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Pantothenic acid ameliorates hepatic
fibrosis by targeting IGFBP6 to regulate
the TGF-β/SMADs pathway
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Yuepeng Fang1, Wei Jiang3 & Bin Ning 1,3

Hepatic fibrosis progression involves complex multicellular crosstalk, highlighting the critical need to
identify key therapeutic targets. In this study, we identify insulin-like growth factor binding protein 6
(IGFBP6) as a marker specifically enriched in hepatic stellate cells (HSCs) and upregulated in viral
hepatitis-associated fibrosis. Using thioacetamide (TAA)-induced mouse models and transforming
growth factor-β (TGF-β)-stimulated cell models, we demonstrate the pro-fibrotic role of IGFBP6.
Through network pharmacology screening, pantothenic acid (PA) is identified as a potent compound
targeting IGFBP6. PA administration significantly reduces collagen deposition, attenuates HSCs’
activation, and decreases hepatic fibrosis-related markers. Notably, PA maintains efficacy in mouse
models with established fibrosis. Mechanistically, PA directly interacts with IGFBP6, inducing
ubiquitin-dependent degradation and inhibiting TGF-β/SMADssignaling. This study identifies IGFBP6
as a driver of hepatic fibrosis and validates PA as a potent therapeutic agent. Therefore, targeting
IGFBP6 with PA offers a potential clinical treatment strategy for hepatic fibrosis.

Hepatic fibrosis is a progressive pathological process characterized by
excessive extracellular matrix (ECM) deposition following chronic hepatic
injury, driven by diverse etiologies including viral hepatitis, alcohol-
associated liver disease (ALD), and non-alcoholic steatohepatitis (NASH)1,2.
This dysregulated wound-healing response not only promotes cirrhosis but
also substantially increases the risk of hepatocellular carcinoma (HCC)3.
Thus, targeting fibrogenic pathways represents a critical therapeutic
approach to prevent disease progression in chronic hepatic disease4,5.
Despite numerous clinical trials evaluating anti-fibrotic agents such as
Selonsertib and Cenicriviroc, Phase III trials have demonstrated limited
clinical efficacy6,7. Currently, no therapeutic agents specifically targeting
hepatic fibrosis have received approval from the U.S. Food and Drug
Administration (FDA).

The pathogenesis of hepatic fibrosis involves complex multicellular
interactions among hepatocytes (HEPs), endothelial cells (ECs), Kupffer
cells (KCs), and hepatic stellate cells (HSCs)2. Central to this process is the
activation of HSCs into collagen-secreting myofibroblasts8,9, primarily
mediated by transforming growth factor-β (TGF-β) signaling10,11. While
TGF-β inhibition demonstrates anti-fibrotic efficacy12–14, global suppression
of this pleiotropic cytokine causes adverse effects bydisruptingphysiological
homeostasis15,16, including potential progression of some cancers due to the

repression of TGF-β-mediated growth inhibition of epithelial cells17. Con-
sequently, targeting critical nodes downstream of TGF-β signaling repre-
sents a promising therapeutic strategy for hepatic fibrosis18.

The insulin-like growth factor binding protein (IGFBP) family com-
prises six secretedmembers (IGFBP1-6), whichmodulate cellular processes
through both insulin-like growth factor (IGF)-dependent and IGF-
independent mechanisms. IGF-independent interactions involve integ-
rins, TGF-β receptors, and other membrane-associated proteins19,20. Accu-
mulating evidence implicates distinct pathological roles of specific IGFBPs
in liver disorders: IGFBP3 promotes alcohol-associated steatohepatitis by
activating HSCs21, while loss of IGFBP4 exacerbates HCC via dysregulated
epigenetic reprogramming22. Although IGFBP6 is constitutively expressed
in cardiovascular tissues, the nervous system, and various cancers23,24, its
functional contribution to hepatic fibrogenesis remains undefined.

Pantothenic acid (PA, vitamin B5), an essential precursor of coenzyme
A (CoA), serves as a key regulator of fundamental metabolic processes
including glycolysis, fatty acid synthesis, and protein homeostasis25,26.
Emerging evidence reveals context-dependent roles of PA in disease
pathogenesis, spanning both pro-tumorigenic and therapeutic effects27.
Paradoxically, PA supplementation promotes MYC-driven tumorigenesis
in breast cancer28, whereas it improves ineffective erythropoiesis in
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myelodysplastic syndromes (MDS)29. Despite these dual roles in cancer and
hematopoiesis, the effect of PA on fibrotic remodeling remains unexplored.

In this study, we demonstrated that IGFBP6 functions as a fibrosis-
specific effector up-regulated in activated HSCs across human clinical
specimens and mouse models. Through systematic drug screening, we
identified PA as a specific ligand of IGFBP6 that suppresses HSC activation
and ECM remodeling. PA-mediated inhibition of IGFBP6 attenuated
fibrogenesis both in vivo and in vitro by targeting the TGF-β/SMAD sig-
naling pathway. Collectively, these findings establish IGFBP6 as a ther-
apeutic target for hepatic fibrosis and reveal the anti-fibrotic mechanism of
PA through IGFBP6 regulation.

Result
IGFBP6 serves as a critical regulator of hepatic fibrogenesis
To delineate molecular drivers of fibrosis progression in chronic hepatitis,
we performed integrative bioinformatics analysis on three Gene Expression
Omnibus (GEO) datasets comprising 43 hepatitis samples and 293 hepatic
fibrosis specimens. After batch-effect correction, 159 differentially expres-
sed genes (DEGs)were identified (Supplementary Fig. S1a), consisting of 74
up-regulated and 85 down-regulated transcripts (Fig. 1a). Enrichment
analysis demonstrated significant DEGs enrichment in fibrosis-related
processes, including integrin signaling and metabolic reprogramming
(Supplementary Fig. S1b). Notably, IGFBP6 emerged as the most sig-
nificantly upregulated DEG (Fig. 1b, c).

Validation in expanded datasets revealed elevated IGFBP6 expression
in both carbon tetrachloride (CCl₄)-induced mouse models (Fig. 1d and
Supplementary Fig. S1c, d) andhuman cirrhotic specimens (Supplementary
Fig. S1e). In the TAA-induced hepatic fibrosis model, fibrosis developed at
week 4, coinciding with IGFBP6 up-regulation. Extended TAA adminis-
tration through week 8 sustained elevated IGFBP6 levels concurrent with
progressive fibrosis (Fig. 1e). Collectively, these findings demonstrate
IGFBP6up-regulationduring hepaticfibrogenesis acrossmultiple etiologies
in humans and mice.

