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SUMMARY

Our study found bile acids to be sex-dimorphic metabolites
in a HCC mouse model. We suggest bile acids as potential
therapeutic targets and biomarkers for HCC cases. This
study supports for advancements in sex-personalized ther-
apies to treat liver cancer.

BACKGROUND & AIMS: Hepatocellular carcinoma (HCC) is a
male-dominant disease, but targeted sex hormone therapies
have not been successful. Bile acids are a potential liver
carcinogen and are biomolecules with hormone-like effects. A
few studies highlight their potential sex dimorphism in physi-
ology and disease. We hypothesized that bile acids could be a
potential molecular signature that explains sex disparity in
HCC.

METHODS & RESULTS: We used the farnesoid X receptor
knockout (FxrKO) mouse model to study bile acid-
dependent HCC. Temporal tracking of circulating bile acids
determined more than 80% of FxrKO females developed
spontaneous cholemia (ie, serum total bile acids �40 mmol/L)
as early as 8 weeks old. Opposingly, FxrKO males
were highly resistant to cholemia, with w23% incidence
even when 26 weeks old. However, FxrKO males demon-
strated higher levels of deoxycholate than females.
Compared with males, FxrKO females had more severe
cholestatic liver injury and further aberrancies in bile
acid metabolism. Yet, FxrKO females expressed more
detoxification transcripts and had greater renal excretion of
bile acids. Intervention with CYP7A1 (rate limiting enzyme
for bile acid biosynthesis) deficiency or taurine supple-
mentation either completely or partially normalized bile
acid levels and liver injury in FxrKO females. Despite higher
cholemia prevalence in FxrKO females, their tumor burden
was less compared with FxrKO males. An exception to this
sex-dimorphic pattern was found in a subset of male and
female FxrKO mice born with congenital cholemia due to
portosystemic shunt, where both sexes had comparable
robust HCC.

CONCLUSIONS: Our study highlights bile acids as sex-
dimorphic metabolites in HCC except in the case of portosys-
temic shunt. (Cell Mol Gastroenterol Hepatol 2024;17:719–735;
https://doi.org/10.1016/j.jcmgh.2024.01.011)
Keywords: Hepatocellular Carcinoma; Cholestasis; Farnesoid X
Receptor; Portosystemic Shunt.

epatocellular carcinoma (HCC) is the most preva-
Hlent primary liver cancer, and recent statistics es-
timate it to be the third leading cause of cancer mortality
worldwide.1 A sequence of liver injury, chronic inflamma-
tion, fibrosis, and cirrhosis normally precedes HCC. How-
ever, the mechanism(s) behind HCC pathogenesis is complex
and varies depending on its risk factor(s). For instance, it is
well-known that aflatoxins drive liver carcinogenesis by the
formation of mutagenic DNA adducts and induction of
oxidative stress.2,3 Moreover, hepatitis B virus (HBV)-
mediated HCC is determined by the viral regulatory protein
HBx, which disrupts the p53-dependent tumor suppressive
pathway and promotes telomerase expression in cancer
cells.4 Unlike the aforementioned risk factors, another HCC
determinant is sex disparity, but the driving mechanism(s)
is not well-established.

Epidemiologic surveillance with sex-specific rates dem-
onstrates a male predominance in HCC. For every 1 female
patient, there is an average ratio of 2–4 male patients with
HCC, and mortality rates are at least 2-fold greater in the
male population.1 Previous research has investigated
chromatin-modifying proto-oncogenes and sex hormones as
possible mechanisms behind sex disparity in HCC. Several Y-
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linked proto-oncogenes, including testis specific protein Y-
encoded and RNA-binding motif gene on Y chromosome,
have been identified as positive HCC biomarkers.5,6 Along-
side, the X-chromosome gene TSPY homologue X, known to
promote proteasomal degradation of the HBx oncoprotein,
was found to be significantly down-regulated in HCC tu-
mors.7 These findings have been positively pursued for
diagnostic and prognostic applications in HCC cases. Inves-
tigation with targetable sex hormones and their receptors
has suggested male-dominant androgens to be pathologic by
accelerating cell proliferation, whereas female-dominant
estrogens protected from HCC by inducing cell apoptosis
and anti-tumor immune responses.8–10 However, high
variability of estrogen receptor expression and failed sur-
vival benefits of anti-androgen agents have questioned
hormonal therapy for HCC.11,12 Accordingly, the objective of
this study was to identify molecular signature(s) that could
explain sex disparity and be a relevant therapeutic target in
HCC.

The liver is responsible for the detoxification of xeno-
biotics/endobiotics via redox and conjugation reactions that
make the biotic less toxic and water soluble for excretion.13

Bile acids are one such metabolite that undergo hydroxyl-
ation, glucuronidation, and sulfation reactions to prevent
their accumulation toward toxic liver injury levels.14,15 Bile
acids are detergent-like metabolites produced in the liver
that aid in the assimilation of dietary lipids. Sex differences
in bile acid metabolism are sparsely noted, but a few reports
conducted in hamsters and rats suggest that females have
increased expression for enzymes in bile acid detoxification
at physiological conditions.16,17 Bile acid levels are also
regulated by the farnesoid X receptor (FXR), a major bile
acid sensor, where its activation leads to tissue-specific
suppression of bile acid biosynthesis.18 In cases where
bile acid metabolism is dysregulated, hepatic diseases such
as cholestasis and HCC can result from the pro-
inflammatory effects of bile acids.19–23 A well-established
example is reported with FXR knockout (FxrKO) mice that
develop cholemia (ie, elevated bile acids) and spontaneous
HCC at 16 months of age.24,25 Interestingly, the majority of
reports with FxrKO mice have focused only on males,26–30

probably because of the convention that liver pathologies,
such as HCC, are outwardly more severe in males than
females.

We generated the hypothesis that sex differences in bile
acid metabolism could drive sex disparity in HCC. Using
FxrKO mice as a bile acid-dependent HCC model, we found
females to have a higher prevalence of spontaneous chol-
emia (serum total bile acids �40 mmol/L) at both precan-
cerous and cancerous time points. Comparatively, the male
counterparts were more resistant to spontaneous cholemia
irrespective of age. Despite the toxic accumulation of bile
acids in FxrKO females, these mice had lower tumor burden
than FxrKO males, suggesting an inverse relationship be-
tween spontaneous cholemia and HCC severity. This pattern
might be attributed to the increased expression of bile acid
detoxification transcripts and renal excretion of bile acids in
FxrKO females. Noteworthy, we stumbled on an exception to
the sex dimorphism paradigm where a subset of male and
female FxrKO mice had congenital cholemia due to a
developmental vascular defect called portosystemic shunt
(PSS). Both male and female FxrKO mice with congenital
cholemia exhibited equally robust HCC, negating the sex
dimorphism effects we originally observed. Overall, our
study highlights bile acids as targetable, sex-dimorphic
metabolites with therapeutic potential in HCC.

