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This study evaluated the mitigating effects of dietary chlorogenic acid (CGA) on colon
damage and the bacterial profile in a mouse model of dextran sulfate sodium (DSS)-
induced colitis. C57BL/6J mice were randomly assigned to receive one of the following
treatments: (i) basal diet; (ii) basal diet with 2% CGA; (iii) basal diet with 2.5% DSS or (iv)
basal diet with 2% CGA and 2.5% DSS. Following a 2-week pre-treatment period, mice
in the DSS and CGA-DSS groups received 2.5% DSS in drinking water for 5 days, while
the other two groups received sterile water. Compared to DSS alone, CGA was found to
reduce the disease activity index, myeloperoxidase activity and tumor necrosis factor-α
levels in colon tissues (P < 0.05). CGA also ameliorated DSS-induced inflammatory
responses, reduced colon shortening and decreased the histological scores (P < 0.05).
In an evaluation of the relative abundances of bacteria in the fecal microbiota, we
found that CGA reversed the decrease in diversity caused by DSS and improved the
relative abundance of organisms in the genus Lactobacillus (P < 0.05). These results
indicate that CGA maintains intestinal health and reduces DSS-induced colon injury
by decreasing the production of pro-inflammatory cytokines and restoring intestinal
microbial diversity.
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INTRODUCTION

Inflammatory bowel disease (IBD) involves a complex and chronic inflammatory process. Although
the evidence increasingly suggests that IBD results from the exposure of a genetically susceptible
host to a combination of environmental factors, the exact aetiology and pathogenesis remain
unclear (Tibble et al., 2000; Zhang et al., 2014). The existing evidence indicates that IBD is caused
by an abnormal mucosal immune response to intestinal microorganisms and the inappropriate
secretion of cytokines in the mucosa (Cario and Podolsky, 2000; Weichselbaum and Klein, 2018).
Therefore, IBD treatment primarily aims to reduce recurrent inflammation and achieve a prolonged
remission (Levesque et al., 2015; Sgambato et al., 2017). Traditionally, both treatment targets have
been determined by clinical symptoms rather than objective evidence of inflammatory activity.
However, IBD symptoms are often a direct consequence of the inflammatory process and may differ
depending on the location of inflammation (Tegtmeyer et al., 2017).
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Bioactive polyphenols, which have anti-oxidant and anti-
inflammatory effects and can regulate cellular signaling, could
potentially be used as adjuvants to the treatment of metabolic
syndrome (Santino et al., 2017). Chlorogenic acid (CGA) is an
important bioactive dietary phenolic substance found widely
in coffee, fruits and vegetables (Naveed et al., 2018). Studies
have shown that CGA has anti-oxidant, anti-bacterial and anti-
inflammatory effects (Zhao et al., 2008; Kamiyama et al., 2015;
Tsang et al., 2016; Zheng et al., 2016). For example, CGA inhibited
the production of interleukin (IL)-8 in Caco-2 human intestinal
cells in response to tumor necrosis factor (TNF)-α and H2O2,
while studies in C57BL/6 mice found that CGA could alleviate
dextran sulfate sodium (DSS)-induced weight loss, diarrhea,
fecal blood and colon shortening. These data suggest that CGA
can prevent intestinal inflammation (Shin et al., 2015). Other
studies of rodent models have shown that CGA can inhibit
lipopolysaccharide-induced myeloperoxidase (MPO) activity in
the lung (Zatorski et al., 2015).

Colon microbes play an essential role in human health and
have been associated with various diseases, including irritable
bowel syndrome (Kassinen et al., 2007), autism (Li and Zhou,
2016) and obesity (Zhang et al., 2009). Most ingested CGA is
not absorbed in the small intestine and reaches the colon, where
it is converted into several metabolites by the local microbial
community. Studies have shown that Bifidobacterium animalis
can hydrolyse and alter the fate of CGA and thus affect the
composition of the microbiota (Tomas-Barberan et al., 2014).
Another study found that a 10-h course of CGA treatment
increased the numbers of Bifidobacterium spp. and members
of the Clostridium coccoides–Eubacterium rectale group in vitro
and promoted the expansion of select bacteria, compared with
the control group (Mills et al., 2015). Although colitis has been
very well studied, evidence regarding the role of CGA in the
alleviation of this disease is scarce. In this study, the effects of
CGA on colonic microbial composition and pro-inflammatory
factors were explored in a rodent model of DSS-induced colitis.
In vivo experiments were also conducted to investigate whether
CGA could prevent intestinal inflammation.

