Figures 2, 3). Moreover, no
differences were observed between groups from baseline to week
8 (p > 0.05). No time∗group interaction was observed in any of
the studied variables, and a time effect was only observed for a

reduction in FM. Similar results were observed when the analysis
was carried out using ITT.

DISCUSSION

Body Composition
We found no differences between groups regarding all
body composition variables when comparing PB and WP
in professional and semi-professional futsal athletes. These
findings are in line with previous populations (26–30, 35) but
not with others (31, 32, 50, 51). Of note, a study by Babault et al.
(28) that compared pea protein with whey used 25 g 2 times a
day (50 g daily) on untrained subjects. Compared to the present
study, this investigation (28) was of longer duration (12 wks),
used only three exercises (involving elbow flexor and extensor
muscles), and involved a higher daily protein supplementation in
untrained men. Moreover, Babault et al. (28) did not control the
dietary intake and the pea protein supplement offered a lower
amount of leucine per serving than in our study (1.6 vs. 2.2 g).
Another study compared pea protein with whey protein, in
trained subjects (35), performed a combination of high-intensity
functional training (HIFT) and no differences were found
between groups after 8 wks of HIFT, with only a time effect being
reported regarding 1-RM squat and deadlift. Limitations in that
study included a small sample size (n = 15) and the use of a BIA
model with questionable accuracy (52, 53).

Studies from Joy et al. (26) andMoon et al. (27) that compared
rice protein with whey protein also presented several limitations.
As acknowledged by the authors, sample sizes were relatively
small (n = 24) and the Moon et al. (27) work lacked training
supervision. Moreover, neither study employed a direct measure
of hypertrophy, which may have limited the ability to detect
subtle longitudinal changes in muscle mass (54). The sample in
our study was comprised of professional and semi-professional
futsal players without RET exposure, which explains the absence
of a time effect pertaining MT and fat free mass (FFM) gains,
even when consuming at least 1.6 g/kg BW.day−1 of protein (16).
Still, the FFM gains in both groups are in line with the values
reported in some meta-analysis (16, 55) and with the works by
Joy et al. (26) and Moon et al. (27) using rice protein. Our results
pertaining toMT are also consistent with the work by Banazsek et
al. (35), who found no differences between pea protein and whey
protein after 8 wks of HIFT.

In contrast, Volek et al. (32) reported superior increases
in FFM favoring WP vs. soy protein in untrained subjects. It
should be noted that the supplements used by Volek et al. (32)
also provided carbohydrates and the soy protein supplement
provided a lower amount of leucine than the PB in our study
(1.4 vs. 2.2 g). Furthermore, the amount of leucine provided from
both supplements in Volek et al. (32) differed greatly (1.4 g of
leucine in the soy protein group vs. 2.2 g in the WP), which is
particularly important given the recommended leucine dosage
for maximizing muscle protein synthesis (1.7–3.5 g per meal)
(24, 25). Other studies that reported conflicting findings with
ours did not compare isolated protein sources (50), and assessed
dairy protein vs. soy protein in elderly participants (31).
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FIGURE 2 | Changes (1 baseline-week 8) in lean body mass (A), fat mass (B) during the 8-week supplementation protocol. Data are shown as box and whisker plots

where whiskers are the maximum and minimum and the box represents the interquartile range, the line the group median. Dots represent outliers. *Represents an

observed time effect. PB, plant-based protein; WP, whey protein.

FIGURE 3 | Performance markers at baseline and post 8 weeks: back squat (A), bench press (B), counter movement jump (C), anaerobic peak power (D), VO2max

(E) and maximal aerobic speed (F). PB, plant-based protein; WP, whey protein.

In our study, a time effect was noted regarding FM loss, with
no differences between groups. These results are in agreement
with some studies (26, 27, 32) but not others (28, 35). This might
be explained by the reduced energy availability in both arms of
our study (PB: 35.8 ± 7.1; WP: 37.1 ± 6.4 kcal/kg FFM), which
seems more appropriate for fat loss (56). Moreover, research
indicates a higher protein intake might mitigate FFM loss during

periods of energy restriction (57, 58), whichmight explain the FM
reduction while maintaining FFM. Taken together, the absence
of a RET protocol and the reduced energy availability in our
trial might explain the lack of a time effect pertaining to FFM
gains and the reduction of FM in both conditions. Furthermore,
since the dietary intake did not change throughout the study, one
might speculate that a natural increase pertaining to in-season
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training volume might have led to the reported FM reduction in
both groups.

Muscle Strength
No differences were found between groups regarding both
muscle strength markers, nor did we observe a time effect.
These results are in contrast with protein supplement research
performed in combination with RET (26–28, 32, 35). Since our
sample was comprised of futsal players not engaged in RET,
these results are not surprising. A meta-analysis by Morton et
al. (16), found that protein supplementation has little effect on
strength when compared to RETwhen individuals consume>1.6
g/kg BW.day−1 of protein. Similar results have been reported
regarding protein supplementation on muscle force production
with both acute and chronic concurrent training (59). Still,
when comparing our results with the study from Banazsek
et al. (35), which used a sample closer to ours (HIFT), our
results are in line with all findings except for 1-RM. It could
be hypothesized that protein supplementation might improve
performance via enhanced recovery. However, a recent study
showed no differences between a high intake of pea protein or
WP when compared with water intake on post-exercise delayed
onset muscle soreness (60), casting doubt on the hypothesis.

Anaerobic and Aerobic Performance
No between-group differences or time effects were found
regarding anaerobic or aerobic performance. Few studies have
investigated the effects of protein supplementation on anaerobic
(59) and aerobic performance (61–63). Regarding protein
supplementation on muscle power Camera et al. (59) showed
similar results to ours. Also, it seems that when adequate amounts
of carbohydrates are consumed, protein supplementation does
not further increase aerobic performance (24). Moreover, our
results agree with a recent systematic review showing that protein
supplementation increases myofibrillar but not mitochondrial
protein synthesis (64), consequently failing to enhance whole-
body aerobic power (i.e., VO2max).

Hematological and Biochemical Markers
No effects of time or group were detected regarding all
hematological and biochemical markers. Only one previous study
by Nieman et al. (60) compared pea protein vs. WP after a 90-
min eccentric exercise bout regarding proxy markers of muscle
damage (CK) in non-athletic, non-obese males. Results showed
that WP delayed the elevation of CK to a greater extent than
pea protein or water. These results conflict with ours since we
did not find any differences between groups. Discrepancies in
findings can potentially be explained by the fact that we studied a
different population (trained futsal players) and did not include a
specific muscle damage-inducing protocol. Moreover, we used a
novel protein/BCAA matrix that combined not only pea protein
but also yeast protein and BCAA as well, yielding an equal amino
acid profile to whey protein.

Regarding ALT and AST (proxy markers of liver health) our
null findings align with those of Nieman et al. (60). The lack
of changes in eGFR and creatinine in our study is consistent
with a plethora of research showing that relatively high protein

diets do not have negative effects on renal health in healthy
individuals (65–67) or even in overweight/obese individuals with
mild kidney function impairment (68). In brief, both proteins
displayed a good safety profile after 8 wks of supplementation,
with no changes in inflammatory markers (CRP), red blood
cell profile (Hct), liver (ALT/AST), glucose or kidney function
(creatinine, eGFR), being observed between groups.

Strengths and Limitations
This is the first study to compare a plant-based protein
vs. whey in professional and semi-professional team sports
athletes (i.e., futsal). Few (or no) studies have compared the
effects of a protein source when provided as supplemental
protein outside RET or strength/power sports (61–63), with
only one comparative study being performed in collegiate
female basketball players (whey vs. casein) (69). Furthermore,
we supplemented with an iso-energetic, iso-nitrogenous, iso-
EAA novel plant-based protein/BCAA mixture that matched
whey protein, using yeast protein for the first time. Moreover,
we assessed not only body composition using multiple gold
standard methods but also anaerobic and aerobic performance,
as well as several hematological and biochemical markers,
thus providing a complete longitudinal view of the effects
of both proteins. While this study provides novel insights, it
nevertheless presents some limitations. For one, the inclusion of a
placebo/control group would have added important information
to the findings. In addition, we did not assess the effectiveness
of the blinding and thus cannot be completely sure that there
was not a residual placebo effect. Additionally, the participants
spontaneously reduced their protein intake from other sources,
when supplementing with either protein. Albeit not interfering
with their usual diet adds ecological validity to our study, it
precludes any conclusions from an increase in dietary protein.
Moreover, extending the study length to 12 wks or more and
employing a RET protocol in both groups would have provided
additional insights into the effects of the proteins on measures
of strength and body composition. It is also important to
bear in mind that DXA, as well as BIA-derived parameters,
have different instrumental sensitivities thus not allowing for
direct comparisons between studies that measure R, Xc, and/or
water compartments with different technologies or sampling
frequencies (70, 71). As previously discussed, although not
changing the diet of the participants adds ecological validity
to this study, this might have influenced some performance
outcomes (i.e., aerobic capacity) due to reduced energy and
carbohydrate intake.

CONCLUSION

In summary, supplementing with either a novel plant-based
protein matrix or whey protein did not affect any of the variables
assessed in high-level futsal players over 8 wks. These results
suggest that whey protein does not possess any unique anabolic
properties over and above those of plant-based proteins when
equated for essential amino acid profile in the studied population.
Furthermore, when consuming a daily protein intake >1.6 g/kg
BW.day−1, additional protein supplementation does not affect
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body composition or performance in trained futsal players,
regardless of protein type/source.
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5Department of Radiology, Shahid Beheshti University of Medical Sciences, Tehran, Iran,
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Background: Vascular dysfunction is a major complication of diabetes mellitus

that leads to cardiovascular disease (CVD). This study aimed to examine the

e�ects of omega-3 consumption on endothelial function, vascular structure,

andmetabolic parameters in adolescents with type 1 diabetes mellitus (T1DM).

Methods: In this randomized, double-blind, placebo-controlled clinical trial,

51 adolescents (10–18 years) with T1DM completed the study. Patients

received 600 mg/day [containing 180mg eicosapentaenoic acid (EPA) and

120mg docosahexaenoic acid (DHA)] of omega-3 or placebo for 12 weeks.

Flow-mediated dilation (FMD), carotid intima-media thickness (CIMT), high-

sensitivity C-reactive protein (hs-CRP), erythrocyte sedimentation rate (ESR),

triglycerides (TG), low-density lipoprotein (LDL), high-density lipoprotein

(HDL), total cholesterol, blood urea nitrogen (BUN), creatinine, fasting blood

sugar (FBS), hemoglobin A1C (HbA1c), homeostatic model assessment for

insulin resistance (HOMA-IR), quantitative insulin sensitivity check index

(QUICKI), serum insulin (SI), urine albumin-creatinine ratio (uACR), blood

pressure, and anthropometric indices were assessed at the baseline and after

the intervention.

Results: Following supplementation, omega-3 significantly increased FMD

(3.1 ± 4.2 vs. −0.6 ± 4%, p = 0.006) and decreased TG (−7.4 ± 10.7 vs. −0.1

± 13.1 mg/dl, p = 0.022) in comparison with the placebo group. However, no

significant di�erence was observed regarding CIMT (-0.005 ± 0.036 vs. 0.003

± 0.021mm, p = 0.33). Although hs-CRP was significantly decreased within

Frontiers inNutrition 01 frontiersin.org

20

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.962773
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.962773&domain=pdf&date_stamp=2022-07-22
mailto:aryaeian.n@iums.ac.ir
https://doi.org/10.3389/fnut.2022.962773
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.962773/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Khorshidi et al. 10.3389/fnut.2022.962773

the omega-3 group (p = 0.031); however, no significant change was observed

compared to placebo group (p = 0.221). Omega-3 supplementation had no

significant e�ect on other variables.

Conclusion: Given the elevation in FMD and reduction in TG, omega-3

supplementation can improve vascular function and may reduce the risk of

cardiovascular disease in adolescents with T1DM patients.

KEYWORDS

omega-3, endothelial function, type 1 diabetes mellitus, vascular structure,

triglycerides

Introduction

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune

disorder characterized by insulin deficiency caused by

the destruction of pancreatic β-cells (1). Based on recent

epidemiological evidence, the prevalence of T1DM was 9.5%

globally (2). Also, the incidence rate of T1DM is increasing

annually by 2–3% worldwide (3). Children younger than 15

years possess the greatest increase in the incidence rate of T1DM

(4). Current evidence suggests that genetic, environmental, and

immunologic factors have crucial roles in the pathogenesis of

T1DM, however, there are still some gaps in current knowledge

(5). Impaired blood sugar control in patients with T1DM leads

to structural and functional damage to the cardiovascular

system, these factors predict an increased risk of cardiovascular

disease (CVD) in adulthood, and studies have shown that more

than 35% of people with T1DM develop vascular endothelial

dysfunction after 5 years (6, 7). Despite the discovery of insulin

in 1921 as the main treatment for T1DM, the disease continues

to be correlated with substantial medical complications

associated with vascular dysfunction including retinopathy,

neuropathy, nephropathy, atherosclerosis, and thrombosis in

the heart, peripheral arteries, and brain. The lifetime economic

burden of T1DM represents a high burden of the disease on

health care systems. Thus, developing new therapeutic strategies

for the management of T1DM and its related complications is

pivotal (8).

Abbreviations: T1DM, Type 1 diabetes mellitus; FMD, flow-mediated

dilation; CIMT, carotid intima-media thickness; BUN, blood urea

nitrogen; hs-CRP, high-sensitivity C-reactive protein; ESR, erythrocyte

sedimentation rate; BMI, body mass index; TG, triglyceride; HDL-C,

high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; TC, total cholesterol; FBS, fasting blood sugar; HbA1C,

hemoglobin A1C; HOMA-IR, hemostatic model assessment of insulin

resistance; QUICKI, and quantitative insulin sensitivity check index; HO-1,

heme oxygenase 1; GPx, glutathione peroxidase; NF-kB, nuclear factor-

kB; PAQ-C, physical activity questionnaire for children; PAQ-A, physical

Vascular endothelial dysfunction is caused by decreased

bioavailability of vasodilators, and one of the factors used to

assess endothelial function is flow-mediated dilation (FMD),

which has been shown to be impaired in adolescents with type

1 diabetes and predicts vascular disease in adulthood (9). End

products of advanced glycation (AGEs), which are formed by

constant exposure to high blood sugar, are one of the main

factors in increasing vascular wall thickness such as carotid

intima-media thickness (CIMT) in patients with diabetes; on

the other hand, Ox-low-density lipoprotein (LDL), reduced

bioavailability of nitric oxide (NO), and impaired endothelial

NO synthase impair endothelial function (10). According to

the American Heart Association, children and adolescents with

T1DM and type 2 diabetes mellitus (T2DM) are at high risk

for CVD in adulthood (11). However, exploring novel adjuvant

therapy for the management of T1DM complications is taken

into consideration by researchers.

Omega-3 fatty acids are proposed to exert favorable effects

on T1DM (12). Omega-3 fatty acids are polyunsaturated

fatty acids including eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) and are found in oily fish and the

liver of white fish. It possesses multiple biological properties

including antioxidant, anti-inflammatory, immunomodulatory,

antitumor, antidepressant, antihypertensive, and lipid-

lowering effects (13). Moreover, a growing body of evidence

revealed that various kinds of metabolic disorders underlying

the development of diabetes were ameliorated by omega-

3 administration (14). Omega-3 fatty acids can also be

effective in improving vascular endothelial function by

reducing inflammatory cytokines and increasing NO and

oxylipins production (15, 16). It has been also shown that

controlling blood pressure and lipids has greater beneficial

impacts on the prevention of cardiovascular complications

than controlling blood glucose, while both are necessary to

be monitored (17). Some studies have been conducted to

date investigating the effects of omega-3 fatty acids on the

activity questionnaire for adolescents; PAS, physical activity score; ELISA,

enzyme-linked immunosorbent assay.
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endothelial function and vascular structure in adults with

different diseases and the results are contradictory (18, 19).

There is no randomized clinical trial assessing the effects of

omega-3 supplementation in children and adolescents with

T1DM. Hence, the present clinical study aims to examine the

effects of omega-3 supplementation on endothelial function,

vascular structure, and metabolic parameters in adolescents

with T1DM.

Materials and methods

Study design and participants

This was a randomized, double-blind, placebo-controlled,

clinical trial. In the protocol, adolescents with T1DM, who

were diagnosed by a specialist, were recruited from Mofid

Children’s Hospital, Tehran, Iran (20). Patients that satisfied

the following inclusion and exclusion criteria were eligible

to participate in this research. The inclusion criteria were

considered as follows: adolescents aged between 10 and

18 years, whose body mass index (BMI) for age Z-score

ranged between 5 and 85 percent, diagnosed with T1DM by

a specialist, receiving insulin therapy, and at least 5 years

have passed since the diagnosis of T1DM. The exclusion

criteria include pregnant or breastfeeding subjects, those

afflicted by endocrine and metabolic complications other

than T1DM, any acute disorders, and patients who had

diabetic ketoacidosis or hypoglycemia (blood sugar level lower

than 50 mg/dl) in the last 12 and 3 months, respectively.

In addition, subjects who consumed antihypertensive,

anti-inflammatory, anticoagulant, lipid-lowering, weight-

lowering agents, antioxidant, and omega-3 supplements

in the last 6 months were excluded. Patients with fish and

seafood allergies and smokers were also excluded. The

study flow chart of enrolment, allocation, intervention, and

assessment was presented in Figure 1. Written informed

consent was taken from all participants or their legal guardians

before contribution to the research. This investigation was

approved by the Medical Ethics Committee of Iran University

of Medical Sciences (IR.IUMS.REC.1400.070) and also

registered on the Iranian Registry of Clinical Trials website

(identifier: IRCT20210419051010N1).

Sample size calculation

Considering a type I error of 5%, a power of 90%, and the

changes in FMD values as one of the primary outcomes (21), the

sample size was computed to be 25 for each study group based on

the two-sided t-test. To compensate for an approximate attrition

rate of 20% throughout the research, we increased the final

sample size to 30 adolescents in each group.

Randomization and intervention

After obtaining the informed consent eligible subjects

(n = 60) were divided into two equal groups, stratified

by sex and the amount of daily insulin intake using

stratified block randomization, with a 1:1 allocation ratio. The

block randomization was conducted by an assistant and the

intervention allocation was blinded for both the investigators

and participants. The manufacturer who was responsible for

preparing the supplements was assigned a code.

A total of 60 eligible adolescents with T1DM were randomly

assigned to the omega-3 (n = 30) and placebo groups (n= 30).

Omega-3 capsules (600mg) and identical placebo capsules were

respectively taken by patients in the intervention and control

group once a day, for 12 weeks. Karen Pharma and Food

Supplement company provided omega-3 capsules which contain

180mg EPA and 120mg DHA. Omega-3 and placebo capsules

were similar in weight, size, shape, taste, color, and odor.

Placebo capsules were also produced by Karen Pharma & Food

Supplement company and contain 600mg oral glycerin. Study

patients were informed how to use their supplements and

they were weekly followed by phone calls. Any adverse events

were reported.

Clinical assessments

At the onset and end of the trial, body weight and height

were measured to the nearest 0.1 kg and 0.1 cm using the

Seca scale and stadiometer (Seca), respectively. The individuals

were measured when they were barefoot and wearing light

clothing. BMI for age Z-score was computed by dividing

weight in kilograms by height in meters squared according

to age in the curve standard using WHO growth standards.

Dietary intake was assessed through 24-h food recall (two

weekdays and one weekend) by an expert person. Recalls

were completed at the beginning and end of the intervention

by face-to-face interview (two weekdays and one weekend).

We analyzed the information about dietary consumption by

Nutritionist IV software. For estimating the physical activity

level of participants, physical activity questionnaire for children

(PAQ-C) and physical activity questionnaire for adolescents

(PAQ-A), which were validated in Iran, were applied (22).

The PAQ-C, appropriate for ages 8–14, provides a summary

of physical activity scores (PASs) derived from 9 items, each

scored on a 5-point scale. Also, the PAQ-A which is appropriate

for ages 14–20, provides a summary of PAS derived from

8 items, each scored on a five-point scale. The levels of

physical activity were reported in three categories including low

activity, moderate activity, and high activity levels based on the

PAQ-A scoring protocol (22, 23). Blood pressure was measured

using a mercury sphygmomanometer after at least 5-min of

resting. The measurement was performed on two occasions
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FIGURE 1

Summary of study based on the consolidated standards of reporting trials (CONSORT) flow diagram.

and the mean of the two was considered as the individual’s

blood pressure.

Biochemical measurements

Blood samples (10ml) were drawn following 12-h

overnight fasting and centrifuged at 3,000 rpm for 5min

to extract serum samples pre- and post-intervention. The

concentration of total cholesterol (TC), triglycerides (TG),

and high-density lipoprotein cholesterol (HDL-C) was

evaluated using commercial kits (DIALAB Inc. kit, Vienna,

Austria) before and after the intervention. Serum LDL-C

value was calculated using the Friedewald formula. The

concentration of fasting serum insulin (SI) and fasting blood

sugar (FBS) was measured using a commercial enzyme-linked

immunosorbent assay (ELISA) kit (IBT, USA) and glucose

oxidase method, respectively. Hemoglobin A1C (HbA1c) was

assessed using a commercial kit (BioRex Inc., Tehran, Iran)

by an auto-analyzer (Mindray auto hematology analyzer).

Moreover, blood urea nitrogen (BUN) and creatinine were

examined by the diacetyl monoxime method and enzymatic

method, respectively. Erythrocyte sedimentation rate (ESR)

was evaluated by the Westergren method using a special

tube. In addition, serum high-sensitivity C-reactive protein

(hs-CRP) level was assessed using an ELISA kit (Paadco

Inc. kit, Tehran, Iran) pre- and postintervention. Also, the

following formulas were used to determine the quantitative

insulin sensitivity check index (QUICKI) and homeostatic

model assessment for insulin resistance (HOMA-IR).

Proteinuria was evaluated by albumin dipstick by collecting

urine samples.

QUICKI: 1/[log (fasting insulin µU/ml) + log (fasting

glucose mg/dl)].

HOMA-IR: [fasting insulin (µU/ml) × fasting

glucose (mg/dl)]/405.

FMD and CIMT assessment

Flow-mediated dilation (FMD) and carotid intima-media

thickness (CIMT) were assessed by an expert radiologist. For

evaluating FMD, after overnight fasting and 10min rest, patients

lay down in the supine position in a quiet, temperature-

controlled room and put their right hand in a comfortable

position on a surface for imaging the brachial artery. Ultrasound

imaging of the brachial artery was done by Doppler ultrasound

(Samsung Medison UGEO H60, Seoul, South Korea) and in a
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longitudinal section, 2 cm above of antecubital fossa. An anterior

and posterior section were selected between the lumen and

the vessel wall for clear imaging and after that, the diameter

of the vessel was measured from the anterior part to the

posterior part between Media and Adventitia. A baseline rest

image was acquired and the arterial diameter was measured.

For the second scan, the cuff of the sphygmomanometer was

closed around the arm and a 5-min occlusion of at least

50 mmHg above the systolic pressure was applied to the

vessel. Finally, 90 s after the cuff was opened, the second

measurement was performed. The following formula was used

to calculate FMD, where d1 is the baseline brachial artery

diameter and d2 is the brachial artery diameter after 90 s of

cuff release.

FMD: (d2 – d1)× 100/d1

To assess CIMT, the thickness of two inner layers of the

Intima and Media artery were measured by Doppler ultrasound

(Samsung Medison UGEO H60, Seoul, South Korea). The

distance between the main edge of the first line and the

main edge of the second line in the carotid artery was

considered CIMT. To increase the accuracy, all measurements

were repeated four times.

Statistical analysis

Data entry, coding, security, and storage were checked.

Statistical analysis of all data was done by SPSS statistical

software (SPSS Inc., Chicago, IL, USA, version 24) and p < 0.05

were considered statistically significant. The Kolmogorov–

Smirnov test was used for assessing the normality of the data.

Quantitative and qualitative variables were presented as mean

(standard deviation) or median (25th−75th percentile),

and frequency (percentage), respectively. To examine

differences in qualitative variables between omega-3 and

placebo groups, we applied the chi-square test. We used

the independent sample t-test or Mann–Whitney U-test to

determine differences in numerical variables between the

omega-3 and placebo groups. In addition, the aforementioned

tests were used to compare between-group alterations in

outcome variables. To do a within-group comparison,

we used the paired-sample t-test or its non-parametric

equivalent, the Wilcoxon test. A general linear model was

applied to adjust the effects of confounding factors and

baseline differences.

Results

Fifty-one patients completed the study (n = 26 in the

omega-3 and n = 25 in the placebo, group). Four patients

in the omega-3 group and five patients in the placebo group

discontinued the trial due to the COVID-19 pandemic and

increased fear of contracting the disease during sampling and

low compliance. Also, no side effects were reported during

supplementation with omega-3 (Figure 1). The mean age of

participants in the intervention group was 13.8 ± 2.3 years

and in the placebo group was 12.9 ± 2.4 years (p = 0.164).

The duration of diabetes in omega-3 and placebo groups

were 7.6 ± 2.3 vs. 7.4 ± 2.8 years, respectively (p = 0.688).

On the other hand, there were 14 boys (54%) and 12 girls

(46%) in the omega-3 group and 15 boys (60%) and 10 girls

(40%) in the placebo group (p = 0.657). Sixteen people in

the intervention group and 13 people in the placebo group

had low physical activity (PAS between 1 and 2.33) and on

the other hand, 10 people in the intervention group and 12

people in the placebo group had moderate physical activity (PAS

between 2.34 and 3.66) and none of the participants in the

study had intense physical activity (PAS between 3.67 and 5)

(p = 0.492). Following the analysis of the participants’ food

recall questionnaire, there was no significant difference in oral

intake of vitamins and minerals affecting vascular function

and structure, including vitamin A, vitamin C, beta-carotene,

vitamin E, zinc, sodium, calcium, selenium, phosphorus, iron,

potassium, and fatty acids between the two groups at baseline

and the end of supplementation.

Table 1 shows the comparison of post-intervention energy

intake, insulin infusion, and anthropometric indices between the

2 groups. After 12-week supplementation, height and weight

increased significantly in both groups, and between the two

groups this change was not significant; also, BMI Z-score did

not change (p = 0.829). There were no significant differences in

reported insulin infusion (p = 0.128) and dietary energy intake

(p= 0.07) at baseline or the end of the study.

There was a significant reduction about FMD (p = 0.003)

in omega-3 compared with the placebo group after 12 weeks

of supplementation, which remains statistically significant after

adjustment for baseline differences between groups, age, sex,

and TG changes (p = 0.006). However, no significant change

in CIMT was observed following omega-3 supplementation

(p= 0.33) (Table 2).

As shown in Table 3, TG decreased significantly at the end

of the intervention, after adjusting for sex, age, and baseline

differences between groups (p = 0.022). Hs-CRP decrease

significantly in omega-3 group (p= 0.031); however, this change

was not significant compared to the placebo group (p = 0.192).

There was no significant change in FBS, HgA1c, serum insulin,

and other metabolic indices between the two groups at the end

of supplementation.

Discussion

We demonstrated that daily supplementation with 600

mg/day omega-3 (containing 180mg EPA and 120mg DHA)

for 12 weeks in adolescents with T1DM could significantly
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TABLE 1 Participant characteristics before and after supplementation with omega-3.

Parameter Time Omega-3 (N = 26) Placebo (N = 25) Mean difference (95% CI) P-value

Weight (kg) Baseline 50.2± 14.2 45.3± 14.2 0.219a

Endpoint 50.7± 13.7 45.9± 14 0.1 (−0.5 to 0.6) 0.82b

Change 0.5± 1.1 0.6± 1.1 0.1 (−0.68 to 0.56) 0.846a

P-within 0.025 c 0.016 c

Height (cm) Baseline 159.8± 13.6 153.6± 15.8 0.138a

Endpoint 160.8± 13.1 155.2± 15.7 −0.4 (−1.4 to 0.4) 0.293b

Change 1± 1 1.6± 2.1 −0.6 (−1.5 to 0.2) 0.175a

P-within <0.001 c 0.001 c

BMI (Z-score) Baseline 0.01± 0.71 0.08± 0.75 0.709a

Endpoint −0.01± 0.66 0.05± 0.67 0.01 (−0.08 to 0.1) 0.829b

Change −0.02± 0.18 −0.03± 0.18 0.02 (−0.08 to 0.12) 0.71a

P-within 0.719 c 0.397 c

Calorie intake (kcal) Baseline 2,348± 670 2,328± 432 0.899a

Endpoint 2,399± 576 2,269± 423 114 (−9 to 237) 0.07b

Change 51± 265 −58± 215 110 (−26 to 246) 0.111a

P-within 0.332 c 0.187 c

Insulin infusion (unit) Baseline 50.3± 18.1 52.1± 24 0.767a

Endpoint 50.3± 18.1 53.1± 23.8 −1 (−2.4 to 0.3) 0.128b

Change 0± 1.5 1± 3.1 −1 (−2.4 to 0.3) 0.134a

P-within 1 c 0.1 c

All data presented as mean± SD. CI: confidence interval; BMI: body mass index.
aIndependent t-test.
bGeneral linear model adjusted for baseline differences between groups.
cPaired t-test.

increase FMD. In addition, following supplementation TG was

significantly decreased in the intervention group compared

to the placebo group. No significant changes were seen

between the two groups in terms of other metabolic parameters

and CIMT.

It has previously been reported that FMD as a factor

of vascular dysfunction assessment, is decreased in patients

with diabetes (9). In this study, it has been demonstrated

that a daily intake of 600mg omega-3 could increase FMD

in children and adolescents with T1DM. Many studies have

reported increased levels of inflammatory factors in people

with T1DM compared to people without diabetes which can

cause vascular dysfunction (24). Moreover, previous studies

have shown that consumption of omega-3 fatty acids increases

the ratio of these fatty acids to arachidonic acid in the cell

membrane phospholipids and reduces the production of pro-

inflammatory eicosanoids (25). Also, mediators derived from

omega-3 fatty acids such as resolvins have anti-inflammatory

effects (26). On the other hand, omega-3 fatty acids cause

phosphorylation of endothelial nitric oxide synthase (eNOS)

and consequently increase the production of NO and finally

improve vascular function through activating AMP-activated

protein kinase (27). Also, Hsu et al. showed that omega-3

fatty acids can increase the bioavailability of nitric oxide and

improve vascular response by reducing reactive oxygen species

(ROS) (28). To date, only one study has been performed

addressing the effect of omega-3 supplementation on FMD in

children and adolescents in all populations, and the results

were consistent with our study. Engler et al. (29) reported

a significant increase in FMD, HDL, and LDL following 6

weeks of supplementation with 1.2 g/day DHA in children

and adolescents with familial hypercholesterolemia (high risk

for CVD in adulthood). However, several studies in adults

have examined FMD and vascular function after omega-

3 supplementation, with conflicting results. Mahoney et al.

showed that 6 months of omega-3 supplementation with 3.3

g/day did not cause any significant change in FMD in 27

adults with T1DM (18). The results of the study by Stirban et

al. (19) showed that supplementation with 2 g/day of omega-

3 fatty acids for 6 weeks in adults with T2DM did not

improve fasting FMD, but significantly reduced postprandial

FMD. On the other hand, Wang et al. conducted a meta-

analysis study on sixteen clinical trials demonstrating that

omega-3 supplementation could significantly increase FMD,

however, limitations such as the heterogeneous population and

the different doses and duration of treatment affected these

results (30). In addition to BMI and duration of diabetes,

another reason for the differences between children and
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TABLE 2 E�ect of omega-3 supplementation on endothelial function and vascular structure.

Parameter Time Omega-3 (N = 26) Placebo (N = 25) Mean difference (95% CI) P-value P2 P3

FMD (%)

Baseline 6.5± 3.6 8.2± 5 0.169 a

Endpoint 9.6± 2.8 7.6± 3.4 2.5 (0.9 to 4.1) 0.003 b 0.006 0.006

Change 3.1± 4.2 −0.6± 4 3.7 (1.4 to 6) 0.002 a

P-within 0.001 c 0.452 c

CIMT (mm)

Baseline 0.443± 0.093 0.462± 0.069 0.415 a

Endpoint 0.438± 0.094 0.464± 0.07 −0.009 (−0.025 to 0.01) 0.312 b 0.229 0.33

Change −0.005± 0.036 0.003± 0.021 −0.007 (−0.024 to 0.01) 0.376 a

P-within 0.522 c 0.502 c

All data presented as mean± SD. CI, confidence interval; FMD, flow-mediated dilation; CIMT, carotid intima-media thickness; mm, millimeter.
aIndependent t-test.
bGeneral linear model adjusted for baseline differences between groups.
cPaired t-test.

P2 General linear model adjusted for baseline differences between groups, age, and sex.

P3 General linear model adjusted for baseline differences between groups, age, sex, and triglycerides (TG) changes.

adults could be progressive vascular dysfunction following

aging (31).

There was no significant change in CIMT (as markers

for carotid atherosclerosis) following the 3 months omega-

3 supplementation. In line with our study, Mahoney et al.

reported that omega-3 supplementation for 6 months in

patients with type 1 diabetes was not associated with a

reduction in CIMT (18). However, Tomoya et al. showed

that omega-3 supplementation for a longer period (2.1 years)

in T2DM patients significantly reduces CIMT (32). Overall,

omega-3 fatty acids appear to be able to improve the CIMT

through their anti-inflammatory and antithrombotic effects

(33), however, due to the relatively stable structure of the

vascular wall, longer interventions are required to observe

significant changes (34).

Following supplementation with omega-3, there was a

significant reduction in TG levels in the intervention group

compared to the placebo group. In line with our trial, Natto et al.

revealed that administration of omega-3 polyunsaturated fatty

acid (PUFAs) causes a significant reduction in TG in patients

with diabetes (35). Similarly, in the study performed by Chauhan

et al. omega-3 supplementation was effective in reducing TG

levels in diabetic dyslipidemia (36). The exact mechanism

by which omega-3 FAs had TG lowering effects returns to

the high affinity of omega-3 FAs for peroxisome proliferator-

activated receptor (PPAR) followed by enhancement of beta-

oxidation and fatty acid metabolism. Moreover, omega-3 FAs

may decrease hepatic TG synthesis through inhibition of acyl

coA1 and diacylglycerol acyltransferase (37). Also, omega-3

FAs stimulate other nuclear receptors including hepatocyte

nuclear factor 4α, liver X receptor, and farnesol X receptor,

which modulates TG levels (38). Shinnakasu et al. reported

that improving lipid profile and TG levels in patients with

diabetes can improve FMD (39). It seems that one of the

possible reasons that omega-3 supplementation improved FMD

in the present study could be its effect on lowering serum

triglyceride levels.

In our study, following omega-3 supplementation, hs-CRP

levels were significantly reduced in the intervention group.

Many systematic review and meta-analysis studies have also

shown the effect of omega-3 PUFAs on lowering hs-CRP

levels (40, 41). On the other hand, many studies have proven

the effect of inflammation on vascular dysfunction (42).

According to the reasons mentioned, another factor that can

be effective in improving vascular function in our study is

reducing inflammation. Also, other factors such as changes

in blood pressure, BMI Z-score, and microalbuminuria could

distort the results of the present study, none of which were

significantly changed.

Strengths and weaknesses

The strengths of the present study include using a

randomized, double-blind, placebo-control design and

also examining the effects of omega-3 supplementation

on endothelial function, vascular structure, and metabolic

parameters in adolescents with type 1 diabetes for the first

time. Also, another strength of this study was the assessment

of the effect of a dietary anti-inflammatory and antioxidant

element with available food sources with low expected

adverse effects, complementary to current medications.

However, there are some weaknesses in this research. First,

participants’ self-reporting on dietary intakes and physical
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TABLE 3 Metabolic parameters before and after treatment with omega-3.

Parameter Time Omega-3 (N = 26) Placebo (N = 25) Mean difference (95% CI) P-value P2

hs-CRP (mg/l)

Baseline 2.6± 1.3 2.6± 1.3 0.981a

Endpoint 2.2± 1.1 2.5± 1.2 −0.2 (−0.6 to 0.1) 0.192b 0.221

Change −0.4± 0.8 −0.1± 0.8 −0.2 (−0.7 to 0.2) 0.257a

P-within 0.031c 0.45 c

ESR (mm/hr)

Baseline 13.6± 6.1 13.6± 6.2 0.994 a

Endpoint 12.3± 5.2 13.5± 6.2 −1.2 (−3.1 to 0.7) 0.205 b 0.337

Change −1.3± 4.1 −0.1± 3.1 −1.2 (−3.3 to 0.8) 0.238 a

P-within 0.115 c 0.901 c

Creatinine (mg/dl)

Baseline 0.7± 0.1 0.7± 0.1 0.203 a

Endpoint 0.7± 0.1 0.7± 0.1 0 (−0.1 to 0.1) 0.531 b 0.267

Change 0± 0.1 0± 0.1 0 (−0.01 to 0.01) 0.744 a

P-within 0.94 c 0.573 c

uACR (mg/g)

Baseline 9± 3.03 9.4± 3.06 0.648 a

Endpoint 9.47± 2.75 8.75± 2.32 0.93 (−0.19 to 2) 0.103 b 0.11

Change 0.43± 1.96 −0.65± 2.87 1.07 (−0.3 to 2.45) 0.124 a

P-within 0.228 c 0.271 c

BUN (mg/dl)

Baseline 16.6± 5.1 16.6± 4.6 0.964 a

Endpoint 17± 5.2 16.2± 3.9 0.8 (−0.9 to 2.5) 0.355 b 0.26

Change 0.4± 3.5 −0.4± 3.1 0.8 (−1.1 to 2.7) 0.406 a

P-within 0.59 c 0.522 c

FBS (mg/dl)

Baseline 129± 39 126± 42 0.809 a

Endpoint 127± 36 122± 33 3 (−12 to 18) 0.687 b 0.631

Change −2± 37 −4± 29 2 (−17 to 21) 0.846 a

P-within 0.781 c 0.519 c

SI (µIU/ml)

Baseline 18.6± 14.4 19.7± 10.5 0.763 a

Endpoint 19.2± 14.5 18± 8.2 1.8 (−3.5 to 7.2) 0.493 b 0.741

Change 0.6± 9 1.7± 12.8 2.3 (−3.8 to 8.5) 0.453 a

P-within 0.715 c 0.517 c

QUICKI

Baseline 0.31± 0.04 0.3± 0.04 0.476 a

Endpoint 0.3± 0.03 0.3± 0.02 0 (−0.01 to 0.01) 0.999 b 0.93

Change −0.01± 0.05 0± 0.03 0 (−0.02 to 0.02) 0.606 a

P-within 0.504 c 0.948 c

HOMA-IR

Baseline 5.7± 4.2 6.4± 4.9 0.558 a

Endpoint 5.6± 3.5 5.4± 2.9 0.3 (−1.4 to 2.1) 0.679 b 0.872

Change −0.1± 3.6 −1± 5.5 0.9 (−1.6 to 3.5) 0.474 a

P-within 0.936 c 0.375 c

(Continued)
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TABLE 3 Continued

Parameter Time Omega-3 (N = 26) Placebo (N = 25) Mean difference (95% CI) P-value P2

HbA1c (%)

Baseline 6.8± 0.5 7± 0.3 0.252 a

Endpoint 6.7± 0.4 7± 0.4 0.2 (−0.4 to 0) 0.111 b 0.118

Change −0.1± 0.6 0± 0.5 −0.05 (−0.4 to 0.3) 0.723 a

P-within 0.618 c 0.972 c

SBP (mmHg)

Baseline 109± 8.1 106.4± 6.2 0.2 a

Endpoint 107.7± 6.7 106.6± 5.3 −0.3 (−3 to 2.2) 0.772 b 0.788

Change −1.3± 5.7 0.2± 5.3 0.5 (−1.9 to 3) 0.324 a

P-within 0.244 c 0.852 c

DBP (mmHg)

Baseline 64.4± 5.3 64± 5.9 0.79 a

Endpoint 65± 6 64± 5 0.7 (−1.5 to 3) 0.533 b 0.659

Change 0.6± 4.3 0± 4.5 0.5 (−1.9 to 3) 0.645 a

P-within 0.502 c 1 c

TG (mg/dl)

Baseline 102.2± 27.4 117.3± 37.6 0.106 a

Endpoint 94.8± 28.1 117.2± 36.1 −8.5 (−15.3 to−1.7) 0.015 b 0.022

Change −7.4± 10.7 −0.1± 13.1 −7.3 (−14 to 0.5) 0.034 a

P-within 0.002 c 0.952 c

Chol (mg/dl)

Baseline 142.4± 18.5 156.1± 29.3 0.052 a

Endpoint 146.1± 19.3 156.8± 29.6 0.2 (−7.8 to 8.1) 0.962 b 0.881

Change 3.7± 14 0.7± 14.5 2.9 (−5.1 to 11) 0.468 a

P-within 0.193 c 0.796 c

LDL (mg/dl)

Baseline 91.2± 24.3 100.3± 30 0.236 a

Endpoint 95± 21.5 100.7± 28 1.8 (−4.3 to 7.8) 0.555 b 0.532

Change 3.8± 13.9 0.4± 8.4 3.4 (−3.1 to 9.9) 0.298 a

P-within 0.176 c 0.814 c

HDL (mg/dl)

Baseline 53.8± 12.6 53.1± 13.1 0.846 a

Endpoint 54.1± 11.8 52.1± 10.8 1.5 (−1.7 to 4.7) 0.353 b 0.531

Change 0.3± 6.5 −1± 6.2 1.3 (−2.2 to 4.9) 0.461 a

P-within 0.813 c 0.419 c

All data presented as mean± SD. CI, confidence interval; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; BUN, blood urea nitrogen; uACR; urine albumin-creatinine ratio;

FBS, fasting blood sugar; SI, serum insulin; QUICKI, quantitative insulin-sensitivity check index; HOMA-IR, homeostatic model assessment of insulin resistance; HbA1c, hemoglobin

A1c; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; Chol, cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
aIndependent t-test.
bGeneral linear model adjusted for baseline differences between groups.
cPaired t-test.

P2 General linear model adjusted for baseline differences between groups, age, and sex.

activity may influence our results. Second, no biomarker

was considered for compliance of participants from omega-3

intake. Third, the small number of included subjects could

affect the results. And finally, the duration of intervention

could have been longer to influence study biomarkers,

especially CIMT.

Conclusion

In conclusion, daily consumption of 600mg omega-3

fatty acid (containing 180mg EPA and 120mg DHA) in

adolescents with T1DM for 12 weeks, significantly increased

FMD along with a significant decrease in triglyceride. Following
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supplementation, the level of hs-CRP in the intervention group

decreased but these changes were not significant compared

with the placebo group and CIMT did not change. The

present findings show that omega-3 intake can improve vascular

function and may reduce the risk of CVD in adolescents with

T1DM patients.
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of Health Sciences, Ondokuz Mayis University, Samsun, Turkey, 6School of Medicine, Federal
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Background and aims: Dietary regimens are crucial in the management of

non-alcoholic fatty liver disease (NAFLD). The e�ects of intermittent fasting (IF)

have gained attention in this regard, but further research is warranted. Thus, we

aimed to ascertain the overall e�ects of the 5:2 IF diet (5 days a week of normal

food intake and 2 consecutive fasting days) in patients with NAFLD compared

to a control group (usual diet).

Methods and results: A 12-week randomized controlled trial was performed

to evaluate the e�ects of the 5:2 IF diet on anthropometric indices, body

composition, liver indices, serum lipids, glucosemetabolism, and inflammatory

markers in patients with NAFLD. The IF group (n = 21) decreased body weight

(86.65 ± 12.57–82.94 ± 11.60 kg), body mass index (30.42 ± 2.27–29.13 ±

1.95 kg/m2), waist circumference (103.52 ± 6.42–100.52 ± 5.64 cm), fat mass

(26.64 ± 5.43–23.85 ± 5.85 kg), fibrosis (6.97 ± 1.94–5.58 ± 1.07 kPa),

steatosis scores/CAP (313.09 ± 25.45–289.95 ± 22.36 dB/m),

alanine aminotransferase (41.42 ± 20.98–28.38 ± 15.21 U/L), aspartate

aminotransferase (34.19 ± 10.88–25.95 ± 7.26 U/L), triglycerides

(171.23 ± 39.88–128.04 ± 34.88 mg/dl), high-sensitivity C-reactive

protein (2.95 ± 0.62 −2.40 ± 0.64 mg/L), and cytokeratin-18

(1.32 ± 0.06–1.19 ± 0.05ng/ml) values compared to the baseline and

the end of the control group (n= 23)—p≤ 0.05 were considered as significant.

However, the intervention did not change the levels of high-density

lipoprotein cholesterol, total cholesterol, low-density lipoprotein cholesterol,

fasting blood sugar, insulin, HOMA-IR, and total antioxidant capacity.
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Conclusion: Adhering to the 5:2 IF diet can reduce weight loss and related

parameters (fat mass and anthropometric indicators of obesity), as well as

hepatic steatosis, liver enzymes, triglycerides, and inflammatory biomarkers in

patients with NAFLD.

KEYWORDS

non-alcoholic fatty liver disease, intermittent fasting (5:2), liver enzymes, time-

restricted eating, fasting

Introduction

Non-alcoholic fatty liver disease (NAFLD) has emerged as

one of the most prevalent liver disorders worldwide and is

believed to affect nearly a quarter of the global population,

translating into an increased economic burden on healthcare

systems (1). Although genetic factors also play a pivotal role

in the development of NAFLD, a major contribution to its

pathogenesis is attributed to modifiable risk factors, i.e., obesity,

metabolic syndrome, and diabetes (2, 3). As patients diagnosed

with NAFLD are prone to developing liver cirrhosis as well

as hepatocellular carcinoma, urgent measures are needed to

combat the spread of the NAFLD epidemic (4–7), particularly

as there are no approved pharmacotherapies for this chronic

hepatic disorder.

Dietary interventions remain an attractive strategy in

the management of NAFLD and cardiometabolic problems,

especially due to the improvement in indicators of adiposity,

serum lipids, glycemic control, and blood pressure (8–13). In

recent years, IF regimens have gained massive popularity in

the field of clinical nutrition as a method of energy restriction,

possibly because patients are more likely to accept and adhere

to lifestyle changes than taking pills daily (14–17). The 5:2 diet

is an emerging type of periodic fasting in which individuals fast

2 days a week and eat freely for 5 days a week (18, 19). Time-

restricted feeding and the 5:2 diet are all close to mandatory

and voluntary Islamic fasting, with time differences (20, 21).

More specifically, regarding the adherence to the 5:2 diet, there

is substantial energy restriction on the fasting days, in which it is

common to prescribe 0–25% of the estimated total daily energy

requirements on 2 non-consecutive days of the week without

water restriction, while the habitual intake (ad libitum) or 100%

of estimated total daily energy requirements are used for the

remaining 5 days (19).

Randomized controlled trials (RCTs) have examined the

effects of the 5:2 diet in different populations. Fudla et al.

reported that participants with obesity on the 5:2 diet for 1

month experienced a reduction in body mass index (BMI) (22).

Increasing attention has been paid to the effects of IF regimens

on the management of NAFLD, as shown by a systematic

review and meta-analysis of RCTs supporting reductions in

body weight, BMI, as well as liver enzymes in individuals

on IF diets (Ramadan fasting, alternate-day fasting, and time-

restricted feeding) for 4–12 weeks (23). More recently, Holmer

et al. (7) found that adherence to the 5:2 diet improves indicators

of obesity, lipid and glycemic indices, and hepatic steatosis in

patients with NAFLD (7). However, Holmer et al. did not assess

body composition and inflammatory biomarkers, and did not

calculate the basal metabolic rate individually; instead, they used

general energy intake recommendations based on sex (7).

Thus, we conducted a 12-week RCT to examine the effects

of the 5:2 diet on patients with NAFLD, employing assessment

of traditional parameters (imaging and blood tests) of this

disease, cardiometabolic and inflammatory biomarkers, body

composition, and anthropometric indicators of obesity. Our

hypothesis was that the 5:2 diet could significantly improve some

cardiometabolic and hepatic markers due to the accompanying

weight loss.

Methods and materials

We recruited patients diagnosed with NAFLD and

overweight/obesity between October 2019 and May 2020

from the Gastroenterology and Liver Diseases Research

Center, Tehran, Iran. The following inclusion criteria were

applied: BMI= 25–40 kg/m2, age between 18 and 50 years

(as middle-aged and elderly participants are less available

for fasting), grade 2 NAFLD, —i.e., a controlled attenuation

parameter (CAP) score ≥ 260 dB/m and ≥ 34% fatty change,

with liver stiffness measurement (LSM) levels < 14 kPa (24)—,

willingness to participate in the RCT, and no recent participation

in a weight loss diet program.

Based on the BMI range, there was exclusion of participants

at underweight and healthy levels, as well as Class 3 obesity, to

provide greater uniformity. For instance, the patients at Class

3 obesity generally require more calorie in a traditional dietary

model, and, thus, enrollment in an IF regimen is difficult in

virtue of the shorter feeding window. Regarding the age range,

we aimed to avoid middle-aged and elderly participants due to

the lower availability of this population for fasting or adherence

to new dietary models that yield habitual changes. In addition,
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the patients with NAFLD Grade 3 were not included because

IF regimens putatively might be dangerous for this population

due to the pathophysiological link between the very high liver

accumulation of triglycerides (TG) and its worsening with rapid

mobilization and oxidation of TG in this organ during fasting

(25, 26).

Regarding medication use, the patients should not have

used antibiotics for more than 1 week during the study

period or prior to enrollment, and should not have consumed

herbal medicines, anti-inflammatory drugs, corticosteroids/any

type of hormone, weight-loss drugs, or hepatotoxic drugs,

e.g., phenytoin, amoxicillin, and lithium. In addition, the

patients should not be alcohol consumers or diagnosed with

cardiovascular diseases, stroke, diabetes, acute liver disorders

(hepatitis B, C, etc.), kidney diseases, chronic inflammatory

disorders, depression, cancer, or autoimmune diseases. The RCT

only included the participants who met the aforementioned

criteria and who were willing to adhere to a 12-week program

of the 5:2 IF diet.

We applied the following exclusion criteria: weight loss

≥ 10% or weight gain ≥ 5% in the last 6 months, use of

pharmacological agents that can affect metabolism or liver

function (e.g., lipid-lowering or glucose-lowering drugs, drugs

used to control blood pressure) or supplements/substances that

may interact with the impact of diet during the intervention.

Before enrollment in the RCT, all the patients had signed

informed consent form. We registered the RCT at www.irct.ir

(IRCT20100524004010N31). This study was approved by the

Ethics Committee of the Faculty of Nutrition and Food

Technology, Shahid Beheshti University of Medical Sciences,

Tehran, Iran (IR.SBMU.NNFTRI.REC.1399.019).

Study design and randomization

Participant recruitment

The study was designed as an RCT, with blinding for

randomization at the study clinic. Eligible individuals suffering

from NAFLD were stratified based on age and BMI and

then randomized using a computer-generated random-numbers

method to the IF (5:2) group (n = 24) or a non-interventional

control group (n= 25).

Sample size

The number of samples required for this study was

calculated based on different dependent variables. The highest

number of samples was obtained for the cap score-dependent

variable. The sample size for this study was based on how

many samples should be selected so that the average cap score

difference between the 5:2 diet and the control group is at least

25 units per liter. This difference when reaching a probability of

95% (α = 0.05) and power of 80% (β = 20%) was considered

statistically significant. The number of samples for each group

was estimated to be 21 patients. The sample size was calculated

based on the deviation from the criteria obtained in a previous

study [86] and using the following formulas.

n1 = 8S1 = 34

n2 = 8S2 = 23

µ1 = µ2 = 25

Z1−α/2 = = 1/96

Z1−β = 0/84

S2p =
(n1 − 1)S21 + (n2 − 1)S22

n1 + n2 − 2
= 842/5

n =
2S2(Z1−α/2 + Z1−β)

2

(µ1 − µ2)2
= 21

Dietary interventions

The intervention group was allocated to adhere to the

5:2 diet, i.e., 5 days a week of normal food intake and

2 consecutive fasting days (Monday and Tuesday) a week

for 12 weeks. On fasting days, the patients received 25%

of the recommended calorie intake over a 2-h period from

12:00 to 2:00 p.m. Such a calorie goal was divided into 30%

calories from fat, 15% calories from proteins, and 55% calories

from carbohydrates.

The 5:2 diet was selected as it seemed more convenient

when compared to other IF regimens, e.g., alternate-day or

Ramadan-style fasting. The patients allocated to the control

group were asked to follow to their usual diet. Data were

evaluated by a registered dietitian before the start of the RCT,

whose professionals were responsible for body composition,

questionnaires, and dietary prescription.

The caloric intake of the patients was evaluated using the

Mifflin-St Jeor Equation (27). For both groups, the intake of

macronutrients was: 30% calories from fat, 15% calories from

proteins, and 55% calories from carbohydrates. Consumption of

non-caloric fluids, e.g., water, coffee, or tea, was allowed for the

intervention and control groups, and the patients were advised

to drink water without restriction during the RCT. Thus, these

non-caloric fluids were allowed for fasting and feeding periods.

A diet plan for 3 months was prescribed for each subject.

At the beginning of the RCT, all the patients were instructed on

how to adhere to the diet and were monitored during the study

by weekly phone calls and monthly interviews based on three

24-h recalls. The patients who did not adhere to the diet were

dropped from the RCT.
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Measurements

All the patients had the body weight, height, waist

circumference (WC), and body composition measured at the

beginning and the end of the RCT. Fasting blood samples

were collected in the morning after 10–12 h of fasting. Liver

steatosis and fibrosis were evaluated using the FibroScan R© 502

Touch device at the beginning of the RCT end of 12 weeks.

In addition, physical exercise questionnaires (28), 24-h recalls

(29, 30), and questionnaires related to patients’ demography data

were completed. Nutritionist IV software was employed to assess

the dietary energy and macronutrient content.

Anthropometric measurements and body
composition

We evaluated body weight using a digital scale (Seca

808, Germany; ±0.1 kg accuracy), with patients wearing light

clothing and barefooted. WC was assessed at the midpoint

between the 12th rib and the iliac crest and during exhalation.

The standing height of the patients was evaluated to the nearest

0.5 cm, without shoes, using a wall stadiometer (Seca, Germany)

and by standard procedures.

We assessed fat mass, lean body mass (LBM), and total

body water (TBW) using bioelectrical impedance analysis (BIA)

(Tanita-BC 418MA, Arlington Heights, USA) at the beginning

and the end of the RCT. The evaluation was performed after

12 h of fasting. The patients were asked not to perform physical

exercise 12 h before the test to empty the urinary bladder

30min before the measurements and to remove metallic objects

immediately before the test. The assessment was performed

outside the menstrual period for women of childbearing age

as well.

Blood sample measurements

We collected blood samples (10ml) from the participants

between 7 and 10A.M., then the probes were centrifuged

at 2,000 g (RCF) at room temperature for 20min. Serum

biomarkers were assessed at the beginning and the end of

the RCT.

Liver enzymes [alanine transaminase (ALT), aspartate

transaminase (AST), and gamma-glutamyl transferase (GGT)]

and the lipid profile [total cholesterol (TC), high-density

lipoprotein cholesterol (HDL-C), LDL-C, and TG] were

measured following standard procedures recommended by

Delta-dp diagnostic kits (Roche, Germany).

Inflammatory biomarkers [high-sensibility C-reactive

protein (hs-CRP) and cytokeratin-18 (CK-18)] and total

antioxidant capacity were evaluated using the ELISA method

(ZellBio GmbH, Ulm, Germany).

FBS concentrations were assessed using an auto-analyzer by

the glucose oxidase method (Cobas c311, Roche Diagnostics,

Risch-Rotkreuz, Switzerland). Serum insulin levels were assessed

using ELISA kits (Monobind Inc., Lake Forest, California,

USA). In order to assess insulin resistance, we calculated the

homeostasis model assessment of insulin resistance (HOMA-IR)

by using the following formula: fasting insulin (µU/L) x fasting

glucose (nmol/L)/22.5.

Statistical analysis

SPSS software version 22 was employed to compute the

statistical analysis. Data were reported as mean ± standardized

deviation (SD). The Kolmogorov-Smirnov test was employed to

evaluate dara compliance with the normal distribution. We only

evaluated data from the patients who completed the RCT (i.e.,

per-protocol analysis).

One-way ANOVA and independent samples t-tests were

used to compare quantitative variables between groups at

the baseline. The chi-squared test was employed to evaluate

qualitative variables. An independent sample t-test was

employed to compare the quantitative variables between groups

before and after the intervention.

The Student’s T-test/paired samples t-test was employed

to compare quantitative variables within each of the two

groups before and after the intervention. Analysis of covariance

(ANCOVA) was performed to compare the mean of variables

between groups by adjusting for confounding factors (BMI, body

weight; WC, metabolic equivalents; dietary energy intake; and

baseline value of the outcomes). The statistical significance was

set at p ≤ 0.05.

Results

Three patients dropped out of the intervention group and

three patients dropped out of the control group during the

12-week RCT. A total of 21 and 23 individuals completed

the intervention and control group procedures, respectively

(Figure 1). The mean age, BMI, WC, and body weight of

the patients were 45.25 ± 9.84 years, 30.51 ± 2.7 kg/m2,

105.59 ± 8.11 cm, and 88.05 ± 11.88 kg, respectively. The

baseline characteristics of the patients were similar between the

intervention and control groups (Table 1).

Anthropometric indices and body
composition

Data regarding the anthropometric indices and body

composition of the patients are depicted in Table 1. Following

the intervention, the individuals who underwent a 5:2 diet

experienced a significant decrease in body weight (−3.7 kg on
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FIGURE 1

Flowchart of the participants evaluated.

average; 86.65 ± 12.57 kg to 82.94 ± 11.60 kg, p < 0.001),

while there was a non-significant reduction in the control group

(−1.02 kg on average, 89.33 ± 18.47 to 88.31 ± 11.01 kg, p =

0.06). Moreover, the individuals on the 5:2 diet experienced a

significant decrease in BMI (30.42 ± 2.27–29.13 ± 1.95 kg/m2),

WC (103.52 ± 6.42–100.52 ± 5.64 cm), and fat mass (59.97 ±

10.75–59.09± 10.37 kg) vs. the control group.

Nutritional intake and physical activity

Information on dietary intake and physical activity

(MET.hr/day) of participants is depicted in Table 2, where

the dietary data at the end for the intervention group were

an average of 5 days of feeding and 2 days of fasting. The

intervention and control groups had similar physical activity
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TABLE 1 Baseline characteristics, and anthropometric indices of the participants.

Characteristics Intermittent fasting (5:2) diet (n= 21) Control diet (n= 23) P-valueb

Age (years) 46.42± 13.35 44.17± 4.9 0.454

Gender n (%)

Male 12 (57.1) 15 (65.2) 0.405

Female 9 (42.9) 8 (34.8)

Smoking n (%)

Yes 2(9.5) 2(8.7) 0.661

No 19(90.5) 21(91.3)

Anthropometric indices

Height (cm) 168.47± 10.68 170.91± 9.83 0.435

Body weight (kg)

Before 86.65± 12.57 89.33± 18.47–88.31± 11.01 0.461

After 82.94± 11.60 88.31± 11.01 0.123

P-valuea <0.001 0.064

BMI (kg/m2)

Before 30.42± 2.27 30.60± 30.09 0.826

After 29.13± 1.95 30.26± 3.08 0.158

P-valuea <0.001 0.063

Waist circumference (cm)

Before 103.52± 6.42 107.09± 9.47 0.107

After 100.52± 5.64 107.19± 8.93 0.006

P-valuea 0.001 0.928

Lean body mass (kg)

Before 59.97± 10.75 62.10± 11.29 0.525

After 59.09± 10.37 59.33± 12.28 0.854

P-valuea 0.565 <0.0001

Body fat (kg)

Before 26.64± 5.43 27.21± 7.33 0.762

After 23.85± 5.85 28.93± 7.91 0.025

P-valuea 0.039 0.041

Total body water (kg)

Before 43.76± 8.21 45.11± 8.57 0.140

After 43.11± 7.37 43.19± 7.87 0.136

P-valuea 0.773 0.001

BMI, body mass index.

Values are expressed as mean± SD.
aWithin-group comparison (a paired samples t-test was used for testing two values within group).
bBetween-group comparison (an independent sample t-test was used for quantitative variables).

levels at the end of intervention vs. the baseline (the intervention

group: 29.48 ± 5.60 vs. 29.99 ± 5.15 MET.hr/day, p > 0.05;

the control group: 30.38 ± 5.13 vs. 30.52 ± 5.19 MET.hr/day,

p > 0.05). Inter-group differences were not detected. Both

intervention and control groups had a significant decrease

in total energy intake vs. the baseline (the intervention

group: 2,862.95 ± 721.60–2,601.57 ± 726.55 kcal/day, p

< 0.001; the control group: 3,120.91 ± 733.27–2,967.30

± 665.80 kcal/day, p = 0.001). No significant inter-group

differences were detected. The intervention group decreased

total protein intake vs. the baseline (93.38 ± 35.32–84.67

± 25.74 g/day, p < 0.001) but did not change for other

dietary variables.

Liver parameters

The results of the assessment of liver parameters are reported

in Table 3. Fibrosis and steatosis scores decreased after the 5:2

diet (6.97 ± 1.94–5.58 ± 1.07 kPa and 313.09 ± 25.45–289.95

± 22.36 dB/m, respectively) and reached lower levels than the

control group (p = 0.040 and p = 0.042, respectively). In
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TABLE 2 Dietary intakes and physical activity.

Variables Baseline End of the study* P-valuea

Physical activity (MET hr/day)

Intervention 29.48± 5.60 29.99± 5.15 0.189

Control 30.38± 5.13 30.52± 5.19 0.245

P-valueb 0.531 0.801

Total energy (kcal/day)

Intervention 2,862.95± 721.60 2,601.57± 726.55 <0.001

Control 3,120.91± 733.27 2,967.30± 665.80 0.001

P-valueb 0.247 0.089

Total carbohydrate (g/day)

Intervention 459.00± 127.81 433.29± 106.48 0.096

Control 446.17± 109.71 437.00± 115.66 0.597

P-valueb 0.722 0.913

Total protein (g/day)

Intervention 93.38± 35.32 84.67± 25.74 0.022

Control 112.96± 28.47 107.57± 23.34 0.164

P-valueb 0.048 0.003

Total fat (g/day)

Intervention 104.90± 34.55 102.67± 37.20 0.634

Control 116.39± 35.36 111.83± 28.07 0.408

P-valueb 0.283 0.359

Dietary fiber (g/day)

Intervention 48.05± 11.26 43.38± 9.64 0.170

Control 47.96± 14.54 48.83± 13.07 0.742

P-valueb 0.982 0.126

MET, metabolic equivalents.
aWithin-group comparison (a paired samples t-test was used for testing two values within group).
bBetween-group comparison (an independent sample t-test was used for quantitative variables).

*Dietary data at the end for the intervention group were an average of 5 days of feeding and 2 days of fasting.

addition, the patients on the 5:2 diet had a significant reduction

in ALT (41.42 ± 20.98–28.38 ± 15.21 U/L, p = 0.043) and AST

(34.19± 10.88–25.95± 7.26 U/L, p= 0.01) levels vs. the control

group (p < 0.05).

Lipid profile

TG concentrations (171.23± 39.88 mg/dL to 128.04± 34.88

mg/dL, p < 0.001), but not HDL-C, TC, or LDL-C, decreased

significantly in the intervention vs. the control group (p< 0.001)

(Table 3).

Glycemic indices

The decrease in FBS values in the intervention group

(106.31 ± 28.11–101.11 ± 20.46 mg/dL) was not statistically

significant vs. the control group (p = 0.52). Moreover, insulin

levels and HOMA-IR values did not change significantly in the

intervention or control group (Table 3).

Inflammatory biomarkers

After the intervention, the participants on the 5:2 diet

exhibited a decrease in hs-CRP (2.95 ± 0.62–2.40 ±0.64 mg/L,

p < 0.001) and CK-18 (13.23 ± 0.61–11.92 ±0.53 ng/ml, p

< 0.001) levels vs. the control group (Table 3). On the other

hand, the total antioxidant capacity did not change significantly

following the RCT.

Discussion

This RCT shows that the 5:2 diet can be a non-

pharmacological tool in the management of NAFLD by

improving not only specific markers of NAFLD but also several

cardiometabolic parameters. More specifically, we demonstrated

significant reductions in body weight, BMI, WC, body fat, ALT,

AST, fibrosis and steatosis scores, TG, hs-CRP (mg/L), and

CK-18 (ng/ml) after 12 weeks on the 5:2 diet. On the other

hand, the 5:2 diet did not alter the levels of HDL-C, TC, LDL-

C, glycemic markers (FBS, insulin, and HOMA-IR), and total
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TABLE 3 Lipid profile, glycemic indices, liver enzymes, inflammatory biomarkers, and indices of hepatic steatosis and fibrosis.

