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a b s t r a c t

Background: Incretin impairment, characterized by insufficient secretion of L-cell-derived glucagon-like
peptide-1 (GLP-1), is a defining step of type 2 diabetes mellitus (T2DM). Ginsenoside compound K (CK)
can stimulate GLP-1 secretion; however, the potential mechanism underlying this effect has not been
established.
Methods: CK (40 mg/kg) was administered orally to male db/db mice for 4 weeks. The body weight, oral
glucose tolerance, GLP-1 secretion, gut microbiota sequencing, bile acid (BA) profiles, and BA synthesis
markers of each subject were then analyzed. Moreover, TGR5 expression was evaluated by immuno-
blotting and immunofluorescence, and L-cell lineage markers involved in L-cell abundance were
analyzed.
Results: CK ameliorated obesity and impaired glucose tolerance in db/db mice by altering the gut
microbiota, especially Ruminococcaceae family, and this changed microbe was positively correlated with
secondary BA synthesis. Additionally, CK treatment resulted in the up-regulation of CYP7B1 and CYP27A1
and the down-regulation of CYP8B1, thereby shifting BA biosynthesis from the classical pathway to the
alternative pathway. CK altered the BA pool by mainly increasing LCA and DCA. Furthermore, CK induced
L-cell number expansion leading to enhanced GLP-1 release through TGR5 activation. These increases
were supported by the upregulation of genes governing GLP-1 secretion and L-cell differentiation.
Conclusions: The results indicate that CK improves glucose homeostasis by increasing L-cell numbers,
which enhances GLP-1 release through a mechanism partially mediated by the gut microbiota-BA-TGR5
pathway. Therefore, that therapeutic attempts with CK might be useful for patients with T2DM.
© 2022 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Incretin impairment is a common disturbance in type 2 diabetes
mellitus (T2DM), which presents mostly as inadequate glucagon-
like peptide-1 (GLP-1) secretion by L-cells [1]. GLP-1 is a powerful
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gut hormone involved in glucose metabolism and is recognized for
its critical role in insulin secretion during food intake, in gastroin-
testinal motility, and in gastropancreatic secretions. GLP-1-based
treatments and have been widely used in clinical settings.
Recently, expanding L-cell numbers has been reported to be a
promising alternative to augmenting GLP-1 bioavailability, thereby
overcoming incretin impairment from the cell fate source [2,3]. A
complex and precise mechanism is involved in enforcing the
continuous intestinal epithelial layer renewal to expand the L-cell
population [4].

L-cell differentiation in crypts is a continuous process origi-
nating from early secretory progenitors that express a specific
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lineagemarker, Math1 [5]. To fulfill enteroendrocrine functions, cell
progenitors enter the specialized enteroendocrine fate with the
onset of Ngn3 expression [6]. In the next phase, some of these
secretory cell progenitors upregulate NeuroD1 expression [7],
which is unique to enteroendocrine cells (EECs), and this process
relies on the commonmolecular markers Foxa1 and Foxa2 to direct
maturation toward L-cells [8]. Mature L-cells account for merely
0.5% of intestinal epithelial cells, and preproglucagon (Gcg) is
considered a marker for L-cell maturation [9]. Recent advances
indicate that intestinal epithelial cells with overall differentiation
potential can evolve into various lineages, including EECs and L-
cells [10]. Hence, elucidating the mechanism by which intestinal
epithelial cells are converted to L-cells is essential.

