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Vitamin D supplementation ameliorates
ductular reaction, liver inflammation and
fibrosis in mice by upregulating TXNIP in
ductular cells
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Ductular reaction is associated with liver disease progression, but there are no
drugs targeting ductular reaction. Vitamin D deficiency is common in chronic
liver diseases and related to disease progression, but the underlying
mechanisms by which vitamin D regulates liver diseases progression remain
unclear. Here, we show that vitamin D plasma levels are negatively correlated
with the degree of ductular reaction in patients with chronic liver diseases.
1,25(0H),D3 the active form of vitamin D, reduces 3,5-diethoxycarbonyl-1,4-
dihydrocollidin (DDC)-induced ductular reaction, liver inflammation, and
fibrosis in female mice and upregulates the vitamin D target gene, TXNIP
(encoding thioredoxin-interacting protein), in ductular cells. Cholangiocyte-
specific Txnip-knockout female mice are more susceptible to DDC-induced
ductular reaction, inflammation, and fibrosis. Deletion of Txnip in cholangio-
cytes promotes proliferation and suppressed death. Furthermore, Txnip defi-
ciency increases TNF-a and TGF-3 secretion by cholangiocytes to stimulate
Kupffer cells and hepatic stellate cells, consequently leading to inflammation
and collagen deposition. Biliary Txnip deficiency abolishes the protective
effects of vitamin D, and TXNIP overexpression attenuates DDC-induced
ductular reaction and inflammation and fibrosis. Collectively, our findings
identify new mechanism how vitamin D ameliorates liver diseases and suggest
that the vitamin D/TXNIP axis is a therapeutic target for addressing ductular
reaction and liver diseases.

Chronic liver diseases (CLDs), including viral hepatitis, alcohol- predispose patients to developing hepatocellular carcinoma (HCC).
associated liver disease (ALD), metabolic dysfunction-associated CLDs can have distinct clinical presentations independent of their
steatotic liver disease (MASLD), primary biliary cholangitis (PBC), underlying cause, but most share the common feature of ductular
and primary sclerosing cholangitis (PSC), are associated with hepato-  reaction'’. Ductular reaction is defined as the proliferation of ductular
cyte injury and varying degrees of inflammation and fibrosis that reactive cells through the proliferation of pre-existing cholangiocytes,
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differentiation of hepatic progenitor cells (HPCs), and/or biliary
metaplasia of hepatocytes. The proliferated cells can exhibit a ductular
phenotype and be identified with the cholangiocyte markers, cyto-
keratin (CK)19, CK7, and SRY-box transcription factor 9 (SOX9)°.
Reactive ductular cells acquire novel functions, such as the secretion
of cytokines, chemokines, and growth factors that enable them to
establish intense paracrine communications with various liver cells.
Ductular reactive cells induce portal infiltration of immune cells, such
as macrophages and neutrophils, leading to portal inflammation*.
They are also associated with hepatic stellate cell (HSC) activation,
leading to extra cellular matrix (ECM) secretion and liver fibrosis*’. In
humans, the degree of ductular reaction is correlated with CLD
severity and short-term mortality, regardless of the etiology® ™.

Vitamin D is a systemic hormone that functions in calcium and
phosphate homeostasis, and is essential for proper bone development
and maintenance. It also regulates immune responses, fibrogenesis,
and cell proliferation and differentiation. Vitamin D is generated from
its precursor, cholecalciferol, to yield bioactive 25-hydroxyvitamin D5
[25(0H)D5] in the liver; this binds to vitamin D-binding-protein* for
transport to the kidney, where it functions in its biologically active
form, 1a, 25-dihydroxyvitamin D3 (1a,25(0H),D5)". Accumulating data
indicate that vitamin D deficiency is frequent in CLDs“" and
decreased serum 25(0OH)D; is associated with liver inflammation and
fibrosis'®"’. Studies showed that 1,25(0H),D; treatment exerts a pro-
nounced anti-hepatic fibrosis effect through inhibiting the activation
of HSCs**#, whereas vitamin D deficiency promotes Kupffer cells (KCs)
infiltration in ALD*%. However, the underlying molecular mechanisms
through which vitamin D hinders the development of liver inflamma-
tion and fibrosis warrant further investigation.

The biological activity of 1,25(0OH),D; depends on its binding to
nuclear vitamin D receptor (VDR). Activated VDR heterodimerizes with
retinoid X receptor (RXR), and this heterodimer binds to vitamin
D-responsive elements in target gene promoters to regulate gene
expression”. Thioredoxin-interacting protein (TXNIP), a putative
vitamin D target gene originally identified as vitamin D3 upregulated
protein 1 (VDUPI), is upregulated in the human HL-60 promyelocytic
cell line by 1,25(0H),Ds treatment. Vitamin D supplementation
increases apoptotic cell death and induces cell-cycle arrest via upre-
gulation of TXNIP*?, In HCC, the vitamin D-induced upregulation of
TXNIP reduces cell proliferation and increases apoptosis”, suggesting
that TXNIP contributes to the protective effects of vitamin D against
HCC development. Furthermore, TXNIP expression is upregulated in
patients with ALD and MASLD, and TXNIP attenuates ethanol-induced
liver injury and methionine choline-deficient (MCD) diet-induced
steatohepatitis®>?*.

Here, we explored the effects of vitamin D on ductular reaction
and CLDs, and investigated underlying mechanisms. Our data reveal
that vitamin D supplementation ameliorates ductular reaction and
reduces liver inflammation and fibrosis largely through TXNIP.

Results

In patients with CLDs, vitamin D plasma levels negatively cor-
relate with ductular reaction severity

Vitamin D deficiency is frequently noted in patients with CLDs, and
ductular reaction is highly correlated with CLD progression’'®",
Here, to evaluate the significance of vitamin D in ductular reaction
and CLDs, we analyzed a cohort of 114 patients with CLDs of various
etiologies. Vitamin D plasma levels were reduced in patients with
CLDs of all examined etiologies, including chronic viral hepatitis B
(HBV; n=53), alcohol (n=24), PBC (n=7), metabolic dysfunction-
associated steatohepatitis (MASH; n=13), and unidentified (n=17)
(Fig. 1A, B). To evaluate the clinical significance of the decreased
vitamin D levels, we examined the associations with the clinical
characteristics and liver histopathological features of patients with
CLDs. Indeed, vitamin D levels were negatively correlated with

hepatic biochemical parameters, including alanine aminotransferase
(ALT), aspartate aminotransaminase (AST), total bilirubin (T-bilir-
ubin), international normalized ratio (INR), and Child-Pugh score
(Fig. S1), and negatively related with fibrosis stage (Fig. 1C). However,
there was no significant difference in vitamin D levels between early
(stage 1-2) and advanced (stage 4) fibrosis (Fig. 1D).

