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A B S T R A C T

Gastrointestinal studies suggested that balanced gut microbial community contribute to a healthy gut. Our
previous studies have suggested that cyanidin-3-O-glucoside (C3G) can alleviate food contaminant 3-Chloro-1,2-
propanediol (3-MCPD) induced testis injury and improve the spermatogenesis in rats. To the best of our
knowledge, the effects of 3-MCPD exposure and C3G intervention on intestinal microbiota have not been stu-
died. In the present study, male Wistar rats were used to investigate the effects of C3G and 3-MCPD on mi-
crobiota composition. After 3-MCPD treatment, the small intestinal showed histopathological alterations, in-
cluding villus atrophy, necrosis, decreased number of epithelial cells and cellular infiltration. Supplementation
of C3G brings the small intestine closer to normal histology. Meanwhile, 3-MCPD exposure significantly changed
the diversity and composition of gut microbiota. At the phylum level, Cyanobacteria and Firmicutes were enriched
in 3-MCPD groups, while Actinobacteria and Proteobacteria were decreased. Supplementation of C3G significantly
increased the relative abundance of Lachnospiraceae_NK4A136_group and Actinobacteria, indicating that C3G may
regulate the communities of gut microbiota towards a beneficial orientation. Our results indicate that C3G may
protect the intestinal mucosa damage caused by 3-MCPD, and appropriate dose of C3G restrains gut microbial
dysbiosis caused by 3-MCPD, which is a potential way to promote gut healthy.

1. Introduction

3-Chloro-1,2-propanediol (3-MCPD) is the most common chlor-
opropanols in chemical food contaminants. It is primarily produced in
foods during the hydrochloric acid assisted protein hydrolysis. As a
byproduct of this process, chloride can react with the glycerol backbone
of lipids to produce 3-MCPD (Tiong et al., 2018). 3-MCPD may also
exist in food products which have been in contact with materials con-
taining epichlorohydrin-based wet-strength resins (Hamlet et al., 2002).
3-MCPD was categorized by the International Agency for Research on
Cancer as a potential carcinogenic component to humans (Commission,
2001).

The intake of 3-MCPD could result in development of nephrotoxicity
in rats, testicular toxicity and carcinomas in male rats (Cho et al., 2008;
Jiang et al., 2018), but no genotoxic potency (Aasa et al., 2017).

Exposure to food contaminants, such as 2,3,7,8-tetra-
chlorodibenzofuran and 2,3,7,8-tetrachlorodibenzo-p-dioxin, led to
changes of the gut microbial community and function in the hosts
(Lefever et al., 2016; Zhang et al., 2015). Recently, the important roles
of the gut microbiota in human health have attracted wide attention.
Gastrointestinal studies suggested that balanced gut microbial com-
munity contribute to a healthy gut. Microbiota may alter the integrity
of the intestinal barrier by regulating the innate immune system (Wan
et al., 2018). To the best of our knowledge, the effects of 3-MCPD ex-
posure on gut microbiota have not been studied. The gut microbiota is
regarded as a new metabolic “organ” of the human body (Marchesi
et al., 2016). Over time, alternation of intestinal microbiota has been
identified as one of the main causes of chronic diseases, such as obesity,
cerebrovascular disease, and fatty liver (Bruce-Keller et al., 2015; Cani
et al., 2008; Koeth et al., 2013; Moreno-Navarrete et al., 2018).
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Therefore, regulating intestinal microbiota is considered to be an im-
portant strategy to control chronic and metabolic diseases. Diet is a key
modulator that could shift the imbalanced gut microbiota to a balanced
state (Flint et al., 2012; Slavin, 2013; Tian et al., 2016).

Anthocyanins are group of polyphenols with significant antioxidant
potential (Jiang et al., 2019). Our previous studies have suggested that
anthocyanin can alleviate 3-MCPD induced testis injury and improve
the spermatogenesis in male rats (Jiang et al., 2018). Vegetables and
fruits are the main sources of anthocyanin intake. After ingestion, most
of dietary anthocyanins (up to 65%) reach the colon intact and interact
with the microbiota for biotransformation and metabolism before being
absorbed by the intestinal mucosa (Jamar et al., 2017; Tian et al.,
2018). However, there are few studies on the effects of Cyanidin-3-O-
glucoside (C3G) alone or together with 3-MCPD on gut microbiota. In
the present study, therefore, we used the highly purified C3G from
black soybean coat and the rat model to investigate the possible effects
of C3G and 3-MCPD on microbiota under environments of ileal con-
tents, colonic contents and colonic mucosa. In addition, we evaluated
small intestine and colon histopathology to explore the relationship
between C3G, 3-MCPD and gut barrier.

