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Featured Application: The combination of natural plant products and probiotics contribute to
regulating the gut microbiota and alleviating liver damage.

Abstract: Epigallocatechin gallate (EGCG) is a main active ingredient in tea, but it is difficult for
it to be absorbed and utilized by the body, resulting in limited bioactivity. Therefore, we explored
the role of probiotics in enhancing the physiological activity of EGCG in a mice model of liver
injury. Mice were methodically treated with either a single ingredient or a combination of EGCG and
Lactiplantibacillus plantarum P101 (LP.P101) for 21 days, and then administrated with intraperitoneal
injection of carbon tetrachloride (CCl4) on the last day. As a result, the antioxidative genes were
activated and pro-inflammatory genes were suppressed, reducing the oxidative and inflammatory
injury of mice, which indicated a better preventive effect of the combination of EGCG and LP.P101
than the single ingredient. Furthermore, 16S rRNA high-throughput sequencing revealed the role of
gut microbiota played in liver injury mitigation. The combination of EGCG and LP.P101 increased the
relative abundance of Lactobacillus, Akkermansia and other beneficial bacteria that negatively correlated
with inflammation and positively correlated with antioxidation. In conclusion, the combination of
EGCG and LP.P101 was more effective than the single ingredient in alleviating liver damage caused
by CCl4. Altered gut microbiota may be an important cause.

Keywords: EGCG; Lactiplantibacillus plantarum P101; liver injury; gut microbiota

1. Introduction

Tea is a traditional drink around the world, rich in various active ingredients, mainly
catechins. Epigallocatechin gallate (EGCG) is a main active monomer in catechins, well-
known for its anti-inflammatory, antioxidant and anti-obesity properties. Li et al. [1] found
that EGCG alleviated liver lipid accumulation by regulating gut microbiota. However,
these natural active nutrients seem to be difficult to absorb and utilize [2]. In fact, Goldin [3]
stated that the probiotics in the digestive tract or in foods could enhance the bioavailability
of nutrients. The roles of probiotics in the prevention and treatment of diseases, such as
liver and cardiovascular disease, have been reported. In Liu et al. ’s study [4], the probiotics
rich in selenium-glutathione alleviated carbon tetrachloride (CCl4)-induced liver fibrosis by
attenuating oxidative damage, endoplasmic reticulum stress and inflammation. Recently,
studies have found that the natural plant ingredients worked better when combined with
probiotics. For example, the combination of hull-less barley β-glucan and Lactobacillus plan-
tarum S58 exhibited a greater effect on ameliorating obesity by activating lipid metabolism
pathway and regulating gut microbiota [5]. Therefore, we speculated that EGCG combined
with probiotics would have a better bioactivity.
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The largest metabolic organ, liver, performs an antioxidant function, substance trans-
formation and an immune function [6]. The liver shares the same embryological origin and
has many anatomical and functional connections with intestine [7], and would be greatly
affected by gut microbiota. Gut microbiota is an important mediator in regulating the
physiological homeostasis and interacting with various organs [8]. However, the imbalance
of gut microbiota promotes the occurrence and development of various diseases such as
inflammatory bowel disease, obesity and liver diseases [9]. Tilg et al. [10] showed that the
alteration of gut microbiota promoted the progression of liver diseases, and prebiotics or
probiotics could prevent liver injuries through regulating gut microbiota, which served
as effective therapeutics. The homeostasis of gut microbiota is of great importance for
liver health.

At present, the human liver is under great metabolic pressure from environmental
pollutants. CCl4, a potent industrial environmental pollutant used in detergents, is metab-
olized by the cytochrome P450 into trichloromethyl radical and reactive oxygen species
(ROS) in the hepatocytes, which causes liver injury [11]. In recent years, CCl4 has been
widely used in the establishment of animal liver injury models for its clear toxicity mech-
anism. In this study, CCl4 was chosen to induce the mice liver injury model, so as to
exclude unclear mechanism interference and better demonstrate the combined bioactivity
of natural plant ingredients and probiotics. Our study hypothesized that EGCG from
tea and the probiotic Lactiplantibacillus plantarum P101 (LP.P101, showed an excellent
antioxidant performance, and was screened from Chinese family homemade sauerkraut)
would have the best effect in alleviating liver damage caused by CCl4 in mice. Moreover,
we explored the effect of the altered gut microbiota through the combination of EGCG and
LP.P101 in liver damage reduction. In short, there is still no great progress in improving
the utilization rate and biological activity of natural plant products. The study will be
beneficial in understanding the promoting effect of probiotics on natural plant products
and providing a potential strategy for enhancing the utilization and biological activity of
natural products. Meanwhile, the alleviating effects and mechanisms of the combination of
foodborne natural plant products and probiotics on mild liver oxidative and inflammatory
damage are also worthy of further study.