5:2 Intermittent fasting diet Control diet P-valueb

Variables Baseline End P-valuea Baseline End P-valuea

Liver parameters

ALT (U/L) 41.42± 20.98 28.38± 15.21 0.043 30.34± 5.13 28.04± 8.12 0.144 0.044

AST (U/L) 34.19± 10.88 25.95± 7.26 0.013 23.39± 8.13 23.77± 9.66 0.969 0.015

GGT (U/L) 31.09± 26.25 19.52± 7.15 0.053 34.77± 12.93 39.22± 36.95 0.532 0.080

Fibrosis score (kPa) 6.97± 1.94 5.58± 1.07 0.009 5.82± 1.44 5.46± 1.32 0.072 0.040

Steatosis score/CAP dB/m 313.09± 25.45 289.95± 22.36 <0.001 311.52± 33.65 306.00± 37.35 0.342 0.042

Lipid profile

TG (mg/dL) 171.23± 39.88 128.04± 34.88 <0.001 187.6± 73.61 199.56± 87.43 0.512 <0.001

TC (mg/dL) 165.38± 26.06 164.00± 22.83 0.865 172.21± 37.99 180.72± 49.49 0.425 0.285

HDL-C (mg/dL) 41.22± 11.64 38.68± 11.13 0.079 34.82± 7.65 33.73± 6.70 0.290 0.167

LDL-C (mg/dL) 90.11± 26.50 93.07± 28.91 0.551 93.73± 31.77 97.45± 35.46 0.734 0.015

Glycemic indices

FBS (mg/dL) 106.31± 28.11 101.11± 20.46 0.321 102.82± 11.71 105.78± 14.16 0.230 0.523

Insulin (mU/L) 10.95± 3.24 12.18± 4.26 0.058 10.78± 3.78 12.15± 5.25 0.219 0.898

HOMA-IR 3.02± 1.34 2.95± 1.35 0.528 2.77± 1.11 3.15± 1.41 0.269 0.249

Inflammatory and antioxidant biomarkers

hs-CRP (mg/L) 2.95± 0.62 2.40± 0.64 <0.001 2.72± 1.04 2.75± 1.13 0.716 <0.001

CK-18 (ng/mL) 13.23± 0.61 11.92± 0.53 <0.001 13.24± 2.76 18.56± 3.54 <0.001 <0.001

TAC (mmol/L) 0.35± 0.06 0.33± 0.09 0.341 0.30± 0.8 0.32± 0.0.09 0.451 0.296

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation parameter; CK-18, cytokeratin-18; FBS, fasting blood sugar; GGT, γ-glutamyltransferase;

HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitive C-reactive protein; LDL-C, low-density lipoprotein

cholesterol; TAC, total antioxidant capacity; TC, total cholesterol; TG, triglycerides.
aWithin-group comparison (a paired samples t-test was used for testing two values within group).
bAnalysis based on ANCOVA model for assessing the regression relationship of variables between the groups at the end of the study after adjustments for body mass index, weight, waist

circumference, metabolic equivalents, dietary energy intake, and baseline value of the outcome.

antioxidant capacity. Taken together, these results are in line

with our hypothesis, given that we expected some improvements

in cardiometabolic and hepatic markers with accompanying

weight loss and decreased adiposity. So much so that massive

research shows beneficial effects of different IF regimens in this

regard (31–37).

Different types of IF regimens have been used to improve

body composition and anthropometric indices in patients with

NAFLD, from the Ramadan fasting to the 5:2 diet. Ramadan

is a type of IF regimen that can reduce body weight, body

fat, BMI, and WC in patients with NAFLD compared to non-

fasting (38), but, overall, our results tend to be better due to the

longer length of intervention since Ramadan lasts approximately

4 weeks. Our findings are more similar to the study by Holmer

et al. (7), who performed an RCT for patients with NAFLD (n

= 74) and observed a decrease in body weight by 7.4 kg and in

BMI by 2.4 kg/m² over a 12-week period on a 5:2 diet, whose

effect was similar to a low-carbohydrate high-fat diet and better

than a standard of care (7). We observed a lower decrease in

body weight (−3.7 kg) and BMI (−1.3 kg/m2) lower than in the

study by Holmer et al. This was probably because there was a

mean reduction of 590 kcal/d at the end of the study by Holmer

et al., whereas we observed a mean reduction of 260 kcal. It

must be noted that Holmer et al. prescribed the 5:2 diet, guiding

a daily intake of 500 kcal for 2 non-consecutive days a week,

followed by a general recommendation based on an intake limit

of 2,000 kcal/d for women and 2,400 kcal/d for men, while we

estimated the patients’ basal metabolic rate using the Mifflin-

St Jeor Equation and, therefore, providing more reliable data in

terms of individual care. Moreover, we observed reductions in

WC (−3 cm) and fat mass (−2.8 kg), while, seemingly, Holmer

et al. did not assess these parameters.

It is important to note that both the intervention and

control groups had a significant decrease in total energy intake

compared to the baseline (the intervention group: ∼2,863– ∼

2,602 kcal/day, p < 0.001; the control group: ∼3,121–2,967

kcal/day, p = 0.001), but without the inter group differences (p

< 0.05). In summary, there was a modest reduction in calorie

intake in both groups (261 kcal and 154 kcal for intervention and

control groups, respectively). Although the control group was

instructed to consume the habitual diet, there was a reduction

in calorie intake that probably may have occurred because the

participants were part of a clinical study. However, reduced

calorie intake on the 5:2 diet had a greater clinical magnitude

than the control group regardless of the absence of significant

intergroup difference, as the 5:2 diet was more effective in

improving body composition and laboratory parameters. It is

crucial to highlight that we adjusted the intergroup variables
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at the end of the study for BMI, body weight, WC, and

energy intake.

Reducing energy intake can be considered the main

mechanism leading to improvement in adiposity parameters

and cardiometabolic markers (38). Decreased energy intake

within an IF diet plan may promote mobilization of free fatty

acids, increase fat oxidation and production of ketones, as well

as can improve circadian rhythm by modulating clock genes

and anti-inflammatory molecules with a myriad of metabolic

improvements (e.g., melatonin) when the dietary strategy

creates a health routine for the subject (39–43). Regarding the

molecular basis involving the interplay between liver and lipids,

Santos and Macedo suggest that IF reduces the production of

apolipoprotein B and thereby increases fatty acid oxidation and

decreases hepatic TG content, yielding a reduction in circulating

levels of very-low-density lipoprotein cholesterol, LDL-C, and

small-dense LDL-C (44). The latter parameter shed light on

the anti-atherogenic effects of IF diets, as the small-dense

LDL-C represents the LDL particles with highest affinity for

arterial damage (45). In contrast, there is a debate about the

effects of IF regimens on improving lipid indices, as discussed

thoroughly below.

Employing an alternate-day fasting, i.e., alternating between

an ad libitum feeding day and a 75% energy-restricted fasting

day, Cai et al. (46) found improvement in TC and TG within a

relatively short length of intervention (4–12 weeks) in patients

with NAFLD, but LDL-C and HDL-C levels did not change (46).

Holmer et al. found a decrease in TG, TC, and LDL-C levels

by 35, 19, and 14 mg/dL, respectively, in patients with NAFLD

undergoing a 5:2 diet for 12 weeks, while HDL-C did not alter

(7). In our study, we found a decrease in TG (∼43 mg/dL), with

a clinical magnitude similar to the reduction by Holmer et al.,

but we did not observe changes in other lipid parameters.

In patients with NAFLD, liver tests (ALT, AST, alkaline

phosphatase, and GGT) are routinely included in the clinical

evaluation. We demonstrated a decrease in ALT and AST levels

by 13 and 8 U/L, respectively, after the diet 5:2. Johari et al. (47),

in turn, found a decrease in ALT and AST levels by 25 and 8 U/L,

respectively, in patients with NAFLD after 8 weeks of alternate-

day calorie restriction (47). The authors explained this reduction

in liver enzymes by the improvement of visceral fat or steatosis

in the liver (47). Likewise, we demonstrated improvement in

steatosis and fibrosis scores alongside a decrease in GGT levels

(∼11 U/L). Collectively, these results can be considered the

central tenet of our research, as the primary goal of NAFLD

treatment is to improve specific parameters of this ailment,

which is secondarily associated with several metabolic benefits.

Increased levels of inflammatory biomarkers in patients with

NAFLDmight affect the pathogenesis of cardiovascular diseases.

CRP is a protein produced by the liver under stimulation

of pro-inflammatory cytokines, and the hs-CRP assay is a

recommended marker of low-grade inflammation for screening

the risk of cardiovascular diseases (48–50). It is no wonder that

hs-CRP is a non-invasive complementary marker of NAFLD,

and its high levels are common in this population due to the

interplay between fatty liver and cardiometabolic problems (51).

Aliasghari et al. (38) reported decreased levels of hs-CRP after

Ramadan fasting (38). In our research, the group that underwent

a 5:2 diet had lower levels of hs-CRP at the end of the study

both compared to the baseline (−0.6 mg/L) and end levels of

the control group (−0.4 mg/L). CK-18 is another inflammatory

marker that circulates as a consequence of oxidative stress,

hepatocyte apoptosis, or inflammation in NAFLD (52). In a

meta-analysis, CK-18 levels proved to be an important tool

for diagnosing NAFLD, especially non-alcoholic steatohepatitis

(52), and, in our work, we showed a reduction in CK-18 levels

after the 5:2 diet. The reduction in CK-18 levels after the 5:2 diet

is not impressive, but, at least, it has amodest clinical magnitude,

as we observed a reduction from ∼13.2 to 11.9 ng/ml, and a

proposed CK-18 cutoff value to detect steatosis (S ≥ 2) in

NAFLD is 11.7 ng/ml (53).

Recently, in 2022, IF has been highlighted as a safe and

effective tool to improve liver histology in NAFLD (54).

Behind the scenes of histology, fasting-induced AMP-activated

protein kinase (AMPK) is the main biological rationale in

this regard, whose enzyme is a master regulator of energy

metabolism that activates fatty acid oxidation and breakdown

(54), but it is crucial to know that this mechanism is

enhanced by carbohydrate restriction and mainly by skeletal

muscle contraction during exercise (55). Hepatic steatosis and

fibrosis are two of the most studied histological parameters

due to their importance in disease diagnosis and staging

(56). In patients with NAFLD, excess visceral fat lipids

and accompanying inflammation sharply increase the risk

of developing complications of chronic liver disease, such

as cirrhosis, liver failure, and hepatocellular carcinoma (57).

Advanced fibrosis is the most significant predictor of mortality

in NAFLD (58). In our study, since 5:2 was associated with

improved fibrosis and steatosis scores, we provide evidence that

such a dietary regimen is a viable non-pharmacological strategy

to improve key clinical parameters that are a result of NAFLD

pathology, but RCTs performing liver biopsies are needed to

analyze the NAFLD histology.

Type 2 diabetes is a recognized risk factor in the NAFLD

severity (59). Patients with NAFLD who underwent Ramadan

fasting had reduced FBS, insulin, andHOMA-IR levels but not in

the non-fasting group (38). Overall, in ameta-analysis consisting

of 12 articles (545 participants), IF diets were associated with

a significant decline in FBS (weighted mean difference, −4.16

mg/dL; 95% confidence interval,−6.92–−1.40) when compared

with a control diet (60). In our study, we did not find significant

changes in FBS, insulin, and HOMA-IR. These null effects may

be a result of many patients in our sample being normoglycemic,

but mean FBS levels were within the range of pre-diabetes,

and this fact cannot be ruled out. At best, there was a non-

statistical decrease in FBS by ∼5 mg/dl after the 5:2 diet that
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nearly corrected mean FBS levels from the pre-diabetic stage to

normoglycemia (from∼106 to∼101 mg/dl).

Current guidelines suggest that dietary intervention

and exercise are first-line therapy for NAFLD (61, 62).

Correspondingly, the European Association for the Study of the

Liver (EASL) guidelines focus on lifestyle changes through diet

and habitual physical activity and emphasize that diet-induced

weight loss is the only treatment to ameliorate liver damage

without severe liver fibrosis (63). Given that these guidelines

recommend a pragmatic and individualized approach and do

not advocate any specific diet for the treatment of NAFLD, our

findings are noteworthy as a means of expanding the effect of IF

regimens as one of many dietary strategies that can be employed

through a personalized perspective, but this does not imply that

IF is the best dietary approach. Bearing in mind the importance

of personalized dietary plans, the addition of functional foods

and supplements could also enhance the effect of IF or other

dietary patterns in the management of liver parameters and

cardiometabolic markers (64–70).

As for strengths, our data reach different spheres of

medicine, as we observed improvement in several laboratory

markers with clinical relevance. For instance, (i) ALT and

AST are biomarkers for screening liver function; (ii) fibrosis

and steatosis are important determinants of NAFLD diagnosis

(71); (iii) associated atherogenic dyslipidemia is often observed

with increased plasma levels of TG in patients with NAFLD,

and cardiovascular diseases are the most common causes of

mortality in this population (72); (iv) hs-CRP is recommended

for coronary risk assessment in adults and is significantly higher

in patients with NAFLD (51); (v) CK-18 (ng/ml) is one of the

biomarkers in the circulation as a result of oxidative stress,

hepatocyte apoptosis, or inflammation in response to lipid

metabolism disorders because of NAFLD (52). In addition, we

assessed body composition alongside anthropometric indicators

of obesity that is easily replicated in clinical practice and used in

nutrition science (73–76).

As for limitations, we did not use gold-standard methods

for body composition and energy expenditure nor did we

perform liver biopsies. In addition, we used a physical

activity questionnaire to assess physical activity. Ultimately,

we encourage further research focusing on NAFLD and

accompanying diseases, such as dyslipidemia and diabetes, to

better expand the clinical magnitude of the 5:2 diet and other

types of IF regimens.

Conclusion

The 5:2 diet can reduce weight loss and related parameters

(fat mass and anthropometric indicators of obesity), as well

as hepatic steatosis, liver enzymes, TG, and inflammatory

biomarkers (hs-CRP and CK-18) in patients with NAFLD.

However, the intervention did not change the levels of HDL-C,

TC, LDL-C, glycemic markers, and total antioxidant capacity.

In other words, the 5:2 diet can be a non-pharmacological

tool in the management of NAFLD by improving not only

specific markers of NAFLD but also several cardiometabolic

parameters. Nevertheless, the 5:2 diet cannot be considered the

best dietary regimen in this regard, but deserves attention as one

of the many strategies that integrate the arsenal of nutrition-

based approaches.
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Although there is a consensus on beneficial e�ects of a low calorie diet in

management of non-alcoholic fatty liver disease, the optimal composition of

diet has not yet been elucidated. The aim of this review is to summarize the

results of current randomized controlled trials evaluating the e�ects of low

fat diet (LFD) vs. low carbohydrate diet (LCD) on NAFLD. This is a systematic

review of all the available data reported in published clinical trials up to

February 2022. The methodological quality of eligible studies was assessed,

and data were presented aiming specific standard measurements. A total

of 15 clinical trial studies were included in this systematic review. There

is an overall lack of consensus on which dietary intervention is the most

beneficial for NAFLD patients. There is also an overall lack of consensus on the

definition of the di�erent restrictive diets and the percentage of macronutrient

restriction recommended. It seems that low calorie diets, regardless of their

fat and carbohydrate composition, are e�cient for liver enzyme reduction.

Both LCD and LFD have similar e�ects on liver enzymes change; however,

this improvement tends to be more marked in LFD. All calorie restrictive

dietary interventions are beneficial for reducing weight, liver fat content and

liver enzymes in individuals with NAFLD. Low fat diets seem to be markedly

successful in reducing transaminase levels. Further research is needed to

explore diet intensity, duration and long-term outcome.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of

the most prevalent liver diseases worldwide (20–30%) (1).

Individuals with NAFLD may develop liver injury with a subset

developing progressive fibrosis (non-alcoholic steatohepatitis),

cirrhosis and complications including end-stage liver failure and

hepatocellular carcinoma (2). Fatty liver is one of the causes of

liver transplantation (3). In many aspects, the pathophysiology

of NAFLD is similar to that of obesity, dyslipidemia and

diabetes (4).

Diet and exercise are first line treatments for NAFLD.

Studies have shown that patients with NAFLD consume

excessive amounts of total energy, refined carbohydrates

(including fructose), fibers and antioxidants (vitamin C and

vitamin E), cholesterol and saturated fats (SFA) with an

insufficient intake of polyunsaturated fats (PUFA) (5, 6). Since

there is no pharmacotherapy currently available for patients with

NAFLD, lifestyle changes remain the fundamental management

option (7, 8). In patients with NAFLD (overweight and obese),

calorie restriction drives the reduction of liver fat, body weight,

and histological improvement of non-alcoholic steatohepatitis

(NASH) (9, 10). However, there is conflicting data on which

hypocaloric dietary plan should be adopted according to

the macronutrient composition (11, 12). Nordmann et al.

(13) showed that low-fat diets are more effective than low-

carbohydrate diets in reducing total cholesterol (TC) and

low-density lipoprotein (LDL) cholesterol concentrations. In

contrast, low-carbohydrate diets can be more effective than

low-fat diets in increasing high-density lipoprotein (HDL)

cholesterol concentrations and reducing triglyceride (TG) and

transaminase levels with a further decrease in 24-h circulating

blood insulin concentrations in both isocaloric and hypocaloric

conditions (14–17).

Current evidence suggests a change in diet composition

alone can reduce hepatic fat infiltration. Studies in animal

models and humans have shown that reducing intake of

carbohydrate (CHO) sources such as added sugars, high

glycemic grains, and fructose may be an effective approach to

reverse fatty liver by significantly reducing insulin resistance

and inflammation (18–20). A randomized clinical trial in adults

demonstrated that a CHO restricted diet (<20 g/day) compared

to a low-fat diet resulted in similar weight loss but greater

reduction in hepatic fat (−55 vs. −28%, p < 0.001) (21).

This suggests a clear metabolic advantage for CHO-restriction,

independent of overall weight loss, in adults with NAFLD. A

study showed that a low-carbohydrate diet was more effective

than a low-fat diet in improving obesity (22, 23). Moreover,

another paper explored the impacts of low carbohydrate vs.

low-fat/low-calorie diets in achieving weight control and found

that the low-carbohydrate diet is more effective than the low-

fat/low-calorie diet (24). Furthermore, low-fat diets effectively

reduce intrahepatic fat content (24). NAFLD is a significant

independent risk factor for cardiovascular disease and type

2 diabetes because of concurrent dyslipidemia and insulin

resistance (25), therapeutic diets are believed to be effective for

reversal of changes seen with NAFLD (26).

However, despite these data, there is little evidence

surrounding an all-inclusive diet for NAFLD. This systematic

review focuses on randomized controlled trials (RCTs) of low

carbohydrate diets compared to low fat diets, to assess their

impact on NAFLD and liver enzymes.

Methods

Conduct of systematic review

A meta-analysis was conducted based on the Preferred

Reporting Items for Systematic reviews and Meta-Analyses

(PRISMA) statement.

Search strategy

PubMed/Medline, Web of science, Scopus, and Cochrane

library databases were searched for relevant articles about the

intervention low fat diet or low carbohydrate diet in patients

with NAFLD published up to February 2022; without any

language restriction. The combination ofMESH and non-MESH

keywords were used (Supplementary Table 1). Furthermore, all

reference lists of related articles, reviews, and meta-analyses

were manually checked to avoid missing any studies. The

quality of eligible trials was evaluated using the Cochrane

quality assessment tool (27), which is comprised of the

following: allocation concealment, blinding of participants and

personnel, random sequence generation, incomplete outcome

data, blinding of outcome assessment, selective reporting and

other probable sources of biases (Table 1).

Eligibility criteria

The following criteria were regarded to select eligible studies

based on PICO; (1) participants (p): studies that included adult

subjects (≥18 years of age) with NAFLD, (2) Intervention (I):

examined the effects of low fat diet or low carbohydrate diet

in NAFLD patients, (3) comparison: compared with control

or baseline value, (4) outcome: those that reported sufficient

data related to liver. In addition, studies were excluded if they;

(1) were executed on children, pregnant women, other diseases

or animals, (2) were not trials, (3) did not provide sufficient

information of NAFLD outcomes, or (4) investigated the effects

of low fat diet or low carbohydrate diet along with other

dietary changes. Unpublished documents and gray literature like
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conference papers, pilot studies, dissertations, and patents were

also excluded.

Data extraction

Two independent investigators (FP and HKV) undertook

the study selection whereas a chief investigator (AH) provided

further comment if any disagreements. Contact was made with

the corresponding authors of any studies where insufficient data

was available.

The following data was extracted from eligible studies: first

author’s name, year of publication and journal, study country,

gender of participants, mean age, number of subjects in each

group, trial duration, type and energy content of each diet

intervention with percent of macronutrient, study design, and

the mean and standard deviation of outcome measures at

baseline and the end-of-trial.

Definition of low carbohydrate and low fat diet
Low carbohydrate diet definition is very inconsistent,

but according to Seidelmann et al. new study (38) optimal

proportion of carbohydrate for a healthy diet is 50–55%.

Therefore, we considered ≤50% as a low carbohydrate diet

(LCD) and according to other studies (13, 39) we defined low fat

diet (LFD) as a maximum of 30% of the calorie intake from fat.

Results

Literature search and study
characteristics

Out of 1,495 articles identified from PubMed/Medline (n

= 375), Scopus (474), Web of Science (465) and Cochrane

databases (n = 181), 575 duplicate articles were excluded.

A further 906 were excluded based on the title and abstract

screening approach. The remaining 14 articles were reviewed

with two independent authors by reading the full text. Two

additional studied were excluded for the following reasons:

no full text available (40) and different definition for low

carbohydrate and low fat diet (low fat diet;≤30% of total calorie

from fat and low carbohydrate diet; ≤50% of total calorie from

carbohydrate) (4) (Figure 1). After manual search three other

articles were also included (14, 29, 32) (Table 2). Finally, 15

articles were included in the current study. Five studies reported

LCD vs. other dietary patterns (21, 25, 26, 33), four reported

LFD vs. other dietary patterns (34–37), six reported LCD vs.

LFD (14, 23, 28–31) and from them nine reported the effects of

LCD or LFD on liver fat content (14, 21, 23, 25, 31–33, 35, 36).

Fifteen included studies were published between 2005 and 2019.

Sample sizes varied from 8 to 140 patients across studies. Mean

ages and mean baseline BMIs ranged from 32 to 55 years and

28–45.9 kg.m2, respectively. One trial was performed exclusively

in women (28) and others included both genders. Intervention

periods were as wide as 2–24 weeks. According to dietary

interventions, carbohydrate percentage in LCD was varied from

8 to 45% and 15 to 30% for fat content in LFD.

Quality assessment
The results of the quality assessment of the eligible studies

are presented in Table 1. Most studies had a good quality, two

had fair quality (28, 36), and six had a poor quality (14, 21, 23, 26,

31, 33) (an unclear risk of bias for in the allocation concealment

and blinding of outcome assessments).

E�ects of LCD or LFD on liver enzymes and

body weight

LCD vs. other dietary patterns.

Two studies compared LCD (<30% from total calorie

intake) with low calorie diet. Kani et al. (26) conducted a

randomized parallel trial for 30 patients with NAFLD. After

intervention with low calorie (−200 to 500 kcal) and low calorie

LCD (−200 to 500 kcal, CHO: 45%, FAT: 35%) diets, both ALT

and AST decreased. ALP reduction was only seen in low calorie

group. However, the changes in liver enzymes and body weight

were not significantly different between these two groups.

Browning et al. (21) compared a very LCD (CHO: 8%, FAT:

59%) with low calorie diet (CHO: 50%, FAT: 34%) in 18 patients

with NAFLD. A similar weight loss was observed in both groups.

Regardless of the dietary intervention, AST but not ALT changed

significantly after 2 weeks weight loss.

In a single arm study, Benjaminov et al. (32) showed that a 4

week intervention with a very LCD (CHO: 14%, FAT: 56%) did

not alter ALT and AST. Significant weight reduction was seen.

Yu et al. (33) conducted a low calorie, very LFD (CHO <10%,

800 kcal) intervention for patients with obesity and NAFLD. In

this single arm study, body mean weight reduction after 8 weeks

was 6.8 kg (7% of the pre-intervention weights) (p= 0.001).

LFD vs. other dietary patterns

From four studies, three of them compared LFD with

Mediterranean diet and one study had no control group. In a

crossover study, 20 patients with NAFLD underwent 16 weeks

of MD (CHO: 40%, FAT: 40%), 16 weeks of wash-out period,

and 16 weeks of LFD (FAT: 18%, CHO: 62%) (34). Both diet

interventions were calorie restricted (1,400 kcal). At the end

of the MD period, significant weight loss and ALT and AST

reduction were observed. But in the LFD group, there were

no significant changes in body weight or transaminases. Serum

transaminases and body weight at the beginning of LFD period

were the same as the end point of MD period: consequently the

conditions at the start of the LFD period differed from that of
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FIGURE 1

PRISMA flowchart for study examined and included into the meta-analysis.

the MD group. These results may reflect the sequence of the

dietary intervention.

Properzi et al. (35) compared LFD (FAT: 30%, CHO: 50%)

and MD (CHO: 40%, FAT: 35–40%) in a parallel-group RCT.

Fifty-six patients with NAFLD were recruited and after 12 weeks

intervention data from 49 subjects were available for analysis. At

the end of the study, ALT and GGT decreased significantly in

both groups. Similar weight loss amounts were seen also, with

no no significant differences seen at the final analysis. In a study

by Ryan et al. (36) patients with NAFLD randomly received MD

(CHO: 40%, FAT: 40%) or LF-HCD (FAT: 30%, CHO: 50%) for

6 weeks. After a 6 week washout period, the subjects swapped to

the second diet. ALT and GGT changes were not appreciated in

either diet. Similarly, weight loss was not different between two

groups (p= 0.22).

Ravanshad et al. (37) designed a single arm randomized trial

for obese patients with NAFLD.A low calorie LFD (FAT: 25–

30%, CHO: 55–60%) for 6 weeks resulted in decreased body

weight and mean serum ALP, ALT, AST levels. Although this

study appeared to show beneficial effects for LFD with restricted

calorie, the differential effects of calorie and fat restriction were

able to be demonstrated.

LCD vs. LFD

Six interventional studies evaluated liver enzymes levels

by comparing LCD and LFD. Rodríguez-Hernández et al.
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TABLE 2 The characteristics of the 15 eligible studies.

References,

Country

Subjects Diagnosis method Study design Follow up

(weeks)

intervention Control Results

Low fat vs. low carb diet

Rodríguez-

Hernández et al.

(28), Mexico

Obese & NAFLD Ultrasonography Randomized

non-controlled crossover

trial

24 Low-fat diet (Fat: 21%, Carb:

54%)

Low-carb diet (Carb: 45%,

Fat: 28%)

ALT and AST decreased more

in the Low-carb diet but not

significantly

Arefhosseini et al.

(29), Iran

Overweight & NAFLD Ultrasonography Randomized controlled

crossover trial

6 Low calorie low fat diet (Fat:

25%, Carb: 55%, minus 500

kcal)

Low calorie low carb diet

(Carb: 40%, Fat: 40%, minus

500 kcal)

AST decreased in both group

but more in LFD weight

decreased significantly in both

groups

Haufe et al. (23),

Germany

Obese & high IHL MRS Randomized controlled

crossover trial

24 Low calorie low fat diet (Fat≤

20%, minus 30% of energy

intake before diet)

Low calorie low carb diet

(Carb ≤ 90 g/day, Fat ≥ 30%,

minus 30% of energy intake

before diet)

Both hypocaloric diets

decreased liver enzymes, body

weight, and liver fat content

similarly

De Luis et al. (30) NAFLD BMI≥30 ALT≥43 Randomized controlled

trial

12 Low calorie low fat diet (Fat:

27%, Carb: 53%, 1,500 kcal)

Low calorie low carb diet

(Carb: 38%, Fat: 36%, 1,507

kcal)

ALT and AST decreased more

in the low-fat diet weight loss

in groups were the same

Kirk et al. (14), USA Obese MRS Randomized controlled

trial

11 Low calorie low carb diet

(Carb ≤ 50 g/day∼10%, Fat:

75%, minus 1,000 kcal)

Low calorie high carb diet

(Fat: 20%, Carb≥180 g/day∼

65%, minus 1,000 kcal)

ALT and AST did not

changed.

Liver fat content decreases in

low carb at 48 h but not in

11 weeks.

Marina et al. (31),

USA

Overweight/obese BMI > 27MRS Randomized controlled

trial

4 Low fat diet (fat: 20%, carb:

62%)

High fat diet (carb: 27%, fat:

55%)

ALT, AST and Body weight

had no changes in groups.

Liver fat decreased in LFD but

not significantly.

Low carb diet

Kani et al. (26), Iran NAFLD Ultrasonography Randomized parallel trial 8 Low calorie low carb diet

(carb: 45%, fat: 35%, minus

200–500 kcal)

Low calorie diet (carb: 55%,

fat: 30%, minus 200–500 kcal)

ALT and ALT reduction and

weight loss were the same in

both group

Browning et al.

(21), Texas

NAFLD Liver Biopsy Randomized crossover

trial

2 Low carb diet (Carb> 25

kcal/kg of ideal body weight,

∼8%, fat∼ 59%)

Low calorie diet (fat∼34%,

car∼50%, 1,200 kcal for

women and 1,500 kcal for

men)

ALT reduction was not

significant in either group but

AST reduced significantly in

both.

Weight were similar loss in

both group.

Liver fat content reduction in

LCD group was more

(Continued)
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TABLE 2 Continued

References,

Country

Subjects Diagnosis method Study design Follow up

(weeks)

intervention Control Results

Benjaminov et al.

(32), Israel

Obese CT Single arm trial 4 Low carb diet (carb: 14%, fat:

56%

– ALT and AST did not

changed. Weight loss was

significant

Reduction of liver fat content

and size.

Mardinoglu et al.

(25), Sweden

Obese & NAFLD Biopsy Single arm trial 2 Low-carb diet (carb <10%) – Liver fat content was

dramatically reduced

Yu et al. (33), China Obese & NAFLD BMI > 30 liver fat >5.6% Single arm trial 8 Low calorie low carb diet

(carb <10%, minus 800 kcal)

– Caloric restriction reduced

liver fat content and body

weight

Low fat diet

Biolato et al. (34),

Itlay

NAFLD Biopsy-verified NAFLD

and increased

transaminases

Open-label Crossover

trial

16 Low calorie low fat diet (fat:

18%, carb: 62%, 1,400 kcal)

Low calorie Mediterranean

diet (carb: 40%, fat: 40%,

1,400 kcal)

Significant weight loss and

ALT and AST reduction

observed after MD

Properzi et al. (35),

Australia

NAFLD MRS Randomized parallel trial 12 Low fat diet (fat: 30%, carb:

50%)

Mediterranean diet (carb:

40%, fat: 40%)

ALT and GGT decreased

significantly in both groups as

well as similar weight loss.

No changes were observed in

liver fat.

Ryan et al. (36),

Australia

NAFLD Biopsy Randomized crossover

trial

6 Mediterranean diet (carb:

40%, fat: 40%)

Low fat diet (fat: 30%, carb:

50%)

Transaminases (ALT, GGT)

level and weight loss changes

were not significant and also

not different between groups.

A significantly greater

decrease in liver fat content

was seen in MD group.

Ravansha et al. (37),

Iran

Obese & NAFLD BMI > 25

Ultrasonography

Single arm trial 6 Low calorie low fat diet (fat

25–30%, carb: 55–60%, minus

500-1,000 kcal)

– Compared to the baseline

decreased body weight and

mean serum ALP, ALT, AST

level were seen

NAFLD, non-alcoholic fatty liver disease; IHL, Intrahepatic Lipid; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, Alkaline phosphatase; GGT, Gamma-glutamyl transferase; carb, carbohydrate; MRS, magnetic resonance

spectroscopy; carb, carbohydrate; MD, Mediterranean diet; LFD, low fat diet; LCD, low carbohydrate diet.
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(28) enrolled 31 obese women with NAFLD in a randomized

crossover study. They showed that 24 weeks of LCD (CHO:

45%, FAT: 28%) decreased ALT and AST more than LFD (FAT:

21%, CHO: 54%), but there was no statistical significance. Since

both diets were hypocaloric, the authors claimed that weight

loss diminished aminotransferase levels regardless of fat or

carbohydrate percentage.

Arefhosseini et al. (29) compared LCD (CHO: 40%, FAT:

40%) with LFD (FAT: 25%, CHO: 55%) in 44 overweight patients

with NAFLD patients over 6 weeks. The results arising showed

that, regardless of the type of diet, calorie deficit (−500 kcal/day)

can reduce AST. Unlike the study conducted by Hernández et

al. (28), it was only significant for the LFD. Haufe et al. (23)

randomized 102 obese patients including 45% with NAFLD into

a LCD (CHO: 25%, FAT 45%) and a LFD (FAT: 27%, CHO:

52%). Both diets were hypocaloric and weight loss was observed

in both groups. There were no significant differences in liver

enzyme reduction between groups. De Luis et al. (30) assessed

12 weeks of hypocaloric diet with LFD (FAT: 27%, CHO: 53%)

and LCD (CHO: 38%, FAT: 36%). Diet therapy improved ALT

and GGT inboth groups, but AST decreased only with LFD.

Compared with LCD, AST and ALT levels were significantly

reduced in the LFD group. Weight losses were the same in both

groups (−4 kg).

Kirk et al. (14) designed a randomized clinical trial to

compare two types of diet: high carbohydrate diet (=LFD) (FAT:

20%, CHO: 65%) and LCD (CHO: 10%, FAT: 75%). Twenty-two

obese patients were enrolled and about 50% of them also had

NAFLD. Both diets were hypocaloric (−1,000 kcal/day). After

48 h and ∼11 weeks dieting, ALT and AST did not change with

either diet. Regardless of the diet group, all subjects lost weight.

In a similar study design, Marina et al. (31) evaluated a high fat

diet (=LCD) (CHO: 27%, FAT: 55%) and LFD (FAT: 20%, CHO:

62%). About 54% of patients were NAFLD. No changes in liver

enzymes or body weight were seen between groups but there was

an increasing trend for GGT in LFD.

Overall, high heterogeneity in carbohydrate and fat percent

was observed in the designed diets. Low carbohydrate and

low fat diets are not well-defined and there is no consensus

definition for them and as mentioned in studies percent

from total calorie is ranged 8–45% for low carbohydrate

diet and 15–30% for low fat diet. Furthermore, most

studies combined carbohydrate or fat restriction with calorie

restriction preventing clear determination of the effects of the

two interventions.

According to the available studies, both LCD and LFD

have same effects on liver enzymes in patients with NAFLD.

It seems that low caloric diets regardless of their fat and

carbohydrate composition are more effective for reduction in

liver enzymes. Hypocaloric diets are associated with insulin

resistance and metabolic syndrome improvement, so they

are effective in reversal of the changes seen with NAFLD.

Both LCD and LFD were able to reduce serum transaminase

levels but greater improvement appears to be seen with

LFD (30).

Effects of LCD or LFD on liver fat content

Haufe et al. (23) in their comparative study showed that

the reduction of liver fat following hypocaloric LCD (CHO:

25%, FAT 45%) and hypocaloric LFD (FAT: 27%, CHO: 52%)

was similar. Patients with higher baseline intrahepatic fat (IHF)

achieved a greater reduction of IHF in this study. Kirk et al. (14)

showed that after 48 h, IHF decreasedmore with the LCD (CHO:

10%, FAT: 75%) than LFD (FAT: 20%, CHO: 65%) but after∼11

weeks the reduction was similar in both groups.

Mardinoglu et al. (25) performed an isocaloric very LCD

(CHO <10) diet for 10 obese patients with NAFLD. From

the first day of intervention, liver fat content was dramatically

educed and themean reduction was 43.8% after 2 weeks. Yu et al.

(33) conducted a single arm study (CHO < 10%, 800 kcal) and

demonstrated a liver fat content reduction of two thirds after 8

weeks (p= 0.004).

Marina et al. (31) in a comparative study showed LFD (fat

= 20%) could reduce liver triglyceride content but it was not

significant in comparison to a high fat diet (LCD).

Browning et al. (21) concluded that after 2 weeks liver fat

content decreased significantly with weight loss (P < 0.001) but

decreased significantly more in LCD (P = 0.008). In a study

involving XX subjects, managed with a 4 week intervention with

very LCD (CHO = 14%), Benjaminov et al. (32) also showed

liver fat content reduction.

In comparing LFD and MD, Ryan et al. (36), in a 6-week

crossover design incorporating LFD (FAT: 30%, CHO: 50%) or

MD (CHO: 40%, FAT: 35–40%), showed a significantly greater

reduction in IHF with MD than LFD (p = 0.03). However, in a

parallel design Properzi et al. (35) observed no difference in liver

fat content between groups (p = 0.32) with mean (SD) relative

reductions in LFD and MD being 25.0 and 32.4%, respectively.

Regardless of energy intake, it seems both LFD and LCD can

reduce IHF in NAFLD patients.

Discussion

Principal findings

This systematic review evaluating low fat vs. low

carbohydrate diets for alcoholic fatty liver disease has

demonstrated several major findings. Firstly, considering

that NAFLD is one of the commonest causes of liver disease

worldwide, there is an overall lack of consensus on which dietary

intervention is most beneficial for these patients. Secondly,

there is also an overall lack of consensus on the definition of the

different restrictive diets and the percentage of macronutrient

restriction recommended. Moreover, although most of the

included papers relate to trials in middle- or high-income
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counties the diagnostic methods for NAFLD varied. With

these caveats in mind, it appears that both LCD and LFD

have the same effects on liver transaminases in individuals

with NAFLD and that low calorie diets, regardless of their

fat and carbohydrate composition, are more likely to read to

reduced transaminases.

Hypocaloric diets are associated with improvements in

insulin resistance and metabolic syndrome, and consequently

have beneficial effects in NAFLD. Both LCD and LFD are able to

reduce serum transaminase levels, however, this improvement

tends to be more marked in LFD (30). Additionally, both LFD

and LCD seemed to have report weight loss results in patient

groups. Moreover, two studies reported fever impact of low

free sugar diet on NAFLD in adolescent boys (41) and adults

(42). Lastly, there remains insufficient evidence to deduce what

duration, combination or intensity of treatment is most effective

in these patients.

Limitations

There are several limitations present in this review. Firstly,

the included studies are not homogenous. The authors defined

low carbohydrate, low fat and low-calorie diets using different

parameters. In the included studies, the percentage restrictions

ranged from 8 to 45% for LCD and 15 to 30% for LFD.

This can affect the reliability of this systematic review.

Moreover, it may be difficult to distinguish results between

a low calorie, low carbohydrate and low-fat diet, as most

of these diets restricted calories and both macronutrients.

Another limitation of this systematic review is that most

studies did not explore or categorize patients according to

different characteristics. For example, patients with different

severities of NAFLDmay have responded differently to different

types of diet adjustments. Similarly, patients with higher body

mass indexes may have more marked reductions in weight

or liver fat content than their thinner counterparts. This

is an increasingly important limitation now that medicine

continues to become more individualized. Lastly, the follow

up time period varied amongst included studies, with the

shortest being 2 weeks and the longest 24 weeks. Therefore,

the long-term clinical outcomes of these diets including weight

loss, liver enzymes, liver fat content and patient compliance,

remain unexplored.

Comparison with previous literature

The current results agree with previous reviews in that

calorie restricted diets are overall successful in reducing, but

rarely resolving, NAFLD (43, 44). One previous trial compared

hypocaloric LFD and LCD for intrahepatic fat reduction

in NAFLD and found no significant difference between the

beneficial effects of these two diets over a period of 6 months

(23). The current results reflect these outcomes and reiterate the

noteworthy impact that dietary modification can have on these

markers of liver disease.

Additional large studies have also demonstrated that

multidisciplinary lifestyle modification, including exercise and

diet, can have an even more pronounced impact on NAFLD

with one cohort achieving a 64% remission rate after 12 months

(45, 46). Nevertheless, other reviews mention the difficulty

of managing NAFLD patients with dietary interventions

outside of highly controlled trial settings. These interventions

require high-intensity specialist services that may not be

available, and, whose cost-effectiveness may need to be

explored (43).

This systematic review has contributed to existing

literature by summarizing the evidence on LCD vs. LFD and

confirming that both of these are demonstrated to be successful

interventions to promote weight loss and improve hepatic

markers in NAFLD.

Suggestions for further research

Future research is needed to answer the questions elicited

by the limitations of this report. For example, the intensity

of macronutrient restriction that generates the most beneficial

response in patients. Secondly, the duration of treatment

needed, and therefore, both the feasibility and effectiveness

of long-term dietary interventions for the management of

NAFLD. Thirdly, the current review suggests that LFD may be

more successful in reducing transaminases in these patients,

therefore, further exploration of this effect is warranted. Another

important component of lifestyle intervention targeting NAFLD

is physical exercise. Future research will need to further

explore the ideal combination between physical exercise and

dietary interventions to ensure long term positive outcomes for

these patients.

Conclusions

All calorie restrictive dietary interventions are beneficial

for reducing weight, liver fat content and liver enzymes in

individuals with NAFLD. Low fat diets seem to be markedly

successful in reducing transaminase levels. Further research

is needed to explore diet intensity, duration and long-

term outcome.
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Inflammatory immune response plays a key role in exercise-induced

injury and healing; however, the relevant regulatory mechanisms of

immune infiltration in exercise-induced injuries remain less studied. In the

present study, a highly efficient system for screening immunity-related

biomarkers and immunomodulatory ability of natural nutritional supplements

was developed by integrating intelligent data acquisition, data mining,

network pharmacology, and computer-assisted target fishing. The findings

demonstrated that resting natural killer cells showed a higher rate of

infiltration after exercise, whereas naive B cells and activated dendritic cells

showed higher rate of infiltration before exercise. Four key genes, namely

PRF1, GZMB, CCL4, and FASLG, were associated with exercise-induced injuries

and inflammatory immune response. In total, 26 natural compounds including

echinacoside, eugenol, tocopherol, and casuariin were predicted by using

the HERB databases. Molecular docking analysis showed that GZMB, FASLG,

and CCL4 bound to echinacoside. In vivo experiments in mice showed that

after 30 min swimming, natural killer (NK) cells showed high infiltration

rates, and the key genes (GZMB, PRF1, FASLG, and CCL4) were highly

expressed; however, echinocandin significantly reduced the level of NK cells

and decreased the expression of the four key genes post exercise. This natural

nutritional supplement may act to protect against inflammatory injury after

exercise by suppressing specific immune infiltration.
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Introduction

Exercise and physical activity are effective in the prevention
and treatment of a wide range of chronic diseases, and
there is considerable evidence for a positive association
between long-term exercise and health benefits (1). Physical
activity lowers diabetic blood sugar levels (2) and blood
pressure (3), reduces the risk of acute cardiovascular disease
(4, 5) malignancies such as breast and colon cancer (6),
prevents memory and cognitive impairment (7), and enhances
immunity to pathogens (8). The Physical Activity Guidelines
for Americans (9) recommend that children and adolescents
should engage in moderate-to-vigorous physical activity for
60 min or more per day, and adults should engage in at
least 150 min of moderate-intensity aerobic activity or at
least 75 min of vigorous aerobic activity per week. However,
injuries are an inevitable part of exercise and participation
in sport; they affect continuation of the sport activity, and
the inflammatory response caused by the injury is detrimental
to health and may affect athletes’ ability and performance.
Thus, the prevention and treatment of sports-related injuries is
particularly important. Inflammation is prevalent in the body
after exercise; under normal circumstances, this short-term
immune response facilitates the removal of necrotic damaged
tissue to achieve renewal and repair (10, 11). Inflammation is
also one of the main causes of pain and discomfort from post-
exercise injuries, and non-steroidal anti-inflammatory drugs
(NSAIDs) are used in certain high-intensity competitive sports
(12). Delayed-onset muscle soreness is a common negative
manifestation of post-exercise discomfort in the body, which
was thought to be the result of a combination of factors
such as connective tissue damage, muscle damage, lactic
acid accumulation, and inflammatory response (13). Chronic
inflammation caused by frequent sports-related injuries may
place a greater burden on the body than the benefits of
exercise. A survey of college athletes showed that 94% had used
NSAIDs and 13.9% had overdosed on NSAIDs (14). However,
NSAIDs have side effects such as gastrointestinal bleeding,
kidney damage, and even inhibition of cartilage proliferation
(15). Nutritional therapy is an important strategy to repair
sports injuries; it is more widely available than conventional
medical care and results in significant cost savings (16). In
addition, dietary supplements that relieve pain and discomfort
after sports injuries and promote injury repair have fewer side
effects than, for example, NSAIDs, and are more effective in
improving physical fitness (17). Natural ingredients, such as
curcumin, quercetin, and resveratrol, are a great treasure trove
and have been found to be effective for sports injuries (18–
20). Our previous studies have found that Rhodiola rosea as a
natural supplement has a positive effect on exercise capacity
and performance, reduces post-exercise pain and skeletal muscle
injury, and enhances antioxidant capacity (21). Therefore, we
aimed to identify more natural nutritional supplements that

are effective in the prevention of and recovery from sports-
related injuries. We hope to find some key genes from which
to predict some potential natural ingredients that exert anti-
inflammatory effects in sports injuries, and use experiments
to validate the anti-inflammatory effects of these candidate
ingredients, and eventually convert these candidates into natural
dietary supplements for use in the anti-inflammatory response
to sports injuries.

Materials and methods

Gene expression profiles before and
after exercise

Gene expression profiles of individuals before and after
exercise was obtained by searching the GEO database; gene IDs
were collected and then converted into gene symbols.

Analysis of immune cell infiltration and
differentially expressed genes

The CIBERSORT deconvolution method (perm = 1000) was
used to analyze immune cell infiltration. The gene expression
profiles were screened for differentially expressed genes (DEGs)
after normalization using the R limma package based on the cut-
off criteria | logFC| ≥ 1 and adjP ≤ 0.05 (22).

Immune-related differentially
expressed genes

In addition to immune cell infiltration analysis, we
also studied the differential expression of immune-related
genes before and after exercise. Immune-related genes were
downloaded from the ImmPort database; subsequently, they
were compared with DEGs to obtain a list of immune-related
differentially expressed genes (ImmDEGs) (23).

Protein–protein interaction, hub
genes, and enrichment analyses

We used the STRING database for protein–protein
interaction (PPI) analysis of DEGs with confidence level ≥ 0.04
and filtered the top five genes, which were considered to be the
hub genes according to Cytoscape’s Cytohubba plugin (Degree
algorithm). DEGs were also subjected to gene ontology (GO)
enrichment analyses using the R package clusterProfiler (cutoff:
P ≤ 0.05 and q ≤ 0.05) (24). Furthermore, to examine the
overall gene enrichment more comprehensively, we performed
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a gene set enrichment analysis (GSEA) of all genes after sorting
by logFC descending order using R soft (pvalueCutoff = 0.05,
pAdjustMethod = “BH”) (25).

Prediction of key genes and nutrients
and molecular docking for validation

Key genes were defined as intersecting genes between
ImmDEGs and hub genes. On the basis of the identified
key genes, we used the HERB database to back-predict the
target nutrients (26). Proteins encoded by key genes were
downloaded from the PDB database and subjected to molecular
docking analysis using AutoDock software to validate nutrients
(Table 1).

Materials and experimental animals
and treatment

According to the predicted results, we selected echinacoside
for in vitro validation. Echinacoside was purchased from
Chengdu HerbSubstance Co., Ltd. (Chengdu, China) and the
percentage purity of echinacoside was 99.85%. Echinacoside
was dissolved in 25 mg/mL dimethyl sulfoxide (DMSO) and
diluted to 10mg/mL with phosphate-buffered saline. The final
concentration of DMSO was less than 10%; the solution was
then divided into 1.5 mL aliquots and stored at −80 ◦C
until further use. Specific pathogen-free male C57BL/6 mice
(body weight: 20 ± 2 g, age: 56–62 days, n = 12) were
purchased from the Guangdong Medical Laboratory Animal
Center (Guangdong, China). The mice were maintained
under controlled temperature (22 ± 1 ◦C), humidity (50%),
and lighting (12:12 h light/dark) conditions. After 7 days
of habituation, the mice were randomly divided into four
groups (n = 3 per group; Figure 3D). In the normal control
group (NC group), mice were gavaged with distilled water
(10 mL/kg) once a day for 1 week. In the model group,
mice were gavaged with distilled water (10 mL/kg) once a
day for 1 week and subjected to passive swimming activity
for 30 min on the last day. In the long-term echinacoside
group (LE group), mice were gavaged with echinacoside
(100 mg/kg) (27) once a day for 1 week and subjected
to passive swimming for 30 min on the last day. In the
short-term echinacoside group (SE group), mice were gavaged
with distilled water (10 mL/kg) once a day for 6 days; on
the seventh day, the mice were gavaged with echinacoside
(100mg/kg) (27) and, after 30 min, subjected to passive
swimming for 30 min. Peripheral blood and muscle tissues
were harvested immediately after the swimming session. All
animal experiments were approved by the Animal Care and
Use Committee of Affiliated Hospital of Guangzhou University
of Chinese Medicine (approval number:20200331016), and

TABLE 1 All relevant software and websites used in this study.

Name Entrance

GEO database https://www.ncbi.nlm.nih.gov/geo/

R soft and main plug-in package Version: R 4.1.1; Package: limma, clusterprofiler

ImmPort database https://www.immport.org/home

String database https://cn.string-db.org/

Cytoscape Version: Cytoscape_v3.9.0; Plug-in: Degree

HERB database http://herb.ac.cn/

PubChem database https://pubchem.ncbi.nlm.nih.gov/

ChemOffice Chem3D 19.0

Uniprot database https://www.uniprot.org/

PDB database https://www.rcsb.org/

Autodock vina Autodock vina 1.1.2

experiments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals published by the US
National Institutes of Health.

Flow cytometry analysis

Flow cytometry was used to detect the percentage of
natural killer (NK) cells and dendritic cell (DC) subsets
in the peripheral blood of mice. Peripheral blood was
collected into tubes containing ethylenediaminetetraacetic
acid. Peripheral blood mononuclear cells (PBMCs)
were obtained from whole blood by density gradient
centrifugation. PBMCs (1 × 106) were incubated with
fluorescein isothiocyanate-conjugated rat anti-mouse
antibodies against CD45/PE, NK1.1/APC, CD11C/PE-
CY5, and CD3 for 60 min in the dark. The antibodies
were purchased from Tonbo (Beijing, China). The cell
samples were detected on Novocyte D2060R (Agilent,
CA, USA), and the percentage of CD3−NK1.1+ NK cell
subset and CD11C+NK1.1− DC subset was analyzed using
NovoExpress 1.4.1.

Quantitative reverse transcription PCR

Total RNA was extracted from muscle tissues using
TRIzol reagent. cDNA was synthesized using the EvoM-MLV
kits. Quantitative reverse transcription-PCR (RT-qPCR) was
performed using 2X SYBR Green qPCR Master Mix (K1070-
500, APExBIO, US) on a CFX96 Real-Time PCR Detection
System (Bio-Rad Laboratories) following the manufacturer’s
protocol and analyzed using the 2−11Ct method. The following
optimized thermal conditions were used: 95◦C for 30 s, 95◦C
for 5 s, and 40 cycles at 60◦C for 5 s. The levels of mRNA
were normalized to endogenous GAPDH, and the expression
of target genes was analyzed using the 2−11Ct method.
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TABLE 2 Primers used for quantitative reverse transcription-PCR.

Target Primer Sequence (5′-3′)

GZMB FP CCTGCTACTGCTGACCTTGT

RP GGGATGACTTGCTGGGTCTT

FASLG FP CAGCCCATGAATTACCCATGT

RP ATTTGTGTTGTGGTCCTTCTTCT

CCL4 FP AAGCCAGCTGTGGTATTCCTGA

RP ATCTGAACGTGAGGAGCAAGG

PRF1 FP CTGCCACTCGGTCAGAATG

RP CGGAGGGTAGTCACATCCAT

The experiments were repeated three times independently.
The primer sequences used in this study are listed in
Table 2.

Statistical analysis

Data were expressed as mean ± standard error of the
mean (SEM). GraphPad Prism 8.0 software was used to
perform statistical analysis and construct histograms. The
differences between groups were evaluated by t-tests or one-
way analysis of variance (ANOVA) with appropriate post hoc
tests; and P < 0.05 was considered to indicate statistically
significant differences.

Results

Gene expression profiles

We downloaded a gene expression matrix for GSE14642
from the GEO database. This data matrix contains data
on gene expression levels in peripheral blood of 20 young
women before and after 30 min cycle ergometry exercise
(28). The work rate was calculated to 50% of the work
rate between the anaerobic threshold and the peak oxygen
uptake Individually.

Immune cell infiltration and
differentially expressed genes

There were marked differences in the immune cell
infiltration in these women before and after exercise
(Figure 1A). Subsequently, Wilcoxon tests showed that resting
NK cells were more highly infiltrated after exercise (P = 0.001),
whereas naive B cells and activated DCs were more highly
infiltrated before exercise (P = 0.001 and P = 0.013, respectively;
Figure 1B). Moreover, 61 DEGs were identified: 8 genes were
downregulated, and 53 were upregulated (Figures 1C,D).

Immune-related differentially
expressed genes

Analysis of immune-related gene expression levels identified
23 ImmDEGs: all of them (e.g., PRF1) were highly expressed
after exercise (Figure 1E).

Protein–protein interaction network
construction, hub gene selection, and
enrichment analysis

Five hub genes (PRF1, GZMB, KLRF1, CCL4, and FASLG)
were identified on the basis of PPI analysis (Figures 2A,B).
GO enrichment analysis revealed that DEGs were enriched
in 52 biological processes (GO-BP) mainly associated with,
for example, NK cell-mediated immunity and cellular defense
response. Similarly, DEGs were enriched in eight molecular
functions (GO-MF), with the major categories being immune
receptor activity and chemokine activity (Figures 2C,D).
However, cellular components were not significantly enriched.
GSEA enrichment analysis showed that eight pathways were
enriched; six pathways including NK cell-mediated cytotoxicity
were upregulated after exercise, and two pathways including
ECM-receptor interaction were downregulated after exercise
(Figure 2E and Table 3).

Prediction of key genes and nutrients
and molecular docking

Four common genes (PRF1, GZMB, CCL4, and FASLG)
were obtained by intersecting the sets of ImmDEGs and
hub genes, which were considered as key genes (Figure 2F).
The top five natural Chinese herbs with the lowest P value
predicted on the basis of key genes in the HERB database
were selected (Table 4). The 26 candidate (Table 5) ingredients
were identified by the intersection of the related target
ingredients directly predicted based on key genes by the
HERB database and the active ingredients of above-mentioned
Chinese herbs. However, PRF1 failed to predict natural
Chinese medicine by the database. Of these 26 candidates,
echinacoside (Figure 2G) was the most interesting to us,
as this compound is the active ingredient in our predicted
herb, Herba Cistanches, which have been used in China
for thousands of years and are still used to this day to
enhance physical functions. Based on this fact, we consider
echinacoside to be the highest priority research candidate.
Molecular docking of selected compound to key genes showed
that GZMB, FASLG, and CCL4 bind tightly to echinacoside
with their lowest binding free energies of −8.0kcal/mol,
−7.2kcal/mol, −6.9kcal/mol, respectively (Figures 3A–C).
However, we were unable to analyze the molecular docking

Frontiers in Nutrition 04 frontiersin.org

58

https://doi.org/10.3389/fnut.2022.987545
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-987545 September 12, 2022 Time: 14:22 # 5

Jiang et al. 10.3389/fnut.2022.987545

FIGURE 1

(A) Each column represents a sample, and each row represents a type of immune cells. Color transition from green to red represents an
increase in immune cell infiltration level. Con group = before exercise; trial group = after exercise. (B) Green and red violin columns represent
immune cell infiltration levels before and after exercise, respectively. The vertical axis represents the ratio of immune cell infiltration responsible
for total immune cell infiltration. P value, obtained using the Wilcoxon test, represents the statistical significance of the difference in the immune
cell infiltration levels before and after exercise. (C) Upregulated and downregulated differentially expressed genes (DEGs) are highlighted in red
and blue, respectively. Criteria: |logFC| ≥ 1 and adjP ≤ 0.05. (D) Expression levels of 61 DEGs are shown; the darker the red color, the higher the
expression level, and the darker the green color, the lower the expression level. Con group = before exercise; trial group = after exercise.
(E) Expression levels of 23 immune-related differentially expressed genes are shown; the darker the red color, the higher the expression level,
and the darker the green color, the lower the expression level. Con group = pre-exercise; trial group = post-exercise.
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FIGURE 2

(A) Protein–protein interaction network of differentially expressed genes (DEGs). (B) Hub gene map, the darker the red color of the node, the
stronger the protein interaction. (C,D) Top 10 biological processes and all molecular functions observed to be enriched in gene ontology
enrichment analysis. The horizontal axis represents the gene ratio, that is, the ratio of the number of DEGs to number of total genes. Dot size is
proportional to the gene ratio, and dot color transition from blue to red indicates that the adjusted P value is getting smaller. (E) Gene set
enrichment analysis results, with each colored line representing an enriched pathway. (F) Intersection of immune-related differentially
expressed genes (ImmDEGs) and hub genes; the genes common between the two groups were GZMB, FASLG, CCL4, and PRF1. (G) The
two-dimensional structure of echinacoside.
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TABLE 3 Gene set enrichment analysis results.

Pathway Enrichment score NES P-value Adjusted P q-value

Natural killer cell mediated cytotoxicity 0.8020 2.1665 1.00E-10 3.33E-08 3.09E-08

Antigen processing and presentation 0.7687 1.9303 1.94E-06 0.0002 0.0002

Graft-versus-host disease 0.8231 1.868 1.79E-05 0.0015 0.0014

Herpes simplex virus 1 infection 0.5788 1.7565 5.57E-10 9.27E-08 8.61E-08

Chagas disease 0.6336 1.6734 0.0004 0.0242 0.0226

Cytokine-cytokine receptor interaction 0.4958 1.4536 0.0012 0.0497 0.0462

ECM-receptor interaction −0.5803 −1.6812 0.0007 0.0341 0.0317

Hematopoietic cell lineage −0.6125 −1.7857 5.09E-05 0.0034 0.0031

TABLE 4 Top five herbs with the lowest P value predicted on the basis of key genes.

Key gene GZMB FASLG CCL4

Natural herbs digenea simplex rhizoma Zingiberis millettia reticulata

herba Cistanches fagopyrum esculentum rhamnus davurica

mangifera indica fructus Choerospondiatis pericarpium papaveris

eucalyptus viminalis fructus Leonuri cassia mimosoides

folium camelliae sinensis radix Platycodi verbascum thapsus

TABLE 5 Candidate ingredients.

Key gene GZMB FASLG CCL4

Candidate ingredients Echinacoside Kainic acid 6-shogaol Rottlerin

α-tocopherol Lysine acid Acacetin Morphine

βetaine Tea polyphenols Adeninenucleoside

Carotene TellimagrandinII Arsenic

Casuariin Tocopherol Gallic acid

Ethylparaben Vanilloid Geraniin

Vanilloid Morphine

Soleucine Progesterone

Eugenol Ursolic acid

D-Chiro-Inositol α-tocopherol

Hydroxybenzoic acid Tocopherol

of PRF1 with echinacoside because its 3D structure was not
accessible.

Immune cell infiltration after
echinacoside intervention detected by
flow cytometry

The frequency of infiltrated immune cells in each group
were detected by flow cytometry (Figures 3E,F). The percentage
of infiltrating NK cells significantly increased after swimming.
LE and SE groups both reduced the percentage of infiltrating
NK cells with model group. Long-term supplementation
with echinacoside restricted the infiltration of NK cells

more significantly than short-term supplementation with
echinacoside. However, in contrast, the percentage of DCs was
significantly increased after swimming. Long-term or short-
term supplementation with echinacoside did not significantly
decrease the percentage of DCs after swimming.

Expression of key genes after
echinacoside intervention detected by
quantitative reverse transcription PCR

The mRNA levels of key genes were determined
by quantitative reverse transcription PCR, which
showed that the mRNA levels of all key genes were
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FIGURE 3

(A–C) Lowest-free-energy docking models of echinacoside with GZMB, FASLG, and CCL4, respectively. (D) Depiction of the control and
experimental groups. (E,F) Results of flow cytometry analysis of dendritic cells (DCs) and natural killer (NK) cells, respectively. (G) Quantitative
reverse transcription-PCR results for key gene expression levels averaged over three independent experiments. Data are shown as
mean ± standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001 vs. NC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Model; p < 0.05,
p < 0.01, p < 0.001 vs. LE.

significantly increased after swimming (Figure 3G).
Both long-term or short-term supplementation with
echinacoside significantly reduced the expression level

of key genes. GZMB, PRF1, and CCL4 were markedly
downregulated in the SE group compared with the LE
group.
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Discussion

Our analysis of immune cell infiltration in the peripheral
blood before and 30 min after exercise showed that NK cells
showed a higher rate of infiltration post exercise, whereas naive
B cells and activated DCs showed a low rate of infiltration
(see Figure 1B). DCs, the most effective antigen-presenting
cells, play an important role in immune homeostasis, bridging
the gap between innate and adaptive immunity (29). They
rapidly perform uptake and presentation functions when foreign
antigens are present, activating T cells to produce an immune
clearance response and inducing immune tolerance in the
presence of self-antigens (30). Naive B cells are immature B
cells that play an immunomodulatory role in inflammation
by secreting cytokines and other pro-inflammatory indicators
(31). Both of these cells are adaptive immune cells. NK cells
are innate immune cells that determine the inflammatory
microenvironment and are important in the removal of foreign
infectious agents and own necrotic tissue (32). Therefore,
the immune infiltration results do not signify an increase in
immunity after 30 min of exercise but a sterile inflammation
resulting from exercise-induced injury. We found that 53
genes were upregulated and 8 genes were downregulated post
exercise (see Figures 1C,D). Notably, a PPI analysis of these
differentially expressed genes showed that four of the top five
genes (PRF1, GZMB, CCL4, and FASLG) were immune-related
genes (see Figure 2F). GMZB, PRF1, and FASLG are key
cytotoxic proteins in the secretory lysosomes in NK cells and
typically produce cytotoxic effects in the inflammation zone
(33). Thus, the findings suggest that the women developed
immune dysregulation after 30 min of exercise, which was
primarily associated with abnormally high levels of NK cells.

PRF1 is a potent component of NK cells; PRF1 expression
levels are positively correlated with the inflammatory toxic
effects of NK cells, and PRF1 targeting regulates (enhances or
decreases) the activity and function of NK cells (34–37). Thus,
the high expression of PRF1 after exercise is consistent with
the high rate of NK cell infiltration. GZMB is a component
of NK cell endolytic granules and is known for its apoptosis-
promoting function (38, 39). It is an important mediator of
the inflammatory response, and some studies have found that
silencing GZMB reduces tissue damage caused by inflammation,
for example, in a rat model of rheumatoid arthritis, GZMB
silencing significantly reduced the degree of swelling in the ankle
joint and reduced joint soft tissue damage (40, 41). FASLG, a
member of the tumor necrosis factor family, is a transmembrane
protein that forms an apoptotic cascade with FAS that is
important for cell proliferation homeostasis (42, 43). This factor
is widely involved in the inflammatory response and is highly
expressed in inflammatory injury responses such as neurological
injury, acute lung injury, kidney injury, and traumatic brain
injury, and its expression is significantly associated with the

extent of acute burns (44–47). Similar to PRF1, the high
GZMB and FASLG expression was consistent with a high
infiltration rate of NK cells, suggesting an inflammatory
response following exercise. CCL4 is also an inflammatory
chemokine that mediates the inflammatory immune response by
recruiting lymphocytes, NK cells, and eosinophils, among others
(48, 49). Several previous studies have found that the expression
of this chemokine is significantly elevated in the inflammatory
immune response following exercise (50, 51). It has also been
found that CCL4 is a key mediator of neuroinflammatory pain
following nerve injury (52). Overall, the high expression of these
key genes reflects the fact that inflammatory damage does occur
after acute exercise.

Notably, we predicted 26 natural immunomodulatory
compounds on the basis of these immune infiltration findings.
Echinacoside is a key natural component of the traditional
Chinese medicinal herb Herba Cistanches. This compound
remains little studied in the field of exercise, but it is widely used
in traditional Chinese medicine because it is believed to play
a key role in regulating human body functions. Interestingly,
the substance is homologous to food and medicine; therefore,
we intended to investigate whether it regulates inflammation
after sports-related injury and further examine whether it is a
potential sports supplement. Therefore, we selected this natural
ingredient, echinacoside, as the optimal candidate compound
and as the experimentally verified ingredient. Firstly, we verified
the tightness of binding between echinacoside and GZMB
using molecular docking and we found a minimum binding
free energy of −8.0kcal/mol between them, which indicating a
very tight binding. Furthermore, although echinacoside are not
among the other key genetically predicted natural ingredients,
we wanted to explore whether this component could bind tightly
to key genes other than GZMB, such as FASLG. Surprisingly,
we found that the binding free energy of echinacoside to FASLG
and CCL4 was also very low, at−7.2kcal/mol and−6.9kcal/mol,
respectively, suggesting that this natural ingredient also binds
tightly to FASLG and CCL4. Finally, Experiments in mice were
used to verify the modulatory effect of echinacoside on immune
imbalance after sports-related injury. Remarkably, the flow
cytometry results showed that mice gavaged with echinacoside
had significantly lower levels of NK cells in their peripheral
blood; the LE group showed the lowest NK cell levels, equivalent
to those in the NC group, followed by the SE group, whereas the
Model group, which was not supplemented with echinacoside,
showed the highest levels of NK cells in the peripheral blood (see
Figure 3F). However, for DCs, there was no statistical difference
in the DC levels between the Model, LE, and SE groups, which all
showed significant higher DC levels than those in the NC group.
On the basis of this finding, we analyzed the factors affecting
the expression levels of DCs in peripheral blood. DCs maintain
overall immune homeostasis through their own active or passive
regulation during an inflammatory response occurring after
exercise; for example, in tissue damage inflammation, vimentin

Frontiers in Nutrition 09 frontiersin.org

63

https://doi.org/10.3389/fnut.2022.987545
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-987545 September 12, 2022 Time: 14:22 # 10

Jiang et al. 10.3389/fnut.2022.987545

prevents autoimmune damage by inhibiting DCs (53). The
mode of energy supply is another important factor affecting
DC expression. Hypoxia or changes in the nutritional status
affect DC metabolism, aerobic glycolysis significantly promotes
DC activation, and inhibition of glycolytic efficiency directly
prevents DC activation (54, 55). It is difficult to identify which
factor most influences the function of DCs, but these factors
together lead to the dynamic regulation of DCs.

