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Abstract

Background and Aims: Cholesterol synthesis and gall-
stone formation are promoted by trimethylamine-N-oxide
(TMAO), a derivative of trimethylamine, which is a metabo-
lite of gut microbiota. However, the underlying mechanisms
of TMAO-induced lithogenesis remain incompletely under-
stood. This study aimed to explore the specific molecular
mechanisms through which TMAO promotes gallstone for-
mation. Methods: Enzyme-linked immunosorbent assays
were used to compare serum concentrations of TMAO,
apolipoprotein A4 (APOA4), and proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) between patients with chole-
lithiasis and normal controls. A murine model of TMAO-
induced cholelithiasis was employed, incorporating assays
of gallstone weight and bile cholesterol content, along with
RNA sequencing of murine hepatic tissue. A TMAO-induced
AML12 hepatocyte line was constructed and transfected
with targeted small interfering RNAs and overexpression
plasmids. In vivo and in vitro experiments were performed
to determine the expression and regulation of genes relat-
ed to cholesterol metabolism. Results: Serum TMAO and
PCSK9 levels were elevated, whereas APOA4 levels were
reduced in patients with cholelithiasis. Furthermore, our
murine model demonstrated that TMAO upregulated hepat-
ic expression of PCSK9, 3-hydroxy-3-methylglutaryl-CoA
reductase, and ATP-binding cassette sub-family G member
5/8, while reducing APOA4 expression, thereby modulat-
ing cholesterol metabolism and promoting lithogenesis.
PCSK9 and APOA4 were identified as key regulatory genes
in the cholesterol metabolic pathway. PCSK9 knockdown
increased APOA4 expression, while APOA4 overexpression
led to reduced PCSK9 expression. Conclusions: TMAO up-
regulated hepatic PCSK9 expression and reduced APOA4
expression, initiating a feedback loop that dysregulated
cholesterol metabolism and promoted lithogenesis.
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Introduction

Cholelithiasis is a highly prevalent disorder of the digestive
system, afflicting 6% of adults worldwide.! Its incidence is
increasing, particularly among females and South Ameri-
cans. Cholesterol gallstones are the leading subtype.

Trimethylamine-N-oxide (TMAO) is synthesized by the
hepatic enzyme flavin-containing monooxygenase 3 (FMO3)
from the substrate trimethylamine, which is produced by the
gut microbiota through the conversion of dietary phosphati-
dylcholine, choline, L-carnitine, and betaine.2 TMAO has been
implicated in the pathogenesis of cardiovascular diseases, in-
cluding hypertension,3 atherosclerosis,* coronary heart dis-
ease,” stroke,® and abdominal aortic aneurysm?’; it is also
established as a risk factor for metabolic disorders such as
obesity,® type 2 diabetes,® osteoporosis,10 graft-versus-host
disease,!! and chronic kidney disease.!?2 Additionally, pro-
line/serine-rich coiled-coil protein 1 deficiency may increase
FMO3 expression, thereby upregulating TMAO production.13
TMAO binds and activates endoplasmic reticulum stress ki-
nase, inducing the transcription factor FOXO1, which exacer-
bates metabolic dysfunction and atherosclerosis.#

The relationship between gut microbiota and lithogen-
esis has garnered increasing attention. Certain bacterial
species not only affect bile microenvironment but also
actively participate in lithogenesis by producing enzymes
such as B-glucuronidase and mucins that influence bile acid
and cholesterol metabolism.!5.16 However, the underlying
mechanisms of TMAO's role in promoting lithogenesis re-
main unclear.