2. Materials and Methods
2.1. Characterization of Catechins

Green tea catechins sample was obtained from Wuyuan Hongda Tea Co., Ltd. (Jiangxi,
China). The specific characterization and analysis methods were described in the pre-
vious reference [12]. In brief, catechins was analyzed by ultra-high performance liquid
chromatography (Agilent 1290, Agilent Technologies, Inc., Santa Clara, CA, USA), and
equipped with a capillary column of Xtimate C18 (5 µm, 250 mm × 4.6 mm) at a column
temperature of 35 ◦C. The injection volume was 10 µL and flow rate was 1 mL/min. Mobile
phase A was 9% acetonitrile, 2% acetic acid, 0.2% EDTA-2Na and 88.8% water; mobile
phase B was 80% acetonitrile, 2% acetic acid, 0.2% EDTA-2Na and 17.8% water. The elution
gradient was 100% mobile phase A for 0–10 min, 0–68% mobile phase A for 10–25 min;
68–100% mobile phase A for 25–27 min. The ultraviolet detection wavelength was 278 nm.
The composition of catechins sample was determined by comparing the retention time of
standard catechins (Figure S1 and Tables S1 and S2). Since EGCG was the main component
of the sample, EGCG was referred to catechins.

2.2. Preparation of LP.P101 and EGCG

LP.P101 was isolated from Chinese family homemade sauerkraut (Ji’an Jiangxi, China)
and stored at China Center for Type Culture Collection (CCTCC, Wuhan, Hubei, China),
numbered as CCTCC M 2021108. LP.P101 has a great antioxidant property. Activated
LP.P101 was anaerobically cultured in Man Rogosa Sharpe broth (MRS) (Solarbio Science
and Technology Co., Ltd., Beijing, China) liquid medium, at 37 ◦C for 16 h to obtain the
concentration of 108 CFU/mL. The bacterium suspension was centrifuged at 9600× g for
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5 min (a AS24-2 rotor, Centrifuge Scilogex CF1524R, SCILOGEX Co., Ltd., Rocky Hill, CT,
USA), the supernatant was discarded, and the pelletized LP.P101 was resuspended with
the same volume of PBS (phosphate buffer solution, Solarbio Science & Technology Co.,
Ltd.) or EGCG solution at selected dose.

To explore the effect of EGCG on the growth of LP.P101, activated LP.P101 was inocu-
lated into MRS liquid medium or EGCG-MRS liquid medium (EGCG powder was added
into MRS liquid medium at a concentration of 7 mg/mL). The inoculum was anaerobic
incubation at 37 ◦C, and sampled 500 µL in a centrifuge tube every 3 h. The samples were
centrifuged at 9600× g for 5 min, the supernatant was discarded and the pelletized LP.P101
was resuspended in 2 mL PBS. The absorbance of the bacterium suspension was measured
at 600 nm (Varioskan LUX Multimode Microplate Reader, Thermo Fisher scientific Inc.,
Waltham, OH, USA).

2.3. Animal Experiment

Male Kunming mice (6-week-old, 35 ± 2 g) were purchased from an experimental
animal center (Jiangxi University of Traditional Chinese Medicine, Nanchang, Jiangxi,
China). The mice were raised in the standard environment with a 12 h light–12 h dark cycle,
25 ◦C and 55% relative humidity, free diet and water. Animal processes adhered to the
institutional animal care committee guidelines, and the animal experiment was approved
by the Animal Care Review Committee (approval number 0064257, Nanchang University,
Nanchang, Jiangxi, China).