Gut microbiota, a huge symbiotic community inside the intes-
tinal tract, has been identified as a causal factor for obesity and
diabetes, both sharing a vital featuredan increase in the Firmicutes/
Bacteroides ratio [11]. Among gutmicrobiota-producedmetabolites,
bile acids (BAs) are the dominant ones. BAs are produced during
cholesterol catabolism in the liver form the BA pool. They regulate
glycolipid metabolism and immune responses, deeply involved in
incretin effect [12]. BAs synthesis is mediated via both, the classical
and alternative pathways, principally by initiating BA conjugation.
In the intestine, conjugated BAs undergo a series of deconjugation,
dehydrogenation, and dihydroxylation. Gut microbiota-dependent
biotransformations include the conversion of cholic acid (CA) and
chenodeoxycholic acid (CDCA) to deoxycholic acid (DCA) and lith-
ocholic acid (LCA), respectively. It is worth noting that secondary
BAs showing the highest affinity to the bile acid receptor-Takeda G
protein-coupled receptor 5 (TGR5) are LCA and DCA [13]. TGR5
expression has been identified along the entire gastrointestinal
tract, where its activation regulates multiple intestinal homeostatic
functions, including gut hormone release, gastrointestinal peri-
stalsis, and local immune responses [14]. Furthermore, the increase
in secondary BAs triggers the activation of TGR5 and promotes the
regeneration of L-cells in intestinal organoids, which impels more
intestinal epithelial cells to convert into GLP-1-producing cells,
supported by the upregulation of transcription factors dominating
L-cell maturation [15].

Panax ginseng Meyer, a famous traditional herb, has been used
in East Asia for millennia to treat diabetes. Ginsenosides are major
bioactive constituents of ginseng and have diverse pharmacological
benefits, such as improving and reversing hyperglycemia and
obesity. Compound K (CK), a major metabolite of ginsenoside Rb1,
Rb2, Rc, and Rd, is synthesized by gut microbiota metabolism after
oral administration of ginseng [16]. Following absorption in the
intestine, CK helps to achieve glycemic control though improving
glucolipid metabolism and insulin sensitivity [17]. Furthermore, CK
was considered a native TGR5 agonist in a previous study [18]. We
previously confirmed that CK facilitates GLP-1 secretion under
glucotoxicity in vitro by alleviating the impaired differentiation of
L-cells [19]; however, this specific mechanism remains to be further
explored and validated in vivo, taking the microbiota-BA-TGR5 axis
into consideration. Herein, the role of CK in the expansion of the L-
cell population and the enhancement of GLP-1 release by remod-
eling of the microbiota-BA-TGR5 axis in db/db mice were assessed.

2. Materials and methods

2.1. Animals and treatments

4-week wild-type C57BL/6 J male mice (15e20 g, n ¼ 6) and
obese-diabetic Leprdb/db (db/db, B6.BKS(D)-leprdb/J) male mice
(35e40 g, n ¼ 12) were obtained from Shanghai SLAC Laboratory
Animal Co., Ltd (Shanghai, China). The mice were housed at a
temperature of 25 ± 2 �C, a humidity of 60 ± 5%, a12:12 h light/dark
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diurnal cycle, with food andwater ad libitum. CK (molecular weight
622.87 Da, purity �99.0%) was procured from Shanghai Winherb
Medical Science Co., Ltd. (Shanghai, China). After a week of accli-
matization, the mice were randomly assigned to three groups,
namely, the control group, the db/db group, and the CK group. The
CK group was administrated with 40 mg/kg of CK orally once a day,
while the control and the db/db groups were gavagedwith an equal
volume of vehicle solution [0.5% sodium carboxymethyl cellulose
(CMC-Na)]. Regarding supplemental gavage feeds, the mice were
weighed every 2 days, and the gavage doses were adjusted ac-
cording to the body weight. The dosage of CK was based on mouse
CK dosages reported in previous studies [20]. After 4 weeks of
treatment, the mice were euthanized. Animal welfare and experi-
mental procedures were authorized by the Board of Animal Study
of Zhejiang Chinese Medical University (approval
no.20210104e07).
2.2. Oral glucose tolerance test (OGTT)

After overnight fasting, each mouse was given an oral gavage of
2 g/kg of 50% dextrose. Plasma glucose was measured from the tail
vein blood samples before and 15, 30, 60, and 90 min after the oral
dextrose load using a One-Touch FastTake glucometer (Accu-Check,
Roche, IN, USA). Area under the blood glucose curve (AUC) was
derived using the trapezoidal rule.
2.3. Insulin and GLP-1 analysis