We utilized RNA sequencing, bioinformatic approaches,
and both in vivo and in vitro experiments to confirm that
TMAO promotes cholelithiasis by dysregulating hepatic cho-
lesterol metabolism through its effects on the key regulatory
genes apolipoprotein A4 (APOA4) and proprotein convertase
subtilisin/kexin type 9 (PCSK9).
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Methods

Clinical sample collection

Serum samples were collected from ten patients with asymp-
tomatic cholelithiasis undergoing cholecystectomy (gallstone
disease group, GSD group). Exclusion criteria included histo-
ries of: antibiotic or probiotic treatment within three months
prior to sample collection; other digestive tract-related dis-
eases; allergies or autoimmune diseases or ongoing immu-
nomodulatory therapy; neurological or neurodevelopmental
disorders or chronic pain syndromes; obesity based on a
body mass index =30 kg/m?2; metabolic syndrome or severe
malnutrition; malignancy or ongoing cancer treatment; veg-
etarian diet; and fecal microbiota transplantation. For com-
parison, serum samples from 10 healthy liver transplant do-
nors were included as a negative control (NC) group, using
the same inclusion and exclusion criteria. After extraction,
samples were promptly transported in liquid nitrogen and
stored long-term at —80°C.

Animal experiments

Male C57BL/6] mice (six to eight weeks old, non-siblings),
weighing 20-22 grams, were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. (Liaoning Province,
China). All mice were maintained on a 12 h light/dark cycle
at 22°C, with unrestricted access to standard rodent chow
and water, and were housed under pathogen-free condi-
tions. Mice were allowed to acclimatize for one week before
experiments. All animal experiments were approved by the
Animal Ethics Committee of The First Affiliated Hospital of
Harbin Medical University. We employed a murine model of
cholelithiasis induced by a lithogenic diet. Mice were fed
either normal diet (ND, containing 0.02% cholesterol) or
a lithogenic diet (LD, containing 1.25% cholesterol, 15%
total fat, and 0.5% cholic acid) for four weeks.1” To investi-
gate the effects of TMAO administration, 30 mice were ran-
domly divided into three groups (NC, LD, and LD+TMAO),
with each group housed separately. Mice in the NC group
received an intraperitoneal injection of 200 pL saline as a
control after 1 week. Mice in the LD group received an in-
traperitoneal injection of 200 pL saline for four consecutive
weeks after 1 week. Mice in the LD+TMAO group received
intraperitoneal injections of 200 yL TMAO (20 mg/kg/day,
Sigma-Aldrich, St. Louis, MO, USA) for four consecutive
weeks after 1 week.!8 To investigate the effects of TMAO
inhibition on lithogenesis, 20 mice were randomly divided
into two groups, with each group housed separately. Mice in
both groups received the LD, while the intervention group
received LD+1% 3,3-dimethyl-1-butanol (DMB, Sigma-Al-
drich, St. Louis, MO, USA), an inhibitor of TMAO synthesis,
added to their drinking water.1®

Measurement of galistones and bile components

Mice were fasted for 6 h but allowed free access to water.
Following euthanasia, the presence or absence of gallstones
was determined. Gallbladders were removed intact, and all
contents were extracted and placed on a glass dish to al-
low complete evaporation of liquid content. The residual solid
mass was weighed.

We conducted a separate experiment following the meth-
odology described by Matsumoto et al.2° Mice were anes-
thetized with isoflurane and maintained at 37°C on a heat-
ing pad. The common bile duct was ligated and cannulated
with a PE-10 catheter to collect bile for 120 min, during
which time the flow rate was measured. Total cholesterol
(catalog number A111-1-1) and total bile acids (catalog
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number E003-2-1) were assayed according to the manu-
facturer’s instructions (Nanjing JIANCHENG Bioengineering,
Nanjing, China). Phospholipid concentrations were quanti-
fied using a Wako kit (catalog number 296-63801, Osaka,
Japan), also following the manufacturer’s instructions. Ac-
tivity levels were measured using a multi-mode microplate
reader (BioTek Synergy NEO).

Calculation of cholesterol saturation index (CSI)

The CSI of bile was calculated using the method proposed by
Carey et al.2! The steps were as follows: (1) Calculation of
the molar percentages (mol%) of cholesterol, bile acids, and
phospholipids based on their molecular weights. (2) Calcula-
tion of the ratio of phospholipids to the sum of phospholipids
and bile acids. (3) Using the ratio obtained in the previous
step, reference the Carey table to obtain the theoretical mo-
lar percentage concentration of cholesterol. (4) CSI = actual
molar percentage concentration of cholesterol/theoretical
molar percentage concentration of cholesterol.