IGFBP6 is specifically expressed in HSCs during hepatic fibrosis
Given the critical role of HSCs in hepatic fibrogenesis8, we investigated the
cell-type specificity of IGFBP6. Primary HSCs isolated from normal mouse
liver tissues exhibited significantly higher Igfbp6 expression compared to
HEPs (Fig. 1f). In TAA-induced fibrotic livers, activated HSCs showed
marked Igfbp6 enrichment relative to HEPs and KCs (Fig. 1g and Supple-
mentary Fig. S2a). The expression of IGFBP6 and α-SMA increased pro-
gressivelywith prolongedTGF-β stimulation in LX2 cells line, indicating that
IGFBP6 expression correlated with HSCs activation (Supplementary
Fig. S2b). Analysis of a human primary HSCs sequencing dataset revealed a
similar pattern, with elevated IGFBP6 expression in activated versus quies-
cent HSCs (Supplementary Fig. S2c). Single-cell RNA sequencing (scRNA-
seq)data frommice (Fig. 1h)andhumansamples (SupplementaryFig. S2d, e)
confirmed predominant IGFBP6 expression in HSCs, with minimal
expression in other hepatic cell types including HEPs, KCs, and ECs. Eva-
luation of other IGFBPs in mouse and human sequencing data revealed no
significant alterations except for IGFBP6 (Supplementary Fig. S3a–e). These
findings demonstrate HSC-specific IGFBP6 expression during hepatic
fibrosis, supporting its role in modulating the pathological process.

IGFBP6 synergizes with TGF-β in HSCs to drive fibrogenesis
We analyzedmouse hepatic tissues atmRNAand protein levels. Consistent
with histopathological findings, TAA administration induced progressive
IGFBP6 upregulation concomitant with elevated expression of fibrosis-
associated markers30 (Fig. 2a, b). Given the central role of TGF-β in hepatic
fibrosis31, primary mouse HSCs were stimulated with TGF-β, revealing
concurrent increases in IGFBP6 expression, α-smooth muscle actin (α-
SMA, an HSC activation marker)32, collagen type I alpha 1 (COL1A1), and
fibronectin (FN) (ECM components)33 (Fig. 2c, d). We generated an
IGFBP6-knockout LX2 cell line using CRISPR-Cas9 (Fig. 2e). IGFBP6
ablation significantly attenuated fibrogenic responses (Fig. 2f, g),

demonstrating functional synergy between IGFBP6 and TGF-β in pro-
moting hepatic fibrosis.

Considering the pathogenic continuum fromhepatitis throughfibrosis
to HCC34, we evaluated the clinical implications of sustained IGFBP6
expression in HCC. Receiver operating characteristic (ROC) analysis
(Supplementary Fig. S4a), survival analysis (Supplementary Fig. S4b), and
immune-infiltration assessment (Supplementary Fig. S4c) revealed that
elevated IGFBP6 expression correlated with poorer prognosis and reduced
T helper 17 (Th17) cell infiltration. These integrated findings substantiate
the therapeutic hypothesis that IGFBP6 targeting may impede disease
progression.

PA is identified as an anti-fibrotic agent targeting IGFBP6
To discover anti-fibrotic compounds targeting IGFBP6, we screened FDA-
approved compounds in PubChem, identifying 30 candidates. Subsequent
filtering using SwissADME with five drug-likeness rules, eight pharmacoki-
netic parameters, and bioavailability scores prioritized five compounds for
validation (Fig. 3a, b). Quantitative real-time polymerase chain reaction
(qRT-PCR) (Fig. 3c) and Western blotting (Fig. 3d) demonstrated that PA
effectively suppressed TGF-β-induced fibroticmarkers at transcriptional and
translational levels, establishing PA (Fig. 3e) as a potent anti-fibrotic candi-
date.CellCountingKit-8 (CCK-8) assays confirmedminimalPAcytotoxicity
across physiologically relevant concentrations in multiple hepatic cell types
(Fig. 3f and Supplementary Fig. S5a). PA dose-dependently inhibited fibrotic
markers in LX2 cells (Fig. 3g, h). Notably, PA reduced IGFBP6 protein
expression without altering its mRNA levels, suggesting that PA regulates
IGFBP6 in a protein expression-dependent manner.

PA targets IGFBP6 and facilitates its ubiquitin-mediated
degradation
Molecular docking analysis revealedPA binding to IGFBP6 at ASN-29with
a binding energy of −4.3 kcal/mol (Fig. 4a). Microscale thermophoresis
(MST) assay confirmed direct PA-IGFBP6 interaction (Fig. 4b). Cell ther-
mal shift assay (CETSA) indicated that PA binding to IGFBP6 reduced its
thermal stability, rendering IGFBP6 more susceptible to degradation
(Fig. 4c). To verify the uniqueness of IGFBP6 as a target for PA efficacy, we
performed Western blotting analysis. As shown in Fig. 4d, fibrosis indices
decreased following PA treatment in the control group. However, when
IGFBP6was knocked out, PA lost its inhibitory effect.We assessedwhether
PA affected other members of the IGFBP family and found no effect on
IGFBP1-5 (Supplementary Fig. S5b). These results suggest that PA exerts its
therapeutic effect primarily by targeting IGFBP6.

Mechanistic studies employing theproteasome inhibitorMG132showed
reversal of PA-mediated IGFBP6 reduction (Fig. 4e), whereas autophagy
inhibition with 3-MA had no effect (Fig. 4f). Co-immunoprecipitation
(Co-IP) assays demonstrated enhanced ubiquitination of IGFBP6 following
PA treatment, which was potentiated byMG132 co-treatment and associated
with abolished IGFBP6 degradation (Fig. 4g). These results indicate that PA
specifically promotes IGFBP6 degradation via the ubiquitin-proteasome
pathway.