Furthermore, we examined the expression levels of key
genes (GZMB, PRF1, FASLG, and CCL4) in each mouse group
by RT-qPCR and found that the expression levels of these
genes in the LE and SE groups were similar to those in the
NC group, significantly lower than those in the Model group,
and the lowest in the SE group (see Figure 3G). Overall,
the flow cytometry results for NK cells were consistent with
the expression levels of key genes. However, unexpectedly,
the expression of key genes was lower in the SE group than
in the LE group. We then reviewed the pharmacokinetics of
echinacoside and found that this natural active ingredient is
extremely rapidly absorbed in the gastrointestinal tract, with a
peak blood concentration time of 15 min and a short half-life
of 74 min (56). The changes in the expression levels of these
key genes intervened by echinacoside are relatively consistent

with the pharmacokinetics of echinacoside. This may therefore
explain the lowest expression of key genes in the SE group.
Therefore, our preliminary findings suggest that echinacoside
administration for a longer period is more effective in regulating
peripheral blood NK cell levels after exercise and that this
natural supplement is relatively more effective in reducing
inflammation when administered 30 min before exercise.

In summary, echinacoside effectively modulates the
inflammatory immune response following exercise, primarily
by regulating NK cell levels. We report, for the first time to our
knowledge, that echinacoside, a promising natural compound,
may be used as a dietary supplement to reduce inflammatory
damage due to excessive NK cell infiltration following exercise
by reducing the elevated NK cell levels and lowering the levels
of NK cell-associated cytotoxic proteins such as GZMB, PRF1,
FASLG, and CCL4 in the peripheral blood.

In this study, our approach has pioneered a very novel
screening model for natural nutritional candidates, a systematic
model that allows for rapid screening of a number of potential
target natural compounds, greatly improving research efficiency
(see Figure 4). The results of our study, echinacoside, which
can bring preventive and therapeutic effects to patients with
sports injuries, are of great clinical application. Particularly

FIGURE 4

Flow chart of research methodology.
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in the context of the apparent underdevelopment of anti-
inflammatory dietary supplements for the prevention and
mitigation of sports injuries, both our research model and
echinacoside show strong potential in this area.
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High-fructose corn syrup (HFCS) has been speculated to have stronger

negative metabolic e�ects than sucrose. However, given the current

equivocality in the field, the aim of the present study was to determine the

impact of HFCS use compared to sucrose on anthropometric and metabolic

parameters. We searched PubMed, Scopus, Cochrane Central and web of

sciences, from database inception to May 2022. A random e�ects model and

the generic inverse variance method were applied to assess the overall e�ect

size. Heterogeneity analysis was performed using the Cochran Q test and the

I2 index. Four articles, with 9 arms, containing 767 participants were included

in this meta-analysis. Average HFCS and sucrose usage equated to 19% of

daily caloric intake. Combined data from three studies indicated that HFCS

intake does not significantly change the weight (weighted mean di�erence

(WMD):−0.29 kg, 95% CI:−1.34, 0.77, I2 = 0%) when compared to the sucrose

group. Concordant results were found for waist circumstance, body mass

index, fat mass, total cholesterol (TC), high-density lipoprotein (HDL), low-

density lipoprotein (LDL), triglyceride (TG), systolic blood pressure (SBP), and

diastolic blood pressure (DBP). Moreover, overall results from three studies

indicated a significant increase in CRP levels (WMD: 0.27 mg/l, 95% CI: 0.02,

0.52, I2 = 23%) in the HFCS group compared to sucrose. In conclusion,

analysis of data from the literature suggests that HFCS consumption was

associatedwith a higher level of CRP compared to sucrose, whilst no significant

changes between the two sweeteners were evident in other anthropometric

and metabolic parameters.
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Introduction

Per capita consumption of sugar in the world increased

sharply in the twentieth century. Although reports suggest

that this consumption has now leveled off (1), it is of

concern that high levels of added sugars have negative effects

on human health (2). Sweeteners can be divided into two

groups: nutritional and non-nutritional; where nutritional

sweeteners contain monosaccharides (fructose and galactose),

disaccharides (sucrose, maltose, and maize-based sweeteners)

and polyols (sugar alcohol) that produce energy. On the

other hand, non-nutritional sweeteners, such as acesulfame K,

aspartame, neotame, saccharin and sucralose, do not contain

sweet calories (3). Saccharose (GI 61-68) is a sweetener and

well-used ingredient in the food industry, however, can cause

harmful health problems (4). Glucose, fructose, and sucrose

are natural nutrient sweeteners, where sucrose consists of a

glucose molecule that is linked to a fructose molecule. High

fructose corn syrup is a mixture of glucose and free fructose. The

wide distribution of hexokinase enzymes, which are essential for

the production of glucose-6-phosphate and glycolytic enzymes,

means that glucose is metabolized by all cells of the organism.

Fructose, on the other hand, is not so readily phosphorylated by

the hexokinases and is metabolized exclusively in the intestine,

liver and kidney. Glucose metabolism is regulated by insulin

after a meal, whilst after consuming a fructose-only diet, the

bulk enters the intestine and the liver, with a markedly longer

transit time than glucose. Up to 20% of fructose may be stored

as hepatic glycogen, and a large part is converted to LDL/VLDL

(5). Furthermore, energy efficiency from fructose metabolism is

lower than glucose; where at lower intake, fructose stimulates

the metabolic pathway of hepatic de novo lipid production

more than glucose does. However, this pathway plays only a

minor role in the total excretion of fructose (6–8). Fructose is

a natural monosaccharide (glycemic index, GI: 19-23), used as a

sweetener in the food industry, whilst high fructose corn syrup

(HFCS) is a liquid substitute for sucrose with 42 or 55% (dry)

fructose, and is obtained from the hydrolysis of corn starch to

glucose using glucoamylase and α-amylase, followed by glucose

isomerization to fructose, which results in the production of a

mixture of glucose and fructose (9, 10). HFCS can provide flavor,

color, texture, stability, and freshness in some food products,

such as beverages, processed foods, baking products, ice cream

and confectioneries (11). It has been demonstrated in a rat

study that the addition of sugars, in general, and HFCS directly

or indirectly contribute to obesity, as well as various types of

metabolic disorders and diseases (12). Studies have shown that

excess consumption of sugar can lead to weight gain, confers

a greater risk of developing metabolic heart disease, and an

increased risk of early mortality (2, 13–15). HFCS is a nutritional

sweetener that is thought to be harmful for human health, partly

attributed to preliminary research that shows consumption of

large quantities of fructose (i.e. the main constituent of HFCS)

can lead to deleterious metabolic consequences in the body

(16–18). Sucrose is also comprised of glucose and fructose,

which is absorbed in the digestive tract (19). Therefore, there

is minimal difference between HFCS and sucrose, due to the

ability of the human digestive system to absorb sucrose and

fructose. Previous trials have shown that the use of HFCS

in comparison with sucrose yields no significant difference in

health-related indicators, such as glycemic index, calorie intake,

lipid metabolism and inflammation (20–23). However, there is

evidence to suggest that fructose consumption in comparison

with sucrose has a significantly greater effect on indicators of

health (24, 25). Thus, given the current equivocality in the field,

the aim of the present study is to determine the impact of HFCS

vs. sucrose on anthropometric and metabolic parameters.

Methods

This meta-analysis was performed and reported based on

the ‘Preferred Reporting Items for Systematic Review and Meta-

analysis’ (PRISMA) statement (26). The research questions were

designed using the population, intervention, comparison, and

outcomes (PICO) method.

Search strategy

We searched PubMed, Scopus, Cochrane Central

and Clinicaltrials.gov and web of sciences, from database

inception to May 2022. The search strategy combined Medical

Subject Heading (MeSH) and non-MeSH terms: (“Clinical

Trials as Topic”[Mesh] OR “Cross-Over Studies”[Mesh]

OR “Double-Blind Method”[Mesh] OR “Single-Blind

Method”[Mesh] OR “Random Allocation”[Mesh] OR

RCT[Title/Abstract] OR “Intervention Studies”[Title/Abstract]

OR “intervention”[Title/Abstract] OR “controlled

trial”[Title/Abstract] OR “randomized”[Title/Abstract] OR

“randomized”[Title/Abstract] OR “random”[Title/Abstract]

OR “randomly”[Title/Abstract] OR “placebo”[Title/Abstract]

OR “assignment”[Title/Abstract]) AND ((“High Fructose Corn

Syrup 55%”[tiab] OR “HFCS-55”[tiab] OR “High Fructose

Corn Syrup”[tiab] OR “High Fructose Corn Syrup”[Mesh])

AND ((((Sucrose[Title/Abstract] OR “Sucrose”[Mesh]) OR

“Sugar”[tiab]) OR “Sugars”[Mesh]) OR “Sugars”[tiab])) (see

Supplementary Table 1). Two of the authors (J.R and H.K)

implemented independent searches to avoid missing any

relevant articles.

Eligibility criteria

The inclusion criteria were as follows: (1) RTs (2), HFCS

use vs. sucrose (3), treatment for at least 48 weeks (4), reported
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sufficient information on BMI, WC, and body weight, lipid

profile, CRP, blood pressure, and blood glucose both in High

Fructose Corn Syrup group and Sucrose administration group

(5), inclusion of patients ≥ 18 y old. Publications that did not

provide outcome measures at study baseline and end of the

intervention (or changes in outcome measures), Observational

studies, case reports, case series, non-systematic reviews and

trials published as abstracts were excluded.

Data extraction and quality assessment

Titles and abstracts were independently reviewed against

eligibility criteria by two investigators (C.C and Y.Z). Any

controversies or disagreements were resolved by the third

author (H.K) via cooperative triangulation. Choice of the final

eligible articles was according to the consensus between three

investigators (C.C, Y.Z, and H.K). Moreover, with reference to

the measures of outcome, the following data were extracted: (1)

study’s first author, (2) year of publication, (3) type of study

population, (4) number of people in each groups, participants’

mean age, participants’ gender, study design, trial duration

and results (means and standard deviations of outcomes at

baseline, end of study and/or changes between baseline and

end-intervention). To assess the quality of studies, we used the

Cochrane Collaboration tool to assess risk of bias (27).

Quantitative data synthesis

The changes in the mean values of body weight, body

mass index, waist circumstance, fat mass, TC, HDL, LDL,

TG, CRP, SBP, DBP was calculated for all included studies.

The combined changes in outcomes were assessed as the

difference (High Fructose Corn Syrup minus Sucrose) between

its differences (post-trail values minus beginning trail) in the

High Fructose Corn Syrup group and the Sucrose group.

Standard deviations (SDs) of the mean difference were estimated

FIGURE 1

Flow chart of included studies.
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using the following formula: SD = square root [(SDpre-

intervention)2C (SDpost- intervention)2 – (2R ∗ SDpre-

intervention∗SDpost- intervention)], supposing a correlation

coefficient (R) = 0.5 (28). A random-effects model and the

generic inverse variance method were applied to assess overall

effect size and the heterogeneity among studies. Heterogeneity

analysis was performed using the Cochran Q test and the I2

index. Moreover, probable publication bias was determined

visually by funnel plot and confirmed, statistically, through the

Egger’s and begg’s tests. All statistical analyses were performed

using Stata software, version 14 (Stata Corp. College Station,

Texas, USA).

Results

Figure 1 details the flow chart of our systematic search.

In our comprehensive search of PubMed, Scopus, Web of

Science, and Cochrane Library, and after removing duplicates,

141 articles were included in screening, and 102 articles

were excluded because they did not meet the aforementioned

inclusion criteria. In full-text screening, 35 articles were

removed, and four articles, with 9 arms, containing 767

participants were included in this meta-analysis (20, 29–31).

Study characteristics and risk of bias
assessment

Characteristics of the included studies are provided in

Table 1. Mean age of participants was 41.51 years, ranging from

37 to 52 years and mean length of the interventions was 8.5

weeks, ranging from 2 to 12 weeks. All studies were conducted

on both genders in the USA and articles were published between

2012 and 2016. Risk of bias of included studies was evaluated

by the Cochrane’s Handbook checklist, and most papers were

confirmed as having good quality (Figure 2) (20, 29–31).

Meta-analysis results

Three studies, with six arms, including 326 participants

in intervention groups and 319 participants in control groups

reported weight as an outcome measure (20, 29, 30), and

combined results did not show any significant change in HFCS

(WMD: −0.29 kg, 95% CI: −1.34, 0.77, I2 = 0%) compared to

the sucrose group (Figure 3). There were comparable results for

waist circumstance (WMD: −0.39 cm, 95% CI: −2.04, 1.25, I2

= 0%) (29, 30), Body mass index (WMD:−0.18 kg/m2, 95% CI:

−0.46, 0.10, I2 = 0%) (20, 29–31), and fat mass (WMD: −0.24

%, 95% CI:−2.04, 1.55, I2 = 0%) (30).

Among eligible studies, three trails, with six arms,

containing a total of 645 participants (326 participants in HFCS

group and 319 participants in sucrose group) reported SBP, DBP,

fasting blood glucose (FBG), TG, LDL, HDL, and TC as an

outcome measure (20, 29, 30). Pooled results from the random-

effects model did not show any significant change between the

two groups in SBP (WMD: 0.76 mmHg, 95% CI: −0.86, 2.38, I2

= 62%), DBP (WMD: −0.29 mmHg, 95% CI: −1.34, 0.77, I2 =

0%), FBG (WMD:−0.87 mg/dl, 95% CI:−2.56, 0.82, I2 = 84%),

TG (WMD: −4.15 mg/dl, 95% CI: −30.37, 22.07, I2 = 91%),

LDL (WMD:−2.02 mg/dl, 95% CI:−5.69, 1.65, I2 = 42%), HDL

(WMD: −0.61 mg/dl, 95% CI: −1.55, 0.32, I2 = 0%), and TC

(WMD:−2.45 mg/dl, 95% CI:−9.12, 4.22, I2 = 74%).

Overall results from three studies indicated a significant

increase in CRP levels (WMD: 0.27 mg/l, 95% CI: 0.02, 0.52,

I2 = 23%) in the HFCS group compared to the sucrose group

(20, 29, 30).

Publication bias

Funnel plot assessment did not show any asymmetry in

included studies (Supplemental Figure 1). Furthermore, The

Egger’s and Begg’s tests did not show any significant publication

bias for Weight (p = 0.09 and p = 0.57), WC (p = 0.25 and p =

0.99), BMI (p = 0.43 and p = 0.32), Fat mass (p = 0.62 and p =

0.60), SBP (p= 0.51 and p= 0.57), DBP (p= 0.60 and p= 0.57),

FBS (p= 0.39 and p= 0.85), TG (p= 0.50 and p= 0.57), LDL (p

= 0.84 and p= 0.57), HDL (p= 0.96 and p= 0.57), TC (p= 0.69

and p= 0.85), and CRP (p= 0.23 and p= 0.34), respectively.

Discussion

Numerous empirical evidence has indicated that

sugars, particularly HFCS and sucrose, can affect various

anthropometric and metabolic parameters (6, 12). However,

it remains debatable whether the effects of HFCS and sucrose

are of equal magnitude. Some studies have demonstrated

that consumption of HFCS and sucrose elicited comparable

effects, while some other reports noted a marked difference

between the two sugars (20, 22, 25). In this work, we

performed a meta-analysis to determine whether the effect

of HFCS and sucrose on anthropometric and metabolic

parameters were concordant. We found that HFCS was

significantly associated with an increased CRP level,

compared to sucrose. However, we observed no difference

between HFCS and sucrose in terms of their effects on

weight, WC, BMI, fat mass, SBP, DBP, FBS, TG, LDL, HDL,

and TC.

CRP is a biomarker for inflammation; and several previous

investigations have shown that fructose-containing sweeteners,

such as HFCS and sucrose, can induce the inflammatory process

(32, 33). This is conceivably attributable to the unique metabolic

process of fructose, which can cause oxidative stress to cells
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TABLE 1 Characteristics of included studies.

Author Country (year) Study design

(duration)

Gender Age (year) Patient features Sample size

HFCS/sucrose

Dose (mg) Outcome(s)

Theodore J.

Angelopoulos

USA (2016) Parallel

(10W)

Both 37.66 Healthy 91/89 18% Body weight, WC, BMI, SBP,

DBP, Glucose, TG, LDL, HDL,

TC, CRP

Susan K Raatz USA (2015) Crossover (2W) Both 38.9 Normal glucose

tolerance (GT)

28/28 50 g Body weight, BMI, SBP, DBP,

Glucose, TG, LDL, HDL, TC,

CRP

Susan K Raatz USA (2015) Crossover

(2W)

Both 52.1 Impaired glucose

tolerance (IGT)

27/27 50 g Body weight, BMI, SBP, DBP,

Glucose, TG, LDL, HDL, TC,

CRP

Joshua Lowndes USA (2014) Parallel

(10W)

Both 40.19 Overweight or obese

individuals

51/53 30% Body weight, WC, BMI, fat

mass, SBP, DBP, Glucose, TG,

LDL, HDL, TC, CRP

Joshua Lowndes USA (2014) Parallel

(10W)

Both 40.19 Overweight or obese

individuals

60/64 18% Body weight, WC, fat mass,

SBP, DBP, Glucose, TG, LDL,

HDL, TC, CRP

Joshua Lowndes USA (2014) Parallel

(10W)

Both 40.19 Overweight or obese

individuals

69/58 8% Body weight, WC, BMI, fat

mass, SBP, DBP, Glucose, TG,

LDL, HDL, TC, CRP

Joshua Lowndes USA (2012) Parallel

(12W)

Both 40 Overweight/obese

participants

36/29 10% BMI

Joshua Lowndes USA (2012) Parallel

(12W)

Both 42.9 Overweight/obese

participants

24/33 30% BMI
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by elevating the intracellular levels of uric acid and reactive

oxygen species (33, 34). To overcome the oxidative stress,

cells release molecules such as monocyte chemotactic protein

1 (MCP-1), tumor necrosis factor (TNF) and interleukins,

which are pro-inflammatory in nature and thus augment the

inflammation process (33). HFCS and sucrose both contain

the fructose moiety; however, the content of fructose in HFCS

and sucrose is different, which conceivably explains why the

two sugars induced inflammation differently. Despite this, in

the present study, no significant difference was observed for

any other anthropometric or metabolic parameter. The lack

of significant difference could be attributed to several reasons.

First, in some of the included studies, the duration of the

experiment was short. For example, in the study by Raatz et al.,

the participants consumed the sugars for only 2 weeks (20);

this duration is likely insufficient for significant weight changes

to be manifest. In addition, compliance with the prescribed

sugars was generally obtained through self-reported information

from the participants, which could cause validity and bias

issues (35, 36). Moreover, the studies generally delivered the

sugars through milk or other foods, which contained other

nutrients, such as vitamin D and calcium. These nutrients can

affect several metabolic parameters, for example, vitamin D

has been shown to alter cholesterol levels, especially LDL (37–

39). On the other hand, calcium supplementation is known to

decrease blood pressure (40). The presence of these nutrients in

the foods used to deliver the sugars could act as confounders

for our analyses; therefore, the findings should be interpreted

with caution. Notwithstanding, the amount/concentration of

the sugars consumed were different across the included studies;

hence, it is conceivable that the effects elicited by the sugars was

masked by studies which examined the lower concentration of

the sugars.

There are a number of strengths and limitations of the

present study. Firstly, through the amalgamation of studies, we

yielded an increased statistical power of analysis compared to

the individual studies (41). In addition, most studies included

in the present meta-analysis had high methodological quality

and employed a randomized trial design. A randomized trial

minimizes various types of biases and confounders and produces

strong empirical evidence of the effects of an intervention (42).

It is also noteworthy that publication bias was not evident in our

meta-analysis, which suggests that the results obtained are likely

not exaggerated (43). Apart from that, the sugars consumed

by the participants were incorporated into their normal diets,

which allowed a more accurate evaluation of the real-world

effects of the added sugar compared to a totally controlled trial

(20). However, one of the limitations of this meta-analysis was

that subgroup analyses were not performed due to the lack

of incumbent data in the included studies, which was out of

the operational control of the study. For instance, the effects

of HFCS and sucrose on male and female participants were

not evaluated separately in the included studies. Importantly,

FIGURE 2

Risk of bias assessment of included studies.

many human and animal studies have demonstrated that

males and females have different responses to fructose (44–

48); for example, triglyceride levels in young women are

less sensitive to modifications by fructose compared to men

(44, 45, 48), and therefore represents a pragmatic avenue for

further research. Besides gender, subgroup analysis by people of

different age groups was not performed, although animal studies

have indicated that fructose can induce metabolic changes

differently in young and adult rats (49). Another limitation

of this study was that, as mentioned above, compliance

with the assigned sugar intake in the included studies was

generally dependent on the self-reported information from

the participants. This can cause misleading results if the

participants did not adhere to the prescribed diet (35, 36).

Finally, in this meta-analysis, we were unable to correct for some

potential confounding factors, such as the co-incorporation

of added vitamin D and calcium in the food used to deliver

the sugars.

Conclusion

In conclusion, analysis of data from the literature

suggests that HFCS is associated with a higher level of

CRP compared to sucrose, and that little differences exist in

other anthropometric and metabolic parameters. Nonetheless,

considering the limitations of the study, careful interpretation

of the results is warranted. Future studies are needed to

address the limitations above, particularly related to gender-

mediated differences. However, the present work successfully

provided a reliable estimate of the effect and difference of

HFCS and sucrose in a number of anthropometric and

metabolic parameters.

Frontiers inNutrition 06 frontiersin.org

73

https://doi.org/10.3389/fnut.2022.1013310
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Li et al. 10.3389/fnut.2022.1013310

FIGURE 3

(Continued)
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FIGURE 3

Meta-analysis of e�ect of High-fructose corn syrup on. (A) Weight. (B) Waist circumstance. (C) Body mass index. (D) Fat mass. (E) Systolic blood
pressure. (F) Diastolic blood pressure. (G) Fasting blood glucose. (H) Triglyceride. (I) Low-density lipoprotein. (J) High-density lipoprotein. (K)
Total Cholesterol. (L) C-reactive protein.

Frontiers inNutrition 10 frontiersin.org

77

https://doi.org/10.3389/fnut.2022.1013310
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Li et al. 10.3389/fnut.2022.1013310

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary materials, further

inquiries can be directed to the corresponding author.

Author contributions

XL, YunqL, YuejL, YunpL, and HK designed the study. The

literature search, screening data, and data extraction were done

by SY, GW, XC, and YucaL. Quality assessment was carried out

by YunpL and HK. XL and YunqL analyzed and interpreted

data. XL, YunqL, YuejL, YunpL, and HK wrote and edited the

manuscript. All authors read and approved the final manuscript.

Acknowledgments

The present study was funded by National Natural Science

Foundation of China (NSFC) (32160223), Young academic

and technical leaders of Yunnan Province (202105AC160047),

Joint Specific Project of basic Research of TCM Application of

Yunnan Province (30370103808), Yunnan Provincial Science

and Technology Department-Applied Basic Research Joint

Special Funds of Chinese Medicine (202101AZ070001-274),

Scientific Research Foundation of the Education Department of

Yunnan Province, China (2021J0404), Yunnan Medical Reserve

Talents Project (H-2018063), the Opening project of Clinical

Medical Center of The First People’s Hospital of Yunnan

Province (2021LCZXXF-XG02), and doctoral Research Fund of

The First People’s Hospital of Yunnan Province (20206023).

Conflict of interest

Authors YucaL and HK were employed by Lairui

Biotechnology (Yunnan) Co., Ltd.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those

of their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fnut.2022.1013310/full#supplementary-material

References

1. Newens K, Walton J. A review of sugar consumption from nationally
representative dietary surveys across the world. J Hum Nutr Diet. (2016) 29:225–
40. doi: 10.1111/jhn.12338

2. Ruxton C, Gardner E, McNulty H. Is sugar consumption detrimental to
health? A review of the evidence 1995-−2006. Crit Rev Food Sci Nutr. (2009)
50:1–19. doi: 10.1080/10408390802248569

3. Liauchonak I, Qorri B, Dawoud F, Riat Y, Szewczuk MR. Non-Nutritive
Sweeteners and Their Implications on the Development of Metabolic Syndrome.
Nutrients. (2019) 11:644. doi: 10.3390/nu11030644

4. Stricker S, Rudloff S, Geier A, Steveling A, Roeb E, Zimmer KP. Fructose
consumption-free sugars and their health effects. Dtsch Arztebl Int. (2021) 118:71–
8. doi: 10.3238/arztebl.m2021.0010

5. Sun SZ, Empie MW. Fructose metabolism in humans - what isotopic tracer
studies tell us. Nutr Metab (Lond). (2012) 9:89. doi: 10.1186/1743-7075-9-89

6. Stanhope KL, Havel PJ. Endocrine and metabolic effects of consuming
beverages sweetened with fructose, glucose, sucrose, or high-fructose corn syrup.
Am J Clin Nutr. (2008) 88:1733S−7S. doi: 10.3945/ajcn.2008.25825D

7. Mayes PA. Intermediary metabolism of fructose. Am J Clin Nutr. (1993)
58:754S−65S. doi: 10.1093/ajcn/58.5.754S

8. Bar-On H, Stein Y. Effect of glucose and fructose administration on lipid
metabolism in the rat. J Nutr. (1968) 94:95–105. doi: 10.1093/jn/94.1.95

9. Scaman C. Corn Sweeteners: Enzyme Use, in Encyclopedia of Biotechnology in
Agriculture and Food. Boka Raton: CRC Press. (2010). p. 178–82.

10. Nabors L, Gelardi R. Alternative sweeteners: an overview. Altern Sweeteners.
(2001) 2:1–10. doi: 10.1201/b11242-2

11. Moeller S, Fryhofer S, Osbahr AJ 3rd, Robinowitz CB. The
effects of high fructose syrup. Am J Clin Nutr. (2009) 28:619–
26. doi: 10.1080/07315724.2009.10719794

12. Bocarsly ME, Powell ES, Avena NM, Hoebel BG. High-fructose
corn syrup causes characteristics of obesity in rats: increased body
weight, body fat and triglyceride levels. Pharmacol Biochem Behav. (2010)
97:101–6. doi: 10.1016/j.pbb.2010.02.012

13. Bray GA. Potential health risks from beverages containing fructose
found in sugar or high-fructose corn syrup. Diabetes Care. (2013) 36:11–
2. doi: 10.2337/dc12-1631

14. Bray GA, Nielsen SJ, Popkin BM. Consumption of high-fructose corn syrup
in beverages may play a role in the epidemic of obesity. Am J Clin Nutr. (2004)
79:537–43. doi: 10.1093/ajcn/79.4.537

15. Elliott SS, Keim NL, Stern JS, Teff K, Havel PJ. Fructose, weight
gain, and the insulin resistance syndrome. Am J Clin Nutr. (2002) 76:911–
22. doi: 10.1093/ajcn/76.5.911

16. Organization WH. Guideline: Sugars Intake for Adults and Children. World
Health Organization. (2015).

17. Havel PJ. Dietary fructose: implications for dysregulation of energy
homeostasis and lipid/carbohydrate metabolism. Nutr Rev. (2005) 63:133–
57. doi: 10.1111/j.1753-4887.2005.tb00132.x

Frontiers inNutrition 11 frontiersin.org

78

https://doi.org/10.3389/fnut.2022.1013310
https://www.frontiersin.org/articles/10.3389/fnut.2022.1013310/full#supplementary-material
https://doi.org/10.1111/jhn.12338
https://doi.org/10.1080/10408390802248569
https://doi.org/10.3390/nu11030644
https://doi.org/10.3238/arztebl.m2021.0010
https://doi.org/10.1186/1743-7075-9-89
https://doi.org/10.3945/ajcn.2008.25825D
https://doi.org/10.1093/ajcn/58.5.754S
https://doi.org/10.1093/jn/94.1.95
https://doi.org/10.1201/b11242-2
https://doi.org/10.1080/07315724.2009.10719794
https://doi.org/10.1016/j.pbb.2010.02.012
https://doi.org/10.2337/dc12-1631
https://doi.org/10.1093/ajcn/79.4.537
https://doi.org/10.1093/ajcn/76.5.911
https://doi.org/10.1111/j.1753-4887.2005.tb00132.x
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Li et al. 10.3389/fnut.2022.1013310

18. Trumbo P, Schlicker S, Yates AA, Poos M. Dietary reference intakes for
energy, carbohdrate, fiber, fat, fatty acids, cholesterol, protein and amino acids. J
Acad Nutr Diet. (2002) 102:1621. doi: 10.1016/S0002-8223(02)90346-9

19. Dahlqvist A, Thomson D. The digestion and absorption of sucrose by the
intact rat. J Physiol. (1963) 167:193–209. doi: 10.1113/jphysiol.1963.sp007141

20. Raatz SK, Johnson LK, Picklo MJ. Consumption of honey, sucrose, and
high-fructose corn syrup produces similar metabolic effects in glucose-tolerant
and-intolerant individuals. J Nutr. (2015) 145:2265–72. doi: 10.3945/jn.115.
218016

21. Kuzma JN, Cromer G, Hagman DK, Breymeyer KL, Roth CL, Foster-
Schubert KE, et al. No difference in ad libitum energy intake in healthy men
and women consuming beverages sweetened with fructose, glucose, or high-
fructose corn syrup: a randomized trial. Am J Clin Nutr. (2015) 102:1373–
80. doi: 10.3945/ajcn.115.116368

22. Yu Z, Lowndes J, Rippe J. High-fructose corn syrup and sucrose have
equivalent effects on energy-regulating hormones at normal human consumption
levels. Nutr Res Rev. (2013) 33:1043–52. doi: 10.1016/j.nutres.2013.07.020

23. Melanson KJ, Zukley L, Lowndes J, Nguyen V, Angelopoulos TJ, Rippe
JM. Effects of high-fructose corn syrup and sucrose consumption on circulating
glucose, insulin, leptin, and ghrelin and on appetite in normal-weight women.
Nutrition. (2007) 23:103–12. doi: 10.1016/j.nut.2006.11.001

24. Teff KL, Elliott SS, Tschop M, Kieffer TJ, Rader DM, Heiman, et al. Dietary
fructose reduces circulating insulin and leptin, attenuates postprandial suppression
of ghrelin, and increases triglycerides in women. J Clin Endocrinol Metab. (2004)
89:2963–72. doi: 10.1210/jc.2003-031855

25. Anderson GH, Catherine NL, Woodend DM, Wolever TM. Inverse
association between the effect of carbohydrates on blood glucose and subsequent
short-term food intake in young men. Am J Clin Nutr. (2002) 76:1023–
30. doi: 10.1093/ajcn/76.5.1023

26. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M,
et al. Preferred reporting items for systematic review and meta-analysis protocols
(PRISMA-P) 2015 statement. Syst Rev. (2015) 4:1. doi: 10.1186/2046-4053-4-1

27. Higgins JP, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al. The
Cochrane Collaboration’s tool for assessing risk of bias in randomised trials. BMJ.
(2011) 343:d5928. doi: 10.1136/bmj.d5928

28. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and standard
deviation from the sample size, median, range and/or interquartile range. BMC
Med Res Methodol. (2014) 14:135. doi: 10.1186/1471-2288-14-135

29. Angelopoulos TJ, Lowndes J, Sinnett S, Rippe JM. Fructose containing
sugars at normal levels of consumption do not effect adversely components of the
metabolic syndrome and risk factors for cardiovascular disease. Nutrients. (2016)
8:179. doi: 10.3390/nu8040179

30. Lowndes J, Sinnett S, Yu Z, Rippe J. The effects of fructose-containing sugars
on weight, body composition and cardiometabolic risk factors when consumed
at up to the 90th percentile population consumption level for fructose. Nutrients.
(2014) 6:3153–68. doi: 10.3390/nu6083153

31. Lowndes J, Kawiecki D, Pardo S, Nguyen V, Melanson KJ, Yu Z, et al.
The effects of four hypocaloric diets containing different levels of sucrose or
high fructose corn syrup on weight loss and related parameters. Nutr J. (2012)
11:55. doi: 10.1186/1475-2891-11-55

32. Jameel F, Phang M, Wood LG, Garg ML. Acute effects of feeding fructose,
glucose and sucrose on blood lipid levels and systemic inflammation. Lipids Health
Dis. (2014) 13:195. doi: 10.1186/1476-511X-13-195

33. Cirillo P, Gersch MS, Mu W, Scherer PM, Kim KM, Gesualdo L, et al.
Ketohexokinase-dependent metabolism of fructose induces proinflammatory
mediators in proximal tubular cells. J Am Soc Nephrol. (2009) 20:545–
53. doi: 10.1681/ASN.2008060576

34. Delbosc S, Paizanis E, Magous R, Araiz C, Dimo T, Cristol JP, et al.
Involvement of oxidative stress and NADPH oxidase activation in the development
of cardiovascular complications in a model of insulin resistance, the fructose-fed
rat. Atherosclerosis. (2005) 179:43–9. doi: 10.1016/j.atherosclerosis.2004.10.018

35. Graziose MM. On the accuracy of self-report instruments for
measuring food consumption in the school setting. Adv Nutr. (2017)
8:635–6. doi: 10.3945/an.117.015354

36. Rosenman R, Tennekoon V, Hill LG.Measuring bias in self-reported data. Int
J Behav Health Res. (2011) 2:320. doi: 10.1504/IJBHR.2011.043414

37. Jastrzebski Z, Kortas J, Kaczor K, Antosiewicz J. Vitamin D supplementation
causes a decrease in blood cholesterol in professional rowers. J Nutr Sci Vitaminol.
(2016) 62:88–92. doi: 10.3177/jnsv.62.88

38. Schnatz PF, Jiang X, Vila-Wright S, Aragaki AK, Nudy M.
O’sullivan DM, et al. Calcium/Vitamin D (CaD) Supplementation, Serum
25 (OH) Vitamin D Concentrations, and Cholesterol Profiles in the
Women’s Health Initiative CaD Randomized Trial. Menopause. (2014)
21:823. doi: 10.1097/GME.0000000000000188

39. Ponda MP, Dowd K, Finkielstein D, Holt PR, Breslow JL.
The short-term effects of vitamin D repletion on cholesterol: a
randomized, placebo-controlled trial. Arterioscler Thromb Vasc Biol. (2012)
32:2510–5. doi: 10.1161/ATVBAHA.112.254110

40. van Mierlo LA, Arends LR, Streppel MT, Zeegers M, Kok FJ,
Grobbee DE, et al. Blood pressure response to calcium supplementation:
a meta-analysis of randomized controlled trials. J Hum Hypertens. (2006)
20:571. doi: 10.1038/sj.jhh.1002038

41. Lee YH. An overview of meta-analysis for clinicians. Korean J Intern Med.
(2018) 33:277. doi: 10.3904/kjim.2016.195

42. Bondemark L, Ruf S. Randomized controlled trial: the gold standard
or an unobtainable fallacy? Eur J Orthod. (2015) 37:457–61. doi: 10.1093/ejo/
cjv046

43. Murad MH, Chu H, Lin L, Wang Z. The effect of publication bias magnitude
and direction on the certainty in evidence. BMJ Evid Based Med. (2018) 23:84–
6. doi: 10.1136/bmjebm-2018-110891

44. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA, Graham
JL, et al. Consuming fructose-sweetened, not glucose-sweetened, beverages
increases visceral adiposity and lipids and decreases insulin sensitivity in
overweight/obese humans. J Clin Invest. (2009) 119:1322–34. doi: 10.1172/JCI
37385

45. SwarbrickMM, Stanhope KL, Elliott SS, Graham JL, Krauss RM, Christiansen
MP, et al. Consumption of fructose-sweetened beverages for 10 weeks increases
postprandial triacylglycerol and apolipoprotein-B concentrations in overweight
and obese women. Br J Nutr. (2008) 100:947–52. doi: 10.1017/S00071145089
68252

46. Song D, Arikawa E, Galipeau D, Battell M, McNeill JH. Androgens are
necessary for the development of fructose-induced hypertension. Hypertension.
(2004) 43:667–72. doi: 10.1161/01.HYP.0000118018.77344.4e

47. Galipeau D, Verma S, McNeill JH. Female rats are protected against
fructose-induced changes in metabolism and blood pressure. Am J Physiol
Heart Circ Physiol. (2002) 283:H2478–84. doi: 10.1152/ajpheart.00243.
2002

48. Hallfrisch J, Reiser S, Prather ES. Blood lipid distribution of hyperinsulinemic
men consuming three levels of fructose. Am J Clin Nutr. (1983) 37:740–
8. doi: 10.1093/ajcn/37.5.740

49. de Castro UGM, Silva ME, de Lima WG, Campagnole-Santos MJ, Alzamora
AC. Age-dependent effect of high-fructose and high-fat diets on lipid metabolism
and lipid accumulation in liver and kidney of rats. Lipids Health Dis. (2013)
12:136. doi: 10.1186/1476-511X-12-136

Frontiers inNutrition 12 frontiersin.org

79

https://doi.org/10.3389/fnut.2022.1013310
https://doi.org/10.1016/S0002-8223(02)90346-9
https://doi.org/10.1113/jphysiol.1963.sp007141
https://doi.org/10.3945/jn.115.218016
https://doi.org/10.3945/ajcn.115.116368
https://doi.org/10.1016/j.nutres.2013.07.020
https://doi.org/10.1016/j.nut.2006.11.001
https://doi.org/10.1210/jc.2003-031855
https://doi.org/10.1093/ajcn/76.5.1023
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.3390/nu8040179
https://doi.org/10.3390/nu6083153
https://doi.org/10.1186/1475-2891-11-55
https://doi.org/10.1186/1476-511X-13-195
https://doi.org/10.1681/ASN.2008060576
https://doi.org/10.1016/j.atherosclerosis.2004.10.018
https://doi.org/10.3945/an.117.015354
https://doi.org/10.1504/IJBHR.2011.043414
https://doi.org/10.3177/jnsv.62.88
https://doi.org/10.1097/GME.0000000000000188
https://doi.org/10.1161/ATVBAHA.112.254110
https://doi.org/10.1038/sj.jhh.1002038
https://doi.org/10.3904/kjim.2016.195
https://doi.org/10.1093/ejo/cjv046
https://doi.org/10.1136/bmjebm-2018-110891
https://doi.org/10.1172/JCI37385
https://doi.org/10.1017/S0007114508968252
https://doi.org/10.1161/01.HYP.0000118018.77344.4e
https://doi.org/10.1152/ajpheart.00243.2002
https://doi.org/10.1093/ajcn/37.5.740
https://doi.org/10.1186/1476-511X-12-136~
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


fnut-09-959516 October 19, 2022 Time: 16:47 # 1

TYPE Systematic Review
PUBLISHED 14 October 2022
DOI 10.3389/fnut.2022.959516

OPEN ACCESS

EDITED BY

Heitor O. Santos,
Federal University of Uberlândia, Brazil

REVIEWED BY

Olivier Hue,
Université des Antilles et de la Guyane,
France
Toby Mündel,
Massey University, New Zealand

*CORRESPONDENCE

Maria Roriz
maria.roriz@hotmail.com

SPECIALTY SECTION

This article was submitted to
Sport and Exercise Nutrition,
a section of the journal
Frontiers in Nutrition

RECEIVED 01 June 2022
ACCEPTED 19 September 2022
PUBLISHED 14 October 2022

CITATION

Roriz M, Brito P, Teixeira FJ, Brito J
and Teixeira VH (2022) Performance
effects of internal pre-
and per-cooling across different
exercise and environmental
conditions: A systematic review.
Front. Nutr. 9:959516.
doi: 10.3389/fnut.2022.959516

COPYRIGHT

© 2022 Roriz, Brito, Teixeira, Brito and
Teixeira. 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.

Performance effects of internal
pre- and per-cooling across
different exercise and
environmental conditions:
A systematic review
Maria Roriz1,2*, Pedro Brito3, Filipe J. Teixeira4,5,6, João Brito7

and Vitor Hugo Teixeira1,2,8,9

1Faculty of Nutrition and Food Sciences, University of Porto (FCNAUP), Porto, Portugal, 2Futebol
Clube do Porto, Porto, Portugal, 3Research Center in Sports Sciences, Health Sciences and Human
Development, CIDESD, University of Maia, ISMAI, Maia, Portugal, 4Interdisciplinary Center
for the Study of Human Performance (CIPER), Faculdade de Motricidade Humana, Universidade
de Lisboa, Cruz-Quebrada, Portugal, 5Atlântica, Instituto Universitário, Fábrica da Pólvora
de Barcarena, Barcarena, Portugal, 6Bettery Lifelab, Bettery S.A., Lisbon, Portugal, 7Portugal Football
School, Portuguese Football Federation, Oeiras, Portugal, 8Research Centre in Physical Activity,
Health and Leisure (CIAFEL), Faculty of Sports, University of Porto (FADEUP), Porto, Portugal,
9Laboratory for Integrative and Translational Research in Population Health (ITR), Porto, Portugal

Exercise in a hot and humid environment may endanger athlete’s health

and affect physical performance. This systematic review aimed to examine

whether internal administration of ice, cold beverages or menthol solutions

may be beneficial for physical performance when exercising in different

environmental conditions and sports backgrounds. A systematic search was

performed in PubMed, Web of Science, Scopus and SPORTDiscus databases,

from inception to April 2022, to identify studies meeting the following

inclusion criteria: healthy male and female physically active individuals

or athletes (aged ≥18 years); an intervention consisting in the internal

administration (i.e., ingestion or mouth rinse) of ice slush, ice slurry or crushed

ice and/or cold beverages and/or menthol solutions before and/or during

exercise; a randomized crossover design with a control or placebo condition;

the report of at least one physical performance outcome; and to be written

in English. Our search retrieved 2,714 articles in total; after selection, 43

studies were considered, including 472 participants, 408 men and 64 women,

aged 18-42 years, with a VO2max ranging from 46.2 to 67.2 mL·kg−1
·min−1.

Average ambient temperature and relative humidity during the exercise tasks

were 32.4 ± 3.5◦C (ranging from 22◦C to 38◦C) and 50.8 ± 13.4% (varying

from 20.0% to 80.0%), respectively. Across the 43 studies, 7 exclusively

included a menthol solution mouth rinse, 30 exclusively involved ice slurry/ice

slush/crushed ice/cold beverages intake, and 6 examined both the effect of

thermal and non-thermal internal techniques in the same protocol. Rinsing a

menthol solution (0.01%) improved physical performance during continuous

endurance exercise in the heat. Conversely, the ingestion of ice or cold

beverages did not seem to consistently increase performance, being more
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likely to improve performance in continuous endurance trials, especially when

consumed during exercises. Co-administration of menthol with or within

ice beverages seems to exert a synergistic effect by improving physical

performance. Even in environmental conditions that are not extreme, internal

cooling strategies may have an ergogenic effect. Further studies exploring

both intermittent and outdoor exercise protocols, involving elite male and

female athletes and performed under not extreme environmental conditions

are warranted.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42021268197], identifier [CRD42021268197].

KEYWORDS

exercise, heat, internal cooling, nutrition, sports performance

Introduction

Prolonged exercise in hot and humid environments is
challenging for health and athletic performance, mainly
during endurance and team-sport activities (1, 2). Actually,
when environmental conditions are extreme, temperature
regulation mechanisms may be disrupted and may not
compensate the elevation of core body temperature (3).
However, the mechanisms underpinning fatigability and
reduced performance during exercise in hot environments are
likely to be multifactorial.

Overall, body temperature is regulated by both physiologic
and behavioral mechanisms (4, 5). Briefly, physiological
temperature regulation operates through responses that are
independent of conscious voluntary behavior, and include
cutaneous vasodilatation (increasing skin blood flow) and
increments pertaining sweat rate (3, 5). On the other hand,
behavioral temperature regulation occurs through conscious
behavior changes that influence heat accumulation, and include
modification of the activity levels, clothing changes and seeking
of shade or shelter (4). During exercise under heat stress, the
rate of heat production is greater than the rate of heat loss and
may lead to hyperthermia (6). Also, a greater cardiovascular
distress should be expected because the main challenge is to
provide sufficient cardiac output to adequately perfuse skeletal
muscles to support metabolism, while simultaneously perfusing
the skin to support heat loss (7, 8). Thus, hyperthermia is known
to alter cardiovascular function, reducing physical and athletic
performance (9).

Several cooling strategies have been tested and used with
the primary goal of reducing central temperature and thermal
sensation, and further delaying the onset of fatigue (10, 11).
Concomitantly, cooling methods can be either applied prior to
or during exercise. As a pre-cooling strategy, cooling methods
should aim to increase the margin for metabolic heat production

and heat increase, while as a per-cooling strategy, the aim is to
attenuate the rise of exercise-induced central temperature and to
cool the body when already under heat stress (12, 13). Though,
the combination of pre-cooling and per-cooling techniques
seems to be more effective in improving exercise performance
in the heat than any method applied individually (10).

Similarly, diverse external and internal thermal cooling
techniques are often used to reduce the detrimental effects of
heat stress. Notably, external methods (e.g., using a cooling vest,
ice pack, cold-water immersion) have proved to be effective in
decreasing core, muscle and skin temperatures, and improving
physical performance (10), whether internal methods (e.g., ice
slurry, crushed ice, cold beverage ingestion) have shown to
decrease brain temperature and to improve thermal perception
via stimulation of thermoreceptors located within oral and
abdominal regions (10, 14). Recently, the research on non-
thermal cooling methods, either external or internal, has grown,
with particular attention to L-menthol, due to its properties in
relieving the thermal strain associated with exercise in the heat
(15, 16). L-menthol can be applied topically (creams, gels, or
sprays) or internally, via mouth rinse or ingestion of menthol
flavored solutions (17).

The effects of external cooling methods on sports
performance are well documented (18, 19). However, no
systematic review has exclusively focused on the effects
of internal thermal and non-thermal cooling strategies on
physical performance, specifically in different types of exercise
backgrounds. This is of utter importance, because more
and more sport events worldwide will occur under adverse
environmental conditions. Also, a better understanding of such
strategies may provide practical and cost-effective insights on
how to improve athletic performance in the heat. Therefore,
the purpose of the current systematic review is to summarize
the existing scientific literature regarding the role of internal
administration of cooling methods in physical performance,
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applied either before and/or during exercise, in healthy
physically active male and female individuals or athletes, in
different environmental and exercise contexts.

Materials and methods

This systematic review followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (20). The protocol was previously registered at
the International Prospective Register of Systematic Reviews
(PROSPERO) under registration number CRD42021268197.

Search strategy

All studies were identified through a search on four
electronic databases (PubMed, Web of Science, Scopus and
SPORTDiscus) from their inception until the 4th of April 2022.
Reference lists of the included articles were also searched for
additional references to be included in case they would fulfill all
inclusion criteria. There was no limit on the status, language,
and dates of publication. Twenty-two terms and keywords
(“exercise,” “sports performance,” “athletic performance,”
“sports,” “physical activity,” “athletes,” “pre-cooling,” “cooling,”
“per-cooling,” “mid-cooling,” “body temperature,” “heat
mitigation,” “ice-slurry,” “ice-slushy,” “ice-slush,” “beverage,”
“drinking,” “cold fluid,” “cold water,” “menthol,” “mint,”
“peppermint”) were combined by Boolean logic operators
(AND) and (OR) (Supplementary Appendix A).

Eligibility criteria

The specified eligibility criteria for the systematic review
research followed the PICOS model eligibility criteria, which
consider the factors of population (P), intervention (I),
comparators (C), and outcomes (O), along with study
design (S) (21).

Inclusion criteria
To be considered for analysis, the studies must have: (1)

involved male or female healthy physically active or athletes
(age ≥18 years) subjects; (2) an intervention that includes the
internal administration (ingestion or mouth rinse) of ice slush,
ice slurry or crushed ice and/or cold beverage and/or menthol
solution before and/or during exercise; (3) reported at least
one physical performance outcome (i.e., time to exhaustion,
time-trials, distance covered, strength and power, exercise
capacity, sprint velocity, etc.); (4) a randomized controlled
crossover design, with a control or placebo group; and (5) been
written in English.

Authors opted to only include trials with a crossover design
because such research design has strong advantages over parallel

group trials, particularly in this research area (22). Physical
performance is highly variable between participants, as it is
conditioned by individual factors. So, a crossover design, where
the interventions under investigation are evaluated within
the same patients, eliminating between-subject variability, best
serves the purpose of our review.

Exclusion criteria
Studies were excluded if they: (1) were conducted in

participants with injury or illness; (2) were secondary design
studies (such as meta-analyses, systematic reviews and narrative
reviews), animal studies, articles with no full-text available,
opinion pieces, commentaries, editorials, letters, theses, meeting
abstracts or “gray literature” in general; (3) included exclusively
external cooling or did not report an exclusive effect
of the internal cooling; and (4) evaluated only outcome
measures based on non-physical performance parameters (e.g.,
physiological markers).

Study selection

Following the initial search in each database, all references
located were imported into EndNote X20 (Clarivate Analytics,
London, United Kingdom). Two independent authors (MR
and PB) selected the eligible articles, based on the title and
abstract, and removed duplicated articles. The full text of
references identified from the previous process was reviewed
and assessed independently by two reviewers (MR and PB)
using the inclusion and exclusion criteria. Disagreements were
solved by consensus between the two researchers (MR and PB)
after discussion. Unresolved discrepancies were settled by a
third reviewer (VHT).

Data extraction

In the set of included studies, data extraction was completed
independently by two authors (MR and PB) to an Excel
spreadsheet to collect information for descriptive purposes. The
last author of this review (VHT) supervised the process. The
following data were extracted and presented in Table 1 as
follows: authors and year of publication, ambient conditions
(temperature, relative humidity, and wind speed), sample
size, characteristics of the participants (sex, age, and training
status), study design, exercise protocol, cooling timing, cooling
technique, and physical performance outcomes.

Risk of bias assessment

Risk of bias was assessed according to Cochrane
Collaboration guidelines (23) (Risk of Bias Tool V.2.) at
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TABLE 1 Summary of the included studies involving an intermittent exercise protocol.

Study Ambient
conditions

Participant
characteristics

Design Exercise protocol Cooling timing Cooling technique Performance
outcomes

Menthol

Best et al. (106) 22± 1◦C Recreational male athletes
(n = 10). Age 24.6± 3.9 y.
Recreational female athletes
(n = 9). Age 20.2± 1.0 y.

Crossover,
counterbalanced,

randomized

3x Isometric Mid-Thigh
Pull + 3x Vertical

Jump + 3× 6 s Peak
Power (cycle ergometer)

Per-cooling 25 mL menthol solution
mouth rinse (0.1%, 10 s)
60 s before each exercise

effort

↓1.4% IMTP
↑0.9% VJH
↓1.5% PP

(p = 1.000)

Gibson et al. (103) 35± 0.2◦C
40± 0.5% RH

Non-heat-acclimated trained
team sports male (n = 11) and
female (n = 3). Age 24± 3 y.
VO2max 46.2± 12.9 mL·kg
−1
·min−1

Crossover, randomised CISP protocol Per-cooling 25 mL L-menthol
solution mouth rinse
(0.01%, 5 s,∼40◦C)

every 10 min

↔ PP, MP, WD
(p > 0.05)

Ice/Cold beverages

Aldous et al. (119) 30.7± 0.3◦C
50.9± 4.2% RH

University-level male football
players (n = 8).
Age 22± 3 y.
VO2max
56± 9 mL·kg−1

·min−1

Crossover,
counterbalanced,

randomized

2× 45 min iSPT Pre-cooling
Per-cooling

7.5 g kg−1 ice slurry
ingestion (-1◦C) 30 min

before exercise
+ 3.75 g kg−1 ice slurry
ingestion (-1◦C) during

15 min half-time

↔ TD, HSD, VRD

Beaven et al. (134) 25◦C 60% RH Professional rugby sevens
male athletes (n = 12).
Age 21.5± 1.3 y

Crossover,
counterbalanced,

randomised

5× 40 min maximal
running sprint every 30 s

Pre-cooling 500 mL of non-calorific
ice slushy ingestion

15 min before exercise

↓3.2% RT (p = 0.0015)
↑1.9% ST (p > 0.05)

Brade et al. (132)
35.2± 0.3◦C

57.8± 1.2% RH
Male team sport players
(n = 12).
Age 21.8± 2.3 y

Crossover,
counterbalanced,

randomized

70 min sprint cycling
(2× 30 min

halves + 10 min interval)

Pre-cooling
Per-cooling

7.0 g kg−1 of ice slushy
ingestion (0.6◦C) 30 min

before exercise
+

2.1 g kg −1 of ice slushy
ingestion (0.6◦C) during

half-time

↔ PPO↔MPO↔ PP
↔MP↔W (p > 0.05)

Gerret et al. (122) 30.9± 0.9◦C
41.1± 4.0% RH

1.3 m s−1 WS

Moderately to well-trained
males (n = 12).
Age 30.4± 3.4 y.
VO2max
58.5± 8.1 mL·kg−1

·min−1

Crossover, randomized 2× 31 min self-paced
intermittent protocols

Pre-cooling 7.5 g kg−1 ice slurry
ingestion (0.14± 0.1◦C)
30 min before exercise

↑1.5% TD (p > 0.05)

Hue et al. (102) Water
temperature
29.5± 0.5◦C

Ranked long-distance male
(n = 5) and female (n = 4)
swimmers.
Age 23.4± 3.3 y

Crossover, randomized 10× 100 m swimming
(5000 m)

Per-cooling 190 mL cold water
ingestion (1.3◦C) before
and after each 1,000 m

↔ Swimming time
(p > 0.05)

Lafata et al. (97) WBGT = 15◦C
DBT = 24◦C

Healthy, physically fit male
(n = 52). Age 30.3± 5.4 y.
VO2max 49.8± 6.3 mL·kg
−1
·min−1

Crossover, randomized 60% 1RM bench press to
fatigue + broad jump,

+ cycling TTE

Per-cooling 12 mL kg −1 cold
beverage ingestion (4◦C)

during the rest period
between sets of exercises

↑0.7% TTE (p = 0.7035)
↑0.9% BJ (p = 0.465)

(Continued)
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study level, using Review Manager 5.4, encompassing seven
domains: sequence generation, allocation concealment,
blinding of participants and outcome assessors, incomplete
outcome data, selective outcome reporting and other bias.
Each potential source of bias was graded as low, high, or
unclear risk. The process was carried out by two of authors
independently (MR and PB) that underwent a calibration
exercise before performing the assessment of risk of bias. When
the details of a study were unclear, the authors were contacted
to provide further information/details. Conflicts were settled
through discussion amongst the pair of reviewers or through
consultation with a third reviewer (VHT).

Results

Literature search

The database search retrieved 2,714 articles. These were
reduced to 1,711 after removal of duplicates (n = 1,003).
Further screening by title and/or abstract analysis excluded
1,599 articles. The 112 studies left were assessed for eligibility via
full text review, and references lists did not reveal any missing
papers. The exclusion criteria determined a further removal of
69 articles. Two were review articles (24, 25), three had a non-
crossover design (26–28), nineteen reported only physiological,
cognitive or perceptual performance measures (29–47), nine
had no control or placebo group (48–56), five were conference
abstracts/posters (57–61), three were performed in clinical
context (62–64), twenty-seven did not report an exclusive effect
of the internal cooling (65–91) and one comprised underage
participants (92). Forty-three articles fulfilled the eligibility
criteria and data were extracted for qualitative analysis. Figure 1
details the study search, identification, and selection process
using the PRISMA flow diagram.

Characteristics of the included studies

Participants
Overall, 472 subjects (408 male and 64 female) from 43

studies were included in the qualitative analysis, with the
number of participants ranging from 7 (93–96) to 52 (97).
Thirty-four studies assessed only male participants, three only
females (98–100), and six included a mixed-sex sample (101–
106). The average age of the participants was 27.1 years (ranging
between 18 (107) and 42 years (108)). The average VO2max of
the participants was 56.0 mL·kg−1

·min−1 (ranging from 46.2
(103) to 67.2 mL·kg−1

·min−1 (109)). Seventeen studies included
physically active participants (93, 94, 97, 101, 104, 105, 107, 110–
118), twenty-one included recreational athletes (95, 96, 98–100,
106, 108, 119–131), and five involved professional athletes (102,
109, 132–135).
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Exercise protocols and environmental
conditions

The exercise protocols involved were divided as the
following:

(A). Continuous endurance exercise (n = 32).
• Time-trials (n = 14) (94, 96, 98, 100, 104, 108, 109, 123–126,

129, 130, 133).
• Time to exhaustion (n = 17).
◦ at fixed first ventilatory threshold (VT1) (n = 2) (113, 114).
◦ at fixed rate of perceived exertion (RPE) (n = 3) (101,

110, 121).
◦ at fixed VO2peak or at maximal aerobic power output

(Wmax) or at respiratory compensation point (n = 12) (94,
95, 107, 111, 112, 115–118, 120, 128, 131).
• Maximum power effort (n = 1) (105).

(B). Intermittent effort exercise (n = 11) (93, 97, 99, 102,
103, 106, 119, 122, 127, 132, 134).

Ambient temperature during the exercise tasks ranged
from 22◦C (106) to 38◦C (131) and relative humidity varied
between 20% (126) and 80% (123). Forty studies included indoor
protocols and three were performed outdoor (102, 104, 130).
Wet bulb globe temperature (WBGT) was calculated from each
of the included studies (136), with the exception of the studies
where WBGT was recorded and reported and other two studies
where WBGT could not be calculated (one carried out in water
(102) and another study that did not indicate the value of relative
humidity (106)). A WBGT ≥28◦C was used as a cut-off point
to group studies concerning environmental conditions (137).
Thirty-four studies were performed under a WBGT ≥28◦C (53,
93–96, 98–101, 103, 105, 107–113, 115, 116, 119, 121–123, 125–
129, 131–133, 138) and seven studies under a WBGT <28◦C (97,
104, 117, 118, 130, 134, 139).

Interventions
All the included studies analyzed the effect of pre-cooling

and/or per-cooling with non-thermal (menthol solution)
and/or thermal (ice or cold beverages) methods on physical
performance, compared with non-cooling control or placebo.

Across all the 43 studies, seven exclusively included a
menthol solution mouth rinse (100, 101, 103, 106, 110, 111, 117),
thirty exclusively involved ice slurry/ice slush/crushed ice/cold
beverages intake (61, 80, 93–99, 102, 104, 107, 109, 112–115,
118–127, 132–134), and six examined both the effect of thermal
and non-thermal internal techniques in the same protocol (105,
108, 116, 128–130).

All studies that exclusively applied non-thermal methods
had a per-cooling mode (100, 101, 103, 106, 110, 111, 117).
Studies that involved thermal strategies encompassed the
ingestion of ice or cold beverages both before and during
exercise (107, 119, 120), only before exercise (61, 94, 96, 98,
99, 104, 114, 115, 121–125, 127, 134) or only during exercise

(93, 95, 97, 102, 107, 109, 112, 113, 118, 126, 133). In the six
studies where thermal and non-thermal strategies were both
included, the techniques employed were the administration of
cold water or menthol solution before exercise (105), ice slurry
before exercise or menthol solution during exercise (129), ice
slurry or menthol solution during exercise (116), ice or cold
menthol flavored beverages before and during exercise (108),
and crushed ice before exercise and menthol solution during
exercise (128).

Risk of bias assessment

The included studies generally had low or unclear risk
of bias (Figures 2, 3). Only five studies had a low risk of
sequence generation bias, because they reported information
on the randomization procedure conducted to generate groups
(101, 105, 110, 116, 117). Attempts to conceal allocation to an
intervention or control group were only well reported on four
studies (101, 105, 116, 117), with the others having an unclear
risk of bias. Three studies (105, 110, 116) were single-blinded,
two studies were performed in a double-blinded fashion (101,
117), and four studies (95, 97, 111, 112) reported having blinded
the participants to the purpose of the intervention and thence.
Four studies clearly reported no blinding of the participants to
the purpose of the study (104, 106, 129, 132), which represents
a high risk of bias. In each one of the included studies, it was
not clear whether the blinding of outcome assessment occurred,
so an unclear risk of bias in this category was considered.
All studies were considered to have a low risk of bias for
incomplete data and an unclear risk for selective reporting.
Finally, regarding other bias, twenty-one studies did not report if
beverages were distributed in a counterbalanced order, so a bias
related to the distribution order was not clear (93–95, 97–99,
101, 102, 108, 110, 111, 114–116, 121–123, 128–131). A study did
not set the amount of beverage to be consumed between groups
(ad libitum fluid ingestion), meaning that it was not clear if the
drinking rate may have influenced the outcomes (112).

Results of the included studies

The summary of outcomes measures and main findings of
the forty-three included studies are presented in Table 1 and
Supplementary Table 1.

Menthol solution vs. non-cooling strategy
Intermittent exercise protocols

Mouth rinsing a menthol solution during an intermittent
exercise protocol (3 x isometric mid-thigh pull + 3x vertical
jump + 3 × 6 s of peak power on a cycle ergometer) showed
no significant improvement in none of these performance
parameters (106). Similarly, oral menthol administration
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FIGURE 1

PRISMA flow diagram summarizing study selection for inclusion in systematic review.

during a Cycling Intermittent-Sprint Protocol (CISP),
which consisted of 10-s rest, 5-s maximal sprint, and 105-
s active recovery with the cycles repeated over 10 min
(for 20 min), revealed no significant effect on peak power,
mean power and total work done (103) (Table 1 and
Figure 4).

Continuous endurance exercise protocols

In the only study where menthol was internally applied in
a pre-cooling mode, specifically in the minute before a 3-min
aerobic test exercise (an exercise protocol much shorter than the

other ones), a significant improvement in relative power output
was found (13%) (105).

Internal application of menthol solution during continuous
exercise significantly enhanced endurance performance in seven
out of eight studies. Power output (3.6-6.5%) and completion
time (4-7%) were significantly improved at a 16 fixed-RPE
cycling protocol (101, 110). Time to exhaustion was significant
higher (6-8.6%) with menthol mouth rinsing during a 65 and
70% maximal aerobic power output cycling protocols (111, 116),
as well as time to fatigue (34.4%) in a running protocol with
an intensity of 100% of VO2peak (128). Time trial efforts also
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FIGURE 2

Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies.

showed significant improvements while per-cooling with oral
menthol (2.3-2.7%), namely in a 30-km (100) cycling and in a
5-km running protocols (129). However, one study did not find
a significant improvement in time to exhaustion when mouth
rinsing with a menthol-containing sports drink during a 105%
of respiratory compensation point cycling protocol (117).

When oral menthol was administered before and during
exercise, which only occurred in one study, completion time
was significantly improved (5.3%) in a 20-km time trial cycling
protocol (108) (Supplementary Table 1 and Figure 4).

Influence of environmental conditions

Overall, nine of the ten studies that involved the
administration of oral menthol and were performed under
a WBGT ≥28◦C found significant improvements in physical
performance (100, 101, 105, 108, 110, 111, 116, 128, 129).
When stratifying the analysis by type of exercise, it is possible
to observe that the only study that did not report significant
improvements in physical performance in more adverse
environmental conditions involved an intermittent exercise
protocol (103).

On the other hand, the only study that involved menthol
mouth rinsing and was completed under a WBGT <28◦C did
not report significant improvements in physical performance
(117), and involved a continuous endurance exercise protocol,
with a time to exhaustion at 105% of respiratory compensation
point (Figure 5).

Ice or cold beverage vs. non-cooling strategy
Intermittent exercise protocols

In the four studies where ice or cold beverages were
ingested before intermittent exercise, only one found significant
improvements in physical performance, specifically on rate of

fatigue (3.2%) in a 5× 30-s of maximal running sprint protocol,
even though sprint time was not significantly improved (134).
Total distance in a 2 × 31-min (122) and in a 46-min
(127) intermittent protocols on non-motorized treadmill was
not enhanced by pre-cooling with ice slurry. No significant
differences were found in peak power and mean power outputs
in a 2× 36-min intermittent sprint cycling protocol (99).

Across the three studies where ice or cold beverages
were ingested during intermittent exercise, none showed a
significant ergogenic effect, neither on a 10× 100-m swimming
protocol (101), or in a repeated sprint intermittent cycling
protocol (92) or even in a mixed-tasks protocol with bench
press to fatigue + broad jump + self-paced cycling time to
exhaustion (96).

In the set of the two studies where ice or cold beverages
were administered before and during intermittent exercise,
none reported significant differences in physical performance.
Exercise protocols involved a 2 × 45-min iSPT (consisting of
three identical 15-min intermittent exercise blocks) (119) and a
2× 30-min sprint cycling exercise (132) (Table 1 and Figure 6).

Continuous endurance exercise protocols

Over the thirteen studies that involved the application of
ice or cold beverages before a continuous endurance exercise
protocol, five observed significant improvements in physical
performance. Completion time (0.6-7.2%) and power output
(5.4-7.8%) were significantly enhanced in a 40-km (96) and
800-kJ (124) cycling time trials, as well as in a 10-km running
time trial (104). Total distance was also improved in a 30-min
cycling time trial protocol (2.9%) (94), and time to exhaustion
was significant higher in a running to exhaustion at first
ventilatory threshold in a treadmill (12.8%) (114). However,
time to exhaustion was not significantly improved in a 80%
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FIGURE 3

Risk of bias summary: review authors’ judgments about each risk
of bias item for each included study.

