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ARTICLE INFO ABSTRACT

Keywords: Both chromium picolinate (Cr-pic) and chromium trichloride (CrCl3) were used as dietary supplements in
Cr-pic agricultural products and foodstuffs. We found either these two forms of Cr(III) could ameliorate inflammation
CrCly and cholestasis in DDC-induced primary sclerosing cholangitis (PSC) mice via regulating bile acid metabolism.
fnsﬂcammation Although two Cr(Ill) are able to alleviate hepatic inflammation by reducing the aggregation of macrophage, Cr-

Bile acid metabolism
Gut microbiota

pic exhibiting superior efficacy in decreasing M1 macrophages. Two Cr(III) show inconsistent in regulating in-
testinal Fxr, but Cr-pic could active intestinal Fxr, promoting intestinal barrier repair. Additionally, both Cr-pic

and CrCl3 enhanced functional abundance of BSH enzymes involved in bile acid transformation, with Cr-pic
seems to perturb the abundance of genus more than CrCls, In conclusion, this study highlights the efficacy of
Cr-pic and CrCl3 in mitigating inflammation and cholestasis in PSC, Cr-pic is expected superior than CrCls to be
supplement ingredient used in PSC treatment via regulating bile acid metabolism.

1. Introduction

Trivalent chromium (Cr(III)) is extensively utilized as dietary sup-
plements for both human and animal feed, and can be classified into
organic and inorganic species. There are many organic varieties of Cr
(I11) widely used in foodstuff as nutritional supplements and flavoring
agent, including chromium picolinate (Cr-pic), chromium malate (Cr-
mal), chromium yeast and chromium nicotinate (Cr-nic), etc. Cr-pic is
mainly applied as a nutritional supplement, playing a crucial role in
weight management and the treatment of diabetes, act as a regulatory
factor influencing insulin tolerance and actively participating in glucose
and lipid metabolism(Willoughby, Hewlings, & Kalman, 2018; Zheng,
Hu, Shao, Chen, & Qi, 2023). Cr-pic (up to 200 pg/L Cr) is allowed as
swine feed additive to improve carcass leanness and reproductive effi-
ciency in United States(Mooney & Cromwell, 1997; White & Vincent,
2019). In addition, previous study has certificated 200, 400, 800 g
Cr-pic/kg diet could reduce total cholesterol (TC) and increased low

density lipoprotein (LDL) in laying hens(White et al., 2019). Cr-mal diet
(15.0 and 20.0 pg Cr/kg bw/day) could significantly reduce the levels of
TC and triglyceride (TG) of male type 2 diabetic rats(Feng et al., 2019).
Cr yeast (200 pg Cr in morning, 100 pg in evening) could significantly
reduce resting heart rate in patients with metabolic syndrome and
impaired glucose tolerance (IGT), which could represent a cardiovas-
cular risk reduction in patients with high cardiometabolic risk(Nuss-
baumerova et al., 2018). Moreover, Cr chloride (CrCls), an inorganic
oxidative form of Cr(III) also could inhibit insulin resistance in palmitic
acid-treated HepG2 cells by increased PPARy (100 pM Cr), which sug-
gests that CrCls, similar to organic trivalent chromium, can also play a
role in body metabolism(Nishimura, Iitaka, & Nakagawa, 2021). How-
ever, studies have demonstrate that the dietary organic Cr(III) (Cr-pic)
had significantly higher bioaccumulation than inorganic Cr(III) (CrClyg),
further prompt Cr-pic and CrCl; seem have distinct fucntions to in terms
of regulation of metabolism(Li et al., 2022). Recent years have witnessed
an increased focus on the role of bile acids as signaling molecules in
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regulating host glucose and lipid metabolism, including in emulsifying
and absorbing dietary fats and other lipophilic compounds(Cai, Rimal,
Jiang, Chiang, & Patterson, 2022; Lin et al., 2023; Sun, Fan, Li, Yan, &
Jiang, 2022; Tveter, Mezhibovsky, Wu, & Roopchand, 2023). Therefore,
we speculated that Cr-pic and CrCls intervention may influence bile acid
metabolism participate in regulating body metabolism.