PA confers protection against TAA-induced hepatic fibrosis
in mice
We assessed the antifibrotic efficacy of PA in a TAA-inducedmousemodel
(Fig. 5a). Preliminary safety evaluation revealed no histopathological evi-
dence of hepatotoxicity inPA-treated animals (Supplementary Fig. S5c). PA
administration mitigated TAA-induced body weight loss (Fig. 5b) and
reduced the liver-to-body weight ratio (Fig. 5c). Furthermore, TAA-treated
mice developedhepaticfibrosis with extensive nodule formation, whichwas
attenuated by PA treatment (Supplementary Fig. S6a). These effects were
associated with reduced hepatic soluble collagen content (Fig. 5d). PA
treatment also reduced inflammatory cell infiltration and collagen deposi-
tion in perisinusoidal regions of TAA-exposed livers, as determined by the
Ishak scoring system35 (for inflammation and fibrosis) and analysis of
positive areas (Fig. 5e–i and Supplementary Fig. S6b–d).
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Immunohistochemical (IHC) analysis revealed dose-dependent sup-
pression of TAA-induced α-SMA and COL1A1 expression in hepatic tis-
sues (Fig. 6a, b), with maximal effects observed at higher doses. Western
blotting (Fig. 6c, d) and qRT-PCR (Fig. 6e) analyses confirmed the dose-
dependent antifibrotic effects of PA.

Considering the association between fibrogenesis and cellular pro-
liferation/senescence, we examined cyclin-dependent kinase inhibitor 1A
(p21) and proliferating cell nuclear antigen (PCNA) expression36,37. While
TAA stimulation significantly upregulated both markers in fibrotic livers,
PA treatment specifically reduced p21 expression in HSCs without
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significantly affecting PCNA levels (Fig. 6f and Supplementary Fig. S7a–c).
This pattern excludes potential inductionof senescence-associated secretory
phenotype (SASP) or oncogenic transformation by PA.

PA exerts therapeutic effects on established hepatic fibrosis
in mice
Since pharmacological interventions for hepatic fibrosis typically target
established fibrosis, we examined PA’s therapeutic efficacy in this context.
As shown in Fig. 7a, mice received TAA for 4 weeks to induce fibrosis,
followed by daily oral PA treatment with continued TAA administration.
After 4 weeks of treatment, PA prevented TAA-induced body weight loss
(Fig. 7b) and reduced the elevated liver-to-body weight ratio (Fig. 7c). PA
treatment also significantly reduced hepatic nodule formation compared to
the TAA group (Supplementary Fig. S8a). Soluble collagen content in
hepatic homogenates was reduced by PA treatment (Fig. 7d), further con-
firming its therapeutic efficacy. Histological analysis revealed severe hepatic
structural disruption, extracellular matrix (ECM) deposition, and inflam-
matory cell infiltration inTAA-treatedmice, all ofwhichwere attenuated by
PA (Fig. 7e–i and Supplementary Fig. S8b–d).

Westernblotting (Fig. 8a, b) and IHC(Fig. 8c, d) demonstrated that PA
significantly suppressed TAA-induced upregulation of α-SMA and
COL1A1. Similarly, PA downregulated mRNA levels of Acta2, Col1a1,
Col1a2 and Fn1 (Fig. 8e). These findings demonstrate that PA is a potent
therapeutic agent against hepatic fibrosis. Notably, PA limited the

progression of established hepatic fibrosis, suggesting therapeutic potential
for clinical application.

PA ameliorates fibrosis through IGFBP6-mediated suppression
of the TGF-β/SMAD signaling pathway
To delineate the antifibrotic mechanism of PA, potential targets were
predicted using PharmMapper and GeneCards databases. Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway and Gene Ontology
(GO) enrichment analyses identified TGF-β signaling as the pre-
dominant pathway (Fig. 9a). Functional clustering analysis further con-
firmed the centrality of the TGF-β signaling pathway (Supplementary
Fig. S9a, b). Experimental validation corroborated these findings. In
HSCs stimulated with TGF-β for 12 or 24 h, PA inhibited TGF-β-
induced phosphorylation of SMAD2/3 (Fig. 9b), with the inhibitory
effect showing concentration dependence (Fig. 9c). Concordant results
were obtained in vivo, where PA treatment attenuated TAA-induced
elevation of phosphorylated SMAD2/3 levels, as demonstrated by Wes-
tern blotting and immunohistochemistry (Fig. 9d, e).

Having established IGFBP6 as PA’s molecular target, we investigated
whether PA-mediated TGF-β/SMAD inhibition required IGFBP6. PA
effectively suppressedSMAD2/3phosphorylationandnuclear translocation
in control cells, whereas this inhibitory effect was abrogated in IGFBP6-
knockout cells (Fig. 10a–c). Co-treatment with PA and SIS3 (a selective
TGF-β/SMAD inhibitor) did not exhibit synergistic inhibition of

Fig. 1 | Screening identifies IGFBP6 expressed in HSCs and regulating hepatic
fibrosis. a Volcano plot showing the distribution of DEGs. Yellow dots indicate
significantly up-regulated genes, green dots indicate significantly down-regulated
genes, and pink dots indicate non-differentially expressed genes. b Heat map of
relevant DEGs between fibrosis and control groups. c Top 20 most significantly
differentially expressed genes, with IGFBP6 showing the highest significance.
d Validation using dataset GSE130123. CCL4-induced 4 weeks hepatic fibrosis
model in mice. (control group n = 4, and fibrosis group n = 5). e IHC staining of
COL1A1 and IGFBP6 in hepatic sections from control mice andmice at 4 or 8 weeks

after intraperitoneal TAA injection (scale bar: 25 μm). Schematic diagram generated
by Biorender (agreement number: AR28HM9B0Q). f Primary HEPs (n = 6) and
HSCs (n = 6) were isolated from the same liver. The mRNA expression of mouse
Igfbp6. g Primary HSCs were isolated from WT mice treated with three doses of
vehicle (PBS, n = 6) or TAA (100 mg/kg, n = 6) every 3 days. Igfbp6 mRNA was
measured. h scRNA-seq dataset (GSE221481) from mice with uninjured liver or
TAA-induced hepaticfibrosis was analyzed for the expression of Igfbp6. The fraction
of cells expressing Igfbp6 in different cell lineages in liver. Data are expressed as
mean ± SD, unpaired Student’s t test, two-tailed.