RNA sequencing

Three mice were randomly selected from each group and
underwent partial hepatectomy to harvest liver tissue for
RNA sequencing. cDNA libraries were sequenced on the II-
lumina sequencing platform by Wuhan Metware Biotechnol-
ogy Co., Ltd. RNA was extracted using the Trizol method,
dissolved in 50 pL of diethyl pyrocarbonate-treated water,?22
and qualified and quantified using a Qubit Fluorometer and
a Qsep400 high-throughput biological fragment analyzer.
Raw data were filtered using fastp, and gene alignment
was calculated using featureCounts.23 The fragments per
kilobase of transcript per million fragments mapped (here-
inafter referred to as FPKM) value of each gene was calcu-
lated based on its length.

Enzyme-linked immunosorbent assay (ELISA)

Serum samples from 10 GSD and 10 NC patients, as well as
from mice in the LD and LD+DMB groups, were subjected
to ELISA testing. ELISA kits for measuring human TMAO,
PCSK9, APOA4, and murine TMAO were obtained from
Lptech (China) and used according to the manufacturer’s
instructions. The absorbance of the samples was read at
450 nm using a microplate reader (Multiskan-FC, Thermo
Scientific).

Immunohistological analysis

Immunohistological analysis, tissue preparation, mount-
ing, and blocking were conducted as previously described.2*
Paraffin-embedded tissue sections were incubated overnight
at 4°C with antibodies against APOA4 (Proteintech, China),
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) (CUS-
ABIO, China), ATP-binding cassette sub-family G member 5
(ABCG5) (Abmart, China), PCSK9, and ATP-binding cassette
sub-family G member 8 (ABCGS8) (Abclonal, China). After
PBS washing, the sections were incubated with secondary
antibodies for 1 h at room temperature, followed by coun-
terstaining with hematoxylin and eosin. Histological sections
were incubated with primary antibodies overnight at 4°C.
After thorough washing with PBS, Coralite 594 Goat Anti-
Rabbit IgG (Proteintech, China) was applied and incubated
for 1 h at room temperature. The slides were then stained
with 4’,6-diamidino-2-phenylindole (SEVEN, China) and ob-
served under a fluorescence microscope.

Cell culture and treatment
The murine normal hepatocyte line AML12 was acquired from
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Fig. 1. Effects of TMAO on cholesterol metabolism and lithogenesis in mice. (A) Serum TMAO concentrations in patients with cholelithiasis and the control
group. (B) Overview of the experimental process. (C) Gallstone formation in the NC, LD, and LD+TMAO groups. (D) Hematoxylin and eosin staining of murine hepatic
tissue. (E) Weights of solid intracystic contents in each group. (F) Phospholipid concentration in murine bile. (G) Cholesterol concentration in murine bile. (H) Bile acid
concentration in murine bile. (I) CSI values in each group. Data are expressed as mean + SEM (n = 6 per group). *p < 0.05, **p < 0.01, and ***p < 0.001. NC, Nega-
tive control; LD, lithogenic diet; LD+TMAO, LD + Trimethylamine N-oxide. NC, negative control; GSD, gallstone disease; LD, lithogenic diet; TMAO, trimethylamine-N-

oxide; CSI, calculation of cholesterol saturation index.

Cyagen Biosciences Inc. (Shanghai, China) and cultured us-
ing AML12 cell-specific culture medium (Procell, Wuhan).
AML12 cells were categorized into the following groups, anal-
ogous to those used in previous studies*: (1) Control (treat-
ed with complete culture medium only); (2) TMAO (50 uM
of TMAO); (3) TMAO+APOA4CE (50 uM of TMAO and APOA4
overexpression); (4) TMAO+PCSK9s' (50 uM of TMAO and
PCSK9 inhibition); (5) APOA4°E (APOA4 overexpression); (6)
PCSK9s' (PCSK9 inhibition).