MATERIALS AND METHODS

Animals and Experimental Treatments
For this study, all procedures involving animals were approved
by the Animal Ethics Committee of General Hospital of Tianjin
Medical University and conformed in all respects with the
Guidelines for the Care and Use of Laboratory Animals of Tianjin
Medical University. The female C57BL/6J mice utilized in this
study were obtained from the SLAC Laboratory Animal Centre
(Shanghai, China) at 6–7 weeks of age. Mice were housed in
a pathogen-free colony in accordance with standard laboratory
conditions, including a temperature of 22–24◦C, humidity of 40–
60% and 12-h daily light/dark cycle. After a 7-day adaptation
period, 40 mice were randomly assigned to one of four discrete
treatment groups: (1) basal diet (CON); (2) basal diet with
2% CGA (CGA); (3) basal diet with 2.5% DSS (DSS, MW 5000,
KAYON Biotechnology Co., Ltd.) and (4) basal diet with 2% CGA

and 2.5% DSS (CGA-DSS). CGA was dissolved in sterile drinking
water for administration. All of the mice had access to food and
water ad libitum, and the latter was changed twice weekly. During
a 20-day experiment, the drinking water was supplemented or not
with 2.5% DSS for the last 5 days. The body weight of each mouse
was recorded at the end of the experiment.

Sample Collection
All mice were sacrificed according to standard procedures. The
colon was removed from each animal and rinsed in physiological
saline to remove fecal residue. The weight and length of each
organ were recorded to determine the inflammation index. Next,
samples from various segments of each colon were fixed in
4% buffered formaldehyde and embedded in paraffin. Four-
micrometer-thick slices of the paraffin-embedded tissues were
stained with haematoxylin and eosin (H&E) in accordance with
standard procedures for the histological evaluation of colonic
damage. The remaining colonic tissue samples and digests were
stored in frozen liquid nitrogen for further measurements of
biological parameters.

Colitis Disease Activity Index (DAI)
Tissue samples from the distal colon (5 µm) were stained with
H&E and subjected to a microscopic analysis to determine the
colon histological score, as proposed by Cooper et al. (1993).
The following scoring system was used (maximum score = 10):
0 (rare) = severe inflammatory cell infiltration; 1 = marginally
dispersed cell infiltrate; 2 = moderately increased cell infiltrate
with the formation of occasional cell foci and 3 = large areas
of cell infiltration causing a severe loss of tissue architecture.
Additionally, the following scoring system was used to determine
the extent of injury: 0 = none; 1 = mucosal; 2 = mucosal and
submucosal, and 3 = transmural. Crypt damage was scored as
follows: 0 = intact crypts; 1 = damage to the basal one-third;
2 = damage to the basal two-thirds damaged, 3 = only surface
epithelium remains intact, and 4 = loss of entire crypt and
epithelium (Backer et al., 2017).

Assessment of Leukocyte Involvement
Myeloperoxidase activity, a marker of neutrophilic infiltration,
was assessed using the method described by Grisham et al.
(1990) with slight modifications. A distal colon sample from
each mouse was excised, immediately rinsed with ice-cold
saline, blotted dry and frozen at −70◦C. Subsequently, the
tissue samples were thawed, weighed and homogenized in
10 volumes of 50 mM phosphate-buffered saline (PBS; pH
7.4). The homogenates were then centrifuged at 20,000 g and
4◦C and re-homogenized in 10 volumes of 50 mM PBS (pH
6.0) containing 0.5% hexadecyltrimethylammonium bromide
(HETAB) and 10 mM ethylenediamine tetra-acetic acid (EDTA).
Subsequently, the homogenates were subjected to a freeze/thaw
cycle and a brief period of sonication, diluted in 50 volumes of
50 mM PBS (pH 6) and added to 50 ml of a solution containing
o-Dianisidine dihydrochloride (0.067%), HETAB (0.5%) and
hydrogen peroxide (0.003%). Complete sample reaction mixtures
were placed in separate wellsand incubated in darkness for
5 min. A microplate reader (Labsystem Multiskan EX, Helsinki,

Frontiers in Physiology | www.frontiersin.org 2 March 2019 | Volume 10 | Article 325

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


fphys-10-00325 March 27, 2019 Time: 12:11 # 3

Zhang et al. Dietary Chlorogenic Acid on Colitis

Finland) was used to measure the changes in absorbance at
450 nm in accordance with the user’s manual. The results are
expressed in units of U/mg protein.