Results
Cholemia and Cholestatic Liver Injury Are
Sexually Dimorphic in FxrKO Mice

FXR is a nuclear receptor predominantly localized in the
liver and ileum. On activation, FXR inhibits bile acid
biosynthesis in a tissue-specific manner.18 Hepatic FXR in-
duces the expression of small heterodimer partner (SHP),
which inhibits hepatocyte nuclear factor 4a (HNF4a);
HNF4a normally positively regulates 2 bile acid biosynthetic
genes, cholesterol 7a-hydroxylase (Cyp7a1) and Cyp8b1. In
the ileum, FXR induces fibroblast growth factor 15 (FGF15),
and FGF15 promotes hepatic FGFR4-ERK1/2 signaling that
suppresses Cyp7a1 and Cyp8b1 expression. FxrKO mice have
high bile acids and hypercholesterolemia at an early age,
and they develop HCC later in life.24,25,31 Reports with the
FxrKO mouse model have mostly focused on males because
of the convention that liver pathologies such as HCC are
outwardly more severe in males than females. In this study,
we investigated for potential sex-specific alterations in bile
acid metabolism that could explain HCC disparity in males
vs females.

Our first objective was to determine a possible sex
disparity in bile acid levels at the precancerous age in FxrKO
mice. As an initial reference, normal levels of serum total bile
acids (TBA) in wild-type (WT) mice are between 1–5 mmol/L.
Temporal tracking depicted surprisingly higher serum TBA
levels in FxrKO females than males (mean TBA, females, 23.5
mmol/L vs males, 11.6 mmol/L) when 6 weeks of age
(Figure 1A). TBA levels continued to rapidly increase in FxrKO
females as they aged, whereas males were resistant to spon-
taneous increases in TBA levels (Figure 1A). When aged to 26
weeks (ie, 6 months old), 12 of 14 female FxrKO mice reached
cholemia levels (TBA �40 mmol/L), but only 4 of 17 male
FxrKO mice surpassed the cholemia threshold, which gave this
cohort an approximate cholemia incidence of 85% in females
and 23% in males (Figure 1A and B). The cholemia benchmark
was determined on the basis of reports with intrahepatic
cholestasis of pregnancy that fetal complications occurred
when TBA levels were �40 mmol/L.32 Serum metabolomic
analysis suggested some variation in individual bile acids be-
tween male and female FxrKO mice (Figure 2A–D). One
notable difference was FxrKO males had a significant increase
in deoxycholic acid compared with their female counterparts
(P ¼ .0024). As expected, both sexes of FxrKO mice had hy-
percholesterolemia when compared with WT mice; however,
FxrKO females had lower serum total cholesterol than their
male counterparts (Figure 1C). These results demonstrate
spontaneous cholemia is most prevalent in female FxrKO mice.

Because bile acids can be hepatotoxic agents, we next
measured clinical parameters of cholestatic liver injury



Figure 1. Female FxrKO mice are more susceptible to cholemia and cholestatic liver injury. (A) Male and female WT and
FxrKO mice were bled every 2 weeks from 6–26 weeks of age and analyzed for serum total bile acid levels. Serum levels of (B)
total bile acids, (C) total cholesterol, (D) AST and ALT, (E) ALP, and (F) total bilirubin and gross serum (depicting hyper-
bilirubinemia from the yellow fluorescent jaundice) were analyzed when WT and FxrKO mice were 26 weeks of age. Sample
sizes: WT (male, N ¼ 17; female, N ¼ 14) and FxrKO (male, N ¼ 17; female, N¼14). Results are expressed as means ± SEM. *P
< .05, **P < .01, ***P < .001, ****P < .0001.
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when FxrKO mice were 26 weeks old. Compared with WT
mice, both sexes of FxrKO mice had transaminitis, ie,
elevated aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels (Figure 1D). In accord with
the sex disparity in serum TBA levels, FxrKO females had a
higher degree of elevation in AST (P < .0001) and ALT (P ¼
.01) compared with males (Figure 1D). Impressively, the
cholestasis-specific marker alkaline phosphatase (ALP) was
significantly increased only in FxrKO females (P < .0001),
whereas ALP levels in FxrKO males were comparable with
WT mice (Figure 1E). Visualization of the serum color
showed most (albeit not all) FxrKO females also had jaun-
dice with high serum bilirubin (Figure 1F). Altogether, our
profound findings demonstrate female FxrKO mice to have
cholemia predominance and increased cholestatic liver
injury.
Female FxrKO Mice Have Exacerbated Bile Acid
Dysmetabolism

To discern the possible reason behind cholemia domi-
nance in female FxrKO mice, a panel of bile acid metabolism
genes were quantitated at sites of FXR signaling, ie, liver and
ileum. When analyzing for the major bile acid biosynthesis
genes (Figure 3A), the hepatic gene Cyp7a1, which encodes
the rate limiting enzyme, was equally up-regulated in both
sexes of FxrKO mice compared with WT mice. Opposingly,
female but not male WT and FxrKO mice had a depression in
Cyp8b1 levels (P ¼ .001), suggesting females might produce
less cholic acid. Correspondingly, FxrKO females had the
most significant down-regulation of Cyp27a1 and Cyp7b1
transcripts (P < .0001), the latter of which is related to
chenodeoxycholic acid production. Measuring the expres-
sion levels of bile acid regulators (Figure 3B) demonstrated
FxrKO females, but not males, to have repression in Hnf4a
and Shp, two Cyp7a1 regulators. Similarly, the hepatic
membrane receptor complex that mediates ileum FXR-
FGF15 signaling, ie, fibroblast growth factor receptor 4
(Fgfr4) and b-Klotho (Klb), were significantly suppressed in
FxrKO females. Yet, there was an equal down-regulation of
ileal Fgf15 seen in male and female FxrKO mice (Figure 4A).
These data suggest that part of the reason for cholemia
dominance in female FxrKO mice is the greater lack of
negative feedback regulation of bile acid biosynthesis.