Many more pan-CK* and SOX9" cells were observed around portal
areas of patients with CLDs compared to control individuals (Fig. 1E)
and in patients with CLDs of all examined etiologies compared to
control individuals (Fig. 1F, G). The numbers of pan-CK* and SOX9*
cells were positively correlated with hepatic biochemical parameters
and higher in patients with more advanced fibrosis (Fig. 1H and Fig. S2).
In contrast, vitamin D plasma levels were negatively correlated with the
numbers of pan-CK" and SOX9" cells (Fig. 1I), especially in patients with
CLDs arising from HBV and alcohol (Fig. S3). These results suggest that
the vitamin D plasma level is decreased in patients with CLDs and
negatively correlates with the degree of ductular reaction.

1,25(0H),D; ameliorates ductular reaction and hepatic inflam-
mation and fibrosis

To explore the role of vitamin D in ductular reaction and CLDs, mice
were fed for 4 weeks with a 3,5-diethoxycarbonyl-1,4-dihydrocollidin
(DDC) diet supplemented with or without 1,25(0OH),Ds. DDC is a biliary
toxicant that induces profound ductular reaction with hepatoper-
iductal fibrosis and massive portal/periportal inflammatory cell infil-
tration, which are key features of CLD**°. As expected, DDC feeding
induced ductular reaction and expansion of pan-CK" cells in mice.
Meanwhile, 1,25(0OH),D5 treatment significantly reduced the numbers
of pan-CK" and proliferating pan-CK'BrdU" cells (Fig. 2A). The hepatic
expression levels of Krt19, Krt7, and Sox9 were lower in 1,25(0OH),D5-
treated versus vehicle-treated mice (Fig. 2B). 1,25(OH),D-treated mice
also exhibited fewer F4/80" cells and decreased Sirius red-positive area
(Fig. 2C). Quantitative real-time PCR (qPCR) analysis showed that the
hepatic expression levels of genes involved in inflammation (tumor
necrosis factor-a [Tnf] and adhesion G protein-coupled receptor E1
[Adgrel]) and fibrosis (transforming growth factor- [TgfbI], collagen 1
ol [Collal], collagen 3 a1 [Col3a1], collagen 4 ol [Col4al], tissue inhi-
bitor of metalloproteinases-1 [TimpI], and matrix metalloproteinase 9
[Mmp9]) were markedly downregulated in 1,25(0OH),Ds-treated mice
(Fig. 2D, E). We also performed bile duct ligation (BDL), which robustly
stimulates ductular reaction and serves as a mouse ductular reaction
model**°. Consistent with our results obtained in the DDC diet model,
BDL-induced ductular reaction and hepatic inflammation and fibrosis
were reduced in 1,25(0OH),D-treated mice (Figure S4). These results
indicate that vitamin D supplementation could reduce ductular reac-
tion and hepatic inflammation and fibrosis in mice.

1,25(0H),D; increases TXNIP expression in ductular

epithelial cells

Vitamin D is reported to have effects on hepatic nonparenchymal cells,
such as cholangiocytes, HSCs, liver macrophages, and liver sinusoidal
endothelial cells (LSECs)*. To evaluate which hepatic cell types are
vitamin D targets in our models, we isolated hepatocytes, cholangio-
cytes, HSCs, liver macrophages, and LSECs from mice that received
standard rodent chow diet plus vehicle, DDC plus vehicle, or DDC plus
1,25(0H),Ds. Consistent with previous studies***, 1,25(0H),D5 treat-
ment downregulated the DDC diet feeding-induced increases in the
expression levels of actin alpha 2, smooth muscle, aorta (Acta2),
Collal, Col3al, and Col4al in HSCs, and those of Tnf, interleukin 6 (/l6),
and /l1b in liver macrophages (Figure S5). Furthermore, the DDC diet
feeding-induced upregulations of proliferating cell nuclear antigen
(Pcna), Tnf, and Tgfbl were significantly reduced, whereas that of
caspase-3 (Casp3) was significantly increased in cholangiocytes from
1,25(0H),Ds-treated mice (Fig. 3A). However, in DDC-fed mice,
1,25(0H),D5 treatment had no effect on hepatocytes proliferation and
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Fig. 1| Vitamin D levels are decreased in CLDs and negatively correlated with
the degree of ductular reaction. A Plasma levels of 25(OH) vitamin D in control
individuals (n=11) and patients with CLDs (n=114). B Vitamin D plasma levels in
control individuals (n =11) and patients categorized by CLD etiology, including HBV
(n=53), alcohol (n=24), PBC (n=7), MASH (n=13), and unidentified (n=17).

C Correlation between 25(0OH) vitamin D levels and fibrosis stage (FO, n=11; F1,
n=24;F2,n=16; F3, n=15; F4, n=59). D 25(0OH) vitamin D levels in patients with
early (stage 1-2, n = 40) versus advanced (stage 4, n=59) fibrosis. E Representative
IHC staining images of pan-CK and SOX9 in liver sections from control individuals
and patients with CLDs. Original magnifications: 200X and 400X. F The numbers of

pan-CK* and SOX9" cells in livers from patients with CLDs. G The numbers of pan-
CK* and SOX9" cells in livers from patients with CLDs of various etiology.

H Numbers of pan-CK* and SOX9" cells in samples categorized as early versus
advanced fibrosis. I Correlation of pan-CK* and SOX9* cell numbers with 25(0OH)
vitamin D levels (n =125). Values represent means + SDs. n.s., not significant. Sig-
nificance determined by unpaired two-tailed ¢ test (A, B, D, F, G, H). Correlations
were assessed by Pearson correlation coefficient and line of best-fit was generated
by simple linear regression analysis (C, II). Source data are provided as a Source
Data file.
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Fig. 2 | 1,25(0H),D; treatment prevents DDC-induced ductular reaction and
liver inflammation and fibrosis. Female C57BL/6 mice were fed DDC diet for

4 weeks with or without 1,25(0H),D; treatment (5 pg/kg, 2x week). A Representative
images of H&E staining, IHC staining for pan-CK, and IF staining for pan-CK/BrdU in
normal chow diet-fed (control), DDC plus vehicle-treated, and DDC plus
1,25(0OH),Ds-treated mice. Right: The numbers of pan-CK" cells and pan-CK*BrdU*
cells (n = 3/group). Original magnifications: 200X and 400X. B Hepatic mRNA levels

of Krt19, Krt7, and Sox9 (n = 4/group). C IF staining for F4/80 and Sirius red staining.
Right: F4/80" cell numbers and Sirius red-positive areas (n =3/group). Original
magnification: 200X. Hepatic expression levels of genes involved in inflammation
(D) and fibrosis (E) (Control, n=4; DDC+vehicle, n=5; DDC +1,25(0H),D; n=5).
Values represent means + SDs. n.s., not significant. Significance determined by one-
way ANOVA followed by Tukey’s multiple comparisons test. Source data are pro-
vided as a Source Data file.

apoptosis (Pcna, B-cell lymphoma-2 [Bcl2], Bcl-2-associated X protein
[Bax], and Casp3) and LSECs differentiation (Stabilin-1[Stab1], Sabilin-2
[Stab2], platelet endothelial cell adhesion molecule 1 [Pecami], and
Cd34) (Fig. S5). The biological activity of vitamin D is known to be

mediated through VDR, which is expressed strictly in nonparenchymal
cells of the liver’™* Here, we found that Vdr expression was increased
in cholangiocytes (140.9-fold), HSCs (4.9-fold), and liver macrophages
(1.3-fold) of 1,25(0OH),D5-treated mice, but unaltered in LSECs (Fig. 3B).