After acclimatization for a week, 40 mice were divided into 5 groups at random:
control group (PBS), model group (PBS), P101 group (108 CFU/mL LP.P101 resuspended in
PBS), EGCG group (EGCG powder was dissolved in PBS at a concentration of 7 mg/mL)
and P + E group (108 CFU/mL LP.P101 resuspended in 7 mg/mL EGCG). Each mouse was
given 200 µL of the corresponding substance intragastrically for 21 days. The body weight
of mice was recorded every two days. CCl4 and olive oil were purchased from Xilong
Scientific Co., Ltd. (Guangzhou, Guangdong, China) and Solarbio, respectively. The mice
in control group were intraperitoneally injected with 3 mL/kg body weight olive oil on
the last day. The mice in other groups were treated with 3 mL/kg body weight CCl4/olive
oil (20% v/v) [13] 2 h after the last intragastric administration. After fasting for 16 h, the
feces of mice were picked and stored at −80 ◦C for microbial diversity analysis. Mice were
sacrificed after anesthesia with isoflurane, and blood and liver were collected and stored
at −80 ◦C.

2.4. Histopathological Observation of Liver

The small portion of liver tissue was wrapped in paraffin and sliced into a thickness
of 5 µm, stained with hematoxylin and eosin (H&E), and was observed and photographed
with a Nikon Ti optical microscope (Nikon Ltd., Tokyo, Japan).

2.5. Biochemical Analysis of Serum and Liver

Serum was collected by centrifugation at 3000× g for 15 min under 4 ◦C. Assay kits of
alkaline phosphatase (ALP), glutamic oxaloacetic transaminase (AST) and glutamic-pyruvic
transaminase (ALT) were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China), and such indicators were determined according to the instruction
of assay kits.

A small portion of liver tissue was mixed with 0.9% normal saline to homogenize into
0.1 mg/mL, and supernatant was collected by centrifugation at 3000× g for 10 min under
4 ◦C. Analysis of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-
6 (IL-6), interleukin-10 (IL-10) and LPS (lipopolysaccharide) followed the instruction of
enzyme-linked immunosorbent assay kits (Shanghai YSRIBIO Industrial Co., Ltd., Shang-
hai, China). The determination of malonaldehyde (MDA) followed the instruction of assay
kits (Nanjing Jiancheng Bioengineering Institute).
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2.6. Quantitative Real Time Polymerase Chain Reaction (qPCR) Analysis of Liver

Total RNA of liver was extracted according to the AxyPrep Multisource Total RNA
Miniprep Kit (Axygen Scientific Inc., San Francisco, CA, USA), and the extracted RNA was
reverse transcribed by Takara PrimeScriptTM RT reagent kit (Takara Bio Inc., KUSATSU,
Shiga, Japan) into cDNA. qPCR was performed with TB Green™ Premix Ex Taq™ II (Takara
Bio Inc.) on the AriaMx RT-PCR System (Agilent Technologies, Inc.). The transcription
level was calculated by the 2−∆∆Ct method. The sequence of primers was listed in Table S3.

2.7. High-Throughput Sequencing of Feces

The sequencing terminals were added to the primer ends for the 16S rRNA hyper-
variable region (V3–V4) PCR amplification. The total DNA of feces was extracted and
amplificated. Then, the amplificated products were purified, quantified and homogenized
to create the sequencing library. The gut microbiota analysis was performed on the platform
BMKCloud (Beijing, China).

2.8. Statistical Analysis

Data was represented as mean ± SD; a one-way analysis of variance and multiple-
comparison test was performed using SPSS 25.0 (IBM Co., Chicago, IL, USA). Significant
difference existed when p < 0.05 and was noted as different letters.

3. Results
3.1. Characterization of Catechins and Effect Evaluation of EGCG on LP.P101

By comparing the chromatograms of sample catechins and standard catechins
(Figure 1A and Figure S1), the highest peaks appeared at around 15.8 min and 17.2 min, in-
dicating that the sample catechins had similar monomer composition to standard catechins,
mainly EGCG. Then, to test the effect of EGCG on the growth of LP.P101, LP.P101 were
co-incubated with EGCG. The result (Figure 1B) showed that the growth of LP.P101 in the
presence of EGCG had no significant difference from that in the single MRS.
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3.2. The Combination of EGCG and LP.P101 Alleviated CCl4-Induced Pathological Alterations 

Figure 1. Epigallocatechin gallate (EGCG) did not affect the growth of Lactiplantibacillus plantarum
101 (LP.P101). (A) Ultra-high performance liquid chromatography of catechins. (B) Comparison of
growth curves of LP.P101 in Man Rogosa Sharpe broth (MRS) and EGCG-MRS (n = 3). Data was
expressed as mean ± SD.