We next asked whether there could be a compromise in
enterohepatic bile acid circulation to explain the sex
disparity in cholemia. Indeed, FxrKO females had lessened
expression of hepatic sodium-dependent taurocholate co-
transport peptide (NTCP encoded by Slc10a1) and
sodium-independent organic anion transport peptide



Figure 2. FxrKO male mice have greater levels of deoxycholic acid and b-muricholic acid in circulation. (A–D) Serum
samples were collected from 16-week-old male and female WT and FxrKO mice and sent for bile acid profiling via metab-
olomics. (A) Unconjugated primary bile acids (cholic acid, chenodeoxycholic acid, a-muricholic acid, b-muricholic acid, and
ursodeoxycholic acid), (B) unconjugated secondary bile acids (deoxycholic acid, lithocholic acid, and u-muricholic acid), (C)
conjugated primary bile acids (taurocholic acid, taurochenodeoxycholic acid, tauro-b-muricholic acid, and tauro-
ursodeoxycholic acid), and (D) conjugated secondary bile acids (taurodeoxycholic acid and tauro-u-muricholic acid). Sam-
ple sizes: WT (male, N ¼ 5; female, N ¼ 5) and FxrKO (male, N ¼ 5; female, N ¼ 4). Results are expressed as means ± SEM. *P
< .05, **P < .01, ***P < .001, ****P < .0001.
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(OATP1B2 encoded by Slco1b2) for bile acid uptake into
hepatocytes (Figure 3C). We also found that the expression
of bile salt exporter pump (BSEP) (encoded by Abcb11) was
further diminished in FxrKO females (P < .0001), and only
the female groups had a suppression of multidrug resistant
protein 2 (encoded by Abcb4) (Figure 3D). Interestingly, male
and female FxrKO mice had equal down-regulation in tran-
scripts related to bile acid reabsorption in the ileum, ie, apical
sodium-dependent bile salt transporter (Asbt) (Figure 4B),
fatty acid binding protein 6 (Fabp6) (Figure 4C), and sinu-
soidal bile acid efflux transporters, organic solute transporter
a and b (Osta and Ostb) (Figure 4D and E). These data suggest
that lowered bile acid secretion into the biliary tree could be
another reason for cholemia dominance in female FxrKO mice.

Female FxrKO Mice Exhibit Increased Expression
for Bile Acid Detoxification

Several studies highlight the notion that females have
better bile acid detoxification because of elevated
xenobiotics-processing CYP450 hydroxylating enzymes and
sulfotransferases.16,17,33,34 When analyzing bile acid hy-
droxylating genes (Figure 3E), both sexes of FxrKO mice had
increased Cyp3a11 expression compared with WT mice, but
the levels were substantially higher in FxrKO females (P <
.0001). Moreover, FxrKO females had greater Cyp2b10
expression than FxrKO males (P ¼ .0005). Of note, Cyp2b10
expression in WT females was elevated, even more than
FxrKO mice, compared with WT males. When analyzing
sulfotransferase transcripts (Figure 3F), FxrKO males had a
greater expression in the male-dominant Sult2a8 compared
with WT males, whereas both female groups had reduced
mRNA levels. Comparatively, when measuring the female-
dominant Sult2a1, WT females had around 500-fold
increase, and FxrKO females had around 1500-fold increase
in mRNA expression than their respective male groups. Of
note, analysis of amidation (Baat, Slc27a5, or Bacs), glu-
curonidation (Ugt2b1, 2b5, 3a1), and glucoside genes (Gba2)
were decreased in FxrKO females (Figure 5A–C). Hydroxyl-
ation and sulfonation detoxify bile acids by promoting their
renal excretion, and indeed FxrKO females had the highest
urinary TBA levels (P < .0001) (Figure 3G). These data
emphasize cholemia dominance in female FxrKO mice is
associated with an up-regulation in bile acid detoxification
and excretion.

Deletion of CYP7A1 Normalizes TBA Levels and
Liver Injury in Female FxrKO Mice

Our next goal was to find a relevant intervention that can
restore bile acid metabolism in FxrKO mice with emphasis
to females. We attempted cholestyramine intervention that
sequesters luminal bile acids, enhances their fecal excretion,
and stimulates bile acid biosynthesis.35 Introducing dietary
cholestyramine to FxrKO females at time points before
(Figure 6A–C) or after (Figure 6D–F) cholemia did not lower
TBA or liver injury. Similarly, we attempted treating with the
HMG-CoA reductase inhibitor atorvastatin to reduce substrate
availability (ie, cholesterol) for bile acid biosynthesis, but
FxrKO females still retained spontaneous cholemia and liver
injury (Figure 7A–H). Because the gut microbiota is respon-
sible for generating secondary bile acids, we also adminis-
tered broad-spectrum antibiotics orally to FxrKO females with
no success to reduce TBA and liver injury (Figure 8A–C). All of
these data indicate and confirm that bile acid metabolism is
dysregulated in FxrKO mice.

For a more direct and genetic approach, we crossed
FxrKO mice with Cyp7a1-deficient (Cyp7a1KO) mice to



Figure 3. Enhanced bile acid dysmetabolism and detoxification could explain the cholemia disparity in female FxrKO
mice. (A–F) Liver samples from 16-week-old male and female WT and FxrKO mice were analyzed by qRT-PCR) for transcripts
related to bile acid de novo synthesis, regulators, transporters, and detoxification. Relative expressions of genes for bile acid
biosynthesis (A) Cyp7a1, Cyp8b1, Cyp27a1, and Cyp7b1; bile acid regulators (B) Hnf4a, Shp, Fgfr4, and Klb; bile acid uptake
transporters (C) Slc10a1 and Slco1b2; bile acid canicular exporters (D) Abcb11 and Abcb4; bile acid hydroxylation (E) Cyp3a11
and Cyp2b10; and bile acid sulfonation (F) Sult2a8 and Sult2a1. 36b4 was used as internal control for qRT-PCR. (G) Urinary
total bile acid levels (normalized to creatinine) in 16-week-old male and female WT and FxrKO mice. Sample sizes: WT (male,
N ¼ 9; female, N ¼ 10) and FxrKO (male, N ¼ 9; female, N ¼ 10). Results are expressed as means ± SEM. *P < .05, **P < .01,
***P < .001, ****P < .0001.
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generate double knockouts (DKO) (Figure 9A). Cyp7a1KO
mice are reported to have only half the bile acid biosyn-
thesis rate typically found in WT mice.36 Impressively, 8-
and 16-week-old male (P ¼ .1658) and female (P < .0001)
DKO mice had normalized TBA levels to that seen in their sex-
matched WT counterparts (Figure 9B and E), possibly due in
part to their lowered cholesterol levels (Figure 9C and F). It
must be emphasized that this intervention was most
remarkable in the females because the TBA shift was from an
average of 107.3 mmol/L in FxrKO to 2.7 mmol/L in DKO mice
Figure 4. FxrKO mice, irrespective of sex, have equal suppre
reabsorption. (A–E) Ileal samples from 16-week-old male and
transcripts related to bile acid metabolism. Relative expressions
was used as internal control for qRT-PCR. Sample sizes: WT (m
N ¼ 10). Results are expressed as means ± SEM. *P < .05, **P
compared with the TBA reduction from 12.2 mmol/L to 5.6
mmol/L in male FxrKO and DKO mice, respectively. Even
though TBA was normalized, serum ALT levels in DKO males
were higher than in FxrKO males (P ¼ .0121), and DKO males
had hyperbilirubinemia (Figure 9D and H). Comparatively,
DKO females had significantly reduced ALT levels to that
found in WT females and were protected from jaundice
(Figure 9G and H). These results demonstrate that female
FxrKO mice better responded to the intervention of Cyp7a1
deficiency with restoration toward low TBA and ALT levels.
ssion of ileal transcripts related to bile acid regulation and
female WT and FxrKO mice were analyzed by qRT-PCR for
of (A) Fgf15, (B) Asbt, (C) Fabp6, (D) Osta, and (E) Ostb. 36b4
ale, N ¼ 9; female, N ¼ 10) and FxrKO (male, N ¼ 9; female,
< .01, ***P < .001, ****P < .0001.