To investigate how organic and inorganic Cr(III) regulates bile acid
metabolism, we selected primary sclerosing cholangitis (PSC) as an
experimental model. PSC is a cholestatic disease arising from disruptions
in bile acid metabolism and is characterized by multifocal bile duct
strictures, inflammation and fibrosis around the bile ducts(Y. S. Kim,
Hurley, Park, & Ko, 2023; Lin et al., 2023; Little, Wine, Kamath, Grif-
fiths, & Ricciuto, 2020). Epidemiology shows that the incidence of PSC is
1-1.5 per 100,000 person-years and the prevalence is 6-16 per 100,000
person-years, both may increase over time(Assis & Bowlus, 2023).
Currently, research on the interaction between trivalent chromium and
cholestasis is virtually nonexistent. Our previous study has found that 1
mg/L Cr(Ill) exposure for 120 h could disturb metabolism pathway of
primary bile acid biosynthesis in zebrafish, thus we speculate Cr-pic and
CrCls3 may have function in regulation of bile acid metabolism.
Furthermore, since PSC patients often have inflammatory bowel disease,
especially ulcerative colitis, the occurrence of PSC due to intestinal
inflammation was considered(Ali, Carey, & Lindor, 2016). Intestinal
inflammation increases intestinal permeability, which induce bacteria
and their products may travel with the blood into the portal system to
the liver, and cause inflammation in the portal region(Di Vincenzo, Del
Gaudio, Petito, Lopetuso, & Scaldaferri, 2023). Researchers have noted
that the gut microbiota composition in individuals with PSC differs from
that of healthy individuals, with reduced gut bacterial alpha diversity in
PSC compared to healthy controls(Hov & Karlsen, 2023; Little et al.,
2020). In this study, we used 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) supplemented diet induce PSC mouse model which could induce
intrahepatic porphyrin obstruction resulting in emergence of sponta-
neous cholestatic symptoms accompany with inflammation and fibrosis
in liver(Deng et al., 2018; Fickert et al., 2007; S. Zheng, Cao, et al.,
2021). Both organic and inorganic Cr(IIl) intervention demonstrates
remarkable benefits in mitigating liver injury, reducing inflammation,
and restoring cholestasis in PSC mice via regulating bile acid meta-
bolism. With the effect on specific bile acid level and gut microbiota,
Cr-pic and CrCls showed inconsistent results, Cr-pic demonstrates su-
perior efficacy than CrCls in influencing bile acid homostasis, modu-
lating gut microbiota composition and improving intestinal damage.
These findings will be available to explore the application value of Cr-pic
is superior to CrCls in alleviate PSC symptom.

2. Materials and methods
2.1. Animal experiments

7-Week-old male C57BL/J specific pathogen free (SPF) mice were
purchased from GemPharmatech Co., LTD., housed with a 12-h light/
dark cycle, with no restrictions on their food or water under conditions
of controlled humidity (50% =+ 5%) and temperature (22 + 2 °C). All the
experimental programs for mice have been approved by the Nanjing
Medical University Institutional Animal Care and Use Committee
(Approval No. IACUC-2311028). A total of 60 mice were randomly
divided into 6 groups with 10 mice in each group for experimental
treatment. Specific grouping and treatment are as follows: six groups,
control, Cr-pic, CrClz, DDC, DDC-Cr-pic and DDC-CrCls with 10 mice in
each group. Mice in control, Cr-pic and CrCl; group were fed normal diet
all the time, then control mice were given ddH,O. After 5 days, Cr-pic
and CrCls group mice daily gavage 75 pg chromium/kg B.W., refer-
encing the recommended daily intake for humans as outlined in the
literature and the intake levels used in rodent studies(Vincent & Lukaski,
2018). Mice in DDC, DDC, DDC-Cr-pic and DDC-CrClg group were fed a
customized diet (synthesized by Xietong Pharmaceutical
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Bio-engineering, Jiangsu, China) for 12 days by feeding 0.1% (w/w)
DDC (CAS: 632-93-9; Sigma-Aldrich Co., LTD.) to construct PSC mouse
model. Then, three groups were given ddH,O/chromium (chromium
picolinate (Cr-pic, AR, CAS: 14639-45-9) and chromium chloride
hexahydrate (CrCl3-6H30, AR, CAS:10060-12-5) purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd) gavage for one
week. Weight was recorded daily from the first day of the experiment.
Fresh feces were collected, and all the mice were sacrificed after 12 h of
starvation at the last day. The collected blood was placed at 4 °Cfor 12 h
and centrifuged to collect serum. The liver was excised immediately and
then divided, sections were fixed and sliced for further histological
analysis, the rest was stored at —80 °C until use.

2.2. Biochemical parameters analysis of serum

Serum biochemical parameters, aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), total bili-
rubin (TBIL), and total bile acid (TBA), were analyzed using an auto-
mated biochemical analyzer (Hitachi 7100, Tokyo, Japan).

2.3. Histopathology

The liver and intestinal tissues were fixed with 4% paraformaldehyde
(Servicebio, Wuhan, China) for more than 24 h. Tissues from each mouse
were then paraffin embedded, cut into 4 pm thick and stained with
haematoxylin and eosin (H&E), sirius red (SR) and immunohistochem-
ical (IHC) staining. The Histology of the ileum based on H&E staining
were scored according to the procedures of published literature (Ma
et al., 2023). The IHC staining was used to analyze CD11b (rabbit
anti-CD11b, GB11058-100, Servicebio, Wuhan, China). Standard pro-
cedures of IHC staining were used as described in a previous study(Shen
et al., 2023). According to standard procedures, the main experimental
steps included fixing, paraffinizing, deparaffinizing, dehydrating, anti-
gen retrieval, blocking endogenous peroxidase activity, sealing, primary
antibody incubation, washing, sealing, secondary antibody incubation,
washing, chromogenic, nucleus counterstaining, dehydration and
mounting, and observation. Pannoramic scanning (3DHISTECH, Buda-
pest, Hungary) was used to obtain representative images by blind
scanning the stained slides. The images were then analyzed and quan-
tified using ImageJ (2.9.0, Bethesda, USA).