Blood samples were collected by extirpating the eyeballs
following sacrifice after 4weeks of administration. Serumwas then
acquired by centrifuging the blood samples at 4 �C (1200 g, 20min).
Insulin ELISA kit and GLP-1 ELISA kit were purchased from Milli-
pore (MA, USA). The concentrations of insulin and GLP-1 in the
serum samples were quantified by ELISA according to the kits’
instruction.
2.4. 16 S rRNA sequencing of the whole gut microbiota

Fresh feces were collected, immediately frozen, stored at�80 �C,
and subjected to 16 S rRNA sequencing. Microbial genomic DNA
extraction was performed with a DNeasyPowerSoil kit (Qiagen, CA,
USA). PCR amplicons were purified with a PCR purification kit
(Thermo Fisher Scientific, MA, USA) and then quantified, pooled
and sequenced with the TruSeqTM DNA PCR-Free Sample Prep kit
(Illumina, CA, USA) with PE150 strategy using the standard proto-
col. The resulting bacterial sequence fragments were sequenced by
the Illumina HiSeq X-ten platform using the PE300 mode within a
NovaSeq sequencing system. High-quality reads were assigned to
respective samples, aligned, and clustered into operational tax-
onomical units (OTUs) with >97% sequence similarity that simul-
taneously performs chimaera filtering and OTU clustering. The
bacterial sequences were assigned taxonomically based on the
SILVA and NCBI databases. Alpha and beta diversity metrics of the
samples were calculated using the R package Vegan. Alpha-
diversity metrics, including Chao1 and Shannon indices, were
used to assess microbial community structures and were computed
using R software. Non-metric multidimensional scaling analysis
(NMDS) and the principal coordinate analysis (PCoA), based on the
unweighted UniFrac distance matrices, were visualized by R soft-
ware to analyze communities and phylogenesis for the beta
diversity.
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2.5. BA metabolite profile assessment

The BA pool size and composition of each serum sample were
determined using ultra-high performance liquid chromatograph-
mass spectrometry (UPLC-MS) as previously reported [21]. Briefly,
an aliquot of 50 mL of serum sample was mixed with 150 mL of 75%
methanol and centrifuged (4 �C, 12000g) for 10 min to precipitate
proteins. The supernatant was transferred to an autosampler vial
for nitrogen drying. Then, the residue was redissolved in a 100 mL
mixture containing 0.01% acetic acid and 5 mM ammonium
methanol/acetate (55:45, v/v), followed by centrifugation at 4 �C
(20000 g, 10 min). After filtration, the liquid samples were directly
injected and analyzedwith an Acquity UPLC I-Class system (Waters,
MA, USA). Standard solutions were mixed at appropriate concen-
trations for calibration and tested once every ten samples for
quality control.
2.6. Immunoblotting analysis

Ileal tissues were homogenized in radioimmune precipitation
(RIPA) lysis buffer (Beyotime, Shanghai, China) containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) (Beyotime) on ice. The total
protein concentration was quantified with a BCA Protein Assay Kit
(Thermo Scientific). Denatured proteins of lysates separated by 10%
SDS-PAGE were electrotransferred to polyvinylidene difluoride
(PVDF) membranes (Millipore). Next, the membranes were blocked
with 5% bovine serum albumin (BSA) and then incubated with the
individual primary antibodies TGR5 (1:1000, Abcam, MA, USA)
overnight at 4 �C. After washing three times with Tris-buffered
saline containing Tween 20 (TBST), the membranes were incu-
bated with horseradish-peroxidase-conjugated secondary anti-
bodies (1:2000, Cell Signalling Technology, MA, USA) at room
temperature for 2 h. Subsequently, the antigen-antibody complexes
were visualized by enhanced chemiluminescence (ECL) with
detection reagents (Bio-Rad, CA, USA). ImageJ was used to process
blot images and quantify band intensities.
2.7. Immunofluorescence staining