3.2. The Combination of EGCG and LP.P101 Alleviated CCl4-Induced Pathological Alterations

The body weight of the mice in EGCG and combination group remained constant
(35 ± 2 g) (Figure 2A). The liver organ coefficient increased significantly (Figure 2B) in
the model group, which indicated that CCl4 may cause edema or congestion in the liver.
The combination of EGCG and LP.P101 showed the best effect on reducing the liver organ
coefficient (Figure 2B). Accordingly, the mice liver in control group had a clear structure
and intact cells (Figure 2C). Histopathological analysis showed congestion, hepatocyte
ballooning degeneration and inflammatory cell infiltration in the model group. After
21 days of gavage with EGCG and LP.P101, the damage caused by CCl4 was alleviated with
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a few hepatocytes ballooning degeneration (Figure 2C). Although the LP.P101 or EGCG
individual gavage showed some alleviation, the results were not as remarkable as that in
combination group.
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Figure 2. The Combination of Epigallocatechin Gallate (EGCG) and Lactiplantibacillus plantarum P101
(LP.P101) prevented liver injury caused by carbon tetrachloride (CCl4). (A) Body weight (g) of mice
over 21 days. (B) Liver weight to body weight (mg/g) of mice. (C) Histology of liver tissue (200×) in
each group after hematoxylin and eosin staining. Red arrow: congestion; Black arrow: inflammatory
cell infiltration; Yellow arrow: ballooning degeneration; Blue arrow: loose tissue structure. (D–F) The
activities of alkaline phosphatase (ALP, U/L), glutamic oxaloacetic transaminase (AST, U/L) and
glutamic-pyruvic transaminase (ALT, U/L) in serum. (G) The ratio of ALT/AST. Data was expressed
as mean ± SD. The significant differences (p < 0.05) among groups showed as different letters.

In addition, compared with control group, the activities of ALP, AST and ALT in serum
were significantly increased in model group (Figure 2D–G), which indicated that the liver
was impaired. The activity of ALT in the combination group was similar to that of EGCG
group. Additionally, there was no significant difference in enzyme activity level of AST
between the model group and combination group. Interestingly, the ratio of ALT to AST in
the combination group was more similar to that of the control group (Figure 2G).
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3.3. The Combination of EGCG and LP.P101 Inhibited CCl4-Induced Liver Oxidative Injury and
Inflammation

The Toll-like receptor-4/nuclear factor-kappa B (TLR4/NF-κB) signaling pathway was
activated, and up-regulating the mRNA expression of pro-inflammatory factor TNF-α in
the mice liver of the model group (Figure 3G). The level of inflammatory cytokines in liver
tissue of the model group also showed a similar trend: the contents of pro-inflammatory
cytokines TNF-α, IL-1β and IL-6 were significantly increased, and the content of anti-
inflammatory cytokine IL-10 was significantly decreased (Figure 3A–D). Compared with
the model group, the combination group reversed the mRNA expression of inflammatory
indicators, as well as lowering the content of pro-inflammatory cytokines and elevating
the content of IL-10 in the liver. The content of LPS in liver was significantly increased
in model group (Figure 3E), indicating the disruption of the intestinal barrier. However,
the content of LPS was decreased in the presence of LP.P101 or EGCG, especially in the
combination group (Figure 3E).

CCl4 induced liver oxidative damage as expected; the content of MDA (Figure 3F)
and the activities of SOD and CAT (Table S4) in liver were increased in the model group.
CCl4 inhibited the liver oxidative stress pathway, decreased the expression level of nuclear
factor E2-related factor 2 (Nrf2) and kelch-like ech-associated protein 1 (Keap1), and down-
regulated mRNA expression level of the antioxidase system NAD(P)H: quinone oxidoreduc-
tase 1 (NQO1), SOD1, SOD2, CAT and glutamate-cysteine ligase catalytic (GCLC) (Figure 3H).
The combination of EGCG and LP.P101 showed a more obvious effect than EGCG or
LP.P101 alone in the recovery of gene expression level.