2.4. Tissue RNA extraction and qPCR for gene expression

Total RNA was extracted from liver and ileum using Trizol (Tiangen,
Beijing, China) and reverse transcribed into cDNA using HiScript II Q RT
SuperMix (Vazyme Biotech, Nanjing, China). The concentration and
purity of total RNA were measured by NanoDrop 2000 spectropho-
tometer. The primers were synthesized by genscript (Nanjing, China).
The mixture was subject to qPCR on Roche Lightcycler 480 (Basel,
Switzerland). RT-qPCR analysis was performed in triplicate. Gapdh was
used as the internal control for the expression level of target genes, and
the relative expression level was evaluated using 2~ method.

2.5. Flow cytometry

Antibodies are indicated as follows: anti-mouse CD45 eFluor450 (48-
0451-82, eBioscience, San Diego, CA, USA), anti-mouse F4/80 PE (12-
4801-82, eBioscience), anti-mouse CD11b FITC (11-0112-82, eBio-
science), and anti-mouse CD16/CD32 PerCP-Cyanine5.5 (45-0161-80,
eBioscience). To determine the specificity of the FCM results,
fluorescence-minus-one controls were performed according to the ap-
proaches as described. Cells were blocked for 15 min at 4 °C before
adding the other antibodies.The tests were detected by FACSymphony
A5 SORP, and the data were analyzed using FlowJo 10.8.1 software.
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2.6. Measurement of TBAs in serum, liver and intestine

The levels of total bile acids (TBAs) in liver and intestine were
detected using TBAs kits (No. E003-2-1; Jiancheng Bioengineering
Institute, Nanjing, China) according to the manufacturer’s protocol.

2.7. Western blot

Liver samples underwent protein extraction dedicated kit from
KeyGEN Biotech (KGB5303-100), with protein concentrations precisely
quantified using BCA assay reagents from KeyGEN Biotech (KGB2101-
250). Following extraction, protein samples were subjected to dena-
turation at 95 °C for 5 min in an upwelling buffer. Samples were then
resolved via 10% SDS-PAGE electrophoresis and transferred onto poly-
vinylidene difluoride (PVDF) membranes sourced from Millipore (Bill-
erica, MA, USA). The PVDF membranes were incubated overnight at
4 °C with rabbit anti-FXR (1:1000, Proteintech, 25055-1-AP) or rabbit
anti-GAPDH (1:1000, Proteintech, 10494-1-AP). Subsequently, the
membranes were treated with secondary antibodies, enabling the visu-
alization of immune complexes through an enhanced chem-
iluminescence immunoblotting assay (Vazyme, E411-04).

2.8. Targeted determination of BAs using LC/MS

The analysis of bile acids (BAs) types and contents in stool, liver and
serum samples involved liquid chromatography-mass spectrometry (LC-
MS). Initially, a mixed standard liquid was prepared by weighing stan-
dard substances, adding methanol to a constant volume, and obtaining
the reserve liquid through thorough mixing. A working solution was
then prepared by diluting the mixed standard liquid with 50% methanol.
Subsequently, 20 mg of the stool and liver sample were accurately
weighed, and 400 pL of the extract (methanol:water = 4:1) was added.
The sample was ground for 6 min at —20 °C and 60 Hz using a frozen
tissue grinding machine, followed by a 30-min ultrasonic treatment at
4 °C. After standing for 30 min at —20 °C, the mixture was centrifuged
for 15 min at 4 °C and 12000 rpm. Finally, 200 pL of the supernatant was
collected and analyzed. For serum samples, 50 pL was taken and mixed
with 150 pL of methanol. Subsequently, ultrasonication was performed
at 4 °C for 30 min. After standing for an additional 30 min at —20 °C, the
mixture underwent centrifugation at 4 °C and 12000 rpm for 15 min.
Finally, 150 pL of the supernatant was collected and subjected to
analysis.

2.9. 16S rRNA sequence

Microbial community genomic DNA was extracted from stool sam-
ples and assessed for quality through electrophoresis on a 1% agarose
gel. The concentration and purity of DNA were determined using a
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wil-
mington, USA). The V3-V4 hypervariable region of the bacterial 16S
rRNA gene was amplified with an ABI GeneAmp® 9700 PCR thermo-
cycler (ABI, CA, USA). Sequencing was performed on an [llumina MiSeq
platform (PE300), and data analysis was conducted on the Majorbio
Cloud Platform (www.majorbio.com). Principal coordinate analysis
(PCoA) was carried out based on operational taxonomic units (OTU)
levels utilizing Bray-Curtis dissimilarity.

2.10. Statistical analysis

The data in this study were expressed as mean + standard deviation
(SD). Statistical comparisons were analyzed using GraphPad Prism 9 (La
Jolla, USA). Homogeneity of variance was tested using Levene’s test,
then t-test was carried out to calculate significant differences between
groups. Kruskal-Wallis test was used when data did not follow a normal
distribution.The data were plotted using GraphPad Prism 9. p < 0.05
was considered statistically significant.
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3. Result