Nature Communications | (2025)16:4420


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59724-z

w

[ control [ vehicle
[CIpbc+vehicle [ 1,25(0H),D,
O 24 P=0.0020
DDC+1,25(0H),D, 20 o
) 6 P=0.0492 PR0.0192,, 5. 0001 P=0.0177 % 16
o)) '=0.0024 P=0.0012 o w— 12 P=0.0004
g 0024 p=0. o £ 0.0
S 4 . 6
5 N
22
[+) P<0.m 20055
'
oL Ml B & Pl
2 %] ‘\‘ A
?0° 0099 1 "gﬂv
¢ b O vehicle
[ 1,25(0H),D,
= 6 6 P=0.0014
k= P=0.0470 = 4 P<0.0001
4 ——— T 7| ns
_E g 2] ot . m
g 2 £ 04 P<0.0001
~ % 0.3
00— = %
\ 8
R Q 0.0
o N
\e o e &
N \oo‘i‘ P \,\“&9\;’9@ o
L% Q’b o o
N o® o
& c®
&
E 3 F
_ P=0.0006 P=0.0249 2
5 o P<0.0001 P<0.0001
L 2 g2 o
s ogo 821 5o
£ 1P 2 S8 |pee c2
fa 3
0 . . 0 . .
1,25(0H),D, + + 1,25(0H),D, ~ +
Vdr siRNA — - + Vdr siRNA — -

Fig. 3 | 1,25(0H),D; increases TXNIP expression in ductular cells. A The
expression levels of Pcna, Casp3, Tnf, and Tgfbl in cholangiocytes. Female C57BL/6
mice were fed DDC diet for 4 weeks with vehicle or 1,25(0OH),D; (5 ug/kg, 2x week)
treatment and primary cholangiocytes were isolated (n = 4/group). B Relative
mRNA levels of Vdr. Female C57BL/6 mice were treated with 1,25(0H),D; (5 pg/kg,
2x week) for 4 weeks, and primary cholangiocytes, HSCs, liver macrophages, and
LSECs were isolated (n = 3/group). C Hepatic mRNA levels of Txnip. Female C57BL/6
mice were treated with 1,25(OH),D5 (5 pg/kg, 2x week) for 4 weeks (n=3/group).
D Relative mRNA levels of Txnip. Female C57BL/6 mice were treated with

1,25(0H),D; (5 pg/kg, 2x week) for 4 weeks, and primary hepatocytes, cholangio-
cytes, HSCs, liver macrophages, and LSECs were isolated (n = 3/group). E qPCR
analysis. BMOL cells were pre-incubated with control or Vdr siRNA for 24 h and
treated with 1,25(0OH),D; (10 uM) for 24 h (n =4 biological replicates). F Luciferase
assay. BMOL cells were pre-incubated with control or Vdr siRNA for 24 h and treated
with 1,25(0H),D; (10 uM) for 6 h (n =4 biological replicates). Values represent
means * SDs. n.s., not significant. Significance determined by one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (A, E, F) and unpaired two-tailed ¢ test
(B, C, D). Source data are provided as a Source Data file.

These results indicate that the hepatoprotective effects of vitamin D
supplementation could be mediated by cholangiocytes, HSCs, and
liver macrophages.

Given that TXNIP is a vitamin D target gene”*, we examined
whether vitamin D could regulate TXNIP expression in liver. Indeed,
1,25(0OH),Dj3 treatment increased the hepatic mRNA level of Txnip in
mice (Fig. 3C). To determine the origin of this TXNIP, we isolated
hepatocytes, cholangiocytes, HSCs, liver macrophages, and LSECs
from vehicle- and 1,25(0OH),Ds-treated mice. In the vehicle-treated
mice, the major Txnip-expressing cells were hepatocytes, HSCs, and
LSECs. In 1,25(0OH),Ds-treated mice, the Txnip mRNA levels were
markedly altered in cholangiocytes (5.3-fold increase), HSCs (4.2-fold
increase), and LSECs (6.9-fold decrease) (Fig. 3D). TXNIP and VDR were
upregulated in both cholangiocytes and HSCs of vitamin D-treated
mice. This finding, along with previous reports that vitamin D exerts
anti-hepatic fibrosis and anti-inflammatory effects through regulating
HSCs and macrophages®*, prompted us to herein focus on how
vitamin D impacts cholangiocytes. When BMOL cells, a well-defined
mouse ductular cell/HPC line, and human cholangiocyte MMNK-1 cells
were treated with 1,25(0OH),D3;, TXNIP expression was upregulated

25-27

(Fig. S6A-C). 1,25(0OH),D3-induced TXNIP upregulation in BMOL cells
was significantly blocked by pre-treatment with Vdr siRNA (Fig. 3E and
Fig. S6D, E) and a luciferase reporter gene assay showed that
1,25(0H),Dj5 significantly enhanced Txnip promoter activity, whereas
introduction of Vdr siRNA inhibited this effect (Fig. 3F). These results
demonstrate that vitamin D acts through VDR to transcriptionally
activate the Txnip promoter in ductular cells.

Cholangiocyte-specific Txnip deletion exacerbates ductular
reaction and liver inflammation and fibrosis in DDC-fed mice
To determine the role of vitamin D-induced TXNIP upregulation in
ductular epithelial cells, we generated tamoxifen-induced cholangio-
cyte-specific Txnip-deficient (Txnip™Sox9-CreER"; hereafter referred to
as Txnip®®°) mice by crossing Txnip™ mice with Sox9-CreER mice. The
knockdown of TXNIP in cholangiocytes was confirmed by qPCR and
double immunofluorescence staining for pan-CK and TXNIP (Fig. S7).
DDC-fed Txnip™ mice formed many large bile ducts near portal
regions, as demonstrated by the appearance of oval-shaped cells on
hematoxylin and eosin (H&E) staining and the accumulation of pan-
CK" cells (Fig. 4A, B). Interestingly, DDC-fed Txnip**®® mice exhibited
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Fig. 4 | Txnip deficiency in cholangiocytes exacerbates ductular reaction and
liver inflammation and fibrosis in DDC-fed mice. Female Txnip™ and Txnip*>®
mice were fed DDC diet for 4 weeks. A Representative H&E staining (n = 4/group).