VO2max speed cycling protocol (131), neither mean power
output or total work done in a 60-min fixed 15-RPE (121)
and 60-min fixed 55%VO2peak cycling protocols (115). Finally,

completion time was not significantly lower while pre-cooling
with ice or cold beverages in a 30-km (123), 800-kJ (98) and 30-
min fixed 75% of peak power output (125) cycling time trials,
not either in a 5-km running time trial protocol (129).

In the nine studies involving per-cooling with ice or cold
beverages on continuous endurance exercise protocols, five
returned significant enhancements on physical performance.
Completion time (10.5%) was significantly improved in a cycling
time trial protocol with a resistance of 4 kJ kg−1 (133), as
well as running time (2.5%) in a triathlon (Olympic distance)
protocol (126), and work done (4.4%) in a 15-min maximal
intensity cycling protocol (95). Time to exhaustion (7-12.7%)
was significantly superior in a 65% (112) and 70% (116)
maximal aerobic power output cycling protocols. Thought, time
to exhaustion and endurance capacity were not significantly
improved in cycling at 50% (139) and 95% (118) VO2peak
intensity, neither in a running to exhaustion at first ventilatory
threshold intensity (113). On the other hand, completion
time was not significantly lower in a 40-km cycling time
trial (109).

In the set of four studies where ice or cold beverages were
administered both before and during continuous endurance
exercise, all showed significant improvements in physical
performance. Significantly higher time to exhaustion (23-118%)
was observed in a 80% of maximum power intensity and in
a 65%VO2peak cycling protocols (107, 120), and completion
time (6.2-6.8%) was also significantly improved in 20-km cycling
(108) and in a 1.5-km running (130) time trials (Supplementary
Table 1 and Figure 6).

Influence of environmental conditions

Generally, thirteen out of twenty-nine studies that were
performed under a WBGT ≥28◦C and involved the internal
administration of ice or cold beverages revealed significant
improvements in physical performance (94–96, 107, 108, 112,
114, 116, 120, 124, 126, 133). When the analysis is differentiated
by type of exercise, it is clear that all the thirteen studies
involved continuous endurance exercise protocols. In the range
of the studies that did not show significant improvements in
physical performance while a thermal cooling technique was
applied in more adverse environmental conditions, six involved
intermittent exercise protocols (93, 99, 119, 122, 127, 132) and
ten continuous endurance ones (98, 105, 109, 113, 115, 121, 123,
125, 129, 131).

Moreover, three out of six studies that involved the
administration of ice or cold beverages under a WBGT <28◦C
showed significant improvements in physical performance. Two
of them included continuous endurance exercise protocols
(104, 130) and one included intermittent exercise (134). In the
set of the studies that did not find significant improvements
in physical performance, one involved intermittent exercise
protocols (97) and two continuous endurance ones (118, 139)
(Figure 7).
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FIGURE 4

Overall results of oral menthol administration effect on physical performance, by type of exercise and cooling timing.

Ice vs. cold beverage
Continuous endurance exercise protocols

One study (130) showed that ingesting ice slurry both before
and during exercise significantly decreased completion time in a
1.5-km running time trial (3.3%) comparing to drinking a cold
beverage at the same timings (Supplementary Table 1).

Menthol solution vs. ice or cold beverage
Continuous endurance exercise protocols

In the three studies where the ergogenic effect of oral
menthol administration was compared to ice or cold beverages,
two showed a significant improvement in physical performance
with the non-thermal technique, compared to the thermal
one. Relative power output was significant higher (6%) while
pre-cooling with menthol thermoneutral solution in a 3-min
aerobic test compared to pre-cooling with cold water (105).
Simultaneously, other study observed that per-cooling with a
menthol solution had significant benefits on completion time in
a 5-km running time trial (3.8%), compared to pre-cooling with
an ice-slurry (129).

On the other hand, per-cooling with a menthol solution
at 85% of baseline time to exhaustion showed non-significant

differences in physical performance in a 70% maximal aerobic
power output cycling protocol, compared to per-cooling at the
same time with an ice slurry (116) (Supplementary Table 1).

Mixed-method vs. non-cooling strategy
Continuous endurance exercise protocols

Mouth rinsing with a menthol solution during exercise
and ingesting crushed ice before exercise showed a significant
increase in time to fatigue (39.1%) in a running protocol
at an intensity of 100% of VO2peak, comparing to a non-
cooling control (128). At the same time, consuming an
ice slushy menthol flavored beverage before and during a
20-km cycling time trial revealed a significant decrease in
completion time (11%), comparing to a non-cooling strategy
(108) (Supplementary Table 1).

Discussion

The current systematic review aimed to determine the
effects of internal thermal and non-thermal cooling strategies on
physical performance in different exercise conditions. The main

Frontiers in Nutrition 10 frontiersin.org

89

https://doi.org/10.3389/fnut.2022.959516
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/


fnut-09-959516 October 19, 2022 Time: 16:47 # 11

Roriz et al. 10.3389/fnut.2022.959516

FIGURE 5

Overall results of oral menthol administration effect on physical performance, by environmental conditions and type of exercise.

findings were that mouth rinsing with a menthol solution during
continuous endurance exercise in the heat seems to significantly
improve physical performance in most of the studies. The
impact of thermal methods on physical performance is not
consistent, with only less than half of the studies reporting
improvements. Ice/cold beverages are more likely to enhance
physical performance in continuous endurance exercises,
especially when consumed throughout exercises.

Menthol

Ergogenic action and physiological
mechanisms

Oral menthol mouth rinsing during exercise in the heat
improved continuous exercise, either exhaustive (111, 116, 128),
self-modulated to exhaustion over a fixed distance or time (time-
trial) (100, 108, 129), or to a fixed RPE (101, 110), which is in line
with the recent findings of Barwood and colleagues (138).

Menthol’s ergogenic effects seem to be related with an
improvement in thermal sensation (101, 108, 110, 116),
rate of perceived exertion, ventilatory capacity (111, 129),

brain capacity (100), increased glycolytic energy provision
or increased bicarbonate buffering (105). Menthol works as
a non-thermal cooling stimulus to thermoreceptors, eliciting
sensations of coolness when applied to the skin and mucosal
surfaces without reductions in temperature, enhancing
perceptual cooling effects (140, 141). Concretely, the application
of menthol cause a feeling of coolness due to a stimulatory
action on “cold” receptors (primarily TRPM8) by inhibiting
calcium currents of neuronal membranes (142). The activation
of these sensory pathways conducts this information to the
brain, lowering the associated thermal strain (143), and may also
provide a decrease in subjective airway resistance, a sensation
of cool airflow upon inhalation, an increased arousal, and a
down-regulation of thirst (142).

Despite menthol did not seem to increase tidal volume,
subjects voluntarily increased ventilation following the rinse,
perhaps due to the sensation of cooler air (111). A lowered
thermal sensation may allow athletes to undergo greater heat
stress, through increased blood prolactin concentration (129).
Prolactin has been described as a “stress hormone” and a marker
of dopaminergic activity in the brainstem (144). It is released
in response to increased heat load (145), more specifically
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FIGURE 6

Overall results of ice or cold beverages administration effect on physical performance, by type of exercise and cooling timing.

regarding the temperature of the facial surface during exercise
(146). A higher prolactin concentration suggests that following
the menthol solution rinse the body can tolerate greater stress
associated with a higher exercise intensity. For this reason, it is
not clear if a decrease in thermal sensation can lead to a greater
fatigue or even to a higher risk of hyperthermia, especially in the
latter stages of prolonged exercise in elite athletes (110, 129).

Two of the three studies included in the present systematic
review in which menthol did not improve performance applied
intermittent exercise protocols (103, 106). It is important to
mention that the conditions were less demanding in these
studies, either by being held in a normothermic environment
(22 ± 1◦C) (106) or due to a shorter exercise protocol (20 min)
and a greater recovery period between sets (103). Also, even
if a cycling intermittent-sprint protocol is a reliable and valid
tool to determine the physiological responses to intermittent
sprinting (147), the specific task being closed in nature could
create an experimental artifact, whereby participants are not able
to sprint freely in frequency or duration. This raises the need to
assess the effect of oral menthol under an intermittent exercise
protocol that more closely mimics real conditions. In another

study, in which menthol did not significantly enhance the time
to exhaustion in a continuous endurance exercise protocol
(117), the trial was not performed under heat stress conditions
(20.4 ± 0.5◦C, 29.5 ± 4.6% RH, WBGT = 18◦C). Additionally,
this was the only protocol to incorporate menthol into a
carbohydrate sports drink, while the control beverage being the
same beverage without menthol. Although speculative, the lack
of significant benefits on physical performance in this study
could be due to the fact that the sensing of carbohydrates and
menthol in the mouth affects similar nervous signaling pathways
and, hence, the erogenicity of both substances is not additive.
In fact, carbohydrate mouth rinsing is known to be ergogenic
on its own, without supplying additional energy to the body
(148). Therefore, more significant results are found with the
administration of menthol, in comparison with no-beverage or
beverages that do not exert an ergogenic role.

Timing and administration mode
Overall, the collective evidence presented in the current

systematic review suggests that menthol does not need to be
swallowed to elicit a positive effect on performance, being
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FIGURE 7

Overall results of ice or cold beverages administration effect on physical performance, by environmental conditions and type of exercise.

sufficient to orally rinse and expectorate (100, 101, 105, 110,
111, 116, 128, 129). Menthol activates thermoreceptors located
in the oral cavity, one of the most densely innervated parts of the
body with several peripheral receptors (149), that my trigger an
ergogenic effect (108).

Almost all studies conducted with oral menthol have opted
for a per-cooling strategy, which seems more suited to its mode
of action. As the proposed mechanism of action of internally
applied menthol targets thermal sensation, improved thermal
comfort, and rate of perceived exertion (15, 150), the ergogenic
effect is more likely to occur with the higher thermal stress
obtained in more advanced stages of exercise. Accordingly,
menthol seems to benefit performance when given in several
successive internal administrations throughout exercise (100,
101, 108, 110, 111, 128, 129) or even as a single dose in the latter
stages of exercise (116).

Most studies (100, 105, 110, 116, 128, 129) have
demonstrated a beneficial effect on physical performance
with a mouth rinsing for 5 s, without no greater effect observed
with longer rinse durations (up to 10 s) (116, 117).

Sex differences
Five studies have evaluated the role of oral menthol on

physical performance in female participants (100, 101, 103, 105,

106), and two of them reported significant improvement in
exercise (100, 105). However, three of the five studies did not
present the results separated by sex, which makes impossible to
differentiate the effect of oral menthol mouth rinse on physical
performance in men and women, no matter it is significant (105)
or not (103, 106). In the other two studies, one found significant
results with cooling only for men (101) and the other observed a
significant improve in completion time and power output in the
female subjects (100). Therefore, is not clear if the lack of efficacy
on women depends on sex-related physiological differences, or
if is due to methodological differences between studies.

Interestingly, oral application of L-menthol reduced the
perceptual measures of thermal sensation in men, while in
females it was only effective in the early stages of exercise in the
heat. Women exhibited a smaller reduction in thermal sensation
following L-menthol mouth rinsing, suggesting a sex-specific
response to L-menthol efficacy during exercise (101). Mouth
rinsing with 25 mL (0.01%) every 10 min of exercise improved
non-significantly the time (6%) and power output (2.2%) in
women (101). Therefore, these facts highlight the importance
of further research to understand sex differences in behavioral
thermoregulation and performance response to oral menthol
during exercise in the heat.
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Influence of environmental conditions
Only one study involving oral menthol administration was

carried out under WBGT <28◦C and this included continuous
endurance exercise protocol (117), revealing no significant
improvements in physical performance. In fact, as previously
mentioned, in this study menthol was incorporated into a
carbohydrate sports drink, possibly not allowing to isolate
the ergogenic effect of menthol from that of carbohydrates.
Also, the same study was carried out under a WBGT = 18◦C,
which represents a low risk of overheating environment (137).
Therefore, the fact that the only study that included menthol
and was carried out under a WBGT <28◦C had methodological
characteristics so different from the others, makes it difficult to
conclude about the role of the environmental conditions. More
studies developed under a WBGT <28◦C with non-thermal
internal cooling techniques are needed to better conclude if
these techniques are also efficient in physical performance,
under these conditions.

It is important to consider that, in the case of menthol,
although more studies have been completed under a
WBGT≥ 28◦C, the type of exercise seems to be more important
than the adversity of the environmental conditions, since the
only study that did not revealed significant improvements
in physical performance in these conditions involved an
intermittent exercise protocol (103).

As already stated, performance responses to internal cooling
seem to be better in continuous endurance exercise than
in intermittent exercise. In fact, in continuous exercise, the
heat stored is higher and Tcore and thermal sensation rise
faster, compared to the same amount of exercise performed
in a variable intensity mode that includes short high intensity
bouts followed by rest periods (151–153). Also, sweat loss
and dehydration level are lower in intermittent compared
to continuous type sports (154). Therefore, regardless of
the external environmental conditions, it is expected that in
activities where the heat storage and dehydration turns out
to be superior, the response to internal cooling will be more
effective concerning physical performance, as improvements in
Tcore or thermal sensation are more urgent. Since menthol’s
main mechanism of action is an improvement in the thermal
sensation in more advanced phases of the exercise, if this
is higher it is more likely that the ergogenic effects of this
compound, previously explained, are felt.

Ice or cold beverage

Ergogenic action and physiological
mechanisms

The application of thermal methods before and/or during
exercise improved performance in 15 of 35 studies that evaluated
exhaustive (time to exhaustion at a fixed intensity) (107, 112,
114, 116, 120, 131), self-modulated to exhaustion over a fixed

distance or time (time trial) (94, 96, 104, 108, 124, 126) or to a
fixed point (power output) (95, 133), and intermittent protocols
(93, 134). An improvement in performance was more prevalent
in studies evaluating continuous endurance exercise (54%), than
in studies that applied intermittent exercise protocols (11%).

Overall, the improvement in physical performance with
the internal administration of ice or cold beverages may
have resulted from an improve in behavioral thermoregulation
((thermal sensation (104, 130), thermal comfort (120)), thermal
autonomic responses ((Tcore (94–96, 107, 112, 134)), or from a
combination of all these (114, 124, 126, 133). After the ingested
ice slurry reaches the stomach/gastrointestinal region it will
absorb a considerable amount of internal heat, lowering the
temperature locally (96). It is also likely that the ingestion of
ice may also lead to a decrease in brain temperature (155),
that may persist throughout exercise, increasing the likelihood
of an improvement regarding thermal sensation in the latter
stages. This may extend the time required to achieve a critically
high brain temperature, allowing subjects to exercise for longer
periods of time or greater intensities (53, 114, 156, 157), by
increasing and/or maintaining central drive and motivation
(158). In addition, internal cooling via ice slurry ingestion
may improve exercise performance in the heat by stimulating
internal thermoreceptors. In humans, thermoreceptors have
been identified in the stomach and small intestine (159) It
has been shown that the glossopharyngeal nerve conducts
impulses for temperature sensation from the posterior third of
the tongue and upper pharynx to the brain (160). Thus, ice
slurry ingestion may directly affect Tcore afferents and leads
to a beneficial effect on the inhibitory feedback, ultimately
influencing exercise performance. A decrease in Tcore may affect
exercise performance by increasing the margin between the
initial core temperature and temperatures at which athletic
performance is affected. A lower core body temperature at a
given point of exercise had a similar effect to that which occurs
with acclimation and enabled athletes to exercise at higher
intensities during self-paced exercise (or for a longer duration
during constant pace exercise) (161). In fact, a decrease in Tcore

is likely to promote a reduction in sweat rate necessary for heat
dissipation, delaying progressive fluid losses and dehydration
(162). Progressive dehydration precipitates a cascade of events
including a decrease in plasma volume and an increase in
plasma osmolality (5), a decrease in sweat rate and evaporative
heat loss (163) and a decrease in cardiac filling (164). The
blood flow redistribution and other thermoregulatory demands
of exercising in hot and/or humid environments represents
a significant stress to the cardiovascular system, limiting
performance, as maintaining a similar relative intensity requires
the reduction of absolute intensity (i.e., work load) (165).

Putative reasons for the lack of performance improvements
with internal cooling strategies in some studies may be related
with a lower core-to-skin temperature gradient (121, 123), no
reduction on core body temperature (Tcore), (i.e., lower heat
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storage capacity) (119), self-paced intermittent protocols (99,
122, 127, 132), short duration protocols (97, 131), moderate
environmental conditions (97, 139), no changes in thermal
sensation and rate of perceived exertion (107, 115, 139), or
gastrointestinal discomfort due to an excessive amount of
ice slurry (125). Actually, a lower core-to-skin temperature
gradient found in two studies (121, 123) did not promote a
sufficient convective heat flux from the center to the periphery,
hindering thermoregulation mechanisms to cope with the heat
and thus not benefiting performance. This can happen when
the environmental temperature is much higher than skin
temperature, and also when Tcore decreases very fast at the
beginning of the exercise (93). On the other hand, cooling
strategies may provide the most gains in physical performance
in stressful environmental conditions (higher temperatures and
humidity levels and/or longer duration and greater intensity
exercises) (95), that were not observed in some of the included
studies (97, 99, 122, 127, 131, 132, 139). As increases in core
temperature are proportional to exercise intensity (166), it is
easier to avoid an increase in heat strain in exercises protocols
whose intensity is not great, or at least is interspersed with
moments of lower intensity recovery periods (intermittent
efforts), minimizing the benefits of administering an ice or
cold beverage. At the same time, in other studies (107, 115,
139), authors report that, despite the improvement observed
in the thermoregulatory parameters (such as Tcore), physical
performance was not increased due to a lack of improvement
in performance perceptual parameters (thermal sensation
and rate of perceived exertion). This could indicate that
behavioral thermoregulation and thermal autonomic responses
to exercising in the heat are equally important, and that the
success of cooling strategies may depend on its effectiveness in
improving both variables. Finally, it is known that the maximum
rate of intestinal absorption is 0.5 L/hour when cycling at
85% VO2max and the intake of large volumes of fluids may
not be advantageous (167). This could be the reason why
administrating 1 L of ice-slurry at once found no improvements
on physical performance, despite a reduction on Tcore. in one
study (125).

Timing and administration mode
Ingesting ice or cold beverages seemed to be more effective

in improving physical performance than just rinsing, which may
be explained by the higher density of thermal receptors in the
gastrointestinal tract (12).

The amount of ice or cold beverages administered before
and/or during exercise was quite different between trials. Also,
some authors opted for giving an absolute amount, while others
preferred to adjust the volume to athletes’ body weight (g·kg−1)
due to an improved gastrointestinal tolerance (94, 130, 133).
However, performance benefits were observed with a wide range
of volumes, which suggest that the amount ingested is not a key
factor regarding the ergogenic potential of these beverages.

Ice or cold beverages showed better results when
administered during or before and during exercise (93, 95,
107, 108, 112, 116, 120, 126, 133). Per-cooling protocols
involved the ingestion of ice slurry/crushed ice/ice slushy/cold
beverages several times throughout exercise, while in the
pre-cooling protocols these beverages were ingested once,
typically between 10 to 35 min before the beginning of exercise
(94, 96, 98, 99, 104, 114, 115, 121–125, 127, 129, 131, 134).
Some recent studies suggested that the advantages gained from
cooling during exercise may outweigh those of pre-cooling,
due to a high thermal strain in the latter stages of the exercise
(168). Although, Tcore seems to decrease more with pre-cooling
(physical thermoregulation), per-cooling seems to be more
efficient in reducing thermal sensation and thermal comfort
(behavioral thermoregulation) in more advanced phases of the
exercise (12). So, the effectiveness of pre-cooling with ice slurry
may be limited and its beneficial effects may be attenuated after
20–30 min (169).

Regarding beverage’s temperature, it was found that
ingesting 190 mL of ice slurry menthol flavored beverage
(0.025%, 0.17◦C) in the warm-up and 5 times during running,
significantly decreased completion time (3.3%) when comparing
with the same amount of cold menthol flavored beverage
(0.025%, 3.1◦C) (130). This agrees with another study (50)
reporting that the ingestion of 1.25 g·kg−1 of ice (0.5◦C) every
5 min, six times before exercise, significantly improved time to
exhaustion (19.8%), when comparing with the same amount
of cold water (4◦C). This difference may have occurred due to
different effects on Tcore, since crushed ice ingestion leads to
a greater reduction in body temperature due to the additional
energy that is required to change solid ice to liquid water,
allowing for a significantly larger amount of heat absorption and
thus more work to be completed (53).

Sex differences
The only study (of five) with participants from both

sexes that reported a significant improvement in physical
performance with internal thermal cooling techniques in a hot
and humid outdoor environment, enhancing the ecological
validity of the findings, did not independently report the effect
of ice slurry ingestion 30 min before exercise (8.0 g·kg−1

at −1.4◦C) for men and women (104). In other studies, the
consumption of either cold water during exercise (190 mL
at 1.3◦C) (102) and of crushed ice 30 minutes before
exercise (6.8 g·kg−1 at −0.5◦C) (99), did not change physical
performance. However, it should be mentioned that one of
that studies (102) comprised swimming and exercise in water,
which increases the heat dissipation capacity due to greater
forced convective and conductive transfer heat transfer from
the skin (170), facilitating the maintenance of Tcore at a lower
level and thus reducing the likelihood of cooling benefits. And
int the other study (99), the intermittent exercise protocol used
was less affected by cooling strategies. Similarly, mouth rinse
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of cold water 1 min before the start of exercise (25 mL at
4◦C) did not show effect on relative power output in both
male and female subjects (105). Though, it is important to
refer that applying a thermal cooling technique only 1 min
before a 3-min exercise may not be enough time to notice the
benefits of these methods, neither for men nor for women.
Finally, another trial (98) showed a non-significant decrease
in completion time (2.2%) in a 800-kJ cycling time trial in
women after the ingestion of crushed ice (7.0 g·kg−1) 30 min
before. It is expected that an athlete with a higher percentage
of fat mass requires less energy to change their mean body
temperature when comparing with an athlete with a lower
percentage of fat mass (171). Therefore, as the rate of heat
storage may be greater in females than in males, this might
hinder the ergogenic effect due to an increased heat storage
capacity, which could explain why ice ingestion may exert
greater benefits in men.

Influence of environmental conditions
Unlike menthol, slightly better results were found on

physical performance when using ice or cold beverages under
a WBGT <28◦C, compared to the studies carried out in a
WBGT ≥ 28◦C. However, it is important to notice that all
the studies completed with a WBGT ≥ 28◦C that showed
significant improvements in physical performance (n = 13)
involved continuous endurance exercise protocols (94–96, 107,
108, 112, 114, 116, 120, 124, 126, 133, 137). Concerning the
other sixteen studies carried out under a WBGT ≥28◦C, and
that did not reveal significant enhancements, six involved
intermittent exercise protocols (67, 93, 99, 113, 119, 122, 127)
and ten continuous endurance ones (98, 105, 109, 114, 115,
121, 123, 125, 129, 131). Of these ten studies that involved
endurance exercise, eight had a pre-cooling mode (98, 105,
115, 121, 123, 125, 129, 131), which, as seen in point 4.2.2,
will eventually not be the most interesting cooling timing for
thermal methods.

Like menthol, more important than the environmental
conditions seems to be the type of exercise protocol. As
mentioned before, in continuous exercise, the heat stored is
higher and Tcore and thermal sensation rise faster. Thus, this
type of exercise, regardless of environmental conditions, will
theoretically benefit better from thermal cooling methods than
intermittent exercises, especially those of shorter duration.

This may indicate that the benefits of cooling on
physical performance are not only verified for high or
extreme environmental conditions, and that, even in less
demanding conditions, for higher and continuous exercise
intensities, it could still be beneficial the application of internal
cooling techniques. Nevertheless, further studies involving
simultaneously internal cooling thermal techniques, continuous
endurance exercise and per or pre + per-cooling modes, both in
more and less adverse environmental conditions, will be needed
for a better understanding.

Mixed thermal and non-thermal
techniques

Combining thermal with non-thermal strategies seems
to display better results than an isolated approach. As an
example, superior results on completion time were reported
when thermal and non-thermal techniques were combined
(ice slurry menthol flavored – 0.01%), instead of used in
isolation (108). Similarly, the combination of pre-cooling with
ice slurry ingestion and per-cooling with menthol solution
mouth rinse improved time to fatigue compared to per-cooling
with menthol alone (128). A possible reason to justify these
results is the reduction of the mood disturbance, in particular
ratings of tension, depression, and confusion, when thermal
and non-thermal methods are simultaneously applied (128).
However, a synergistic effect of thermal and non-thermal
interventions should be considered in future research, for a
better understanding.

Menthol solution vs. ice or cold
beverage

Although two of the three studies that compared the effect
of menthol with ice or cold beverages found greater benefits
in physical performance with the non-thermal method, it is
important to note that in one of them (105) the pre-cooling
(either with menthol or with a cold beverage) was carried out
just 1 min before the trial and that the trial itself only lasted
3 min, not sufficient to see a decrease in Tcore. In the other
study (129), while menthol was applied as per-cooling, ice slurry
was ingested 30 min before exercise. Thus, in this case, we
may be observing the benefits of applying a cooling method
during the exercise (which, as previously mentioned, seems to
be more advantageous than pre-cooling), rather than comparing
the effectiveness of a thermal method with a non-thermal one.

Limitations and strengths

This systematic review has some limitations. Firstly, most
studies included a relatively small sample size. Secondly,
men and women seem to have different thermoregulatory
responses to exercise in the heat, which may have influenced
the effectiveness of cooling methods on physical performance,
especially regarding mixed-sample studies. Another possible
limitation is related with the fact that trials were performed in
an ambient environment with large temperature and relative
humidity amplitudes (i.e., 22-38◦C and 20-80%). Moreover,
exercise protocols noticeably varied between studies, namely
regarding duration and intensity, possible generating conflicting
results. Furthermore, authors opted to not collect adverse effects
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in the selected studies. In fact, in all the included studies,
a familiarization session was performed to test participants
tolerance to L-menthol or to ice/cold beverages, and any
participant has been excluded from any study based on
intolerances or adverse effects. Additionally, the included
studies did not evaluate immediate/long term complications
resulting from the intervention, so for those reasons adverse
effects were not reported in the data synthesis. Other limitation
is that with 43 studies and 472 subjects included, a meta-
analysis could potentially have been carried out. However, due
to the high heterogeneity of the methodologies used, not only
regarding the systematic differences of exercise protocols, but
also considering the variances in timing and frequency of
cooling, in the beverages doses, in the population involved,
and in the environmental conditions, the authors opted not
to perform a quantitative analysis. Additionally, the risk of
bias in the selective reporting and blinding categories was
generally unclear. In fact, this may be difficult to assure
when administering menthol or ice/cold beverages, due to
its distinctive sensory effect. Whilst it is challenging to
conduct double-blind experiments in this type of studies,
improvements in research design, mainly with menthol, should
be attained. Finally, publication bias was not accessed in this
systematic review.

Regarding the strengths of this article, we first highlight
the fact that, to the best of our knowledge, this is the
first systematic review that exclusively focuses on internal
cooling methods. The literature is mainly focused on external
techniques. Secondly, only studies with a randomized crossover
design were included, increasing the internal validity of the
results (172). Furthermore, this review involved studies with
several types of exercise protocols, which allows for a wider
broad understanding of the internal cooling effect on physical
performance in different sports disciplines, considering their
physiological particularities. It is also important to notice that
this analysis, unlike most others that focus exclusively on pre
or per-cooling modes, was able to conclude about the cooling
timing role on physical performance.

Future lines of research

Sport competitions are taking place more often in hot
environments, so the implementation of cooling techniques
before and during competition will become even more
important for athletes to cope with the heat. More solid evidence
is needed about the implication of cooling strategies on short
and intense and even intermittent efforts, especially in outdoor
settings and that approach the real conditions and rules of
different sports, including team sports. Moreover, studying
both male and female individuals is of upmost importance,
due to sex-related differences in thermal sensation and heat
storage capacity. Since the majority of the collected evidence in

this topic refers to physically active individuals or recreational
athletes, protocols that involve elite athletes are also required.
Likewise, it is also important to understand the effect of different
environmental conditions on the response to internal cooling, so
that the recommendations can take this factor into account.

Practical applications

In addition to acclimatization or in situations where this is
not feasible, athletes competing in outdoor higher temperatures
and humidity contexts should adopt prophylactic strategies to
avoid adverse effects resulting from a temperature rise of body
temperature on physical performance. Such strategies may be
practical and cost-effective, namely the ingestion of an ice slurry
30 min before exercise and the ingestion or mouth rinsing of
an ice slurry menthol flavored beverage (0.01%) during exercise.
In endurance exercise competitions, per-cooling strategies can
be divided into multiple moments during the race, including
hydration breaks, half-time or drinking stations.

Conclusion

Rinsing a menthol solution (0.01%) improves physical
performance during continuous endurance exercise.
Conversely, the ingestion of ice or cold beverages does not seem
to increase performance. However, slightly greater results were
found for ice beverages, in per-cooling or pre and per-cooling
continuous endurance trials. Co-administration of menthol
with or within ice beverages seems to exert a synergistic effect by
improving physical performance. Although not entirely clear,
even in environmental conditions that are not extreme, internal
cooling strategies may exert an ergogenic effect. Further studies
exploring both intermittent and outdoor exercise protocols,
involving elite male and female athletes and performed under
not extreme environmental conditions are warranted.
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Introduction: Activities such as high-intensity resistance training (HIRT)

and high-intensity interval training (HIIT) may be more time-efficient

modes to stimulate rapid changes in performance and body composition.

There is little research evaluating the combined effects of HIRT and

HIIT on body composition and strength, particularly when paired with

nutritional supplementation.

Purpose: To evaluate the chronic effects of pre- and post-workout

supplementation on body composition and strength, and to understand

sex-specific responses.

Materials and methods: 64 untrained males (n = 23) and females

(n = 41) (mean ± standard deviation; age: 33.2 ± 10.0 years; %fat:

31.6 ± 7.4%) were randomized to either (1) pre-post supplementation

[SUP (n = 25); pre = multi-ingredient caffeine/HMB/vit D; post = whey

protein/carbohydrates/glucosamine/vitamins], (2) placebo [PL (n = 24); non-

caloric], or (3) control [CON (n = 15)]. All participants completed one repetition

max (1RM) strength testing for leg press and bench press at baseline and week

6. Estimates of fat mass (FM) and lean mass (LM) were measured via dual

energy x-ray absorptiometry. Participants in the SUP or PL group completed

a 6-week supervised exercise intervention consisting of a full-body HIRT

workout (3 × 6–8 reps) followed by a HIIT treadmill run (6 × 1 min run: 1 min

rest) twice per week. Outcomes were evaluated by separate repeated measure

ANOVAs (2 × 3).

Results: There were no differences in FM between groups or sex

(p = 0.133–0.851). LM increased from baseline to post-testing for all groups

[Mean difference [MD(Post-Pre) ± Standard Error (SE) = 0.78 ± 0.12 kg;

p < 0.001]. While not significant (p = 0.081), SUP gained more LM
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compared to PL [MD(SUP-PL) ± SE = 3.5 ± 3.3 kg] and CON [MD(SUP-

CON) ± SE = 5.2 ± 3.8 kg]. LM increased over time for both males

(0.84 ± 0.24 kg; p = 0.003) and females (0.73 ± 0.14 kg; p < 0.001). The

SUP group resulted in a significant increase in 1RM leg press compared to

the CON group (89.9 ± 30.8 kg; p = 0.015), with no significant differences

compared to PL (p = 0.409). The SUP group had greater increases in 1RM

bench press compared to the CON group (9.8 ± 1.8 kg; p < 0.001), with

no significant differences compared to PL (p = 0.99). Both sexes increased

upper- (5.5 ± 0.7 kg; p < 0.001) and lower-body strength (69.8 ± 4.5 kg

p < 0.001) with training.

Conclusion: Nutrient supplementation timing appears to augment body

composition changes and strength compared to control. Pre-/post-nutrient

timing may support greater increases in LM and lower- and upper-body

strength in both men and women.

Clinical trial registration: [https://clinicaltrials.gov/ct2/show/NCT04230824

?cond=NCT04230824&draw=2&rank=1], identifier [NCT04230824].

KEYWORDS

interval exercise, dietary supplement, resistance training, untrained, sex differences,
protein, ergogenic aid

Introduction

In light of the COVID-19 pandemic, working adults
reported having less time due to greater work and home-
life demands, highlighting that the current physical activity
guidelines may be unattainable (1). As such, 80% of American
adults do not meet the recommended physical activity
guidelines, with lack of motivation and time being the most
commonly cited barriers (2, 3), further emphasizing the
importance of identifying practical and feasible exercise and
nutrition strategies. Activities such as high-intensity resistance
training (HIRT) and high-intensity interval training (HIIT)
have emerged as more time-efficient modes to stimulate rapid
changes in cardiometabolic health (4). These exercise strategies
may improve engagement, while eliciting similar improvements
in body composition compared to traditional exercises (5, 6),
particularly when paired with nutritional support (5, 7, 8).

Broadly, HIRT requires participants to lift a heavy load
with short recovery between sets reducing the total training
time (9, 10). Compared to traditional resistance training,
HIRT has been shown to significantly increase resting energy
expenditure after exercise, and may improve fat oxidation
(9). These adaptations may be beneficial for strength and
body composition, particularly increases lean mass (LM) and
decreases in fat mass (FM) (9, 10). Furthermore, HIRT mimics
aerobic HIIT training, alternating repeated bouts of exercise
at near maximal intensity (∼90%) interspersed with periods

of rest or low intensity exercise (11). Prior research on
HIIT training has largely focused on the rapid aerobic and
metabolic adaptations that occur, yet more recent research has
demonstrated advantageous improvements in LM and muscle
size in as little as three weeks (6). While concurrent aerobic
exercise and resistance training typically result in decreased
hypertrophy and strength (12), HIIT may be an effective aerobic
method for maintaining strength and LM (13). However, there
is little research evaluating the combined effects of HIRT and
HIIT on body composition and strength, or the additive effects
with planned nutritional supplementation around exercise (14).

Nutrient timing may augment adaptations from HIRT
and HIIT by enhancing energy availability and the adaptive
responses to exercise (14). While there is conflicting information
surrounding the impact of nutritional composition and
timing on exercise (7, 15–18), data collectively supports
nutrient consumption surrounding exercise augments
exercise adaptations compared to withholding nutrients
(17). Specifically, existing data support a potential synergistic
effect of nutrient timing and HIRT + HIIT, respectively. When
protein consumption prior to or post-HIRT was compared to
no nutrient consumption in women, both groups consuming
protein demonstrated greater increases in LM and strength (7).
An investigation evaluating a multi-ingredient pre-workout
supplement (caffeine, creatine, and amino acids) consumed
prior to HIIT resulted in significant improvements in LM
and anaerobic capacity (19). Taken together, nutrients paired
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with high-intensity exercise may act synergistically to promote
greater changes in body composition and strength. However,
the timing of nutrients is variable in the literature with most
studies focusing on either pre- or post-nutrient consumption
separately rather than a combinatory approach (14).

Other nutritional ingredients have gained popularity such
as β-hydroxy-β-methyl butyrate (HMB), vitamin D, and fish
oil due to their positive effect on tissue repair (20) and
inflammation (21, 22), possibly leading to improved recovery
from intense exercise and maintenance of LM. However,
whether these results translate to concurrent HIRT + HIIT
training is unclear. Furthermore, sex-based differences exist in
muscle and mitochondrial biogenesis in response to interval
training (23). These differences are important considerations
when evaluating body composition and strength outcomes,
but investigations on the sex effects of exercise + nutrition
is nearly nonexistent. Therefore, the purpose of this study
aimed to evaluate the chronic effect of pre-and post-workout
supplementation combined with a concurrent HIRT + HIIT
exercise intervention, compared to placebo and control, on
body composition, performance (VO2max, 1RM strength,
counter movement jump), and recovery (creatine kinase,
isoprostanes) in inactive males and females; an exploratory
aim was to investigate sex differences in body composition
and performance. It was hypothesized that the nutrient timing
would lead to greater improvements in body composition,
performance, and recovery compared to placebo, and control.

Materials and methods

Subjects

Sixty-four healthy, untrained males (n = 23) and females
(n =41) (mean± standard deviation (SD); age: 33.2± 10.0 years,
height: 169.8 ± 10.2 cm, weight: 73.6 ± 15.5 kg, BMI:
25.2 ± 3.7 kg/m2) (Table 1) were recruited to participate in
this study. Full CONSORT information is reported in Figure 1.
All participants were healthy, non-smokers, between the ages
of 18–52 years, with a BMI between 18.5 and 35 kg·m−2, and
did not participate in more than 3 h per week of exercise,
resistance training, and/or interval training. Participants were
not consistently consuming any prescription medications for
blood pressure or supplements that would influence study
outcomes such as beta-alanine, creatine, beta-hydroxy-beta-
methylbutyrate, carnosine, vitamin D (>1,000 IU/day), protein
powder, or fish oil (>1,000 mg/day). Participants were excluded
if they had a weight gain or loss of 3.6 kg within the 30 days prior
to enrollment, were pregnant or planned to become pregnant
as confirmed by urine HCG, or were sensitive/allergic to any of
the ingredients in the test product (Table 2). A health history
questionnaire was used to confirm inclusion/exclusion criteria.
All methodology was approved by the University’s Institutional

Review Board, and all participants provided verbal and written
informed consent prior to participation.

Experimental design

This study was a randomized, double-blind, placebo-
controlled trial. Participants were asked to abstain from food
and caloric beverages (12 h), caffeine (12 h), alcohol (24 h),
and physical activity (24 h) prior to baseline and post-testing
sessions. At baseline, participants completed a maximal graded
exercise test on a treadmill to volitional exhaustion, and
a maximal strength protocol to determine the appropriate
intensities for the exercise training. Body composition
measures, blood markers of muscle damage/recovery, and
countermovement jumps were also evaluated. Participants were
then randomized in a 2:2:1 fashion to a (1) active ingredient
supplement (SUP; exercise intervention with pre-post exercise
supplementation), (2) placebo (PL; exercise intervention with
non-caloric placebo provided before and after exercise; Crystal
Light), or (3) control group (CON; no exercise or treatment
assigned). Participants in the SUP treatment or PL group
completed a 6-week supervised exercise intervention consisting
of a full-body high-intensity resistance training workout
followed by a high-intensity interval treadmill run twice per
week. All groups participated in post-testing session identical to
baseline testing within 48–120 h after the final training session,
refraining from exercise at least 24 h prior (Figure 2). The
number of participants per day for the post-testing visits are as
followed: 48 h n = 10; 72 h n = 13; 96 h n = 6; 120 h n = 19.

Dietary intake

All participants were asked to complete a three-day food
record (two weekdays and one weekend day) at baseline prior
to training. The dietary information was entered into Food
Processor (ESHA Research; Version 10) to account for nutrient
intake including total calories (kcal/day), carbohydrates (g/day),
protein (g/day), and fat (g/day). Participants were asked to
maintain dietary habits for the duration of the study. Estimated
daily caloric needs per participant were calculated using the
Harris Benedict Equation with an activity factor of 1.375. The
difference between estimated energy expenditure and actual
dietary intake was calculated and stratified by above and below
estimated total daily energy requirements, yet there were not
significant differences in dietary intake.

Body composition

Participant body composition was evaluated utilizing a
whole-body DXA scan (GE Lunar iDXA, GE Medical Systems
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Ultrasound and Primary Care Diagnostics, Madison, WI, USA).
Prior to each use, the device was calibrated according to
the manufacturer’s guidelines. Each participant’s sex, birthdate,
height, weight, and ethnicity were entered into the software
(enCORE Software Version 16) prior to the scan. Participants
wore loose athletic clothing and removed all metal and
heavy plastic to reduce scan interference. Each participant
was positioned supine in the center of the scanning table
by a trained technician. Regions of interest were manually
adjusted by the technician to determine lean mass (LM), fat
mass (FM), and body fat percentage (%BF). DXA test-retest
reliability from this laboratory for individuals of similar stature
included intraclass correlation coefficient (ICC) = 0.99 and
standard error of the measurement (SEM) = 1.07 kg for LM,
ICC = 0.98 and SEM = 0.85 kg for FM, and ICC = 0.96 and
SEM = 1.279% for %BF.

Maximal oxygen consumption
(VO2max)

To determine peak oxygen consumption (VO2max) to
establish exercise intensity, all participants completed a graded
exercise test to volitional exhaustion on a treadmill (Woodway
Treadmill Woodway USA, Inc., Waukesha, WI). For males,
following a 3-min warm up at 5.6 km/h, intensity was increased
to 9.0 km/h and was then increased by 1.1 km/h every 3 min
until 18.0 km/h. For females, following a 3-min warm up
at 5.6 km/h, intensity was increased to 7.2 km/h and was
then increased by 1.1 km/h every 3 min until 16.3 km/h.
Breath-by-breath respiratory gases were analyzed with fifteen-
second averages using indirect calorimetry (Parvo Medics
TrueMax 2400 R©, Salt Lake City, UT); the three highest oxygen

consumption values were averaged and recorded as VO2max
(VO2max; ml·kg−1

·min−1). The test was considered maximal
if it met a minimum of two of the following criteria: a plateau
in heart rate (HR) or was within 10% of age-predicted HRmax;
a plateau in VO2 or no more than a 150 ml·min−1 increase;
a respiratory exchange ratio value greater than 1.15 a.u. Peak
speed was used to establish individual exercise intensity for
the interval exercise training. Previous test-retest reliability
for this VO2max protocol resulted in an ICC = 0.98 and
SEM = 1.17 ml/kg/min, respectively.

Strength testing

To determine one repetition maximum (1RM; kg) for leg
press and bench press, each participant performed a set of 8–
10 repetitions, with a weight that is approximately 50% of the
anticipated 1RM as a warmup. The load was increased to 80%
of the predicted 1RM, and participants were asked to perform of
4–6 repetitions. The weight was then increased to an estimated
1RM load, and the participants attempted a single repetition
with the weight. After the completion of each successful 1RM
attempt, the weight was increased until failure was reached, with
2–3 min of rest between each 1RM attempts. Leg press 1RM
was determined first followed by 1RM for bench press. The leg
press and bench press 1RM were used to estimate 75% to 85%
of maximum load for the resistance training bouts. A systematic
review on test-retest reliability for 1RM tests demonstrated an
ICC = 0.97 and median coefficient of variation (CV) = 4.2% (24).

Multiple RM tests, specifically a 6RM, was used to predict
participants’ 1RM on four different accessory exercises. These
exercises included an overhead shoulder press, a bicep curl, an
overhead tricep extension, and an alternating stationary lunge,

TABLE 1 Participant characteristics presented as mean ± standard deviation.

Variable Supplement group
(n = 25;M = 11; F = 16)

Placebo group
(n = 24;M = 10; F = 16)

Control group
(n = 15;M = 5; F = 10)

Age (years) 31.3± 9.7 35.6± 10.2 32.9± 10.1

Height (cm) 171.7± 9.3 169.0± 11.0 167.8± 10.2

Weight (kg) 77.2± 16.2 71.3± 12.3 71.4± 18.7

BMI (kg/m2) 26.1± 4.4 24.8± 2.2 24.4± 4.3

Average total calories (kcal/day) 1889.1± 558.6 2079.3± 437.6 2012.0± 498.3

Average protein (g/day) 85.0± 26.1 87.8± 25.1 95.2± 29.7

Average carbohydrate (g/day) 209.1± 97.5 228.1± 50.9 208.5± 78.3

Average fat (g/day) 75.3± 30.8 86.8± 22.1 82.0± 27.5

Relative protein intake (g/kg/day) 1.1± 0.3 1.3± 0.3 1.4± 0.4

Relative carbohydrate intake (g/kg/day) 2.8± 0.9 3.3± 0.8 3.2± 1.4

Relative fat intake (g/kg/day) 1.0± 0.4 1.24± 0.3 1.18± 0.4

Average HIRT training volume (kg) 67303.1± 29428.9 60483.4± 25350.0 –

Average HIIT training volume (km) 12.0± 3.2 12.4± 3.0 –

M, male; F, female; BMI, body mass index; kcal, calories; g, gram; kg, kilogram; HIRT, high intensity resistance training; HIIT, high intensity interval training; km, kilometers. There were
no significant differences between groups for these outcomes (p > 0.05).
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FIGURE 1

CONSORT recruitment.

all using dumbbells. The research staff determined what weight
participants began with for each exercise, based on the prior
training of the individual, aiming for 3–10 successful repetitions.
Participants were allowed approximately 2 min of rest between
each accessory exercise. The amount of weight used (rep weight)
and the number of repetitions completed until fatigue (RTF) was
put in the following equation to predict participants’ 1RM (25):

1 RM =
rep weight

0.522+ 0.419e−0.055∗RTF (1)

The projected 1RM value that was calculated from this
equation was then used to estimate 75% to 85% of maximum
load for the resistance training bouts.

Counter movement jump

Participants completed three maximal countermovement
vertical jumps using a Just JumpTM mat (Just Jump or Run,
Probotics, Inc., Huntsville, AL, USA), each separated by 30 s

of rest. Participants were positioned with feet shoulder-width
apart and instructed to jump vertically, as high as possible, and
return to the same position with both feet landing at the same
time. Jump height (cm) was calculated automatically using the
flight time from when the participant’s feet left the mat until
landing. The greatest jump height was determined as the CMJ.
Test-retest reliability for 1RM tests demonstrated an ICC = 0.93
and Cronbach’s alpha = 0.96 (26).

Blood analytes

A 12 ml venous blood sample was obtained from the
antecubital region of the arm at baseline and during post-
testing. The blood samples were obtained at the post-testing
visit within ± 2 h of the time of day of baseline blood sample
collection. Blood was sampled to determine the concentration of
creatine kinase and isoprostanes. Blood samples for isoprostanes
were immediately centrifuged at 3,000 rpm at 5◦C for 10 min.
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FIGURE 2

Experimental design.

Aliquots of serum for the isoprostanes were frozen at−80◦C for
batch analysis and were analyzed using commercially available,
enzyme-linked assays (8 isoprostane ELISA Kit; ab175819;
abcam, Cambridge, MA, USA). Blood samples for creatine
kinase were allowed to coagulate at room temperature for
30 min and then were immediately centrifuged at 3,000 rpm at
5◦C for 10 min. Samples for creatine kinase and isoprostanes
were analyzed by LabCorp (Burlington, NC, USA). The average
coefficient of variation in creatine kinase between duplicates
samples was 3.65%, while isoprostanes was 3.54%.

Supplementation

Treatment randomization was assigned in a 2:2:1 group
allocation for the SUP (Table 2 composition), PL, and
CON, respectively, using Random Allocation Software (Sealed
Envelope Software; Sealed Envelope Ltd., London, UK).
Treatments were packaged and supplied in numerically labeled
opaque containers by the Sponsor (Nu Skin, NSE Products,
Inc., Provo, UT, USA) to maintain a double-blinded design.
Participants were provided with their assigned treatment SUP
pre-workout and post-workout, or non-caloric flavored powder
blend PL (Crystal Light). Treatments were only consumed on
training days (2 × per week). Participants were instructed
to consume the pre-workout supplement with four- eight
ounces of water 30 min prior to arriving for training visits.
If participants did not consume the pre-workout supplement
prior to the visit, they consumed the appropriate treatment
at the laboratory and waited the 30 min before beginning the
exercise training. The post-workout treatment was prepared
with 4–8 ounces of water by research staff and was ingested by
the participants in the laboratory within 15 min of cessation
from exercise. Average group compliance (SUP n = 25; PL
n = 24) was determined by dividing the total number of doses
consumed by the total number of doses allotted. Compliance

for the SUP group was 99.1%, and for the PL group was
98.8%.

Exercise intervention

Participants engaged in a progressive, supervised six-
week high-intensity resistance training program as previously
described (7, 9). Training took place two days per week in
the laboratory, with at least 24 h, but not more than 10 days,
separating each training visit. The initial weight for the leg
press and bench press at the first training session was set
at 80% of the participants’ 1RM. The initial weight for the
four accessory exercises was set at 75% of the participants’
projected 1RM. Heart rate was continuously monitored using
a Polar Heart Rate monitor and participants reported perceived

TABLE 2 Multi-ingredient active supplement descriptions.

Active pre-workout

Ingredient Amount

Caffeine 50 mg

Choline bitartrate 550 mg (226 mg choline)

Carbohydrate (palatinose) 5 g

β-hydroxy-β-methylbutyrate (HMB) 1.5 g

Vitamin D3 500 IU

Active post-workout

Whey protein 15 g

Caseinate protein 5 g

Carbohydrates 20 g (10 g palatinose and 10 g corn starch)

Vitamin C 200 mg

D-alpha tocopherol 45 IU

Vitamin D3 1,000 IU

Glucosamine 1.5 g

Mg, milligrams; g, grams; IU, international units.
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rate of exertion (Borg scale) after each exercise set. Resistance
exercises were performed in the following order, under one-on-
one supervision from laboratory staff: leg press, bench press,
lunges, shoulder press, bicep curl, and triceps extension. Three
sets of each exercise were completed for 6–8 repetitions, with
20–30 s rest between sets and 2:30 s rest in between each
exercise. Load for each exercise was increased when participants
successfully completed at least eight repetitions for each set,
the weight was increased by 10% for lower body exercises
and 5% for upper body exercises. Load was evaluated after
each training session. Sessions were overseen and progressed
by trained research staff. Following the resistance training, an
interval exercise session occurred on the treadmill consisting
of 5–6 bouts of 1-min of high-speed running at 90–100% peak
speed during VO2max, interspersed with a 1-min rest/walk
period. If participants were unable to run on the treadmill,
the interval training was completed on a cycle ergometer with
the wattage determined by target heart rate. Training volume
for HIRT was determined by product of sets × repetitions
completed × external load used. Training volume for HIIT was
determined by converting the miles per hour to kilometers per
hour and multiplying speed × bout × duration (time) of bout
(Table 1).

Statistical analysis

The Shapiro–Wilk test was used to determine if all data were
normally distributed. Outliers were removed if the value was
3 standard deviations (SD) above or below the mean (n = 8
time points) (27). Baseline characteristics between groups were
assessed with a one-way ANOVA. A series of 3× 2 [group (SUP
vs. PL vs. CON) × time (Baseline vs. Post)] repeated measures
ANOVAs were used to evaluate group-by-time interaction
effects on body composition (LM, FM, %BF), performance
(VO2max, CMJ, 1RM strength), and blood variables. Sex
differences were evaluated with a 3 × 2 repeated measures
ANOVA with the between subject factor as sex. Simple main
effects were evaluated by performing independent or paired
samples t-test to compare treatment groups at each specific time
point, using Bonferroni adjustments to account for multiple
comparisons. Analyses were performed using SPSS (Version
27.0; IBM, Somers, NY, USA) with statistical significance set
a priori at α = 0.05.

Results

Body composition

For total body mass, there was no significant group-by-
time interaction (p = 0.124) or significant main effect for group
(p = 0.302). There was a main effect for time {Mean difference

[MD (Post-Pre)] ± Standard Error (SE) = −0.61 ± 0.22 kg;
p = 004} (Table 3). For LM, there was no significant group-by-
time interaction (p = 0.081) or significant main effect for group
(p = 0.338). There was a main effect for time {Mean difference
[MD (Post-Pre)] ± Standard Error (SE) = 0.78 ± 0.12 kg;
p < 0.001}; the SUP group resulted in a greater increase in
LM compared to the CON group (5.2 ± 3.8 kg; p = 0.510),
although not significant. When separated by sex, there was
no significant group-by-time interaction for males (p = 0.182)
or females (p = 0.317). There was a main effect for time for
males (0.84 ± 0.24 kg; p = 0.003) and females (0.73 ± 0.14 kg;
p < 0.001). There was no main effect for group for males
(p = 0.284) or females (p = 0.434). Individual effects for LM for
males and females are presented in Figures 3, 4.

For FM, there was no significant group-by-time interaction
(p = 0.749), main effect for time (−0.19 ± 0.13 kg; p = 0.146),
or main effect for group (p = 0.702). When separated by sex,
there was no significant group-by-time interaction for males
(p = 0.133) or females (p = 0.725), no main effect for time for
males (0.29 ± 0.23 kg; p = 0.225) and females (0.18 ± 0.16 kg;
p = 0.270), an no main effect for group for males (p = 0.643)
or females (p = 0.925). Individual effects for FM for males and
females are presented in Figures 3, 4.

Performance

For absolute VO2max, there was no significant group-
by-time interaction (p = 0.160), main effect for time
(0.46 ± 0.31 L/min; p = 0.141), or main effect for group
(p = 0.260). When separated by sex, there was no significant
group-by-time interaction for males (p = 0.311) or females
(p = 0.185), or main effect for time for males (0.05± 0.07 L/min;
p = 0.522) or females (0.42 ± 0.03 L/min; p = 0.128). There
was no main effect for group for males (p = 0.572) or females
(p = 0.052). For females, the post-hoc analysis demonstrated
a significant difference between the SUP and CON group
(0.4± 0.2 L/min; p = 0.047).

For relative VO2max, there was no significant group-by-
time interaction (p = 0.800). There was a significant main
effect for time (−1.20 ± 0.46 mL/kg/min; p = 0.012), but no
main effect for group (p = 0.374). VO2max decreased from
baseline to post-training (−1.2 ± 0.5 mL/kg/min; p = 0.012).
When separated by sex, there was no significant group-by-
time interaction for males (p = 0.951) or females (p = 0.359),
or main effect for time for males (−1.5 ± 1.10 mL/kg/min;
p = 0.185). There was a main effect for time in females
(−1.0 ± 0.42 mL/kg/min; p = 0.022). There was no main effect
for group for males (p = 0.740) or females (p = 0.352).

For 1RM leg strength (LP1RM), there was a significant
group-by-time interaction (p < 0.001). There was a main effect
for time (69.8 ± 4.5 kg p < 0.001), and a main effect for group
(p = 0.018); the SUP group gained significantly more strength
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FIGURE 3

(A–D) Male individual responses for (A) lean mass, (B) fat mass, and (C) 1RM leg press, and (D) 1RM Bench Press. The lines represent the
differences between baseline (PRE) and post-testing visit (POST) per participant. The solid lines represent males in the supplement group
(n = 10). The dashed lines represent males in the PL group (n = 8). The gray bars represent treatment means for the supplement (SUP; light gray)
and placebo (PL; dark gray) groups with average standard deviation (error bars). ∗Indicates significant main effect for group (p = 0.002).

than CON group (89.9 ± 30.8 kg; p = 0.015) (Table 3). The
PL group also gained more 1RM leg strength than the CON
group (51.9 ± 31.0 kg; p = 0.299), although not significant.
When separated by sex, there was a significant group-by-time
interaction for males (p < 0.001) and females (p < 0.001),
main effect for time for males (82.9 ± 7.5 kg; p < 0.001)
and females (61.6 ± 5.1 kg; p < 0.001), and main effect for
group for males (p = 0.002) and females (p = 0.004). For males
and females, the SUP group gained more strength than the
CON group (149.7 ± 36.3 kg; p = 0.002 and 66.8 ± 19.6 kg;
p = 0.005, respectively). For females, the PL group also gained
more strength compared to the CON group (56.5 ± 19.4 kg;
p = 0.018). Individual effects for LP1RM for males and females
are presented in Figures 3, 4.

For 1RM upper body strength (BP1RM), there was a
significant group-by-time interaction (p < 0.001) and main
effect for time (5.5 ± 0.7 kg; p < 0.001), but no significant
main effect for group (p = 0.439) (Table 3); the SUP
group demonstrated greater increases than the CON group
(10.5± 8.2 kg; p = 0.622), while not significant. When separated
by sex, there was a significant group-by-time interaction for
males (p = 0.002) and females (p < 0.001). There was a main
effect for time for males (6.9 ± 1.5 kg; p < 0.001) and females
(4.6 ± 0.6 kg; p < 0.001). There was no main effect for group

for males (p = 0.450), but there was a main effect for females
(p = 0.035). For females, the SUP group gained more strength
compared to the CON group (6.6± 3.2 kg; p = 0.134), although
not significant. The PL group gained more strength compared to
the CON group (8.3 ± 3.1 kg; p = 0.035). Individual effects for
BP1RM for males and females are presented in Figures 3, 4.

For CMJ, there was no significant group-by-time interaction
(p = 0.886) (Table 3). There was a main effect for time
(8.52 ± 0.40 cm; p = 0.040), but no main effect for group
(p = 0.337). When separated by sex, there was no significant
group-by-time interaction for males (p = 0.862) or females
(p = 0.642). There was no main effect for time for males
(−0.70± 5.5 cm; p = 0.899), but there was a main effect for time
for females (1.4 ± 5.0 cm; p = 0.014). There was no main effect
for group for males (p = 0.639) or females (p = 0.456).

Blood analytes

For CK, there was no significant group-by-time interaction
(p = 0.938), no main effect for time (−8.3 ± 6.7 ng/ml;
p = 0.222), and no main effect for group (p = 0.703) (Table 3).
When separated by sex, there was no significant group-by-time
interaction for males (p = 0.651) or females (p = 0.650). There
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FIGURE 4

(A–D) Female individual responses for (A) lean mass, (B) fat mass, and (C) 1RM leg press, and (D) 1RM Bench Press. The lines represent the
differences between baseline (PRE) and post-testing visit (POST) per participant. The gray bars represent treatment mean with average standard
deviation. The solid lines represent females in the supplement group (n = 15). The dashed lines represent females in the placebo group (n = 16).
The gray bars represent treatment means for the supplement (SUP; light gray) and placebo (PL; dark gray) groups with average standard
deviation (error bars). ∗Indicates significant main effect for group for 1RM leg press (p = 0.004) and 1RM bench press (p = 0.035).

was no main effect for time for males (−0.2 ± 11.9 ng/ml;
p = 0.987) or females (10.5± 8.4 ng/ml; p = 0.221). There was no
main effect for group for males (p = 0.192) or females (p = 0.714).

For isoprostanes, there was no significant group-by-time
interaction (p = 0.830) (Table 3). There was no main effect
for time (5.88 ± 3.88 ng/ml; p = 0.135), and no main effect
for group (p = 0.425). When separated by sex, there was no
significant group-by-time interaction for males (p = 0.149) or
females (p = 0.678), no main effect for time for males (0.7 ± 6.6
ng/ml; p = 0.916) or females (9.0± 4.7 ng/ml; p = 0.062), and no
main effect for group for males (p = 0.587) or females (p = 0.575).

Discussion

The current study evaluated a twice weekly 40-min
HIRT + HIIT exercise paired with nutrition supplementation.
These data were collected during the COVID-19 pandemic in
2020, which required a reduced number of training days for
feasibility. In general, the COVID-19 pandemic emphasized the
importance of identifying feasible exercise strategies that are
time efficient (28). The present study demonstrated that a twice
weekly 40-min concurrent HIRT + HIIT exercise intervention
can support increases in LM and strength in men and women.

There was a significantly greater improvement in upper and
lower body strength when nutrients were consumed before and
after exercise. Females appeared to respond more favorably to
supplementation, with greater increases in upper and lower
body strength. The combined HIRT + HIIT exercise may be
a feasible option to improve strength and LM, with only two
sessions per week for six weeks. These improvements were
further augmented when nutrients were consumed before and
after exercise, particularly for women.

Meta-analyses suggest that the stimulation of muscle protein
synthesis and increases in LM are influenced by nutrient
timing, particularly protein intake (17). There is conflicting
information on the actual timing of nutrients, whether pre-
or post-exercise is more advantageous (7, 15–18), and what
time frame is required for nutrient consumption to support
exercise adaptations (14, 18, 29). However, data collectively
supports that consuming nutrients around exercise may provide
greater benefit than withholding nutrients (17). The present
study supports existing findings; LM increased significantly
from baseline to post-testing with the SUP group gaining more
LM (+1.1 kg) compared to the PL group (+0.88 kg) and CON
group (+0.37 kg). The multi-ingredient formula consumed in
the present study contained ingredients that have been known
to support muscle protein synthesis (30) and tissue repair (20)
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TABLE 3 Body composition, performance, and blood analyte
variables presented as mean ± standard deviation.

Body mass

Supplement Placebo Control

Pre-intervention (kg) 77.2± 16.2 71.3± 12.3 71.4± 18.7

Post-intervention (kg) 78.4± 17.1 71.9± 12.3 71.5± 18.4

Lean mass

Supplement Placebo Control

Pre-intervention (kg) 50.1± 12.2 46.6± 10.6 45.2± 12.1

Post-intervention (kg) 51.2± 12.4 47.5± 10.3 45.6± 12.0

Fat mass

Supplement Placebo Control

Pre-intervention (kg) 24.3± 8.3 21.8± 5.9 23.4± 9.7

Post-intervention (kg) 24.2± 8.2 21.6± 5.9 23.2± 9.9

Absolute VO2max

Supplement Placebo Control

Pre-intervention (L/min) 2.9± 0.9 2.6± 0.9 2.4± 0.9

Post-intervention (L/min) 2.8± 0.9 2.6± 0.9 2.3± 0.8

Relative VO2max

Supplement Placebo Control

Pre-intervention
(ml/kg/min)

37.3± 8.1 36.3± 8.3 34.0± 8.2

Post-intervention
(ml/kg/min)

36.1± 7.2 35.3± 8.2 32.4± 8.0

Lower body strength*

Supplement Placebo Control

Pre-intervention (kg) 187.5± 89.9 149.7± 67.0 141.8± 105.5

Post-intervention (kg) 286.9± 121.9† 248.7± 81.9 152.9± 106.1†

Upper body strength

Supplement Placebo Control

Pre-intervention (kg) 49.4± 25.4 44.7± 21.4 43.9± 28.5

Post-intervention (kg) 58.6± 28.8 52.8± 22.2 43.1± 27.2

Counter movement jump

Supplement Placebo Control

Pre-intervention (cm) 34.6± 9.5 32.3± 8.7 30.4± 10.5

Post-intervention (cm) 35.6± 9.8 33.3± 7.6 30.9± 10.3

Creatine kinase

Supplement
(n = 22)

Placebo Control

Pre-intervention (ng/ml) 103.6± 48.5 96.7± 42.0 100.2± 59.4

Post-intervention (ng/ml) 108.9± 45.4 104.7± 35.5 123.1± 109.3

Isoprostanes

Supplement Placebo Control

Pre-intervention (ng/ml) 89.1± 32.6 85.0± 31.3 97.4± 34.5

Post-intervention (ng/ml) 92.1± 34.5 93.0± 31.6 104.0± 28.3

*Indicates significant main effect for group (p = 0.018). †Indicates statistically significant
difference between supplement and control group (p = 0.015) from post-hoc analysis.

[whey protein, casein protein, and β-hydroxy-β-methylbutyrate
(HMB)], possibly supporting the greater, yet non-significant,
increases in LM reported in the SUP group compared to CON.
Furthermore, these increases in LM were observed without the

addition of creatine monohydrate, a dietary supplement that has
demonstrated improvements in LM especially when paired with
resistance training (31). In a similar study evaluating nutrient
timing around the same HIRT protocol implemented in women,
consumption of nutrients (16 g CHO + 25 g PRO) before
or after–exercise resulted in significantly greater increases in
LM compared to no nutritional intake (PRE: +0.96 kg; Post:
+0.64 kg; CON: +0.15 kg) (7). The present study resulted in
similar improvements in LM in females (SUP: +0.9 kg; PL:
+0.9 kg; CON: +0.4 kg). It is well-known that resistance training
increases LM (32, 33), with an expected +2.8% gain in LM
post 6-weeks of HIRT (10). Uniquely, in addition to HIRT,
the present study included a concurrent aerobic HIIT bout,
which has demonstrated increases in LM in as little as three
weeks when performed by itself (6). Concurrent training with
resistance training and HIIT has been suggested as an effective
method for maintaining strength and LM (13). In support,
the present study demonstrated a +2.2% gain in LM from
baseline values within the SUP group, as well as a +1.9% gain
within the PL group from baseline when concurrent training
was employed. It appears that when HIRT is performed prior
to HIIT, increases in LM and strength may result over time,
particularly when nutrients are provided around the exercise.

Prior research has demonstrated that HIRT and HIIT
elicit reductions in FM, possibly through increased fatty acids
utilization during exercise (34, 35). However, studies including
nutrient consumption surrounding high-intensity exercise have
not demonstrated augmented FM loss (7, 8), most likely due to
the lack of diet modification. In the present study, there were
no changes in FM across time (−0.19 kg) or between groups.
The results are consistent with previous studies utilizing similar
exercise protocols, with or without nutritional supplementation,
which have reported decreases in FM post-intervention ranging
from−0.1 to−0.6 kg (8, 10, 36). The lack of significant changes
in FM is primarily due to the absence of day-to-day dietary
control. Fat loss with exercise is often not pronounced without
caloric restriction or dietary intervention. The present study was
not aimed at reducing calories or changing dietary intake, but
rather providing specific nutrients surrounding a time effective
exercise session. In contrast, the present study provided 220
calories twice per week with the pre- and post-supplementation,
an amount that did not appear to influence body weight or
FM. The nutritional supplement utilized in the present study
included ingredients like caffeine and whey protein, which have
previously supported FM loss while sparing LM during a caloric
deficit (37, 38). Twice weekly supplementation, as well as the
lack of planned caloric restriction likely impacted the lack of FM
loss in the present study.