Frozen ileal sections (5 mm) were fixed for 10 min in 4% form-
aldehyde and then blocked with 4% BSA for 1 h, followed by over-
night staining with the primary antibodies against Gcg (1:100, Cell
Signalling Technology) and TGR5 (1:100, Abcam). Following pri-
mary antibody incubation, the samples were incubated overnight
with Alexa Fluor 488elabeled goat anti-rabbit IgG secondary
antibody (1:250, Invitrogen, CA, USA). Subsequently, nuclear
staining was performed using DAPI (Sigma-Aldrich, MO, USA).
Stained specimens were observed using an LSM700 confocal mi-
croscope (Carl Zeiss, Oberkochen, Germany), and ImageJ was uti-
lized to measure fluorescence intensity and cell count.
2.8. Quantitative RT-PCR analysis

Following the manufacturer's protocol, total RNA was extracted
from ileal and liver tissues using a mini RNA extraction kit (Qiagen)
and then reverse-transcribed into cDNA using the SuperScript III kit
(Thermo Fisher Scientific). Real-time qPCR was performed on a
real-time PCR System (Bio-Rad) using SYBR green assays and the
experiment was performed in triplicate. We selected Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as the endogenous
control gene. Mouse primer sequences were described presented in
Supplementary Table 1.
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2.9. Statistics

Data were expressed as the mean and standard error of the
mean (s.e.m.). Differences in the mean values among the three
groupswere evaluated using one-way analysis of variance (ANOVA)
and Turkey's multiple comparisons post hoc analysis using
GraphPad Prism version 8.0 software (GraphPad, CA, USA). P-values
< 0.05 were considered statistically significant (* < 0.05; ** < 0.01).
3. Results

3.1. CK treatment ameliorates obesity-diabetes

To investigate the underlying mechanisms of CK on enter-
oendocrine repair, db/db mice were orally gavaged with CK for 4
weeks. CK administration resulted in considerable improvement of
multiple features of T2DM. The bodyweight, liver weight, and liver/
body weight ratio of db/db mice were significantly increased
compared to the wild-type control mice (Fig. 1AeC). In contrast,
treated mice attenuated leptin receptor-mutated increase of body
weight from day 6 of the start of treatment (Fig. 1A and B), a loss
that could be ascribed to decreased fat mass. Analysis of glucose
homeostasis parameters showed that spontaneous hyperglycemia
(Fig. 1D and E) and insulin resistance (Fig. 1F and G) were observed
in db/db mice. On the other hand, the CK-treated mice exhibited a
reduction in blood glucose level with reduced AUC in OGTT (Fig. 1D
and E) and improved insulin sensitivity (Fig. 1F and G). Further-
more, insufficient GLP-1 in db/db mice was as expected, while the
4-week CK treatment notably improved GLP-1 profiles (Fig. 1H),
indicating that CK acted as an incretin secretagogue to relieve
hyperglycemia.
3.2. CK-modulated gut microbial composition in db/db mice

Since the development of T2DM has been linked to gut micro-
biota disturbance, 16 S genome sequencing was performed to
explore the overall structural changes of gut microbiota in response
to CK using fecal samples of control, untreated db/db, and CK-
treated mice. The metagenomic analysis determined that CK-
treated mice presented lower Chao1 and Shannon indices
compared to db/db mice, reflecting more homogeneous pop-
ulations of bacteria in the CK group (Fig. 2A and B). Besides, PCoA
and NMDS revealed distinct differences in the gut microbiome
between the three groups, which implied the dissimilarity of gut
microbiome after CK intervention (Fig. 2C and D).

The taxonomic distribution of the gut microbiota at the phylum
and family levels was determined (Fig. 2E and F). Analysis at the
phylum level revealed a moderate increase in Firmicutes proportion
at the expense of Bacteroidetes proportion in db/db mice compared
to the control, as well as an increase in the Firmicutes/Bacteroidetes
ratio (Fig. 2G). In contrast, CK treatment substantially decreased the
Firmicutes/Bacteroides ratio (Fig. 2G). Further analysis at the family
level revealed reductions in the abundances of Lactobacillaceae,
Akkermansiaceae, and Ruminococcaceae in db/db mice compared to
control mice and significant increases in the abundances of mem-
bers from Bacteroidaceae and Enterococcaceae (Fig. 2H). In addition,
the abundance of Lactobacillaceae, Akkermansiaceae, Lachnospirace,
and Ruminococcaceae were notably enhanced, while that Bacter-
oidaceae and Enterococcaceaewas decreased by CK compared to db/
db mice (Fig. 2H). Collectively, these findings imply that CK treat-
ment resulted in the remodeling of the gut microbiota in db/db
mice, with a restoration of the relative abundance of Rumino-
coccaceae family, which may evoke the accumulation of secondary
BAs.