Plasmid and small interfering RNA (siRNA) transfec-
tion

Targeting siRNAs and overexpression plasmids were de-
signed and synthesized by Hanbio Biotechnology (Shanghai,
China). Cells were seeded in 6-well plates at a density of 2 x
105 cells per well and cultured overnight until they reached
50-70% confluence. Lipofectamine 2000 (Invitrogen, USA)
was employed to transfect the siRNAs and plasmids into
AML12 cells in a serum-free medium following the manufac-
turer’s instructions.25 Eight hours post-transfection, the cells
were transferred to a complete culture medium and further
incubated for 24 h. The siRNA sequences are summarized in
Supplementary Table 1.

Real-time fluorescence quantitative PCR (qPCR)

Total RNA was extracted from tissues or cells using the RNA
extraction kit from Axygen Scientific Inc. (Silicon Valley, USA)
and then reverse-transcribed into cDNA using the Toyobo Re-
verse Transcription Kit. SYBR GREEN reagent was employed
to detect the expression of target genes. Real-time-gPCR
samples were preheated at 95°C for 10 min, followed by 40
cycles of denaturation at 95°C for 15 s and annealing/exten-
sion at 60°C for 1 min.26 GAPDH served as the internal ref-
erence gene. Data were analyzed using the 2-2ACt method.
Supplementary Table 2 provides detailed information regard-
ing the primers.
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Western blot (WB) analysis

Equal amounts of protein samples were separated by sodi-
um dodecyl sulfate polyacrylamide gel electrophoresis and
transferred onto a polyvinylidene difluoride membrane. The
polyvinylidene difluoride membrane was incubated with the
primary antibody overnight at 4°C, washed repeatedly with
tris-buffered saline containing Tween 20, and then incubated
with the secondary antibody for 1 h at room temperature.?”
Proteins were visualized using an Enhanced Chemilumines-
cence Kit (Millipore Corporation), and quantitative analysis of
proteins was performed using ImageJ software.28

Statistical analysis

Bioinformatic analysis was conducted using R software (ver-
sion 4.0.2). GraphPad Prism 8 was employed for statistical
analysis. Continuous data with normal distributions were
compared between two groups using the t-test or Mann-
Whitney U test. The Kruskal-Wallis test was applied for com-
parisons between three groups of samples. Spearman corre-
lation analysis was utilized for all correlation analyses. In all
statistical analyses, p < 0.05 was considered significant (*p
< 0.05, **p < 0.01, ****p < 0.0001).

Results

TMAO promotes lithogenesis by dysregulating he-
patic metabolism

Serum TMAO levels were significantly higher in GSD patients
compared to the control group (Fig. 1A). Our murine model
demonstrated that lithogenesis was more prevalent in LD
mice than in NC mice and further elevated in the LD+TMAO
group (Fig. 1B, C). DMB treatment reduced serum TMAO lev-
els in LD+TMAO-treated mice to the physiological range ob-
served in human serum (Supplementary Fig. 1). The weight
of intracystic solid materials increased significantly after

297



Shi C. et al: PCSK9 and APOA4 induce gallstones via TMAO

A c .. B c
4
o
Sample g
E3LD1 20001
=2 B3 LD2
= . .
¥ E3LD3 # Group _ Diff
& B3 NC1 e H W total
S ] EANC2 o ® NC ° M down
20 ’_‘ EANC3 ® TMAO o
p} E3 TMAOT & 10001
B3 TMAO2 & s
E3 TMAO3 .
2 # . §
~ NI § * 1
SIS IF TS w w0 ®  w  w . - .
VVVSSSSESYX pet s178%) LD vs.NC TMAO vs.LD TMAO vs.NC
INIESEPN s
roup
Sample
D E MAPK signaling pathway | [ )
PI3K-Akt signaling pathway - .
ECM-receptor interaction -{ [ ) -log10(pvalue)
. .