Determination of TNF-α Level
Colon samples were homogenized in ice-cold PBS as previously
described and centrifuged at 3,000 g for 10 min. The TNF-α
levels in the supernatants were determined using an enzyme-
linked immunosorbent assay kit (Dou et al., 2013). Moreover,
the degree of tissue inflammation was monitored using the tissue
TNF-α activity level, which exhibits a linear relationship with
neutrophilic infiltration in inflamed tissues. The TNF-α activity
was determined in colonic samples adjacent to the installation
point with a kits in accordance with the manufacturer’s
instructions (CytoStore, Calgary, AB, Canada). The results from
each sample are expressed in units of pg/mg of protein.

16S rRNA Sequencing
Thawed samples of colonic contents were mixed with PBS
and homogenized using a high-speed homogenizer. The
QIAamp DNA Stool Mini Kit was used to extract the
total bacterial genome from each sample according to
the manufacturer’s protocol (Qiagen, Hilden, Germany).
A polymerase chain reaction (PCR) assay containing the
Phusion R© High-Fidelity PCR Master Mix and GC Buffer kit
(New England Biolabs, Ipswich, MA, United States) and the
primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-
GGACTACNNGGGTATCTAAT-3′) was used to amplify the 16S
rRNA (V3–V4 region) genes in each sample. The following PCR
conditions were applied: initial denaturation at 98◦C for 30 s;
30 cycles of 98◦C for 10 s, 55◦C for 30 s and 72◦C for 30 s and
a final extension at 72◦C for 5 min. The resulting PCR products
were stored at 4◦C until required. Later, the target fragments
were detected by subjecting the PCR products to 2% agarose
gel electrophoresis and were collected using the QIAquick Gel
Extraction Kit (Qiagen, Germantown, MD, United States).
A gene library was constructed using the Illumina TruSeq R© DNA
PCR-Free Sample Preparation Kit (Illumina Inc., San Diego, CA,
United States), quantified using Qubit and real-time PCR and
sequenced on a HiSeq2500 PE250 device (Illumina Inc.).

Statistical Analysis
SPSS, version 20 (IBM Corp., Armonk, NY, United States) was
used to conduct the statistical analysis. A one-way analysis of
variance with Duncan’s multiple range test was used to determine
significant differences between the groups. A P-value of <0.05
was considered to indicate a significant difference.

RESULTS

CGA Ameliorates DSS-Induced Colitis
According to the initial random group allocation, mice in the
CGA and CGA-DSS groups were treated with CGA for 14 days.
The other groups received the basal diet for the same length
of time. Mice in the DSS and CGA-DSS groups then received
2.5% DSS for the last 5 days of the study period, after which
the final body weight and DAI were recorded (Figure 1). The
results demonstrate that in the CGA-DSS group dietary CGA
significantly reduced the DAI, compared to the DSS group
(P < 0.05), and alleviated DSS-induced colitis. Despite CGA
failing to reverse the DSS-induced weight loss, compared with
mice in the DSS group, the mice in the CGA group gained
weight (P < 0.05).

The Effects of CGA on MPO Activity and
TNF-α Levels in Mice With DSS-Induced
Colitis
Myeloperoxidase is a potential marker of tissue inflammation,
tissue injury and neutrophil infiltration (Krawisz et al., 1984).
The experimental results indicate increased MPO activity in
the DSS group relative to the other groups (P < 0.05), as
shown in Figure 2A. TNF-α also appears to play a significant
role in the inflammatory process associated with ulcerative
colitis (Moldoveanu et al., 2015). In this study, mice exposed
to DSS exhibited a significant increase in TNF-α levels in
the colon, whereas CGA treatment significantly mitigated
this response (P < 0.05) as shown in Figure 2B. These
data suggest that CGA exerts an anti-inflammatory effect by
reducing neutrophil infiltration and pro-inflammatory cytokine
production in the colon.