2. Materials and methods

2.1. Chemicals and materials

The raw material black soybean coat was obtained from Anhui
province, China. 3-MCPD was purchased from J&K Scientific, Beijing,
China. The experimental diets were prepared according to the AIN-93
formula with or without C3G supplementation. All diets were prepared
by Jiangsu medicine bio-pharmaceutical Co., Ltd. (Jiangsu China) and
presented as pellets to the animals.

2.2. High purity C3G preparation and measurement

The extraction and purification of C3G from black soybean coats
was following the method described in our previous study (Jiang et al.,
2017). Briefly, acidic hydrous ethanol was used to obtain the crude
extract from black soybean coat. The extract was loaded to macro-
porous absorption resin for obtaining the anthocyanin-rich fraction.
Subsequently, mediumpressure liquid chromatography was used to
acquire the highly purified C3G. The structure of C3G was identified
using UPLC-MS/MS, and the purity (> 91.4%) was determined fol-
lowing the HPLC-PAD method.

2.3. Animal, diets, and sample preparation

40 male Wistar rats (13 weeks old), weight 403 ± 4 g were pro-
vided by the Medical Experimental Animal Center of Guangdong
Province. After 10 days adaptation, the rats were randomly divided into
5 groups of 8 rats each. One group received saline and the standard diet
(CONT group). One group received saline and a diet with supple-
mentation of 500 mg/kg C3G (C3G-L group). The other three groups
were treated with 3-MCPD through intragastric (ig.) administration at a
dose of 20 mg/kg·bw per day. One of the three 3-MCPD treated groups
received standard diet (3-MCPD group). In the two intervention groups,
rats received 3-MCPD and C3G additive diet at two different doses of
500 mg/kg·diet (3-MCPD + C3G-L group) and 1000 mg/kg·diet (3-
MCPD + C3G-H group) per day. The rats were kept in a SPF environ-
ment with a temperature of 23 ± 2 °C, a relative humidity of
50%–60%, and a light/dark cycle of 12 h. The rats had free access to
food and water during the experiment. After 8 weeks treatment, all the
animals were narcotized using pentobarbital sodium and sacrificed by
cervical dislocation. Small intestine and colon of rats were taken and
fixed with 4% paraformaldehyde immediately. The ileal and colonic
contents were collected under super clean condition immediately. Then
used a scalpel to scrape and collect colonic mucosa. All samples were

stored in sterilized PE tubes and were freezed in liquid nitrogen im-
mediately after the separation. All animal experiments are conducted in
accordance with relevant laws and institutional guidelines. All experi-
ments were accepted by the Animal Care and Protection Committee of
Jinan University (Guangzhou, China).

2.4. Histopathological analysis

The small intestine and colon tissue of all rats were subjected to
histopathological analysis. The samples that had been fixed and em-
bedded in paraffin were then sectioned to slides with a thickness of
4 μm. The sections were stained using hematoxylin and eosin and then
were subjected to analysis using light microscopy.

2.5. DNA extraction and amplification

Total DNA from the ileal and colonic contents and colonic mucosa of
rats were extracted using DNA Extraction Kit (Life Technologies) fol-
lowing the manufacturer's instructions. Quality and quantity of DNA
was verified with NanoDrop and agarose gel. Extracted DNA was di-
luted to a concentration of 1 ng/μl and stored at −20 °C until further
processing. The diluted DNA was used as a template for PCR amplifi-
cation of bacterial 16S rRNA genes with the barcoded primers and HiFi
Hot Start Ready Mix (KAPA). For bacterial diversity analysis, V3–V4
variable regions of 16S rRNA genes was amplified with universal pri-
mers 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTA
ATCCT-3′).