IL-17 signaling pathway - °

TNF signaling pathway -{ { ]

Osteoclast differentiation -

Fluid shear stress and atherosclerosis -

Non-alcoholic fatty liver disease |
(NAFLD)

Cholesterol metabolism -

AGE-RAGE signaling pathway in

iabetic complications| @

TMAO vs.NC

1.0 1.2 1.4 1.6 1.8 2.0

KEGG Pathways
‘@ ECM-receptor interaction
@IL-17 signaling pathway
‘@TNF signaling pathway
@ Cholesterol metabolism
@Osteoclast differentiation
©Fluid shear stress and atherosclerosis
@ Non-alcoholic fatty liver disease (NAFLD)
‘@ MAPK signaling pathway
AAGE-RAGE signaling pathway in diabetic complications
PI3K-Akt signaling pathway

— T — T
005 006 007 008 0.09 010
GeneRatio
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TMAO treatment (Fig. 1E). Hematoxylin and eosin staining
revealed that TMAO disrupted hepatic lipid metabolism (Fig.
1D). Furthermore, LD significantly increased cholesterol con-
tent and decreased bile acid and phospholipid concentrations
in bile, resulting in an elevated CSI. TMAO further increased
bile cholesterol content, leading to a further elevation of the
CSI (Fig. 1F-T).

Altered cholesterol metabolism in TMAO-treated
mice revealed by RNA sequencing

RNA sequencing of hepatic tissue from three randomly se-
lected mice in each group yielded FPKM distribution box plots,
showing no significant intergroup differences in overall gene
expression levels (Fig. 2A). 3D principal component analy-
sis disclosed significant intragroup similarities and intergroup
differences in gene expression (Fig. 2B). Differential gene
analysis revealed differentially expressed genes among the
NC, LD, and LD+TMAO groups, with 100 genes exhibiting sig-
nificant differential expression between the NC and LD+TMAO
groups, as well as between the LD and LD+TMAO groups, but
no significant difference between the NC and LD groups (Fig.
2C, D). We therefore hypothesized that these 100 genes were
altered by TMAO. Furthermore, KEGG enrichment analysis of
these 100 differentially expressed genes indicated significant
enrichment of cholesterol metabolic pathways (Fig. 2E). By
selecting the top 10 pathways with the smallest g-values and
constructing enrichment analysis and chord diagrams, we
identified PCSK9 and APOA4 as key regulatory genes in the
cholesterol metabolism pathway (Fig. 2F).

TMAO promotes hepatic cholesterol synthesis and ef-
flux

Murine bile flow rate and cholesterol output were significantly
higher in the LD group compared to the NC group and further
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increased in the LD+TMAO group (Fig. 3A, B). gPCR analy-
sis of murine hepatic tissue disclosed significantly increased
mRNA expression levels of the cholesterol biosynthesis-re-
lated gene HMGCR and the transporter-related genes ABCG5
and ABCGS8 in the LD group compared to the NC group; this
trend was even more pronounced in the LD+TMAO group
(Fig. 3C-E). WB analysis of HMGCR, ABCG5, and ABCGS re-
vealed significantly increased expression of these proteins
related to cholesterol biosynthesis and transport in the LD
group compared to the NC group, and even more signifi-
cant elevations in the LD+TMAO group (Fig. 3G-J). Immu-
nohistochemistry revealed that the differential expression
of HMGCR, ABCG5, and ABCG8 was consistent with results
obtained from gPCR and WB assays (Fig. 3F).

APOA4 and PCSK9 are key factors in promoting
TMAO-mediated lithogenesis

A volcano plot of gene expression revealed decreased APOA4
and increased PCSK9 expressions in the LD+TMAO group
compared to the LD group (Fig. 4A). gPCR of murine he-
patic tissue disclosed no significant differences in APOA4 and
PCSK9 mRNA levels between the LD and NC groups; how-
ever, the LD+TMAO group exhibited significantly decreased
APOA4 and increased PCSK9 mRNA levels compared to the
other two groups (Fig. 4B, C). WB results were consistent
with those of the qPCR assays (Fig. 4D-F). GSD patients ex-
hibited significantly lower serum APOA4 protein levels and
higher serum PCSK9 levels compared to the NC group (Fig.
4G, H).