B IHC staining for pan-CK. Right: Numbers of pan-CK" cells (n = 4/group). C Relative
hepatic mRNA levels of Krt19, Krt7, and Sox9 (Txnip™, n=4; Txnip**°, n=3). D IF

staining for F4/80 and Sirius-red staining. Right: The F4/80" cell numbers and Sirius
red-positive areas (n = 4/group). Magnification: 200X. E, F qPCR analysis of genes
involved in inflammation (E) and fibrosis (F) (Txnip™, n = 4; Txnip**®°, n = 3). Values
represent means + SDs. n.s., not significant. Significance determined by unpaired
two-tailed t test. Source data are provided as a Source Data file.

massive ductular reaction in parenchymal regions and near portal
regions (Fig. 4A, B). Pan-CK" cells were significantly more numerous in
DDC-fed Txnip*>®° mice compared to DDC-fed Txnip™ mice (Fig. 4B).
gPCR showed that the hepatic levels of CkI19, Ck7, and Sox9 were
increased in DDC-fed Txnip®*® mice (Fig. 4C). These results indicate
that Txnip deletion in cholangiocytes promotes DDC-induced ductular
reaction in vivo.

We further evaluated the contributions of TXNIP to liver inflam-
mation and fibrosis. DDC-fed Txnip**®® mice showed a higher degree of
inflammation (the number of F4/80-positive cells and expression
levels of Tnf, Il1b, and C-C motif chemokine ligand 2 [Ccl2], and Adgrel)
and fibrosis (the Sirius red-positive area and expression levels of
Collal, Col3al, Col4al, Timpl, and Mmp?9) (Fig. 4D-F). Overall, these
data indicate that cholangiocyte-specific deletion of Txnip likely
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increases the susceptibility to DDC-induced ductular reaction and
hepatic inflammation and fibrosis.

Biliary Txnip deficiency promotes cholangiocyte proliferation
while suppressing cholangiocyte death

To directly evaluate the regulatory functions of TXNIP in ductular
reaction, we performed RNA sequencing (RNA-seq) analysis in BMOL
cells stably overexpressing Txnip (Fig. S8A). Principal component
analysis (PCA) showed that Txnip-overexpressing cells were clearly
separated from vector control cells (Fig. 5A). We identified 4,507 dif-
ferently expressed genes (DEGs; 2,010 upregulated and 2,497 down-
regulated) in Txnip-overexpressing BMOL cells (Fig. 5B). Gene
ontology (GO) analysis based on the Database for Annotation, Visua-
lization, and Integrated Discovery (DAVID) database indicated that the
DEGs seen under TXNIP overexpression were mainly enriched in
apoptosis- and cell proliferation-related pathways (Fig. 5C). A heatmap
revealed that TXNIP overexpression downregulated pro-proliferation-
and anti-apoptosis-associated genes, and upregulated anti-prolifera-
tion- and pro-apoptosis-associated genes (Fig. 5D). Flow cytometric
analysis further revealed that the percentages of cells in S phase and
early apoptosis were lower and higher, respectively, in Txnip-over-
expressing BMOL cells compared to vector controls (Fig. S8B). TXNIP
overexpression also downregulated PCNA and B-cell lymphoma-extra-
large (Bcl-xL) (Fig. S8C). In contrast, Txnip knockdown increased the
S-phase cell percentage, PCNA expression, and Bcl-xL expression, but
reduced the early apoptotic cell percentage and Bax expression
(Fig. 5E and Fig. S9). To test whether vitamin D regulates cholangiocyte
proliferation and apoptosis via TXNIP, we treated vitamin D in ShRNA
control and shRNA Txnip BMOL cells. Our results revealed that
1,25(0H),Dj; treatment downregulated the expression levels of PCNA
and Bcl-xL and upregulated that of Bax in BMOL cells, but these effects
were not observed in Txnip knockdown cells (Fig. 5F). In addition, the
1,25(0OH),D3-induced changes of PCNA, Bax, and Bcl-xL expression
were blocked by pre-treatment with Vdr siRNA (Fig. S10).

Next, we explored whether the increased proliferation and
decreased apoptosis in Txnip-deficient cholangiocytes contributes to
the increase of ductular reaction in vivo and found that pan-CK*'BrdU*
cells were significantly more numerous while pan-CK'caspase-3* cells
were significantly less numerous in DDC-fed Txnip®*®® mice compared
to DDC-fed Txnip™ mice (Fig. 5G). Cholangiocytes isolated from DDC-
fed Txnip**® mice further showed upregulation of Pcna and Bcl2 and
downregulation of Bax, Casp3, and caspase-9 (Casp9), compared to
those isolated from DDC-fed Txnip™ mice (Fig. 5H). These results
indicate that Txnip deficiency promotes ductular reaction by enhan-
cing proliferation and suppressing apoptosis of cholangiocytes.

Biliary Txnip deficiency promotes cholangiocytic secretion of
pro-inflammatory and pro-fibrogenic mediators to activate KCs
and HSCs

We next investigated the mechanism by which biliary TXNIP deficiency
elicited ductular reaction and promoted liver inflammation and
fibrosis. In ductular reaction, reactive cholangiocytes secrete pro-
inflammatory and pro-fibrogenic mediators such as TNF-q, IL-1f, IL-6,
MCP-1, and TGF-B*”. Thus, we postulated that TXNIP might regulate
this secretion to activate liver immune cells and HSCs. Notably, F4/80"
liver macrophages and alpha-smooth muscle actin (a-SMA)" HSCs
were located adjacent to pan-CK" cells around portal regions and in
parenchymal regions (Fig. 6A), suggesting that these cells may engage
in cross-talk. To evaluate whether biliary TXNIP-regulated pro-inflam-
matory mediators stimulate liver immune cells and inflammatory
responses, we isolated mouse primary KCs (resident liver macro-
phages) and co-cultured them with Txnip-knockdown BMOL cells. The
mRNA levels of Tnf, ll6, I[1b, and Ccl2 were significantly elevated in KCs
co-cultured with Txnip-knockdown cells compared to vector control
BMOL cells (Fig. 6B). Tnf, Il6, and Ccl2 were also upregulated in Txnip-

knockdown BMOL cells themselves (Fig. 6C). To validate our in vitro
findings, we compared cholangiocytes from DDC-fed Txnip*s*® mice
and DDC-fed Txnip™ mice. Our results revealed that Tnf was upregu-
lated in cholangiocytes of DDC-fed Txnip***® mice compared to DDC-
fed Txnip™ mice, whereas there was no difference in the levels of /6,
l1b, or Ccl2 (Fig. 6D). Culture media from Txnip-knockdown BMOL
cells contained increased levels of TNF-a (Figure S11A) and neu-
tralization of TNF-a in the culture medium downregulated the mRNA
levels of Tnf, Il6, ll1b, Ccl2, and Adgrel in KCs co-cultured with Txnip-
knockdown BMOL cells (Fig. 6E, F).