Fig. 2 | IGFBP6 synergizes with TGF-β in HSCs to
drive fibrogenesis. a qRT-PCR analysis of Acta2,
Fn1,Col1a1, and Igfbp6mRNA levels and bWestern
blotting analysis of FN, COL1A1, α-SMA, and
IGFBP6 protein expression in hepatic tissue
homogenates from control and TAA-treatedmice at
4 and 8 weeks (n = 6), Data are expressed as
means ± SD, One-way ANOVA. c qRT-PCR ana-
lysis of Acta2, Fn1, Col1a1 and Igfbp6 mRNA levels
in primary mouse HSCs stimulated with TGF-β
(10 ng/mL) for 12 h and 24 h or unstimulated
(n = 3), Data are expressed as means ± SD, One-way
ANOVA. dWestern blotting analysis of protein
expression levels of FN, COL1A1, α-SMA and
IGFBP6 in primary mouse HSCs stimulated with
TGF-β for 24 and 48 h or unstimulated. e–gWestern
blotting confirmed IGFBP6-knockout in LX2 cells
line (e). Fibrosis-related gene and protein expression
in LX2 cells line stimulated with TGF-β (10 ng/mL)
with or without IGFBP6-knockout detected by (f)
qRT-PCR and (g)Western blotting (n = 3). Data are
expressed as means ± SD, Tow-way ANOVA.
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TGF-β-induced fibrotic gene expression, despite both agents indivi-
dually suppressing these markers (Fig. 10d). These data demonstrate
that PA primarily targets IGFBP6 to inhibit the TGF-β/SMAD sig-
naling cascade.

Discussion
The IGFBP family exerts context-dependent roles in growth, metabolism,
and pathogenesis through spatiotemporal regulation of IGF bioavailability19.
IGFBP6 displays substantial heterogeneity across fibrotic pathologies in

Fig. 3 | PA is identified as an anti-fibrotic agent targeting IGFBP6. a SwissADME
analysis of 30 FDA-approved compounds related to IGFBP6 showing: Heatmap of
five drug-likeness rules (Lipinski, Ghose, Veber, Egan, Muegge) and eight phar-
macokinetic parameters (GI absorption, BBB permeation, P-gp substrate, CYP1A2/
2C19/2C9/2D6/3A4 inhibition). b Bioavailability scores of the compounds. Effect of
five candidate compounds on fibrosis-related indicators in TGF-β (10 ng/mL) sti-
mulated primary mouse HSCs were detected (c) at 24 h for mRNA levels and (d) at

48 h for protein levels (n = 3). e Chemical structural of PA. f The effect of PA on cell
viability of LX2 cells viability was measured using the CCK8 assay (n = 5). The effect
of concentration gradients (0 μM, 0.1 μM, 1 μM, and10μM) of PA against FN,
COL1A1, ACTA2, and IGFBP6 in TGF-β (10 ng/mL) -stimulated LX2 cells was
examined using (g) qRT-PCR for mRNA levels and (h)Western blotting for protein
levels (n = 3). Data are expressed as means ± SD, Two-way ANOVA.
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different organ systems38. Specifically, IGFBP6 is significantly down-
regulated in plasma samples from patients with acute myocardial infarction
(AMI) and carotid atherosclerotic plaques and is considered a key bio-
marker for predicting vulnerable plaques and AMI39. In kidney disease,
circulating IGFBP6 concentrations demonstrate disease-stage specificity,

with levels reduced in chronic kidney disease (CKD) patients but markedly
increased in end-stage renal disease (ESRD) patients40,41.

IGFBP6 exhibits a complex association with hepatic pathology,
showing positive correlation with steatosis in non-alcoholic fatty liver dis-
ease (NAFLD)42. In chronic hepatitis C (CHC) patients with fibrosis, Reyes

Fig. 4 | PA targets IGFBP6 and facilitates its ubiquitin-mediated degradation.
a Three-dimensional binding structure of PA (green) with IGFBP6 (gray ribbon).
The Pi-H interactions are depicted as magenta dashed lines. bMST analysis of His-
tagged IGFBP6 binding to PA (n = 3). c CETSAmelting curves and derived thermal
stability profiles (n = 3). dWestern blotting detection of protein expression levels of
FN, COL1A1 and α-SMA in IGFBP6-knockout LX2 cells by PA (10 μM) interven-
tion. The effect of PA’s inhibitory action on TGF-β-induced IGFBP6 overexpression

in LX2 cells was assessed by Western blotting in the presence or absence of (e) the
proteasome inhibitor MG132 or (f) the autophagy inhibitor 3-MA (n = 3). Data are
expressed asmeans ± SD, Two-way ANOVA. g LX2 cells were treated with 1 μMPA
in the presence or absence ofMG132 for 12 h. IP detection was performed with anti-
IGFBP6 antibody, and expression of ubiquitin-coupled IGFBP6 was detected with
anti-UB antibody (n = 3). Data are expressed as means ± SD, Two-way ANOVA.
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et al. correlated serum IGFBP1-7 expression levels with fibrosis stages,
reporting elevated concentrations of all IGFBPs during advanced fibrosis
stages but with distinct regulatory patterns43. This functional heterogeneity
underscores the need for further investigation into IGFBP6’s organ-specific
roles. Given potential metabolic alterations affecting housekeeping genes44,
vinculin, β-actin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expressionwas evaluated. IGFBP6-associatedmetabolic changes
did not compromiseGAPDH’s reliability as a housekeeping gene. Similarly,
PA administration did not alter GAPDH expression, confirming its relia-
bility as a housekeeping control under these experimental conditions
(Supplementary Fig. S10). Our study demonstrates that IGFBP6 is themost
significantly upregulated IGFBP in fibrotic hepatic tissues, suggesting its
potential as a stage-specific biomarker for hepatic fibrogenesis.

We demonstrate that IGFBP6 is enriched in quiescent HSCs and
exhibits marked upregulation during HSC activation, establishing a
mechanistic link between its pathological overexpression and advanced
fibrosis stages in both patients and experimental models. These findings
establish the HSC-specific profibrotic function of IGFBP6 in hepatic
fibrosis. Crucially, genetic ablation or pharmacological inhibition of
IGFBP6 significantly attenuated HSC activation and arrested fibrotic pro-
gression in vitro and in vivo, demonstrating its indispensable role in hepatic
fibrogenesis. Our study establishes IGFBP6 as a regulator of HSC-specific
activation programs and direct driver of hepatic fibrogenesis, thereby
identifying it as a diagnostic biomarker and therapeutic target for hepatic
fibrosis.

Another pivotal finding was the identification of PA as an effective
IGFBP6-targeted antifibrotic agent through network pharmacology
screening of FDA-approved drugs. Although PA has an established role in
coenzymeAbiosynthesis25, we uncovered its function in suppressingTGFβ-
induced SMAD2/3 phosphorylation and nuclear translocation.