Inhibited TMAO synthesis suppresses gallstone for-
mation

DMB treatment significantly reduced gallstone formation in
the LD group and markedly decreased the mass of intracystic

| 295-305
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Fig. 3. Changes in cholesterol metabolism in mice following TMAO treatment. (A, B) Total bile flow and cholesterol efflux (n = 3 per group). (C-E) mRNA
expression levels of genes related to cholesterol synthesis and transport (n = 3 per group). (F) Immunohistochemical analysis of genes related to cholesterol synthesis
and transport. (G-J) Western blot analysis of genes related to cholesterol synthesis and transport (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative
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8; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

solid materials (Fig. 5A, B). Additionally, DMB treatment re-
duced serum TMAO levels (Fig. 5C). gPCR and immunofluo-
rescence staining revealed that DMB treatment attenuated
the LD-induced APOA4 hypoexpression and PCSK9 hyperex-
pression in murine hepatic tissue (Fig. 5D-F). Further rescue
experiments confirmed our conclusion that, in a lithogenic
background, TMAO promotes gallstone formation by dysreg-
ulating the expression of APOA4 and PCSK9 proteins.

TMAO regulates APOA4, PCSK9 expressions, and
cholesterol metabolism in vitro

PCSK9, HMGCR, ABCG5, and ABCG8 mRNA levels were sig-
nificantly elevated (Fig. 6A-C, E), while APOA4 mRNA ex-
pression was markedly decreased (Fig. 6D) in TMAO-treated
compared to control AML12 cells. Increasing TMAO concen-
trations downregulated APOA4 expression and upregulated
PCSK9 expression, demonstrating a concentration-depend-
ent effect of TMAO on both APOA4 and PCSK9 (Supplemen-
tary Fig. 2A, B).

Immunofluorescence staining showed that the fluores-
cence intensities of PCSK9, HMGCR, ABCG5, and ABCGS8
were significantly higher, while that of APOA4 was notably

lower in TMAO-treated AML12 cells compared to the control
group (Fig. 6F). These findings further demonstrated that
TMAO can upregulate the protein expression levels of PCSK9,
HMGCR, ABCG5, and ABCGS8, while downregulating that of
APOA4, thereby modulating cholesterol metabolism.

TMAO dysregulates cholesterol metabolism by reduc-
ing APOA4 and increasing PCSK9 expression, initiat-
ing a feedback loop that promotes lithogenesis

To elucidate the specific mechanisms underlying the dys-
regulation of cholesterol metabolism by TMAQ's effects on
APOA4 and PCSK9 expressions, we conducted an APOA4
gene functional overexpression study using specific plas-
mids. The overexpression efficiency of APOA4 was verified
through gPCR (Supplementary Fig. 3A). Protein expression
levels of PCSK9, HMGCR, ABCG5, and ABCG8 were sig-
nificantly reduced in AML12 cells after APOA4 overexpres-
sion, partially rescuing their TMAO-induced overexpression
(Fig. 7A). gPCR analysis of AML12 cells from both NC and
APOA4-overexpressed groups revealed decreased PCSK9,
HMGCR, ABCG5, and ABCG8 mRNA levels in the APOA4-
overexpressed group compared to the NC group (Fig. 7B-
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showing upregulation of PCSK9 and downregulation of APOA4 in the LD+TMAO group compared to the LD group. (B) qRT-qPCR analysis of APOA4 mRNA expression
levels across groups (n = 3 per group). (C) gRT-gPCR analysis of PCSK9 mRNA levels across groups (n = 3 per group). (D) Western blot analysis of APOA4 and PCSK9
protein levels across groups (n = 3 per group). (E-F). Quantification results of the Western blot analysis using Imagel. (G, H). Serum APOA4 and PCSK9 levels in pa-
tients with cholelithiasis and the control group detected by ELISA. **p < 0.01, ***p < 0.001. LD, lithogenic diet; TMAO, trimethylamine-N-oxide; NC, negative control;
APOA4, apolipoprotein A4; PCSK9, proprotein convertase subtilisin/kexin type 9; GSD, gallstone disease; ELISA, enzyme-linked immunosorbent assay.