3.1. Cr-pic and CrClg supplementation attenuated liver damage and
fibrosis in PSC mice

In the scenario depicted in Fig. 1A, mice were subjected to 0.1% (w/
w) DDC-diet for 5 days with subsequent interferes with Cr-pic and CrClg
respectively for one week and continue the DDC dietary intervention
during this week. In comparison to the control group, the DDC group
mice exhibited a significant decline in body weight starting from the
second day (Fig. 1B), whereas the intervention of organic and inorganic
Cr(III) did not yield any discernible effects. The DDC-induced condition
led to heightened levels of ALT and AST (Fig. 1C), which signal liver
injury in PSC mice. These markers exhibited diminished levels in the
DDC-Cr-pic and DDC-CrCls groups as opposed to the DDC group
(Fig. 1C), which suggest that liver injury in PSC mice was ameliorated by
the involvement of Cr(Ill). Through SR staining, DDC exposure also
triggered onion-skin fibrosis in liver, a distinct trait of PSC (Fig. 1D).
Notably, both organic and inorganic Cr(Ill) interventions mitigated
fibrosis of PSC mice. Subsequent qPCR analyses unveiled the elevation
of collagen type I alpha 1 (Collagen 1al) and matrix metalloproteinase-9
(Mmp9) induced by DDC were curtailed by Cr-pic and CrCls in-
terventions in liver (Fig. 1E). Additionally, the intervention of Cr-pic and
CrCls also reduced the high levels of a-smooth muscle actin (aSMA),
transforming growth factor beta 1(Tgf$1, a key cytokine inducing
fibrosis), and transforming growth factor beta receptor 1(Tgfprl)
expression in the liver of PSC mice, indicating that Cr-pic and CrClz can
alleviate liver fibrosis in PSC mice by decreasing the expression of Tgfp1
and its receptor Tgfpirl, thereby inhibiting the expression of aSMA
(Katanasaka et al., 2024). These data collectively demonstrated Cr-pic
and CrCls notably improved both DDC-induced liver injury and fibrosis.

3.2. Organic and inorganic Cr(Il) alleviated liver inflammation in PSC
mice through macrophages and the M1 polarized-macrophages
significantly decreased in DDC-Cr-pic group

No matter organic nor inorganic Cr(III) intervention did not induce
inflammation in the liver of control mice (Fig. 2A). In PSC mice, there
was a significant accumulation of inflammatory cells around the bile
ducts, following Cr-pic and CrCl; intervention, there was a reduction in
inflammatory cells (Fig. 2A). In addition to the histological observa-
tions, we assessed the improvement in inflammation by measuring the
expression levels of inflammatory cells biomarkers in liver tissues using
gqPCR. Compared to the DDC group, the monocyte chemoattractant
factor (Mcp-1) significantly decreased in mice subjected to organic and
inorganic Cr(IIl) intervention (Fig. 2C). This suggests that both Cr-pic
and CrCls intervention reduces the chemotaxis and aggregation of
monocytes induced by DDC, thereby alleviating inflammation driven by
monocytes. Similar changes were also observed in the expression levels
of vascular cell adhesion molecule (Vacm-1), which were significantly
reduced in both DDC-Cr-pic and DDC-CrCl; groups compared to the DDC
group (Fig. 2C). These results collectively indicate that both Cr-pic and
CrCl; intervention significantly reduces the release of inflammatory cell-
related factors, sequentially improving liver inflammation in PSC mice.
Immunohistochemical results for CD11b in mice liver tissues (Fig. 2B)
showed a marked increase in CD11b-positive areas in the livers of PSC
mice, which decreased after organic and inorganic Cr(IIl) intervention
(Fig. 2B-D). Flow cytometry (FCM) analysis of F4/807CD11b" macro-
phages in mice liver tissues revealed that, compared with DDC group,
both Cr-pic and CrCls could reduce the number of F4/807CD11b™
macrophages in PSC mice livers (Fig. 2E-G). These results indicate that
both Cr-pic and CrCls can reduce the number of macrophages in the
liver. Analysis of CD16/327F4,/80"CD11b" M1-polarized macrophages
in liver and the measurement of M1-polarized macrophage factors
showed that in PSC mice, there was a significant increase in M1-
polarized macrophages compared to the control group (Fig. 2F-H).
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Fig. 1. The effect of Cr-pic and CrCl; intervention on the disease phenotype of PSC mice. (A) Schematic diagram of PSC mouse construction and intervention method
in this experiment. (B) Changes in body weight ratio of each group of mice over 12 days. (C) The serum levels of ALT and AST of mice in each group. (D) SR-stained
pathological sections of the liver of each group. All scales are 100 pm. (E) Expression of fibrosis-related factors (Collagen-1al, Mmp-9, aSMA, Tgf})1 and Tgfpr1) in liver
of each group. (* is the statistical difference compared with the control group, and # is the statistical difference compared with the DDC group; *p < 0.05, **p < 0.01,

***p < 0.001; #p < 0.05, ##p < 0.01).

However, Cr-pic intervention could reduce the number of M1-polarized
macrophages and suppress the expression of their factors tumor necrosis
factor o (Tnfa), inducible nitric oxide synthase (iNOS) and chemokine C-
X-C ligand 10 (Cxcl10) in PSC mice(Fig. 2I). CrCls exhibited a trend
towards downregulating Tnfa and iNOS, but no significant differences
were observed. The aforementioned findings collectively illustrate that
CrCls and Cr-pic effectively mitigates macrophage accumulation in the
livers of PSC mice to alleviate inflammation. Additionally, organic Cr
(IT) Cr-pic displays a notable capacity to mitigate liver inflammation to
a greater extent by reducing the population of M1-polarized macro-
phages and suppressing factor expression.