Fig. 1. CK improves glucose homeostasis partially through enhancing the GLP-1 secretion in db/db mice. 4-Week-old male db/db mice were treated with CK, with wild-type C57BL/
6 J mice used as controls. Body weight (A), Body weight gain (B), liver weight and liver/body ratio (C) were observed. Results of the oral glucose tolerance test (OGTT) performed at
the end of the study (D), and the calculated average changes from baseline in the area under the curve (AUC) (E). Insulin levels (F) after overnight fasting following CK treatment,
and homeostasis model assessment of insulin resistance was calculated as HOMA-IR (G). Serum GLP-1 levels (H). Data are presented as the mean ± s.e.m., n ¼ 6 per group. *P < 0.05,
**P < 0.01 versus the db/db group.
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3.3. CK treatment regulates bile acid synthesis and remodels the
circulating bile acid profiles

Gut microbiota has been identified as a vital predictor of BA
profiles, and alterations in the enterohepatic circulation have a
causal role in glycometabolism by triggering GLP-1 secretion [12].
Conjugated primary BAs are taken up in the distal ileum. Unab-
sorbed primary BAs serve as substrates for microbial metabolism
and undergo bioconversion into secondary BAs, which then enter
to the circulation. As depicted in Fig. 3A, along this process, CYP7A1
and CYP7B1 are involved in bile acid synthesis as the initiators of
the classical and alternative pathways, respectively. Indeed, mul-
tiple enzymes have been implicated in the formation of bile acids,
including CYP27A1 and CYP8B1 [22]. Previous studies have re-
ported that modulating BA synthesis to regulate BA signaling
markedly influences glycolipid metabolism [23]. Thus, the expres-
sion levels of multiple key enzymes involved in hepatic BA syn-
thesis were investigated. In db/db group, CYP7A1 and CYP27A1
were significantly elevated, whereas CYP7B1 and CYP27A1 were
induced (Fig. 3B). CK contributed to the upregulation of CYP7B1 and
CYP27A1 and a non-significant decrease in CYP8B1 expression
(Fig. 3B), which confirmed the regression of the alternative
pathway.

Ruminococcaceae family serves as a specific link to carry out the
7a-dehydroxylation step that dominates the generation of LCA and
DCA [24]. To further characterize the effect of CK on BA profiles
under the influence of gut microbiota, UPLC-MS-based targeted
metabolomics approach was applied to analyze the BAs in the
serum. The heterogeneity of serum BA profiles can be visualized in
the OPLS-DA score plot, which displayed the differences between
the three groups (Fig. 3C). Metabolomics analysis revealed that the
accumulation of total BAs declined in db/db mice compared to
control mice, while no differences emerged between CK-treated
and untreated groups. Both the ratios of free-status to conju-
gated, or secondary to primary BA were increased with CK inter-
vention compared with the db/db group (Fig. 3D and E). In the db/
db group, CA, CDCA, ACA, LCA, DCA, UDCA, HDCA, TaMCA, and
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TbMCA levels were lower, whereas the TCA level was increased.
Serum TaMCA, TbMCA, CA, and ACAwere significantly higher in the
CK-fed mice than in db/db mice (Fig. 3F). Furthermore, CK treat-
ment resulted in the restoration of DCA and LCA levels (Fig. 3F).
Therefore, CK intervention resulted in the conversion of primary
BAs to secondary BAs, thereby massively increasing DCA and LCA
levels.
3.4. TGR5 activation is responsible for the beneficial effects of CK