To further determine how TXNIP in ductular reactive cells reg-
ulates the pro-fibrogenic potential of HSCs, in vitro co-culture assays
were performed using mouse primary HSCs and Txnip-knockdown
BMOL cells. HSCs co-cultured with Txnip-knockdown BMOL cells
showed increased levels of Tgfbl, Collal, Col3al, Col4al, and Mmp9
compared to HSCs co-cultured with vector control BMOL cells
(Fig. 6G). qPCR analysis also showed that Tgfbl was upregulated in
Txnip-knockdown BMOL cells (Fig. 6H) and in cholangiocytes isolated
from DDC-fed Txnip®*®° mice relative to those from DDC-fed Txnip™
mice (Fig. 61 and Fig. S11B). We next assessed whether the increased
TGF- secretion by ductular reactive cells under Txnip deficiency
contributes to HSC activation and collagen deposition. Indeed, TGF-3
levels were significantly increased in conditioned media of Txnip-
knockdown BMOL cells (Fig. S11C) and neutralization of TGF-f in the
culture medium downregulated Collal, Col3al, and Col4al in HSCs co-
cultured with Txnip-knockdown BMOL cells (Fig. 6J, K). Collectively,
these results suggest that Txnip deficiency increases the secretion of
TNF-a and TGF- in ductular reactive cells to activate neighboring KCs
and HSCs and thereby promote inflammatory responses and collagen
synthesis.

Protective effects of vitamin D on ductular reaction and liver
inflammation and fibrosis are partially dependent on

biliary TXNIP

We next evaluated whether TXNIP is required for the hepatoprotective
function of vitamin D. The DDC-induced increases in pan-CK'BrdU*
and F4/80° cell numbers and the mRNA upregulations of Tnf and
Adgrel were significantly attenuated by 1,25(0OH),D; treatment of
Txnip™ mice but not Txnip®*®° mice (Fig. 7A, B). 1,25(0H),D; partially
reduced the Sirius red-positive area and hepatic level of Col3al and
Col4al in both Txnip™ and Txnip**>® mice, but the mRNA expression of
Collal was decreased in 1,25(0H),Ds-treated Txnip™ mice but not in
Txnip**™® mice (Fig. 7A, C). We further examined whether the VDR-
dependent induction of TXNIP in cholangiocytes is the main
mechanism by which vitamin D supplementation suppresses DDC-
induced ductular reaction and CLDs. To enable genetic knockdown of
Vdr and Txnip in mouse cholangiocytes, adeno-associated virus 8
(AAV8)-Sox9-shVdr or AAV8-Sox9-shTxnip was injected via the tail vein
and then fed the mice DDC diet for 4 weeks with 1,25(0OH),D;
(Fig. S12A). The targeted knockdown efficiency of the adenoviral vec-
tor was confirmed by double immunofluorescence staining for pan-
CK/VDR or pan-CK/TXNIP (Fig. S12B). We found that DDC diet-induced
ductular reaction and hepatic inflammation and fibrosis were sig-
nificantly elevated in both AAV8-Sox9-shVdr and AAV8-Sox9-shTxnip
injected mice compared with AAV8-Sox9-control injected mice
(Fig. S13). Furthermore, 1,25(0H),D; treatment reduced DDC diet-
induced ductular reaction and hepatic inflammation and fibrosis, but
the effects of vitamin D supplementation on ductular reaction and
inflammation were abolished in both AAV8-Sox9-shVdr and AAVS-
Sox9-shTxnip injected mice (Fig. S13).

To further determine the direct role of TXNIP in ductular reaction
and liver inflammation and fibrosis, DDC-fed mice were given the
TXNIP agonist, vorinostat. This pan-histone deacetylase inhibitor ele-
vates TXNIP expression through direct effects on histone H4 acetyla-
tion near the TXNIP transcription start site®. Here, vorinostat
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Fig. 5 | TXNIP regulates cholangiocyte proliferation and apoptosis. Principal
component analysis (A) and volcano map (B) for control and Txnip-overexpressing
(OE) BMOL cells (n=3/group). C Top 20 enriched gene ontologies from DAVID
analysis. D Heatmap of representative differentially expressed genes in control and
Txnip OE BMOL cells. E Flow cytometric analysis of sShRNA control and shRNA Txnip
BMOL cells (n = 3 biological replicates). F Effects of 1,25(OH),D5 on cell proliferation
and apoptosis in shRNA control and shRNA Txnip BMOL cells, as assessed by

Western blot analysis (n = 3 biological replicates). G IF staining of pan-CK/BrdU and
pan-CK/caspase-3 in liver tissues. Txnip™ and Txnip**®° mice were DDC-fed for 4
weeks. Right: Percentages of pan-CK'BrdU* and pan-CK'caspase-3* cells (n=4/
group). Original magnifications: 400X and 800X. (H) qPCR analysis of cholangio-
cytes isolated from DDC-fed Txnip™ and Txnip"*®® mice (n=4/group). Values
represent means + SDs. n.s., not significant. Significance determined by unpaired
two-tailed t test. Source data are provided as a Source Data file.
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Fig. 6 | Biliary TXNIP regulates secretion of pro-inflammatory and pro-
fibrogenic mediators. A Representative images of IF staining for F4/80/pan-CK
and a-SMA/pan-CK in DDC-fed mice. F4/80" liver macrophages and a-SMA™ HSCs
were observed near pan-CK" cells (arrows) near portal regions (1) and in par-
enchymal regions (2). Original magnifications: 400X and 800X. B qPCR analysis.
Primary KCs isolated from C57BL/6 mice were co-cultured with shRNA control or
shRNA Txnip BMOL cells for 24 h (n=4 biological replicates). C mRNA levels of
cytokines in shRNA control and shRNA Txnip BMOL cells (n =3 biological repli-
cates). D Relative mRNA expression levels of pro-inflammatory genes in cho-
langiocytes isolated from DDC-fed Txnip™" and Txnip**>® mice (n=4/group).

E Levels of TNF-a in culture media of shRNA control or shRNA Txnip BMOL cells
treated with or without TNF-a neutralizing antibody (5 pug/ml) for 24 h (n =4 bio-
logical replicates). F Expression of pro-inflammatory genes in KCs isolated from
C57BL/6 mice and co-cultured with shRNA control or shRNA Txnip BMOL cells plus

TNF-a neutralizing antibody (n =4 biological replicates). G Relative mRNA
expression levels of fibrosis-related genes. HSCs isolated from C57BL/6 mice were
co-cultured with shRNA control or shRNA Txnip BMOL cells (n =3 biological
replicates). H Relative mRNA expression levels of TgfbI in shRNA control and
shRNA Txnip BMOL cells (n =3 biological replicates). I qPCR analysis of fibrosis-
related genes in cholangiocytes from DDC-fed Txnip™ and Txnip®**° mice (n=4/
group). J Levels of TGF-f in culture media from shRNA control or shRNA Txnip
BMOL cells treated with or without TGF-f neutralizing antibody (2 pg/ml) for