Figure 5. Female mice
have lowered hepatic
expression of glucur-
onidation and glucoside
genes. (A–C) Liver samples
from 16-week-old male and
female WT and FxrKO mice
were analyzed by qRT-PCR
for transcripts related to
bile acid conjugation (A)
Baat and Slc27a5; glucoside
formation (B) Gba2; and
glucuronidation (C) Ugt2b1,
Ugt2b5, and Ugt3a1. 36b4
was used as internal control
for qRT-PCR. Sample sizes:
WT (male, N ¼ 9; female,
N ¼ 10) and FxrKO (male,
N ¼ 9; female, N ¼ 10). Re-
sults are expressed as
means ± SEM. *P < .05, **P
< .01, ***P < .001, ****P <
.0001.
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Cholemia in Male FxrKO Mice Is Accelerated by
Taurine Supplementation

Taurine is a sulfur-containing non-proteinaceous amino
acid that can conjugate with bile acids, which increases their
solubility and biliary excretion.37 Bile acid conjugation
enzyme BAAT (bile acid-CoA: amino acid N-acyltransferase)
deficiency is known to cause hypercholanemia in mice.38 We
found that female WT and FxrKO mice had significantly low-
ered Baat mRNA expression (Figure 5A). We hypothesized that
taurine supplementation (Figure 10A) could serve as a clinically
relevant approach to prevent cholemia and liver injury in FxrKO
mice. Taurine feeding to FxrKO females resulted in a modest
reduction in serum TBA and ALT levels that was associated
with increased urinary TBA excretion but no changes in serum
cholesterol (Figure 10E–H). Unexpectedly, we observed FxrKO
males to have an acceleration in spontaneous cholemia where 7
of 8 males fed taurine reached cholemia by 18 weeks of age
compared with the 3 of 8 control FxrKO males (Figure 10B).
The rapid cholemia development after taurine also resulted in a
significant increase in serum ALT levels for FxrKO males
(Figure 10D) but no changes in cholesterol levels (Figure 10C)
or urinary TBA levels (data not shown). Overall, taurine seems
to have sex-dependent effects on cholemia and liver injury
where males exhibit more pathologic indices.
Sex Heterogeneity in Cholemia Is Inversely
Associated With HCC Severity

Our next objective was to determine whether sex-
dependent spontaneous cholemia at the precancerous age
reflects HCC severity in FxrKO mice when 16 months of age.
Our initial thought was FxrKO females could have worse
HCC because of their high TBA, and they had altered mRNA
expression of the oncogene Myc and cell cycle regulators at
the precancerous stage (Figure 11A–D). At the cancer time
point, male and female FxrKO mice who never developed
cholemia (TBA <40 mmol/L) had the least HCC severity,
whereas tumor burden increased in both sexes for FxrKO
mice with spontaneous cholemia (TBA �40 mmol/L)
(Figure 12A). There were no apparent differences in HCC
severity when comparing male and female FxrKO mice
without cholemia. However, the few FxrKO males that
became cholemic had aggravated tumor burden compared
with FxrKO females with prevalent cholemia (Figure 12A).
Both male and female FxrKO mice had equivalent intensity
of hepatomegaly and jaundice (Figure 12B and C), but fe-
males still dominated with the highest levels of TBA (P ¼
.0015), ALT (P ¼ .0192), and ALP (P < .0001) (Figure 12D).
When measuring the widely used serologic biomarker for
HCC, a-fetoprotein (AFP), FxrKO males had sustainably high



Figure 6. Cholestyramine does not lower bile acids or reduce liver injury in female FxrKO mice. (A–C) Grain-based chow
diet (LabDiet 5001) was supplemented with cholestyramine (2% w/w, Sigma-Aldrich) and given to 6-week-old female WT (N ¼
5) and FxrKO (N ¼ 7) mice for 60 days. (A) Schematic outline, (B) serum total bile acids, and (C) serum ALT. (D–F) Grain-based
chow diet (LabDiet 5001) was supplemented with cholestyramine (2% w/w, Sigma-Aldrich) and given to 26-week-old female
WT (N ¼ 4) and FxrKO (N ¼ 5) mice for 60 days. (D) Schematic outline, (E) serum total bile acids, and (F) serum ALT. Results are
expressed as means ± SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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levels, whereas FxrKO females barely had an elevation
compared with their WT counterparts (Figure 12E). Pearson
correlation demonstrated that TBA levels in FxrKO males
had a positive correlation with ALT, ALP, and AFP
(Figure 12F). Alternately, TBA levels in FxrKO females had a
modest positive relationship with serum ALT but negative
correlations with ALP and AFP (Figure 12G). Urinary TBA
levels were over 10-fold more in FxrKO females compared
with FxrKO males (Figure 12H), suggesting females have
more efficient detoxification. Collectively, the summation of
all data to this point underscores female FxrKO mice are
more susceptible to spontaneous cholemia but are sub-
stantially protected from HCC severity because of potential
adaptions for better bile acid detoxification.
Portosystemic Shunt Is an Exception to the Sex-
dependent Effects of Cholemia on HCC

We stumbled on an unexpected exception to the sex
disparity that has been highlighted. When screening FxrKO
mice at the pre-weaning age (16–18 days old), we found a
subset of males (13.8%) and females (10.1%) exhibited
congenital cholemia with mostly similar TBA levels
(Figure 13A). Essentially, these FxrKO mice are born with
high TBA concentrations, and they remain elevated
throughout their lifespan (Figure 13B). Recently, we re-
ported the presence of congenital cholemia in BL6 WT mice
who had hypocholesterolemia (serum total cholesterol
<75 mg/dL),39 but surprisingly, FxrKO mice with congenital
cholemia still retained high cholesterol levels above 100
mg/dL (Figure 13C). We previously denoted the reason for
congenital cholemia in WT mice was from PSS, which is an
abnormal blood vessel architecture that “shunts” blood
returning from the intestine directly to the heart, thus
bypassing the liver.40 To assess whether FxrKO mice with
congenital cholemia also have PSS, we first injected 4 kDa
fluorescein isothiocyanate (FITC)–dextran into the portal
vein and imaged the livers by an in vivo imaging system
(IVIS). In male and female FxrKO mice with congenital
cholemia, we observed FITC–dextran was not retained in
the liver and rather entered the inferior vena cava
(Figure 13D), which supported our hypothesis that these
mice have PSS. To better confirm anatomically, resin casting
was performed, and we could visualize the shunt architec-
ture in male and female FxrKO mice with congenital chol-
emia (Figure 13E). Last, we aged the mice to the HCC time
point and found that male and female FxrKO mice with
congenital cholemia/PSS had equally aggravated tumor