2.6. Library construction

Amplicon quality was visualized using gel electrophoresis, purified
with AMPure XP beads (Agencourt), and amplified for another round of
PCR. After purified with the AMPure XP beads again, the final amplicon
was quantified using Qubit dsDNA assay kit. Equal amounts of purified
amplicon were pooled for subsequent sequencing.

2.7. Sequence analysis

Raw sequencing data were in FASTQ format. Paired-end reads were
then preprocessed using Trimmomatic software (Bolger et al., 2014) to
detect and cut off ambiguous bases (N). It also cut off low quality se-
quences with average quality score below 20 using sliding window
trimming approach. After trimming, paired-end reads were assembled
using FLASH software (Reyon et al., 2012). Parameters of assembly
were: 10bp of minimal overlapping, 200bp of maximum overlapping
and 20% of maximum mismatch rate. Sequences were performed fur-
ther denoising as follows: reads with ambiguous, homologous se-
quences or below 200bp were abandoned. Reads with 75% of bases
above Q20 were retained. Then, reads with chimera were detected and
removed. These two steps were achieved using QIIME software (version
1.8.0) (Caporaso et al., 2010).

Clean reads were subjected to primer sequences removal and clus-
tering to generate operational taxonomic units (OTUs) using UPARSE
software with 97% similarity cutoff (Edgar, 2013). The representative
read of each OTU was selected using QIIME package. All representative
reads were annotated and blasted against Silva database Version 123
(16s rDNA) using RDP classifier (confidence threshold was 70%) (Wang
et al., 2007).

2.8. Statistical analysis

Graphpad Prism program was used to results analysis, and results
are expressed as mean ± SEM. The data were analyzed using paired t-
test. p < 0.05 was considered as statistically significant.
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3. Results

3.1. Effects of C3G on histopathological features of small intestine and
colon

The histopathological images of the small intestine and colon are
shown in Fig. 1. No pathological features were observed in the small
intestine and colon of CONT rats (Fig. 1A and F). The villous height of
the small intestine in the 3-MCPD group was significantly lower than
that in the CONT group (Fig. 1B), whereas the villous height in the
groups of 3-MCPD + C3G-H, 3-MCPD + C3G-L and C3G-L (Fig. 1C, D
and E) was almost the same as that in the CONT group. In the 3-MCPD
group, the integrity of the small intestine epithelium was destroyed.
The villus atrophy, decreased number of epithelial cells, and an
atrophic appearance in basal crypts were also observed in 3-MCPD
group (Fig. 1B). In addition, 3-MCPD is less damaging to the colon than
to the small intestine, and only causes damage to the colonic micro-
villus (Fig. 1G). The above histopathological changes were effectively
ameliorated after treatment with the C3G (Fig. 1C and D for ileum and
H, I for colon), and C3G-H showed better effect compared to C3G-L
(Fig. 1C and H). In the groups without 3-MCPD intervention, C3G-L
supplementation did not cause any histopathological change in both
ileum (Fig. 1E) and colon (Fig. 1J).

3.2. Effects of C3G on microbial community in digesta and mucosa of rats
without 3-MCPD ingestion

This study compared the overall differences of microbial commu-
nities at the OTU level. β-diversity were measured using a Nonmetric
multidimensional scaling (NMDS) analysis-Unweighted UniFrac dis-
tances. Different colors in the figure represent different groups of
samples. The results showed that the samples clustered based upon diet
(Fig. 2). In the ileal and colonic contents, diet supplemented with
500 mg/kg C3G altered the composition of gut microbiota (Fig. 2A, 2B),
but this change is not apparent in the colonic mucosa (Fig. 2C).

The α-diversity measure could indicate species richness and even-
ness within a sample. The rank abundance graph (Fig. 2D, 2E and 2F)
showed that the most OTUs were showed low abundance in gut mi-
crobiota. Gut microbial α-diversity was defined by shannon index. The
results showed that the shannon index of C3G-L group was significantly
higher than CONT group in colonic contents (p < 0.001) (Table 1).
There was no significant difference in shannon index of ileal contents

and colonic mucosa microbiota, indicating that the uniformity and
richness of the rats gut microbiota were significantly changed after C3G
intervention in colonic contents.