Although direct suppression of the TGF-β/SMAD pathway provides a
plausible mechanism for PA’s therapeutic effects, the contribution of non-

SMAD regulation roles of TGF-β, such as oxidative stress-related signaling,
remains significant in hepatic fibrogenesis45,46. PA has been reported to
confer protection against oxidative stress and mitochondrial
dysfunction47,48. Thus, whether early PA intervention attenuates hepatic
fibrosis through suppression of oxidative stress or other SMAD-
independent mechanisms, as well as whether PA’s metabolic regulatory
functions synergistically modulate hepatocyte subpopulations to influence
fibrotic progression, warrants systematic investigation.

This study has several limitations. While incorporating datasets from
human cells and tissues, our mechanistic insights and in vivo validations
primarily relied on preclinical mouse models and did not assess diverse
pathogenic drivers. PA concentrations for in vivo administration were
selected based on previous literature49,50; however, systematic validation of
hepatic drug concentrations and their correlation with in vitro dosing
regimens remains warranted. Although PA demonstrated therapeutic effi-
cacy inmicewith establishedhepaticfibrosis, its capacity to promotefibrotic
regression has not been examined.

In conclusion, our findings demonstrate a cell-type-specific role of
IGFBP6 in HSC activation and hepatic fibrosis progression. Pharmacolo-
gical targeting of IGFBP6 with PA shows potential as a therapeutic strategy
for hepatic fibrosis treatment.

Methods
Mouse models of hepatic fibrosis
All animal experiments were approved by the Animal Care and Use
Committee of Jinan Central Hospital (No. JNCH-202114) and complied
with all relevant ethical regulations for animal use. Eight-week-old C57BL/
6J mice (body weight: 20–30 g; randomly grouped and treated; male and
female animals; supplied by Jinan Bangyue Laboratory Animal Co.) were
housed under a 12-h/12-h light/dark cycle in temperature-controlled rooms
with ad libitum access to food and water. No more than five mice were
housed per cage. For TAA-induced HSC activation in vivo, mice were

Fig. 5 | PA protected mice against TAA-induced
hepatic fibrosis. a Schematic representation of
prophylactic in vivo studies utilizing a mouse model
of TAA-induced hepatic fibrosis. Mice received
intraperitoneal injections with gradually increasing
concentrations of TAA and were simultaneously
treated with PA by gavage (n = 6). Schematic dia-
gram generated by Biorender (agreement number:
AR28HM9B0Q). bWeight loss in mice with hepatic
fibrosis. Data are expressed as means ± SD, Two-
way ANOVA. c The liver-to-body weight ratio.
d Soluble collagen in the liver. e H&E staining,
Masson’s trichrome staining, and Sirius red staining
of hepatic sections (scale bar: H&E staining, 100 μm;
Masson’s trichrome staining and Sirius red staining,
200 μm). Three independent pathologists blindly
evaluated the effects of TAA and PA on (f) fibrosis
and (g) hepatitis using the Ishak scoring system.
Mean values from each group were used for statis-
tical analysis. Positive areas of (h) Masson’s tri-
chrome and (i) Sirius red staining. Data are
expressed as means ± SD, One-way ANOVA.
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intraperitoneally injectedwith three doses of TAA (MedChemExpress,HY-
Y0698; 100mg/kg body weight, dissolved in PBS) or vehicle every 3 days.
HSCswere isolated 24 h after thefinal TAA injection. To establish theTAA-
induced hepatic fibrosis model51, mice received intraperitoneal injections of
TAA three times per week with escalating doses: 50mg/kg in week 1,
100mg/kg inweek2, and increments of 100mg/kg every 2weeks until week
8. During the entire 8-week TAA treatment period, prophylactic and
therapeutic studies were conducted using PA (MedChemExpress, HY-
B0430) prepared in saline. In the prophylactic study, PA (10 or 50mg/kg)49

was administered by gavage concurrently with TAA administration for
8weeks. In the therapeutic study52, PA (50mg/kg)was administeredstarting
4 weeks after TAA induction and continued through the eighth week, with
ongoing TAA treatment. Saline was administered as a control in both
experiments. Mice were suffocated to death by inhaling carbon dioxide
(concentration 40%). No animals or data points were excluded from the
analysis in any experimental group.

Primary mouse hepatic cells
Mouse HSCs, HEPs, and KCs were isolated from mouse hepatic tissues
using a combination of perfusion, collagenase digestion, and density gra-
dient centrifugation.Briefly,mouse liverswereperfusedwith 0.2mMEGTA

(MedChemExpress, HY-D0861) and 5mg/ml Liberase (Roche,
05401020001) via the inferior vena cava. The livers were then removed and
minced under sterile conditions. The cell suspension was filtered through a
100 μm cell strainer, and the cells were washed to remove excess digestive
enzymes. HEPs were centrifuged to pellet for seeding, and the supernatant
was collected for further density gradient centrifugation to separate different
non-parenchymal cell types. For HSC isolation, Nycodenz (NycoPrep,
1002424; Axis-Shield)-cell density gradient centrifugation was performed53.
The purity of isolated HSCs was >90% as determined by vitamin A auto-
fluorescence detection. For KC isolation, a discontinuous Percoll (25/50%,
Cytiva, 17089101) cell density gradient was used54. Mixtures of LSECs and
KCs were collected at the interface between the two density gradients. KCs
were separated based on differential adhesion time. Primary HEPs were
cultured inHepatoZYME-SFM(Gibco, 17705-021)mediumcontaining 1%
penicillin/streptomycin (P/S, Gibco, 15140-122). Primary HSCs were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 11995-073)
containing 10% fetal bovine serum (FBS, Gibco, 10099-141) and 1% P/S.
PrimaryKCswere cultured inRPMI1640medium(Gibco, 11875-093)with
10% FBS and 1% P/S. Primary cells isolated from normal mouse hepatic
tissues were passaged no more than twice, whereas those from TAA-
stimulated tissues were used at passage 1. All cells were tested with

Fig. 6 | PA ameliorates TAA-induced fibrogenic
factor expression in mouse liver tissue. a IHC
staining of α-SMA and COL1A1 in mouse liver
sections (scale bar: 50 μm). b Quantification of
positive staining area (n = 6). c Western blotting of
FN, COL1A1, and α-SMA protein expression in
hepatic tissue homogenates and d statistical analyses
(n = 6). e Detection of Fn1, Col1a1, Col1a2, Acta2
and f p21 expression by qRT-PCR in RNA extracted
from mice hepatic tissue homogenate (n = 6). Data
are expressed as means ± SD, One-way ANOVA.
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MycAwayTM Plus-Color One-Step Mycoplasma Detection Kit (2G)
(Yeasen 40615ES) and confirmed to be free of mycoplasma contamination.