Figure 7. Atorvastatin does not lower bile acids or liver injury during either delayed onset or established cholemia in
female FxrKO mice. (A–D) Grain-based chow diet (LabDiet 5001) was supplemented with atorvastatin calcium (0.01% w/w,
MilliporeSigma) and given to 6-week-old female WT (N ¼ 4) and FxrKO (N ¼ 4) mice for 90 days. (A) Schematic outline, (B)
serum total cholesterol, (C) serum total bile acids, and (D) serum ALT. (E–H) Grain-based chow diet (LabDiet 5001) was
supplemented with atorvastatin calcium (0.01% w/w, MilliporeSigma) and given to 26-week-old female WT (N ¼ 5) and FxrKO
(N ¼ 5) mice for 90 days. (E) Schematic outline, (F) serum total cholesterol, (G) serum total bile acids, and (H) serum ALT.
Results are expressed as means ± SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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burden and jaundice (Figure 13F). The tumor burden in
mice with congenital cholemia/PSS was more severe than
the prior results of spontaneous, delayed onset cholemia in
FxrKO mice without PSS (Figure 12). Congenital cholemia in
FxrKO mice also accelerated mortality in several mice to-
ward 12 months of age instead of the 16-month cancer time
point (data not shown). Overall, PSS is an exception to the
sex-dependent effects of cholemia on HCC pathogenesis in
FxrKO mice.
Figure 8. Antibiotics do not inhibit delayed onset cholemia o
antibiotics (ampicillin [1.0 g/L] þ neomycin [0.5 g/L]; Sigma-
FxrKO (N ¼ 4) mice in the drinking water for 90 days. (A) Sche
Results are expressed as means ± SEM. *P < .05, **P < .01, *
Discussion
Sex dimorphism is an unavoidable feature in a plethora

of diseases including HCC, and it can dictate susceptibility,
severity, outcomes, and response to therapy. Data mining
and case studies of HCC specimens have identified several
Y-linked proto-oncogenes41 and possible epigenetic modi-
fications such as histone methylation42 to discern sex dif-
ferences. Sex-biased molecular signatures in HCC have
focused on sex hormones, ie, androgen and estrogen. Much
r liver injury in female FxrKO mice. (A–C) Broad-spectrum
Aldrich) were given to 6-week-old female WT (N ¼ 4) and
matic outline, (B) serum total bile acids, and (C) serum ALT.
**P < .001, ****P < .0001.



Figure 9. Bile acids and liver injury are normalized in female FxrKO mice on CYP7A1 deletion. (A–H) FxrKO mice were
crossed with Cyp7a1KO mice to generate DKO and were analyzed for cholemia and liver injury markers when 8 and 16 weeks old.
(A) Schematic outline. Serum (B) total bile acids, (C) total cholesterol, and (D) ALT levels in the male mice. Serum (E) total bile acids,
(F) total cholesterol, and (G) ALT levels in the female mice. (H) Gross serum (depicting hyperbilirubinemia from the yellow fluorescent
jaundice). Sample sizes: WT (male, N¼ 4; female, N¼ 5), Cyp7a1KO (male, N¼ 4; female, N¼ 4), FxrKO (male, N¼ 5; female, N ¼
6), and DKO (male, N ¼ 4; female, N ¼ 4). Results are expressed as means ± SEM.*P < .05, **P < .01, ***P < .001, ****P < .0001.

Figure 10. Taurine supplementation lessens cholemia development in female FxrKO mice but accelerates cholemia in
male FxrKO mice. (A–H) Drinking water containing 0.5% v/v of taurine (Sigma-Aldrich) was given to 6-week-old WT and
FxrKO mice for 90 days, and mice were tracked for changes in cholemia and liver injury markers. Serum (B) total bile acids, (C)
total cholesterol, and (D) ALT levels in the male mice. Serum (E) total bile acids, (F) total cholesterol, and (G) ALT levels in the female
mice. (F) Urinary total bile acid levels (normalized to creatinine) in taurine-fed femaleWT and FxrKOmice. Sample sizes: control WT
(male, N ¼ 5; female, N ¼ 5), taurine WT (male, N ¼ 5; female, N ¼ 5), control FxrKO (male, N ¼ 7; female, N ¼ 7), and taurine
FxrKO (male, N ¼ 8; female, N¼8). Results are expressed as means ± SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Figure 11. Female FxrKO mice have increased hepatic expression of Myc and Ccnd1, whereas Ccne1 and Cdk2a are
comparable. (A–D) Liver samples from 16-week-old male and female WT and FxrKO mice were analyzed by qRT-PCR for
transcripts related to oncogenes and cell cycle regulators. (A) Myc, (B) Ccnd1, (C) Ccne1, and (D) Cdk2a. 36b4 was used as
internal control for qRT-PCR. Sample sizes: WT (male, N ¼ 9; female, N ¼ 10) and FxrKO (male, N ¼ 9; female, N ¼ 10). Results
are expressed as means ± SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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research over the last 20 years provides the concept that
androgen is pro-carcinogenic by accelerating cell prolifera-
tion via androgen receptor signaling, whereas estrogen is
tumor suppressive by inducing cell apoptosis and immune
Figure 12. Heterogeneity in cholestasis and HCC is positively
and female WT and FxrKO mice were aged until 16 months and
(C) gross serum (depicting hyperbilirubinemia from the yellow fl

(E) AFP levels. Pearson correlations for (F) male FxrKO mice com
correlations for (G) female FxrKO mice comparing serum total
levels (normalized to creatinine) in WT and FxrKO mice. Sample
15; female, N ¼ 14). Results are expressed as means ± SEM. *
responses.43 Of note, a novel estrogen-related gene prog-
nostic signature was recently discovered to predict patient
survival and immunotherapy response of HCC patients.44

Overall, these markers have provided diagnostic and
associated with bile acids in male FxrKOmice. (A–H) Male
assessed for liver cancer. (A) Gross livers, (B) % liver weight,
uorescent jaundice), serum (D) total bile acids, ALT, ALP, and
paring serum total bile acids and ALT, ALP, and AFP. Pearson
bile acids and ALT, ALP, and AFP. (H) Urinary total bile acid
sizes: WT (male, N ¼ 6; female, N ¼ 6) and FxrKO (male, N ¼
P < .05, **P < .01, ***P < .001, ****P < .0001.