The preceding data established that the accumulation of LCA
and DCA enhanced GLP-1 release, and both were involved in TGR5
activation. In the luminal environment, TGR5 signaling represses
inflammation, leading to the preservation of the intestinal barrier
[25,26]. Therefore, we hypothesized that the administration of CK
could potentially exert the reported anti-diabetic effect on enter-
oendocrine cells through the microbiota-BA axis and downregulate
TGR5 expression. The expression of TGR5 in the ileum of db/db
mice was lower compared to the control mice, whereas CK-treated
mice had a marked improvement in TGR5 expression (Fig. 4A).
Immunofluorescence images also displayed that the number of
TGR5-positive ileal cells located in the submucosal ganglia
increased dramatically following CK treatment (Fig. 4B). Our data,
therefore, indicate that enhanced secretion of GLP-1 is dependent
on the direct activation of basolateral TGR5 receptors. These data
also demonstrate that the disruption of TGR5 expression is linked
to incretin impairment in mice with L-cell injury and that CK nor-
malizes reduced TGR5 expression in response to hyperglycemia
and inflammation, which is required for BA-mediated L-cell
restoration.
3.5. CK amplifies the abundance and differentiation of L-cells

Secretory and absorptive cells of the intestinal epithelial layer
have different functions. Hes1 and Math1 are the labeled markers
of absorptive and secretory lineages, respectively. To test whether
CK alters the proportion of secretory and absorptive cells, the



Fig. 2. The alteration of gut microbiota in response to CK treatment. The a diversity analysis were evaluated through Chao1 (A) and Shannon (B) index of metagenomic sequencing
data. PCoA (C) and NMDS (D) were plotted among groups. Relative abundance of taxa at the phylum taxonomic level (E) and family taxonomic level (F). Firmicutes/Bacteroidetes
ratio (G). Relative abundance of Akkermansiaceae, Lactobacillaceae, Lachnospiraceae, Bacteroidaceae, Enterococcaceae, Clostridiaceae, and Ruminococcaceae (H). Data are presented
as the mean ± s.e.m., n ¼ 6 per group. *P < 0.05, **P < 0.01 versus the db/db group.
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expression levels of Hes1 and Math1 were analyzed. Hyperglyce-
mia downregulated the expression of Math1, while CK led to a
partial recovery of Math1 expression; however, no changes in Hes1
expression were observed (Fig. 5A), thereby implying that CK tar-
gets secretory cells and amplifies their proportion. To further
investigate whether CK could increase L-cell numbers, an immu-
nofluorescence assay was performed, and the mature L-cells were
labeled with Gcg. L-cell numbers (Gcg-positive cells) were signifi-
cantly lower in db/db mice compared to the controls, but the cells
were partially recovered by CK administration (Fig. 5B and C),
corroborating the results from real-time PCR (Fig. 5D). Ngn3,
NeuroD1, Foxa1, Foxa2, and Arx are transcription factors governing
secretory cell lineage differentiation into L-cells. Earlier studies
show that TGR5 signaling drives these transcription factors to
facilitate this differentiation into L-cells [15]. Downregulation of
these transcription factors was observed in db/db mice. However,
these factors were partially restored in response to CK treatment,
784
with the exception of Arx (Fig. 5D). Thus, the data indicate that CK
can drive L-cell number expansion in db/db mice.

4. Discussion

Based on previous studies on the BA pool derived by gut
microbiota, a general mechanism was proposed, whereby the gin-
senoside CK promoted the differentiation of L-cells and expanded
the L-cell population of the intestinal epithelium to fundamentally
alleviate incretin impairment via amplified GLP-1 secretion. Pre-
vious experiments have linked CK consumption to the increased
release of GLP-1 in NCIeH716 cells. Encouraged by the results of
in vitro experiments, the detailed mechanism underlying this
process in the db/db group was investigated. Herein, CK, a bioactive
ginsenoside Rb1 metabolite, markedly enhanced the impaired
glucose tolerance in the db/db group by relying on the remodeling
of the gut microbiota and BA profiles. In particular, CK intervention