Gut microbiota plays an important role in the pathogenesis of many
diseases. We compared the difference of gut microbiota composition by
16S rRNA sequencing analysis. As shown in Fig. 3A, a total 15 phyla of
gut microbiota was mainly composed of Firmicutes, Proteobacteria,
Bacteroidetes, Actinobacteria, Cyanobacteria, Tenericutes, Spirochaetae,
Deferribacteres, Fusobacteria, Latescibacteria, Acidobacteria, Gemmatimo-
nadetes, Nitrospirae, Lentisphaerae, and Fibrobacteres. C3G modulated gut
microbiota composition at the phylum level in the ileal contents, colon
contents, and colonic mucosa are shown in Supporting Information
Fig. 1A, 1B and 1C, respectively. Compared with the CONT group, the
quantity of Firmicutes in colonic contents of C3G-L group was sig-
nificantly increased (p < 0.01). The content of Proteobacteria, Tener-
icutes in colonic contents showed a significantly degressive (p < 0.05)
after treatment with C3G-L. In ileal contents and colonic mucosa mi-
crobiota Tenericutes displayed a similar tendency, although no sig-
nificant differences (Fig. 3A and Supporting Information Fig. 1A, 1B
and 1C).

To further evaluate the changes of microbial community in the di-
gesta and mucosa of rats, the 15 most abundant genera were listed in a
graph. The result showed that the gut microbiota were mainly com-
posed of Bacteroides, Helicobacter, Romboutsia, Allobaculum,
Desulfovibrio, Lachnospiraceae_NK4A136_group, Vibrio, Ruminococcaceae_
UCG-005, Alloprevotella, Ruminiclostridium_9, Rothia, Anaerotruncus,
Clostridium_sensu_stricto_1, Rikenellaceae_RC9_gut_group and Streptococcus
(Fig. 3B). The relative abundance differences of individual genus in the
digesta samples between C3G-L group and CONT group are shown in
Supporting Information Fig. 2A, B and C, respectively. In the ileal
contents, the relative abundances of Romboutsia, Lachnospir-
aceae_NK4A136_group and Rothia were higher, and the abundance of
Bacteroides and Allobaculum were lower in the C3G-L group compared
with CONT group, although no significant differences (Fig. 3B and
Supporting Information Fig. 2A). In the colonic contents, the relative
abundance of Allobaculum (p < 0.05), Lachnospiraceae_NK4A136_group
(p < 0.001) and Anaerotruncus (p < 0.05) was significantly increased,
while Bacteroides (p < 0.05) and Helicobacter (p < 0.05) was sig-
nificantly reduced in the C3G-L group compared with the CONT group
(Fig. 3B and Supporting Information Fig. 2B). In the colonic mucosa,
supplementation of C3G-L increased the relative abundance of Lach-
nospiraceae_NK4A136_group, Ruminiclostridium_9 and

Fig. 1. Histopathological examination of small intestine (A, B, C, D and E) and colon (F, G, H, I and J) stained with hematoxylin-eosin.
(A) small intestine of CONT rats illustrating a normal mucosal architecture; (B) small intestine of 3-MCPD rats: villus atrophy, necrosis, decreased number of
epithelial cells and an atrophic appearance in basal crypts, pronounced cellular infiltration; (C) small intestine of 3-MCPD + C3G-H rats illustrating nearly normal
histology; (D) small intestine of 3-MCPD + C3G-L rats illustrating mild villus damage; (E) small intestine of C3G-L rats illustrating nearly normal histology. (F) colon
of CONT rats illustrating a normal mucosal architecture; (G) colon of 3-MCPD rats illustrating villus damage; (H) colon of 3-MCPD + C3G-H rats illustrating nearly
normal histology; (I) colon of 3-MCPD + C3G-L rats illustrating nearly normal histology; (J) colon of 3-C3G-L rats illustrating nearly normal histology. Bar expresses
500 μm.
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Fig. 2. Dietary C3G changes the structure of gut microbiota in rat without 3-MCPD ingestion. Nonmetric multidimensional scaling analysis (NMDS) plot of dietary
effect by Unweighted UniFrac Distance in ileal contents (A), colonic contents (B) and colonic mucosa (C). Rank abundance curve of gut microbiota OTUs in ileal
contents (D), colonic contents (E) and colonic mucosa (F).
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Lachnospiraceae_UCG-005 (p < 0.05), and decreased the relative
abundance of Bacteroides and Allobaculum (Fig. 3B and Supporting In-
formation Fig. 2B).