Figure 13. Congenital cholemia due to portosystemic shunt is an exception to the sex dimorphism and HCC severity
relationship in FxrKOmice. (A) Pre-weaned male (N ¼ 195) and female (N ¼ 207) FxrKO mice (16–18 days old) were bled, and
serum total bile acid levels were measured to identify congenital cholemia. (B) Male (n ¼ 5) and female (n ¼ 5) FxrKO with
congenital cholemia were tracked for their bile acid levels from 4–26 weeks of age. (C) Male (n ¼ 5) and female (n ¼ 5) FxrKO
with congenital cholemia were tracked for their total cholesterol levels at 8 and 16 weeks of age. (D and E) Two methods were
used to assess PSS in FxrKO mice. (D) 4 kDa FITC–dextran (Sigma-Aldrich, 0.136 mg/g body weight) was injected into the
portal vein, and then the liver was extracted and imaged via IVIS at excitation 490 nm and emission 520 nm. (E) Mercox II resin
(Ladd Research) was injected into the portal vein with 30-gauge, 0.5-inch needle at necropsy/dissection. Resin cast was
immersed in 15% KOH overnight, rinsed with water, and followed by visual inspection. (F) Male (n ¼ 5) and female (n ¼ 5)
FxrKO mice with congenital cholemia were aged to 16 months and assessed for liver cancer. Gross liver (3 representative
images per sex) and serum (depicting hyperbilirubinemia from the yellow fluorescent jaundice). Results are expressed as
means ± SEM. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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prognosis potential and suggest that genetic and/or hormonal
mechanisms could explain male predominance in HCC.

Translational research has focused on targeting sex
hormones for HCC treatment. On a therapeutic level,
inhibiting androgen receptor signaling has not yielded
clinical benefits, but new approaches such as proteolysis-
targeting chimeras are being studied.12 Feminization via
estrogen administration in mouse and zebrafish HCC models
has demonstrated regressed tumor progression.9,10 How-
ever, there is concern in exogenous estrogenic exposure to
humans. In the Liver Cancer Pooling Project, exogenous
estrogenic exposures such as oral contraceptives were not
associated with increased risk for HCC,45 but there was 62%
increased risk for intrahepatic cholangiocarcinoma, the
second most common type of liver cancer.46 Moreover, a
recent report demonstrated that loss of hepatocyte-specific
histone deacetylase 3 in female mice reduced FOXA1/2 and
promoted HCC development in an estrogen-dependent
manner.47 Collectively, the literature supports the drive
for our current study to discover new sex-based, molecular
targets that are clinically relevant for HCC patients.
Substantial evidence emphasizes bile acids as a liver
oncogenic metabolite,23 and new findings continue to accu-
mulate.48,49 In accord, odds ratio bymultivariable conditional
logistic regression models demonstrated individuals with
high circulating TBA to have at least 2-fold increase in HCC
risk.50 Moreover, several reported molecular signatures and
computational models based on bile acid metabolism-related
genes were found to effectively predict the prognosis of HCC
patients and their immunotherapeutic response.50–54 A few
available reports hint the possibility that bile acid meta-
bolism could explain sex divergences in liver disease pa-
thologies. One 2007 study highlights a female-specific
resistance in hepatotoxic and cholestasis mouse models due
to their better bile acid detoxification.55 Two consecutive
publications in 2012 and 2017 also suggested that male-
specific liver adenomas in mice were associated with
changes in xenobiotic-processing cytochrome p450 (Cyp)
genes, including those for bile acid detoxification.56,57 As
such, we hypothesized that physiological sex deviations in
bile acid metabolism could explain the pathology differences
observed between males and females with HCC.
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Using the FxrKO mouse model, we determined that bile
acids are a sex-dimorphic molecule in HCC. Our findings
demonstrate that FxrKO females have greater incidence and
severity of cholemia but have lower tumor burden when
compared with males. This is an important observation
because the majority of reports using the FxrKO mouse
model for liver cancer investigation did not compare males
vs females. The literature demonstrates only males were
used, or sometimes the sex was not specified.26–30 The first
2 publications using the FxrKO mouse model did analyze
HCC in both males and females but did not highlight po-
tential factors underlying the difference in tumor burden
between the sexes.24,25 Of note, one study that investigated
HBV-induced hepatocarcinogenesis with both sexes did
observe FxrKO females to have worsened HCC than males,58

which emphasizes that etiology can influence sex-dependent
effects in HCC. As such, other HCC models such as dieth-
ylnitrosamine,21,59,60 high-fat and high-cholesterol,61

alcohol,62 and circadian dysfunction (jet lag),63,64 which
are noted with pathologic changes in bile acid pathways,
should be better investigated for possible sex variations.
Regardless, our study herein supports the future explora-
tion for possible polymorphisms in bile acid genes, including
FXR, that may explain sex dimorphism of HCC in humans.

Physiological sex differences in bile acid metabolism are
sparsely noted in the literature, where the first line of evi-
dence from the late l970s uncovered heterogeneity in bile
acid sulfonation with significantly increased activity in fe-
male hamsters and rats.16,17 Additional studies in hamsters
and rats found females to have a higher rate of bile acid
hydroxylation,33,34 which is another method of bile acid
detoxification along with sulfonation. We believe that our
observation of lessened hepatocarcinogenesis in cholemic
FxrKO female mice could be due to adaptations that pro-
mote bile acid detoxification. The up-regulated expressions
of Cyp3a11, Cyp2b10, and the female-dominate Sult2a1 and
the stark increase of urinary TBA excretion in FxrKO fe-
males support the possible concept of better bile acid
detoxification. Notably, a recent analysis from the Gene
Expression Omnibus found the CYP3A4 gene (human
ortholog of Cyp3a11) to be down-regulated in male HCC
patients.65 A prior study highlights a female-specific resis-
tance in hepatotoxic and cholestasis mouse models due to
their better bile acid detoxification55; however, we observed
increased cholestatic liver injury for cholemic FxrKO fe-
males. We believe this could be partially attributed to their
lowered hepatic Cyp7b1 expression, a male-dominate gene,
where this compromise would increase oxidized steroid
intermediates that can induce liver injury.66 Furthermore, it
is possible that dysregulation in Cyp7b1 could result in high
levels of 27-hydroxycholesterol and thus cause abnormal-
ities in estrogen-mediated gene expression67 that may
change HCC risk.