It is well-known that traditional RT provides a potent
anabolic stimulus, which can result in increased muscle strength
and maintenance of LM (39). Data collectively supports that RT
improves muscle strength, quality, and may assist in prevention
of chronic diseases (40). However, lack of time is often cited as
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a major barrier for participation in RT exercises (41). HIRT is
a time effective RT approach that has demonstrated significant
and rapid improvements in maximal strength despite the
relatively short time of effort (7, 10). Despite the short rest period
between sets, participants were able to successfully complete 6–
8 repetitions in each set. The present study supports existing
findings with HIRT (7, 10, 13) demonstrating improvements in
lower body strength baseline to post-testing in the SUP group
(+99.4 kg) and PL group (+99.0 kg), compared to the CON
group (+11.1 kg). While not significant, the SUP group (+9.2 kg)
and PL group (+8.1 kg) demonstrated greater upper body
strength increases compared to the and CON group (−0.8 kg).
The HIRT intervention may be beneficial for increases in
strength. Additionally, consumption of nutrients before and
after exercise, particularly, protein, carbohydrates, and caffeine,
may have provided a greater environment to support muscular
adaptations associated with HIRT (42–44). A recent study
evaluating six-weeks of HIRT training in healthy males and
females resulted in significantly greater increases in lower
(LP1RM: +49.9 kg) and upper body 1RM (BP1RM: +11.4 kg)
strength when compared to traditional resistance training
(LP1RM: +31.6 kg; BP1RM−7.9 kg), highlighting the impact of
a short-term whole-body HIRT training approach for increasing
strength in males and females. Existing data suggest that males
and females respond similarly when beginning RT (45), yet
females potentially experience greater increases in strength (46).
Our findings support a potential sexually dimorphic response,
with females in both the SUP and PL group significantly
increasing LP1RM and BP1RM when compared to CON, while
only males in the SUP group saw significant improvements in
strength. As such, future research should explore sex differences
in nutrient timing and HIRT adaptations, particularly as data in
males cannot always be extrapolated to females.

In addition to maximal strength, the present study evaluated
other performance outcomes such as aerobic fitness via
VO2max and lower body power via CMJ. HIIT training has
been shown to augment cardiorespiratory fitness with data
demonstrating VO2max improvements in as little as six weeks
(4, 47). In contrast to previous research, there was no change
in absolute VO2max values following the intervention, which
is possibly due to the concurrent nature of the HIRT + HIIT
on molecular pathways, with the HIIT taking place immediately
after the HIRT exercises. Participants may have been fatigued
from the HIRT session thereby limiting cardiorespiratory
adaptations to HIIT. Additionally, due to the intense nature
of the intervention, participants may not have fully recovered
prior to when the post-testing was completed (∼48 h of
the last training session). In addition to cardiorespiratory
improvements, high-intensity exercise, whether aerobic or
anaerobic, requires high locomotor speed and power (48).
Maximal CMJ is a strong assessment of lower-body power test
with good reliability (intraclass correlation, >0.989). There are
limited data regarding the effects of HIRT and HIIT on CMJ (49,

50); the present study demonstrated positive effects of combined
high-intensity strength and interval training on CMJ.

Creatine kinase and isoprostanes have consistently been
used as indicators of muscle damage and oxidative stress,
respectively (51, 52). It has been postulated that consumption of
nutrients such as carbohydrate and protein surrounding high-
intensity exercise may attenuate markers of muscle damage
and oxidative stress (53, 54). While some research reports
that protein-carbohydrate supplementation surrounding high-
intensity exercise significantly reduces post-exercise serum CK
levels (54, 55), other studies have not (56, 57). In the present
study, there were no significant changes in CK across time
or between groups. It remains unclear whether consumption
of nutrients before or after high-intensity exercise mitigates
markers of muscle damage (58). While the time of day was
consistent between the baseline and post-testing visit, there may
have been some variability in the post-testing values due to the
difference in testing days after the last exercise session. The
magnitude of oxidative stress following an acute bout of exercise
is generally proportional to exercise intensity (59). However,
there is limited research evaluating markers of oxidative stress,
such as isoprostanes, after HIRT or the influence of nutrient
timing on isoprostanes levels post-exercise. One previous study
observing carbohydrate ingestion during RT in males reported
acute isoprostanes levels were unaffected (53). Our findings may
support this as there were no changes in isoprostanes across
time or between groups. It appears that blood markers were not
significantly impacted by nutrient timing in the present study.

The results of the present study reflect the impact of a
minimal nutritional intervention with exercise, resulting in
significant increases in LM and strength; nutrient consumption
outside of the pre- and post-workout supplementation was
not modified or monitored throughout the study. Participants’
relative protein intake (g/kg) was lower (Table 1) than the
recommended amount for increasing LM (1.6–2.0 g/kg) (17),
and the addition of the 20 grams of protein twice a week would
have only increased protein intake to 1.3 g/kg on the training
days. A larger change in calorie and macronutrient composition,
on more than two days per week, would have likely supported
more pronounced effects on body composition. Additionally,
some of the components of the multi-ingredient pre-workout
formulation (e.g., caffeine, HMB, and carbohydrates) in
the present study may have been lower compared to the
recommended dosing amount (17). Future research may benefit
from exploring a relative dose of the individual supplements
vs. an absolute dose product as utilized in the present study.
Although weight loss was not a primary outcome of the present
study, results suggest future research targeting weight loss and
FM loss may benefit from dietary modification in addition
to nutrient supplementation and HIRT. The investigation of
sex differences in body composition and performance was an
exploratory aim of the present study. The sample size of males
and females in each group may need to be larger in future
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studies. Additionally, as a result of extensive research cleaning
and spacing restrictions during the COVID-19 pandemic, the
present intervention was only conducted on two days per week;
inclusion of an additional day may have resulted in greater
adaptations.

Conclusion

In conclusion, the twice weekly nutrition supplementation
before and after the high-intensity exercise protocol appears
to be an effective approach for increasing LM and strength,
especially in females. These effects are likely attributed to
nutrients supporting muscle recovery and providing anabolic
stimuli for muscle growth in response to HIRT + HIIT
(14). Females appeared to respond more favorably to nutrient
consumption, demonstrating greater increases in upper and
lower body strength. Future research should continue to explore
sex differences in nutrient timing and HIRT adaptations,
particularly as data in males cannot always be generalized to
females. The present study suggests there are beneficial effects of
the exercise and nutrition intervention despite minimal training
time and lifestyle changes.
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FruHis significantly increases the
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A double-blinded randomized
controlled clinical trial
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Mohammad Reza Nowroozi8
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and Pharmaceutical Sciences, Tehran University of Medical Sciences, Tehran, Iran, 4Department
of Radiopharmacy, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran,
5Department of Urology, Modares University Hospital, Shahid Beheshti University of Medical
Sciences, Tehran, Iran, 6Endologist, Shariati Hospital, Alborz University of Medical Sciences, Karaj,
Iran, 7Department of Epidemiology and Biostatistics, School of Public Health, Tehran University
of Medical Sciences, Tehran, Iran, 8Uro-Oncology Research Center, Tehran University of Medical
Sciences, Tehran, Iran

Background: For decades, lycopene was considered the main compound of

tomato protecting benign prostatic hyperplasia (BPH). Recent animal studies

suggest that a newly discovered compound “FruHis” boosts lycopene for its

action. This study aimed to determine whether FruHis enhances the action

of lycopene to modify the laboratory parameters and clinical outcomes of

patients with BPH.

Materials and methods: Current study was conducted on 52 BPH patients,

who were randomly assigned into four groups of treatments: lycopene plus

FruHis (n = 11, 25 mg/day lycopene and 10 mg/day FruHis), lycopene (n = 12,

25 mg/day lycopene), FruHis (n = 12, 10 mg/day FruHis), and placebo (n = 13).

Patients received these supplements for 8 weeks.

Results: FruHis intake strengthened the reducing effects of lycopene

on insulin-like growth factor-1 (IGF-1) (−54.47 ± 28.36 ng/mL in the

lycopene + FruHis group vs. −30.24 ± 46.69 ng/mL in the lycopene

group), total prostate-specific antigen (TPSA) (−1.49 ± 4.78 ng/mL in the

lycopene + FruHis group vs. −0.64 ± 2.02 ng/mL in the lycopene group),

and symptom score (−4.45 ± 4.03 in the lycopene + FruHis group vs.

−1.66 ± 5.41 in the lycopene group) in BPH patients. Such findings were

also seen for body mass index (BMI) and waist circumference (WC). However,

except for IGF-1, these reductions were not statistically significant compared

with the placebo, and the intakes of lycopene and FruHis alone, however, were
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clinically important. Such effects of lycopene and FruHis were not seen for

free PSA (FPSA) and FPSA/TPSA ratio.

Conclusion: Despite the non-significant effects of lycopene and FruHis, it

seems that FruHis intake strengthens the beneficial effects of lycopene on

IGF-1, TPSA, and symptom scores among BPH patients.

Clinical trial registration: [www.irct.ir], identifier [IRCT20190522043669N1].

KEYWORDS

lycopene, FruHis, tomato, benign prostatic hyperplasia, prostate specific antigen

Introduction

Benign prostatic hyperplasia (BPH) is prevalent among 50%
of men with the age range of ≥50 years and 90% of ≥80-
year-old men (1, 2). This disorder is characterized by a non-
malignant enlargement of the prostate gland that is due to the
proliferation of epithelial and stromal cells in this gland (2, 3).
BPH is associated with an increased smooth muscle tone and
obstruction of the proximal urethra leading to increased urinary
frequency, nocturia, urinary incontinence, and voiding (slow
and/or weak stream); all of these symptoms decrease the quality
of life of patients considerably (3, 4).

Different types of pharmaceutical therapies such as alpha-
blockers and 5-alpha-reductase inhibitors have been suggested
to control BPH outcomes (5, 6). However, these medications
may cause side events including erectile dysfunction, decreased
libido, dizziness, and hypotension (5). Hence, “complementary”
or “alternative therapies” with limited adverse events are taken
into consideration long ago. Among these approaches, much
attention has been paid to lycopene, a lipid-soluble antioxidant
compound, which is one of the main dietary carotenoids mostly
found in tomato and its products (7, 8). It has been reported
that lycopene is the strongest antioxidant among carotenoids. It
has been shown that lycopene has a role in the prevention and
management of BPH mainly through its antioxidant activity,
inhibition of cell cycle progression, induction of apoptosis,
increasing of gap-junctional cell communication, and inhibition
of insulin-like growth factor I signal transduction (9–11).

Recent studies have shown that other constituents of cooked
tomatoes may contribute to BPH prevention (12). Also, tomato
processing, particularly heat, may alter tomato constituents
and thereby changes the BPH-protective effects of tomato
(13). During heat-processing, the tomato loses the activity of
its known natural antioxidants, such as ascorbate, whereas
the total antioxidant activity of the heat-processed tomato
does not change and may often increase (13–15). In addition,
observational studies reported that intake of heat-processed
tomato products, compared to raw tomato, was associated with
a lower risk of BPH and prostate cancer (PC) (16). However, it is

still unclear which constituents are produced during the thermal
process of tomato and which reaction is involved in this regard.

One of the most common chemical reactions during
heat-processing is the Maillard reaction, which is a process
in which an amino acid attaches a reducing sugar. This
process is responsible for the browning and specific flavoring
of baked, roasted, and dried foods, such as toasted bread
and fried potatoes (17). This reaction produces ketosamines,
such as FruHis (attachment of Fructose to Histidine), that
are indigestible and partially absorbed into the bloodstream
(18). An experimental study on rats has shown that FruHis
exerts antioxidant and anti-cancer properties (12). However,
it is not clear whether FruHis provides higher PC-protective
effects for heat-processed tomatoes, compared to raw tomatoes.
The interaction between lycopene and FruHis against prostate
tumorigenesis is another question. Until now, no study
has answered these questions. Therefore, the current study
was conducted to determine the effect of lycopene and
FruHis supplementation, combined and alone, on laboratory
parameters and clinical outcomes of men with BPH.

Materials and methods

Participants

This study was a double-blind randomized controlled
clinical trial that was conducted by the Department of
Cellular and Molecular Nutrition, Tehran University of Medical
Sciences, Tehran, Iran, from January 2020 to November 2021.
Outpatients with BPH were recruited from educational and
therapeutic centers of Tehran University of Medical Sciences.
BPH was diagnosed by an expert urologist according to
patient history, digital rectal examination (DRE), and laboratory
findings, including serum prostate-specific antigen (PSA).
According to the sample size formula suggested for intervention
studies, considering a type I error of 5% (α = 0.05), type II
error of 20% (β = 0.20, power = 80%), and serum PSA levels
as the most conservative variable, we required sample size of 12
individuals for each group. However, 13 patients were enrolled
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in the intervention groups to make sure that the study powers
significantly after the probable dropouts of the patients.

Inclusion and exclusion criteria

Patients were considered eligible for study entry if they had
an age range between 50 and 70 years and had confirmed BPH
based on clinical diagnosis by an expert urologist using clinical
examination, DRE, and paraclinical tests including serum PSA.
Criteria of BPH diagnosis included a negative test of the digital
rectal exam (DRE) and PSA levels between 4 and 10 ng/mL. To
rule out prostatic cancer among suspicious cases, we assessed
findings from the prostate biopsy and excluded patients with
PSA levels of >10 ng/mL. Patients were not included if they
(1) had PC or any other malignancies; (2) had incurable urinary
tract infection or intractable urinary retention; (3) intended to
receive surgical treatment for BPH; (4) consumed supplements
containing lycopene during the past 6 months, and (5) had
a history of allergy to tomato or its products. Moreover, we
excluded individuals who changed the type or dosage of their
medications (related to BPH) during the intervention, patients
who consumed unusual amounts of tomato or its products
during the study, those that were not willing to continue
with the intervention process, patients who suffered from
probable complications related to prescribed supplements, and
individuals who consumed less than 80% of lycopene, FruHis, or

placebo supplements during the trial. The flowchart of this study
is shown in Figure 1.

Ethics

After the selection of patients, they were asked to complete
a written informed consent to participate in the current
study. The Ethics Committee of Tehran University of Medical
Sciences has approved the study protocol of this clinical trial
(IR.TUMS.VCR.REC.1397.951). Moreover, this clinical trial has
been registered in the Iranian Registry of Clinical Trials1 with
the reference number IRCT20190522043669N1.

Study design and intervention

After selecting participants based on the mentioned criteria,
first, they were stratified based on age groups (55–60 and 60–
75 years) and BMI (18.5–24.9 and 25–30 years), and then, were
randomly allocated to the four intervention groups, including
lycopene plus FruHis, lycopene, FruHis, and placebo groups.
In this way, we identified patients with the same condition in
terms of age and BMI. Then, to conduct random allocation,
an identification code was given to each participant, the codes

1 www.irct.ir

Patients were assessed for eligibility 
(n=70) Patients were not included if:  

1) They had prostate cancer or any other 
malignancies 
2) They had incurable urinary tract infection 
or intractable urinary retention 
3) They intended to receive surgical treatment 
for BPH 
4) They consumed lycopene supplement 
during the last 6 months 

Were randomized  
(n=52) 

Were allocated to the 
lycopene plus FruHis group 

(n=13) 

Were allocated to the 
lycopene group (n=13) 

Lost to follow-up (n=2): 
Lack of data on outcome 

variables (n=2) 

Analyzed (n=11) 

Were allocated to the FruHis 
group (n=13) 

Were allocated to the placebo 
group (n=13) 

Lost to follow-up (n=1): 
Taking less than 80% of 

supplements 

Lost to follow-up (n=1): 
Unwillingness to continue the 

study (n=1) 

Lost to follow-up (n=0): 

Analyzed (n=12) Analyzed (n=12) Analyzed (n=13) 

FIGURE 1

The flowchart of the current study.
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of participants with the same age and BMI were stated in a
lottery container, and finally, they were randomly assigned to
the four intervention groups. Random allocation was performed
by an independent person who was unaware of the aim of our
study. Patients in the lycopene plus FruHis group received two
capsules per day; one contained 25 mg/day of lycopene and one
contained 10 mg/day of FruHis. Patients in the lycopene group
received one capsule containing 25 mg/day of lycopene and one
placebo capsule per day. Patients in the FruHis group received
one capsule containing 10 mg/day of FruHis and one placebo
capsule every day. In the placebo group, patients received two
placebo capsules per day. Placebo capsules contained starch.
At the baseline study, all capsules that should be consumed
during the study were given to patients. The length of the
intervention was 8 weeks because previous studies have shown
that lycopene supplementation during 4–8 weeks with a dosage
between 15 and 30 mg/day reduced BPH outcomes such as
serum levels of PSA (19). However, there is no evidence of
the best dosage of lycopene. In the current study, we aimed to
answer the question: Does FruHis increase the beneficial effect
of lycopene with the same dosage and intervention duration
compared with the previous studies? Since we found no study
on FruHis supplementation and given that the FruHis dosage
in cooked tomato is less than lycopene (18), we administered
10 mg/day FruHis in the current trial.

Compliance to study protocol

To increase the compliance of participants, phone messages
were sent to participants to remind the consumption of
prescribed supplements on weekly base time points. In addition
to the message, taking supplements was monitored by phone
calls every other week. Participants were asked to return the
empty capsule packs at end of the trial, to make sure that
the boxes are empty. Participant’s compliance was assessed
using the following formula: (number of used capsules/all given
capsules) × 100. Acceptable compliance with the study was
considered as 80% or over. We assessed primary and secondary
outcome variables at the study baseline and end of the trial.

To assess dietary intakes during the study, participants were
asked to fill a 3-day dietary record (Supplementary file, section
A) in the first 2 weeks and a 3-day dietary record in the
last 2 weeks. The 3-day records included 2 weekdays and a
weekend. Participants were asked to fulfill the dietary records
based on household measures and then, the household measures
were converted to grams using available booklets for domestic
foods. The mean dietary intakes in the six dietary records were
considered as usual dietary intakes during the study. Moreover,
the dietary intakes (in grams) were converted to nutrient intakes
using the US National Nutrient Databank modified for Iranian
Foods (20, 21). In addition to dietary intake, the physical activity
throughout the intervention period was assessed two times using
1-day physical activity records; one in the first 2 weeks and

one in the last 2 weeks of the intervention (Supplementary
file, section B). All the participants were trained to fill out their
physical activity records. Participants were asked not to change
their physical activity and dietary intake during the study.

Preparation of supplements

Lycopene and placebo supplements were provided by the
Pourateb Pharmaceutical Company, Tehran, Iran. To prepare
FruHis, the method developed by Mossine et al. (18, 22) was
used. Briefly, FruHis is synthesized from an aqueous solution of
food-grade L-histidine, glacial acetic acid, and D-glucose. Then,
the solution was purified to provide non-hygroscopic crystalline
powder, which was free of any detectable impurities. The
melting point was determined on a Kofler hot stage apparatus.
The IR spectra (KBr disks) were recorded by the Nicolet FT-
IR Magna 550 spectrometer. 1H and 13C NMR spectra were
recorded using the Varian-INOVA 500 MHz instrument. Mass
analysis of the compound was determined with the Agilent
Technology (HP), Electron Impact 70 eV. Nα-(1-Deoxy-D-
fructos-1-yl)-L-histidine. Mp: 130–140 (dec.); IR (KBr, cm−1)
νmax: 3,300 (NH), 2,930 (C-H), 1,621 (C = O); 1H NMR (D2O,
500 MHz) δ: 8.53 (s, 1H, Imidazolyl), 7.27 (s, 1H, Imidazolyl),
4.07–3.32 (m, β-pyranose and α-β-furanose forms). 13C NMR
(D2O, 125 MHz) δ: 171.1, 133.8, 126.6, 117.8, 95.1, 73.9, 69.7,
69.1, 68.7, 63.8, 61.6, 24.3.

The appearance of the FruHis capsules, such as color,
shape, size, and packaging, was identical to the lycopene and
placebo capsules.

Assessment of variables

A researcher-made questionnaire was used to collect data
on age, education, marital status, ethnicity, economic status,
smoking, medical history, and nutritional supplement use at the
study baseline. At the baseline and end of the trial, the primary
outcome variables including serum levels of total PSA (TPSA),
free PSA (FPSA), FPSA/TPSA ratio, insulin-like growth factor-
1 (IGF-1), disease severity, quality of life (QoL), and secondary
outcome variables including body mass index (BMI) and waist
circumference (WC) were measured.

Biochemical assessments

After 8 h of fasting, 5 mL venous blood samples were
collected from each participant at the beginning and end of
the trial. After sampling, serum was extracted from the blood
sample and then, was stored at –70◦C until further analysis.
TPSA and FPSA were measured using the commercial kits
of chemiluminescence enzyme immunoassay (CLEIA) (Roche,
Germany). Also, serum concentrations of IGF-1 were measured
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using the commercial kits of enzyme-linked immunosorbent
assay (ELISA) (Mediagnost, Germany).

Assessment of symptoms and quality
of life

American Urological Association (AUA) symptom index
was used to assess the obstructive and irritative voiding
symptoms (23). The AUA symptom index contains seven items
evaluating BPH symptoms including incomplete emptying,
frequency, intermittency, urgency, weak stream, hesitancy, and
nocturia. Each item can be scored from 0 to 5. By summing
up the scores, a score between 1 and 35 is achieved. In this
scoring outcome measure, greater scores show higher severity
of BPH symptoms. The total score of BPH symptoms was
considered as an outcome variable in the current study. In
addition to the seven items mentioned above, the updated
version of the AUA symptom index contains one disease-specific
QoL question as follows (23): If you were to spend the rest of
your life with your urinary condition just the way it is now,
how would you feel about that? The response categories for this
question were “delighted” (score 0), “pleased” (score 1), “mostly
satisfied” (score 2), “mixed” (score 3), “mostly dissatisfied”
(score 4), “unhappy” (score 5), and “terrible” (score 6). In the
current study, we considered the score of QoL improvement
as an outcome variable. QoL improvement was considered as
changing the scores from 4–6 to 0–3 throughout the trial.

The World Health Organization (WHO) confirmed the
reliability and validity of the updated version of the AUA
symptom index and considered it the International Prostate
Symptom Score (IPSS) (24). The IPSS was translated to Persian
and the validity and reliability of this version were confirmed in
Panahi et al. study (25).

Anthropometric measurements

All anthropometric measures were assessed according to the
US National Institutes of Health protocols (26). Weight was
measured using a digital scale at the state of minimum clothing
without shoes to the nearest 100 g. Height was measured using a
standard stadiometer, without shoes, to the nearest 0.5 cm. BMI
was calculated as weight (kg)/height (m2). WC was measured
using a strip meter at mid-distance intervals between the super
elliptic bone and the last gear, to the nearest 0.5 cm.

Statistical analysis

The normality of the distribution of outcome variables was
assessed using the Kolmogorov–Smirnov test. Among baseline
and dietary data, three variables including age and dietary
intakes of vitamin D and selenium were not normal-distributed

and therefore we used non-parametric tests for these variables.
Among outcome variables, the distribution of TPSA and BMI
was not normal. We normalized these variables using the log
transformation to avoid using non-parametric tests for outcome
variables. To examine differences in continuous baseline and
dietary variables across the four intervention groups, one-
way analysis of variance (ANOVA) (for normal-distributed
variables) and Kruskal–Wallis (for non-normally distributed
variables) were employed. In addition, the Chi-square test is
used to assess the distribution of categorical variables across the
four intervention groups. To assess the effect of interventions
on outcome variables in each group, a paired-sample t-test was
used. Moreover, to compare changes in outcome variables across
the four intervention groups, the ANOVA test was employed.
The two-by-two comparison was done using the Bonferroni
test. In addition, multivariate analysis of covariance (ANCOVA),
as a general linear model, was used to examine the effects of
lycopene and FruHis supplementation on outcome variables.
In this analysis, we controlled for baseline values of outcome
variables to detect an independent effect. All statistical analyses
were conducted using the SPSS software version 18 (SPSS, Inc.
Chicago, IL, USA). P < 0.05 will be considered significant.

Results

Characteristics of the participants

From all recruited patients (n = 52), four were excluded due
to taking less than 80% of supplements (n = 1), unwillingness to
continue the study (n = 1), and lack of data on outcome variables
(n = 2). In total, 48 patients with complete data were included in
the statistical analysis: 11 patients in the lycopene plus FruHis
group, 12 patients in the lycopene group, 12 patients in the
FruHis group, and 13 patients in the placebo group. Regarding
adherence to interventions, it is found that all patients included
in the analysis consumed 100% of the capsules throughout
the study period.

The baseline characteristics of participants in the four
intervention groups are shown in Table 1. We found
no significant difference between the four intervention
groups in terms of demographic variables, smoking habits,
anthropometric measures, disease history, and supplement
consumption history. In addition, the daily dietary intakes of
participants throughout the trial, particularly tomato and its
products, were not different across the four intervention groups
(Table 2).

Intervention

The influences of lycopene and FruHis supplementation
on primary and secondary outcome variables are indicated in
Table 3. Our results showed that placebo and FruHis alone
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TABLE 1 Baseline characteristics of participants in the intervention groups.

Variables Lycopene plus FruHis
group (n = 11)

Lycopene
group (n = 12)

FruHis group
(n = 12)

Placebo group
(n = 13)

P-value*

Age (year) 65.00 ± 9.64 62.16 ± 6.17 64.61 ± 9.13 65.15 ± 7.17 0.78

Weight (kg) 77.48 ± 14.57 77.90 ± 21.56 74.56 ± 11.73 80.14 ± 15.00 0.86

BMI (kg/m2) 25.99 ± 3.52 25.98 ± 4.66 25.64 ± 3.78 26.27 ± 4.80 0.98

WC (cm) 97.72 ± 9.00 98.25 ± 12.85 100.25 ± 8.85 101.81 ± 9.47 0.77

University educated (%) 54.5 33.3 41.7 53.8 0.68

Fars ethnicity (%) 72.7 75.0 75.0 84.6 0.89

Economic status (weak) (%) 27.3 58.3 58.3 23.1 0.13

Current smoker (%) 9.1 41.7 0 30.8 0.05

Married (%) 100 91.7 91.7 76.9 0.30

PA (Met-h/wk) 2277.7 ± 423.3 2264.4 ± 605.5 2189.5 ± 310.7 2392.4 ± 442.3 0.78

Supplement use (%) 54.5 50.0 50.0 46.2 0.98

Disease history

CVD (%) 45.5 33.3 25.0 30.8 0.76

Hypertension (%) 9.1 25.0 16.7 7.7 0.60

Diabetes (%) 45.5 33.3 16.7 15.4 0.30

Thyroid diseases (%) 9.1 8.3 25.0 15.4 0.63

Data are presented as mean (± SD) or percent. BMI, body mass index; WC, waist circumference; CVD, cardiovascular disease; PA, physical activity.
*Obtained from one-way analysis of variance (ANOVA) (for normal-distributed continuous variables) and Kruskal–Wallis (for non-normally distributed continuous variables) or
Chi-square test (for categorical variables).

TABLE 2 Dietary intakes of participants throughout the trial in the intervention groups.

Variables Lycopene plus FruHis
group (n = 11)

Lycopene
group (n = 12)

FruHis group
(n = 12)

Placebo group
(n = 13)

P-value*

Energy (Kcal) 1473 ± 275 1313 ± 329 1443 ± 234 1392 ± 476 0.71

Protein (g/day) 52.75 ± 11.31 48.08 ± 11.35 52.96 ± 11.69 52.41 ± 17.42 0.78

Carbohydrate (g/day) 189.10 ± 45.10 164.43 ± 45.67 177.32 ± 30.90 175.20 ± 61.27 0.66

Fat (g/day) 58.45 ± 14.68 53.15 ± 14.73 60.13 ± 10.62 55.23 ± 20.45 0.69

SFA (g/day) 29.46 ± 6.86 28.72 ± 8.85 26.85 ± 8.49 28.01 ± 8.60 0.89

PUFA (g/day) 42.37 ± 10.93 39.73 ± 10.11 39.64 ± 15.42 39.75 ± 9.87 0.93

Fiber (g/day) 10.83 ± 2.81 10.00 ± 3.02 10.67 ± 3.48 10.19 ± 3.22 0.90

Vitamin C (mg/day) 113.34 ± 44.82 95.54 ± 63.99 130.32 ± 62.23 133.01 ± 76.01 0.44

Vitamin E (mg/day) 3.96 ± 2.52 3.80 ± 1.41 3.66 ± 1.30 4.42 ± 2.10 0.76

Vitamin D (mg/day) 0.58 ± 1.19 0.45 ± 0.96 0.11 ± 0.18 0.51 ± 1.00 0.31

Iron (mg/day) 21.09 ± 5.59 18.56 ± 5.73 17.51 ± 6.43 19.85 ± 6.33 0.52

Selenium (mg/day) 0.03 ± 0.04 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.03 0.39

Tomato and its products (g/day) 20.06 ± 15.24 14.70 ± 14.05 21.21 ± 17.55 14.67 ± 11.99 0.56

Data are presented as mean (± SD). SFA, saturated fatty acid; PUFA, polyunsaturated fatty acid.
*Obtained from one-way analysis of variance (ANOVA) (for normal-distributed variables) and Kruskal–Wallis (for non-normally distributed variables).

did not induce any change in TPSA, while lycopene induced
a 13.2% reduction (-0.64 ± 2.02 ng/mL) in TPSA. However,
when patients consumed a combination of FruHis and lycopene,
FruHis increased the effect of lycopene from 13 to 30.3% (-
1.49 ± 4.78 ng/mL) (Table 3 and Figure 2). This reduction
was not significant compared with the placebo group and the
intake of lycopene and FruHis alone. Also, we observed the
same pattern for IGF-1, symptom score, BMI, and WC, when
FruHis improved the effect of lycopene on IGF-1 from 11.3

to 18% (-54.47 ± 28.36 ng/mL in the lycopene + FruHis
group vs. –30.24 ± 46.69 ng/mL in the lycopene group),
on symptom score from 14.5 to 32% (-4.45 ± 4.03 in the
lycopene + FruHis group vs. –1.66 ± 5.41 in the lycopene
group), on BMI from 0.38 to 2.1% (-0.55 ± 0.90 kg/m2 in
the lycopene + FruHis group vs. –0.10 ± 0.30 kg/m2 in the
lycopene group), and on WC from 0.2 to 0.7% (-0.68 ± 0.46 cm
in the lycopene + FruHis group vs. –0.20 ± 0.86 cm in the
lycopene group) (Figure 2 and Table 3). Comparing the end
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of the trial with baseline values, the observed changes in IGF-
1, symptom score, and WC were statistically significant in
the lycopene plus FruHis group (Table 3). However, between-
group comparisons led to non-significant results. For FPSA, no
significant change was seen in all intervention groups. In terms
of FPSA/TPSA ratio, when comparing baseline and end-of-trial
values, the effect of lycopene supplementation alone was more
than the combination of lycopene and FruHis (5.44 ± 7.59%
in the lycopene plus FruHis group vs. 2.77 ± 10.24% in the

lycopene group); however, this difference was not statistically
significant (Table 3). When the analyses were adjusted for
baseline values of outcome variables, the reducing effect of
lycopene plus FruHis supplementation on IGF-1 remained
significant (Table 4).

In terms of QoL, an improvement was seen in the lycopene
plus FruHis (18.2%), lycopene (33.3%), and FruHis (33.3%)
groups without any remarkable changes in the placebo group
(7.7%) (Figure 2).

TABLE 3 Means of outcome variables at baseline and end of the trial and changes during the trial in the intervention groups.

Week 0 Week 8 Mean change Change % P* P**

IGF-1 (ng/mL) 0.12

Lycopene plus FruHis group (n = 11) 302.66 ± 87.24 248.18 ± 73.17 −54.47 ± 28.36 18.0 <0.001

Lycopene group (n = 12) 265.56 ± 51.29 235.31 ± 54.53 −30.24 ± 46.69 11.3 0.04

FruHis group (n = 12) 318.04 ± 63.63 309.98 ± 55.17 −8.06 ± 38.00 2.5 0.47

Placebo group (n = 13) 277.72 ± 85.63 265.35 ± 43.85 −12.37 ± 73.05 4.4 0.55

FPSA (ng/mL) 0.47

Lycopene plus FruHis group (n = 11) 0.73 ± 0.48 0.70 ± 0.43 −0.02 ± 0.35 2.7 0.84

Lycopene group (n = 12) 0.71 ± 0.19 0.91 ± 0.51 0.20 ± 0.57 28.1 0.24

FruHis group (n = 12) 0.84 ± 0.71 0.93 ± 0.45 0.10 ± 0.35 11.9 0.34

Placebo group (n = 13) 0.59 ± 0.32 0.59 ± 0.33 −0.004 ± 0.19 0.67 0.93

TPSA (ng/mL) 0.51

Lycopene plus FruHis group (n = 11) 4.91 ± 5.27 3.42 ± 1.94 −1.49 ± 4.78 30.3 0.32

Lycopene group (n = 12) 4.82 ± 1.68 4.18 ± 1.39 −0.64 ± 2.02 13.2 0.29

FruHis group (n = 12) 4.77 ± 3.67 4.76 ± 2.69 −0.002 ± 1.59 0 0.99

Placebo group (n = 13) 4.27 ± 2.82 4.19 ± 3.01 −0.07 ± 1.00 1.6 0.78

FPSA/TPSA (%) 0.72

Lycopene plus FruHis group (n = 11) 18.76 ± 10.30 21.53 ± 5.82 2.77 ± 10.24 14.7 0.39

Lycopene group (n = 12) 15.56 ± 3.99 21.00 ± 7.20 5.44 ± 7.59 35.0 0.03

FruHis group (n = 12) 18.59 ± 7.85 21.24 ± 7.28 2.64 ± 4.06 14.2 0.04

Placebo group (n = 13) 15.58 ± 6.67 17.69 ± 11.36 2.11 ± 8.20 13.5 0.37

Symptom scorea 0.12

Lycopene plus FruHis group (n = 11) 13.90 ± 7.73 9.45 ± 7.72 −4.45 ± 4.03 32.0 0.004

Lycopene group (n = 12) 11.41 ± 5.08 9.75 ± 6.28 −1.66 ± 5.41 14.5 0.30

FruHis group (n = 12) 18.25 ± 8.82 12.12 ± 8.64 −6.12 ± 7.27 33.5 0.01

Placebo group (n = 13) 11.07 ± 7.91 9.81 ± 7.15 −1.26 ± 5.39 11.3 0.41

BMI (kg/m2) 0.17

Lycopene plus FruHis group (n = 11) 25.99 ± 3.52 25.43 ± 3.29 −0.55 ± 0.90 2.1 0.06

Lycopene group (n = 12) 25.98 ± 4.66 25.87 ± 4.70 −0.10 ± 0.30 0.38 0.24

FruHis group (n = 12) 25.95 ± 3.83 25.86 ± 3.90 −0.08 ± 0.20 0.30 0.23

Placebo group (n = 13) 27.12 ± 4.69 26.91 ± 4.69 −0.21 ± 0.50 0.77 0.19

WC (cm) 0.38

Lycopene plus FruHis group (n = 11) 98.40 ± 9.29 97.72 ± 9.00 −0.68 ± 0.46 0.69 0.001

Lycopene group (n = 12) 98.45 ± 12.61 98.25 ± 12.85 −0.20 ± 0.86 0.20 0.42

FruHis group (n = 12) 100.40 ± 9.04 100.25 ± 8.85 −0.15 ± 0.41 0.15 0.27

Placebo group (n = 13) 102.27 ± 9.42 101.81 ± 9.47 −0.45 ± 1.12 0.44 0.21

Data are presented as mean (± SD). IGF, insulin-like growth factor; FPSA, free prostate-specific antigen; TPSA, total prostate-specific antigen; IPSS, international prostate symptom score;
BMI, body mass index; WC, waist circumference.
aObtained from IPSS.
*Obtained from the paired sample t-test.
**Obtained from the one-way analysis of variance (ANOVA). The two-by-two comparison was done using the Bonferroni test.
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TABLE 4 Adjusted mean changes of outcome variables throughout the trial in the intervention groups.

Variables Lycopene plus FruHis
group (n = 11)

Lycopene
group (n = 12)

FruHis group
(n = 12)

Placebo group
(n = 13)

P*

IGF-1 −49.17 ± 11.94a
−41.09 ± 11.57 3.92 ± 11.61 −17.92 ± 10.99 0.01

FPSA −0.016 ± 0.10 0.20 ± 0.09 0.15 ± 0.10 −0.05 ± 0.09 0.20

TPSA −1.36 ± 0.54 −0.56 ± 0.52 0.04 ± 0.52 −0.30 ± 0.50 0.42

FPSA/TPSA (%) 3.49 ± 2.18 4.81 ± 2.09 3.29 ± 2.09 1.49 ± 2.01 0.71

Symptom scorea
−4.36 ± 1.59 −2.30 ± 1.54 −4.78 ± 1.60 −1.99 ± 1.49 0.51

BMI −0.56 ± 0.16 −0.11 ± 0.16 −0.08 ± 0.17 −0.20 ± 0.16 0.17

WC −0.68 ± 0.24 −0.21 ± 0.23 −0.14 ± 0.25 −0.44 ± 0.24 0.38

Data are presented as mean (± SE) adjusted for baseline values of outcome variables. IGF, insulin-like growth factor; FPSA, free prostate-specific antigen; TPSA, total prostate-specific
antigen; IPSS, international prostate symptom score; BMI, body mass index; WC, waist circumference.
aObtained from IPSS and significant compared with the FruHis group.
*Obtained from one-way analysis of covariance (ANCOVA). The two-by-two comparison was done using the Bonferroni test.

FIGURE 2

The effects of lycopene and FruHis supplementation, combined and alone, on TPSA (A), IGF-1 (B), symptom score (C), and QoL improvement
(D) among patients with BPH. QoL improvement was considered as changing the scores of 4–6 to 0–3 (based on QoL question in IPSS)
throughout the trial. IPSS, international prostate symptom score; QoL, quality of life; TPSA, total prostate-specific antigen; IGF, insulin-like
growth factor; BPH, benign prostatic hyperplasia.

Discussion

Based on the current literature review, this was the first study
examining the effects of lycopene and FruHis supplementation,
combined and alone, on laboratory parameters, disease
symptoms, and QoL of patients with BPH. We found that
intake of FruHis increases the beneficial effects of lycopene on
TPSA, IGF-1, symptom score, BMI, and WC in patients with

BPH. However, this increase for mentioned variables, except
for IGF-1, was statistically non-significant compared with the
placebo and intakes of lycopene and FruHis alone.

Benign prostatic hyperplasia is one of the most common
diseases among men that is associated with chronic and
progressive lower urinary tract symptoms (LUTS) or chronic
complications, resulting in many health complications for men
(27–29). In recent decades, many researchers have shown
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the beneficial effects of tomato or lycopene consumption on
clinical outcomes of BPH patients (30). However, there is
evidence indicating other constituents of tomato, particularly
heat-processed tomato products, may have a role in the
beneficial effect (12). Obviously, due to the heating process,
there will be an increased bioaccessibility and bioavailability of
lycopene and other lipid-soluble compounds compared to raw
tomatoes. FruHis is a ketosamine that is produced during the
heat processing of tomato products by attaching histidine to
fructose (18). However, according to the previous studies, it is
not clear if FruHis is responsible for the anti-BPH effects of
tomatoes. In the current study, we found that when FruHis was
combined with lycopene, it induces a non-significant decrease in
TPSA from 13.2 to 30.3%. This effect is in the line with previous
findings on heat-processed tomato products containing a high
amount of FruHis and lycopene. Paur et al. reported that
3 weeks of interventions with tomato products reduces serum
concentrations of PSA in patients with BPH (31). Moreover,
in a review article, Basu et al. concluded that consumption of
processed tomato products has a higher PSA-reducing effect
compared to the intake of lycopene supplements alone (32).
It should be noticed that there are several studies indicating
a beneficial effect of lycopene supplementation alone on PSA
levels. In a randomized clinical trial, Schwarz et al. reported that
24 weeks of lycopene supplementation (15 mg/day) significantly
reduces TPSA in men with BPH (33). The same significant
reduction was reported by another study on men with high-
grade prostatic intraepithelial neoplasia (HGPIN) after an
intervention with 8 mg/day of lycopene for 48 weeks (34).
In the current study, it must be noticed that the reducing
effect of lycopene + FruHis supplementation on TPSA was not
statistically significant compared to the placebo group. This
might be explained by the low sample size of the current pilot
study. In addition, the low dosage of lycopene and FruHis
might be another reason. As seen in Table 1, the mean BMI
of study participants was >25 kg/m2, and therefore, 25 mg/day
of lycopene and 10 mg/day FruHis might be inadequate for
patients with overweight. In line with this claim, Cumar et al.
assessed the effects of supplementation with 30 and 45 mg/day
of lycopene on BPH patients with overweight and reported a
non-significant effect compared with a placebo group (35). In
addition, age is another factor affecting the efficacy of lycopene.
Older patients may have a lower capacity for lycopene digestion
and absorption, and therefore, need higher amounts of lycopene
compared with younger patients.

In the current study, we found that FruHis supplementation
increases the reducing effect of lycopene on IGF-1
concentrations from 11.3 to 18%. In the same line with
our findings, Riso et al. reported a significant reducing effect
on IGF-1 levels in healthy subjects due to the consumption of
tomato drinks with a high amount of lycopene and probable
content of FruHis (36). However, this significant effect was not
seen in the study by Gann et al. who investigated the influence

of lycopene-rich tomato extract on IGF-1 (37). The lack of
significant effect in the Gann et al. study might be explained
by a probable low amount of FruHis in the tomato extract
administered. Overall, it seems that the combined intake of
lycopene and FruHis, similar to the intake of tomato products
containing both lycopene and FruHis, has a better reducing
effect on IGF-1 compared to their intakes alone. In the current
study, the baseline values of IGF-1 in the lycopene plus FruHis
group were higher than the values in the lycopene group.
This might be a reason for the greater reduction of IGF-1 in
the combination group compared with the lycopene alone.
However, when we adjusted the analyses for the baseline values
of IGF-1, the significant effect of lycopene plus FruHis intake
on IGF-1 remained significant.

The exact mechanisms through which lycopene and FruHis
affect serum IGF-1 and TPSA levels are unknown. Although
the physiological effects of FruHis have not been studied yet,
there are some studies on lycopene (38, 39). It is proposed that
lycopene contributes to some physiological pathways through
inhibition of cell cycle progression, interleukin-6 expression,
and androgen activation and signaling (38, 39). Hence, lycopene
interferes with estrogen and androgen signaling, which has been
proven to influence the production of IGF-1 and TPSA (40,
41). Also, oxidative stress contributes to the pathophysiology
of BPH (42). Therefore, the antioxidant properties of lycopene
may have another mechanism involved in the protective
effects of lycopene on BPH. In the current study, FruHis
intake strengthened the beneficial effects of lycopene. In an
experimental study on rat prostate tumorigenesis, it had been
shown that FruHis exerts antioxidant and anti-cancer properties
(12). Since both lycopene and FruHis have antioxidant and anti-
cancer effects, FruHis intake may have a synergistic effect on the
beneficial effects of lycopene.

We also found that a combination of lycopene and
FruHis intake, compared to lycopene intake alone, had a
better reducing effect on symptom scores in BPH men. In
addition, we found an improvement in QoL in the lycopene
plus FruHis group compared to the placebo group. However,
these positive effects were not statistically significant, and the
size of changes is clinically notable. In agreement with our
findings, Cormio et al. reported that consumption of whole
tomato food supplement (WTFS), which may contain both
lycopene and FruHis, decreases the symptom score from 9.05
to 7.15 and improves QoL, about one score, in patients with
BPH (43). In the mentioned study, these changes were not
significant compared to the control group. Both our study
and Cormio et al. study had a low sample size and short
duration of intervention that which may explain the non-
significant positive effects of lycopene plus FruHis compared to
the control group.

It must be kept in mind that our findings might be affected,
to some extent, by the baseline characteristics of participants.
For instance, patients in the lycopene group were more likely to
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be smokers and have hypertension compared with the lycopene
plus FruHis group. This may explain the lower reduction of
IGF-1 in the lycopene group compared with the lycopene
plus FruHis group. Cigarette smoking can increase oxidative
stress and inflammation and attenuate the beneficial effects of
lycopene (44). In addition, a significant association between
hypertension and IGF-1 levels was reported in previous studies
(45). Therefore, our findings on the higher beneficial effects
of lycopene plus FruHis intake, compared with the intake
of lycopene alone, should be considered with caution. In
addition, patients in the lycopene plus FruHis group had a
higher prevalence of diabetes compared with other intervention
groups. There is evidence indicating significant associations of
diabetes with serum levels of PSA and the risk of PC (46, 47).
The high prevalence of diabetes in the combined intervention
may attenuate the reducing effects of lycopene plus FruHis
intake on TPSA levels and this may explain why the TPSA-
reducing effect of the combined treatment was not significant
compared with the placebo. Further studies are required to
confirm our findings.

Strengths and limitations

This study had some strengths. In this study, we
performed a comprehensive assessment (laboratory parameters,
anthropometric measures, disease symptoms, and QoL) of
patients with BPH before and after the trial. Participants in
the four intervention groups were matched in terms of age
and BMI and they were randomly allocated to the groups.
Moreover, adherence to the interventions was high in our
study, against the limitation by COVID-19 pandemic. Some
limitations of our study should be taken into account. The
most important limitation of this study is the low sample
size. The main reason for the low sample size was limited
funding as well as patient accessibility limitations due to
the COVID-19 pandemic which made us unable to include
a greater sample size. However, the number of patients
included in the current study was reasonable for a pilot
study. It should be noted that four patients were excluded
during the trial and this dropout may affect the power of
our study to detect significant effects. Also, the dropout
among the intervention groups was different so the lycopene
plus FruHis group contained 11 patients compared with the
placebo group with 13 patients. In addition, due to limited
funding, we could not assess tissue biomarkers of lycopene
and FruHis to evaluate the influence of supplementation on
tissue circulation of these compounds. In the current study,
we prescribed lycopene and FruHis supplement as the two
constituents of tomato products. It must be kept in mind that
tomato products might have other effective constituents that
influence BPH outcomes. Therefore, the effects of cooked
tomato consumption, as a dietary intake on BPH outcomes

might be different compared to the supplementation of
lycopene and FruHis.

Conclusion

FruHis intake strengthens the reducing effects of lycopene
on IGF-1, TPSA, symptom score, BMI, and WC among
patients with BPH. Except for IGF-1, these reductions were
not statistically significant compared with the placebo, and
the intakes of lycopene and FruHis alone, however, were
clinically important. Such findings were not seen for FPSA
and FPSA/TPSA ratios. Further clinical trials are needed to
assess the effects of different dosages of lycopene and FruHis
on BPH outcomes. In addition, future studies should examine
the influence of other constituents in tomato/its products
on BPH outcomes.
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Introduction: A systematic literature search was undertaken to assess the

impact of pre-, pro-, and syn-biotic supplementation on measures of

gastrointestinal status at rest and in response to acute exercise.

Methods: Six databases (Ovid MEDLINE, EMBASE, Cinahl, SportsDISCUS,

Web of Science, and Scopus) were used. Included were human research

studies in healthy sedentary adults, and healthy active adults, involving

supplementation and control or placebo groups. Sedentary individuals with

non-communicable disease risk or established gastrointestinal inflammatory

or functional diseases/disorders were excluded.

Results: A total of n = 1,204 participants were included from n =

37 papers reported resting outcomes, and n = 13 reported exercise-

induced gastrointestinal syndrome (EIGS) outcomes. No supplement improved

gastrointestinal permeability or gastrointestinal symptoms (GIS), and systemic

endotoxemia at rest. Only modest positive changes in inflammatory cytokine

profiles were observed in n = 3/15 studies at rest. Prebiotic studies (n

= 4/5) reported significantly increased resting fecal Bifidobacteria, but no

consistent di�erences in other microbes. Probiotic studies (n = 4/9) increased

the supplemented bacterial species-strain. Only arabinoxylan oligosaccharide

supplementation increased total fecal short chain fatty acid (SCFA) and butyrate

concentrations. In response to exercise, probiotics did not substantially

influence epithelial injury and permeability, systemic endotoxin profile, or GIS.

Two studies reported reduced systemic inflammatory cytokine responses to

exercise. Probiotic supplementation did not substantially influence GIS during

exercise.

Discussion: Synbiotic outcomes resembled probiotics, likely due to the

minimal dose of prebiotic included. Methodological issues and high risk

of bias were identified in several studies, using the Cochrane Risk of Bias

Assessment Tool. A major limitation in the majority of included studies was
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the lack of a comprehensive approach of well-validated biomarkers specific to

gastrointestinal outcomes and many included studies featured small sample

sizes. Prebiotic supplementation can influence gut microbial composition and

SCFA concentration; whereas probiotics increase the supplemented species-

strain, with minimal e�ect on SCFA, and no e�ect on any other gastrointestinal

status marker at rest. Probiotic and synbiotic supplementation does not

substantially reduce epithelial injury and permeability, systemic endotoxin and

inflammatory cytokine profiles, or GIS in response to acute exercise.

KEYWORDS

exercise-induced gastrointestinal syndrome, running, exertional-heat stress,

epithelial, permeability, endotoxin, cytokine, gastrointestinal symptoms

Introduction

Gastrointestinal disturbances and associated symptoms are

relatively common occurrences in the general population,

and range from minor inconvenience to severe clinical

conditions (e.g., gastrointestinal inflammatory and functional

diseases/disorders) (1). Athletes (i.e., elite and amateur) and

recreationally active populations (i.e., health and fitness) are also

susceptible to these gastrointestinal disturbances and symptoms,

which include those occurring at rest, as well as substantial

perturbations that occur specifically during and/or after exercise

(2). The reported incidence of gastrointestinal symptoms (GIS),

as a result of exercise, during and/or after competitive events

varies from <5 to >85% in both the elite and recreational

population (2), depending on the exertional extent of the event.

It is now well established that various factors increase the

magnitude of exertional stress, and subsequently increase the

risk of substantial gastrointestinal disturbances and associated

GIS. These extrinsic and intrinsic exacerbation factors have been

described in Costa et al. (2, 3).

The pathophysiology of disturbances to gastrointestinal

integrity, function, subsequent systemic responses (e.g.,

endotoxemia and systemic inflammation), and associated

GIS that active individuals present in response to exercise is

referred to as “exercise-induced gastrointestinal syndrome”

(EIGS), and is characterized by two primary pathways

(Figure 1), as described in Gaskell et al. (13). Briefly, the

gastrointestinal-circulatory pathway describes the splanchnic

hypoperfusion and intestinal ischemia that occurs due

to a redistribution of blood flow to skeletal muscle and

peripheral circulation (14, 15), resulting in intestinal epithelial

injury and hyperpermeability, plus local and/or systemic

inflammatory effects in response to translocated pathogens

(16–18). The gastrointestinal-neuroendocrine pathway

describes the stress response contribution to gastrointestinal

integrity and functional disturbances, via an increase in

stress hormone responses and sympathetic activation

(2). Such stress response is synonymous with impaired

gastrointestinal motility, transit, digestive function, and

nutrient absorption (19–21).

It is commonly assumed by athletes and their support crew

that administration of probiotics will confer benefits to the

gastrointestinal tract, particularly at times of intensified training

or leading into or during competition, when gastrointestinal

disturbance is of particular concern due to the potential to

compromise physical performance (6, 19). Recently published

narrative or opinion piece reviews exploring prebiotics (i.e.,

non-digestible material that can be fermented by bacteria in

the lower gastrointestinal tract), probiotics (i.e., live bacteria

which survive transit to colonize the lower gastrointestinal

tract), and synbiotics (a combination of pre- and pro-biotics)

in active adults, have implied a beneficial effect on the

gastrointestinal tract in response to exercise and improved

performance; however the primary focus has been on exercise

performance or immunological outcomes (22–29). Unlike these

narrative or opinion-based reviews, recent systematic literature

reviews (SLR) that focused and/or included pro- and/or syn-

biotic supplementation, concluded inconsistent methodologies

and/or findings that provided no convincing evidence of

any substantial beneficial effects resulting from probiotic

supplementation in healthy populations (30–32). Although it

is important to note that these SLR did not comprehensively

evaluate EIGS markers or changes to fecal bacterial taxa

or SCFA. Nevertheless, it has recently been demonstrated

that the microbial composition of the gastrointestinal tract,

when using partial correlation analysis and controlling for

potential confounding factors, is another factor that may

influence an individual’s susceptibility of developing EIGS

and associated GIS (33). Exploratory work suggests that

an increased relative abundance of various SCFA producing

commensal bacterial groups may improve epithelial integrity

and reduce GIS in response to prolonged strenuous exercise

(33–36), through mechanisms that warrant further exploration

and clarification. Proposed mechanisms may include: (i)
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FIGURE 1

Schematic description of exercise-induced gastrointestinal syndrome (EIGS): Physiological changes in circulatory and neuroendocrine pathways
at the onset of exercise resulting in perturbed gastrointestinal integrity and function, which may lead to gastrointestinal symptoms, with
performance and clinical implications (2, 3). aSpecialized antimicrobial protein-secreting (i.e., Paneth cells) and mucus-producing (goblet cells)
cells, aid in preventing intestinal-originating pathogenic microorganisms entering systemic circulation. bSplanchnic hypoperfusion and
subsequent intestinal ischemia and injury (including mucosal erosion) results from stress induced direct (e.g., enteric nervous system, and/or
enteroendocrine cell) or indirect (e.g., braking mechanisms) alterations to gastrointestinal motility. cIncrease in neuroendocrine activation and
suppressed submucosal and myenteric plexus result in epithelial cell loss and subsequent perturbed tight junctions (4, 5). dGastrointestinal brake
mechanisms: Nutritive and non-nutritive residue along the small intestine, and inclusive of terminal ileum, results in neural and enteroendocrine
negative feedback to gastric activity (6–10). eAggressive acute or low grade, prolonged mechanical strain, is proposed to contribute toward
disturbances to epithelial integrity (i.e., epithelial cell injury and tight-junction dysregulation) and subsequent “knock-on” e�ects for
gastrointestinal functional responses (11). fBacteria and bacterial endotoxin microorganism molecular patterns (MAMPs), and stress induced
danger associated molecular patterns (DAMPs), are proposed to contribute toward the magnitude of systemic immune responses (e.g., systemic
inflammatory profile) (12). Adapted from Costa et al. (2), with permission.

attenuation of exercise-associated hypoperfusion through the

presence of nutrient content along the gastrointestinal tract

and increased fermentation activity of commensal bacteria

(6, 19, 37, 38); and/or, (ii) increased epithelial cell stability

resulting from an increased luminal SCFA concentration (34,

35). The possible role of the gut microbiota as an intrinsic

factor that alters the risk of EIGS pathophysiology, and

subsequent GIS in response to exercise, suggests potential to

manipulate this risk through the use of prebiotics, probiotics,

and synbiotics. Mechanistically, particular probiotics (e.g.,

Lactobacillus plantarum) have demonstrated favorable effects on

epithelial integrity (39, 40) and in clinical outcomes for patients

presenting with infection and/or inflammation (41–43).

In regard to the application of variables to assess the

impact of pre-, pro-, and/or syn-biotic supplementation

on gastrointestinal status in response to exercise stress,

various biomarkers have been employed (44). Changes in

gastrointestinal integrity as a result of EIGS are commonly

reported in research studies using intestinal fatty acid binding

protein (I-FABP), a surrogate marker for intestinal epithelial

injury; or urinary or plasma claudin-3 concentration, a surrogate

marker for epithelial tight gap junction function or injury.

Gastrointestinal permeability is commonly assessed by dual

or multiple sugars tests including, urinary lactulose:mannitol

or lactulose:rhamnose ratio for small intestinal permeability,

and sucrose for gastroduodenal permeability. Translocation

of pathogenic agents from the gastrointestinal lumen into

systemic circulation are observed by measuring the plasma

endotoxin response, including lipopolysaccharide (LPS),

resulting lipopolysaccharide binding protein (LBP) response,

and/or gram-negative endotoxin and anti-endotoxin antibodies

such as IgM. Objective assessment of perturbations to

gastrointestinal function may be measured via: (i) gastric

antral sonography for gastric emptying, measuring ultrasound
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half gastric emptying time or ultrasound full emptying

time (45); (ii) electrogastrography (EGG), recording gastric

myoelectrical activity (e.g., slow waves) using electrodes placed

on the abdominal skin (21); and/or (iii) breath hydrogen

response as a measure of carbohydrate malabsorption, as

undigested material pass through the ilium where bacterial

fermentation releases hydrogen and methane which diffuse

through the lumen into the blood and excreted via the

lungs (19, 46–49). Via the latter mechanism, orocecal

transit time (OCTT) can be indirectly assessed via the

administration of an indigestible carbohydrate, such as

lactulose, recording the time to the resulting breath hydrogen

peak (20). Participant reported data on defecation frequency

and stool consistency using the Bristol Stool Rating Scale

also offer supportive evidence on changes to gastrointestinal

function (50).

As stated, several SLR have been published in respect

to biotic supplementation interventions in active adults, but

none have considered the methodological issues (e.g., adequate

experimental design including exertional or exertional-heat

stress with or without issues with sample collection timing,

experimental control of confounding factors, limitations in

EIGS biomarkers, validation and reliability of GIS assessment

tool) or magnitude of response of key pathophysiological

markers (e.g., clinical significance of responses) (44). To date,

no systematic review has comprehensively examined in-depth

the effect of short or long-term pre-, pro- and syn-biotics

supplementation on gastrointestinal status outcomes in healthy

active adults at rest and in response to acute exercise. Therefore,

the aim of this current systematic literature review is to

determine the beneficial, detrimental, or neutral effects of

differing supplementation periods and dosages of pre-, pro- and

syn-biotic supplementation, taken by healthy active adults, on

gastrointestinal outcomes at rest and in response to exercise,

with a specific focus on the defined markers characteristic of

EIGS and associated GIS.

Methods

A systematic literature search was performed by three

researchers (A.J.M, C.R, and Z.H), to determine the impact

of varying pre-, pro-, and syn-biotic supplements and

supplementation period on markers of gastrointestinal integrity

(i.e., intestinal epithelial injury, permeability, and bacterial

endotoxin translocation), gastrointestinal functional responses

(i.e., gastric emptying, gastrointestinal transit, and myoelectrical

activity), systemic inflammatory responses, gastrointestinal

symptoms (i.e., incidence, severity, stool frequency, and

consistency), and variables relating to the gut microbiota (i.e.,

bacterial composition and SCFA profile), both at rest and in

response to exercise. The review was completed in accordance

with the Preferred Reporting Items for Systematic Review

and Meta-Analyses (PRISMA) statement (51). The review was

not pre-registered.

Search strategy

The literature search was undertaken of English-language,

original research studies, from inception to beginning March

2022, using the databases Ovid MEDLINE, EMBASE, Cinahl,

SportsDISCUS, Web of Science, and Scopus. Reference lists of

review papers found from the search, and others known to the

authors, were searched to identify any studies missed in the

original search. Keywords applied in the literature search are

shown in Table 1A, with search strategy logic for each database

shown in Table 1B.

Eligibility criteria

Eligibility criteria were established a priori as per the

Participant Intervention Comparator Outcomes Study (PICOS)

design format (Table 2) (52). Original human research studies

in healthy sedentary adults, and healthy active adults, involving

supplementation and control or placebo groups, reporting

quantified data on EIGS outcomes in vivo (i.e., gastrointestinal

symptom description, stool frequency and consistency,

intestinal integrity and permeability, systemic endotoxin

and/or inflammatory cytokine profiles, gastrointestinal motility

and/or other functional responses, fecal bacterial taxa and

SCFA concentration) were considered for inclusion. Exclusion

criteria included sedentary individuals with non-communicable

disease risk or established gastrointestinal inflammatory or

functional diseases/disorders, populations undergoing dietary

modifications and/or supplementation, other than the pre-,

pro-, or syn-biotic intervention, and a lack of a placebo or

a control group. The inclusion and exclusion criteria were

cross checked against the criteria reported within the reviewed

studies. Ex vivo outcomes (i.e., antigen stimulated cytokine

responses or other blood or tissue cultures) were excluded.

After removal of duplicates, study titles and abstracts were

reviewed by two researchers (Z.H and C.R) against the eligibility

criteria, and verified by a third researcher (A.J.M) when

required (i.e., disagreement between the primary reviewers)

(Figure 2).

Data extraction

Data was extracted by two researchers (C.R. and Z.H.)

and cross-checked by a third (A.J.M.). The extracted

variables included the number of participants, sample size

determination, age, biological sex, training status (i.e., years

of experience and VO2max where available), intervention
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TABLE 1 General search strategy (A) and search strategy logic by database (B) for the systematic review on the e�ect of pre-, pro-, and synbiotics on

gastrointestinal outcomes in healthy adults and healthy active adults.

(A) Field one (combine with

OR): Population

Field two (combine with OR):

Intervention and comparison

Field three (combine with OR): Outcome

Keywords: Exercise, Run*, Cycling,

Cyclist, Physical Activity

AND Keywords: probiotic, prebiotic,

synbiotic

AND Keywords:, intestinal injury and damage, I-FABP, intestinal

fatty acid, tight junction, mucosal barrier, zonulin, claudin,

endotoxin, LPS, LAL, lipopolysaccharide, gram negative

bacteria, LBP, sCD14, intestinal permeability, lactulose,

rhamnose, mannitol, urinary sugars, gastrointestinal

motility, OCTT, EGG, gastrointestinal symptoms, gut

discomfort, short chain fatty acids, SCFA, gastrointestinal

microbiota and microbial composition.

(B) OVID EMBASE and Ovid MEDLINE(R) and Epub Ahead of Print

1. (Exercise or Run* or Cycling or Cyclist or “Physical Activity”).mp. (mp= title, abstract, heading word, drug trade name, original title, device manufacturer,

drug manufacturer, device trade name, keyword heading word, floating subheading word, candidate term word)

2. (probiotic or prebiotic or synbiotic).mp. (mp= title, abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device

trade name, keyword heading word, floating subheading word, candidate term word)

3. (“intestinal injury” or “intestinal damage” or I-FABP or “intestinal fatty acid” or “tight junction” or “mucosal barrier” or zonulin or claudin or endotoxin or

LPS or LAL or lipopolysaccharide or “gram negative bacteria” or LBP or sCD14 or “intestinal permeability” or lactulose or rhamnose or mannitol or “urinary

sugars” or “gastrointestinal motility” or OCTT or EGG or “gastrointestinal symptoms” or “gut discomfort” or “short chain fatty acid*” or SCFA or microbiota

or “microbial composition”).mp. (mp= title, abstract, heading word, drug trade name, original title, device manufacturer, drug manufacturer, device trade

name, keyword heading word, floating subheading word, candidate term word)

4. 1 and 2 and 3

SCOPUS

( TITLE-ABS-KEY ( exercise OR run* OR cycling OR cyclist OR {physical

activity} ) AND TITLE-ABS-KEY ( probiotic OR prebiotic OR synbiotic ) AND TITLE-ABS-KEY ( {intestinal injury} OR {intestinal

damage} OR i-fabp OR {intestinal fatty acid} OR {tight junction} OR {mucosal

barrier} OR zonulin OR claudin OR endotoxin OR lps OR lal OR lipopolysaccharide OR {gram negative bacteria} OR lbp OR scd14 OR {intestinal

permeability} OR lactulose OR rhamnose OR mannitol OR {urinary sugars} OR {gastrointestinal motility} OR octt OR egg OR {gastrointestinal

symptoms} OR {gut discomfort} OR {short chain fatty acid*} OR scfa OR microbiota OR {microbial composition} ) )

CINAHL plus and SPORTDiscus with full text

S7 S1 AND S2 AND S6

S6 S3 OR S4 OR S5

S5 gut discomfort OR short chain fatty acid* OR SCFA OR microbiota OR microbial composition

S4 gram negative bacteria OR LBP OR sCD14 OR intestinal permeability OR lactulose OR rhamnose OR mannitol OR urinary sugars OR gastrointestinal

motility OR OCTT OR EGG OR gastrointestinal symptoms

S3 intestinal injury OR intestinal damage OR I-FABP OR intestinal fatty acid OR tight junction OR mucosal barrier OR zonulin OR claudin OR endotoxin or

LPS or LAL or lipopolysaccharide

S2 probiotic OR prebiotic OR synbiotic

S1 exercise OR run* OR cycling OR cyclist* OR physical activity

Web of science

Exercise OR run* OR cycling OR cyclist OR “physical activity” (Topic) and probiotic or prebiotic or synbiotic (Topic) and “intestinal injury” or “intestinal

damage” or I-FABP or “intestinal fatty acid” or “tight junction” or “mucosal barrier” or zonulin or claudin or endotoxin or LPS or LAL or lipopolysaccharide

or “gram negative bacteria” or LBP or sCD14 or “intestinal permeability” or lactulose or rhamnose or mannitol or “urinary sugars” or “gastrointestinal

motility” or OCTT or EGG or “gastrointestinal symptoms” or “gut discomfort” or “short chain fatty acid*” or SCFA or microbiota or “microbial

composition” (Topic)

*Used to retrieve unlimited suffix variations.

(i.e., quantity, food source and composition of prebiotic,

and/or bacterial species/strain of probiotic), exercise protocol

used where relevant, ambient conditions, physiological

and thermoregulatory strain responses during the exercise

protocol where relevant). EIGS outcomes extracted included

concentrations of: I-FABP (blood), claudin-3 (urinary or blood),
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TABLE 2 PICOS table, showing the inclusion and exclusion criteria for study population, intervention, comparator, outcome/s, and study design.

PICOS Inclusion Exclusion

Population Human

Healthy community dwelling sedentary individuals.

Sedentary individuals initiating a structured physical activity or

exercise program.

Recreational and competitive active adults (18–60 years).

Male and female biological sex.

Animals and in vitro studies.

Infants or children.

Pregnancy or lactating.