Cell lines and cell-related experiments
LX2 cells (Procell, CL-0560), 293T cells (Procell, CL-0005), and THLE-2
cells (Cell Bank of the Chinese Academy of Sciences, SCSP-5068) were
maintained in DMEM containing 10% FBS and 1% P/S. All cell lines were
used within 15 passages. PA was dissolved in Dimethyl Sulfoxide (DMSO,
MedChemExpress, HY-Y0320) to generate a concentration gradient. TGF-
βwas diluted to 10 μg/mL according to themanufacturer’s instructions, and
1 μLwas added to eachmilliliter ofmedium to achieve a final concentration
of 10 ng/mL. PA was then added to specified concentrations according to
experimental groups, followed by incubation for specified durations.
MG132 (MedChemExpress,HY-13259)wasdiluted in serum-freemedium.
Cells were divided into groups and treated with fresh medium containing
MG132 (final concentration: 15 μM)andTGF-β (10 ng/mL), and incubated
at 37 °C for 24 h. Subsequently, PA (1 μM final concentration) was added,
and incubation continued for 24 h. After removing the supernatant, cells
were collected. 3-MA (MedChemExpress, HY-193123) was dissolved in
sterile deionized water (ddH₂O) as a 100mM stock solution and diluted to
5mMworking concentration in complete medium. Cells were treated with
freshmediumcontaining5mM3-MAand10 ng/mLTGF-β, and incubated
at 37 °C for 4 h. PA was added to a final concentration of 1 μM and incu-
bation continued for 12 h before cell harvest. SIS3 (MedChemExpress, HY-
13013) was dissolved in DMSO as a 20mM stock solution. LX2 cells were
treated with complete medium containing 5 μM SIS3. According to
experimental design, 10 μM PA and 10 ng/mL TGF-β were added at final

concentrations, followed by incubation at 37 °C for 24 h. Control groups
were included in all experiments as required. For drug screening, the fol-
lowing compounds were used: biotin (MedChemExpress, HY-B0511),
dexamethasone (MedChemExpress, HY-14648), propylthiouracil (Med-
ChemExpress, HY-B0346), and zinc pyrithione (MedChemExpress, HY-
B0572). Screening concentrations were 10 μM. Mycoplasma testing using
the MycAwayTM Plus-Color One-Step Mycoplasma Detection Kit (2 G)
(Yeasen 40615ES) confirmed mycoplasma-free status.

Western blotting
Tissue homogenates or cultured cells were lysed in RIPA buffer (Beyotime,
P0013B) and sonicated. Protein concentrations were determined using a
BCAassay kit (Beyotime, P0011). After heating at 95 °C for 10min, samples
were separated by SDS-PAGE electrophoresis and transferred onto nitro-
cellulose (NC) membranes (Servicebio, G6014). The membranes were
blocked with 5% skimmed milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST) for 1 h at room temperature, followed by overnight
incubationwith primary antibodies at 4 °C. Primary antibodies included: α-
SMA (Proteintech, 14395), FN (Proteintech, 15613), COL1A1 (Proteintech,
66761), IGFBP6 (Proteintech, 18445), GAPDH (Proteintech, 60004),
β-tubulin (Cell Signaling Technology, 2146), Phosphorylated
SMAD2/3 (p-SMAD2/3, Cell Signaling Technology, 8828), and
SMAD2/3 (Cell Signaling Technology, 72255). After washing,
membranes were incubated with secondary antibodies (ZSGB-BIO,
ZB-2305; ZB-2301) for 1 h at room temperature. Protein bands were
visualized using chemiluminescent reagent (Biosharp, BL520B) and
imaged with a gel documentation system (ProteinSimple, FluorChem

Fig. 7 | PA exerts therapeutic effects on established
hepatic fibrosis in mice. a Schematic of therapeutic
intervention in TAA-induced hepatic fibrosis. Mice
received intraperitoneal TAA injections at gradually
increasing concentrations for 4 weeks, followed by
oral gavage of PA for fibrosis treatment (n = 6).
Schematic diagram generated by Biorender (agree-
ment number: AR28HM9B0Q). b Trends in body
weight of mice in control and PA-treated groups.
Data are expressed as means ± SD, Two-way
ANOVA. c Liver-to-body weight ratio. d Expression
of soluble collagen in hepatic tissues. e Representative
H&E staining, Masson’s trichrome staining, and Sir-
ius red staining of hepatic sections (scale bar: H&E
staining, 100 μm; Masson’s trichrome staining and
Sirius red staining, 200 μm). Positive areas of (f)
Masson’s trichrome and (g) Sirius red staining. The
effects of TAA and PA on (h) fibrosis and (i) hepatitis
using the Ishak scoring system. Data are expressed as
means ± SD, One-way ANOVA.
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M). Densitometric analysis was performed using ImageJ software
(National Institutes of Health, 1.8.0).

qRT-PCR
Total RNA was extracted using the Steady Pure Universal RNA Extraction
Kit (Precision Biotechnology, AG21017), followed by reverse transcription
with the Evo M-MLV Mix Kit with gDNA Clean for qPCR (Precision
Biotechnology, AG11728). qRT-PCR was performed using SYBR Green
Premix Pro Taq HS qPCR Kit (Precision Biotechnology, AG11701) on a
LightCycler 480 II system (Roche). Reactions were conducted in 20 μL
volumes containing 10 μL Premix, 0.4 μL each of forward and reverse pri-
mers (final concentration 0.2 μM), 2 μL cDNA template, and nuclease-free
water. After brief centrifugation, PCR was performed under the following
conditions: initial denaturation at 95 °C for 30 s; 40 cycles of dena-
turation at 95 °C for 10 s and annealing/extension at 60 °C for 30 s
(fluorescence acquisition at each cycle); melting curve analysis with
95 °C for 15 s, 60 °C for 1 min, and 95 °C continuous ramping.
Detailed procedures followed manufacturers’ protocols. Target gene
mRNA levels were quantified using the ΔΔCT method normalized to
GAPDH expression.