3.4. The Combination of EGCG and LP.P101 Improved the Gut Microbiota

Based on the results shown above, the control group, the model group and the combi-
nation group were selected to investigate the effect of intestinal microbial diversity and
composition on liver damage reduction. Although there was no significant difference in α

diversity among the three groups (Table S5), β-diversity analysis showed that the compo-
sition of the control group was similar to that of the model group, while the P + E group
deviated from them (Figure 4A–B). At the phylum level, the relative abundance of Bac-
teroidetes was decreased, while Firmicutes and Proteobacteria increased in the combination
group. (Figure 4C). Specifically, the relative abundance of Desulfovibrionaceae in the model
group, and Alloprevotella in the combination group, was distinctly reduced at the genus
level (Figure 4D).

According to the results of the line discriminant analysis effect size (LEfSe) cladogram,
there were only 11 significant different taxa between the control group and the model group,
and less than 21 significant different taxa between the control group and the combination
group (Figure 5(Aa,Bb)). In addition, the difference between the model group and the
combination group was very significant, as evidenced by the 52 taxa of different bacteria in
the LEfSe cladogram (Figure 5(Cc)). The different bacteria between the model group and
the combination group are mainly Bacteroidates, Erysipelotrichaceae, Desulfovibrionales,
Alteromonadales, Vibrionales and Verrucomicrobioles, at the order level (Figure 5(Cc)).
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Figure 3. The combination of EGCG and LP.P101 reduced liver inflammation and oxidative damage
caused by CCl4. (A–F) The content of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
interleukin-6 (IL-6), inter-leukin-10 (IL-10), lipopolysaccharide (LPS) and malonaldehyde (MDA)
in liver tissue. (G) The mRNA expression level of inflammatory genes. (H) The mRNA expression
level of antioxidative genes. Data was expressed as mean ± SD. The significant differences (p < 0.05)
among groups shown as different letters.
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clustering tree using the unweighted pair-group method with arithmetic means at the operational
taxonomic unit level. (B) Principal coordinates analysis of the gut microbiota at the operational
taxonomic unit level. (C,D) Species distribution of bacterial communities at the phylum level and the
genus level.

More specifically, the relative abundance of Alloprevotella and Alistipes was significantly
increased, and Roseburia was significantly decreased in the model group compared with the
control group (Figure 6(Aa,e,j)). However, there was a significant alteration after combined
treatment of EGCG and LP.P101. The relative abundance of Blautia, Ruminiclostridium
9, Lactobacillus, Akkermansia and Roseburia was significantly increased, and Alloprevotella,
Muribaculaceae, Bacteroides, Alistipes and Prevotellaceae UCG-001 was significantly decreased
in the combination group compared to the control or model group (Figure 6(Aa–j)).
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Figure 5. The combination of EGCG and LP.P101 regulated the composition of gut microbiota. (A–C)
The cladogram using line discriminant analysis effect size analysis of gut microbiota between different
groups (cut-off line discriminant analysis score ≥ 3.0).

Furthermore, through the prediction of functional genes, there were four different
genes in the total six functional genes between the model group and the combination group
(Figure 6B), while no difference was found between the other groups. The alteration in
gut microbiota led to the change in different functional genes in relation to metabolism,
organismal systems, environmental information processing and cellular processes. The
mitigated effect of altered gut microbiota on liver damage was analyzed according to
Pearson’s correlation (Figure 6C). The contents of LPS, TNF-α, IL-1β, IL-6 and MDA in
the liver were positively related to the relative abundance of Alistipes, Prevotellaceae UCG-
001 and Rikenellaceae RC9 gut group that decreased in the combination group, but were
negatively related to the relative abundance of uncultured bacterium f Desulfovibrionaceae.
In addition, the mRNA expression level of Nrf2 and keap1, and the content of IL-10 were
positively correlated with the above flora (Figure 6C).
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Figure 6. The combination of EGCG and LP.P101 modulated the relative abundance of bacteria and
affected the signal expression. (A) Relative abundance of different species. a-j: relative abundance
of Alloprevotella, uncultured bacterium f Muribaculaceae, Blautia, Bacteroides, Alistipes, Ruminiclostrid-
ium 9, Prevotellaceae UCG-001, Lactobacillus, Akkermansia and Roseburia. Data were expressed as
mean ± SD. *p < 0.05, **p < 0.01 vs. control group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. model
group. (B) Differential analysis of Kyoto encyclopedia of genes and genomes between the model
and P + E group. (C) Pearson’s correlation analysis between biochemical parameters and the relative
abundance of gut microbiota species. The color ranged from blue to red and indicated the change
in correlation from negative to positive. Data were expressed as mean ± SD. * p < 0.05, ** p < 0.01,
*** p < 0.001.