3.3. Cr-pic and CrClz improved DDC-induced liver cholestasis disturbed
via regulating bile acid metabolism disfunction in PSC mice, Cr-pic exerted
additional regulation in intestine

To investigate the effect of organic and inorganic Cr(IIl) intervention
on bile acid metabolism, blood biochemistry test showed that the serum
ALP index increased significantly in the DDC group compared with the
control group and decreased significantly under the intervention of Cr-
pic and CrCl3 Cr(III) compared to DDC, which demonstrated that both
Cr-pic and CrCl; was able to attenuate the cholestasis in PSC mice
(Fig. 3A). Studies showed that the elevation of alkaline phosphatase
isoenzyme (ALP) that distributed in the capillary bile duct of liver cells
helps to identify cholestasis related diseases(Zhao et al., 2017). We
further assessed total bilirubin (TBIL) and total bile acid (TBA) levels in
blood, as well as TBA concentrations in the liver and small intestine.
Serum TBIL and TBA levels were notably elevated in DDC-induced PSC
mice compared to the control group, yet both organic and inorganic Cr
(IT) interventions led to significant reductions in PSC mice (Fig. 3B).
While liver TBA levels surged in PSC mice, small intestine bile acid
content showed a distinct decline. After organic and inorganic Cr(III)
intervention, liver TBA levels notably decreased, and the DDC-Cr-pic
mice exhibited a remarkable rebound in small intestine TBA levels
compared to DDC group (Fig. 3C). CrCls intervention didn’t restore
deficient bile acids in small intestine caused by intrahepatic cholestasis.

These findings underscore both organic and inorganic Cr(III) could
regain serum and liver bile acid equilibrium, but Cr-pic intervention
effectively replenished missing bile acids in the small intestine. There-
fore, we speculate Cr-pic could recover cholestasis in both intrahepatic
and intra-intestinal which expected to be used as an adjunct to relieve
cholestasis. To elucidate the mechanism of Cr-pic and CrCls intervening
in improving PSC mice bile acid metabolism, we detected genes
expression of bile acid synthesis and transport pathways in the liver and
small intestine. Results revealed that Cr-pic and CrClz interventions
prominently elevated liver farnesoid x receptor (Fxr) expression in PSC
mice, and then suppressing recombinant Cytochrome P450 7Al
(Cyp7al) to reducing liver bile acid synthesis (Fig. 3D-F). Furthermore,
both Cr-pic and CrCls intervention curbed sodium taurocholate
cotransporting polypeptide (Ntcp) and organic anion transporting
polypeptide 4 (Oatp4) in PSC mice to activate bile acid transporters (e.g.,
peroxisome proliferative activated receptor alpha (PPARa), multidrug
resistance associated protein 2 (Mrp2) and Mrp3 expedited bile move-
ment (Fig. 3G and H) and alleviating intrahepatic cholestasis. Remark-
ably, organic Cr(III) Cr-pic could activate apical sodium-dependent bile
acid transporter (Asbt) in the small intestine of PSC mice (Fig. 3I). This
activated Fxr in small intestine, stimulating liver fibroblast growth fac-
tor receptor4 (Fgfr4) (Fig. 3D-J), ultimately repressing Cyp7al through
Fxr activation and reducing hepatic bile acid synthesis. In summary,
both Cr-pic and CrCls effectively mitigates bile acid metabolism disor-
ders in PSC mice, with organic Cr(IlI) Cr-pic demonstrating superior
efficacy in the intestine compared to inorganic Cr(III) CrCls.

3.4. Cr-pic and CrCl; restored the decline in HCA level caused by DDC,
Cr-pic extraly modulated CDCA and T-fMCA

To explore detailed bile acid alteration associated with organic and
inorganic Cr(IIl) interventions, we conducted a comprehensive analysis
of 47 bile acid species in mouse feces to monitor variations. A visual
representation in the form of a pie chart depicted their distribution,
which categorized these bile acids into two groups: conjugated (bound
to taurine or glycine) and unconjugated bile acids (Fig. 4A). In
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comparison to the control group, DDC mice exhibited diminished levels
of conjugated bile acids, and the intervention of Cr-pic and CrClz could
not entirely restore this change. Intriguingly, deconjugated bile acids
were notably higher in DDC-Cr-pic mice compared to DDC group
(Fig. 4B), implying that organic Cr(III) Cr-pic could effectively regulate
the level of unconjugated bile acids to relieve cholestasis in the intestine.
Among these bile acids, two unconjugated bile acids, chenodeoxycholic
acid (CDCA) and hyodeoxycholic acid (HCA), declined obviously
induced by DDC compared with control (Fig. 4C). On the contrary, Cr-
pic intervention could partly recover the level of CDCA and HCA and
only a small amount of HCA level can be restored by CrCls. Furthermore,
PSC mouse liver and serum displayed notably elevated HCA levels
(Fig. 4D and E), which were mitigated by both organic and inorganic Cr
(I1I) interventions. Therefore, we think Cr(III) participates in regulation
of bile acid content and composition by modulating changes in HCA
content. In addition, DDC diet decreased two conjugated bile acids,
taurochenodeoxycholic acid (TCDCA) and Tauro-p-muricholic acid (T-
BMCA) (Fig. 4F). Remarkably, compared with DDC group, organic Cr
(III) Cr-pic notably reduced T-pMCA level and recovered the level of
TCDCA. This underscores that the organic form chromium showcasing
superior efficacy than inorganic chromium in altering levels of various
bile acids.