3.3. Effects of C3G on microbial community in digesta and mucosa of rats
with 3-MCPD ingestion

The NMDS analyses are shown in Fig. 4. Different colors in the
figure represent different groups of samples. For both ileal digesta and
colonic mucosa, samples from rats fed with different diets could not be
well clustered from each other (Fig. 4A and C). For colonic contents,
samples from rats fed with 3-MCPD were almost separated from the
ones from CONT, 3-MCPD + C3G-H and 3-MCPD + C3G-L groups
(Fig. 4B). Colonic digesta samples from rats treated with 3-MCPD to-
gether with C3G were well separated from the control samples
(Fig. 4B).

α-diversity analysis showed the highest microbial richness and
evenness in colonic contents compared with ileal contents and colonic
mucosa (Table 1). In addition, both 3-MCPD and C3G-L lead to an in-
crease in the shannon index. The rank abundance graph (Fig. 4D. E and

Table 1
Comparison of Shannon diversity in the ileal digesta, colonic digesta and co-
lonic mucosa of the rats in different groups.

Group Ileal contents Colonic contents Colonic mucosa

CONT 4.71 ± 0.29 6.11 ± 0.06 5.70 ± 0.41
C3G-L 4.37 ± 0.40 6.62 ± 0.06*** 5.23 ± 0.23
3-MCPD 4.77 ± 0.34 6.46 ± 0.08** 5.53 ± 0.23
3-MCPD + C3G-H 5.17 ± 0.36 6.60 ± 0.06 5.18 ± 0.40
3-MCPD + C3G-L 4.70 ± 0.45 6.74 ± 0.06# 5.17 ± 0.43

** means p < 0.01 and *** means p < 0.001 when compared with CONT
group; # means p < 0.05 when compared with 3-MCPD group.

Fig. 3. Differential modulation of microbiota composition by C3G in rat without 3-MCPD ingestion. Bacterial community at the phylum-level (A) and at the genus
level (B) in the ileal digesta, colonic digesta and colonic mucosa of the rats in different groups.
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F) also proved that most OTUs were showed low abundance in the gut
microbiota.

At the phylum level, the gut microbiota consists of 15 major phyla:
Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Deferribacteres,

Cyanobacteria, Tenericutes, Acidobacteria, Spirochaetae,
Gemmatimonadetes, Fusobacteria, Latescibacteria, Lentisphaerae, JL-ETNP-
Z39 and Thaumarchaeota (Fig. 5A). C3G modulated the 3-MCPD dis-
rupted gut microbiota composition at the phylum level are shown in

Fig. 4. Dietary C3G changes the structure of gut microbiota in rat with 3-MCPD ingestion. Nonmetric multidimensional scaling analysis (NMDS) plot of dietary effect
by Unweighted UniFrac Distance in ileal contents (A), colonic contents (B) and colonic mucosa (C). Rank abundance curve of gut microbiota OTUs in ileal contents
(D), colonic contents (E) and colonic mucosa (F).
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Supporting Information Fig. 1A, B and C, respectively. In ileal contents,
Actinobacteria was reduced after 3-MCPD treatment. Compared with the
3-MCPD group, C3G-L supplementation increased Actinobacteria levels,
although no significant differences (Fig. 5A; Supporting Information
Fig. 1A). In colonic contents, Firmicutes was the incremental bacteria
after 3-MCPD treatment, which relative content increasing from
37.72 ± 1.42 to 45.12 ± 1.97 (p < 0.01). And the content of Pro-
teobacteria (p < 0.05) and Actinobacteria displayed a degressive trend.
C3G-H and C3G-L supplementation reversed Proteobacteria levels.
Supplementation with C3G-L significantly increased the relative abun-
dance of Actinobacteria (p < 0.05) compared with the 3-MCPD group,
whease Bacteroidetes (p < 0.05) was significantly decreased (Fig. 5A;
Supporting Information Fig. 1B). In colonic mucosa, compared with the
CONT group, the relative abundance of Actinobacteria displayed a re-
ducing tendency in 3-MCPD group, but they were changed in the C3G-L
group, although there was no significantly difference (Fig. 5A;