Our study provides the groundwork for follow-up
studies to expand on the possible mechanisms behind the
sex-specific role of bile acids in HCC. One of the future steps
includes performing unbiased gene expression analysis such
as RNA sequencing. Our quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) results demonstrate
that FxrKO females, rather than males, have increased Myc
expression and changes in cell cycle regulation at the pre-
cancerous age. Interestingly, FxrKO males are reported to
have elevated Myc expression at the cancerous time point,26

which could explain their worsened HCC. Besides oncogenes
such as Myc, other known mechanisms for how bile acids
promote HCC development, eg, activating inflammasome,19

inducing an immunosuppressive environment,48,68 and
altering the gut microbiota69 should be further researched
for possible sex variations. Another mechanistic approach
includes studying how individual bile acids activate in-
flammatory and/or oncogenic pathways. On the other hand,
some individual bile acids such as ursodeoxycholic acid are
noted to reduce transforming growth factor-b activity and
promote anti-tumor immune responses.70 Metabolomic an-
alyses in our study delineated FxrKO males had significantly
higher deoxycholic acid. This secondary bile acid is known
to provoke the malignant behavior of senescence in hepatic
stellate cells via induction of interleukin 8 and transforming
growth factor-b.71,72 It would be important to next test
whether blocking secondary bile acid production via a bile
salt hydrolase inhibitor could be of therapeutic relevance in
the FxrKO mouse model.

Growing evidence for sex-dependent variability in
treatment responses has encouraged for sex-specific thera-
pies as a new line of personalized medicine, including for
liver diseases.73 There are current approaches to use anti-
tumorigenic FGF19 (human ortholog of Fgf15) and other
FXR agonists to protect against HCC,74–76 but whether these
interventions have sex-dependent effects is unknown. Of
note, a recent study found that Fgf15 overexpression in
healthy male mice can cause a phenotypical switch toward a
female pattern of drug metabolizing enzymes.77 Adminis-
tering FGF15/19 could be thought as one therapeutic idea
for FxrKO mice, but studies demonstrate FGF15/FGFR4
signaling to have pro-HCC effects.78,79 An alternative inter-
vention is to introduce a xenobiotic-responsive receptor
agonist that targets constitutive androstane receptor (CAR).
However, although the CAR-specific agonist ligand 1,4-bis-
[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) can
strongly enrich xenobiotic and drug metabolism better in
female mice, TCPOBOP exposure up-regulates hepatic on-
cogenes in males.80 Furthermore, another CAR activator
called phenobarbital is well-documented to be a liver tumor
promoter.81

In this study we sought to therapeutically intervene by
Cyp7a1 deficiency or taurine supplementation instead.
Interestingly, our intervention studies of Cyp7a1 deletion
and taurine supplementation had opposing sex-dependent
effects in FxrKO mice. These treatments either completely
or partially alleviated cholemia and liver injury in FxrKO
females, but males had an unexpected acceleration in
spontaneous cholemia and worsened liver injury. It is
plausible that taurine-mediated detoxification in FxrKO
males lowered TBA below physiological levels, and that
inadvertently triggered more production. Alongside, taurine
restoration may have caused a bloom in sulfidogenic bac-
teria38 that could contribute to the unexpected increase in
cholemia. As such, further studies are required to test other
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possible therapies. One option is targeting the pregnane X
receptor (PXR). However, there is controversial knowledge
about the role of PXR in cell cycle regulation,81 which must
be kept in mind when interpreting results of such an
intervention.

Intriguingly, we did find a sex-independent etiologic
factor of PSS in male and female FxrKO mice that resulted in
congenital cholemia and comparable aggravation in HCC
pathogenesis. This observation matches our recent publi-
cation that a subset of male and female C57BL/6 mice have
PSS and were equally prone to HCC only when fed a
compositionally defined diet (alias purified diet).39 In
essence, mice with PSS are experimental outliers and should
be statistically accounted for appropriate sample sizing.
Regardless, the continual exposure of high TBA levels from
birth is probably why FxrKO mice with congenital cholemia
have the worst HCC compared with FxrKO mice with
delayed onset, spontaneous cholemia. It would be inter-
esting to determine whether TBA levels in congenital
cholemic FxrKO mice are resistant to interventions such as
lactulose, which is used to prevent hepatic encephalopathy
for liver cirrhosis patients who surgically undergo trans-
jugular intrahepatic portosystemic shunt.82

Overall, our study newly identifies bile acids as sex-
dimorphic metabolites in HCC with the exception of PSS
cases. This study advocates for the rigorous incorporation of
sex as a biological variable and bile acids to be a possible
screening biomarker for HCC. The continual evaluation of
sex-dependent markers in HCC will help to determine
personalized medicines, including for those undergoing or
completed gender-affirming hormone therapy. Moving for-
ward, future studies should expand on the possible mech-
anisms behind the sex-specific role of bile acids in HCC
pathogenesis and their clinical implications.
Materials and Methods
Mice

FxrKO mice on C57BL/6J background31 were a gift from
Dr Frank J. Gonzalez (National Cancer Institute, NIH). Ho-
mozygous FxrKO and cholesterol 7a-hydroxylase-deficient
(Cyp7a1KO, C57BL/6J background83) mice were crossed to
generate the heterozygous F1 generation, and continual
breeding resulted in DKO mice. In our studies, second to
fourth generation male and female offspring were used. The
above mice were bred with C57BL/6J WT mice in our col-
ony to generate their WT littermates. All mice were bred
and maintained under specific pathogen-free conditions at
the University of Toledo. Housing was in cages (N ¼ 5 mice/
cage) containing corncob bedding (Bed-O-Cob, The Ander-
sons Co) and nestlets (cat# CABFM00088, Ancare) at 23�C
under a 12-hour light/dark phase cycle. Mice were fed ad
libitum (LabDiet 5020 for breeders and LabDiet 5001 for
weaned mice) and given unrestricted access to regular, non-
acidified drinking water. Custom diets were generated and
supplied by Cincinnati Lab Supply (Certified LabDiet
Dealer). Using an alpha of 0.05 (two-sided) and a power of
0.80, we calculated 5–7 mice per genotype (WT, Cyp7a1KO,
FxrKO, and DKO) and per intervention as the minimum
number necessary to get statistically significant data. All
animal studies were conducted per institutional animal care
and use committee (IACUC) approvals obtained from Uni-
versity of Toledo.

Serum and Urine Bile Acid Tracking
Submandibular blood was collected from male and fe-

male WT and FxrKO mice using a BD microtainer (Becton,
Dickinson). Hemolysis-free sera were obtained after
centrifugation (10,000 rpm for 10 minutes at 4�C) and
stored at –80�C until further analysis for serum TBA. Mice
were bled biweekly from 6–26 weeks of age. Urine was also
collected for tracking TBA excretion. Same approaches were
applied for another study with male and female WT,
Cyp7a1KO, FxrKO, and Fxr/Cyp7a1 DKO mice from 8 and 16
weeks of age. In another independent study, pre-weaned
FxrKO mice (16–18 days old) were bled, and TBA levels
were measured to identify congenital cholemia and then
tracked from 4–26 weeks of age. The cholemia threshold
(pathologic TBA levels) was determined on the basis of re-
ports in intrahepatic cholestasis of pregnancy where
fetal complications occurred when TBA levels were
�40 mmol/L.32

Total Bile Acid Quantification
TBA in hemolysis-free sera and urine were measured

using a TBA assay kit (enzyme cycling method; Diazyme
Laboratories) according to the manufacturer’s protocol.
Urinary TBA was normalized to creatinine measured by the
creatinine kit (Randox).