24 hours (n =3 biological replicates). (K) Expression of fibrosis-related genes in
primary HSCs co-cultured with shRNA control or shRNA Txnip BMOL cells with or
without TGF-f3 neutralizing antibody (n =3 biological replicates). Values represent
means * SDs. n.s., not significant. Significance determined by unpaired two-tailed ¢
test. Source data are provided as a Source Data file.
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Fig. 7 | Vitamin D attenuates DDC-induced ductular reaction and liver inflam-
mation and fibrosis via TXNIP. Female Txnip™ and Txnip®*** mice were fed DDC
diet with 1,25(0H),D3 (5 pg/kg, 2x week). Shown are representative images of IF

staining for pan-CK/BrdU and F4/80, and Sirius-red staining (A), hepatic expressions
of pro-inflammatory genes (B), and relative mRNA levels of collagen in liver (C)

(n=4/group). Lower: Percentages of pan-CK'BrdU" cells, F4/80" cells, and Sirius red-
positive areas. Original magnification: 200X and 400X. D-G Female C57BL/6 mice

) Col1a

Col3a1

Col4a1 Timp1  Mmp9

were fed DDC diet with 1,25(0OH),D5 or vorinostat (100 mg/kg, 2x week). Shown are:
IF staining of pan-CK/BrdU and F4/80, and Sirius-red staining (D) (n=3/group), and
expression levels of genes involved in ductular reaction (E), inflammatory cytokines
(F), and fibrosis (G) (n=5/group). Original magnification: 200X and 400X. Values
represent means + SDs. n.s., not significant. Significance determined by unpaired
two-tailed ¢ test (A, B, C) and one-way ANOVA followed by Tukey’s multiple com-
parisons test (D, E, F, G). Source data are provided as a Source Data file.

treatment dose-dependently increased Txnip expression in BMOL cells
(Fig. S14). Compared with vehicle-treated mice, vorinostat-treated
mice exhibited significant decreases in the pan-CK'BrdU" cell number
and CkI9 and Ck7 expression levels, which were comparable to those
seen in 1,25(0OH),Ds-treated mice (Fig. 7D, E). Vorinostat administration
also decreased the numbers of F4/80" cells, and Sirius red-positive
areas, and downregulated Tnf, Adgrel, Collal, Col3al, Col4al, Timpl,
and Mmp?9 (Fig. 7D, F, G). To evaluate whether vorinostat has the same

effect as vitamin D on liver cells, we isolated cholangiocytes, HSCs, and
liver macrophages from mice given standard rodent chow diet plus
vehicle, DDC plus vehicle, and DDC plus vorinostat. Similar to the
results obtained with vitamin D treatment, the DDC diet feeding-
induced upregulations of Pcna and Tnf were significantly reduced,
whereas Casp3 was increased, in cholangiocytes from vorinostat-
treated mice (Fig. S15). In addition, the expression levels of Acta2,
Collal, Col3al, and Col4al in HSCs and those of Tnf, /lIb and Ccl2 in
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liver macrophages were downregulated in vorinostat-treated mice
(Fig. S15). Together, these findings indicate that the vitamin D-induced
upregulation of TXNIP could potentially be developed to ther-
apeutically address ductular reaction and CLD.

In patients with CLDs, TXNIP expression in ductular reaction
cells positively correlates with vitamin D plasma levels

We previously reported that TXNIP expression is upregulated in patients
with ALD and MASLD*%. Here, we evaluated the expression levels of
TXNIP in patients with CLDs. TXNIP was expressed as follows: in hepa-
tocytes and LSECs of normal individuals, with increased expression in
CLD patients; in cholangiocytes and HSCs of normal individuals, with
weak or absent expression in CLD patients; and in liver macrophages, at
similar levels in normal individuals and CLD patients (Fig.S16).

We further investigated the clinical significance of the vitamin D/
TXNIP axis in ductular reaction and liver inflammation and fibrosis. We
found that Pan-CK" and SOX9" cells strongly co-expressed TXNIP in
biliary epithelial cells of control individuals (Fig. 8A). In patients with
CLDs, in contrast, pan-CK* and SOX9" cells that were detached from
the bile duct structure and penetrated into the surrounding matrix
showed no TXNIP staining (Fig. 8A). Far fewer TXNIP"pan-CK" and
TXNIP*'SOX9" cells were observed patients with CLDs compared to
control individuals (Fig. 8B, C). The numbers of TXNIP*pan-CK" and
TXNIP*'SOX9" cells were negatively correlated with hepatic biochem-
ical parameters, and patients with more advanced (stage 4) fibrosis had
fewer TXNIP*pan-CK" and TXNIP'SOX9* cells (Fig. 8D and Figure S17).
Finally, TXNIP expression in ductular reactive cells was positively
correlated with the vitamin D plasma level (Fig. S8E).

In line with the findings in humans, TXNIP'pan-CK" and
TXNIP'SOX9" cell numbers were markedly decreased in DDC-fed mice
compared to chow diet-fed mice (Fig. SI8A, B) and TXNIP expression in
ductular reactive cells was negatively correlated with the F4/80 cell
number and Sirius red-positive area (Fig. SI8C, D). BDL mice also
showed lower TXNIP"pan-CK" and TXNIP*'SOX9" cell numbers than sham
mice, and exhibited negative relationships between the TXNIP level and
the F4/80" cell number and Sirius red-positive area (Figure S19).

Discussion
Vitamin D deficiency is associated with CLDs regardless of etiology”, but
the mechanisms through which vitamin D supplementation may reg-
ulate CLD progression remain largely unknown. The current study
revealed that vitamin D plasma levels are decreased in patients with
CLDs and negatively correlated with ductular reaction severity. In DDC-
fed and BDL mice, 1,25(0OH),D; treatment reduced ductular reaction and
liver inflammation and fibrosis, and significantly upregulated TXNIP in
ductular epithelial cells. This elevated TXNIP inhibited cholangiocyte
proliferation while increasing cholangiocyte death to ameliorate the
ductular reaction. TXNIP also decreased the secretions of TNF-a and
TGF-B by ductular reactive cells; this inhibited the activations of KCs and
HSCs to prevent inflammatory responses and collagen deposition. In
patients with CLDs, biliary TXNIP expression was profoundly down-
regulated and positively correlated with vitamin D plasma levels, sug-
gesting that a similar vitamin D/TXNIP cascade may be relevant to
human liver diseases. Our findings provide mechanistic insights into the
protective effects of vitamin D supplementation in ductular reaction and
CLDs, as summarized in the working model presented in Fig. 8F.
Although ductular reaction is common to almost all CLDs and
ductular reactive cells represent a cell type crucial for liver function
and architecture, there is little data on their proliferation and inter-
action with other cell populations in liver disease. We thus lack ther-
apeutic strategies targeting ductular reaction. Here, we found that
vitamin D plasma levels in patients with CLDs were negatively corre-
lated with the degree of ductular reaction, and vitamin D supple-
mentation ameliorated DDC-induced cholangiocyte proliferation and
ductular reaction in mice. We further observed the following: vitamin