Fig. 3. Altered serum bile acid profiles and bile acid biosynthesis by CK intervention in db/db mice. Schematic diagram of the classical and alternative bile acid biosynthesis
pathways (A). RT-qPCR analysis of key enzymes in bile acid synthesis and transporters in the liver (B). OPLS-DA score plots of BA in serum (C). Serum total BA, unconjugated
BA,conjugated BA, primary BA, and secondary BA levels (D). The ratios of unconjugated to conjugated, and secondary to primary BA (E). Altered serum BA profiles induced by oral
administration of CK for 4 weeks in db/db mice (F). Data are presented as the mean ± s.e.m., n ¼ 6 per group. *P < 0.05, **P < 0.01 versus the db/db group.

Fig. 4. Metabolic benefits of CK leans on the TGR5 activation. The expression levels of TGR5, and b-actin in ileum samples were evaluated by Western blot analysis, and densi-
tometric analysis was applied to quantify the expression levels of TGR5 (A). Detection of TGR5 for plasma membrane staining in mouse ileum and percentage of TGR5-positive cells
(B). Nucleus labeling by DAPI (blue). White arrows indicate positive TGR5 staining outside of the epithelial layer. Scale bars, 25 mm. Data are presented as the mean ± s.e.m., n ¼ 3 per
group. *P < 0.05, **P < 0.01 versus the db/db group.
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contributed to the upregulation of the alternative pathway of BA
synthesis, stimulating secondary BAs release, especially LCA and
DCA. Downstream TGR5 activation, supported by the upregulation
of transcription factors guiding L-cell differentiation, is sufficient to
coordinate L-cell population expansion. Altogether, these results
785
further substantiate the hypothesis that the reinforcing effect of CK
on glucose metabolism and insulin sensitivity could enhance GLP-1
secretion via an increase in L-cell abundance.

CK with high water solubility is more potent than that of the
other precursors as it is thus more likely to be absorbed in the



Fig. 5. CK promotes more cells converting into more GLP-1 producing. Gene expression of cell type markers of secretory and absorptive cells (A). Gcgþ cells in the ileum of control,
db/db, and CK-treated mice (B). Nuclei labeled by DAPI. Scale bars, 25 mm. White arrows indicate positive Gcg staining. Percentage of Gcg-positive cells (C). Gcg expression in mouse
ileum (D). Gene expression of intestinal cell type markers and transcription factors directing L-cell development (F). Data are presented as the mean ± s.e.m., n ¼ 3 per group.
*P < 0.05, **P < 0.01 versus the db/db group.
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intestine and exert its anti-hyperglycemic and anti-inflammatory
effects [17,27]. It has been reported to present an antidiabetic ef-
fect similar to metformin in response to insulin resistance and
hyperglycemia [28]. Herein, CK decreased the Firmicutes/Bacter-
oides ratio associated with the diabetic phenotype. The enrichment
of Akkermansiaceae and Lachnospiraceae families contributes to the
maintenance of gut barrier functions by attenuating inflammation
[29,30], and CK may sustain their abundances via its anti-
inflammatory properties to exhibit metabolic benefits. CK may
also achieve metabolic benefits via Lactobacillaceae enrichment,
which can elevate antimicrobial peptide levels in the ileum [31]. In
addition, the rise in Bacteroidaceae is reported to induce the
mucosal inflammation in the intestinal lining [32] and potentially
exacerbate incretin impairment. Ruminococcacea can convert pri-
mary BAs to LCA and DCA via a multi-step 7a-dehydroxylation re-
action [24]. In this study, the decrease in Ruminococcacea in db/db
mice was reversed by CK remodels the gut microbiota and further
impacts BA pool size and profile.