E). Furthermore, immunofluorescence staining confirmed
these findings, demonstrating markedly decreased immu-
nofluorescence intensities of PCSK9, HMGCR, ABCGS5, and
ABCGS8 in the APOA4-overexpressed group, consistent with
the gPCR results (Fig. 7F).

Our PCSK9 gene knockdown study using specific siRNAs
verified knockdown efficiencies in AML12 cells via qPCR
(Supplementary Fig. 3B). PCSK9 knockdown significantly
reduced protein expression levels of HMGCR, ABCGS5, and
ABCGS, while APOA4 expression increased to some extent.
Additionally, PCSK9 knockdown partially rescued TMAO-
induced hyperexpression of HMGCR, ABCG5, ABCGS8, and
APOA4 hypoexpression (Fig. 7G). gPCR analysis revealed
decreased HMGCR, ABCG5, and ABCG8, and increased
APOA4 mRNA levels in the PCSK9-knockdown group com-
pared to the NC group (Fig. 7H-K). Immunofluorescence
staining further confirmed these findings, demonstrat-
ing markedly decreased immunofluorescence intensities
of HMGCR, ABCG5, and ABCGS8 and a significant increase
in APOA4 immunofluorescence in the PCSK9-knockdown
group, consistent with the qPCR results (Fig. 7F). Further-
more, we observed a reciprocal feedback loop between
PCSK9 and APOA4 expression, in which PCSK9 loss of func-
tion promoted APOA4 expression, and APOA4 overexpres-
sion inhibited PCSK9 expression.

300

Journal of Clinical and Translational Hepatology 2025 vol. 13(4)

Discussion

TMAO promotes atherogenesis by upregulating scavenger
receptors in macrophages, which promotes cholesterol ac-
cumulation and foam cell formation. Furthermore, TMAO
enhances inflammation via the MAPK and NF-kB pathways,
which have been widely implicated in the progression of ath-
erosclerosis.2? TMAO may also perturb the bile acid profile
within the gallbladder.30 However, studies investigating the
relationship between TMAO and lithogenesis are scarce. An
animal study demonstrated that FMO3 knockout can prevent
obesity and metabolic syndrome.3! Additionally, FMO3 plays
a pivotal role in regulating glucose and lipid homeostasis.
FMO3 knockout mice have exhibited significant reductions in
hepatic and plasma lipid levels, ketone bodies, glucose, and
insulin levels.32 FMO3 transcription also mediates the activa-
tion of the TMA/Fmo3/TMAOQ pathway, upregulating ABCG5/8,
thereby promoting the formation of cholesterol gallstones.33
These findings are consistent with the conclusions of the cur-
rent study, which investigated the role of TMAO in lithogen-
esis. Cholesterol supersaturation in bile is a prerequisite for
gallstone formation.3* Located on the membrane of hepatic
canaliculi, the ABCG5/8 cholesterol transporter facilitates
cholesterol excretion into bile, leading to bile cholesterol su-
persaturation and gallstone formation.3>
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Serum TMAO levels were significantly elevated in patients
with cholelithiasis compared to the control group. In vivo, we
observed that TMAO increased the cholesterol content and
decreased the bile acid and phospholipid contents of bile,
thereby exacerbating gallstone formation in mice. Murine
studies by Luo33 and Chen3¢ et al. also associated plasma
TMAO levels with cholelithiasis. This association may be
caused by TMAO-induced hypersecretion of bile cholesterol
through increased expression of hepatic ABCG5/8, lipopro-
tein receptor SRB1, and HMGCR, which is consistent with
our findings.