FIGURE 1 | Effects of chlorogenic acid (CGA) on dextran sulfate sodium (DSS)-induced colitis. (A) The body weights of mice treated with CGA. (B) The disease
activity indices (DAI) of mice after a 5-day treatment with 2.5% DSS. ∗ indicates a P-value <0.05, compared with DSS.
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FIGURE 2 | Effects of chlorogenic acid (CGA) on (A) myeloperoxidase (MPO) activity and (B) tumor necrosis factor (TNF)-α levels in a mouse model of dextran
sulfate sodium (DSS)-induced colitis. ∗ indicates a P-value <0.05.

FIGURE 3 | Colon tissue damage in response to dextran sulfate sodium (DSS) treatment. Effects of chlorogenic acid (CGA) on colon histology [A: control (CON)
group, B: CGA group, C: DSS group and D: CGA-DSS group], colon weight (E), colon length (F), and histological score (G). Original magnification: 100×. ∗ indicates
a P-value <0.05.
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The Effects of CGA on Macroscopic and
Histologic Observations in DSS-Induced
Colitis
A histological comparison of colonic tissues from the control
and DSS groups revealed multiple erosive lesions and an
extensive infiltration of inflammatory cells that predominantly
comprised macrophages, lymphocytes and neutrophils, along
with irregular eosinophils, in the latter (Figures 3A–D). The
levels of inflammatory cell infiltration and observable degree
of tissue damage in the colonic tissues were assessed using the
previously described histological scoring system. After a 5-day
period of exposure to DSS in drinking water, mice in the DSS
group exhibited an advanced inflammatory response. However,
CGA had a mitigating effect on DSS-induced inflammatory
markers (Figure 3G). Colon shortening is an indicator of colitis
and inflammation (Siegmund, 2002). Notably, the DSS group
exhibited significant colon shortening, compared to the other
groups (Figure 3E, P < 0.05). However, no significant inter-
group differences in colon weight were observed (Figure 3F).

The Effect of CGA on Diversity in the
Colonic Microbiota
Next, the V3–V4 regions of 16S rRNA isolated from the
colonic digest samples were sequenced. The Shannon

(Figure 4A), Simpson (Figure 4B), Chao (Figure 4C) and
ACE indices (Figure 4D) were used to measure colonic
microbial diversity. Treatment with DSS led to decreases
in both the Shannon (P = 0.042) and Simpson indices
(P = 0.035), whereas CGA treatment reversed these changes. By
contrast, no significant differences were observed in the Chao
and ACE indices.

The Effect of CGA on Microbial
Abundance at the Phylum Level
The major bacterial phyla in the colonic digest samples
included Bacteroidetes, Firmicutes, Proteobacteria, and
Verrucomicrobia, which accounted for approximately
90% of the microbiota. Bacteroidetes was most prevalent,
accounting for 60.06, 49.72, 29.85, and 37.29% of the
colonies in the CON, CGA, DSS, and CGA-DSS groups,
respectively. The corresponding proportions of Firmicutes
were 27.14, 29.45, 33.78, and 36.95%, respectively, while
those of Proteobacteria were 8.62, 10.00, 8.37, and 8.20%,
respectively (Figure 5A). DSS treatment decreased the
relative abundance of Bacteroidetes (Figure 5B, P < 0.05),
and this change was not reversed by CGA treatment.
DSS treatment also decreased the relative abundance of
Verrucomicrobia (Figure 5C).

FIGURE 4 | The diversity indices of bacterial communities in the mouse colon. Box plots depict differences in microbiome diversity according to the Shannon index
(A), Simpson index (B), Chao index (C) and ACE index (D) between the control (CON), chlorogenic acid (CGA), dextran sulfate sodium (DSS) and CGA-DSS groups.
∗ indicates a P-value <0.05.
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FIGURE 5 | Analysis of the colon microbial composition at the phylum level. (A) Relative abundances of microbial phyla in the mouse colons. The relative
abundances of Bacteroidetes (B) and Verrucomicrobia (C) were compared between the control (CON), chlorogenic acid (CGA), dextran sulfate sodium (DSS), and
CGA-DSS groups. ∗ indicates a P-value <0.05.