Supporting Information Fig. 1C).
At the genus level, the gut microbiota were mainly consist of

Bacteroides, Helicobacter, Romboutsia, Allobaculum, Desulfovibrio,
Vibrio, Ruminococcaceae_UCG-005, Lachnospiraceae_NK4A136_group,
Alloprevotella, Clostridium_sensu_stricto_1, Turicibacter, Ruminiclostridium_
9, Anaerotruncus, Rikenellaceae_RC9_gut_group and Ruminococcus_1
(Fig. 5B). C3G modulated the 3-MCPD disrupted gut microbiota com-
position at the genus level are shown in Supporting Information Fig. 2A,
B and C, respectively. In ileal contents, compared with CONT group, 3-
MCPD decreased the relative abundances of Bacteroides, Rothia and
Romboutsia; and increased Clostridium_sensu_stricto_1 (Fig. 5B and Sup-
porting Information Fig. 2A). While supplement C3G increased the re-
lative abundances of Lachnospiraceae_NK4A136_group, Rothia, Rom-
boutsia; and decreased Allobaculum and Clostridium_sensu_stricto_1,
although there was no significantly difference (Fig. 5B and Supporting
Information Fig. 2A). In colonic contents, supplementation of C3G

Fig. 5. Differential modulation of microbiota composition by C3G in rat with 3-MCPD ingestion. Bacterial community at the phylum-level (A) and at the genus level
(B) in the ileal digesta, colonic digesta and colonic mucosa of the rats in different groups.
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reversed the changes in Desulfovibrio and Ruminococcus_1 caused by 3-
MCPD. Furthermore, 3-MCPD treatment significantly increased the re-
lative abundance of Ruminococcaceae_UCG-005 (p < 0.05), Alloba-
culum (p < 0.05), and decreased Helicobacter (p < 0.05). Supple-
mentation with C3G-H (p < 0.05) and C3G-L (p < 0.001) significantly
increased the relative abundance of Lachnospiraceae_NK4A136_group
(Fig. 5B and Supporting Information Fig. 2B). In colonic mucosa, sup-
plementation with C3G-H significantly decreased the relative abun-
dance of Allobaculum (p < 0.05) and C3G-L increased Lachnospir-
aceae_NK4A136_group compared with 3-MCPD group (Fig. 5B and
Supporting Information Fig. 2C). There was no significant difference in
the regulation of gut microbiota between different doses of C3G.

4. Discussion

Effects of 3-MCPD and C3G on histopathological features of small in-
testine and colon. In the small intestine 3-MCPD is absorbed into plasma
and involved in body circulation (Jędrkiewicz et al., 2016). The in-
testinal tract represents the first barrier against ingested food con-
taminants, as 3-MCPD, and has also an important role in immune
functions (Turner, 2009). Previous studies have indicated that food
contaminants, such as deoxynivalenol (Payros et al., 2017) and zear-
alenone (Liu et al., 2014) could cause villi loss and disruption in in-
tegrity of villi in mice and rats. In the present study, the damaging
effects of 3-MCPD on small intestine and colon, evidenced by the his-
topathological features, was reported for the first time. Detailed evi-
dences in related mRNA and protein expression needed to be further
proved in the future. Disruption of the intestinal epithelial barrier may
lead to inflame, further leading to bacterial translocation and other
antigen entry. The protective mucous layer is the key to intestinal
barrier function (Peng et al., 2019). We found that C3G has a protective
effect on the damage of intestinal villus, microvillus and mucosa caused
by 3-MCPD. Previous findings on pomegranate juice rich in anthocya-
nins also demonstrated its significant prevention on intestinal histo-
pathological changes (Belal et al., 2009).

Effects of C3G on microbial community in digesta and mucosa of rats
without 3-MCPD ingestion. Supplemented C3G caused a significant shift
of microbiota composition in ileal and colonic digesta, but not in co-
lonic mucosa. This could be due to the presence of abundant C3G in
ileal (up to 85%) and colonic digesta (up to 65%) after ingestion (Tian
et al., 2018). The quick utilization of C3G by gut microbiota present in
the digesta may cause low amount of C3G reaching the mucosa. As a
result, the microbiota present in the colonic mucosa was not sig-
nificantly influenced. A remarkable increased Firmicutes and decreased
Proteobacteria were detected in colonic digesta after C3G supple-
mentation (Fig. 3A; Supporting Information Fig. 1B), compared with
the CONT group. In contrast, OTU abundance of Firmicutes was de-
creased and OTU abundance of Proteobacteria was increased after sup-
plementation of anthocyanin-rich fruit blueberry in mice (Lee et al.,
2018). It could be due to the presence of other anthocyanin besides C3G
in blueberry.