Bile Acid Quantitation by Ultra-High Performance
Liquid Chromatography-Tandem Mass
Spectrometry

Bile acid levels were measured using a published pro-
tocol84 with minor modification. Targeted analysis of bile
acids in serum was performed using a Vanquish UHPLC
system coupled with a TSQ Quantis Triple Quadrupole mass
spectrometer (Thermo Fisher Scientific) with an ACQUITY
C8 BEH UPLC column (2.1 �100 mm, 1.7 mm) (Waters).
Sera (50 mL) were extracted with 150 mL ice-cold methanol
containing 0.5 mmol/L deuterated internal standards. After
20 minutes of incubation at –20�C, the samples were
centrifuged (12,000g, 4�C, and 10 minutes), 150 mL of su-
pernatants was transferred to autosampler vials. Bile acids
were detected by multiple reaction monitoring and selected
ion monitoring modes. The results were quantified by
comparing integrated peak areas against standard curves
with Skyline (MacCoss Lab Software).

PSS Detection
Two methods were used to assess PSS in FxrKO mice

with congenital cholemia. First, we injected Mercox II resin
(Ladd Research) into the portal vein with a 30-gauge, 0.5-
inch needle at necropsy/dissection. Resin cast was
immersed in 15% KOH overnight, rinsed with water, and
followed by visual inspection. Second, 4 kDa FITC–dextran



732 Golonka et al Cellular and Molecular Gastroenterology and Hepatology Vol. 17, Iss. 5
(Sigma-Aldrich, 0.136 mg/g body weight) was injected into
the portal vein, and then the liver was extracted and imaged
via IVIS at excitation 490 nm and emission 520 nm.

Intervention With Dietary Cholestyramine
Cholestyramine is a large cationic exchange resin poly-

mer that sequesters bile acids and enhances their fecal
excretion.35 Grain-based chow diet (LabDiet 5001) was
supplemented with cholestyramine (2% w/w, Sigma-
Aldrich) and given to female WT and FxrKO mice starting
either at 6 weeks of age (before cholemia) or at 26 weeks of
age (after cholemia). Mice were fed cholestyramine for 60
days and tracked for changes in serum TBA levels and liver
injury markers.

Atorvastatin Supplemented Diet Intervention
Atorvastatin, an inhibitor of HMG-CoA reductase, lowers

cholesterol levels. LabDiet 5001 was supplemented with
atorvastatin calcium (0.01% w/w, MilliporeSigma) and fed
to female WT and FxrKO mice starting either at 6 weeks of
age (before cholemia) or at 26 weeks of age (after chol-
emia). Mice were fed atorvastatin diet for 90 days and
tracked for changes in serum TBA levels and liver injury
markers.

Antibiotics Administration for Gut Microbiota
Ablation

Broad-spectrum antibiotics (ampicillin [1.0 g/L] þ
neomycin [0.5 g/L]; Sigma-Aldrich) were given to 6-week-
old female WT and FxrKO mice in the drinking water, as
described previously,39 for 90 days. Antibiotics were
changed once weekly. Mice were tracked for changes in
serum TBA levels and liver injury markers.

Taurine Treatment
Taurine is a sulfur-containing, non-proteinaceous

amino acid that can conjugate with bile acids, which in-
creases their excretion rate.37 Drinking water containing
0.5% v/v of taurine (Sigma-Aldrich) was given to 6-week-
old female WT and FxrKO mice for 90 days, and mice were
tracked for changes in serum TBA levels and liver injury
markers.

Liver Cancer Study
FxrKO mice develop HCC at 15–16 months of age, and

this happens spontaneously without the introduction of a
hepatocarcinogen or dietary intervention.24,25 Accordingly,
male and female WT and FxrKO mice were aged until 16
months and assessed for spontaneous HCC.

Euthanasia With Tissue and Serum Collection
At the end of each bile acid tracking and intervention

studies, male and female WT and FxrKO mice underwent
5-hour fasting, were euthanized via CO2 asphyxiation,
and their blood was collected using a BD microtainer
(Becton, Dickinson) via cardiac puncture. Hemolysis-free
sera were obtained after centrifugation (10,000 rpm
for 10 minutes at 4�C) and stored at –80�C until
further analysis of cholestatic injury and liver cancer
markers as described below. For the bile acid tracking
study, livers from 16-week-old WT and FxrKO mice were
processed for qRT-PCR. For the 16-month liver cancer
study, livers were collected for organ weight and gross
images.
Serum Lipids and Transaminases Measurement
Serum total cholesterol, AST, ALT, ALP, and total bili-

rubin were measured by using biochemical kits from Ran-
dox Laboratories (Kearneysville, WV).
Enzyme-linked Immunosorbent Assay
Serum AFP was measured using the Duoset ELISA kit

(R&D Systems; Minneapolis, MN) according to the manu-
facturer’s protocol.
Quantitative Reverse-Transcription Polymerase
Chain Reaction

Liver samples from 16-week-old male and female WT
and FxrKO mice were analyzed for the relative expression of
genes encoding for bile acid de novo synthesis, conjugation,
regulators, transporters, and detoxification. Moreover, select
oncogenes and cell cycle regulator genes were analyzed.
RNA was extracted from liver tissue using TRI reagent
(Sigma-Aldrich) as per the manufacturer’s protocol. The
cDNA was synthesized from 800 ng of purified RNA using
the qScript cDNA Synthesis Kit (Quanta BioSciences). QRT-
PCR was performed using the Step One Plus Real-Time
PCR System (Applied Biosystems) in a 10 mL reaction
mixture containing cDNA, SYBR Green Master Mix (Quanta
BioSciences), and mouse-specific oligonucleotides
(Supplementary Table 1). The 36B4 gene was used as the
housekeeping gene. The data were expressed as a relative
fold-change in comparison with the WT male as control.
Statistical Analysis
All data are presented as mean ± standard error of the

mean (SEM). Statistical significance between 2 groups
was calculated using unpaired, two-tailed Student t test.
Data from more than 2 groups were compared using a
one-way analysis of variance, followed by Tukey’s multi-
ple comparison test (to compare the mean of each column
with the mean of every other column). Pearson correla-
tion was used to establish the association of 2 variables.
*P < .05, **P < .01, ***P < .001, and ****P < .0001 were
considered statistically significant. All statistical analyses
were performed with the GraphPad Prism 9.0 program
(GraphPad).
Supplementary Material
Note: To access the supplementary material accompanying
this article, go to the full text version at http://doi.org/10.
1016/j.jcmgh.2024.01.011.
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