3.5. Cr-pic and CrCls modulated the gut microbiota to generate BSH for
regulating bile acid metabolism and Cr-pic seemed to perturb the
abundance of species more than CrCls

The intestinal microbiota plays a crucial role in the biotransforma-
tion of bile acids within the enterohepatic circulation. Fecal 16S rRNA
sequencing revealed substantial effects of Cr(III) intervention on the
composition and abundance of the gut microbiota. The Shannon,
Simpson and Heip index indicated that Cr-pic intervention significantly
increased the a-diversity of the gut microbiota in PSC mice compared to
control group (Fig. 5A-C). Overall structural changes in the gut micro-
biota were observed through p-diversity analysis based on PCoA and
PLS-DA. PCoA and PLS-DA plots displayed distinct separations between
experimental groups, indicating that DDC modeling and Cr(IIl) inter-
vention altered the composition of the mice gut microbiota (Fig. 5D and
E). This emphasizes notable disparities in the intestinal microbial com-
munities among mice subjected to various treatments, with the micro-
bial communities of the different mice groups could be clearly
differentiated. Cr(IIl) intervention was demonstrated to influence the
composition of the mice gut microbiota. Composition analysis on genus
level revealed the changes in intestinal microbial composition and
abundance caused by the intervention of Cr-pic and CrCl;. Among them,
the abundances of Lactobacillus, Dubosiella and Bifidobacterium were
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Fig. 3. The impact of Cr-pic and CrCl; intervention on TBA and bile acid metabolism pathways in PSC mice. (A)The ALP serum level of mice in each group. (B)
Concentration of TBIL and TBA in mice serum. (C) TBA levels in liver and small intestine. SI is short for small intestine (D) The expression of Fxr in liver and small
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expression of Osta, Ostf and Asbt in small intestine. (J) The expression of Fgfr4 in liver and the expression of recombinant Fgf15 in small intestine. (* is the statistical
difference compared with the control group, and # is the statistical difference compared with the DDC group; *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p <

0.01, ###p < 0.001).

notably reduced in PSC mice, but increased with Cr(III) intervention.
Conversely, the abundances of Akkermansia, unclassified -
f_Lachnospiraceae, Clostridium sensu stricto.1 and Alistipes were
increased in PSC mice and decreased after Cr(III) intervention (Fig. 5G).
Compared with CrCls, Cr-pic significantly caused perturbations in more
genera, including Dubosiella, Bifidobacterium, and Turicbacter in PSC
mice. These scenarios illustrate the regulatory effect of Cr(II)

intervention on the gut microbial structure in PSC mice. KEGG func-
tional abundance of bile salt hydrolase (BSH) in mouse fecal DNA
observed by PICRUSt2 functional prediction, which suggests that in
comparison to the control group, the KEGG functional abundance of BSH
was notably reduced in the feces of PSC model mice. Nevertheless, after
Cr(IlI) intervention, BSH abundance in mouse feces significantly
increased, effectively restoring it to normal levels (Fig. 5H). Correlation
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analysis revealed a significant positive association between increased
genera Dubosiella, Bifidobacterium and Turcibacter in PSC mice supple-
mented with Cr-pic and the levels of conjugated bile acids CDCA and
HCA in feces, suggested that Cr(IlI) supplementing may through gut
microbiota to influence the production and composition of bile acids
(Fig. 5I). Above findings indicate that Cr(III) modulates the gut micro-
biota to generate BSH for regulating bile acid metabolism and Cr-pic
which can change the abundance of Bifidobacterium, Dubosiella and
Turicibacter in PSC mice seems to align the abundance of species more
than CrCls.

3.6. 6.Cr-pic and CrClz improved intestinal damage in PSC mice, Cr-pic
functioned better than CrClz by improving the intestinal barrier

The length of villus, the depth of crypts and the ratio between them
in the ileum was analyzed as a basis for assessing the effect of Cr(III) on
the morphology of intestinal mucosa, according to recent study(Liu,
Zhao, Zhang, & Nie, 2022). Compared to the control group, there was a
significant reduction in ileum villus length in PSC mice, which notably

increased after Cr(IIl) intervention (Fig. 6A-C). The intestinal Histology
score basing on the destruction of the epithelial barrier, mucosal damage
and inflammatory cell infiltration reveals the disruption of the intestinal
tract in DDC-induced PSC mice and the restorative effects of Cr-pic on
the intestine (Fig. 6B). Post DDC modeling, the depth of crypts in mouse
intestines significantly decreased, and Cr-pic could restore the impact of
DDC on crypts (Fig. 6C). The ratio of villus length to crypt depth suggests
that Cr-pic and CrClg are able to attenuate intestinal mucosal
morphology damage (Fig. 6D). The above results indicated that Cr(III)
could ameliorate intestinal mucosal morphology damage caused by
DDC, with organic Cr(Ill) Cr-pic demonstrating superior efficacy. To
further observe the effect of Cr(IlI) on the expression of ileal mucosal
barrier genes, qQPCR analysis was carried out. Results showed that Cr-pic
could significantly restore the expression of mucin2 (Muc2), occluding
(Ocln) and claudin-4 (Cldn4), which were affected by DDC-induced in-
testinal barrier damage (Fig. 6E). CrCls did not significantly affect the
relative expressions of Muc2, Ocln and Cldn4 in PSC mice. Results of the
above implies that organic Cr(III) Cr-pic is better at restoring intestinal
damage in PSC mice compared to inorganic Cr(III). In summary, Cr(III),
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###p < 0.001).