D upregulated TXNIP expression in cholangiocytes; Txnip deletion in
cholangiocytes abolished the protective effects of vitamin D; and
direct agonist-induced TXNIP overexpression attenuated the DDC-
induced ductular reaction. Together, our findings indicate that these
protective functions of vitamin D are mediated by the upregulation of
TXNIP. Previous studies showed that vitamin D restrains cell pro-
liferation and induces differentiation and apoptosis in various normal
and tumor cells. For example, in HPCs, vitamin D reportedly sup-
pressed cell proliferation, invasion, and dedifferentiation®. TXNIP
induced G1 cell cycle arrest in HCC cells by stabilizing p27kip1*®, while
loss of TXNIP promoted hepatocyte proliferation via TNF-o/NF-kB
activation*®*, TXNIP expression is low in human HCC, and vitamin D
treatment of HCC cells stimulated TXNIP transcription to inhibit pro-
liferation and promote apoptosis®. The present study explores the
vitamin D/TXNIP axis in ductular reaction and CLDs. Our findings
indicate that vitamin D supplementation-triggered TXNIP over-
expression critically modulates ductular reaction by regulating cho-
langiocyte proliferation and apoptosis.

How dose vitamin D regulate TXNIP expression? Previously, vita-
min D was reported to exert a wide range of biological actions through
the nuclear VDR-mediated transcriptional regulation of target genes*.
Here, we observed that VDR knockdown in cholangiocytes abolished
the hepatoprotective effects of 1,25(0OH), in DDC diet fed mice. More
importantly, the 1,25(0OH),Ds-induced TXNIP upregulation was sig-
nificantly blocked by VDR silencing, and a luciferase reporter gene
assay showed that vitamin D enhanced Txnip promoter activity via
VDR. This is in line with several previous reports highlighting the
crucial role of VDR in cholangiocytes and liver disease development.
VDR activation was reported to attenuate BDL-induced liver injury by
promoting bile duct repair through Yes-associated protein (YAP)
upregulation*’, whereas VDR knockout exacerbated cholestatic liver
injury and diminished bile duct integrity through the epidermal
growth factor receptor (EGFR) pathway**. Based on our observations,
we postulate that the hepatoprotective effects of vitamin D supple-
mentation in liver diseases are mainly driven by the VDR-dependent
induction of TXNIP in cholangiocytes.

Although this study suggests that the vitamin D/VDR/TXNIP axis
could directly regulate ductular reaction via cholangiocytes, vitamin D
can also impact other liver cell types via VDR. In particular, we found
that vitamin D treatment significantly reduced the DDC diet-induced
activations of HSCs and liver macrophages, and these cells showed
upregulation of VDR. This suggests that the vitamin D-induced and
VDR-mediated inactivation of HSCs and liver macrophages can indir-
ectly inhibit ductular reaction. This hypnosis is supported by studies
showing that activated HSCs could upregulate the Notch and Hedge-
hog pathway in HPCs to facilitate HPC differentiation into biliary cells
and bile duct formation”*¢, Previous reports also showed that mac-
rophages are increased significantly in the ductular reaction area, and
this is related to the expansion of CK7* HPCs**"*%, Here, we found that
1,25(0OH),D; treatment upregulated the expression levels of VDR and
TXNIP mainly in cholangiocytes and biliary Vdr or Txnip knockdown in
mice abolished the hepatoprotective function of vitamin D. Together,
these findings indicate that the effects of vitamin D on ductular reac-
tion occur mainly through cholangiocytes in our model, although
HSCs and liver macrophages may indirectly regulate ductular reaction.

Proliferating cholangiocytes secrete various pro-inflammatory
and profibrotic cytokines that undergo cross-talk with other cells in the
hepatic microenvironment*~. Here, we found that conditioned media
of Txnip-knockdown BMOL cells exhibited increased accumulation of
TNF-a and TGF-B. Pro-inflammatory cytokines and profibrotic genes
were significantly increased in KCs and HSCs, respectively, stimulated
with conditioned media of Txnip-knockdown BMOL cells. The key role
of TXNIP in regulating cholangiocytes is emphasized by our observa-
tion that TNF-a and TGF-f3 expression levels were upregulated in pri-
mary cholangiocytes isolated from DDC-fed Txnip**® mice. These
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Fig. 8 | Correlation between biliary TXNIP expression and vitamin D levels in
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CLDs. White circles indicate TXNIP* cholangiocytes; open circles show decrease or
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B Percentages of TXNIP"pan-CK" and TXNIP'SOX9" cells (controls, n =11; patients
with CLDs, n=114). C Percentages of TXNIP"pan-CK" and TXNIP'SOX9" cells in
controls (n=11) and patients with CLDs categorized by etiology, including HBV
(n=53), alcohol (n=24), PBC (n=7), MASH (n=13), and unidentified (n=17).
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VDRRXR)

Ductular reaction § Inﬂ;mmatu;r’\ A4
o
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cytes and vitamin D levels (n =125). F Proposed mechanisms by which vitamin D may
exert hepatoprotection against CLDs. Vitamin D induces TXNIP expression in duct-
ular epithelial cells via VDR. The elevated TXNIP inhibits cholangiocyte proliferation
while increasing cholangiocyte death, ameliorating ductular reaction. TXNIP also

downregulates TNF-a and TGF-f secretion by ductular reactive cells, inhibiting KC
and HSC activation to prevent inflammation and fibrosis. Values represent means +
SDs. Significance determined by unpaired two-tailed ¢ test (B, C, D). Correlations

were assessed by Pearson correlation coefficient and line of best-fit was generated by
simple linear regression analysis (E). Source data are provided as a Source Data file.
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findings suggest that the loss of Txnip in cholangiocytes potently sti-
mulates TNF-a and TGF-3 secretion to activate KCs and HSCs through
paracrine actions and thereby promote liver inflammation and fibrosis.
This hypothesis is further supported by our observation that neu-
tralization of TNF-a or TGF-f in conditioned media of Txnip-knock-
down BMOL cells decreased the activation of co-cultured KCs and
HSCs. Similarly, TXNIP deficiency was reported to upregulate TNF-a in
hepatocytes and enhance TGF-3-mediated transcriptional activity in a
cancer cell line""*°, Although further studies are needed to determine
how TXNIP regulates TNF-a and TGF-f in cholangiocytes, our results
indicate that, upon upregulation via vitamin D/VDR, biliary TXNIP
directly inhibits TNF-a and TGF-f to block the paracrine activation of
KCs and HSCs and thereby prevent liver disease progression.