Sedentary individuals with non-communicable disease risk or

established disease (i.e., cardiometabolic risk factors or established

cardiovascular diseases, diabetes mellitus, and/or metabolic syndrome).

Diagnosed disease or syndrome states (i.e., all clinical populations).

Population adhering to dietary modifications and/or dietary

supplementation, other than pre-/pro-/syn-biotic intervention.

Intervention Acute and prolonged provisions of prebiotic/s, probiotic/s, and

synbiotic blends (i.e., prebiotic+ probiotic, with or without other

nutrient inclusion) (e.g., vitamins, minerals, lipids, phytochemicals,

and/or volatiles).

With and without monitored and/or structures physical active and/or

exercise program.

Dietary control (monitoring or provisions).

Dietary interventions not containing acute and prolonged provisions

of prebiotic/s, probiotic/s, and synbiotic blends.

Acute and prolonged provisions of prebiotic/s, probiotic/s, and

synbiotic blends that contain a pharmaceutics grade product or

compound.

Comparator Placebo group Control group No placebo or control

Outcome Gastrointestinal integrity markers: e.g., I-FABP, Claudin-3, dual sugars

test for permeability, and other markers proposed to assess

gastrointestinal epithelial integrity.

Gastrointestinal functional markers: e.g., gastric aspiration, C13 breath

test, OCTT, EGG, pH pill monitoring, H2 and CH4

malabsorption challenge. Systemic markers of compromised

gastrointestinal integrity: e.g., CRP, systemic inflammatory response

cytokine profile, systemic endotoxin profile (e.g., LPS, gram-negative

endotoxin, ant-endotoxin antibody, sCD14, and/or LBP), systemic

microbial identification (e.g., gene sequencing determination),

immune cell functional responses and/or counts.

Gastrointestinal signs and symptoms: e.g., stool habits and texture,

QoL, and/or symptoms.

Gastrointestinal microbiota: e.g., bacterial taxonomy (ASV or OTU)

including α-diversity and relative abundance, bacterial functional

markers including SCFA concentration (e.g., butyrate, propionate,

and/or acetate).

Study design RCT or randomized crossover trial. All other study designs

ASV, Amplicon sequence variant; CRP, c-reactive protein; EGG, electrogastrography; I-FABP, Intestinal fatty acid binding protein; LBP, lipopolysaccharide binding protein; LPS,

lipopolysaccharide; OCTT, orocecal transit time; OTU, operational taxonomic units; QoL, quality of life; sCD14, soluble CD14; SCFA, short chain fatty acid; RCT, randomized control trial.

cytokine response (blood), dual sugars (urinary or blood)

endotoxin response (blood LPS, LPB, gram negative endotoxin

and anti-endotoxin antibodies). Gastrointestinal function

measures extracted included: gastric antral sonography, EGG,

breath hydrogen response for malabsorption, and OCTT. Other

functional measures extracted include defecation frequency,

stool consistency and GIS. Timepoints for data included

resting pre- and post-exercise (i.e., immediately post-exercise

or short-term recovery) where reported. Other timepoints

reported were included and clearly specified, where resting

pre- and post-exercise timepoints were not reported. Pre- to

post-exercise 1 were calculated from extracted data. Between

group differences and within group differences were extracted

and tabulated. Where no baseline data was reported, this was

included, but clearly specified. Data from tables was extracted

and tabulated as presented. Graphical data was measured using

WebPlotDigitizer (53) where appropriate. Only meaningful

data was extracted, with heat mapping and other unclear

data presentation methods excluded from extraction. Data

was again checked during extraction, and inclusion/exclusion
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FIGURE 2

PRISMA diagram, showing the inclusion and exclusion of papers
in the review.

criteria applied as appropriate. Disagreements between the

primary reviewers were resolved by discussion and consensus.

Data was separated into two groups according to the study

protocol; outcomes measured only at rest after a period of

supplementation, and outcomes measured in response to

acute exercise, also following a period of supplementation.

Due to the heterogeneous nature of the interventions,

study methodologies and outcome measures, data were not

considered appropriate for meta-analysis. Despite the lack of a

meta-analysis, certainty of evidence was not deemed necessary

as clinical or policy recommendations have not been made and

the limitations of the data and findings have been discussed

at length.

Risk of bias assessment

A risk of bias assessment was undertaken for

identified studies, using the Cochrane Risk of Bias

Assessment Tool (54). The tool is used to assess the

likelihood of selection bias (i.e., random sequence

generation and allocation concealment), performance

bias (i.e., adequacy of participant blinding), detection

bias (i.e., adequacy of researcher blinding), attrition

bias (i.e., completeness of outcome data), reporting bias

(completeness of outcome reporting), and other potential forms

of bias.

Results

Search result

Results of the literature search are shown in Figure 2.

The initial search returned 1,969 individual records, with

898 duplicates removed. No additional records were found

from the reference lists of recent review papers on the topic.

Title and abstract screening excluded 1,015 records, with full

text screening excluding an additional 17 records. Data was

therefore extracted from 39 records, and further categorized

based on available outcome data. Outcomes are reported

from a total of 1,204 participants. Due to the multifaceted

nature of gastrointestinal status at rest and in response to

exercise, results are presented according to each outcome

type; including direct or indirect markers of intestinal injury

and/or permeability, systemic endotoxin and/or inflammatory

cytokine concentration, gastrointestinal functional responses,

luminalmicrobial composition and SCFA concentration. Studies

assessing resting gastrointestinal status to a period of pre-, pro-,

and syn-biotic supplementation, n = 37 papers reported at least

one of the gastrointestinal outcomes at rest, with or without

GIS, before and after the biotic intervention period (Table 3).

Of these, n = 8 provided a prebiotic intervention, n = 24 a

probiotic intervention, and n= 5 a synbiotic intervention. Of the

prebiotic studies, n = 1 provided the intervention substance in

capsules, while all others incorporated the prebiotic ingredient

into specifically formulated foods (i.e., bread, pasta, snack bar,

or non-carbonated soft drink). Probiotic interventions varied

from one to eight bacterial strains, given either in capsules,

fermented dairy-based food or beverage, or sachets containing

powder to be mixed in water. Synbiotic interventions consisted

of either capsules, dairy based food, beverage or powder,

containing between two to four probiotic strain mixtures,

supplemented with either one or two prebiotic ingredients.

The supplementation period ranged from 1 to 16 weeks. All

of the included studies were conducted with adult participants

(mean or median age < 45 years). N = 21 of the n = 37

studies characterized a specific exercise or sporting background

in participants (i.e., rugby union, soccer, cycling, swimming,

baseball, distance running, triathlon, or participants taken from

a combination of team, endurance, and racquet sports). N =

2 studies were conducted with military recruits undergoing

intense military training.

Intestinal epithelial injury at rest

No studies were identified as assessing intestinal epithelial

injury at rest, before or after a period of pre-, pro-, or syn-

biotic supplementation.
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TABLE 3 Systematic review search results and study characteristics of included studies that attempted to determine the impact of prebiotic, probiotic and synbiotic supplementation on

gastrointestinal outcomes at rest.

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Prebiotic studies

Damen et al.

(55)

N = 27 (10M and 17 F),

age: 25 (IQR 23–29) years,

activity/fitness: not stated,

study design: RXT

Not specified Bread fortified with xylanase to produce Arabinoxylan

oligosaccharides (AXOS) on baking. 180 g bread (7.2 g

arabinoxylan) daily for 3 wk.

DC: Usual diet, not monitored.

PA: Physical activity not stated

Gastrointestinal function

GIS

Bacterial taxa

Fecal SCFA

Finegold et al.

(56)

n= 32 (11M/21F),

age (M 23–34 yrs, F 21–49 yrs)

(activity not stated)

RCT

Not specified Xylooligosaccharides (XOS), up to 350mg per cap.

High (2.8 g) or low (1.4 g) dose from capsules, daily for

8 wk

Instructed to avoid high XOS/FOS/GOS foods and

pre/probiotics and fermented foods. Twenty-four

hour dietary recall used to compare between groups

(data not reported).

Bacterial taxa

Fecal

SCFA

GIS

François et al.

(57)

n= 63 (M33/F30),

age 42 yrs (activity not stated)

RXT

Based on dataset of an earlier human

intervention trial with WBE (58), an

evaluable sample size of n= 40 was

expected to provide 80% power (two-sided,

α = 0·05) for detecting statistically

significant difference in fecal bifidobacterial

levels (primary outcome variable) between

treatments.

Non-carbonated soft drink with wheat bran extract

[containing Arabinoxylan oligosaccharides (AXOS)].

High (8 g/d) or Low (2.4 g/d) dose AXOS taken in a

70mL drink, twice daily for 3 wk

Usual diet, 3 meals/day pattern, no pro/prebiotics. All

food and beverage intake recorded for first 3 days of

each study period. No activity monitoring stated.

Bacterial taxa

Fecal

SCFA

GIS

Kleessen et al.

(59)

n= 45 (10M/35F),

age 23.5 yrs (activity not stated)

RCT

Not specified Snack bar with chicory inulin (CH) or Jerusalem

artichoke inulin (JA), 7.7 g fructans per bar. 1 bar/d for

1 wk, 2 bars/d for 2 wk.

Asked to maintain usual habits (not monitored) Bacterial taxa

Fecal

SCFA

Gastrointestinal function

GIS

Reimer et al.

(60)

N = 48 (22M/28F

at recruitment)

Age 31.2± 9.1/30.5± 8.6 (Trial

1/ 2) (healthy untrained)

RXT

The study was powered on the primary

outcome of change in gut microbiota,

which for the purposes of sample size

calculation was based on changes in fecal

Bifidobacterium from a previous trial (59).

A sample size of n= 25 per group was

determined to have 80% power to detect a

difference between groups in fecal

Bifidobacterium counts (CFU/g) assuming

a 1.10-log difference with SD= 1.22 log, an

α = 0.05, and a dropout rate of∼25%.

Snack bar with inulin type fructans (ITF)

Int 1: moderate dose 7 g/d inulin+ 2 g wheat

based fiber

Int 2: low dose 3 g/d inulin+ 2 g oat based fiber

Con 1: snack bar (0 g inulin, 0 g fiber)

Con 2: snack bar (0 g inulin, 1 g fiber) 1 bar/d for 4 wk.

3 day weighed food record. Energy (kcal), protein,

carbohydrate, fat @ baseline and within trialsNS Fiber

time× treatment, trial 1 (P = 0.001), trial 2 (P =

0.019). Exercise across both trials, bw or within-group

differencesNS (data not shown).

Bacterial taxa

Fecal

SCFA

GIS

Gastrointestinal function

Russo et al. (61) n= 15 males, age 18.8± 0.7 yrs

(activity not stated) RXT

Not specified Inulin-enriched pasta:

Int: 11.0 g/d fructans

Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk

All food provided, low inulin, amount calculated

according to individual requirements. No activity

monitoring stated.

Gastrointestinal function

GIS

Russo et al. (45) n= 20 males,

age 18.8± 0.7 yrs

(activity not stated)

RXT

Not specified Inulin-enriched pasta:

Int: 11.0 g/d fructans

Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk

All food provided, low inulin, amount calculated

according to individual requirements. No activity

monitoring stated.

Gastrointestinal function

(Continued)

Fro
n
tie

rs
in

N
u
tritio

n
fro

n
tie

rsin
.o
rg

135

https://doi.org/10.3389/fnut.2022.1003620
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


R
au

c
h
e
t
al.

1
0
.3
3
8
9
/fn

u
t.2

0
2
2
.1
0
0
3
6
2
0

TABLE 3 (Continued)

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Russo et al. (62) n= 20 males,

age 18.8± 0.7 yrs

(activity not stated)

RXT

Sample size calculations based on data

from Russo et al. (45) and Russo et al. (61).

Probability that study would detect

treatment difference with a 2-sided 0.05

significance level equal to 80% required

enrolling only 17 subjects.

This assumed true difference between

treatments of 20% of urinary recovery of

La, and standard deviation of the difference

of 27%.

Inulin-enriched pasta:

Int: 11.0 g/d fructans

Pla: 1.4 g/d fructans

100 g/day pasta for 5 wk

All food provided, low inulin, amount calculated

according to individual requirements. No activity

monitoring stated.

Intestinal permeability

Probiotic studies

Axelrod et al.

(63)

n= 7 endurance runners,

VO2max 57.9 mL/kg/min

RXT

A priori power analysis based on a previous

investigation from healthy runners (64)

estimated∼6 needed to obtain statistical

power at the recommended 0.80 level based

upon mean, between-groups comparison

effect size (d = 1.2).

L. salivarius UCC118, 2× 108 CFU/cap

1 capsule daily for 4 wk

Normal lifestyle

Activity not monitored

Intestinal permeability

Cytokine responses

Bacterial taxa

Batatinha et al.

(65)

n= 27 male marathon runners,

age: Int: 35.96±5.81;

Pla: 40.46±7.79

Fitness status not stated RCT

Not specified B. animalis. Lactis 10× 109 ;

L. Acidophilus 10× 109

1 sachet daily for 30 days

Dietary control not stated.

Training volume monitored, NS between groups.

Cytokine responses

Burton et al.

(66)

n= 13 males

age 24 (22–27) yrs

(activity not stated)

RXT

The desired sample number could not be

determined because of the absence of

previous clinical studies with a similar

intervention.

Yogurt containing:

S. thermophilus (109 CFU/g),

L. delbrueckii spp. bulgaricus (108 CFU/g)

L. rhamnosus GG (107 CFU/g)

400 g daily for 2 wk

Avoid dairy and fermented foods, 3 d food record each

trial. 3 d control diet (provided) before each test day.

Usual activity. Avoid intense activity 3 d prior to

testing. NS difference between groups

Endotoxin responses

Cytokine responses

Bacterial taxa

Carbuhn et al.

(67)

n= 17 female swimmers,

age and fitness status not stated

RCT

Not specified B. longum 35624,

1× 109

CFU bacteria per capsule

1 capsule daily for 6 wk

Refrain from foods rich in probiotics (ex. Kefir) and

caffeine. Three day food log (NSbetween groups).

Standardized swim training program

Endotoxin responses

Cytokine responses

Gill et al. (68) n= 8 male runners

and triathletes

Age: 26 yrs

VO2max 59 ml/kg/min

RXT

Based on the typical standard deviation of

0.7 EU/ml for circulatory endotoxin

responses to exertional-stress (16, 69), and

using standard alpha (0.05) and beta values

(0.8) (www.dssresearch.com), a sample size

of n= 8 is estimated to provide adequate

statistical precision to detect a >10%

difference in circulatory endotoxin

concentration in response to EHS in the

target population.

L. casei, 1.0×

1011 cells/bottle Commercial supplement, taken twice

daily for 7 days

Dietary recall. NS between groups.

Activity control not stated.

Cytokine responses

Endotoxin responses

Gleeson et al.

(70)

n= 58

(54M/30F recruited) athletes

Age: Int: 32± 14,

Pla: 25± 9 yrs Weekly

training load:

Int: 8.7± 4.1 h/week

Pla: 9.3± 3.8 h/week

RCT

Sample-size based on expected rate of 2.0±

1.0 URTI episodes (M± SD) (71), a target

30% reduction in number of episodes,

statistical power of 80%, and Type I error of

5%.

Fermented milk with L. casei Shirota, 6.5× 109

live cells/drink 65ml drink twice daily for 16 wk

Diet not monitored, no other probiotics or fermented

dairy products. Training validated by International

Physical Activity Questionnaire, NSbetween groups

Cytokine responses

GIS
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TABLE 3 (Continued)

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Haywood et al.

(72)

n= 30 male rugby union

players, age 24.7± 3.6 yrs RCT

In order to detect a 30% reduction in the

number of infected days with 80% power

and type 1 error of 5%, n= 25 participants

were required.

Probiotica P3,

Nutra-life: L. gasseri, 2.6× 109 CFU/cap

B. bifidum, 0.2× 109 organisms/cap B. longum, 0.2×

109 organisms/cap

1 capsule daily for 4 wk

Dietary control not stated.

Standardized training program.

GIS

Hoffman et al.

(73)

n= 15 male military recruits,

age: Int: 20.0± 0.6,

Pla: 20.2± 0.6

Fitness status not stated;

military training.

RCT

Because of the small sample size per group,

it was decided a priori to initially analyze

PRE-to-POST changes (1 scores) using the

non-parametric Mann-Whitney U test. In

addition, to make additional inferences on

the true effect of the dietary intervention,

and account for the small sample size per

group, magnitude-based inferential

analysis was also used.

Staimune, Kerry Inc. (St Paul, MN). Inactivated

Bacillus coagulans; 1.0× 109 CFU (powder form) Daily

for 2 wk

Participants were not permitted to use any additional

dietary supplementation. All soldiers consumed their

meals together, maintaining a similar dietary intake

throughout the study.

During study period, soldiers were garrisoned on base

and participated in the same training tasks that

included hand-to-hand combat skill development,

working with and against various weapons and

physical conditioning 5 times a week.

Cytokine responses

Huang et al.

(74)

n= 20 male triathletes

Age: Int: 21.6± 1.3

Pla: 21.9± 1.4 VO2max

mL/kg/min):

Int: 55.5± 8.6

Pla: 56.6± 9.0

RCT

Not specified L. plantarum PS128, 2 capsules; 1.5× 1010 CFU +

100mg microcrystalline cellulose (per capsule) 4 wk

Diet not monitored.

Participants were required not to supplement with

fermented food, probiotics, prebiotics, and antibiotics

during the whole experimental process.

Training not controlled. Maintain a regular lifestyle,

avoiding any strenuous exercise, staying up late,

smoking, or consuming alcoholic beverages.

Bacterial taxa

Fecal SCFA

Klein et al. (75) n= 26 (13M/13F),

age 25 yrs (activity not stated)

RXT

Power analysis performed using PASS 6.0

(NCSS Statistical Software, Kaysville, UT,

USA).

Based on data from the literature and study

group to evaluate sample size.

It resulted in a power of 90%.

300 g yogurt containing B. lactis 420×, 3.0×

106 CFU/g L. acidophilus 74-2, 9.3× 108 CFU/g 300 g

daily for 5 wk

Food provided and additional foods aliquoted and

analyzed (NSbetween groups).

Activity not stated.

Bacterial taxa

Fecal

SCFA

Lamprecht et al.

(76)

n= 23 male triathletes, runners

and cyclists

Age: Int: 37.6 yrs,

Pla: 38.2 yrs VO2max :

Int: 51.2 mL/kg/min Pla:

50.3 mL/kg/min RCT

Sample size calculation based on oxidation

markers CP and MDA. Between 7 and 9

subjects estimated per group—depending

on parameter, SD and effect size—to reach

probability of error (alpha/2) of 5 and 80%

power.

Ecologic
R©
Performance:

B. bifidumW23, B lactis W51, E. faeciumW54, L.

acidophilus W22, L. brevis W63, L. lactis W58. 2× 2 g

sachets daily for 14 wk, providing (1010 CFU/day

Habitual diet, food diary and repeated for 7 days prior

to each exercise trial.

Habitual training, no exercise 3 days prior to each

exercise test.

Intestinal permeability

Cytokine responses

Lee et al. (77) n= 16 healthy untrained males

Age Int 24.6± 2.8,

Pla: 25.6± 4.1 VO2max :

Int: 47.3± 6.5,

Pla: 46.6± 8.2

RCT

The required sample sizes for clinical trials

based on expected change calculated using

Harvard calculator (http://hedwig.

mgh.harvard.edu/sample_size/

size.html, accessed on 14 December

2020), assuming parallel design with 0.05

significance level, the change SD, power of

0.8, standard deviation of the difference

with 3.2.

Synkefir:

L. paracasei DSM 32785 (LPC12), L. rhamnosus DSM

32786 (LRH10), L. helveticus DSM 32787 (LH43), L.

fermentum DSM 32784 (LF26), and S. thermophilus

DSM 32788 (ST30) 20 g pouch daily for 28 days

All volunteers were prohibited from taking probiotics,

prebiotic fermented products (yogurt or cheese),

vitamins, minerals, herbal extracts, dietary

supplements for exercise, or antibiotics to avoid

unnecessary interference during the experiment. No

significant difference on their daily nutritional intake

and calories (data not shown). Activity not stated.

Bacterial taxa

Lin et al. (78) n= 21 (14M, 7F) well trained

middle and long

distance runners.

Fitness status not reported.

Age: Pla: 21.2± 0.4

Int: 21.6± 0.7

RCT

Not specified OLP-01, a human strain probiotic;

Bifidobacterium longum subsp.

Longum 3 capsules daily (1.5× 1010 CFU/day) for 5

wk

Instructed not to consume nutritional supplements,

yogurt, Yakult, other probiotic-related products, or

antibiotics during the experiment.

The team dietitian specified the diet and provided the

same meal to ensure the consistency of the diet (Data

not shown).

Three weeks of regular training and 2 weeks of

de-training. During the experiment, all the subjects

cooperated with the team for work and rest (Data not

shown).

Bacterial taxa
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TABLE 3 (Continued)

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Pugh et al. (79) n= 24 (20M/4F)

marathon runners,

age: Int: 34.8± 6.9 yrs

Pla: 36.1± 7.5 yrs VO2max :

Int: 57.6± 8.0 mL/kg/min

Pla: 56.4± 8.6 mL/kg/min RCT

Not specified Proven Probiotics Ltd, Port Talbot, Wales: L.

acidophilus CUL60 L. acidophilus CUL21 B.

bifidum CUL20 B. animalis subsp. Lactis CUL34 > 25

billion CFU/cap 1 capsule daily for 4 wk

Dietary control not stated outside of acute exercise.

Training diary kept during supplementation period

(data not presented).

GIS

Sánchez

Macarro et al.

(80)

n= 43 healthy male volunteers

who performed aerobic

physical exercise.

VO2max= 51.1 (8.8)mL/kg/min

Age: Int: 25.3± 7.2,

Pla: 27.1± 8.4 RCT

The sample size was calculated for an

expected mean difference between groups

in serum levels of MDA of 1.34 nmol/mL

with SD of 1.6 nmol/L (81), with

significance level of 5% and statistical

power of 80%, assuming a drop-out rate of

10% since the primary analysis was

performed in the PP data set, 20 evaluable

participants for each treatment group were

required.

Bifidobacterium longum CECT 7347 Lactobacillus

casei CECT 9104, and Lactobacillus rhamnosus

CECT 8361 1 capsule daily (109 CFU/day) for 6 wk

No dietary control: During the study period, there

were no dietary restrictions, but medications that may

affect the microbiome (e.g., antioxidants, statins) were

not allowed.

Physical activity not controlled

Bacterial taxa

Schreiber et al.

(82)

n= 27 male cyclists,

Age: Int: 25.9± 4.6

Pla: 29.5± 6.2

VO2max (mL/kg/min)

Int: 66.9± 6.4

Pla: 63.2± 5.0 NS difference

between groups

RCT

Not specified L. helveticus Lafti L10,

B. animalis ssp. lactis Lafti B94

E. faecium R0026,

B. longum R0175

Bacillus subtilis R0179

15× 109 CFU of a probiotic blend:

1 capsule daily for 90 days

Diet not controlled.

Continued with their normal training routine

throughout the study duration. “Participants’

characteristics analysis revealed difference in training

hours during the study period.” Data not shown.

GIS Cytokine responses

Smarkusz-

Zarzecka et al.

(83)

n= 66 (46M/20F) runners,

age: Int: F 37.21± 8.09 y

M 40.85± 8.32 y

Pla: F 33.33± 8.73 y

M 38.61± 8.84 y

VO2max (mL/kg/min)

Int: male: 38.22± 5.99

Female:34.02± 5.30

Pla: male: 42.34± 7.06

female:36.98±11.34

RCT

Not specified Sanprobi Barrier, Sanprobi Ltd., Szczecin, Poland:

Bifidobacterium lactis W52,

Lactobacillus brevis W63,

Lactobacillus casei W56,

Lactococcus lactis W19,

Lactococcus lactis W58,

Lactobacillus acidophilus W37,

Bifidobacterium bifidumW23,

Lactobacillus salivarius W24.

2.5× 109 CFU/g (1 capsule);

2 capsules, twice daily for 3 months.

Diet not controlled.

Avoid physical activity for at least 24 h before the test.

Cytokine responses

Son et al. (84) n= 15 bodybuilders (biological

sex and fitness status not stated)

Age: Int: 26.50± 5.01

Pla: 27.14± 5.93

RCT

Not specified L. acidophilus,

L. casei,

L. helveticus,

Bifidobacterium bifidum

1 capsule consisting of 1012 CFU For 60 days

The subjects were periodically monitored to ensure

that nutritional intake was not altered during the

supplement intake period; There was no significant

difference in the characteristics of the study subjects

before and after the probiotic intake period. Data not

shown.

Physical activity not monitored.

Bacterial taxa

Fecal SCFA

Strasser et al.

(85)

n= 29 (13M/16F) cyclists

Age: Int: 25.7± 3.5 yrs,

Pla: 26.6± 3.5 yrs

VO2max : Int: 55.1±

6.4 mL/kg/min

Pla: 47.5± 7.1 mL/kg/min (p

< 0.01)

Wmax :

Int: 325± 54.2 W

Pla: 274± 51.6W (p < 0.05)

RCT

Sample size calculation was based on

changes in exercise-induced Trp levels (86)

from baseline to end of 12-wk intervention.

Between 10 and 12 subjects per group

estimated, depending on SD and effect size,

to reach probability of error (alpha/2) of 5

and 80% power. Allowing for a drop-out

rate of 30%, 16 subjects per group were

recruited.

Ecologic
R©
Performance:

Bifidobacterium bifidumW23

Bifidobacterium lactisW51

Enterococcus faeciumW54

Lactobacillus acidophilusW22

Lactobacillus brevisW63

Lactococcus lactisW58

1× 1010 CFU/sachet

1 sachet daily for 12 wk

No alcohol or fermented dairy products.

3 d food record at baseline and 12 wks. NSBetween

groups. Maintained normal training. Weekly training

log.

Int: 8.0± 2.3 h/wk

Pla: 6.6± 4.3 h/wk (p < 0.001)

GIS
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TABLE 3 (Continued)

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Tavares-Silva

et al. (87)

n= 14 male runners

Age: Pla: 38.28± 3.09

Int: 41.57± 3.20

VO2Peak (kg/mL/min):

Pla: 54.53± 6.88

Int: 56.92± 8.35

RCT

Not specified Gelatinous capsules: Lactobacillus acidophilus-LB-G80,

Lactobacillus paracasei-LPc-G110,

Lactococcus subp. lactis-LLL-G25,

Bifidobacterium animalis subp.

lactis-BL-G101,

Bifidobacterium bifidum-BB-G90

5× 109 CFU 2.0 g/day,

1 capsule/d, 30 days

Dietary questionnaire 2x/wk+ once on weekends:

Kcal, carbohydrates, protein, lipids NSbetween groups.

Physical activity not reported.

Cytokine responses

Townsend et al.

(88)

n= 25 male baseball players

Age: 20.1± 1.5 yrs 1RM

Squat (baseline, mean):

Int: 116.8 kg,

Pla: 133.0 kg Deadlift 1RM

(baseline mean):

Int: 139.9 kg,

Pla: 162.8 kg

RCT

Not specified, however study reported as

statistically under-powered to detect

modest effects in some biomarkers.

Bacillis subtilis DE111, 1.24× 109 CFU/cap 1 capsule

daily for 12 wk

3 d food diary on wk 1, 9, 12 NSbetween groups. 12 wk

triphasic, undulating, periodized resistance training

program

Intestinal permeability

Cytokine responses

Vaisberg et al.

(89)

n= 42 male runners

Age: Int: 39.6 yrs,

Pla: 40.1 yrs

VO2max (mL/kg/min):

Int: 57.64, Pla: 57.86

RCT

Not specified Lactobacillus casei Shirota,

40× 109 live cells/bottle

1× 80ml bottle daily for 30 days

Dietary control not stated. Instructed to maintain

usual training exercise schedule—not reported.

Cytokine responses

West et al. (90) n= 88 (62M/35F recruited)

cyclists and triathletes

Age:

Int: M: 35.2 yrs,

F: 36.5 yrs,

Pla: M: 36.4 yrs,

F 35.6 VO2max (ml/kg/min):

Int: M: 56.5, F: 53.0

Pla: M: 55.8, F: 51.6

RCT

A sample size of n= 80 required for

identifying substantial changes in the

incidence of illness (91). We assumed a rate

of URTI symptoms of 60% in the placebo

group, with sufficient power (86% at an

alpha-level of 0.05) to detect a 50%

reduction in symptoms.

Lactobacillus fermentum VRI-003 PCC
R©
,

109 CFU/cap 1 capsule daily for 11 wk

4 day food diary. Usual diet, without probiotic foods.

Training log kept

Cytokine responses

Bacterial taxa

GIS

Synbiotic studies

Coman et al.

(92)

n= 10 (3M/7F),

age (range) 20–45 yrs

(activity not stated)

RCT

Not specified Synbiotec S.r.l., Camerino, Italy:

L. rhamnosus IMC 501[R]

L. paracasei IMC 502[R]

plus oat bran fiber 200ml fermented milk,

containing 1× 109 CFU strain per portion. 200ml

Consumed daily for 4 wk

Not stated Bacterial taxa

GIS

Quero et al. (93) n= 27

(14 sedentary males/13

professional male soccer players

2nd Div B level of the Spanish

National League

Age: Sedentary:

Pla: 24.31± 3.94,

Int: 23.04± 2.09

Athletes: Pla: 21.9± 2.77,

Int: 20.66± 1.39

RCT

Not specified Gasteel Plus
R©
(Heel España S.A.U laboratories)

B. lactis CBP-001010,

L. rhamnosus CNCM I-4036,

B. longum ES1,

Fructooligosaccharides (200 mg)

1.5mg of zinc,

8.25 µg of selenium,

0.75 µg of vitamin,

and maltodextrin as an excipient.

1 stick containing≥1× 109 CFU daily for 30 days

Participants were prohibited from consuming

probiotics, prebiotics, or fermented products (yogurt

or other foods) and any medications that could

interfere with the study protocol

Subjects were asked to maintain, 2 weeks before and

during the study, their regular lifestyle.

Cytokine responses

(Continued)
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TABLE 3 (Continued)

References Population and study
design

Sample size determination Supplementation protocol (vs.
placebo or control)

Dietary control (DC)
Physical activity (PA)

Outcome/s reported

Roberts et al.

(94)

n= 20 (18M/2F)

long course triathletes Age

35 yrs

VO2max :

Int: 47.6 mL/kg/min

Pla: 50.5 ml/kg/min RCT

Power calculation assessment for sample

size [G*power3, Dusseldorf (95)]; using α

= 0.05; 1 – β = 0.80; based on observed

data.

Bio-Acidophilus Forte, Biocare Ltd., Birmingham,

UK): L. acidophilus

CUL-60 (NCIMB 30157),

1010 CFU/cap

L. acidophillus

CUL-21 (NCIMB 30156),

1010 CFU/cap

B. bifidum

CUL-20 (NCIMB 30172),

9.510 CFU/cap B. animalis subspecies lactis

CUL-34 (NCIMB 30153),

0.510 CFU/cap Fructooligosaccharides, 55.8mg

per cap 1 capsule daily for 90 days

Habitual diet, food diary first and last wk of each

month. NS between groups or over intervention time

period.

Prescribed triathlon training program, individualized.
NSBetween groups for training load throughout

intervention period.

Intestinal permeability

Endotoxin responses

GIS

Valle et al. (96) n= 65 (39M/26F)

Military recruits

Age:

Int: 19·69± 1·25

Pla: 19·5± 1·22

RCT

Sample calculation in

G * Power 3.1.9.2 software was based on the

following data: 5% sample error, 95% CI

and 0.72 effect size considering pre and

post-intervention IgA values. The effect

size was estimated based on the study by

Olivares et al. (97).

60 g ice cream containing:

Lactobacillus acidophilus LA-5, 10.3 log CFU;

Bifidobacterium animalis BB−12, 11.0 log CFU 2.3 g of

inulin daily for 30 days

We recommended participants not to consume any

foods containing prebiotics and probiotics (e.g.,

probiotic yogurts, fermented milk) 15 d before the

beginning of the research period, particularly over the

weekend, when they are released to go home. This

consumption was controlled during the week as all

food was provided (data not shown).

Not stated during the supplementation period

however the participants were undergoing training in

a military boarding school.

Bacterial taxa Fecal SCFA

GIS

West et al. (98) N = 22 male cyclists

Age: Syn: 34.4± 3.5 yrs,

Pre: 31.4± 4.9 yrs

VO2max :

Syn: 57.9± 7.3 ml/kg/min

Pre: 56.4± 4.9 ml/kg/min

RCT

Sample size was determined based on

variance analysis (standard deviations)

from previous studies on the parameters of

interest. To demonstrate a difference of

0.20 of the pooled between-subject

standard deviation in the salivary immune

parameters, which have previously shown

the largest variance, a total of nine subjects

per group were required to give 80% power

at an α level of 0.05.

Synbiotic capsules (BiosourceTM Gut Balance,

Probiotech Pharma): L. paracasei subs Paracasei (L.

casei

431
R©
),

4.6× 108 per cap Bifidobacterium animalis ssp. lactis

(BB-12
R©
),

6× 108 per cap

L. acidophilus LA-5, 4.6× 108 per cap

L. rhamnosus GG, 4.6× 108 per cap

Raftiline, 90mg per cap

Raftilose GR, 10mg per cap Prebiotic capsules: Acacia

powder, 116mg per cap 3 capsules daily for 3 wk

14 days run-in, no yogurt or products influencing

microbiome.

Training log kept:

Training load/wk: (duration× intensity)

Syn: 21.3± 18.5

Pro: 21.4± 16.8NS

Cytokine responses

Intestinal permeability

Bacterial

taxa Fecal

SCFA

GIS

RCT, Randomized control trial; RXT, randomized crossover trial; SCFA, short chain fatty acids; wk, weeks; NS, not significant.
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Intestinal permeability at rest

N = 6 studies assessed markers of intestinal permeability at

rest, before and after the supplementation period (Tables 3, 4).

Reported markers included urinary lactulose:mannitol ratio (62,

94, 98), fecal (62, 63, 76) and serum zonulin (62, 88). One study

observed a reduction in both urinary lactulose:mannitol ratio

and serum zonulin, pre- to post-supplement period with inulin-

enriched pasta ingestion, and no change was observed in the

placebo trial (62). N = 1 study reported a 20% reduction in

fecal zonulin following 14 weeks supplementation with a multi-

strain probiotic (B. bifidum W23, B. lactis W51, E. faecium

W54, L. acidophilus W22, L. brevis W63, and L. lactis W58),

with the post-supplementation intervention value significantly

lower than placebo that remained unchanged from baseline (76).

No statistically significant differences were observed for other

outcomes or interventions.

Systemic bacterial endotoxin profile at
rest

N = 4 studies assessed systemic endotoxin responses

pre- and post- supplementation period (Tables 3, 4). LPS

and LBP were not influenced by 6 weeks supplementation

with B. longum 35624 (88), or following 2 weeks multi-

strain supplementation with S. thermophilus, L. delbrueckii

spp. bulgaricus and L. rhamnosus GG (66). Gram negative

endotoxin units (using a Limulus amoebocyte lysate endotoxin

kit) (66) and anti-LPS endotoxin-core antibodies (i.e., IgG) were

unaffected by 12 weeks of a synbiotic (multi-strain probiotic

plus fructo-oligosaccharide) supplementation (94). Seven days

of supplementation with L. casei (strain not specified) resulted

in no change in plasma gram negative endotoxin concentration

and no difference compared with placebo (68).

Systemic inflammatory cytokine profile at
rest

N = 14 studies assessed systemic inflammatory cytokine

responses or systemic inflammatory regulating factors, before

and after the supplementation period (Tables 3, 4); of which,

n = 12 used probiotics (63, 65–67, 69, 73, 76, 82, 83, 87–

89) and n = 2 synbiotic (93, 98) as the intervention. Of

these, n = 3 studies observed a positive effect of probiotic

supplementation compared with placebo. An attenuated rise in

C-CMotif Chemokine Ligand 2 (CCL2) was observed following

2 weeks supplementation with S. thermophilus, L. delbrueckii

spp. Bulgaricus, and L. rhamnosus GG, compared with placebo

(66). An attenuated rise in tumor necrosis factor alpha (TNF-

α) was observed following 12 weeks supplementation with B.

subtilis, compared with placebo (88). A significant reduction

was observed in interleukin (IL)-2 and IL-10 compared with

baseline in the intervention group only, and a significant

drop in IL-4 was observed in the placebo group only

compared with baseline, following 30 days of supplementing

with Lactobacillus acidophilus-LB-G80, Lactobacillus paracasei-

LPc-G110, Lactococcus subp. lactis-LLL-G25, Bifidobacterium

animalis subp. lactis-BL-G101 and Bifidobacterium bifidum-BB-

G90 (87). A multi-strain synbiotic (L. paracasei subs Paracasei

(L. casei 431
R©
), B. animalis ssp. lactis (BB-12

R©
), L. acidophilus

LA-5, L. rhamnosus GG, Raftiline, and Raftilose GR) for 3

weeks resulted in a 50% lower increase in circulating IL-16

concentration, compared to a prebiotic control (i.e., acacia

gum) (98). One study with a multi-strain synbiotic (B. lactis

CBP-001010, L. rhamnosus CNCM I-4036, B. longum ES1, and

Fructooligosaccharides) for 30 days reported greater reduction

in circulating IL-10 concentration in the placebo than the

intervention group (93). Otherwise, no other effects on resting

systemic inflammatory cytokines were reported.

Gastrointestinal functional markers at
rest

N = 4 studies, all prebiotic supplementation interventions,

reported outcomes relating to gastrointestinal functional

responses at rest (55, 59–61) (Tables 3, 4). N = 1 study

reported a reduction in frequency of bowel movements

with the consumption of bread fortified with arabinoxylan

oligosaccharides (AXOS) (55). Five weeks consumption of

inulin enriched pasta increased ultrasound-measured gastric

half emptying time at rest by a median 8.3min, and full

emptying time by a median 30min, with no effect observed with

placebo (45). Presumably the same intervention reported in a

separate paper (61), a significantly greater increase in themedian

proportion of normal resting slow waves (i.e., normogastria)

from pre- to post-intervention with electrogastrography (EGG)

was observed. No other effects of supplementation intervention

were observed on gastrointestinal functional markers.

Gastrointestinal symptoms at rest

The incidence of GIS throughout the period of

supplementation was measured in n = 16 studies; of which, n

= 6 utilized prebiotic (45, 55–57, 59, 60, 62), n = 7 probiotic

(70, 72, 79, 82, 85, 90, 99), and n = 3 synbiotic (92, 94, 96)

interventions (Tables 3, 4). Prebiotics supplementation did

not influence GIS incidence at rest, other than a doubling of

flatulence during 28 days of chicory or Jerusalem artichoke

inulin supplementation, compared to placebo (59). A mild

increase in flatulence was also seen following high dose AXOS

bread consumption for 3 weeks, compared with placebo (57).
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TABLE 4 Systematic review study outcomes of included studies that attempted to determine the impact of prebiotic, probiotic, and synbiotic

supplementation on gastrointestinal outcomes at rest.

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Intestinal permeability

Russo et al. (62) N = 20

Study

design: RXT

Prebiotic vs. placebo Inulin-enriched pasta, 5 wk Urinary lactulose/mannitol ratio:

Int ↓ 0.02, Pla↔ 0.00 (p < 0.05).

Serum zonulin:

Int ↓ 1.61 ng/ml, Pla ↑ 0.35 ng/ml (p < 0.05).

Fecal zonulin:

Int ↑ 0.01µg/g, Pla↔ 0.00 µg/g NS

Axelrod et al. (63) n= 7

RXT

Probiotic vs. placebo L. salivarius UCC118, 4 wk Fecal zonulin:

Int ↓ 0.18 mg/dL, Pla ↓ 0.2 mg/dL NS

Lamprecht et al. (76) n= 23

RCT

Probiotic vs. placebo B. bifidumW23, B lactis W51, E. faeciumW54, L.

acidophilus W22, L. brevis W63, L. lactis W58, 14 wk

Fecal zonulin:

Int ↓ 8.8 ng/ml, Pla ↑ 1.6 ng/ml (p= 0.019)

Townsend et al. (88)
n= 25

RCT

Probiotic vs. placebo Bacillis subtilis DE111, 12 wk Serum zonulin:

Int ↑ 0.2 ng/ml, Pla ↑ 0.2 ng/mlNS

Roberts et al. (94)
n= 20

RCT

Synbiotic vs. prebiotic L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus

CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB

30172), B. animalis subspecies lactis CUL-34 (NCIMB

30153, Fructooligosaccharides, 12 wk

Urinary lactulose/mannitol ratio:

Int ↑ 0.011, Pla ↑ 0.029NS

West et al. (98) n= 22

RCT

Synbiotic vs. prebiotic L. paracasei subs Paracasei

(L. casei 431
R©
), B. animalis ssp. lactis (BB-12

R©
), L.

acidophilus LA-5, L. rhamnosus GG, Raftiline,

Raftilose GR, 3 wk

Lactulose/mannitol ratio:
NSbetween groups (data not reported)

Endotoxin responses

Burton et al. (66) n= 13

RXT

Probiotic vs. placebo S. thermophilus, L. delbrueckii spp. Bulgaricus, L.

rhamnosus GG, 2 wk

LPS:

Int ↓ 0.3 pg/ml, Pla ↓ 0.05 pg/mlNS

Gill et al. (68) n= 8

RXT

Probiotic vs. placebo L. casei, 1.0× 1011 cells/bottle

Commercial supplement, taken twice daily for 7 days

Gram negative endotoxin:

Int ↑ 0.1 EU/ml, Pla ↑ 0.3 EU/mlNS

Carbuhn et al. (67) n= 17

RCT

Probiotic vs. placebo B. longum 35624, 6 wk LPS:
NSbetween groups (data not reported)

LBP:
NSbetween groups (data not reported)

Roberts et al. (94) n= 20

RCT

Synbiotic vs. placebo L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus

CUL-21 (NCIMB 30156), B. bifidum CUL-20, B.

animalis subspecies lactis CUL-34 (NCIMB 30153),

Fructooligosaccharides, 12 wk

Endotoxin units:

Int ↓ 2.30 pg/ml, Pla ↓ 0.84 pg/ml NS

IgG endotoxin antibodies (anti-LPS):

Int ↑ 42 MU/ml, Pla ↓ 42 MU/mlNS

Cytokine responses

Axelrod et al. (63) n= 7

RXT

Probiotic vs. placebo L. salivarius UCC118, 4 wk IL-6:

(11 pre to post-exercise, pre to post-intervention)

Int ↑ 0.5 pg./ml, Pla: ↑ 1.4pg/ml NS

Batatinha et al. (65) n= 27 Probiotic vs. placebo B. animalis. Lactis 10× 109 ; L. Acidophilus 10× 109

1 sachet daily for 30 days

IL-10:

(baseline to pre-ex 1)

Int: ↓ 5.5 ng/ml, Pla: ↓ 3.2 ng/mlNS

IL-4:

Int: ↓ 3.0 ng/ml, Pla: ↓ 0.9 ng/mlNS

IL-6:

Int:↔ 0 ng/ml, Pla: ↓ 2.5 ng/mlNS

IL-2:

Int: ↓ 0.4 ng/ml, Pla: ↓ 2.6 ng/mlNS

IL-15:

Int: ↓ 0.4 ng/ml, Pla: ↓ 0.6 ng/mlNS

IL-8 (ng/ml):

Int: ↑ 0.4 ng/ml, Pla: ↓ 3.8 ng/mlNS

IL-1β:

Int: ↓ 0.7 ng/ml, Pla: ↓ 0.8 ng/mlNS

TNF-α:

Int: ↓ 2.2 ng/ml, Pla: ↓ 3.7 ng/mlNS

IFN-γ :

Int: ↓ 2.6 ng/ml, Pla: ↓ 9.0 ng/ml NS

Burton et al. (66) n= 13

RXT

Probiotic vs. placebo S. thermophilus, L. delbrueckii spp. Bulgaricus, L.

rhamnosus GG, 2 wk

TNF-α:

Int ↑ 0.75 pg/ml, Pla ↑ 0.95 pg/mlNS

IL-6:

Int ↓ 0.45 pg/ml, Pla ↑ 0.65 pg/mlNS

CCL2:

Int ↑ 1.8 pg/ml, Pla ↑ 12.55 pg/ml (p= 0.01)

CCL5:

Int ↓ 12.75 pg/ml, Pla ↓ 7.6 pg/ml NS
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Carbuhn et al. (67) n= 17

RCT

Probiotic vs. placebo B. longum 35624, 6 wk IL-1ra:

Int ↓ 107 pg/ml, Pla ↓ 37 pg/mlNS

IFN-γ, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17,

IL-17F, and IL-22, TNF-α_ were below detectable levels

in assay.

Gill et al. (68) n= 8

RXT

Probiotic vs. placebo L. casei, 1 wk IL-6:

Int ↑ 0.1 pg/ml, Pla ↑ 0.4 pg/mlNS

IL-1β: Int ↓ 0.05 pg/ml, Pla ↓ 0.02 pg/mlNS

TNF-α: Int ↓ 0.1 pg/ml, Pla ↑ 0.2 pg/mlNS

IFN-γ:

Int ↑ 0.1 pg/ml, Pla ↑ 0.7 pg/mlNS

IL-10:

Int ↑ 1.2 pg/ml, Pla ↑ 4.8 pg/mlNS

IL-8:

Int↔ 0.0 pg/ml, Pla ↑ 0.3 pg/ml NS

Hoffman et al. (73) n= 15

RCT

Probiotic vs. placebo Inactivated Bacillus coagulans; 2 wk IFN-γ : Int: ↓ 0.2 pg/ml, Pla: ↓ 3.6 pg/mlNS

IL-10 :

Int: ↑ 0.4 pg/ml, Pla: ↓ 1.4 pg/mlNS

IL1-B:

Int: ↑ 0.3 pg/ml, Pla: ↑ 2.8 pg/mlNS

IL-2:

Int: ↓ 0.3 pg/ml, Pla: ↓ 0.3 pg/mlNS

IL-6:

Int: ↓ 0.2 pg/ml, Pla: ↓ 1.0 pg/mlNS

IL-8:

Int: ↓ 2.4 pg/ml, Pla: ↓ 3.6 pg/mlNS

TNF-α:

Int: ↓ 1.7 pg/ml, Pla: ↓ 4.5 pg/ml NS

Lamprecht et al. (76) n= 23

RCT

Probiotic vs. placebo B. bifidumW23, B lactis W51, E. faeciumW54, L.

acidophilus W22, L. brevis W63, L. lactis W58, 14 wk

TNF-α:

Int ↓ 17.1 pg/ml, Pla ↑ 4.7 pg/mlNS

IL-6:

Int ↓ 1.0 pg/ml, Pla ↑ 0.1 pg/ml NS

Schreiber et al. (82) n= 27

RCT

Probiotic vs. placebo L. helveticus Lafti L10, B. animalis ssp. lactis Lafti B94

E. faecium R0026, B. longum R0175

Bacillus subtilis R0179, 90 days

ANCOVA, (1) changes from baseline, adj. for training loads.

IL-6 adj:

Int: 0.11± 0.64, Pla:−0.25± 0.6NS

TNF-α adj:

Int:−0.02± 0.23, Pla: 0.06± 0.21NS

CRP adj:

Int: 443.82± 238.73, Pla: 231.55± 381.28 NS

Smarkusz-Zarzecka

et al. (83)

n= 66

RCT

Probiotic vs. placebo B. lactisW52, L. brevisW63, L. caseiW56, Lactococcus

lactisW19, Lactococcus lactisW58, L. acidophilus

W37, B. bifidumW23, L. salivariusW24.

3 months

CRP: Male: 1: Int: ↓0.12 mg/L, Pla: ↓ 0.31 mg/LNS

Female 1: Int: ↓1.3 mg/L, Pla: ↓ 0.6 mg/LNS

TNF-α:

Male: 1: Int: ↓ 1.62 mg/L, Pla: ↓ 0.88 mg/LNS

Female: 1: Int: ↓ 1.43 mg/L, Pla: ↓1.72 mg/L NS

Tavares-Silva et al.

(87)

n= 14

RCT

Probiotic vs. placebo Gelatinous capsules: Lactobacillus

acidophilus-LB-G80, Lactobacillus

paracasei-LPc-G110, Lactococcus subp. lactis-LLL-G25,

Bifidobacterium animalis subp. lactis-BL-G101,

Bifidobacterium bifidum-BB-G90; 30 days

IL-2 (Baseline to 24 h before marathon)

Int: ↓ 0.37 pg/ml (p < 0.04), Pla: ↓ 0.2 pg/mlNS

IL-4 (Baseline to 24 h before marathon)

Int: ↓ 0.73 pg/mlNS , Pla: ↓ 0.89 pg/ml (p < 0.04)

IL-10 (Baseline to 24 h before marathon)

Int: ↓ 0.97 pg/ml (p < 0.001), Pla: ↓ 0.05 pg/mlNS

TNF-α (Baseline to 24 h before marathon)

Int: ↑ 0.09 pg/mlNS , Pla: ↓0.05 pg/ml NS

Townsend et al. (88) n= 25

RCT

Probiotic vs. placebo Bacillis subtilis DE111, 12 wk TNF-α: Int: 1: ↓ 0.25 pg/ml, Pla: 1: ↑ 0.36 pg/ml

Int ↓ Pla, p= 0.024

IL-10: Int: 1: ↑ 0.1 pg/ml, Pla 1: ↑ 0.15 pg/ml NS

Vaisberg et al. (89) n= 42

RCT

Probiotic vs. placebo L. casei Shirota, 30 days IL-1β: Int ↑ 22.7 pg/ml, Pla ↑ 20.9 pg/mlNS

IL-1ra: Int ↑ 16.3 pg/ml, Pla ↑ 10.5 pg/mlNS

IL-4: Int ↑ 9.4 pg/ml, Pla ↑ 11.3 pg/mlNS

IL-5: Int ↑ 7.2 pg/ml, Pla ↑ 6.7 pg/mlNS

IL-6: Int ↑ 4.4 pg/ml, Pla ↑ 0.9 pg/mlNS

IL-10: Int ↑ 5.7 pg/ml, Pla ↑ 2.6 pg/mlNS

IL-12p70: Int ↑ 6.9 pg/ml, Pla ↑ 3.6 pg/mlNS

IL-13: Int ↑ 7.3 pg/ml, Pla ↑ 6.9 pg/mlNS

TNF-α: Int ↑6.6 pg/ml, Pla ↑ 22.2 pg/mL NS
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Quero et al. (93) n= 27

RCT

Synbiotic vs. placebo B. lactis CBP-001010, L. rhamnosus CNCM I-4036, B.

longum ES1, Fructooligosaccharides, 30 days

IL-1β: Sedentary: Int: ↑ 0.3 pg/mL (p < 0.01), Pla: ↑ 0.1

pg/mLNS

Athletes: Int: ↓ 0.2 pg/mLNS , Pla: ↓ 0.2 pg/mLNS

IL-10

Sedentary: Int: ↓ 0.3 pg/mL (p < 0.01), Pla: ↓ 0.4 pg/mL (p <

0.05)

Athletes: Int: ↑ 0.05 pg/mLNS , Pla: ↓ 0.05 pg/mL NS

West et al. (98) n= 22

RCT

Synbiotic vs. prebiotic L. paracasei subs Paracasei

(L. casei 431
R©
), B. animalis ssp. lactis (BB-12

R©
), L.

acidophilus LA-5, L. rhamnosus GG, Raftiline,

Raftilose GR, 3 wk

IL-16: 50% greater increase in Pre vs. Syn (p= 0.02)

IL-18: NSbetween pre and syn, no additional data shown

IL-12 and IFN-γ: Undetectable in assay

Gastrointestinal function

Damen et al. (55) n= 27

RXT

Prebiotic vs. placebo Arabinoxylan oligosaccharides (AXOS), 3 wk Defecation frequency: Int ↓ 0.1/day, Pla ↑ 0.1/day (p < 0.05)

Bristol stool form scale: Int ↓ 0.1/day, Pla ↑ 0.2/day NS

Kleessen et al. (59) n= 45

RCT

Prebiotic vs. prebiotic

vs. placebo

Chicory inulin (CH) or Jerusalem artichoke inulin

(JA), 3 wk

Defecation frequency: CH ↑ 3/wk (p < 0.05), JA ↑ 2/wk (p <

0.05), Pla ↑ 2/wk (p < 0.05)

Stool consistency (1–4 scale, hard to soft): CH: ↑ 2 (p <

0.05), JA: ↑ 3 (p < 0.05), Pla: ↑ 1 NS

Russo et al. (61) n= 20

RXT

Prebiotic vs. placebo Inulin-enriched pasta, 5 wk Ultrasound full gastric emptying time:

Int ↑ 30min (p < 0.05), Pla↔ 0 minNS

Electrogastrography (% normal slow waves): Pre-Prandial:

Int ↑ 12.5%, Pla ↑ 6.5% (p= 0.05)

Post-prandial:

Int ↑ 5.6%, Pla ↑ 2.0% (p= 0.03)

Russo et al. (45) n= 20

RXT

Prebiotic vs. placebo Inulin-enriched pasta, 5 wk Ultrasound half gastric emptying time: Int ↑ 8.3min (p <

0.05), Pla ↑ 1.4 minNS

Reimer et al. (60) N = 48

RXT

Prebiotic vs. Prebiotic

vs. placebo

Chicory inulin type fructans (ITF), 4 wk Stools/d (1 c/f baseline): Int 1:−0.1± 0.2, Con 1: 0.3±

0.2NS

Int 2:−0.1± 0.2, Con 2: 0± 0.1NS

Bristol Stool Rating [(1–7) 1 c/f baseline]:

Int 1:−0.1± 0.3, Con 1:−0.4± 0.3NS

Int 2:−0.1± 0.3, Con 2: 0± 0.3 NS

Bacterial taxa

Damen et al. (55) n= 27

RXT

Prebiotic vs. placebo Arabinoxylan oligosaccharides (AXOS), 3 wk FISH analysis to count number of different bacterial groups.

Total bacteria cell counts were determined by

4
′
-6-diamidino-2-phenylindole.

NSChanges in abundance or diversity between groups or

pre-post supplementation in the same group

Finegold et al. (56) n= 32

RCT

Prebiotic vs. Prebiotic

vs. placebo

Xylooligosaccharides (XOS), 8 wk Bacterial diversity (Operational Taxonotic Units, species

level and Shannon index): NSin α-diversity (OTU) or

Shannon index.

16S rRNA gene sequencing/log10 scale of bacterial counts

(CFU/g)

↑ Bifidobacterium count in high dose XOS only (p < 0.05)

↑ Bacteroides fragilis in high dose XOS only (p < 0.05)

↑ total anaerobes count in high dose XOS only (p < 0.05)
NSFor total aerobes, Lactobacillus, Enterobacteriaceae, and

Clostridium counts cf. baseline in all groups

↓ Enterobacteriaceae count cf placebo after washout (p

< 0.05)

François et al. (57) n= 63

RXT

Prebiotic vs. Prebiotic

vs. placebo

Arabinoxylan oligosaccharides (AXOS), 3 wk FISH analysis to count number of different bacterial groups.

Total bacteria cell counts were determined by

4’-6-diamidino-2-phenylindole. Percentage of bifidobacterial

calculated as the ratio of the absolute amounts of

bifidobacteria to the total bacterial cell count.

Bifidobacteria (log10 counts/g dry weight feces):High: 9.3,

Low: 9.0, Pla: 8.9

High vs. Low p < 0.05

High vs. Pla p < 0.001NS for Lactobacilli, Faecalibacterium

prausnitzii, Clostridium histolyticum–lituseburense or

Roseburia–Eubacterium rectale

Kleessen et al. (59) n= 45

RCT

Prebiotic vs. prebiotic

vs. placebo

Chicory inulin (CH) or Jerusalem artichoke inulin

(JA), 3 wk

Bacterial counts were assessed by fluorescent in situ

hybridization or colony forming units, as assessed by

conventional culture methods.

(Continued)
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

All data expressed in log10 counts/g wet weight feces

Total bacteria: CH: ↑ 0.1, JA:↔0, Pla:↔0, NSClostridium

coccoides/Eubacterium rectale cluster : CH: ↓ 0.6 (p < 0.05),

JA: ↓ 0.6 (p < 0.05), Pla: ↓0.3, NSBacteroides/Prevotella: CH:

↓ 0.4 (p < 0.05), JA: ↓ 0.6 (p < 0.05), Pla: ↑ 0.1

CH and JA both > Pla (p < 0.05)

Faecalibacterium prausnitzii: CH: ↓ 0.2, JA: ↓ 0.2, Pla: ↓ 0.1,
NSBifidobacterium: CH: ↑ 1.2, JA: ↑ 1.2, Pla: ↑ 0.3

CH and JA both > Pla (p < 0.05)

Atopobium group: CH:↔ 0, JA: ↓ 0.2, Pla:↔ 0,
NSLactobacillus: CH: ↓ 0.9, JA: ↓ 0.5, Pla: ↓ 0.7,
NSEnterococcus: CH: ↓ 0.9, JA: ↓ 0.4, Pla: ↑ 0.4,
NSEnterobacteriaceae: CH: ↓ 0.4, JA: ↓ 0.9, Pla: ↓ 0.7 NS

Reimer et al. (60) n= 48

RXT

Prebiotic vs. Prebiotic

vs. placebo

Chicory inulin type fructans (ITF), 4 wk Results are expressed as relative abundance (%) of

Bifidobacterium per total bacteria (Bifidobacterium 16S

rRNA gene copies× 100/total 16S rRNA gene copies).

Bacterial diversity
NSin α-diversity.

Community Structure
NS in β-diversity

Microbial abundance (phylum)

(Con=> Int 1/Int 1=> Con)

Actinobacteria:

Con: 6.02± 5.26 Int 1: 15.23± 12.37, ↑ 153% p < 0.01(adj)

Int: 11.70± 8.65 Con: 6.36± 3.95

↓ 83% p < 0.01(<adj)

Firmicutes

Con: 85.91± 9.02 Int 1: 78.72± 10.96,

↓ 8% p < 0.01(adj)

Int: 82.52± 9.58 Con: 88.13± 4.37

↑ 6% p < 0.01(adj)

Bacteroidetes

Con: 6.51± 7.96 Int 1: 3.48± 4.26,

↓ 46% p= 0.05(adj)

(Con=> Int 2/Int 2=> Con)

Actinobacteria

Con: 8.07± 7.38 Int 2: 13.19± 12.37 0.01

↑ 63% NSProteobacteria

Con: 0.79± 1.29 Int 2: 0.38± 0.39 0.04

↓ 51%NS

Family (Con ≥ Int 1/Int 1 ≥ Con)

Bifidobacteriaceae

Con: 2.52± 2.90 Int 1: 10.28± 9.09, p < 0.01(adj)

↑ 308% p < 0.01(adj)

7.57± 8.08 2.63± 1.88

↓ 65% p < 0.01(adj)

Actinomycetaceae

Con: 0.06± 0.09 Int 1: 0.24± 0.29

↑ 300% p < 0.01(adj)

Int 1: 0.23± 0.24 Con: 0.09± 0.08

↑ 60% p < 0.01(adj)

Microbacteriaceae

Con: 0.003± 0.01 Int 1: 0.01± 0.02

↑ 233% p < 0.01(adj)

Int 1: 0.01± 0.02 0.0006± 0.003

↓ 94% p < 0.05(adj)

Cellulomonadaceae

Con: 0.0003± 0.002 Int 1: 0.01± 0.01

↑ 3,233% p < 0.01(adj)

Micrococcaceae

Con: 0.06± 0.10 Int 1: 0.19± 0.33

↑ 216% p < 0.01(adj)

Brevibacteriaceae

Con: 0.01± 0.03 Int 1: 0.03± 0.05

↑ 200% p < 0.01(adj)

Family (Con ≥ Int 2/Int 2 ≥ Con)

Micrococcaceae

Con: 1.18± 1.72 Int 2: 2.37± 2.67

↑ 101%NS
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TABLE 4 (Continued)

References N and
study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Vibrionaceae

Con: 0.21± 0.44 Int 2: 0.05± 0.08

↓ 76%NS

Bifidobacteriaceae

Con: 1.17± 1.91 Int 2: 2.39± 3.63

↑ 104%NS

Enterobacteriaceae

Con: 0.42± 0.93 Int 2: 0.10± 0.17

↓ 76NS

Actinomycetaceae

Con: 0.44± 0.77 Int 2: 0.88± 1.44

↑ 100%NS

Genus (Con ≥ Int 1/Int 1 ≥ Con)

Bifidobacterium

Con: 5.30± 5.87 Int 1: 18.73± 14.99, ↑ 253% p < 0.01(adj)

Int 1: 11.91± 12.02 Con: 4.63± 3.42

↓ 61% p < 0.01(adj)

Actinomyces

Con: 0.13± 0.18 Int 1: 0.45± 0.49, ↑ 246% p < 0.01(adj)

Int 1: 0.37± 0.38 Con: 0.16± 0.15

↓ 56% p < 0.02(adj)

Cellulomonas

Con: 0.0007± 0.01 Int 1: 0.01± 0.03

↑ 1,328% p < 0.02(adj)

Nesterenkonia

Con: 0.12± 0.21 Int 1: 0.35± 0.54

↑ 191% p < 0.03(adj)

Lachnospira

Con: 2.20± 2.70 Int 1: 0.93± 1.36

↓ 57% p < 0.04(adj)

Oscillospira

Con: 1.11± 1.01 Int 1: 0.65± 0.54

↓ 41% p < 0.04(adj)

Brevibacterium

Con: 0.03± 0.05 Int 1: 0.06± 0.08

↑ 100% p < 0.04(adj)

Genus (Con=> Int 2)

Nesterenkonia

Con: 2.46± 3.32 Int 2: 4.86± 4.75

↑ 97% NS

Vibrio

Con: 0.50± 1.12 Int 2: 0.10± 0.16

↓ 80% NS

Bifidobacterium

Con: 2.47± 3.83 Int 2: 4.62± 6.13

↑ 87%NS

Actinomyces

Con: 0.91± 1.53 Int 2: 1.67± 2.46

↑ 83%NS

Axelrod et al. (63) n= 7

RXT

Probiotic vs. placebo L. salivarius UCC118, 4 wk DNA extraction by shotgun metagenomic sequencing.

Shannon and Simpson index
NSin α-diversity or richness.

Probiotic data only, no placebo data available

Phyla: Verrucomicrobia ↓ 0.144% (q= 0.001)

Genus: Prosthecobacter ↓ 0.141% (q= 0.004)

Species: fusiformis ↓ 0.051% (q= 0.006)

Burton et al. (66) n= 13

RXT

Probiotic vs. placebo
S. thermophilus, L. delbrueckii spp. Bulgaricus, L.

rhamnosus

GG, 2 wk

16S rRNA gene sequencing

Relative abundance compared to baseline

S. salivarius spp. thermophilus:

Int ↑ 0.10%, Pla↔ 0.0% (p < 0.05)

L. delbrueckii spp. Bulgaricus:

Int ↑ 0.02%, Pla↔ 0.0% (p < 0.05)

L. rhamnosus GG:

Int↔ 0.0%, Pla↔ 0.0% NS

Bilophila wadsworthia:

Int ↓ 0.07%, Pla ↓ 0.27% NS

B. kashiwanohense/B. pseudocatenulatum:

Int ↓ 0.05%, Pla ↑ 0.05% (p < 0.05)
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Outcome measure/s (1 in mean/median
from pre- to post-supplementation period
unless otherwise indicated)

Huang et al. (74) n= 20 male

RCT

Probiotic vs. placebo L. plantarum PS128, 4 wk 16S rRNA gene sequencing

No baseline data reported.

% Relative abundance (Phyla)

Int: Fermicutes 46.6%, Bacteriodetes 47.0%, Proteobacteria

3.8%, Actinobacteria 2.1%, Fusobacteria 0.3%

Pla: Fermicutes 50.3%, Bacteriodetes 41.6%, Proteobacteria

4.9%, Actinobacteria 1.0%, Fusobacteria 1.5%
NS between groups.

Relative abundance (Genus)

Anaerotruncus (×10−4) Int 0, Pla 1.0; Caproiciproducens

(×10−4) Int 0.1, Pla 1.0; Coprobacillus (×10−5) Int 0, Pla 3.3;

Desulfovibrio (×10−5), Int 0, Pla 5.9; Dielma (×10−5), Int 0,

Pla 2.6; Family_XIII_UCG_001 (×10−5), Int 0.9, Pla 9.2;

Holdemania (×10−5), Int 0.6, Pla 7.2; Oxalobacter (×10−5),

Int 0, Pla 6.1; Int < Pla (p < 0.05)

Akkermansia (×10−3), Int 5.0, Pla 1.3; Bifidobacterium

(×10−2), Int 1.5, Pla 0.8; Butyricimonas (×10−3), Int 4.7, Pla

2.3; Lactobacillus (×10−3), Int 1.7, Pla 0.7; Int > Pla (p

< 0.05)

Klein et al. (75) n= 26

RXT

Probiotic vs. placebo B. lactis 420x, L. acidophilus 74-2, 5 wk Preparation of fecal samples by FISH analysis.

Relative abundance compared to baseline

B. lactis: Int ↑ 1.43%, Pla ↑ 0.39% (p < 0.05)

L. acidophilus: Int ↑ 0.18%, Pla ↑ 0.02% (p < 0.05)

Lee et al. (77) n= 16

RCT

Probiotic vs. placebo L. paracasei DSM 32785 (LPC12), L. rhamnosus DSM

32786 (LRH10), L. helveticus DSM 32787 (LH43), L.

fermentum DSM 32784 (LF26), and S. thermophilus

DSM 32788 (ST30)

28 days

qPCR method was used for the identification and

quantification of gut microbiota.