especially Cr-pic, improves the intestinal environment by affecting the
villous, crypts and the intestinal barrier, providing conditions for the
growth of a wide range of microorganisms and meanwhile provides for
the involvement of microorganisms in regulating the bile acid
conversion.

4. Discussion

PSC model has characterization of cholestatic liver injury which
cause by bile acid metabolism disruption and BAs accumulate in serum
and liver. This study revealed that both Cr-pic and CrCls intervention as
Cr(I1I) food supplement ameliorated cholestasis of PSC mice in liver and
serum, improved the metabolic disorder of BAs. It is worth noting that,
as shown in Figs. 3 and 4, Cr-pic alleviated the deficiency of bile acids by
activating Fxr and reducing T-pMCA in the small intestine of PSC mice.
Studies have shown that Fxr and Fgfr4 in liver are responsible for
regulating synthesis of bile acid which are secreted into the intestinal
and reabsorbed in the ileum, thereby activating intestinal Fxr, which
leads to the secretion of Fgfl5 in mice (Moreau et al., 2023). In this

study, Cr-pic intervention significantly upregulated the expression of
Fgfr4 in the liver of PSC mice, which promoted the regulation of bile acid
synthesis and thus activated intestinal Fxr, with Fgfl5 also showing
increasing trend.Research has indicated that T-BMCA can counter act Fxr
in the intestine, leading to the DNA damage and proliferation of Lgr5
cells which acts as intestinal stem cells (ISCs) whose proliferation and
homeostasis play a crucial role in maintaining the health of the intestinal
barrier(Fu et al., 2019; Hu, Yun, Elstrott, & Jasper, 2021; G. Kim et al.,
2024; Ma, Chen, Johnston, & Ma, 2022). Thus we speculated the
reduction of T-BMCA induce by Cr-pic lead to decreased proliferation of
Lgr5 cells and DNA damage repair, and then enhances intestinal barrier
function through activing intestinal Fxr. CDCA, as one of the Fxr ago-
nists, when Enterobacter aerogenes ZDYO1 reduces the levels of it, has
been observed to deactivate Fxr(Tang et al., 2022). Meanwhile,
administration of CDCA to mice upregulates ileal Muc2 expression and
increases mucosal resident B cell numbers(Tremblay et al., 2017). This
suggests that Cr-pic intervention in PSC mice can activate ileal Fxr and
Muc2 by elevating CDCA levels, enhancing mucosal resident B cell
populations, and restoring the intestinal barrier, consistent with our
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experimental results (Figs. 3 and 6). Study pointed out that Fxr mitigates
inflammation and safeguards the integrity of the intestinal epithelial
barrier, this indicates that the restoration of the intestinal barrier in PSC
mice by Cr-pic associated with the activation of Fxr, whereas CrCl; failed
to activate intestinal Fxr could explain why it has a weaker capacity to
repair the intestinal barrier(Ding, Yang, Wang, & Huang, 2015).
Currently scholars have made different reports for the role between HCA
and Fxr. One research indicated that HCA can inhibit Fxr in enter-
oendocrine cells to improve glucose homeostasis, the other paper pro-
posed that HCA treatment activated Fxr in sheep kidney, researchers
used varying intervention concentrations and targets(Z. Zhang et al.,
2023; X. Zheng, Cao, et al., 2021). This suggested that HCA may act
entirely differently on Fxr in diverse tissues or at distinct concentrations.

In our experiment, both organic and inorganic forms of Cr(III) increased
the content of fecal HCA. Transformation with microbial involvement
moderated HCA deficiency in the gut of PSC mice, which may activate
intestinal Fxr. However, when focusing on changes of HCA in serum and
liver, in contrast to the trend of changes in its levels in feces, higher
levels may have inhibited hepatic Fxr, which was mitigated by the
intervention of Cr(III).