Differential and enrichment analyses of our RNA sequenc-
ing results from murine hepatic tissue revealed significant
enrichment of cholesterol metabolism signaling pathways,
with APOA4 and PCSK9 identified as key regulatory genes.
Notably, the relationship between apolipoproteins and PCSK9
inhibition in cholelithiasis remains controversial and war-
rants further investigation. As a constituent of high-density
lipoprotein, APOA4 may enhance insulin secretion and exert
anti-inflammatory, antioxidant, and anti-atherosclerotic ef-
fects.3” To our knowledge, no previous studies have dem-
onstrated a direct link between TMAO and APOA4. PCSK9

blocks the recycling of low-density lipoprotein receptors,
leading to excessive accumulation of LDL-C,38 which is as-
sociated with hyperlipidemia3® and an increased risk of coro-
nary heart disease.*? Cross-sectional studies have shown a
significant association between TMAO and PCSK9,4! possibly
mediated by IL-8. Furthermore, PCSK9 can promote litho-
genesis by inhibiting PPARa-mediated CYP7A1l expression
and preventing the conversion of cholesterol into bile acids.42
These findings align with our in vitro results. A slight asso-
ciation between PCSK9 and an increased risk of gallstones
has been suggested but has not been confirmed by co-lo-
calization analysis.43 Inhibition of PCSK9 promotes hepatic
cholesterol biosynthesis, leading to cholesterol oversatura-
tion and gallstone formation.4* In contrast, Sanderson et al.
suggested an association between APOA4 downregulation
and decreased plasma cholesterol,#> while Mendelian rand-
omization analyses have speculated that LDL-C reductions
caused by PCSK9 or apolipoprotein variants should not affect
the risk of symptomatic cholelithiasis.#¢ These observations
are incongruent with our conclusions. Specifically, PCSK9 has
been associated with apolipoprotein levels,*” and specific in-
hibition of PCSK9 reduces plasma lipoprotein levels.*® Inter-
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estingly, the relationship between PCSK9 and apolipoprotein
levels may vary between ethnic groups.

To further validate the relationship between PCSK9 and
APOA4, we conducted gene silencing experiments using siR-
NA. We knocked down PCSK9 and observed increased APOA4
expression. Interestingly, the insertion of an APOA4 overex-
pression plasmid decreased PCSK9 expression. We propose
that in TMAO-treated murine hepatic tissue, elevated PCSK9
expression inhibits APOA4 expression, while low APOA4 ex-
pression further promotes PCSK9 expression, initiating a
feedback loop that dysregulates cholesterol metabolism and
thereby promoting lithogenesis by increasing cholesterol
synthesis and efflux via HMGCR and ABCG5/8, respectively.
Consequently, biliary concentrations of cholesterol and bile
acids increase and decrease, respectively, thereby promoting
the formation of cholesterol gallstones (Fig. 8).

Nevertheless, our understanding of the genetic and mo-
lecular basis of lithogenesis is still limited. First, the direct
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molecular interactions between TMAO and PCSK9/APOA4, as
well as the reciprocal expressions of APOA4 and PCSK9, re-
quire further clarification. Furthermore, the collection of liver
tissue samples from patients with cholelithiasis to validate
our hypothesis would be challenging. Finally, the effective-
ness and feasibility of targeting APOA4 and PCSK9 in clinical
treatment remain to be demonstrated.

Conclusions

We have discovered that TMAO dysregulates cholesterol me-
tabolism by initiating a feedback loop, upregulating PCSK9
expression, and downregulating APOA4 expression in mu-
rine hepatic tissue, thereby promoting gallstone formation.
In clinical practice, hyperlipidemia, a risk factor for cardio-
vascular diseases, also promotes gallstone formation, which
should warrant attention. Regulation of blood lipid levels is
necessary for patients with cholelithiasis. Targeting PCSK9
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and APOA4 may represent a promising approach for the pre-
vention and treatment of cholelithiasis.
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