Pre-post 1 in Log10 cells/g

Lactobacillus:

Int: ↑ 0.2, Pla: ↑ 0.5, NS

Bifidobacterium:

Int: ↓ 0.2, Pla: ↑ 0.3 “Decreased in intervention group” (p <

0.05)

Clostridium: Int: ↓ 1.0, Pla:↓ 1.0 NS

Bacteroides: Int: ↓ 0.3, Pla: ↑ 0.1 NS

Lin et al. (78) n= 21 Probiotic vs. placebo Bifidobacterium longum subsp. Longum, 5 wk 16S rRNA gene sequencing

Phylum:

Int: Actinobacteria and Firmicutes greater abundance

post-supplementation, compared with Pla. (p-value not

shown).

Proteobacteria reduced abundance post-supplementation,

compared with Pla. (p-value not shown).

Genus:

Int: ↑ Bifidobacterium compared with Pla (p= 0.0027). 9-fold

↑ in Lactobacillus count.

Species:

Bifidobacterium longum subsp. longum relative abundance

Int: 0.95%; ↑ 8.63-fold (p= 0.0178).

Pla: 0.11%
NS in amounts of common strains

Sánchez Macarro

et al. (80)

n= 43

RCT

Bifidobacterium longum CECT 7347 Lactobacillus casei

CECT 9104, and Lactobacillus rhamnosus CECT 8361

6 wk

16S rRNA gene sequencing

Bacterial diversity

Richness:

Int:↔ 0, Pla: ↓6 NS

Simpson index:

Int:↔ 0, Pla: ↑0.03, NS

Shannon index:

Int: ↑0.01, Pla: ↑0.15 NS

Family (log relative counts)

Rhodospirillaceae:

Int < Pla, log2 fold= 2.71, p= 0.019 (adj)

Streptococcaceae:

Int < Pla, log2 fold= 2.20, p= 0.019(adj)

Genera (log relative counts)

Rhodospirillum:

Pla > Int, p= 0.007(adj)

Streptococcus:

Pla > Int, p= 0.007(adj)

Within group differences noted in genera.
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from pre- to post-supplementation period
unless otherwise indicated)

Son et al. (84) n= 15

RCT

Probiotic vs. placebo L. acidophilus, L. casei, L. helveticus, B. bifidum, 60

days

16S rRNA gene sequencing

Shannon and Simpson index
NS in α-diversity, pre and post

Species: NS changes in the abundance of the four

microorganisms present (three Lactobacilli and

one Bifidobacterium).

West et al. (90) n= 88

RCT

Probiotic vs. placebo Lactobacillus fermentum VRI-003 PCC
R©
, 11 wk Microbiome Diversity (16SrRNA)

NS changes in bacterial diversity (data not shown)

All data reported as raw bacterial counts—no statistical testing

of between group changes.

Total bacteria:

Males: Int ↓ 0.5× 1010 , Pla Pre: ↓ 0.5× 1010

Females: Int ↑ 0.7× 1010 , Pla ↓ 1.0× 1010

C. coccoides: Males: Int ↓ 2.3× 108 , Pla ↓ 3.4× 108

Females: Int↔ 0, Pla ↓ 1.54× 109

E. coli: Males: Int ↑ 6.4× 105 , Pla ↑ 6.8× 105

Females: Int ↑ 1.36× 107 , Pla ↑ 4.3× 104

Bifibacteria: Males: Int ↓ 0.3× 107 , Pla ↓ 5.6× 106

Females: Int ↑ 0.7× 106 , Pla ↓ 6.1× 106

Bacteroides: Males: Int ↑ 0.6× 106 , Pla ↑ 1.6× 106

Females: Int ↑ 1.3× 106 , Pla ↓ 4.4× 107

Lactobacillus: Males: Int ↑ 5.8× 104 , Pla ↓ 2.8× 106

Females: Int ↑ 7.0× 104 , Pla ↑ 6.9× 104

Coman et al. (92) n= 10

RCT

Synbiotic vs. placebo L. rhamnosus IMC 501[R], L. paracasei IMC 502[R],

plus oat bran fiber, 4 wk

qPCR procedure for quantification of selected bacterial

groups

Log CFU/g feces

Bacteroides-Prev.-Porphyr. spp.: Int ↓ 0.18 log CFU/g, Pla ↑

0.21 log CFU/g NS

Staphylococcus spp.: Int ↓ 0.08 log CFU/g, Pla ↑ 0.16 log

CFU/g NS

Cl. coccoides-Eubact. rectale group: Int: ↓ 0.33 log CFU/g, Pla

↓ 0.01 log CFU/g NS

Lactobacillus spp.: Int: ↑ 1.44 log CFU/g (p < 0.05), Pla ↓

0.43 log CFU/g NS

Bifidobacterium spp.: Int: ↑ 1.52 log CFU/g (p < 0.05), Pla ↑

0.16 log CFU/g NS

Enterobacteriaceae: Int: ↓ 0.14 log CFU/g, Pla ↑ 0.35 log

CFU/g NS

Valle et al. (96) n= 65

RCT

Synbiotic vs. placebo Lactobacillus acidophilus LA-5; Bifidobacterium

animalis BB-12

2.3 g of inulin, 30 days

16S gene sequencing

α–Diversity (Shannon index):

Int:↓ 0.125 Pla: ↑ 0.027 NS

α–Diversity (Simpson index): Int: ↓ 0.017, Pla: ↑ 0.01 NS

West et al. (98) n= 22

RCT

Synbiotic vs. prebiotic L. paracasei subs Paracasei

(L. casei 431
R©
), B. animalis ssp lactis (BB-12

R©
), L.

acidophilus LA-5, L. rhamnosus GG, Raftiline,

Raftilose GR, 3 wk

Microbiome Diversity (16SrRNA)
NS changes in bacterial diversity (data not shown)

All data reported as raw bacterial counts.

Total bacteria: Syn↔ 0, NS , Pre ↑ 2× 108

Total Lactobacillus (mean): Syn↔ 0, Pre ↑ 1.5× 104 NS

L. paracasei (mean): Syn ↑ 8× 102 , Pre ↓ 2× 102 (“large”

9-fold difference)

B. lactis (mean): Syn ↑ 2.7× 104 , Pre ↑ 4.8× 103 NS

Short chain fatty acids

Damen et al. (55) n= 27

RXT

Prebiotic vs. placebo Arabinoxylan oligosaccharides (AXOS), 3 wk All data reported in µmol/g wet feces

Total SCFA: Int: ↑ 25.3 (p < 0.05), Pla ↑ 9.6 NS

Acetic acid: Int: ↑ 10.2, Pla ↑ 4.8NS

Butyric acid: Int: ↑ 7.6 (p < 0.05), Pla ↑ 2.3NS

Propionic acid: Int: ↑ 3.2, Pla ↑ 1.3 NS

Finegold et al. (56) n= 32

RCT

Prebiotic vs. Prebiotic

vs. placebo

High and Low dose Xylooligosaccharides (XOS), 8 wk Total SCFA (µmol/g dry feces): High ↓ 0.01, Low ↓ 0.06, Pla

↓ 0.06NS

François et al. (57) n= 63

RXT

Prebiotic vs. Prebiotic

vs. placebo

Arabinoxylan oligosaccharides (AXOS), 3 wk All data reported in µmol/g dry feces

Total SCFA: High vs. Pla: ↑ 53.1 (p= 0.001), Low vs. Pla: ↑

7.8 NS

Acetic acid: High vs. Pla: ↑ 38.5 (p= 0.003), Low vs. Pla: ↑

8.9 NS

Butyric acid: High vs. Pla: ↑ 5.0 (p= 0.05), Low vs. Pla: ↓ 3.9
NS

Propionic acid: High vs. Pla: ↑ 9.7 (p= 0.003), Low vs. Pla: ↑

2.9 NS
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Kleessen et al. (59) n= 45

RCT

Prebiotic vs. prebiotic

vs. placebo

Chicory inulin (CH) or Jerusalem artichoke inulin

(JA), 3 wk

Total SCFA post-intervention (µmol/g wet feces): CH: 142.4,

JA: 135.2, Pla: 138.8 NS

Reimer et al. (60) n= 48

RXT

Prebiotic vs. Prebiotic

vs. placebo

Chicory inulin type fructans (ITF), 4 wk Fecal acetate

Int 1: ↑ 2.9 umol/g, Con 1: ↑ 6.7 umol/g NS

Int 2: ↑ 6.7 umol/g, Con 2: ↑ 9.2 umol/g NS

Fecal proprionate

Int 1: ↑ 3.8 umol/g, Con 1: ↑ 2.4 umol/g NS

Int 2: ↓ 1.3 umol/g, Con 2: ↑ 1.3 umol/g NS

Fecal butyrate

Int 1: ↑ 2.5 umol/g, Con 1: ↑ 0.3 umol/g NS

Int 2: ↑ 4.4 umol/g, Con 2: ↑ 6.7 umol/g NS

Fecal Isobutyrate

Int 1:↔ 0 umol/g, Con 1: ↑ 0.6 umol/g NS

Int 2:↔ 0 umol/g, Con 2:↔ 0 umol/g NS

Fecal Isovalerate

Int 1:↔ 0 umol/g, Con 1:↔ 0 umol/g NS

Int 2:↔ 0 umol/g, Con 2: ↑ 0.4 umol/g NS

Huang et al. (74) n= 20 male

RCT

Probiotic vs. placebo L. plantarum PS128, 4 wk Acetic acid (mean, post only):

Int: 4.7 ng/ml, Pla: 3.8 ng/ml

Int > Pla (p < 0.05)

Proprionic acid (mean, post only):

Int: 1.18 ng/ml, Pla: 0.5 ng/ml

Int > Pla (p < 0.05)

Butyric acid (mean, post only):

Int: 0.5 ng/ml, Pla: 0.3 ng/ml

Int > Pla (p < 0.05)

Decanoic acid (mean, post only):

Int: 0.005 ng/ml, Pla: 0.002 ng/ml NS

Heptanoic acid (mean, post only):

Int: 0.6 ug/ml, Pla: 0.4 ug/ml NS

Hexanoic acid (mean, post only):

Int: 1.7 ug/ml, Pla: 4.0 ug/ml NS

Isobutyric acid (mean, post only):

Int: 0.050 ng/ml, Pla: 0.052 ng/ml NS

Isovaleric acid (mean, post only):

Int: 0.03 ng/ml, Pla: 0.04 ng/ml NS

Octanoic acid (mean, post only):

Int: 1.1 ug/ml, Pla: 0.7 ug/ml NS

Valeric acid (mean, post only):

Int: 0.07 ng/ml, Pla: 0.07 ng/ml NS

Son et al. (84) n= 15

RCT

Probiotic vs. placebo L. acidophilus, L. casei, L. helveticus, B. bifidum, 60

days

Acetic acid

Int: ↓ 40 umol/g, Pla: ↓ 85 umol/g NS

Buytric acid

Int: ↓ 142 umol/g, Pla: ↑ 125 umol/g

Int > Pla at baseline (p-value not shown)

Propionic acid

Int: ↓ 1.31 umol/g, Pla: ↓ 1.51 umol/g NS

Klein et al. (75) n= 26

RXT

Probiotic vs. placebo B. lactis 420×, L. acidophilus 74-2, 5 wk All data post-intervention concentration (µmol/g feces)

Total SCFAs:

Int 85.0 µmol/g, Pla 88.5 µmol/g NS

Acetic acid

Int: 46.7 µmol/g, Pla 49.5 µmol/g NS

i-Butyric acid

Int 1.9 µmol/g, Pla 2.0 µmol/g NS

n-Butyric acid

Int 14.6 µmol/g, Pla 15.1 µmol/g NS

Propionic acid

Int: 16.7 µmol/g, Pla 16.9 µmol/g NS

Valeric acid:

Int: 2.1 µmol/g, Pla 2.0 µmol/g NS

Isovaleric acid:

Int: 2.3 µmol/g, Pla 2.4 µmol/g NS

Caproic acid:

Int: 0.7 µmol/g, Pla 0.6 µmol/g NS

Valle et al. (96) n= 65 Synbiotic vs. placebo Lactobacillus acidophilus LA-5; Bifidobacterium

animalis BB-12

2.3 g of inulin, 30 days

Fecal acetate (mmol/L):

Int: OR 0.34, 95%CI−0.06, 0.74

Pla: OR 0.16, 95%CI−0.25, 0.57
NS between groups
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Fecal proprionate (mmol/L):

Int: OR 0.20, 95%CI−0.01, 0.41

Pla: OR 0·31, 95%CI−0.02, 0.63
NS between groups

Fecal butyrate (mmol/L):

Int: OR 0.39, 95%CI 0.20, 0.59

Pla: OR 0.25, 95%CI−0.03, 0.47
NS between groups

Fecal ammonia (mmol/l):

Pla: OR 0.09, 95%CI 0.01, 0.17

Int: OR 0.11, 95%CI 0.04, 0.18
NS between groups

West et al. (98) n= 22

RCT

Synbiotic vs. prebiotic L. paracasei subs Paracasei (L. casei 431
R©
), B. animalis

ssp. lactis (BB-12
R©
), L. acidophilus LA-5, L.

rhamnosus GG, Raftiline, Raftilose GR, 3 wk

All data reported in µmol/g feces

Acetic acid:

Syn ↓ 2, Pre ↓ 6 NS

Butyric acid:

Syn ↓ 2, Pre ↓ 3 NS

Propionic acid: Syn ↓ 2, Pre ↓ 1.5 NS

Gastrointestinal symptoms

Damen et al. (55) n= 27

RXT

Prebiotic vs. placebo Arabinoxylan oligosaccharides (AXOS), 3 wk GIS: Insufficient incidence to analyze abdominal pain or

bloating.

Flatulence:

Int: NS difference pre-to-post

Pla: ↑ 0.53 on 0–4 scale pre-to-post (P = 0.02)

Finegold et al. (56) n= 32

RCT

Prebiotic vs. Prebiotic

vs. placebo

Xylooligosaccharides (XOS), 8 wk Symptoms rated from 0 (no symptoms) to 3 (severe)

Excess flatus:

High ↑ 0.27, Low ↑ 0.26, ↑ Pla 0.19 NS

Borborygmi:

High ↑ 0.26, Low ↑ 0.11, ↑ Pla 0.02 NS

Bloating:

High ↑ 0.28, Low ↑ 0.22, ↑ Pla 0.06 NS

Abdominal pain:

High ↓ 0.01, Low ↑ 0.27, ↑ Pla 0.10 NS

François et al. (57) n= 63

RXT

Prebiotic vs. Prebiotic

vs. placebo

Arabinoxylan oligosaccharides (AXOS), 3 wk ↑ Occurrence frequency+ ↑ Distress severity, flatulence

only cf Pla (P = 0·02)

Flatulence (mild/moderate/very disturbing symptoms, %):

High 27/7/2, Low 16/7/2, Pla 11/6/2 NS

NS all other symptoms.

Kleessen et al. (59) n= 45

RCT

Prebiotic vs. prebiotic

vs. placebo

Chicory inulin (CH) or Jerusalem artichoke inulin

(JA), 3 wk

All data reported as incidence (%) post-supplementation

Flatulence:

CH 87, JA 93, Pla 47 (CH and JA > Pla, p < 0.05)

Abdominal bloating:

CH: 0, JA: 27, Pla: 27 NS

Abdominal pain or cramps:

CH: 20, JA: 7, Pla: 7 NS

Bowel Rumbling:

CH: 13, JA: 13, Pla: 13 NS

Bowel Cramps:

CH: 20, JA: 20, Pla: 13 NS

Reimer et al. (60) n= 48

RXT

Prebiotic vs. Prebiotic

vs. placebo

Chicory inulin type fructans (ITF), 4 wk Abdominal pain, 0–4

Int 1: 0.3± 0.2, Con 1: 0.3± 0.2 NS

Int 2: 0.4± 0.2, Con 2: 0.3± 0.2 NS

Distension/bloating (0–4)

Int 1: 0.5± 0.3, Con 1: 0.4± 0.2 (P = 0.025)

Int 2: 0.6± 0.2 (P = 0.023), Con 2: 0.2± 0.1 (P = 0.048)
NS between groups

Flatulence (0–4)

Int 1: 0.3± 0.2, Con 1: 0.3± 0.2 NS

Int 2: 0.3± 0.2, Con 2: 0.0± 0.2 NS

Stomach rumbling (0–4)

Int 1: 0.1± 0.2, Con 1: 0.1± 0.2 NS

Int 2: 0.2± 0.2, Con 2: 0.1± 0.1 NS

Russo et al. (45) n= 20

RXT

Prebiotic vs. placebo Inulin-enriched pasta, 5 wk NSDifferences and no major symptoms (data not reported)

Gleeson et al. (70) n= 58

RCT

Probiotic vs. placebo L. casei Shirota, 16 wk GIS Incidence:

Int 54%, Pla 57% NS

Proportion of days with GIS:

Int 2%, Pla 3% (p= 0.008)
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Severity Score:

Int 9, Placebo 12 NS

Symptom duration (days):

Int 4.2, Pla 5.9 NS

Haywood et al. (72) n= 30

RCT

Probiotic vs. placebo L. gasseri, B. bifidum, B. longum, 4 wk GIS Incidence:

Int: 13%, Pla: 13% NS

Pugh et al. (79) n= 24 Probiotic vs. placebo L. acidophilus CUL60, L. acidophilus CUL21, B.

bifidum CUL20, B. animalis subsp. Lactis CUL34, 4 wk

Number of GI scores≥ 4: Days 1–14: Int 4, Pla 5NS

Days 15–28: Int 2, Pla 11 NS

Schreiber et al. (82) n= 27

RCT

Probiotic vs. placebo L. helveticus Lafti L10, B. animalis ssp. lactis Lafti B94

E. faecium R0026, B. longum R0175

Bacillus subtilis R0179, 90 days

GIS incidence at rest (1GI):

Int:−30± 48%, Pla:−27± 47% NS

Categorized as:

Nausea incidence at rest (1GI):

Int−16± 43%, Pla: 71± 119%

Int < Pla, P = 0.01, d = 0.9

Belching incidence at rest (1GI):

Int:−14± 53%, Pla: 62± 115%, Int < Pla, P = 0.04, d = 1

Vomiting incidence at rest (1GI):

Int:−7± 30%, Pla: 49± 114%, Int < Pla, P = 0.04, d = 0.7

Other sub-categories not reported.

Strasser et al. (85) n= 29

RCT

Probiotic vs. placebo Bifidobacterium bifidumW23

Bifidobacterium lactisW51

Enterococcus faeciumW54

Lactobacillus acidophilusW22

Lactobacillus brevisW63

Lactococcus lactisW58

12 wk

Incidence: “Only one participant in the placebo group

experienced GI-discomfort symptoms during the study

period.”

West et al. (90) n= 88

RCT

Probiotic vs. placebo Lactobacillus fermentum VRI-003 PCC
R©
, 11 wk No. of GIS episodes: Male: Int 1.01, Pla: 0.49 (Likely ↑)

Female: Int 1.44, Pla 0.48, (Likely ↑)

Duration of GIS episodes (days): Male: Int 3.3, Pla 1.3,

(Likely ↑)

Female: Int 3.9, Pla 2.1, (Possible ↑)

GIS severity (1–3 scale): Male: Int 1.31, Pla 1.78 (Possible ↓)

Female: Int 1.44, Pla 1.75 (Possible ↓)

Symptom Load (severity-days): Male: Int 4.4, Pla 2.5

(Possible ↑)

Female: Int 5.2, Pla 2.9 (Possible ↑)

Coman et al. (92) n= 10

RCT

Synbiotic vs. placebo L. rhamnosus IMC 501[R], L. paracasei IMC 502[R],

oat bran fiber, 4 wk

Data reported as change from baseline, Likert scale (0–5)

Intestinal regularity:

Int ↑ 2.6, Pla ↑ 1.8 (p < 0.05)

Stool volume: Int ↑ 1.8, Pla ↑ 2.2NS

Ease at defecation: Int ↑ 2.2, Pla ↑ 0.6 (p < 0.05)

Bloating: Int ↑ 0.2, Pla ↑ 0.4NS

Abdominal pain: Int↔ 0.0, Pla ↓ 0.2NS

Intestinal cramps: Int↔ 0.0, Pla ↓ 0.4 NS

Roberts et al. (94) n= 20

RCT

Synbiotic vs. placebo L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus

CUL-21 (NCIMB 30156), B. bifidum CUL-20, B.

animalis subspecies lactis CUL-34 (NCIMB 30153),

Fructooligosaccharides, 12 wk

Mean total GIS score during supplemental period: Int 7.00,

Pla 13.9 (p < 0.001)

Mean GIS severity score during supplemental period: Int

8.00, Pla 16.7 (p < 0.001)

Valle et al. (96) n= 65 Synbiotic vs. placebo Lactobacillus acidophilus LA-5; Bifidobacterium

animalis BB-12

2·3 g of inulin, 30 days

Sum of symptoms (nausea, vomiting, diarrhea, abdominal

pain, flatulence, loss of appetite, burning and dysphagia)

Int: 1 Post-supp.: OR−2·24, 95%CI−3·15,−1·34

Pla: 1 Post-supp: OR−1·16, 95%CI−2·51, 0·18
NSBetween groups.

CFU, colony forming units; CRP, c-reactive protein; FISH, fluorescence in situ hybridization; GIS, Gastrointestinal symptoms; IFN, interferon; IL, interleukin; Int, Intervention; LBP,

lipopolysaccharide binding protein; LPS, lipopolysaccharide; NS, Not significant; OTU, operational taxonomy units; Pla, Placebo; Pre, Prebiotic intervention; RCT, Randomized control

trial; RXT, Randomized crossover trial; Syn, Synbiotic intervention; wk, weeks.

In contrast with this, following 3 weeks of consumption of

AXOS fortified bread, flatulence was only increased during

the control bread period (55). Probiotic supplementation in

all but two studies, did not influence GIS incidence at rest.

Supplementation with L. fermentum VRI-003 PCC
R©

for 11

weeks increased GIS incidence, and also resulted in a ∼2-day

increased duration of symptoms, but a small reduction in

symptom severity (90). Whilst overall GIS incidence at rest

remained unchanged following 90 days of supplementation

with a multistrain probiotic (Lactobacillus helveticus Lafti L10,

Bifidobacterium animalis ssp. lactis Lafti B94 Enterococcus

faecium, Bifidobacterium longum R0175 and Bacillus subtilis

R0179), the subcategories of nausea, belching and vomiting were

significantly lower in the probiotic group compared to placebo
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(82). The majority of participants in the synbiotic studies

reported no GIS incidence at rest (96). However, n = 1 study

observed GIS severity scores at rest that were approximately

half of those reported following placebo supplementation,

following 12 weeks of a multi-strain synbiotic with added

fructooligosaccharides (94). Increased intestinal regularity

and ease of defecation was also reported following 4 weeks

supplementation with L. rhamnosus IMC 501[R], L. paracasei

IMC 502[R], plus oat bran fiber (92).

Fecal microbial composition at rest

A total of n = 17 studies reported on resting microbial

composition of stool samples (i.e., representative of luminal

microbial composition) before and after the supplementation

intervention period, of which n = 5 prebiotic (55–57, 59,

60), n = 9 probiotic (63, 66, 74, 75, 77, 78, 80, 84, 90),

and n = 3 synbiotic interventions (92, 96, 98) (Tables 3, 4).

Supplementation with xylooligosaccharides (XOS) (56), high

dose (8.0 g/d) AXOS (57), chicory or Jerusalem artichoke

inulin (59) or moderate dose (7.0 g/d) chicory inulin type

fructans (60) resulted in significant increases in Bifidobacterium

relative abundance (i.e., proportion of total bacterial counts),

with a trend for the same effect in the fourth study (55) as

determined by 16S rRNA sequencing (56, 60), and fluorescent

in situ hybridization (FISH) analysis (57, 59). In contrast, low

dose chicory inulin type fructan supplementation showed no

increase in Bifidobacterium relative abundance (60). AXOS

supplementation was also observed to increase Bacteroides

fragilis group count, and total anaerobes count, compared

to baseline (56). Reductions in Bacteroides/Prevotella were

observed for both chicory and Jerusalem artichoke inulin

supplementation, as assessed by grams of wet feces (59).

Moderate dose chicory inulin-type fructan supplementation

showed increases in microbial abundance at the phylum

level in Actinobacteria, with reductions in Firmicutes and

Bacteroidetes, with non-significant changes in the low dose

group compared with control (60). At the family level,

moderate dose chicory inulin-type fructan supplementation

resulted in increases in Bifidobacteriaceae, Actinomycetaceae,

Microbacteriaceae, Cellulomonadaceae, Micrococcaceae, and

Brevibacteriaceae, but this effect was not observed in low

doses of the supplement. At the genus level, increases were

observed in Bifidobacterium, Actinomyces, Cellulomonas, and

Nesterenkonia, with reductions in Lachnospira, Oscillospira,

and Brevibacterium following moderate dose chicory inulin-

type fructan supplementation (60). No effects of prebiotic

supplementation were seen for other fecal sample bacterial taxa

analyses, including α-diversity (56, 60).

Of the probiotic studies, n = 4 demonstrated significant

increases in the supplemented species (S. salivarius spp.

thermophilus and L. delbrueckii spp. Bulgaricus, B. lactis

420× and L. acidophilus, L. fermentum VRI-003 PCC
R©
, and

B. longum subsp. Longum) (66, 75, 78, 90) as assessed by

FISH analysis (75), and 16S gene sequencing (66, 78, 90).

The only other species-level change reported was a reduction

in Fusiformis following 4 weeks of supplementation with L.

salivarius UCC118 (63), with no other significant changes

in bacterial species reported (66, 75, 78, 84). At the phylum

level, a decrease was observed in Verrucomicrobia, following

4 weeks of supplementation with L. salivarius UCC118 (63).

Five weeks of supplementation with Bifidobacterium longum

subsp. Longum showed a greater abundance of Actinobacteria

and Firmicutes; with a reduction in Proteobacteria, albeit

statistical significance or lack thereof was not reported

(78). No other changes were observed at the phylum level

following probiotic supplementation (74, 78, 94). Genus

level changes observed following probiotic supplementation

include a reduction in Prosthecobacter following 4 weeks

of supplementation with L. salivarius UCC118 (63). A

significant increase in Bifidobacterium and Lactobacillus

was observed following 5 weeks of supplementation with

Bifidobacterium longum subsp. Longum (78). However, 4

weeks of supplementation with a multi-strain probiotic (L.

paracasei, L. rhamnosus, L. helveticus, L. fermentum, and

S. thermophilus), showed no change in Lactobacillus and a

comparative decrease in Bifidobacterium (77). Four weeks of

supplementation with L. plantarum showed a lower relative

abundance in Anaerotruncus, Caproiciproducens, Coprobacillus,

Desulfovibrio, Dielma, Family_XIII_UCG_001, Holdemania,

and Oxalobacter compared with placebo. In addition, a

greater relative abundance in Akkermansia, Bifidobacterium,

Butyricimonas, and Lactobacillus was observed, however

baseline data was not reported (74). Probiotic supplementation

did not result in any further changes in other fecal sample

bacterial taxa groups, including α-diversity (63, 80, 84, 90).

The n = 2 synbiotic studies demonstrated increases in the

genus of some of the supplemented strains, reported as

raw bacterial count (62) or log CFU/g feces (92), but no

differences in other determined bacterial groups (62, 92).

No change in the α-diversity of the supplementation or

placebo groups was detected in any of the synbiotic studies

(96, 98).

Fecal short chain fatty acid concentration
at rest

Fecal SCFA concentrations were measured before and after

supplementation in n = 9 included studies (Tables 3, 4),

which included n = 5 prebiotic (55–57, 59, 60), n = 2

probiotic (75, 84), and n = 2 synbiotic interventions (96, 98).

An additional probiotic study only reported post-intervention

values for SCFA (74). N = 2 studies that provided 3 weeks

AXOS supplementation demonstrated significant increases in
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total SCFA and butyric acid concentration (55, 57). Additionally,

significant increases in acetic and propionic acid were observed

following high (8.0 g/d), but not low dose (2.4 g/d) AXOS

supplementation for 3 weeks in one study (57), but this finding

was not replicated in another study that administered high dose

(7.2 g/d) AXOS (55). No prebiotic intervention using XOS or

inulin, resulted in increases in fecal SCFA (56, 59, 60). The figure

presented in n= 1multi-strain probiotic study appeared to show

a drop in fecal butyric acid following 60 days of supplementation

with L. acidophilus, L. casei, L. helveticus, and B. bifidum,

compared with a rise in the placebo group (84). However, this

study only reported a statistical difference at baseline, albeit

with no indication of the p-value and did not report whether

or not the changes over time were statistically significant.

Another study reported greater concentrations in fecal acetic

acid, propionic acid and butyric acid compared with the placebo

group; however, whether these are genuine changes following

supplementation cannot be determined as baseline data was not

collected (74). No probiotic or synbiotic study observed and

reported positive differences in SCFA concentrations at rest, as a

result of supplementation.

Studies assessing markers of
exercise-induced gastrointestinal
syndrome after a period of pre-, pro-,
and syn-biotic supplementation

N = 13 studies reported at least one of the review

outcomes, prior to, during, and/or following an acute exercise

bout (Table 5). All except n = 2 studies investigated probiotic

supplementation, the remaining papers investigated a synbiotic

supplement intervention. No study of prebiotics being provided

prior to an acute exercise bout was found in the search strategy.

Probiotic supplements varied from single to multi-strain (i.e.,

up to nine different species), given either as capsules, powder

sachets, or dairy-based beverage. The synbiotic supplements

included two to four probiotic strains, plus additional fructo-

oligosaccharides or inulin (94, 96). The acute exercise bouts

varied substantially, and included n = 3 studies of treadmill

running (either 2 h steady state with or without environmental

heat exposure (e.g., 35◦C), or time to exhaustion test) (63,

68, 100); n = 4 studies investigated supplementation prior to

an outdoor marathon (65, 79, 87, 89); n = 3 studies on a

cycle ergometer (either an incremental exercise test, time to

fatigue tests or 2 h steady state cycle ergometer followed by

1 h time trial) (63, 90, 100); and, in one study participants

completed an ultra-distance triathlon event (94). One study

observed participant outcomes in response to 5 days of

continuous intense military training, day and night including

marching 8–30 km whilst carrying a pack up to 30 kg, sleep

deprivation, and a range of environmental conditions (96).

Another used online questionnaires to assess included measures

(82). Outcome measures were taken prior to the exercise

bout, but the timing of post-exercise measures varied from

immediately to 6 days post-exercise. In all studies participants

mean or median age was ≤42 years, and in all studies

participants were from an endurance sport background (i.e.,

mean or median VO2max range 47–64 ml/kg/min) or military

training background.

Intestinal epithelial injury in response to
acute exercise

N = 3 studies (all probiotics) assessed the effect of the

intervention on markers of intestinal injury, none of which

observed differences in plasma or serum I-FABP concentration

(79, 100), or urinary claudin-3 concentration (102) (Tables 5, 6).

Intestinal permeability in response to
acute exercise

N = 4 probiotic (63, 79, 100, 102) and n = 1

synbiotic study (94) assessed the effects of supplementation

on intestinal permeability in response to an acute exercise

bout (Tables 5, 6). None of the studies observed differences

between intervention and placebo for urinary lactulose:mannitol

or lactulose:rhamnose ratio, indicative of small intestinal

permeability. N = 1 study assessed sucrose permeability,

indicative of gastroduodenal permeability, at baseline and

immediately post-exercise, reporting a 38% significantly lower

incremental area under the curve from baseline in the

intervention trial, and a 169% increase from baseline in the

placebo trial, after 4 weeks Lactobacillus salivarius UCC118

(2 × 108 CFU daily) (63). The effect of a synbiotic

supplement (four probiotic strains plus fructooligosaccharides)

was investigated on urinary lactulose:mannitol ratio, before and

6 days after a long course triathlon event, with no effect of trial

observed (94).

Systemic bacterial endotoxin profile in
response to acute exercise

N = 2 probiotic studies (68, 100) and n = 1 synbiotic study

(94) investigated changes in circulating bacterial endotoxin

concentration in response to acute exercise (Tables 5, 6).

Biomarkers included overall endotoxin units, gram-negative

endotoxin concentration, serum LPS, anti-endotoxin antibodies

(i.e., IgM and IgG), and neutrophil elastase (in vitro E. coli

Frontiers inNutrition 26 frontiersin.org

153

https://doi.org/10.3389/fnut.2022.1003620
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


R
au

c
h
e
t
al.

1
0
.3
3
8
9
/fn

u
t.2

0
2
2
.1
0
0
3
6
2
0

TABLE 5 Systematic review search results, included studies that investigated the impact of prebiotic, probiotic and synbiotic supplementation on markers of EIGS and associated GIS in response to an

acute exercise bout.

References Population and study
design

Sample size determination Supplementation
protocol

Physical
activity/dietary
control

Exercise protocol Outcome/s
reported

Probiotic studies

Axelrod et al. (63) n= 7 endurance runners,

VO2max 57.9 mL/kg/min

RXT

A priori power analysis based on a previous

investigation from healthy runners (64)

estimated∼6 needed to obtain statistical

power at the recommended 0.80 level based

upon mean, between-groups comparison

effect size (d = 1.2).

L. salivarius UCC118, 2× 108

CFU/cap

1 capsule daily for 4 wk

Normal lifestyle (not

monitored)

Treadmill running: 2 h at 60%

VO2max.

Tamb : 25
◦C, RH: 31%

Intestinal permeability

Cytokine responses

Batatinha et al. (65) n= 27 male marathon runners,

age: Int: 35.96± 5.81; Pla: 40.46

± 7.79

Fitness status not stated

RCT

Not specified B. animalis. Lactis 10× 109 ; L.

Acidophilus 10× 109

1 sachet daily for 30 days

Training volume monitored, NS

between groups.

Dietary control not stated.

Marathon race:

Race time was 4.08± 0.55 h

Tabm not stated

Cytokine responses

Gill et al. (68) n= 8 male runners and

triathletes

Age: 26 yrs

VO2max 59 ml/kg/min

RXT

Based on the typical standard deviation of

0.7 EU/ml for circulatory endotoxin

responses to exertional-stress (16, 69), and

using standard alpha (0.05) and beta values

(0.8) (www.dssresearch.com), a sample size

of n= 8 is estimated to provide adequate

statistical precision to detect a >10%

difference in circulatory endotoxin

concentration in response to EHS in the

target population.

L. casei, 1.0× 1011 cells/bottle

Commercial supplement, taken

twice daily for 7 days

Dietary recall.

Activity control not stated.

Treadmill running: 2 h at 60%

VO2max.

Tamb : 34
◦C, RH: 32%

Endotoxaemia

Cytokine responses

Kekkonen et al.

(99)

n= 119

(125M/16F recruited) marathon

competitors, Best marathon

time

Int: 3:10 (2:35–3:42)

Pla: 3:11 (2:23–3:40)

Age 40 yrs.

RCT

Not specified Milk-based fruit drink or

capsules (participant choice)

containing

L. rhamnosus GG, 4.0× 1010

CFU

2× 65mL bottles or capsules

daily for 3 months

Diary questionnaire with

ready-made questions

Training diaries, NS for running

sessions or weekly distance.

Helsinki Marathon, 2003:

Int: 3 h 32min

Pla: 3 h 30 min

GIS

Lamprecht et al.

(76)

n= 23 male triathletes, runners

and cyclists

Age, Int: 37.6 yrs, Pla: 38.2 yrs

VO2max :

Int: 51.2 mL/kg/min

Pla: 50.3 mL/kg/min

RCT

Sample size calculation based on oxidation

markers CP and MDA. Between 7 and 9

subjects estimated per group—depending

on parameter, SD and effect size—to reach

probability of error (alpha/2) of 5 and 80%

power.

Ecologic
R©
Performance: B.

bifidumW23, B lactis W51, E.

faeciumW54, L. acidophilus

W22, L. brevis W63, L.

lactis W58. 2× 2 g sachets daily

for 14 wk, providing

(1010 CFU/day)

Habitual diet, food diary and

repeated for 7 days prior to each

exercise trial. Habitual training,

no exercise 3 days prior to each

exercise test.

3× incremental “step” tests

on cycling ergometer to

exhaustion, with 15min active

recovery between each test.

Total test time∼80–90 min.

Tamb : 20
◦C, RH: 60% RH

Cytokine responses

Pugh et al. (79) n= 24 (20M/4F) marathon

runners, age: Int: 34.8± 6.9 yrs

Pla: 36.1± 7.5 yrs VO2max : Int:

57.6± 8.0 mL/kg/min Pla: 56.4

± 8.6 mL/kg/min RCT

Not specified
Proven Probiotics Ltd., Port

Talbot, Wales: L. acidophilus

CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34

(). >25 billion CFU/cap

1 capsule daily for 4 wk

Dietary control not stated

outside of acute exercise.

Training not stated.

Non-sanctioned marathon

(outdoor running track).

Finish time:

Int: 234± 38min, Pla: 247±

47 NS

% LT: Int: 90.2± 9.1, Pla: 91.3

± 8.7 NS

Intestinal permeability

Intestinal injury

Cytokine responses

GIS

(Continued)
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TABLE 5 (Continued)

References Population and study
design

Sample size determination Supplementation
protocol

Physical
activity/dietary
control

Exercise protocol Outcome/s
reported

Pugh et al. (100) n= 7 male cyclists

Age: 23± 4 yrs

VO2peak 64.0± 2.2 mL/kg/min

RXT

To detect a meaningful increase in

exogenous CHO oxidation of 0.1 g/min

with SD= 0.05 g/min (101) at 80% power,

a minimum n= 5 required.

Proven Probiotics Ltd., Port

Talbot, Wales:

L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34

().

>25 billion CFU/cap

1 capsule daily for 4 wk

Not stated Cycle ergometer: 2 h at

55%Wmax followed by

100 kJ time trial.

Ambient conditions not stated

Intestinal permeability

Intestinal injury

Cytokine responses

GIS

Schreiber et al. (82)
n= 27 male cyclists

Age: Int: 25.9± 4.6

Pla: 29.5± 6.2

VO2max (mL/kg/min)

Int: 66.9± 6.4

Pla: 63.2± 5.0

RCT

Not specified 1 capsule containing:

L. helveticus Lafti L10 (28.6%),

B. animalis ssp. lactis Lafti B94

(28.6%), E. faecium R0026

(25.7%), Bifidobacterium

longum R0175 (14.3%)

B. subtilis R0179 (2.8%)

15× 109 CFU/cap

1 capsule daily for 90 days

Diet not controlled.

“Difference in training hours

during the study period”

(Data not shown)

Evaluation (online survey) at

training, competition, and

during the first 2 h recovery

from training or competition.

GIS

Shing et al. (102) n= 10 male runners

Age: 27± 2 yrs

VO2max : 62.6± 2.1 mL/kg/min

RXT

Sample size was determined to detect a

treatment difference at a two-sided 5%

significance level with a probability of 80%

from primary outcome variables of

lactulose/rhamnose and LPS. The

lactulose:rhamnose ratio following exercise

is reported to be 0.0625 (SD 0.0125) (103).

Assuming that probiotics reduced the

lactulose:rhamnose by 20% (similar to

reduction following bovine colostrum

supplementation) (104), a total of eight

runners were required. Recent literature

has shown a 20% increase in LPS

concentration following running in the

heat with an increase in training load (105).

Assuming that probiotics reduced LPS

concentration by 20% (post-exercise LPS

concentration of 27 pg mL−1 with a

within-subject standard deviation of 5 pg

mL−1), a total of nine runners were

required. Based on these calculations, 10

runners were recruited for the present

study.

UltraBiotic45, BioCeuticalsTM :

L. acidophilus, 7.4× 109

CFU/cap

L. rhamnosus, 15.55× 109

CFU/cap

L. casei, 9.45× 109 CFU/cap

L. plantarum, 3.15×109

CFU/cap

L. fermentum, 1.35× 109

CFU/cap

B. lactis, 4.05× 109 CFU/cap

B. breve, 1.35× 109 CFU/cap

B. bifidum, 0.45× 109 CFU/cap

S. thermophilus, 2.25×109

CFU/cap

1 capsule daily for 4 wk

Food diary NS between trials.

Required to avoid strenuous

exercise for 24 h prior to each

testing session.

Treadmill running: time to

fatigue at 80% ventilatory

threshold.

Tamb : 35
◦C, RH: 40%

Intestinal permeability

Intestinal injury

Endotoxaemia

Cytokine responses

GIS

Tavares-Silva et al.

(87)

N = 14 male marathon runners

Age: Pla: 38.28± 3.09 Int: 41.57

± 3.20

VO2Peak :

Pla: 54.53± 6.88 kg/mL/min

Int: 56.92± 8.35 kg/mL/min

RCT

Not specified L. acidophilus-LB-G80, L.

paracasei-LPc-G110, Lactococcus

subp. lactis-LLL-G25,

B. animalis subp.

lactis-BL-G101, B.

bifidum-BB-G90

Capsules containing 5× 109

CFU / day

Physical activity control not

stated.

Questionnaire 2×/wk+ once

on weekends:

Energy intake (kcal)

Pla: 1,994.46± 365.73

Int: 2,434.69± 505.53
NS difference between groups

Marathon race

Race Time (min)

Pla: 243.0± 33.73

Int: 252.87± 39.77
NS Difference

Tamb: 21.5◦C, RH: 67%.

Cytokine responses
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TABLE 5 (Continued)

References Population and study
design

Sample size determination Supplementation
protocol

Physical
activity/dietary
control

Exercise protocol Outcome/s
reported

Vaisberg et al. (89) n= 42 male marathon runners

Age: Int: 39.6± 8.8 yrs, Pla: 40.1

± 10.3 yrs

VO2max : Int: 57.64± 6.89

mL/kg/min, Pla: 57.86± 6.85

mL/kg/min

RCT

Not specified Lactobacillus casei Shirota, 40×

109 live cells/bottle

1× 80 g bottle daily for 30 days

Dietary control not stated.

Instructed to keep usual

training/physical exercise

schedules—not reported

Marathon race

Ambient conditions not stated

Cytokine responses

West et al. (90) n= 88 cyclists and triathletes

Age: Int: M: 35.2 yrs, F: 36.5 yrs,

Pla: M: 36.4 yrs, F 35.6

VO2max (mL/kg/min):

Int: M: 56.5, F: 57.6

Pla: M: 55.8, F: 51.6

RCT

A sample size of 80 subjects was required

for identifying substantial changes in the

incidence of illness, assuming a rate of

URTI symptoms of 60% in the placebo

group, with sufficient power (86% at an

alpha-level of 0.05) to detect a 50%

reduction in symptoms.

Lactobacillus fermentum

VRI-003 PCC
R©
, 109 CFU/cap

1 capsule daily for 11 wk

4 d food diary. Usual diet,

without probiotic foods.

Training log kept

Incremental cycling

ergometer test (VO2max

protocol).

Ambient conditions not stated

Cytokine responses

Synbiotic studies

Roberts et al. (94) n= 20 (9M/1F) long course

triathletes

VO2max :

Int: 47.6 mL/kg/min

Pla: 50.5 mL/kg/min

RCT

Power calculation assessment for sample

size (G*power3, Dusseldorf (95); using α =

0.05; 1 – β = 0.80; based on observed data.

Bio-Acidophilus Forte, Biocare

Ltd., Birmingham, UK):

L. acidophilus CUL-60 (NCIMB

30157), 1010 CFU/cap

L. acidophillus CUL-21 (NCIMB

30156), 1010 CFU/cap

B. bifidum CUL-20 (NCIMB

30172), 9.510 CFU/cap

B. animalis subspecies lactis

CUL-34 (NCIMB 30153), 0.510

CFU/cap.

Fructooligosaccharides, 55.8mg

per cap

1 capsule daily for 12 wk

Habitual diet, food diary first

and last wk of each month. NS

between groups or over

intervention time period.

Prescribed triathlon training

program, individualized. NS

between groups for training load

throughout intervention period.

Ironman triathlon. Mean

finish time: Int: 12 h 47min,

Pla: 14 h 12min NS

Endotoxin responses

Intestinal permeability

Valle et al. (96) n= 65 (39M/26F) military

personnel

Age: Pla: 19.5± 1.22,

Int: 19.69± 1.25

Fitness status not stated

RCT

Sample calculation in G * Power 3.1.9.2

software was based on the following data:

5% sample error, 95% CI and 0.72 effect

size considering pre and post-intervention

IgA values. The effect size was estimated

based on the study by Olivares et al. (97).

Lactobacillus acidophilus LA-5,

10·3 log CFU

Bifidobacterium animalis BB-12,

11·0 log CFU

Inulin, 2.3 g

60g serve of ice cream, daily for

30 days

Participants recommended not

to consume any foods

containing prebiotics and

probiotics 15 d before the

beginning of the research

period, particularly over the

weekend, when they are released

to go home. During the week all

food was provided.

Not reported, however

participants were undergoing

military training.

5 d military training,

including physical and

psychological exhaustion,

marching 8–20 km, carrying

∼ 30 kg equipment, sleep

deprivation.

Subject to various

weather extremes.

Bacterial taxa

Fecal SCFA

GIS

RCT, Randomized control trial; RXT, Randomized crossover trial; Cap, capsule; Tamb , Ambient temperature; RH, Relative humidity; Int, Intervention; Pla, Placebo; NS, Not significant; wk, week.
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TABLE 6 Systematic review study outcomes for included studies that investigated the impact of prebiotic, probiotic and synbiotic supplementation on markers of EIGS in response to an acute exercise

bout.

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Intestinal permeability

Axelrod et al. (63) n= 7

RXT

Probiotic vs. placebo L. salivarius UCC118, 4 wk Treadmill running: 2 h at 60% VO2max.

Tamb: 25◦C, RH: 31%

Sucrose permeability (1 in iAUC from baseline): Int ↓ 38%, Pla ↑

169% (p= 0.029)

Rhamnose permeability (1 in iAUC from baseline): Int ↓

0.1-fold, Pla ↑ 0.5-fold NS

Lactulose permeability (1 in iAUC from baseline): Int ↓ 0.1-fold,

Pla ↑ 0.4-fold NS

L/R Ratio (1 in iAUC from baseline):
NS (data not reported)

Pugh et al. (79) n= 24

RCT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Non-sanctioned marathon (outdoor running track). Finish

time:

Int: 234± 38min, Pla: 247± 47 NS

% LT: Int: 90.2± 9.1, Pla: 91.3± 8.7 NS

Tamb : 16–17
◦C; Wind: 8–16 km/h

Serum L/R ratio (1 from baseline test):

Int ↑ 0.04, Pla ↑ 0.02 NS

Pugh et al. (100) n= 7

RXT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Cycle ergometer: 2 h at

55%Wmax followed by

100 kJ time trial.

Ambient conditions not stated.

Serum L/R ratio (1 from baseline test):

Int ↑ 0.045, Pla ↑ 0.052 NS

Shing et al. (102) n= 10

RXT

Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.

fermentum, B. lactis, B. breve, B. bifidum, S.

thermophilus, 4 wk

Treadmill running: time to fatigue at 80% ventilatory

threshold.

Tamb: 35◦C, RH: 40%

Urinary L/R ratio:

8% lower following Int cf Pla NS–other data not reported

Roberts et al. (94) n= 20

RCT

Synbiotic vs. placebo L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus

CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB

30172), B. animalis subspecies lactis CUL-34 (NCIMB

30153), Fructooligosaccharides, 12 wk

Ironman triathlon. Mean finish time:

Int: 12 h 47min, Pla: 14 h 12min NS

Urinary lactulose/mannitol ratio (1 from pre- to 6 d post-race):

Int ↑ 0.005, Pla ↑ 0.020 NS

Intestinal injury

Pugh et al. (79) n= 24

RCT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Non-sanctioned marathon (outdoor running track). Finish

time: Int: 234± 38min, Pla: 247± 47 NS

% LT: Int: 90.2± 9.1, Pla: 91.3± 8.7 NS

Tamb : 16–17
◦C; Wind: 8–16 km/h

Serum I-FABP:

Int ↑ 1,359 pg/mL, Pla ↑ 932 pg/mL NS

Pugh et al. (100)
n= 7

RXT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Cycle ergometer: 2 h at 55%Wmax followed by 100 kJ time

trial.

Ambient conditions not stated.

Plasma I-FABP: Post-exercise: Int ↓ 207 pg/mL, Pla ↓ 295 pg/mL
NS

1 h post-exercise: Int ↓ 182 pg/mL, Pla ↓ 263 pg/mL NS

Shing et al. (102) n= 10

RXT

Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.

fermentum, B. lactis, B. breve, B. bifidum, S.

thermophilus, 4 wk

Treadmill running: time to fatigue at 80% ventilatory

threshold.

Tamb: 35◦C, RH: 40%

Urinary Claudin 3 (absolute values): Int 6.1± 3.3 ng/mmol

creatinine, Pla 8.1± 5.1 ng/mmol creatinine NS

Bacterial endotoxin responses

Gill et al. (68) n= 8

RXT

Probiotic vs. placebo L. casei, 7 days Treadmill running: 2 h at 60% VO2max.

Tamb: 34◦C, RH: 32%

Gram-negative bacterial endotoxin (1Pre-ex - 1-h Post-ex): Int ↑

0.5 EU/mL (23%), Pla ↓ 0.2 EU/mL (8%) (p= 0.05)

Shing et al. (102) n= 10

RXT

Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.

fermentum, B. lactis, B. breve, B. bifidum, S.

thermophilus, 4 wk

Treadmill running: time to fatigue at 80% ventilatory

threshold.

Tamb: 35◦C, RH: 40%

Serum LPS: Int ↑ 0.03 EU, Pla ↑ 0.05 EU NS

Anti-LPS IgM: Int ↓ 1.0 MU/mL, Pla ↑ 0.3 MU/mL NS

(Continued)
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TABLE 6 (Continued)

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Roberts et al. (94) n= 20

RCT

Synbiotic vs. placebo L. acidophilus CUL-60 (NCIMB 30157), L. acidophillus

CUL-21 (NCIMB 30156), B. bifidum CUL-20 (NCIMB

30172), B. animalis subspecies lactis CUL-34 (NCIMB

30153), Fructooligosaccharides, 12 wk

Ironman triathlon. Mean finish time: Int: 12 h 47min, Pla:

14 h 12min NS

Endotoxin units (1 from pre- to 6 d post-exercise): Int ↓ 1.6

pg/mL (p= 0.047), Pla ↓ 0.44 pg/mL NS Anti-LPS IgG (1 from

pre- to 6 d post-exercise): Int ↓ 90 MU/mL, Pla ↑ 27 MU/mL NS

Cytokine responses

Axelrod et al. (63) n= 7

RXT

Probiotic vs. placebo L. salivarius UCC118, 4 wk Treadmill running: 2 h at 60% VO2max.

Tamb: 25◦C, RH: 31%

IL-6: (11 pre to post-exercise, pre to post-intervention)

Int ↑ 0.5 pg/mL, Pla ↑ 1.4 pg/mL NS

Batatinha et al. (65)
n=27

RCT

Probiotic vs. placebo B. animalis. Lactis 10× 109 ; L. Acidophilus 10× 109 1

sachet daily for 30 days Marathon race:

Race time was 4.08± 0.55 h

Tabm not stated

IL-10:

Int: ↑ 254 ng/ml, Pla: ↑ 219 ng/ml NS

IL-4:

Int: ↑ 6.9 ng/ml, Pla:↑ 2.2 ng/ml NS

IL-6:

Int: ↑ 14.0 ng/ml, Pla: ↑ 14.1 ng/ml NS

IL-2:

Int: ↓ 2.6 ng/ml, Pla: ↓ 0.3ng/ml NS

IL-15:

Int: ↓ 0.7 ng/ml, Pla: ↓ 0.5 ng/ml NS

IL-8:

Int: ↑ 7.1 ng/ml, Pla: ↑ 10.4 ng/ml NS

IL-1β:

Int: ↓ 1.1 ng/ml, Pla: ↑ 0.1 ng/ml NS

TNF-α:

Int: ↑ 3.9 ng/ml, Pla: ↑ 3.8 ng/ml NS

IFN-γ:

Int: ↓ 5.3 ng/ml, Pla: ↓ 2.8 ng/ml NS

Gill et al. (68)
n= 8

RXT

Probiotic vs. placebo L. casei, 7 days
Treadmill running: 2 h at 60% VO2max.

Tamb: 34◦C, RH: 32%

IL-6:

Post-exercise: Int ↑ 3.6 pg/mL, Pla ↑ 3.1 pg/mL NS

1 h post-exercise: Int ↑ 2.1 pg/mL, Pla ↑ 1.2 pg/mL NS

2 h post-exercise: Int ↑ 1.1 pg/mL, Pla ↑ 0.4 pg/mL NS

4 h post-exercise: Int ↑ 0.4 pg/mL, Pla↔ 0.0 pg/mL NS

24 h post-exercise: Int↔ 0.0 pg/mL, Pla ↓ 0.3 pg/mL NS

IL-1β:

Post-exercise: Int ↑ 0.09 pg/mL, Pla ↑ 0.02 pg/mL NS

1 h post-exercise: Int ↑ 0.03 pg/mL, Pla ↓ 0.03 pg/mL NS

2 h post-exercise: Int ↓ 0.01 pg/mL, Pla ↓ 0.01 pg/mL NS

4 h post-exercise: Int ↓ 0.01 pg/mL, Pla ↓ 0.01 pg/mL NS

24 h post-exercise: Int ↑ 0.02 pg/mL, Pla↔ 0.0 pg/mL NS

TNF-a:

Post-exercise: Int ↑ 0.5 pg/mL, Pla ↑ 0.3 pg/mL NS

1 h post-exercise: Int ↑ 0.3 pg/mL, Pla ↓ 0.3 pg/mL NS

2 h post-exercise: Int↔ 0.0 pg/mL, Pla ↓ 0.4 pg/mL NS

4 h post-exercise: Int ↑ 0.1 pg/mL, Pla ↓ 0.3 pg/mL NS

24 h post-exercise: Int ↑ 0.3 pg/mL, Pla ↑ 0.1 pg/mL NS

(Continued)
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TABLE 6 (Continued)

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

IFN-γ:

Post-exercise: Int↔ 0.0 pg/mL, Pla ↑ 0.1 pg/mL NS

1 h post-exercise: Int ↓ 0.1 pg/mL, Pla ↓ 0.2 pg/mL NS

2 h post-exercise: Int ↓ 0.3 pg/mL, Pla ↓ 0.4 pg/mL NS

4 h post-exercise: Int ↑ 0.3 pg/mL, Pla ↓ 0.4 pg/mL NS

24 h post-exercise: Int ↑ 0.2 pg/mL, Pla↔ 0.0 pg/mL NS

IL-10:

Post-exercise: Int ↑ 10.8 pg/mL, Pla ↑ 7.2 pg/mL NS

1 h post-exercise: Int ↑ 10.6 pg/mL, Pla ↑ 9.0 pg/mL NS

2 h post-exercise: Int ↑ 2.8 pg/mL, Pla ↑ 2.7 pg/mL NS

4 h post-exercise: Int ↓ 0.1 pg/mL, Pla↔ 0.0 pg/mL NS

24 h post-exercise: Int↔ 0.0 pg/mL, Pla ↑ 0.2 pg/mL NS

IL-8:

Post-exercise: Int ↑ 1.8 pg/mL, Pla ↑ 1.2 pg/mL NS

1 h post-exercise: Int ↑ 1.1 pg/mL, Pla ↑ 0.6 pg/mL NS

2 h post-exercise: Int ↑ 0.1 pg/mL, Pla ↑ 0.1 pg/mL NS

4 h post-exercise: Int↔ 0.0 pg/mL, Pla ↓ 0.1 pg/mL NS

24 h post-exercise: Int ↓ 0.1 pg/mL, Pla ↓ 0.4 pg/mL NS

Lamprecht et al. n= 23

RCT

Probiotic vs. placebo B. bifidumW23, B lactis W51, E. faeciumW54, L.

acidophilus W22, L. brevis W63, L. lactis W58, 14 wk

3 x incremental “step” tests on cycling ergometer to

exhaustion, with 15min active recovery between each test.

Total test time∼80–90min.

Tamb : 20
◦C, RH: 60% RH

IL-6: Int ↑ 3.3 pg/mL, Pla ↑ 1.9 pg/mL NS

TNF-α: Int ↑ 2.3 pg/mL, Pla ↑ 0.24 pg/mL NS

Pugh et al. (79) n= 24

RCT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Non-sanctioned marathon (outdoor running track). Finish

time:

Int: 234± 38min, Pla: 247± 47 NS

% LT: Int: 90.2± 9.1, Pla: 91.3± 8.7 NS

Tamb : 16–17
◦C; Wind: 8–16 km/h

Serum CD14:

Int ↑ 5.9µg/mL, Pla ↑ 5.4µg/mL NS

IL-6:

Int ↑ 9.95µg/mL, Pla ↑ 12.76µg/mL NS

IL-8:

Int ↑ 11.21µg/mL, Pla ↑ 9.98µg/mL NS

IL-10:

Int ↑ 4.36µg/mL, Pla ↑ 5.05µg/mL NS

Pugh et al. (100) n= 7

RXT

Probiotic vs. placebo L. acidophilus CUL60

L. acidophilus CUL21

B. bifidum CUL20

B. animalis subsp. Lactis CUL34, 4 wk

Cycle ergometer: 2 h at

55%Wmax followed by

100 kJ time trial.

Ambient conditions not stated.

IL-1α:

Int ↑ 1.15µg/mL, Pla ↑ 0.45µg/mL NS

IL-6:

Int ↑ 1.05µg/mL, Pla ↑ 1.37µg/mL NS

IL-8:

Int ↑ 1.96µg/mL, Pla ↑ 2.21µg/mL NS

IL-10:

Int ↑ 2.11µg/mL, Pla ↑ 1.18µg/mL NS

Shing et al. (102) n= 10

RXT

Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.

fermentum, B. lactis, B. breve, B. bifidum, S.

thermophilus, 4 wk

Treadmill running: time to fatigue at 80% ventilatory

threshold.

Tamb: 35◦C, RH: 40%

IL-1ra:

Post-exercise: Int ↑ 74 pg/mL, Pla ↑ 79 pg/mL NS

1 h post-exercise: Int ↑ 183 pg/mL, Pla ↑ 188 pg/mL NS

TNF-α:

Post-exercise: Int ↑ 0.62 pg/mL, Pla ↑ 1.65 pg/mL NS

1 h post-exercise: Int ↓ 0.33 pg/mL, Pla ↑ 1.47 pg/mL NS
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TABLE 6 (Continued)

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

IL-6:

Post-exercise: Int ↑ 0.91 pg/mL, Pla ↑ 1.32 pg/mL NS

1 h post-exercise: Int ↑ 1.04 pg/mL, Pla ↑ 1.45 pg/mL NS

IL-10:

Post-exercise: Int ↑ 1.96 pg/mL, Pla ↓ 0.22 pg/mL NS

1 h post-exercise: Int ↑ 7.61 pg/mL, Pla ↑ 9.89 pg/mL NS

Neutrophil elastase:

Post-exercise: Int ↓ 269 fg/cell, Pla ↑ 74 fg/cell NS

1 h post-exercise: Int ↓ 259 fg/cell, Pla ↓ 12 fg/cell NS

Tavares-Silva et al.

(87)

n= 14

RCT

Probiotic vs. placebo Lactobacillus acidophilus-LB-G80, Lactobacillus

paracasei-LPc-G110, Lactococcus subp. lactis-LLL-G25,

Bifidobacterium animalis subp. lactis-BL-G101,

Bifidobacterium bifidum-BB-G90 5× 109 CFU 2.0

g/day for 30 days

Marathon race

Race Time (min)

Pla: 243.0± 33.73

Int: 252.87± 39.77
NS Difference

Tamb: 21.5◦C, RH: 67%.

All changes relative to 24 h pre resting value

IL-2

Post-ex: Pla: ↑ 0.01 pg/ml NS , Int: ↑0.06 pg/ml NS

1 h post-ex.: Pla: ↓ 0.05 pg/ml NS , Int: ↑ 0.11 pg/ml NS

IL-4

Post-ex: Pla: ↑0.59 pg/ml NS , Int: ↑0.32 pg/ml NS

1 h post-ex.: Pla: ↓ 0.05 pg/ml NS , Int: ↑0.21 pg/ml NS

IL-10

Post-ex : Pla: ↑ 1.05 pg/ml (p < 0.05), Int: ↑1.31 pg/mlNS

1 h post-ex.: Pla: ↑ 0.7 pg/ml NS , Int: ↑ 1.3 pg/ml (p < 0.05)

TNF-α

Post-ex: Pla: ↑0.99 pg/ml (p < 0.05), Int: ↑1.2 pg/ml (p < 0.05)

1 h post-ex: Pla: ↑ 1.1 pg/ml (p < 0.05), Int: ↑ 0.2 pg/ml NS

Vaisberg et al. (89) n= 42

RCT

Probiotic vs. placebo Lactobacillus casei Shirota, 30 days Marathon race

Ambient conditions not stated

IL-1β:

Int ↑ ↓1.8 pg/mLNS , Pla ↑13.5 pg/mL NS

IL-1ra:

Int ↑18.7 pg/mLNS , Pla ↑ 24.7 pg/mL p < 0.01

IL-4:

Int ↑1.4 pg/mLNS , Pla ↑ 6.6 pg/mL NS

IL-5:

Int ↑3.1 pg/mLNS , Pla ↓ 34.5 ↑ 31.8 pg/mL NS

IL-6:

Int ↑ 34.8 pg/mLp < 0.01, Pla ↑ 36.5 pg/mL p < 0.001

IL-10:

Int ↑ 15.0 pg/mL p < 0.01, Pla ↑ 19.0 pg/mL p < 0.01

IL-12p70:

Int ↑ 19.2 pg/mL p < 0.05, Pla ↑ 23.0 pg/mL p < 0.01

IL-13:

Int ↑ 2.1 pg/mLNS , Pla ↑ 1.2 pg/mL NS

TNF-α:

Int ↑ 20.0 pg/mLNS , Pla ↑ 123.4 pg/mLp < 0.05

Pla > Int, p < 0.01 between groups

West et al. (90) n= 88

RCT

Probiotic vs. placebo Lactobacillus fermentum VRI-003 PCC
R©
, 11 wk

Incremental cycling ergometer test (VO2max protocol).

Ambient conditions not stated

Factor changes in acute post-exercise cytokine responses:

IL-1ra:

Male: Int 0.84, Pla 1.39 (very likely ↓)

Female: Int 0.80, Pla 1.88 (very likely ↓)

(Continued)
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TABLE 6 (Continued)

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

IL-10:

Male: Int 0.95, Pla 1.16 (possible ↓)

Female: Int 0.89, Pla 1.45 (possible ↓)

IL-6:

Male: Int 0.92, Pla 1.22 (likely ↓)

Female: Int 0.71, Pla 2.29 (likely ↓)

IL-8:

Male: Int 0.80, Pla 0.87 (unclear)

Female: Int 0.71, Pla 1.15 (probably ↓)

GM-CSF:

Male: Int 0.78, Pla 1.75 (very likely ↓)

Female: Int 0.85, Pla 3.3 (very likely ↓)

IFN-γ:

Male: Int 1.2, Pla 1.49 (likely ↓)

Female: Int 1.07, Pla 1.56 (likely ↓)

TNF-α:

Male: Int 1.27, Pla 1.66 (likely ↓)

Female: Int 1.15, Pla 1.72 (likely ↓)

Short chain fatty acids

Valle et al. (96) n= 65

RCT

Synbiotic vs. Placebo Lactobacillus acidophilus LA-5, Bifidobacterium

animalis BB-12, Inulin 2.3 g

60 g serve of ice cream, daily for 30 days

5 d military training, including physical and psychological

exhaustion, marching 8–20 km, carrying∼ 30 kg

equipment, sleep deprivation.

Subject to various weather extremes.

Fecal acetate (mmol/L):

Pla:

Pre: 3·07± 1·64,

Post: OR 0·16, 95%CI−0·25, 0·57

Post-training: OR−0·71, 95%CI−1·08,−0·34

Int:

Pre: 2·82± 1·78

Post: OR 0·34, 95%CI−0·06, 0·74

Post-training: OR−0·80, 95%CI−1·14,−0·46

Main effect of time, P < 0·001
NS between groups

Fecal proprionate (mmol/L):

Pla:

Pre: 0·97± 0·61,

Post: OR 0·31, 95%CI−0·02, 0·63

Post-training: OR−0·08, 95%CI−0·24, 0·08

Int:

Pre: 0·83± 0·50

Post: OR 0·20, 95%CI−0·01, 0·41

Post-training: OR−0·12, 95%CI−0·26, 0·02

Main effect of time, P = 0·004
NS between groups

Fecal butyrate (mmol/L):

Pla:

Pre: 1·18± 0·85

Post: OR 0·25, 95%CI−0·03, 0·47

Post-training: OR−0·09, 95%CI−0·28, 0·10

Int:

Pre: 1·04± 0·73

Post: OR 0·39, 95%CI 0·20, 0·59

Post-training: OR−0·17, 95%CI−0·33−0·01

Main effect of time, P = 0·002
NS between groups
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TABLE 6 (Continued)

References n and study
design

Supplement/
comparator

Intervention ingredient/s and
supplement duration

Exercise protocol Outcome measure/s (1 in mean/median
from pre-exercise to immediately
post-exercise unless otherwise indicated)

Bacterial taxa

Valle et al. (96) n= 65

RCT

Synbiotic vs. Placebo Lactobacillus acidophilus LA-5, Bifidobacterium

animalis BB-12, Inulin 2.3 g

60 g serve of ice cream, daily for 30 days

5 d military training, including physical and psychological

exhaustion, marching 8–20 km, carrying∼ 30 kg

equipment, sleep deprivation.