CRISPR-Cas9 knockout
The IGFBP6-specific sgRNA (5’-GTGCCCAATTGTGACCATCG-3’) was
cloned into the lentiCRISPR v2 vector (Addgene, 52961) downstreamof the
U6 promoter. The plasmid was co-transfected with packaging plasmids
psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259) into
HEK293T cells (ratio 4:3:1) using polyethylenimine (PEI, Beyotime,
C0539)55. Viral supernatant was collected 48 h post-transfection, con-
centrated by ultracentrifugation (25,000 × g, 2 h), and resuspended in PBS.
LX2 cells were infected with lentivirus (MOI 20) in the presence of 5 μg/ml
polybrene (MedChemExpress, HY-112735) for 48 h. Stable knockout pools
were selected using 2.5 μg/mL puromycin (MedChemExpress, HY-B1743)

until untreated control cells completely died. Monoclonal cell lines were
isolated via limiting dilution.

CCK-8 assay
Cell viability was assessed using the CCK-8 kit (Beyotime, C0039) following
themanufacturer’s protocol. Cells were seeded at 5 × 10³ per well in 96-well
plates and incubated for 24 h. Cells were then treated with PA (0.01-
1000 μM) for 24 h. Drug-containing medium was replaced with 100 μL
fresh medium, and 10 μL CCK-8 reagent was added. After incubation at
37 °C for 1 h protected from light, absorbance was measured at 450 nm
using a microplate reader (SpectraMax i3x, Molecular Devices). Cell via-
bility was calculated according to the manufacturer’s instructions.

Molecular docking
Molecular docking of PA with IGFBP6 was performed using MOE
software56. The 2D structure of PA was retrieved from PubChem. The
IGFBP6 crystal structure was obtained from the RCSB Protein Data Bank
(http://www.rcsb.org/). The top-ranked docking conformation based on
docking score and confidence score was selected for further analysis. 3D
visualization was generated with PyMOL 2.04 (Schrödinger), while 2D
interaction analysis including interaction types, bond distances, and fre-
quency statistics was performed using Maestro (academic version,
Schrödinger).

MST assay
Recombinant human IGFBP6proteinwithHis-tag (MCE,HY-P73141)was
purified using Ni-NTA affinity chromatography (Thermo Scientific, His-
Pur). Bacterial lysate was loaded onto aNi-NTA column after cell lysis. The
column was sequentially washed with buffers containing 20mM and
50mM imidazole, followed by elution with 250mM imidazole. The eluate
was dialyzed to remove imidazole and concentrated. Purified proteins were
labeled using RED-tris-NTA protein labeling kit (NanoTemper) at 4 °C for

Fig. 8 | PA attenuates hepatic fibrosis-associated
phenotypes in mice. a The protein levels of mice
hepatic tissue homogenates were assayed by Wes-
tern blotting and b quantitative methods (n = 6).
c IHC was performed to detect the expression of α-
SMAandCOL1A1 in hepatic sections andd analysis
of positive area (scale bar: 50 μm) (n = 6).
e Detection of mRNA expression levels of fibrosis-
related indicators in hepatic tissues by qRT-PCR
(n = 6). Data are expressed as means ± SD, One-
way ANOVA.
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30min in the dark. Free dye was removed by centrifugation. Labeled
IGFBP6 was incubated with PA gradient concentrations in PBST buffer
(0.05% Tween-20) for 10min at room temperature. Samples were loaded
into Monolith NT capillaries, and MST data were collected at high LED
power using a NanoTemper instrument57. Dissociation constants were
determined through NanoTemper Analysis software (v1.5.41).

CETSA
LX2 cells were seeded in petri dishes. Upon reaching 80% confluency, cells
were treated with either 1 μMPA or DMSO control for 6 h. Cells were then
harvested and resuspended in PBS containing protease inhibitors. Aliquots
were distributed into PCR tubes for thermal denaturation at graded tem-
peratures (40, 45, 50, 55, 60, 65, 70, 75, 80 °C) for 3min, followed by
immediate cooling in an ice bath for 3min58. This heating-cooling cycle was
repeated three times. After centrifugation at 20,000 × g, supernatants were
collected and boiled for 10min in SDS-PAGE loading buffer. Protein sta-
bility was assessed by Western blotting analysis.

Co-IP assay
Cells were harvested at 80–90% confluency and lysed in pre-cooled RIPA
buffer on ice for 30min. Lysates were centrifuged at 12,000 × g for 15min at
4 °C. The resulting supernatant was incubated overnight at 4 °C with anti-
IGFBP6 primary antibody (Proteintech, 32157, 2 μg for 1mg total protein

lysate). Protein A/G agarose beads (Santa Cruz Biotechnology, sc-2003)
were then added and incubated for 4 h at 4 °C with rotation to minimize
nonspecific binding. Beads were washed 6 times with ice-cold lysis buffer.
Bound proteins were eluted by boiling in SDS-PAGE loading buffer for
5min. Eluates were subjected to Western blotting analysis.

Histology
Hepatic tissueswere collected andfixed in 10%neutral buffered formalin for
24 h, then embedded in paraffin. For hematoxylin-eosin (H&E) staining
(Beyotime, C0105M), 4μm paraffin sections were deparaffinized, rehy-
drated, and stained with hematoxylin and eosin. For Sirius Red staining
(Solarbio, G1472), dewaxed sections were incubatedwith 0.1% Sirius Red in
saturated picric acid for 1 h, then washed twice with acidified water (0.5%
HCl). For Masson’s trichrome staining (Solarbio, G1340), sections were
deparaffinized, stained with Weigert’s iron hematoxylin for 10min, rinsed
withdistilledwater, stainedwith acid fuchsin for 10min, rinsed, treatedwith
phosphomolybdic acid for 5min, and counterstained with aniline blue for
5min. Sections were incubated in 1% glacial acetic acid for 1min, dehy-
drated through graded ethanol and xylene, and mounted with neutral
balsam. For IHC staining (ZSGB-BIO, SP9000). Paraffin sections were
deparaffinized in xylene, rehydrated through graded ethanol, andwashed in
PBS. Antigen retrieval was conducted in 10mM citrate buffer (Solarbio,
C1010) at 95 °C for 10min. Endogenous peroxidase was blocked with