The Effect of CGA on Microbial
Abundance at the Genus Level
The 10 most abundant microbial genera are shown in Figure 6.
Bacteroides (14.86), Parasutterella (2.72%), and Helicobacter
(3.44%) were predominant in the CON group, whereas
Akkermansia, Bacteroides and Lactobacillus were the three major
strains in the CGA, DSS, and CGA-DSS groups. In the latter
groups, the proportions of Bacteroides were 12.56, 14.05, and
9.44%, respectively, while those of Lactobacillus and Akkermansia
were 6.58, 9.39, and 12.47%, respectively and 6.27, 15.94, and
18.87%, respectively. The proportion of Akkermansia increased
in the CGA-DSS group relative to the CON and CGA groups and
in the DSS group relative to the CON group. CGA also increased
the relative abundance of Lactobacillus.

DISCUSSION

Continuous exposure to external stressors, such as foods, bacteria
and environmental chemicals, induces a certain level of intestinal
inflammation, although intestinal tissue damage and dysfunction
may also play a role (Shimizu, 2017). CGA, an esterification
product of caffeic acid and quinic acid, is one of the most

abundant polyphenols in the human diet and has been shown
to inhibit inflammatory responses in intestinal cells (Zhang
et al., 2010). In this study, treatment with 2% CGA was
shown to prevent weight loss and reduce the DAI. Furthermore,
CGA reduced MPO activity and TNF-α levels in IBD-affected
colons and ameliorated DSS-induced colon shortening and
inflammatory responses. Moreover, CGA reduced the negative
effects of DSS on intestinal microbial diversity and increased the
relative abundance of Lactobacillus spp.

Intestinal dysfunction may affect the absorption of nutrients
and, consequently, body weight. Furthermore, colon shortening
is a sign and symptom of inflammation (Gearry et al., 2009).
Studies of wild-type mice have shown that DSS-induced colitis
significantly reduces body weight gain, increases epithelial
permeability, rectal bleeding, colon length shortening, ulcer
formation, inflammatory cell infiltration and goblet cell loss
(Gadaleta et al., 2011). In a BALB/c mouse model of DSS-induced
colitis, green tea polyphenols appeared to attenuate colitis by
reducing the levels of TNF-α and serum amyloid A. Notably,
the effects of green tea polyphenols on colitis were similar to
those of sulfasalazine (Oz et al., 2013). Another study found that
polyphenols from extra virgin olive oil could reduce the DAI and
decrease the expression of monocyte chemoattractant protein

Frontiers in Physiology | www.frontiersin.org 6 March 2019 | Volume 10 | Article 325

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


fphys-10-00325 March 27, 2019 Time: 12:11 # 7

Zhang et al. Dietary Chlorogenic Acid on Colitis

FIGURE 6 | Analysis of the colon microbial composition at the genus level. (A) Relative abundances of microbial genera in the mouse colons. The relative
abundances of Akkermansia (B), Bacteroides (C), Lactobacillus (D), Parasutterella (E), Helicobacter (F) and Desulfovibrio (G) spp. were compared between the
control (CON), chlorogenic acid (CGA), dextran sulfate sodium (DSS), and CGA-DSS groups. ∗ indicates a P-value <0.05.

(MCP)-1, TNF-α, cyclooxygenase (COX)-2 and inducible nitric
oxide synthase (iNOS) in colon tissues when compared with DSS
treatment alone. These findings suggest that dietary polyphenols
may be beneficial for the treatment of ulcerative colitis (Sanchez-
Fidalgo et al., 2013). Our study revealed that the addition of CGA
to drinking water reduced the DAI and the severity of colon
damage and shortening in response to DSS.