Bile acid metabolism is intricately linked to intestinal bacteria, with
the gut microbiota playing a critical role in maintaining overall host
health(Awoniyi et al., 2023; Collins, Stine, Bisanz, Okafor, & Patterson,
2023; de Vos, Tilg, Van Hul, & Cani, 2022; Fogelson, Dorrestein, Zar-
rinpar, & Knight, 2023). Patients with PSC exhibit complex alterations
in their gut microbiota and its metabolism(Awoniyi et al., 2023; Hole
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et al., 2023; Shah, Macdonald, Morrison, & Holtmann, 2020). Germ-free
conditions resulted in a 100% mortality rate of Mdr2 (Abcb4) ~/~ mice
by 8 weeks, while selective pathogen-free fecal microbiota trans-
plantation rescued these mice, highlighting the significance of gut
microbiota in PSC disease(Awoniyi et al., 2023). The gut microbiota can
metabolize primary bile acids produced in the liver through the classical
pathway catalyzed by Cyp7al and the alternative pathway catalyzed by
cytochrome p450 27al (Cyp27al) by deconjugation, resulting in the
generation of unconjugated and secondary bile acids and this process
promotes the activation of bile acid receptors farnesol x receptor Fxr
(Rizzolo et al., 2021; Sydor et al., 2020; Torres et al., 2018). Our pre-
vious study has certificate that specific gut microbiota could improve
PSC symptom by regulating bile acid metabolism through Fxr(Shen
et al., 2023). Recent studies have found that 6,8-guanidyl luteolin
quinone-chromium (GLQ. Cr, an organic form of Cr(III)) can modulate
the gut microbiota, thereby helping improve type 2 diabetes(Ge et al.,
2023). This suggests that Cr-pic and CrCl3 might modulate the intestinal
flora, participate in the influence bile acid metabolism in PSC. This
increased microbial diversity after Cr(III) intervention accompanied by
the growth of beneficial probiotics, such as Lactobacillus and Bifido-
bacterium, as shown in Fig. 5. Cr-pic has a higher growth-promoting
capacity for probiotics in the gut than CrCls, which may result in the
formation of more biofilms, enhancing mucosal immunity in the gut,
which in turn serves to reinforce the intestinal barrier. Previous studies
have shown that reductions in the unconjugated BAs pool and the
unconjugated/conjugated BAs ratio are associated with a decreased
relative abundance of Lactobacillus and Bifidobacterium containing the
BSH gene(Foley et al., 2021; Gadaleta, Cariello, Crudele, & Moschetta,
2022). Studies have shown that in addition to Bifidobacterium and
Lactobacillus, the bacterial genera of Enterococcus, Clostridium spp and
Bacteroides all possess BSH activity(Rimal et al., 2024; Song et al., 2019).
Cr(IlI) supplementation increased the abundance of Lactobacillus and
Bacteroides in PSC mice, with Cr-pic additionally boosting Bifidobacte-
rium abundance. This accelerated the deconjugation of bile acids and
raised the total unconjugated bile acid levels. Afterwards, bile acids
altered by microbial involvement later return to the liver through the
portal vein, where they play a role in helping to reduce hepatic
inflammation.

Recently, the mechanisms of PSC are being explored and several
mainstream theories about the pathogenesis of this disease have been
put forward(Y. S. Kim et al., 2023; Little et al., 2020). The initiation of
liver autoimmunity may be the key to PSC(Assis et al., 2023; Park et al.,
2022). In PSC patients, pathogens invade the intestinal mucosa into the
portal vein and induce the occurrence of liver autoimmune response(Cai
et al., 2022). Macrophages, neutrophils dendritic cells and NK cells are
activated by invaded pathogen, and they secret cytokines Tnfa, II-15 and
chemokine CxcI8 to recruit lymphocytes to maintain inflammation(van
Munster, Bergquist, & Ponsioen, 2023). Among them, bile duct epithe-
lial cells (BECS) play an important role in pro-inflammatory and
pro-fibrotic responses by overexpression of reactive phenotypes of
adhesion molecules to production and secretion of pro-inflammatory
and chemotactic cytokines and growth factors, further accelerating the
inflammatory process(Trivedi & Hirschfield, 2021). Prior research has
identified a significant accumulation of macrophages in liver samples
from patients with PSC compared to health people(Guicciardi et al.,
2018). Studies have indicated that BECs expressed Cx3cll and Ccl2 to
recruit macrophages to the bile ducts in PSC patients, then these mac-
rophages increased the expression of iNOS show proinflammatory
phenotype(Trussoni & LaRusso, 2023). Previous studies have identified
increased peribiliary proinflammatory (M1-like) macrophages (one of
activated macrophages, secrete various pro-inflammatory cytokines
such as Tnfa to promote liver inflammation and liver injury) in PSC
compared to normal livers(Gharavi, Hanjani, Movahed, & Doroudian,
2022; Guicciardi et al., 2018; Wang et al., 2021; J. Zhang et al., 2022).
Similarly, as shown in Fig. 2, our study found that both CrCls and Cr-pic
treatment showed marked histopathological improvement on
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anti-inflammation in liver accompany with a notable reduction in the
number of macrophages in the livers of PSC mice. Nevertheless, further
analysis of pro-inflammatory macrophages yielded an intriguing
finding: Cr-pic was capable of decreasing the number of M1-polarized
macrophages and the expression of cytokines Tnfa, iNOS and Cxcl10.
A finding consistent with our own study verified that Cr-pic could
decrease pro-inflammatory cytokines II-6 and Tnfa in rheumatoid
arthritis (RA) patients. Recent studies have shown macrophages can be
reduced by bile acid to reduce LPS-induced secretion of
pro-inflammatory cytokines such as Tnfa, participate in macrophage
polarization, among them, TCDCA has been reported to inhibit inflam-
mation(Bao et al., 2021; Qi et al., 2020; Shao et al., 2022). This suggests
that Cr-pic perturbed the levels of various bile acids such as TCDCA more
than CrCls, possibly reducing M1-type polarization through changes in
bile acids.
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