Fig. 9 | PA suppresses phosphorylation of SMAD2/3 induced by TAA in vivo and
by TGF-β in vitro. a Enrichment analysis results after collection of PA targets via
Pharmmapper database and GeneCards database. b Western blotting assay for the
influence of PA (10 μM) on different times of TGF-β (10 ng/mL) stimulation-
initiated SMAD2/3 phosphorylation levels in primary mouse HSCs (n = 3). c Effects

of different concentrations of PA (0 μM, 0.1 μM, 1 μM, and10 μM) on the phos-
phorylation level of SMAD2/3 induced by TGF-β (10 ng/mL) action in primary
HSCs ofmice analyzed byWestern blotting (n = 3). Effect of PA on phosphorylation
levels of SMAD2/3 and IGFBP6 in TAA-induced fibrotic hepatic mice in vivo by (d)
Western blotting and (e) IHC (n = 6, scale bar: 50 μm).
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peroxidase inhibitor for 10min at room temperature. After PBS rinsing,
sections were blocked with normal goat serum for 30min. Primary anti-
bodies were applied overnight at 4 °C, followed by PBS washing. Sections
were sequentially incubated with biotinylated goat anti-rabbit IgG for
20min and horseradish peroxidase-conjugated streptavidin for 20min at
room temperature, with PBS washing after each step. Color development
was performed using DAB substrate, followed by hematoxylin counter-
staining for 20 s, graded ethanol dehydration, xylene clearing, andmounting
with neutral balsam. IHC-related primary antibody information: α-SMA
(Proteintech, 14395, 1:100 dilution); COL1A1 (Proteintech, 14695, 1:200
dilution,); p-SMAD2/3 (Cell Signaling Technology, 8828, 1:200 dilution)
and IGFBP6 (Proteintech, 18445, 1:200 dilution). The sections were
observed and captured using a fully automatic pathological section scanner
(LogiScience, MSCAN200). ImageJ software was used to analyze and sta-
tistically evaluate the area of positive regions.

Sircol soluble collagen assay
Hepatic collagen content was quantified using the Sircol Soluble Collagen
Assay (Biocolor, S1000), which specifically binds to collagen types I-V.
Procedures followed manufacturer’s instructions. Briefly, hepatic tissues
from experimental groups and collagen standards were homogenized.
Aliquots (100mg tissue/sample) were mixed with 1ml Sircol Dye Reagent,
vortexed thoroughly, and incubated at room temperature for 30min. After
centrifugation at 10,000 × g for 10min at room temperature, supernatants
were discarded. Pellets were completely dissolved in 1ml Alkaline Reagent.
Absorbance was measured at 540 nm, and collagen concentrations were
calculated using a standard curve with normalization to tissue weight.

Immunofluorescence
Cells were seeded in an encapsulated recapitulation chamber. After PBS
washing, cells were fixed in ice-cold methanol for 10min and blocked with
PBS containing 0.25% Triton X-100 and 1% BSA for 30min. Primary
antibody SMAD2/3 (Cell Signaling Technology, 72255, 1:200 dilution)
incubation was performed overnight at 4 °C. Following washes, samples
were incubatedwith secondary antibody (Abcam, ab150080, 1:400 dilution)
for 1 h and counterstained with 4′,6-diamidino-2-phenylindole (DAPI,
SouthernBiotech, 0100-20). Fluorescence visualizationwas conductedusing
confocal microscopy.

Sequencing dataset analysis
Nine RNA-seq datasets from the GEO database were analyzed using
GEO2R.These includeddatasets related tohepatitisCvirus (HCV)hepatitis
and associated hepatic fibrosis59 (GSE182065, GSE85547, GSE85548),
hepatic samples fromcirrhotic patients60,61 (GSE89377), hepatic tissues from
mouse fibrosis models62,63 (GSE130123, GSE34640), and human hepatic
stellate cell (HSC) samples64 (GSE68001). scRNA-seq data from
GSE13610365,66 were analyzed to characterize gene expression in cells iso-
lated from uninjured and cirrhotic human hepatic tissues. Additionally,
scRNA-seq data from GSE22148167 were examined to assess IGFBP6
expression in HSCs and other hepatic cell types in fibrotic hepatic tissues
induced by chemical toxicants in mice. All data analyses were performed
following established protocols.

Bioinformatics analysis
Enrichment analysis of DEGs and proteins (DEPs) was performed for GO
terms (biological processes, cellular components, molecular functions) and
KEGG pathways. Statistical significance of enrichment was evaluated using
the hypergeometric test, with terms showing p-values < 0.05 considered
significant. Protein-protein interactions (PPIs) were predicted using the
STRING database, followed by network construction using Cytoscape
software. Topological analysis of PPI networks was performed using cyto-
Hubba and MCODE plugins for identification of key functional modules.

Statistical analysis and reproducibility
Data represent mean ± standard deviation (SD) of at least three indepen-
dent biological experiments (unless stated otherwise), with individual
replicates (n) specified in figure legends. Normality was assessed using the
Shapiro–Wilk test. Differences between two groups were evaluated by
unpaired, two-tailed Student’s t-tests. For comparisons involving multiple
groups, one-way or two-way ANOVA was employed, followed by appro-
priate post hoc tests (Sidak’s, Tukey’s, or Dunnett’s) for multiple compar-
isons. All statistical analyses were conducted in GraphPad Prism (version
8.0). Statistical significance was defined as p < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Fig. 10 | PA modulates the TGF-β/SMAD signal-
ing pathway via IGFBP6. Phospho-SMAD2/3
levels detected by Western blotting in (a) control
group and (b) IGFBP6-knockout group treated with
TGF-β (10 ng/mL) for 15 min, 30 min, or 60 min
with or without PA (10 μM) (n = 3). Data are
expressed as means ± SD, One-way ANOVA.
c Immunofluorescence analysis of TGF-β
(10 ng/mL) -induced SMAD2/3 nuclear transloca-
tion in LX2 cells with or without IGFBP6 knockout,
treated with or without PA (10 μM) (scale bar:
25 μm). d The mRNA expression levels of Acta2,
Fn1, and Col1a1 in primary mouse HSCs in the
presence or absence of PA or the SMAD3 inhibitor
SIS3 were detected by qRT-PCR (n = 3). Data are
expressed as means ± SD, Two-way ANOVA.
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Data availability
Source data for all graphs are available in the SupplementaryData files, with
uncropped blots provided in Supplementary Data 1 and statistical source
data in Supplementary Data 2. Data related to RNA sequence analysis have
been deposited in the GEO, with the analysis code detailed in the Methods
section (Sequencing dataset analysis). All other data supporting thefindings
of this study are available from the corresponding author upon reasonable
request.
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