Cytokines are characteristic factors of IBD, wherein they
act as key pathophysiological regulators of the occurrence,
development and final resolution of inflammation (Strober and
Fuss, 2011). In the past few decades, studies of cytokines in
the context of IBD and other mucosal inflammatory conditions
have been fruitful. These studies not only have provided us
with important insights into the mechanisms of these diseases,

but have also indicated directions for new treatment methods.
Interactions between TNF family receptors and their ligands
play important roles in the formation of key immune responses,
including programmed cell death and lymphocyte co-stimulation
(Meylan et al., 2011). CGA can inhibit the production of TNF, IL-
6, INF-γ, MCP-l and macrophage inflammatory protein-l α by
human peripheral blood monocytes in response to pathogenic
bacteria (Krakauer, 2002). Ellagic acid was shown to reduce
the expression of NF-κB, COX-2, iNOS, TNF-α, and IL-6 in
1, 2-dimethylhydrazine-induced colon cancer (Umesalma and
Sudhandiran, 2010). MPO, a primarily a neutrophilic enzyme, is
used as a quantitative indicator of inflammation because of the
correlation between MPO activity and the histological detection
of neutrophilic infiltration in the colon (Cetinkaya et al., 2006;
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Dost et al., 2009; Guan and Lan, 2018). In a previous rodent
model study, 50 mg/kg CGA inhibited an increase in MPO
activity in response to LPS and suppressed the migration of
polymorphonuclear neutrophils to the lungs, as detected in
bronchoalveolar lavage fluid. CGA also significantly reduced
iNOS activity in lung tissues and thus inhibited the release
of nitric oxide by LPS (Zhang et al., 2010). Another study
found that treatment with 50 mg/kg CGA reduced the levels of
MPO in gastric tissues, while a morphological analysis revealed
the inhibition of neutrophilic infiltration into damaged tissues
(Shimoyama et al., 2013). In this study, 2% CGA was shown to
reduce MPO activity and DSS-induced damage in colon tissues.

Studies of animal models of IBD have suggested that
intestinal inflammation relies heavily on a triggering event
mediated by the intestinal microflora. Changes in the intestinal
microflora can significantly affect both host immunity and
mucosal inflammation (Hooper and Gordon, 2001; Ott et al.,
2004; Huang et al., 2018; Li et al., 2018). Some changes in
the microbial community are consistently observed in the
context of intestinal inflammation, including reduced diversity
(especially Firmicutes) and the presence of uncommon bacteria
and increased concentrations of Escherichia coli (including
pathogenic strains) (Sokol et al., 2006, 2008; Frank et al.,
2007). Studies have shown that the oral administration of DSS
can reduce the abundance of Akkermansia muciniphila and
Bacteroides acidifaciens in feces (Kang et al., 2013; Yin et al.,
2018). Recent studies of an IL10−/− mouse model of IBD have
identified NLRP6 as an important inhibitor of spontaneous
colitis, whereas a lack of NLRP6 leads to the enrichment of
Akkermansia muciniphila (Seregin et al., 2017; Zhang et al.,
2018). Further studies of mouse models of colitis found that
Lactobacillus paracasei could reduce intestinal inflammation
and the expression of pro-inflammatory factors in the mucosa
(Oliveira et al., 2011; Wu and Tian, 2017; Azad et al., 2018).
Treatment with a polyphenol-rich cranberry extract was shown
to significantly increase the proportion of mucus-degrading
Akkermansia spp. in a metagenomic sample (Anhe et al., 2015).
Moreover, a phenolic extract of grape pomace/grape cider
(1 mg/mL) significantly increased the Lactobacillus acidophilus
biomass in liquid medium, while exposure to the highest
concentration of phenolic compounds (5000 g/disk) had no

inhibitory effect on the growth of Lactobacillus acidophilus in
an agar diffusion assay (Hervert-Hernandez et al., 2009). This
study demonstrated that 2% CGA could improve microbial
diversity in the colon, particularly the relative abundances of
Akkermansia and Lactobacillus, and suggests that CGA could
potentially restore the microecological disorder induced by DSS.

CONCLUSION

In conclusion, our data provide insights into the role of CGA
as a regulator of immunity and microbial diversity in the
colon. Although these experiments were conducted in a mouse
model of DSS-induced colitis, CGA could similarly inhibit
the release of proinflammatory cytokines, such as MPO and
TNF-α, in ulcerative colitis. Moreover, CGA was shown to have
positive effects on the intestinal microbiota. Specifically, this
polyphenol led to increases in microbial diversity and the relative
abundances of Akkermansia and Lactobacillus. Our study thus
demonstrates the possible use of CGA as a therapeutic adjunct
to colitis treatment.
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