Subject to various weather extremes.

16S gene sequencing

α - Diversity (Shannon index):

Int:↑ 0.119 Pla: ↓ 0.095 NS

α - Diversity (Simpson index):

Int: ↑ 0.015, Pla: ↓ 0.021 NS

NS group by time effect
NS

α-diversity between groups or periods

Gastrointestinal symptoms

Kekkonen et al.

(99)

n= 119

RCT

Probiotic vs. placebo L. rhamnosus GG, 3 months Helsinki Marathon

Finish time:

Int: 3 h 32min (range 2 h

24min to 4 h 35min)

Pla: 3 h 30min (range 2 h 52min to 4 h 19min)
NS between groups

Ambient conditions not specified.

During training period:

Subjects with GIS episodes:

Int 27%, Pla 30% NS

No. of GIS episodes/subject: Int 0.4, Pla 0.6 NS

GIS episode duration: Int 2.9 days, Pla 4.2 days NS

During 2 wk after marathon:

Subjects with GIS episodes:

Int: 6%, Pla: 6% NS

No. of GIS episodes/subject: Int 0.1, Pla 0.1 NS

GIS episode duration: Int 1.0 days, Pla 2.3 days (p < 0.05)

Pugh et al. (79) n= 24 RCT Probiotic vs. placebo L. acidophilus CUL60 L. acidophilus CUL21 B.

bifidum CUL20 B. animalis subsp. Lactis CUL34, 4 wk

Non-sanctioned marathon (outdoor running track). Finish

time:

Int: 234± 38min, Pla: 247± 47 NS

% LT: Int: 90.2± 9.1, Pla: 91.3± 8.7 NS

Tamb : 16–17
◦C; Wind: 8–16 km/h

Global GIS score during marathon (median): 1st third: Int 1.3,

Pla 1.6 NS 2nd third: Int 3.0, Pla 3.2 NS 3rd third: Int 3.5, Pla 6.1

(p= 0.01) GIS Score Post-Race (median): Total GIS: Int: 13, Pla

15 NS Lower GIS: Int 10, Pla 7 NS Upper GIS: Int 6, Pla 5 NS GIS

Score 24 h Post-Race (median): Total GIS: Int 16, Pla 12 NS Lower

GIS: Int 7, Pla 5 NS Upper GIS: Int 6, Pla 4 NS

Pugh et al. (100) n= 7 RXT Probiotic vs. placebo L. acidophilus CUL60 L. acidophilus CUL21 B.

bifidum CUL20 B. animalis subsp. Lactis CUL34, 4 wk

Cycle ergometer: 2 h at

55%Wmax followed by

100 kJ time trial.

Ambient conditions not stated.

NS between. trials, data not reported

Schreiber et al. (82) n= 27

RCT

Probiotic vs. placebo l. helveticus Lafti L10, b. animalis ssp. lactis Lafti B94,

e. faecium R0026, b. longum R0175, Bacillus

subtilis R0179, 90 days

Evaluation (online survey) at training, competition, and

during the first 2 h recovery from training or competition.

GIS incidence by slider questionnaire:

GIS incidence during training (1GI):

Int:−27± 47%, Pla: 8± 29%,

Int < Pla, P = 0.04, d = 0.9

GIS incidence during competition (1GI):

Int: 0± 47%, Pla: 9± 30%, NS

GIS incidence after training (1GI):

Int:−10± 32%, Pla: 9± 54%, NS

GIS incidence after competition (1GI):

Int:−20± 42%, Pla: 9± 54%, NS

Shing et al. (102) n= 10

RXT

Probiotic vs. placebo L. acidophilus, L. rhamnosus, L. casei, L. plantarum, L.

fermentum, B. lactis, B. breve, B. bifidum, S.

thermophilus, 4 wk

Treadmill running: time to fatigue at 80% ventilatory

threshold.

Tamb: 35◦C, RH: 40%

GIS Symptom Severity Score: Int: 1.4, Pla 1.6 NS

(Continued)
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LPS stimulation). No supplement intervention reduced markers

of endotoxemia compared with the study’s respective placebo,

whilst one intervention (7 days Lactobacillus casei) reported an

increased gram-negative bacterial endotoxin concentration in

response to 2 h steady-state treadmill running (60% VO2max)

in hot ambient conditions (34.0◦C, 32% RH), compared to

a modest reduction in the placebo group (68). N = 1 study

reported a significant reduction in endotoxin units compared

to pre-supplementation (94); however this data was compared

to the pre-exercise and not the pre-supplementation time point

(i.e., a sample taken the day before an ultra-distance triathlon

event), then assessed 6 days post-race.

Systemic inflammatory cytokine profile in
response to acute exercise

N = 10 studies assessed systemic inflammatory cytokine

responses to acute exercise, all of which utilized probiotic

supplementation interventions (63, 65, 68, 76, 79, 87, 89, 90,

100, 102) (Tables 5, 6). Only n = 3 studies observed differences

in the cytokine response to exercise between probiotic and

placebo trials (87, 89, 90). One study reported statistical

analysis using magnitude-based inferences, suggesting probiotic

supplementation (11 weeks Lactobacillus fermentum VRI-003

PCC
R©
, 109 CFU/day) resulted in possible and very likely

reductions in IL-10 and IL-1ra, respectively, a likely reduction

in IL-6, and likely or very likely reductions in GM-CSF,

IFN-γ, and TNF-α, respectively (90). In contrast with this, a

significant increase in IL-10 was observed only in the probiotic

group at 1 h post-exercise, and TNF-α increased significantly

only in the placebo group at 1 h post-exercise compared with

24 h pre-exercise levels, following 30 days of supplementing

with Lactobacillus acidophilus-LB-G80, Lactobacillus paracasei-

LPc-G110, Lactococcus subp. lactis-LLL-G25, Bifidobacterium

animalis subp. lactis-BL-G101 and Bifidobacterium bifidum-

BB-G90 (87). Following 30 days of supplementation with L.

casei Shirota, a significant rise in IL-1ra was observed on

the intervention group only (within group difference) but

the only significant between group difference was observed

in TNF-α, whereby a significant increase in TNF-α only

occurred in the placebo group and not the intervention

group (89).

Gastrointestinal functional markers in
response to acute exercise

None of the included studies assessed the effect of pre-,

pro-, syn-biotic supplementation on aspects of gastrointestinal

function (e.g., gastric emptying, gastrointestinal motility,
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intestinal transit, intestinal nutrient absorption, and/or

malabsorption) in response to acute exercise.

Gastrointestinal symptoms in response to
acute exercise

N = 5 studies, of which n = 4 were probiotic and

n = 1 synbiotic supplementation interventions, included an

assessment of GIS during the acute exercise bout (79, 82, 96, 100,

102). Of the probiotic interventions, n = 2 reported no effect

of supplementation on GIS during exercise (100, 102). N = 1

study reported no difference in median global GIS score (GIS

severity) during the first two-thirds of a simulated marathon.

However, the authors emphasized a greater score in the placebo

group during the final third of the simulatedmarathon, although

this discrepancy appears likely due to lack of experimental

control to confounding factors (refer to risk of bias assessment)

(79). Additional data presented shows slightly higher overall

GIS incidence in the probiotic group (90%) compared with the

placebo group (88%) in response to the simulated marathon,

and median GIS score immediately post-race was not different

between groups. N = 1 study using online surveys to report

GIS incidence by participants during training, reported a greater

improvement in symptoms in the probiotic group, although

GIS incidence after training, and during and after competition,

showed no changes following probiotic supplementation (82).

Similarly, 3 months of supplementation with a probiotic showed

no significant effects on GIS incidence or duration in training,

however during 2 weeks after the marathon, the category of

GIS episode duration was more than double the number of

days in the placebo group than the probiotic group (99).

The n = 1 synbiotic study reporting GIS during an exercise

bout (5 days continuous military training exercise) following

supplementation showed no difference between groups, but an

effect of time was observed, whereby symptoms reduced in both

groups following the military training exercise bout (96).

Fecal bacterial taxa changes and short
chain fatty acid concentration in
response to acute exercise

Only n = 1 included studies assessed changes on bacterial

taxa and fecal SCFA concentration in response to acute exercise

(96) (Tables 5, 6). Following 30 days of supplementation with

a synbiotic containing L. acidophilus LA-5, B. animalis BB-

12, and 2.3 g of inulin, military recruits participated in 5

days of continuous combat simulation. No difference in fecal

acetate, propionate or butyrate was observed. Some changes in

bacterial taxa were noted in text, however due to the method

of presentation in the manuscript (i.e., heat map), logical

conclusions could not be drawn. Measures of bacterial diversity

(Shannon and Simpson Index) before and after the exercise

bout showed no difference in α-diversity following synbiotic

supplementation compared with placebo, and no group by time

effect was observed.

Risk of bias assessment

Results of the risk of bias assessment appear in Table 7.

N = 18 out of the n = 39 included studies were judged as

high risk of bias in at least one criterion. This included n =

2 due to a sequenced allocation as part of a counterbalanced

randomization (59, 88), n = 10 due to inadequate reporting

of outcome assessor blinding (72–74, 77, 78, 80, 82, 84, 87,

93), n = 5 due to incomplete outcome reporting (74, 78, 87,

100, 102), and n = 4 due to selective data reporting (78,

79, 84, 98). Other potential sources of bias were identified in

n = 5 studies (79, 84, 88, 94, 102). N = 1 study reported

increased GIS in the placebo group during the final third

of a non-sanctioned marathon, however closer inspection of

the data suggested that relative incidence (i.e., 91 vs. 89%

of total group, respectively) and severity (i.e., 63 vs. 44% of

total group above the mean of the assigned global GIS score,

respectively) of GIS on the 4-weeks probiotic supplementation

group was greater than the placebo group throughout the

simulated marathon. Furthermore, the severity of GIS findings

may have also been confounded due to large differences in total

fluid volume intake between groups (e.g., varied completion

times and total intake volumes (i.e., carbohydrate gel and water)

that were not systematically assessed, discrepancies in reported

plasma volume changes between groups, the absence of validated

hydration status or change markers and body mass data), rather

than any effect of the intervention itself (79), as highlighted in

Costa et al. (19), Costa et al. (46), and Hoffman et al. (106).

The remaining studies failed to provide evidence of correction

of blood-based biomarkers for changes in plasma volume (107)

as would be expected to occur in the exercise and/or heat stress

models used (63, 65, 87, 89, 90, 94, 102). More than half of the

included studies were either directly funded by, had intervention

supplementation and/or placebo substances supplied by, or were

authored by employees or paid consultants of, the manufacturer

of the pre-, pro-, or syn-biotic product studied (56, 57, 62, 63, 70,

76, 77, 79, 82, 85, 88–90, 92–94, 99, 100, 102).

Discussion

The aim of this systematic literature review was to

determine the beneficial, detrimental, or neutral effects of

differing supplementation periods and dosages of pre-, pro-

and syn-biotic supplementation, taken by healthy active

adults, on gastrointestinal outcomes at rest and in response

to exercise, with a specific focus on markers characteristic of

EIGS and associated GIS. At rest, positive outcomes have been
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TABLE 7 Risk of bias assessment.

References Sequence

generation

Allocation

concealment

Participant/

personnel

Outcome

assessment

blinding

Incomplete

outcome data

Selective

reporting

Other potential

sources of bias

Axelrod et al. (63)

Batatinha et al. (65)

Burton et al. (66)

Carbuhn et al. (67)

Coman et al. (92)

Damen et al. (55)

Finegold et al. (56)

François et al. (57)

Gill et al. (68)

Gleeson et al. (70)

Haywood et al. (72)

Huang et al. (74)

Hoffman et al. (73)

Kekkonen et al. (99)

Kleessen et al. (59)

Klein et al. (75)

Lamprecht et al. (76)

Lee et al. (77)

Lin et al. (78)

Pugh et al. (79)

Pugh et al. (100)

Quero et al. (93)

Reimer et al. (60)

Roberts et al. (94)

Russo et al. (61)

Russo et al. (45)

Russo et al. (62)

Sánchez Macarro et al. (80)

Schreiber et al. (82)

Shing et al. (102)

Smarkusz-Zarzecka et al.

(83)

Son et al. (84)

Strasser et al. (85)

Tavares-Silva et al. (87)

Townsend et al. (88)

Vaisberg et al. (89)

Valle et al. (96)

West et al. (90)

West et al. (98)

Low risk of bias, High risk of bias, Unclear risk of bias.

reported on measures of reduced intestinal permeability in

2/6 studies (n = 1 pre- and n = 1 pro-biotic interventions),

improvements in functional measures in 2/4 prebiotic studies,

improvements in gastrointestinal symptoms in 2/7 probiotic

studies, and improvements in resting systemic cytokines in 3/15

studies. No changes were detected in all other studies assessing
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these measures at rest. In response to exercise, where the

gastrointestinal tract is acutely perturbed (2, 3, 108), the effects

were even more modest with 0/3 studies showing a reduction in

intestinal injury following probiotic supplementation. Only 1/5

studies showing a significant reduction in measures of intestinal

permeability, 1/3 studies suggested an increase in systemic

bacterial endotoxin profile, and only 3/10 studies suggested

an effect of supplementation on systemic inflammatory

cytokine profile in response to exercise. Improvements in

selectively reported measures of GIS in response to exercise

following probiotic supplementation were reported in 2/5

studies. It is important to highlight the magnitude of exercise-

associated gastrointestinal disturbances and differences between

intervention and placebo groups in studies reporting positive

effects of supplementation interventions, are modest in

nature and study conclusions suggesting beneficial effects

of supplementation (i.e., lower intestinal permeabiluty,

endotoxaemia, cytokine responses) are to be interpreted with

caution given methodological issues and concerns identified, as

recently discussed in Costa et al. (44). Only a limited number of

studies have assessed GIS during exercise, with either minimal

or no effect of probiotic supplementation observed, and with

likely distorted outcomes associated with a lack of control of

established confounding factors (79). The effect of prebiotics

on gastrointestinal outcomes during exercise have not yet been

studied, preventing any conclusions being drawn. The data

synthesized in this review suggest pre-, pro-, and syn-biotic

supplementation exerts inconsistent effects on gastrointestinal

integrity, function, symptoms and resultant systemic response,

at rest. In response to exertional or exertional heat stress,

no consistent and substantial beneficial effects are seen with

probiotics or synbiotics on gastrointestinal status.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal integrity

The role of intestinal barrier integrity, in both adequate

nutrient absorption and in preventing unwanted translocation

of bacterial endotoxins into circulation, is seen as one key factor

influencing the likelihood of EIGS (2). There is now substantial

evidence that exercise-associated epithelial enterocyte injury,

measured through the surrogate marker I-FABP, is accompanied

by an increase in systemic bacterial endotoxin from luminal

origin, and subsequent systemic inflammatory responses (109,

110), similar to those values observed in clinical populations

(e.g., medical complications of the gastrointestinal tract) (2,

19, 34, 111–118). These gastrointestinal integrity outcomes

are relatively asymptomatic during exercise, but may instigate

GIS in the post-exercise recovery period (e.g., abdominal pain,

osmotic diarrhea, urge to regurgitate, regurgitation, and/or

fecal blood loss), as a result of acute reversible colitis (2, 3).

Such perturbations to gastrointestinal integrity (e.g., plasma I-

FABP concentration: 1 pre- to post-exercise ≥1,000 pg/ml) are

consistently seen with exercise stress loads ≥2 h of endurance

exercise at 60% VO2max in hot ambient conditions (≥35.0◦C)

where peak core temperature reaches ≥39.0◦C, irrespective

of relative humidity (33, 35, 109, 110, 119), or with ≥3 h of

endurance exercise at 60% VO2max in temperate conditions

(∼20◦C) with minimal rise in core body temperature (19,

34). Any lesser exertional or exertional-heat stress appears

to result in no or minimal perturbations to gastrointestinal

integrity, or perturbations of no clinical relevance. It is therefore

unsurprising that the studies included in this review, almost

universally failed to substantially influence aspects of intestinal

integrity, endotoxemia or cytokinemia at rest, given that these

mechanisms are unlikely to occur to any significant extent in

the absence of a medical gastrointestinal condition, or a bout

of substantial exercise stress. However, this may be in part due

to the insufficient exercise or heat stress required to significantly

perturb the intestinal barrier in most studies. In addition, one

study reported no pre- to post-exercise increase in plasma I-

FABP concentration in the probiotic or placebo groups as a

result 2 h cycling at 55% Wmax followed by a time trial in

which a carbohydrate beverage was provided throughout the

exercise bout (100). The authors purported this outcome was

due to insufficient exercise stress load, but it is also likely that

carbohydrate consumption during the exercise protocol was able

to completely ameliorate exercise-associated epithelial injury

[i.e., abolished plasma I-FABP response, as reported by Snipe

et al. (38)], as observed during other exercise carbohydrate

feeding studies (103, 120–123). This effect has been attributed to

carbohydrate absorption-associated, nitric oxide-induced, villi

microvascular dilation and perfusion (37, 103, 123). Together

the data presented in this systematic review provides no evidence

that probiotics exert an effect on gastrointestinal integrity, and to

date no studies of synbiotics or prebiotics have investigated this

aspect of EIGS.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal permeability

Exercise-associatedmodulation to intestinal epithelial injury

and intestinal epithelial permeability, and their respective

biomarkers (i.e., direct or indirect surrogate biomarkers) are

not the same, and outcome data for these cannot be used

interchangeably, as discussed in a recent study by Gaskell et al.

(34). Several recent studies have observed a mismatch between

exercise-associated changes to plasma I-FABP concentration

(i.e., epithelial enterocyte injury) and lactulose:mannitol or

lactulose:rhamnose dual sugar test (i.e., intestinal epithelial

tight-junction permeability), and/or plasma or fecal claudin-

3 concentration that is a proposed surrogate marker for

epithelial tight-junction damage (35, 109, 124, 125). Indeed,

the magnitude of intestinal epithelial injury and permeability
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differs in response to the same exertional or exertional-heat

stress (38, 109, 124, 125), with permeability measures not

increasing in proportion to exercise stress, and not leading to

post-permeability outcomes (i.e., increased plasma endotoxin,

anti-endotoxin, and inflammatory cytokine concentrations) (2,

3). Considering increased intestinal permeability in response

to exercise stress does not correlate with epithelial injury,

systemic endotoxin and inflammatory cytokine profiles, and

GIS; in studies that have included a global gastrointestinal

assessment (35, 38, 109, 125), it appears increases in intestinal

permeability is a habitual response to exercise stress, with a set

threshold, and of little relevance to the key health outcomes

of EIGS (e.g., aggressive acute or repetitive strain epithelial

injury, systemic endotoxemia and inflammatory cytokinemia,

and/or gastroparesis with or without paralytic ileus). Regardless,

the studies included in this systematic literature review did

not provide any substantial evidence, at rest or in response to

exercise, that pre-, pro- or syn-biotic supplementation could

reduce intestinal permeability. N = 1 study that reported

improvements in permeability at rest following 14 weeks multi-

strain probiotic supplementation (63) should be interpreted with

caution given known limitations, including analysis procedures

now identified as poor indicators of intestinal permeability

(e.g., fecal or plasma zonulin concentration determination) (126,

127). Only n = 1 prebiotic study assessed permeability at rest,

concluding an improvement in urinary lactulose:mannitol ratio

following 5 weeks of consumption of inulin enriched pasta,

compared with placebo (62). In response to exercise, n = 1

study assessed intestinal permeability 6-days after completion

of the exercise stress (i.e., long course triathlon event) (94).

Given the transient nature of exercise-induced changes in

gastrointestinal permeability, it is not surprising that this study

did not observe any substantial differences from pre-exercise

values (i.e., sample time point was 1 day prior to the event).

Despite one included study measuring claudin-3 in response to

exercise, fecal sampling for biomarker determination was the

included method (102). Considering gastrointestinal integrity

perturbations of EIGS are transient in nature, as opposed to

the consistent perturbation seen in inflammatory diseases of the

gastrointestinal tract (e.g., Crohn’s disease and ulcerative colitis),

it is now well established that measuring fecal biomarkers to

determine the extent of gastrointestinal permeability, with or

without adjoining injury and inflammation biomarkers, risks

erroneous interpretations due to issues surrounding sample

collection timing, volume, and processing methods (44).

Pre-, pro-, and syn-biotics and systemic
endotoxin response

Since intestinal integrity is not compromised at rest in

otherwise healthy individuals, endotoxemia is unlikely to occur

to any significant extent (2, 3). Consistent with this, none of

the n = 5 studies reporting resting endotoxin concentration

showed any changes following supplementation with a pro- or

syn-biotic. In response to an acute exercise bout, since intestinal

injury was not significantly impacted, subsequent systemic

endotoxin remained unaffected to any substantial degree by the

supplementation with the pro- or syn-biotics studied (94, 102).

In contrast, n = 1 study showed an increase in gram-negative

bacterial endotoxin concentration during the recovery period

of exertional-heat stress, as a result of L. casei supplementation

(68). Thus, the evidence to date suggests that supplementation

with pro- or syn-biotics show no benefit to endotoxin response

at rest or following exercise stress.

Pre-, pro-, and syn-biotics and cytokine
response

Cytokine responses, which are consistently reported as

the key pathophysiological endpoint for clinical significance

(i.e., negative health affects), were largely unaffected by the

majority of studied supplements. Where positive effects on

cytokines following probiotic supplementation compared with

placebo were observed, no consistent pattern was seen across

the cytokine profile studied, but rather isolated changes were

observed, such as; an attenuation in the rise in inflammatory

C-C Motif Chemokine Ligand 2 (CCL2) following 2 weeks

supplementation with S. thermophilus, L. delbrueckii spp.

Bulgaricus, and L. rhamnosus GG, compared with placebo

(66) but no change in other inflammatory cytokines observed

(TNF-α, CCL5, IL-6); and an attenuated rise in tumor necrosis

factor alpha (TNF-α) following 12 weeks supplementation with

B. subtilis, compared with placebo, but no change in anti-

inflammatory interleukin IL-10 (88). Furthermore, inconsistent

results were shown following 30 days of supplementation with

a multi-strain probiotic, whereby a greater reduction in pro-

inflammatory interleukin IL-2, an attenuated reduction in anti-

inflammatory IL-4, and a greater reduction in anti-inflammatory

IL-10 was observed, compared with placebo (87). Multi-strain

synbiotic supplementation also showed inconsistent results,

namely a 50% lower circulating IL-16 concentration, compared

to a prebiotic control (i.e., acacia gum) with no difference

observed in Il-18, while IL-12 and IFN-γ were undetectable

in assay (62). Another study with a multi-strain synbiotic

for 30 days reported greater reduction in circulating IL-

10 concentration in the placebo group than those on the

intervention (93). In response to exercise, only two studies

showed improvements and, in some cases, contradictory

findings in cytokine response following exercise. Eleven weeks of

supplementation with Lactobacillus fermentumVRI-003 PCC
R©
,

resulted in lower pre- to post-exercise increases in plasma IL-1ra,

IL-6, IL-8, IL-10, GM-CSF, IFN-γ, and TNF-α concentrations
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(90) using magnitude based inferences, whereas a significant

increase in IL-10 was observed 1 h post-exercise, following 30

days of supplementing with a multi-strain probiotic, and TNF-

α increased only in the placebo group at 1 h post-exercise

compared with 24 h pre-exercise levels (87). However, most

important to note is that the magnitude of systemic cytokine

responses in these studies were minimal in comparison to more

aggressive exercise models and ultra-endurance field events

(16, 69, 109), and are unlikely to be of clinical relevance. It

therefore appears that there is no compelling evidence that

probiotics or synbiotics exert any clinically relevant effect on

resting cytokines and perhaps less so on cytokine responses

to exercise at the intensities and exercise volumes observed.

Whether these biotic interventions could show an attenuated

systemic inflammatory effect at exercise interventions causing

more activation of the immune system, as reported in Costa et al.

(44), remains unknown.

Pre-, pro-, and syn-biotics and markers
of gastrointestinal function

Gastrointestinal functional responses are an important

component of EIGS, and give rise to many of the unpleasant

GIS experienced by active adults, both at rest and during exercise

(128). Functional responses include measures of gastrointestinal

motility and transit, such as gastric emptying rate, EGG,

OCTT, defecation frequency, and stool consistency (45, 55,

59, 61). Other functional responses include magnitude of

malabsorption to a nutrient challenge and subsequent bacterial

fermentation of intestinal residue, typically assessed through

breath hydrogen and/or methane responses (6, 38, 46, 129).

It was somewhat surprising that only 4/39 included studies

reported data pertaining to functional responses, and none in

response to exercise. Of the measures included, only gastric

emptying rate was reduced by the consumption of prebiotic

inulin enriched pasta, compared with a placebo meal (61),

overall gastrointestinal motility and function appears minimally

affected, and only n = 1 study observed a beneficial reduction

in GIS, with other studies suggesting a possible increase, which

is consistent with bacterial fermentation of poorly absorbed

nutrient/s increasing luminal content and pressure. Whilst

this data was captured at rest, it appears consistent with a

recent study, not included in this review’s inclusion criteria,

showing that a 24 h high FODMAP diet (46.9 g/day) and high

FODMAP pre-exercise meal (26.2 g), both which contained a

substantial fructan component (10.1 and 1.4 g, respectively) that

is consistent with prebiotic supplementation doses, increased

upper-GIS severity at rest and in response to exercise in a

healthy active population compared to a 24 h low FODMAP

diet (<5 g/day) (35). The authors speculated that reduced

gastric motility was the likely mechanistic cause of such

findings, as FODMAPs pass through the small intestine as

residue, are readily fermentable by commensal bacteria, and the

residue and fermentation contribute to increase intestinal lumen

content and pressure. These outcomes are likely to activate

the gastrointestinal braking mechanism that reduces gastric

emptying rate and intestinal transit (6–10).

Pre-, pro-, and syn-biotics and
gastrointestinal symptoms

Of all the outcomes presented in this systematic review,

the one of most interest and relevance to active adults is

the experience of GIS, given this is likely one of the main

reasons consumers would choose to consume a pre-, pro-,

or syn-biotic product, and the factor that has performance

implications (i.e., GIS directly linked to reduced distance test

performance; and workload reduction, cessation or withdrawal

from exercise activity) (19, 130). At rest, the majority of studies

saw minimal GIS incidence and severity, and therefore minimal

differences between supplement intervention and placebo. Of

those that did show statistically significant differences in GIS,

most were of low incidence and/or severity, or categories of

symptoms were selectively reported, to the exclusion of others

where no change in overall symptoms were observed (83);

and in some cases, GIS were greater during consumption of

the supplement intervention compared to placebo. Due to the

potential health and performance debilitating effect of EIGS

and associated GIS in active populations, there is substantial

interest in manipulating factors that may reduce the incidence

and/or severity of EIGS and associated symptoms. Using the

EIGSmodel (Figure 1), it can be seen that interventions designed

to reduce either the effect of primary causal mechanisms (i.e.,

splanchnic blood flow, and the neuroendocrine stress response

to exercise), or the secondary outcomes (i.e., intestinal barrier

integrity, nutrient absorption capability, and the presence

or absence of undigested and/or fermentable residue in the

gastrointestinal tract), should theoretically contribute to a

reduction in unwanted outcomes. In the case of pre-, pro- and

syn-biotics, such interventions are mostly aimed at targeting

the secondary mechanisms of the gastrointestinal-circulatory

pathway of EIGS, by potentially enhancing the stability and

function of individual epithelial cells, and their bonded

relationship with adjacent cells within the gastrointestinal

epithelial layer. Only n = 5 studies were identified that have

assessed GIS in response to exercise, none of which provided

compelling evidence that probiotics could improve GIS

incidence or severity. Moreover, it is important to note that the

majority of studies did not use a validated or reliability-checked

GIS assessment tool, instead using in-house or Likert-type

rating scales, or online questionnaires with unclear origins and

symptom types, possibly because GIS was a secondary outcome
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in many study designs. Validated and reliability-checked GIS

assessment tools like the visual analog scales and ROME III

criteria for symptom type were not consistently applied (131–

133). The only study investigating GIS following synbiotic

supplementation, in military recruits engaged in a 5-day

continuousmilitary training exercise following supplementation

regime, showed no difference between groups, pre- to post-

supplementation, or following the multi-day training exercise,

but an effect of time was observed, whereby symptoms reduced

in both groups following the military training exercise bout

(96). This suggests that military training is more effective at

reducing symptoms than the synbiotic supplement provided at

rest. Currently there are no published studies that have assessed

the impact of prebiotic supplementation on GIS during exercise,

warranting further research.

Pre-, pro-, and syn-biotics and gut
microbial composition and short chain
fatty acids

The interaction between the “gut microbiota” and human

biological systems has gained much research interest and

translational application traction. The role of commensal and

pathogenic bacteria, and their metabolic by-products (e.g.,

SCFA) and structural residues (e.g., endotoxins) are increasingly

being recognized as contributing to the attenuation or

exacerbation of pathophysiologic pathways in numerous clinical

conditions (e.g., cardiometabolic, mental health, gastrointestinal

disease and disorders, and systemic inflammatory conditions)

(43). Whilst most of the gastrointestinal mechanistic research

has been conducted with in vitro or animal models, translation

to interventions targeting human gut microbiota are growing

rapidly (40–43, 134–136). From the current literature it

appears that the beneficial role of the gut microbiota is

associated with intestinal commensal bacteria producing SCFA

(i.e., butyrate, acetate, and propionate) and other metabolic

by-products (e.g., anti-inflammatory factors). The family

groups Lachnospiraceae and Ruminoccoccaceae, and genus

Akkamensia, Bacteroides, Bifidobacterium, Clostridium (e.g.,

species leptum), Faecalibacterium, Lactobacillus, and Rosburia

are reported to stimulate luminal host immunity via intestinal

secretion of anti-microbial proteins and activation of innate

immune responses, enhance the intestinal epithelial structural

barrier (i.e., mucus production, enterocyte cell proliferation,

and tight-junction protein expression), reduce pathogenic

adhesion to intestinal epithelial apical surface, and improved

gastrointestinal motility, including facilitating peristalsis.

Conversely, pathogenic bacteria including Escherichia coli,

Salmonella, Shigella, and (or) Campylobacter and their

structural residues (e.g., endotoxins- LPS, peptidoglycan,

flagellin, lipoteichoic acid, and muramyldipeptide) are potent

stimulators of local epithelial and systemic immune responses

(via Nfκβ and phagocytic immune cell activation), through the

TLR-4 activation pathway identifying PAMP on pathogenic

bacterial surfaces. Therefore, it appears increased bacterial

α-diversity, increased relative abundance of SCFA producing

commensal bacteria, and decreased relative abundance of

endotoxin-presenting pathogenic bacteria, meets the criteria for

optimal “gut health” in respect to gut microbiota composition.

Changes in intestinal microbial composition, as determined

by fecal bacterial counts as CFU/g feces via fluorescence

in situ hybridization (FISH), traditional cell cultures, or

quantitative polymerase chain reaction (qPCR), or determined

by fecal bacterial taxa as relative abundance and α-diversity

of operational taxonomic units (OTU) via more modern

sequencing techniques (e.g., 16S or shotgun sequencing), were

highly variable in the included studies. The direct comparison

between studies is difficult to establish due to differences in

the methods of reporting data at different levels of taxonomy,

the diverse or limited bacterial types reported in various

studies, and the differing reporting units used (i.e., absolute

vs. relative values, and reporting bacterial counts per wet vs.

dry mass of feces). For example, determination of bacterial

composition using FISH and/or bacteria specific qPCRmethods,

as predominaly used in the older dated studies, provides a value

for bacterial counts relative to the total identifiable bacterial

counts as per weight of sampled feces (e.g., CFU/g). Whereas,

the more recent studies used gene sequencing techniques, which

are limited to the relative abundance of the total bacterial count

detected (e.g., %). Thus, caution is warranted in interpreting

the outcomes obtained in regards to the biotic interventions

when comparing studies using different bacterial determination

techniques. Furthermore, despite attempts to establish a “healthy

gut microbiota profile”—or normative composition, as discussed

by Bennett et al. (33), there is currently no well-established

gut microbiota profile considered as a “healthy athlete” profile.

This is likely due to the large individual variability within and

between individuals, and from an experimental perspective the

heterogeneous experimental designs and lack of confounding

factor control (e.g., dietary, exercise, circadian, ambient

conditions, etc.) within and between studies (33, 44). Within the

current review, and taking these limitations into consideration,

the most consistent changes in gut microbial composition came

from prebiotic supplementation interventions, with increases

in the relative abundance of Bifidobacterium reported in all

included studies, except one, and no change in the abundance

of Lactobacillus in any prebiotic study (Table 4). Probiotic and

synbiotic supplement interventions appeared to significantly

increase the relative abundance of the supplemented strains

where measured. However, the effect on the abundance of other

microbiota appeared inconsistent and mostly negligible, with

the exception of a nine-fold increase in Lactobacillus following

supplementation with Bifidobacterium longum subsp. Longum

(78). In all included studies, any changes in selected bacterial
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taxa did not result in improvements in any measure of bacterial

diversity reported (e.g., α-diversity (Shannon index), richness,

Simpson index or 16SrRNA gene sequencing).

SCFA have previously been proposed as key by-products of

bacteria metabolism that support intestinal epithelial integrity

(137, 138). The presence of greater concentrations of SCFA in

fecal samples following pre-, pro- or syn-biotic supplementation

at rest may indicate a successful increase in the absolute

or relative abundance of SCFA-producing bacteria. A clear

delineation was made between pre- and pro-biotics with respect

to SCFA concentration. AXOS prebiotics are produced as a by-

product of the bread-making process by enzymatic reaction

with naturally occurring arabinoxylans in grains, allowing bread

manufacturers to manipulate prebiotic content of the baked

product, without fortification (139). Higher dose AXOS based

prebiotic supplemental protocols demonstrated an increase in

fecal total SCFA, acetic and butyric acids (7.2 g/day AXOS for

3 weeks) (55) and in one study these changes also included

an increase in propionic acid concentrations (8.0 g/day AXOS

for 3 weeks) (57). These increases in SCFA were not seen

in lower dose prebiotic supplemental protocols (2.4 g/day

AXOS) (57), 2.8 g/day XOS (56) or any dose of inulin-

based prebiotic. No positive effects in resultant fecal SCFA

due to probiotic supplementation were observed. Only one

of the included studies investigated fecal SCFA concentrations

following synbiotic supplementation, that included an acute

exercise component (5 days continuous intense military training

exercise) but no change was reported between groups at

rest or following the prolonged exercise bout (96). Further

research targeting increases in SCFA producing bacteria,

utilizing prebiotic ingredients shown to have such an effect,

and including an exertional-heat stress component, is required

to demonstrate if such supplements can consequently improve

intestinal integrity and reduce EIGS outcomes in athletes. It

has been noted in one of the included studies that a lack

of change in fecal SCFA concentration may not necessarily

reflect a lack of change in production, but instead be caused

by increased metabolism of SCFA by the host (56), suggesting

that any such study should also include measurement of changes

in the abundance of SCFA producing bacteria. Indeed, changes

in SCFA are best measured in blood, as increases in circulatory

SCFA have been noted in the absence of fecal SCFA changes,

indicating higher luminal absorption (140).

Study limitations

The major limitation of this systematic review is the very

small number of studies identified that took a comprehensive

approach of well-validated biomarkers, in such a way that

readers can establish the cause-and-effect relationship between

the supplement intervention, and both the mechanisms and

outcomes of EIGS in a systematic manner. Indeed, a significant

number of included studies consisted of small sample sizes,

with n = 10 studies consisting of n ≤ 15 participants and

only n = 12 studies consisting of n ≥ 30 participants. Sample

size determination was either not specified, or reported as

underpowdered in n = 20/39 included papers. Additionally,

the complete absence of studies that have provided prebiotic

supplements and investigated the subsequent response to acute

exercise, prevents us from drawing conclusions in this area.

Whilst the possibility exists that we failed to identify all previous

studies related to the research question, this risk was minimized

through the use of six academic databases in the literature

search. In addition, all recent review papers found during the

search were scanned for additional papers, however no further

records were identified. The lack of effective dietary control in

the vast majority of studies included is a significant limitation

to study interpretation, with no dietary control other than

instruction of what foods or beverages to avoid in n = 15

studies, and habitual diet with the request that participants

keep a food-fluid log (e.g., 1–3 days before exercise trial) or

record pre-trial intake and attempt to duplicate intake on any

subsequent trial/s in a further n= 15 studies, many of which only

stated non-significant difference without reporting the actual

data for energy and macronutrients, including fiber. Only n = 8

included studies provided food to participants to control dietary

intake prior to measures being taken; one of which dietary

control was inherent to the research setting (military barracks

food service), with no indication of energy or macronutrient

content controlled for. None of the included studies controlled

for FODMAP content of the diet, which is a known prebiotic

food constituent that is broadly represented in the western

diet (141). It is now well established that dietary FODMAP

intake leading into exercise (e.g., experimental trials) influences

gastrointestinal integrity and functional outcomes, systemic

responses, and GIS (35, 44). The absence of a meta-analysis

may also be considered a limitation of this review, highlighting

the heterogeneity in reporting findings of key gastrointestinal

markers. Therefore, in accordance with the data presented in

this systematic literature review the impact of pre-, pro- and syn-

biotics on gastrointestinal outcomes in healthy and active adults

at rest and in response to exercise remains largely negligible,

with no substantial effect onmarkers of gastrointestinal integrity

and systemic responses, and minimal and inconsistent effects on

function and symptoms.

Implications for research and
practice

As already discussed, the data captured by this review

does not provide any convincing evidence for beneficial effects,

and/or the methodological issues acknowledged and raised in

the included studies does not allow many definitive conclusions
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to be drawn regarding the impact of pre-, pro-, and syn-

biotic supplementation on markers of gastrointestinal status

at rest and in response to exercise. Future research would

benefit from taking a bottom-up approach, utilizing existing

findings in academic literature to build a pathway from

supplementation to changes in gut microbiota, to mechanistic

changes in the host, and finally to beneficial outcomes (e.g.,

barrier integrity, function, systemic responses, and symptoms).

Given that symptoms are likely a main reason consumers would

choose to consume a pre-, pro- or syn-biotic product, future

studies should use exercise protocols of sufficient intensity,

duration and ambient conditions to adequately provoke GIS,

and purposefully recruit athletes with a history of GIS, thus

making it more likely to observe improvements following

a period of supplementation. Considering the acute and

rapid plasticity of the gastrointestinal tract and emerging

evidence that pre-exercise dietary intake can influence the

magnitude of EIGS and exercise-associated GIS (35, 46),

future research in this area should provide participants, and

report on, all food and fluid consumed at least 24 h before

experimental procedures and throughout the experimental

period. Laboratory-based research targeting EIGS management

strategies, application and reporting of at least a 24 h low

FODMAP, and matching for fiber intake, to meet energy

needs that is macronutrient balanced is recommended (34,

35, 38, 109, 110, 125); this may not necessarily apply to

exploratory field-based research. Prospective food-fluid intake

logs are best used to assess compliance with the control diet

provided. Few studies have investigated the effect of synbiotic

supplementation on EIGS mechanisms or outcomes, but those

that have tended to produce results more closely resembling

probiotics than prebiotics. This probably reflects the very

small quantities of the included prebiotic, as many synbiotic

supplements are consumed in capsule form, preventing larger

quantities of prebiotic ingredients from being consumed.

Mechanistically it appears that AXOS prebiotics exert beneficial

effects on SCFA production and bacterial taxa, warranting

further exploration. Well controlled studies using appropriate

exercise stress models and a range of well validated EIGS

markers would determine whether these changes indeed

confer a benefit to gastrointestinal integrity and resultant

systemic effects.

Conclusion

The effect of pre-, pro- and syn-biotic supplementation,

taken by healthy and active adults, on gastrointestinal outcomes

at rest and in response to exercise are highly varied,

however the following can be concluded: (i) Supplementation

with prebiotic ingredients appears to alter the gut bacterial

microbiota, particularly increasing the relative abundance of

total Bifidobacterium; (ii) supplementation with probiotics

usually results in an increase in the relative abundance of

the supplemented species and/or strain, however the effect on

other bacterial types is inconsistent and may be specific to the

supplement chosen; (iii) Pre-, pro- and syn-biotic supplements

do not significantly change bacterial α-diversity, as determined

by Shannon index, Simpson index or 16S gene sequencing; (iv)

supplementation with AXOS prebiotic ingredients, appears to

increase fecal SCFA content at rest; (v) both pre- and pro-

biotic supplements do not appear to significantly influence

intestinal injury and permeability, systemic endotoxin and

inflammatory cytokine responses, or GIS at rest, and have

minimal impact on gastrointestinal motility and function at

rest in otherwise, healthy, active adults, with the exception

of gastric emptying which may be delayed (i.e., slower) with

inulin supplementation; (vi) probiotic supplementation with the

species studied to date do not substantially influence intestinal

injury and permeability, and subsequent systemic endotoxin

or inflammatory cytokine responses, or GIS in response to

exercise, although many studies lack adequate exertional stress

or heat stress, or appropriate biomarkers, to definitively make

this conclusion; (vii) currently no studies have investigated the

effect of prebiotic supplements on gastrointestinal responses to

exercise; (viii) synbiotic supplements appear to more closely

resemble the effects of probiotic than prebiotic supplements,

due to the generally very small quantity of prebiotic ingredients

included in them; (ix) the choice of supplements studied to date

appears to lack a logical, evidence-based approach to finding

the ideal prebiotic ingredient and/or probiotic strain/s, based on

existing mechanistic or observational studies of gut microbiota

and EIGS outcomes. Therefore, the above conclusions may

reflect poor choice of supplement ingredients rather than a

failure of pre-, pro- or syn-biotic products in general. In

addition to a more evidence-based approach to ingredient

selection, research methodologies, including biomarker choice,

timing of biological sampling in relation to exercise, the chosen

exercise protocol and ambient conditions, may all contribute

to the success or failure to find suitable pre-, pro- and

syn-biotic products that improve EIGS outcomes in active

adults. Future research should be designed to maximize the

likelihood of exercise-associated gastrointestinal disturbance,

taking biological samples immediately before and after exercise,

as well as in the hours following, and utilize a complete,

well-validated suite of EIGS biomarkers to ensure data is

correctly interpreted.
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Aim: Vitamin D deficiency is very common among children with IBD. Since

there are conflicting results regarding the association of vitamin D with IBD,

we conducted this systematic review to confirm the association of vitamin D

with IBD.

Methods: We conducted a systematic search in Scopus, Cochrane Library,

Web of Science, PubMed, and Google Scholar to find relevant studies. Articles

with cross-sectional and case-control designs that reported the association

between vitamin D and IBD among children were included.

Results: Eventually, 9 studies (with 16 e�ect sizes) reported the mean and

SD or the median and the interquartile range of serum vitamin D levels in

both subjects with IBD and control subjects. The random e�ects meta-analysis

revealed that subjects with IBD had−1.159ng/ml (95%CI:−2.783, 0.464) lower

serum vitamin D concentrations comparedwith their healthy counterparts, but

this di�erence was not significant. A total of 14 studies (with 18 e�ect sizes)

with 2,602 participants provided information for the prevalence of vitamin D

deficiency or insu�ciency in patients with IBD as 44% (95% CI: 0.34–0.54) with

significant heterogeneity noted among studies (p < 0.001; I2 = 97.31%).

Conclusion: This systematic and meta-analysis study revealed that vitamin D

deficiency was associated with IBD. Longitudinal studies should be conducted
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in the future to confirm our findings. Large randomized controlled trials

assessing the doses of supplementation of vitamin D would provide a better

understanding of the association between vitamin D and IBD.

KEYWORDS

vitamin D, inflammatory bowel disease (IBD), children, systematic review, supplement

Introduction

Inflammatory bowel disease (IBD) includes both ulcerative

colitis (UC) and Crohn’s disease (CD). IBD is a systemic,

chronic disease. UC is confined to the rectum and/or the

colon, whereas CD involves the entire gastrointestinal tract,

with the most common occurrence in the ileum and the

colon (1). Overall, the pediatric prevalence of IBD increased

by 133% from 2007 to 2016 in the United States, and

the subgroup of children aged 10–17 years was the major

contributor to the rising pediatric IBD prevalence (2). IBD

presents differently in adults and children. For example, CD

is more prevalent in pediatrics when compared to UC. This

is completely different from that of adult IBD (3). Even

among the two age groups, the disease characteristics differ.

The complications are more in pediatric IBD compared to

adults (4).

The exact etiology of IBD may be attributed to changes in

the intestinal flora, residing in urban areas, and diets having

high amounts of fats and carbohydrates (5). Various studies

reported the role of vitamin D in IBD (6, 7). Vitamin D

deficiency may lead to a reduction in bacterial clearance in

the colon (8). This vitamin changes the immune responses by

influencing macrophages and T lymphocytes, hence avoiding

excessive immune responses, and also repairs the intestinal

mucosal barrier (9, 10).

Low vitaminD levels aremore common in patients with IBD

(11). However, it is not specific whether low vitamin D levels

are related to malabsorption due to damage in the intestinal

mucosa (12). Some observational studies reported low vitamin

levels in patients with IBD (13, 14), and some studies reported

a lack of decrease in vitamin D levels (15, 16). Vitamin D

deficiency is very common among children with CD. Even

osteoporosis and growth retardation are commonly noticed in

CD when compared to UC (17). Similar to our study, a study

was conducted previously by Del Pinto et al. (18) in 2015,

considering all age groups. However, focusing on the age group

of children and adolescents is necessary due to their critical

age for growth and development. In addition, no significant

results were obtained in that subgroup analysis due to the

limitations of studies related to children and adolescents. Since

there is no clear evidence of a direct association between vitamin

D and IBD among children and adolescents, we conducted

this systematic review to confirm the association of vitamin D

with IBD.

Materials and methods

In this systematic review and meta-analysis, we

investigated the data extracted based on components of

the PRISMA (Preferred Reporting Items for Systematic

Reviews and Meta-Analyses) guidelines (19) and

MOOSE (Meta-Analyses of Observational Studies in

Epidemiology) checklist (20) on the relationship between

serum vitamin D and inflammatory bowel disease in

pediatric patients.

Search strategy and selection process

A structural and comprehensive literature was accomplished

based on articles published up to 20 February (year) in

the following electronic databases: Scopus, Cochrane Library,

Web of Science, PubMed, and Google Scholar. The search

used the terms “vitamin D,” “ergocalciferol,” “inflammatory

bowel disease,” “Crohn’s disease,” and “ulcerative colitis” in

several combinations. The full electronic search strategy is

reported in Supplementary Table 1. There were no date or

language restrictions on imported articles. Moreover, all clinical

trial and review article references were checked to find any

relevant studies. After deleting duplicate articles, the title and

abstract screening processes were performed. Subsequently,

two researchers studied the full-text papers independently

to find all the obligatory data for meta-analysis. The third

researcher was called to resolve any discrepancies. Only

articles that met the following criteria were included in

this meta-analysis:

a) Observational studies—either case-control,

cross-sectional, or cohort designs,

b) Studies with adolescents or children (age <18 years),

c) Articles that showed mean and standard deviation (SD)

or prevalence of insufficiency or deficiency of serum

vitamin D levels in patients with IBD (Crohn’s disease or

ulcerative colitis).

Papers with (1) randomized clinical trial designs, (2) animal-

based studies, (3) gray literature (chapters of books, abstracts in

conferences, or review articles), (4) adult patients, (5) athletics,

and (6) assessment of IBD in the acute phase were excluded from

the analysis.
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Data extraction and syntheses

Required information of the eligible papers was extracted by

two observers, such as the author’s last name, publication date,

the study location, study design, mean age of cases and controls,

the number of cases and controls, type of study population (UC

or CD), mean and SD of vitamin D concentration in patients

and healthy participants or prevalence of vitamin D deficiency

or insufficiency status, seasonally matching or adjusting, and

method of vitamin D assessment.

Quality assessments

The quality of the chosen papers in this meta-analysis

was assessed using the Newcastle-Ottawa scale (21), which

included 9 questions in three main sections such as selection

of participants (0–4 points), comparability between groups

(0–3 points), and outcome assessment (0–3 points). The quality

evaluation process was reviewed by two investigators, and any

differences in scoring were resolved by consensus.

Statistical analyses

All data analyses were performed using the Stata 13 software

(Stata Corp., College Station, Texas, USA). Data on vitamin

D levels in patients with IBD in case-control studies were

reported as weighted mean differences and SD or prevalence

of deficiency or insufficiency in cross-sectional articles. The

studies were conducted in different populations and countries,

so the random-effects analysis was used to control variation.

To determine the heterogeneity, the I-square (I2) index was

assessed by random-effects analysis, and high heterogeneity was

described if I2 was more than 50%. A sensitivity analysis was

conducted to find out which study had the highest proportion

in the pool effect size. Afterward, Egger’s regression model

was used to examine the publication bias in the funnel plots.

Due to the high heterogeneity between records, we decided

to carry out the subgroup analysis to distinguish the possible

reasons for high heterogeneity and the effect of variant agents

on the relationship between serum levels of vitamin D and IBD.

These subgroups were based on assessing vitamin D methods

such as HPLC (high-performance liquid chromatography),

RIA (radioimmunoassay), and chemiluminescence-based

competitive protein-binding assay and evaluating matching

the season to vitamin D concentration (yes, matched; NR,

not reported).

Literature review

The main characteristics of case-control and cross-sectional

studies are presented in Table 1 and Figure 1. Approximately

3,564 articles were searched electronically; 1,579 duplicate items

were removed in the screening process, and 1,936 articles

were eliminated as they had no relation to the purpose of

the study. In addition, 14 articles did not meet the qualitative

and quantitative criteria given in this study. Notably, a related

cohort study was identified, which was omitted due to the

format of the analysis, so we described it in the discussion

part. Eventually, 9 articles (16 effect sizes) with a case-control

design declared the concentration of vitamin D in children with

a mean (SD), and 14 studies (with 18 effect sizes) declared

the prevalence of vitamin D deficiency or insufficiency in

pediatrics. These studies were published between 2003 and

2019, and most of the records (n = 11) were conducted

in the United States (22, 25, 29–31, 33–36, 38, 39, 42, 43)

and the rest in Canada (23, 40), Australia (32), Finland (24),

Denmark (26), Italy (28), South Korea (27, 41), and Israel

(37). In general, we entered data of 4,803 children participants

with an age range of 2–18 years. Based on the methodological

assay, the quality score was at least 6 points for the articles,

and the majority gained high-quality points. Notably, the

vitamin D measurement seasons were different in the studies,

and some did not report any data, and some case-control

studies presented season matching or adjustment. In addition,

various measurement methods have been applied; some studies

used HPLC (high-performance liquid chromatography) (24,

43) or RIA (radioimmunoassay) (29) and others applied

chemiluminescence-based competitive protein-binding assays

(23, 28, 30, 32, 35, 36, 39, 44) to measure the concentration of

vitamin D.

Meta-analysis

Eventually, 16 studies reported the mean and SD or

median and interquartile range of serum vitamin D levels

in both IBD and control subjects. The random effects meta-

analysis revealed that subjects with IBD had −1.159 ng/ml

(95% CI: −2.783, 0.464) lower serum vitamin D concentrations

compared with their healthy counterparts, but this difference

was not significant (Figure 2). However, the tests also showed

that there was significant heterogeneity among the studies

(I2 = 74.0%, P < 0.001). Heterogeneity in meta-analysis refers

to the variation in study results between studies. To find

out the source of heterogeneity, we conducted studies based

on the following subgroups: type of patients (IBD, UC,

CD, or IC), assessment method of 25OHD, and matching

of the season for the control group. In the subgroup

analysis, results remained non-significant, while the types

of patients (IBD, UC, and CD) and assessment method of

25OHD were considered as possible sources of heterogeneity

(Supplementary Figures 1–3).

The prevalence of vitamin D deficiency or insufficiency

in patients with IBD was found as 44% (95% CI: 0.34–

0.54) by eighteen studies with a total of 2,602 participants,
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TABLE 1 Characteristics of studies.

No ReferencesCountry Study

Design

Population

of study

Mean

age, y

Total N N case Mean/

sdcase

(ng/ml)

N

control

Mean/sd

control

(ng/ml)

Deficiency

or

insufficiency

status

Season

adjust/

matching

Season of

measurement

Q Method of

vitamin D

assessing

1 Nwosu (22) USA Case-control CD 8.5 25 28.24+10.28 49 26.16+ 10.44 NR/yes Winter+

spring,14/25 (56)

DiaSorin Liaison

2 El-Matary

et al., (23)

Canada Case-control CD 12.2 39 26.68+ 10.2 56 32.68+ 6.16 NR/yes NR Protein binding

assay after column

chromatography

(Esoterix

3 El-Matary

et al. (23)

Canada Case-control UC 12.2 21 22.76+ 8.8 56 32.68+ 6.16 NR/yes NR

4 Laakso et al.

(24)

Finland Case-control IBD 14.9 80 21.6+ 25.48 80 18.5+ 19.25 NR/ NR NR (HPLC)

5 Alkhouri

et al. (15)

USA Case-control CD 12.3 46 29.9+ 12.7 61 26.7+ 9.4 NR/ NR Is less vitamin D

deficiency in the

summer months

as compared with

(HPLC)

6 Alkhouri

et al. (15)

USA Case-control UC 12.3 12 32+ 25.8 61 26.7+ 9.4 NR/ NR Spring (P¼0.08),

autumn (P¼0.15),

and winter

(P¼0.08).

7 Alkhouri

et al. (15)

USA Case-control ID 12.3 3 21.7+ 7.5 61 26.7+ 9.4 NR/ NR Spring (P¼0.08),

autumn (P¼0.15),

and winter

(P¼0.08).

8 Prosnitz

(Black

participants)

(25)

USA Case-control CD 13.5 8 10.5+ 4.6 62 15.8+ 7.9 Radioimmunoassay

(RIA) with

I125-labeled tracer

9 Prosnitz

(Non-black

participants)

(25)

USA Case-control CD 13.5 70 23.5+ 0.2 159 25.3+ 8.7 Yes/NR Winter

10 Veit et al. (16)USA Case-control IBD 16.4

Control

(14.6)

58 24+ 10.24 116 24+ 10.88 Yes/yes Summer–fall,

%:57.6

DiaSorin Liaison

(Continued)
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TABLE 1 (Continued)

No ReferencesCountry Study

Design

Population

of study

Mean

age, y

Total N N case Mean/

sdcase

(ng/ml)

N

control

Mean/sd

control

(ng/ml)

Deficiency

or

insufficiency

status

Season

adjust/

matching

Season of

measurement

Q Method of

vitamin D

assessing

11 Thorsen et al.

(26)

Denmark Case-control CD 14 155 11.2+ 6.54 384 10.68+ 6.9 NR/Yes All Liquid

chromatography

mass spectrometry

(LC-MS)

12 Thorsen et al.

(26)

Denmark Case-control UC 15 210 10.92+ 7.08 384 10.68+ 6.9 NR/Yes All

13 Thorsen et al.

(26)

Denmark Case-control IC 11 19 12.72+ 8.68 384 10.68+ 6.9 NR/Yes All

14 Sohn et al.

(27)

Korea Case-control CD 14.4 43 16.3+ 9.3 45 16.5+ 5.3 NR/NR NR Liquid

chromatography

mass spectrometry

(LC-MS)

15 Sohn et al.

(27)

Korea Case-control UC 14.4 17 19.9+ 7.2 45 16.5+ 5.3 NR/NR NR

16 Strisciuglio

et al. (28)

Italy Case-control IBD 11

(Control:

9.4)

33 19.2+ 9.7 18 28.2+ 12.1 NR/Yes Winter-spring Enzyme-linked

immunosorbent

17 Sentongo

et al. (29)

Philadelphia Cross-sectional CD 15.76 113 16%<20 ng/ml

Hypovitaminosis<

38 nmol/L.

Radioimmunoassay

with a

radioiodinated

tracer

18 Pappa et al.

(30)

USA Cross-sectional IBD 15.76 130 34.6%<15 ng/ml

10.8%:

25OHD ≤8

Nichols Advantage

chemiluminescence-

based competitive

protein-binding

assay (Nichols

Institute

Diagnostics,San

Clemente, CA
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TABLE 1 (Continued)

No ReferencesCountry Study

Design

Population

of study

Mean

age, y

Total N N case Mean/

sdcase

(ng/ml)

N

control

Mean/sd

control

(ng/ml)

Deficiency

or

insufficiency

status

Season

adjust/

matching

Season of

measurement

Q Method of

vitamin D

assessing

19 Pappa et al.

(30)

USA Cross-sectional CD 15.76 94 38.3%<15 ng/ml

12.8%:

25OHD ≤8

Nichols Advantage

chemiluminescence-

based competitive

protein-binding

assay (Nichols

Institute

Diagnostics,San

Clemente, CA

20 Pappa et al.

(30)

USA Cross-sectional UC 15.76 36 25%<15 ng/ml

5.6 %:

25OHD ≤8

Nichols Advantage

chemiluminescence-

based competitive

protein-binding

assay (Nichols

Institute

Diagnostics,San

Clemente, CA

21 Salehi et al.

(31)

USA Cross-sectional IBD NR 110 63.6% <

20 ng/ml <

50 nmol/l

NR

22 Levin et al.

(32)

Australia Cross-sectional IBD 12.6 263 19: 20–30 ng/ml

51–75 nmol/l

Antibody-based

chemiluminescence

assay

23 Levin et al.

(32)

Australia Cross-sectional IBD 12.6 263 38 < 20 ng/ml

Defficiency<51

nmol/l

Antibody-based

chemiluminescence

assay

24 Goldberg

et al. (33)

USA Cross-sectional UC 2-21 24 80 < 20 ng/ml

Insufficiency

20–30 nmol/L

NR
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TABLE 1 (Continued)

No ReferencesCountry Study

Design

Population

of study

Mean

age, y

Total N N case Mean/

sdcase

(ng/ml)

N

control

Mean/sd

control

(ng/ml)

Deficiency

or

insufficiency

status

Season

adjust/

matching

Season of

measurement

Q Method of

vitamin D

assessing

25 Goldberg

et al. (33)

USA Cross-sectional CD 2-21 52 60 < 20 ng/ml

Insufficiency

20–30 nmol/L

NR

26 Schaefer et al.

(34)

USA Cross-sectional IBD NR 92 <30 ng/mL

<30 ng/mL

NR

27 Syed et al.

(35)

USA Cross-sectional IBD 5-18.9 69 77 20–30 ng/ml

Insufficiency<

30 ng/mL

Automated

chemiluminescent

technique

(Automated

IDS-iSYS System,

Immunodiagnostic

Systems, Fountain

Hills, AZ)

28 Syed et al.

(36)

USA Cross-sectional IBD 5-18.9 69 38 < 20 ng/ml

Deficiency<

20 ng/ml

Automated

chemiluminescent

technique

(Automated

IDS-iSYS System,

Immunodiagnostic

Systems, Fountain

Hills, AZ)

29 Brandvayman

et al. (37)

Israeil Cross-sectional IBD 14 623 21 < 20 ng/ml

defficiency

NR

30 Winter et al.

(38)

USA Cross-sectional IBD 203 31 < 20 ng/ml

LOW < 9 ng/ml

NR

31 Sauer et al.

(39)

USA Cross-sectional UC 12.7 388 57 20–30 ng/ml

insufficient <

30 ng/Ml

IDS-iSYS

25-Hydroxyvitamin

D automated

chemiluminescense

immunoassay

(Gaithersburg, MD)
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TABLE 1 (Continued)

No ReferencesCountry Study

Design

Population

of study

Mean

age, y

Total N N case Mean/

sdcase

(ng/ml)

N

control

Mean/sd

control

(ng/ml)

Deficiency

or

insufficiency

status

Season

adjust/

matching

Season of

measurement

Q Method of

vitamin D

assessing

32 Mager et al.

(40)

Canada Cross-sectional CD NR 102 56.80%

20–30 ng/ml

insufficiency<

50 nmol/l

Liquid

chromatogrpahy-

mass spectroscopy

(LC-MS)

technology

33 Mager et al.

(40)

Canada Cross-sectional UC NR 63 43.20%

20–30 ng/ml

insufficiency<

50 nmol/l

Liquid

chromatogrpahy-

mass spectroscopy

(LC-MS)

technology

34 Kim et al. (41)Korea Cross-sectional IBD 13.1 96 56.80%

20–30 ng/ml

insufficiency<50

nmol/l

Liquid

chromatogrpahy-

mass spectroscopy

(LC-MS)

technology
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FIGURE 1

Flow chart of the included studies, including identification, screening, eligibility and the final sample included.

with significant heterogeneity noted among studies (p <

0.001; I2 = 97.31%). The pooled prevalence of vitamin

D deficiency or insufficiency in patients with IBD was

42% (95% CI: 0.29–0.56), UC was 51% (95% CI: 0.33–

0.68), and CD was 42% (95% CI: 0.25–0.58) (Figure 3).

In addition, the prevalence of participants with a level of

vitamin D < 20 ng/ml was 41% (95% CI: 0.30–0.52) and

the level of 20–30 ng/ml was 50% (95% CI: 0.32–0.69)

(Figure 4).

Publication bias and sensitivity analysis

Evaluation of publication bias by visual inspection of

the funnel plot and Egger’s test demonstrated the evidence

for publication bias in the meta-analysis of the prevalence

of vitamin D deficiency or insufficiency in patients with

IBD (p = 0.05) (Supplementary Figure 4). However, the

results of the meta-trim-and-fill analysis found no studies.

Egger’s linear regression test for case-control studies revealed

no publication bias (p = 0.31) (Supplementary Figure 5).

Sensitivity analysis revealed that removing some of the studies

would not have a significant impact on the overall results

(Supplementary Figures 6, 7).

Discussion

This systematic review and meta-analysis were conducted

using 35 articles. Our study results showed that vitamin D

is deficient in children with IBD when compared to the

healthy control group. But the results were not statistically

significant. These results were similar to another study. A

meta-analysis was conducted, including 14 studies of 1,891

patients, and reported that patients with IBD had more

vitamin D deficiency when compared to controls, and the

results were statistically significant (18). Vitamin D regulates
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FIGURE 2

Forest plot show the WMD in serum vitamin D concentrations between participants with IBD and healthy control.

cytokine secretion, which is involved in the inflammatory

response in immune systems (45). Many studies that were

conducted previously have reported that the levels of vitamin

D are lower in children with IBD (23, 46). Even there

are contradictory results regarding the association of vitamin

D with IBD (15). Sufficient vitamin D has been associated

with clinical benefits in children with IBD. There was a

reduction in disease activity in children with sufficient vitamin

D (41). Guzman-Prado et al. also showed that vitamin D

supplementation in patients with IBD and vitamin D deficiency

is effective at correcting vitamin D levels and is associated

with improvements in clinical and biochemical disease activity

scores (47).

The subgroup analysis of our study did not reveal a

statistically significant deficiency in vitamin D concentrations.

The same results were obtained in a study conducted by

Kim (41). El-Matary et al. (23) reported that the levels

of vitamin D were lower in children with UC, but it

was not statistically significant. Another study reported

that the levels of vitamin D were higher in children with

CD, and it was statistically significant (48). Sensitivity

analysis revealed that removing some of the studies

would not have a significant impact on the overall results.

The quality of all the studies was assessed using the

Newcastle-Ottawa scale.

The scientific evidence on the role of vitamin D in children

with IBD was reviewed by studies conducted previously (6,

49–51). Although, the effective vitamin D supplementation

in children with IBD remains controversial. Our meta-

analysis evaluating vitamin D status in 2602 participants,

a large cohort population, would provide consistent and

useful results.

A low level of vitaminD is clinically significant. BothUC and

CD are related to environmental factors (52). Hypovitaminosis

D in IBD is related to malabsorption, which may be due

to inflammation in the bowel or surgical resection (12); less

exposure to sunlight (50); and higher intake of vitamin D by the

inflammatory cells (53).

In our study, the prevalence of vitamin D deficiency

or insufficiency in patients with IBD was 44%. The

pooled prevalence of vitamin D deficiency or insufficiency

in patients with IBD was 42%, UC was 51%, and CD

was 42%. In addition, the prevalence of participants

with a level of vitamin D of < 20 ng/ml was 41%
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FIGURE 3

Pooled estimate of the prevalence of vitamin D deficiency or insu�ciency in children and adolescence with IBD, UC, and CD.

and the level of vitamin D of 20–30 ng/ml was 50%.

Our study results confirmed prior study findings that

reported a high prevalence of vitamin D deficiency in IBD

(13, 29).

There are a few major strengths of the present systematic

review and meta-analysis. First, a large number of studies were

included, which provided a large sample size. In addition,

we successfully pooled the results of subgroup analyses,

sensitivity analyses, and publication bias. Similarly, there are

some limitations in our study that should be considered.

First, there existed a substantial degree of heterogeneity in

the designs of studies, with a wide range of methods of

vitamin D assessment. Nonetheless, we performed subgroup

analysis to find possible sources of heterogeneity. Another

important limitation of this study is that we could not

identify the relationship between the season of vitamin D level
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FIGURE 4

Pooled estimate of the prevalence of vitamin D status in children and adolescence with IBD.

measurement and IBD because many studies did not report this

variable well.

Conclusion

This systematic review and meta-analysis study showed that

patients with IBD were associated with vitamin D deficiency.

Longitudinal studies should be conducted in the future to

confirm our findings. Large randomized controlled trials

assessing the doses of vitamin D supplementation would provide

a better understanding of the association between vitamin D

and IBD.
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