Metabolic defects in the microbiota-BA axis may serve as an
essential link in the incretin impairment, further impinging upon
the intestinal milieu. During the promotion of fecal BA output, the
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conversion of primary BAs to secondary BAs drives the stimulation
of GLP-1 [33]. Considering that alterations in BA biosynthetic
pathways are tightly related to the host metabolism, the alternative
pathway is upregulated through depleting CYP8B1, thereby
enhancing glucose tolerance by increasing GLP-1 secretion in a BA-
dependent manner [34]. Furthermore, a striking predominance of
the alternative pathway in BA synthesis was noted after CK treat-
ment and confirmed by the upregulation of CYP7B1 and CYP27A1,
which might contribute to the subsequent increase in secondary
BAs, particularly LCA. This is supported by the rise in secondary BAs
that appears to stimulate GLP-1 secretion through basolateral in-
testinal TGR5 activation in the L-cells, independent of BA conju-
gation status [25]. Mechanistically, the alternative pathway plays a
key signaling role in secondary BA synthesis during CK
intervention.

Previous studies have described that the role of TGR5 in allevi-
ating obesity-related dysregulation of glucose tolerance and insulin
resistance is by triggering conversion of white fat to brown fat,
thereby leading to increased energy expenditure via thermogenesis
[35]. In this study, weight loss and improved glycolipid metabolism
resulting from CK administration might be attributed to this



Fig. 6. Diagram illustrating a proposed mechanism by which CK stimulates GLP-1 secretion through gut microbiota-BA-TGR5 axis.
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mechanism. As chronic low-grade inflammation introduced
through hyperglycemia undermines mucosal morphology with
reduced integrity of adherence and tight junctions and exacerbates
metabolic dysfunction [36,37], TGR5 likely contributes to the
metabolic benefits involved in the repair of the intestinal epithelial
damage by virtue of its anti-inflammatory action. LCA protects the
epithelial barrier by inhibiting the release of various pro-
inflammatory factors [38], and its supplementation replenishes
physiological levels of BAs that leads to the overall alleviation of
colitis-induced damage of the intestinal epithelium through a
mechanism involving TGR5-dependent anti-inflammatory actions
[39]. Moreover, TGR5 has recently been shown to coordinate of cell
renewal and specification among the subpopulation of the intes-
tinal epithelium [40], particularly L-cells [15]. These findings,
together with the results of this study, signal that CK compensates
for the impaired incretin effect by expanding L-cell abundance
through the BA-TGR5 molecular axis.

Modulation of L-cell differentiation represents a therapeutically
applicable target that enforces conversion of more intestinal
epithelial cells into GLP-1-producing cells. The overexpression of
Math1 with CK treatment also supports this mechanism of action,
with no differences in absorptive lineage proportion, potentially
attributed to the complexity in detecting transient changes in the
Hes1 level [3]. Interestingly, L-cell population grew by an appre-
ciable amount in vitro and in vivo by blocking the Notch signaling,
accompanied by a net increase in secretory cells [41]. This positive
effect is also produced by TGR5 activation. A recent study on the
787
relationship between the two uncovered that TGR5 activation,
mediated by LCA and DCA, ultimately suppresses Notch expression,
leading to a significant amelioration inmetabolic disturbances [42].
Together with the data from L-cell differentiation, this suggests that
CK facilitates the amplification of L-cell numbers, and this conver-
sion trend is established in the initial lineage commitment phase
and not merely forcing the start of Gcg synthesis in late endocrine
precursors. These findings provide novel insights into the potential
mechanisms underlying the beneficial effects of CK on enter-
oendocrine expansion and indicate that secondary BAs could be
required to initiate the TGR5-dependent regenerative process.
5. Conclusion

In conclusion, this study demonstrated that CK might act as a
TGR5 agonist to alleviate hyperglycemia and insulin resistance,
with the accumulation of LCA and DCA resulting from an increase in
the abundance of Ruminococcaceae in db/db mice. CK not only
stimulated GLP-1 secretion but also increased L-cell numbers and
promoted general differentiation into EEC lineage, thereby confer-
ring metabolic benefits in obesity-diabetes (Fig. 6). Hence, CK
represents an innovative compound, and the remodeling of the gut
microbiota in favor of microorganisms producing BAs to activate
TGR5 locally serves as a promising therapeutic target for abnormal
glucose homeostasis.
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