4. Discussion

Due to low lipid solubility and poor stability, the utilization rate of EGCG is neg-
ligible [14]. In recent years, a new method regarding the co-encapsulation of nutrients
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and probiotics, which may improve their bioavailability and function, has attracted the
attention of researchers [15]. The probiotics contribute to the release of smaller molecules
from the bioactive compounds to allow for a maximum utilization. For example, Lactobacil-
lus rhamnosus GG converted cranberry proanthocyanins and produced additional active
substances that enhanced their anticancer activity [16]. Therefore, we were inspired to
combine the catechins and probiotics, two inexpensive and readily available materials, to
explore their enhanced properties in liver damage reduction.

We screened a strain of Lactiplantibacillus plantarum from Chinese homemade sauerkraut,
named LP.P101 that has excellent antioxidant property, high safety and could survive in
simulated gastric and intestinal fluid. When LP.P101 was cultured in EGCG-MRS liquid
medium, the growth of LP.P101 were not affected (Figure 1B), which demonstrated that
LP.P101 could coexist with EGCG.

Interestingly, a better weight maintenance was evidenced by the consistent body
weight in the combination group (Figure 2A). Furthermore, the increscent liver coefficient
as well as inflammatory infiltration and cell degeneration caused by CCl4 have been re-
ported [13,17], and our results are consistent with them (Figure 2B–C). As expected, CCl4
caused a significant increase of ALP (Figure 2D). Noteworthily, ALT exists in hepatocyte cy-
toplasm and AST is present in the mitochondria of hepatocyte. According to the report [18],
mild hepatitis caused by CCl4 was manifested as hepatocyte damage and relatively com-
plete mitochondria structure led to an increase of ALT/AST ratio, which was similar to
our result (Figure 2G). Interestingly, the ratio of ALT/AST was decreased significantly in
the combination group, and implied the alleviation effect of EGCG with the synergism of
LP.P101 (Figure 2G).

Peroxidation products MDA (Figure 3F), produced after the treatment with CCl4,
caused the release of antioxidant enzymes to maintain the balance of oxidative stress (Table
S4). However, at the transcriptional level, the classical antioxidative signaling pathway
Nrf2/Keap1, inhibited in model group (Figure 3H), suggested CCl4 caused oxidative dam-
age in the liver. The combination of EGCG and LP.P101 was shown to be more effective than
LP.P101 or EGCG alone in the recovery of antioxidative gene expression level. Furthermore,
oxidative damage is always accompanied by inflammation [19]. Results showed that NF-κB
was activated by CCl4, and the content of TNF-α, IL-1β and IL-6 was increased in the liver.
It could be reversed by the combination of EGCG and LP.P101s (Figure 3). In summary, the
combination of EGCG and LP.P101 were more effective in alleviating liver injury caused
by CCl4.

Based on the above results, we proved that the combination group had a better
prevention effect on liver injury. Next, control group, model group and combination group
were selected to investigate the effect of intestinal microbial diversity and composition on
liver damage reduction. Liver health was closely associated with the homeostasis of gut
microbiota [20]. We speculated that 21 days of continuous oral administration of EGCG
and LP.P101 could regulate gut microbiota beforehand and allow the mice to cope with
liver damage caused by CCl4 better. As a result, the unweighted pair–group method with
arithmetic means (UPGMA) and principal coordinates analysis (PCoA) showed that the
microbial composition was altered in the combination group and deviated from the control
group and model group (Figure 4A–B). A previous study indicated that CCl4 (twice a
week for six weeks) induced liver fibrosis, as well as disruption of the gut microbiota in
mice [21]. In this study, an acute injection of CCl4 did not induce strong gut microbiological
changes (Figures 4–6), possibly due to the short exposure time. Although there were
differences in gut microbiota between the control and model group or between the control
and combination group, the differences were far less than that between the model and
combination group (Figure 5), indicating the effect of EGCG and LP.P101 in regulating
gut microbiota. Similarly, tea and probiotics play a role in regulating gut microbiota in a
previous study [22,23].