In the present study, we found that C3G supplementation increased
the relative abundance of genera Lachnospiraceae_NK4A136_group,
Lachnospiraceae_UCG-005, Anaerotruncus, Romboutsia, and
Ruminiclostridium_9 in phylum Firmicutes, and decreased the relative
abundance of Bacteroides and Helicobacter in rats without 3-MCPD in-
gestion. Members of the Lachnospiraceae family, which is associated
with maintaining intestinal health, may produce butyric acid to prevent
colon cancer in humans (Xiao et al., 2019). More generally, it was
shown that bilberry anthocyanin extract containing C3G increased the
relative abundance of Lachnospiraceae and decreased the relative
abundance of Bacteroides in aging rats (Li et al., 2019), in agreement
with our findings. Anaerotruncus species may be the ideal probiotic
strain, as it expresses enzymes that facilitate the production of butyric
acid and also appear to play an active role in maintaining intestinal
immune balance (Polansky et al., 2016). Recent study reported that the

relative abundance of Anaerotruncus was increased by administration
mulberry in which C3G is one of the main components (Hu et al., 2019).

Effects of C3G on microbial community in digesta and mucosa of rats with
3-MCPD ingestion. Since there is no report on intestinal microbiota
change under 3-MCPD exposure, Wistar rat was used as a model to study
the effects of continuous exposure to 3-MCPD on the intestinal micro-
biota. We found that exposure to food contaminant 3-MCPD caused shift
in gut microbial community of rats. The colonic samples in 3-MCPD
group were almost clustered separately from the colonic samples in
CONT. However, the above differences were not observed significantly in
the ileum and colonic mucosa. This could be due to the different mi-
crobiota composition in ileal digesta and the low amount of approach-
able 3-MCPD in colonic mucosa, respectively. We found that 3-MCPD
exposure increased the relative abundances of phyla Acidobacteria and
Deferribacteres, and decreased the relative abundances of Actinobacteria.
To the best of our knowledge, neither the effect of 3-MCPD on the in-
testinal microbiota composition nor the metabolism of 3-MCPD by in-
testinal microbiota was not studied before. The decreased relative
abundances of genera Bacteroides, Rothia and Romboutsia, and increased
relative abundances of Clostridium and Lachnospiraceae after 3-MCPD
ingestion were also reported in our present study for the first time.

The colonic samples in 3-MCPD + C3G-H and 3-MCPD + C3G-L
groups were clearly clustered separately from those in CONT and 3-
MCPD groups. However, no significant difference was found among the
groups in the ileum and colonic mucosa. This may be due to the low
bioavailability of anthocyanins, which are absorbed relatively little in
the small intestine after ingestion (Cardona et al., 2013; Tian et al.,
2018). Hence, most dietary anthocyanins reach the colon intact and are
converted by the colonic microbiota into bioactive compounds before
being absorbed by the colonic mucosa (Faria et al., 2014). Since gut
microbiota dysbiosis is an important risk factor for animal disease (Mu
et al., 2018), gut microbiota changes induced by 3-MCPD may have an
adverse effect on rats. The present study showed that the decrease of
Rothia and Romboutsia and increase of Clostridium induced by 3-MCPD
ingestion were suppressed by the treatment with C3G. These results
provide a theoretical basis for considering C3G or C3G-enriched food as
a promising candidate for treating 3-MCPD induced microbiota dys-
biosis.

5. Conclusions

3-MCPD exposure caused damage to the intestinal mucosa and
significantly changed the diversity and composition of intestinal mi-
crobiota in male rats. Our results suggested that C3G may protect the
intestinal mucosa damage caused by 3-MCPD, and appropriate dose of
C3G ameliorates gut microbial dysbiosis caused by 3-MCPD, which is a
potential way to promote gut healthy.
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