Specifically, at the phylum level, the relative abundance of Bacteroidetes was decreased,
while firmicutes and proteobacteria increased in the combination group (Figure 4C–D).
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Similar to our results, in Tian et al.’s study [24], Lactiplantibacillus plantarum TW1-1 increased
the abundance of firmicutes and alleviated testicular damage of mice. LEfSe (Figure 5)
was used to show the specific bacteria with statistical differences between groups. The
combination of EGCG and LP.P101 were given in advance, which mainly increased the
abundance of Akkermansia at the phylum of Verrucomicrobia, and Desulfovibrionaceae at the
phylum of Proteobacteria. Akkermansia is a typical probiotic, and its reduction is positively
correlated with intestinal inflammation and liver disease [25]. Studies have found that
Desulfovibrionaceae produces acetic acid and regulates metabolic diseases [26]. Further-
more, we listed some species that changed significantly, associated with the pathogenesis
(Figure 6A). Alloprevotella, Prevotellaceae UCG-001 and Bacteroides was associated with ir-
ritable bowel syndrome and promote inflammation [27–29]. Alistipes is an opportunistic
pathogen, and uncultured bacterium Muribaculaceae was associated with liver failure [30–32].
EGCG combined with LP.P101 reduced the abundance of these bacteria as shown in Fig-
ure 5A. Blautia, Ruminiclostridium 9 and Roseburia, which produce butyrate and benefit
human health [33,34], were decreased in the model group, while their relative abundance
in the combination group was even higher than that in the control group (Figure 6A). Pant
et al. found that butyrate reduced ROS-mediated hepatocyte apoptosis [35]. There was no
significant difference in the relative abundance of Lactobacillus and Akkermansia between the
control group and the model group, but the combination of EGCG and LP.P101 significantly
increased the abundance of these two probiotics (Figure 6A). Correspondingly, Pearson’s
correlation analysis also showed that the liver health was associated with gut microbiota
(Figure 6C). Gonzalez-Sarrias et al. [36] demonstrated that non-extractable and indigestible
dietary polyphenol were fermented into small molecules by colon microbiota. These small
molecules of nutrients could persist in circulation, and had effects of antioxidant and
anti-inflammatory. Similarly, Ruminococcus and Faecalibacterium fermented non-digestible
carbohydrates to produce short-chain fatty acids, and then inhibited the activation of NF-
κb and reduced inflammatory damage [37], which was similar to our study. In fact, not
only the combination of EGCG and LP.P101 improved the composition of gut microbiota,
but also gut microbiota promoted the digestion and absorption of EGCG, which was a
cycle conducive to body health. In addition, the alteration of gut microbiota led to the
change of different functional genes about metabolism, organismal systems, environmental
information processing and cellular processes (Figure 6B).

In summary, the combination of EGCG and LP.P101 responded to liver damage by
promoting a beneficial shift of the microbiome in advance. However, the transformation
of catechins in the presence of probiotics requires further exploration to explain their
combination effect. The mechanism of gut microbiota alteration, caused by EGCG and
LP.P101, in alleviating liver injury is also of great importance to future research.

5. Conclusions

The combination of EGCG and LP.P101 relieved CCl4-induced liver inflammation
and oxidative damage better than EGCG or LP.P101 alone. The mechanism of damage
mitigation may be due to the improved gut microbiota composition. The combination of
EGCG and LP.P101 increased the relative abundance of beneficial bacteria (Lactobacillus,
Akkermansia and Roseburia) and decreased the relative abundance of opportunistic bacteria
(Alloprevotella, Prevotellaceae UCG-001 and Bacteroides). The improved gut microbiota by the
combination of EGCG and LP.P101 was associated with the activation of antioxidation and
the inhibition of inflammation. Generally, LP.P101 contributed to enhance the bioactivity of
EGCG, and the combination of EGCG and LP.P101 alleviated CCl4-induced liver injury by
improving the gut microbiota.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122211636/s1, Figure S1: The chromatogram of catechins
standard. Table S1: The retention time and peak area of catechins standard. Table S2: The retention
time and peak area of catechins sample. Table S3: Primers used in this study. Table S4: The activities
of liver antioxidant enzymes. Table S5: The α diversity index of gut microbiota.
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