Despite the advances described herein, this study has several
limitations and some questions remain unanswered. First, although the
vitamin D level did not differ between early and advanced fibrosis
patients, these patient groups exhibited significant differences in
ductular reaction markers. We therefore examined the correlation
between vitamin D level and ductular reaction depending on the
etiology. Patients with HBV and alcohol exhibited a negative relation-
ship between the vitamin D level and ductular reaction (severity
assessed using the number of pan-CK" or SOX9* cells), whereas this
correlation was low in patients with PBC and MASH. These results
indicate that the negative correlation observed in the overall popula-
tion between vitamin D level and ductular reaction markers was mainly
due to patients with CLD etiologies related to HBV and alcohol. How-
ever, the low correlation seen in the PBC and MASH groups may also
reflect that our study included relatively few such patients (n=7 and 13,
respectively). Further study with larger patient groups will be needed
to evaluate whether PBC and MASH patients show a negative correla-
tion between their vitamin D level and ductular reaction. Second,
vitamin D has been reported to exert anti-fibrotic effects on HSCs via its
interaction with VDR*****, suggesting a potential physiologic role for
vitamin D/VDR-mediated liver fibrosis. In HSCs, VDR signaling activa-
tion was shown to antagonize multiple TGF-3/SMAD-dependent tran-
scriptional changes in profibrotic genes®. Here, we found that vitamin
D treatment did not affect DDC-induced ductular reaction in Txnip*®®
mice, but partially reduced DDC-induced liver fibrosis in these mice.
This may reflect that vitamin D acts directly on HSCs via VDR in
Txnip™>® mice. We observed that TXNIP was localized both in HSCs
and cholangiocytes of normal individuals, but the expression level was
decreased in CLD patients. The expression levels of TXNIP and VDR
were upregulated in HSCs from vitamin D-treated mice, suggesting that
vitamin D-induced VDR/TXNIP upregulation in HSCs could directly
regulate liver fibrosis. It could be very useful to generate an HSC-
specific Txnip knockout mouse strain and use it to explore the roles of
the vitamin D/VDR/TXNIP axis in HSC activation and liver fibrosis.

Accumulating data indicate that vitamin D affects the progression
of CLDs at several stages, such as by inhibiting the injury trigger,
suppressing liver macrophages and HSC activation and proliferation,
reducing cytokine levels and ECM accumulation, and degrading col-
lagen through MMP activation and TIMP inhibition'®"*, Here, we report
on how vitamin D supplementation impacts the ductular reaction and
subsequent progression of liver inflammation and fibrosis. Our pre-
clinical data reveal a new mechanism by which vitamin D supple-
mentation ameliorates CLDs and support the idea that the vitamin
D/TXNIP axis could be a promising therapeutic target in clinically
addressing the ductular reaction and CLDs.

Methods

Ethical statement

This study was conducted in strict accordance with all relevant ethical
regulations and animal welfare legislation in Korea. The study con-
formed to the ethical principles for medical research involving human
subjects outlined in the 2013 Declaration of Helsinki and abided by the

2018 Declaration of Istanbul. The study protocol was approved by the
Institutional Review Board of Chungnam National University Hospital
(IRB number: 2016-03-020-0449 and 2020-02-042-011). All animal
experiments were conducted in accordance with the principles and
procedures outlined in the ARRIVE (Animals in Research: Reporting In
Vivo Experiments) statement and were approved by the Chungnam
National University Animal Care and Use Committee (Approval Num-
ber: 202304A-CNU-069, 202409A-CNU-165, and 202410A-CNU-187).
Previous studies showed that female mice exhibit increased ductular
reaction compared with male mice, due to the higher activity of the
hepatic cytochrome P450 (CYP), the enzyme responsible for DDC
metabolism®*', We used only female mice to induce more severe
ductular reaction. Mice were housed under a 12-hour light-dark cycle,
with five mice per cage. The ambient temperature was maintained at
21+1°C, with a humidity level of 50 +10%.

Human liver samples

Human plasma samples and liver tissues were obtained from patients
with CLDs (n=114) of various etiologies (HBV, n=>53; alcohol, n=24;
PBC, n=7; MASH, n=13; unidentified, n=17) and control (n=11). The
CLD cohort included patients at fibrosis stage 1 (n =24), fibrosis stage 2
(n=16), fibrosis stage 3 (n=15), and fibrosis stage 4 (n=59). Plasma
samples and liver tissues from control individuals were collected from
donors whose livers were prepared for liver transplantation. We obtained
informed consent from all participants not only for participation in the
study but also for the publication and dissemination of the study results.
Detailed information on the patients is presented in Table SI.

Animal experiments

Txnip floxed (Txnip™; strain #016847) and Sox9-CreER (strain #035092)
mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA).
Cholangiocyte-specific Txnip-deficient (Txnip™Sox9-CreER®; Txnip*>®)
mice were generated by crossing Txnip™ mice with Sox9-CreER mice on
a C57BL/6 background. Cre-negative Txnip™ (Txnip™Sox9-CreER;
Txnip™) mice were used as littermate controls. Tamoxifen-mediated
induction of Cre activity was performed in 4- to 6-week-old mice by
daily intraperitoneal injection of 75 mg tamoxifen (Sigma-Aldrich, St.
Louis, MO, USA)/kg body weight for 5 consecutive days. Two weeks
after the last injection of tamoxifen, the absence of Txnip in cho-
langiocytes was verified by immunofluorescence (IF) and gqPCR
analyses. For acute deletion of Vdr and Txnip in cholangiocytes, female
C57BL/6 mice were given two doses of AAV8-Sox9-control, AAV8-Sox9-
shVdr, or AAV8-Sox9-shTxnip (1x10" GC/mouse, iv.; GeneChem,
Shanghai, China). Here, eight-week-old female mice were fed a stan-
dard rodent chow diet or DDC diet (Research Diets, Inc., NJ, USA) for
10 days, 4 weeks, or 12 weeks. For vitamin D and TXNIP agonist
treatments, 1,25(0OH),D; (5pg/kg, 2x week; MedChemExpress, Mon-
mouth Junction, NJ, USA) and vorinostat (100 mg/kg, 2x week; Med-
ChemExpress) were injected intraperitoneally during the 4-week
period mice were fed with the standard or DDC diet. To explore a
second model of ductular reaction, mice were given BDL or sham
surgery and treated with 1,25(0OH),D5 (5 ug/kg, 2x week; MedChemEx-
press). Age (8 weeks)- and sex-matched littermates were used for
experiments.

Histological examination

Formalin-fixed liver samples were paraffin embedded, sectioned at
4 um, and stained with H&E (Labcore, Seoul, Korea). For examination
of collagen deposition in liver tissues, paraffin sections were stained
with Sirius red (IHC World, Woodstock, MD, USA), counterstained with
Mayer’s hematoxylin, and analyzed via light microscopy. For Sirius red-
positive area quantification, portal area around region were selected
and the positive area was calculated from at least five magnification
(200X) fields per liver section using the Image] software
(1.53k; National Institutes of Health, Rockville, MD, USA).
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Immunohistochemistry (IHC) analysis

Paraffin-embedded liver tissues from human and mice were blocked
with 10% normal goat serum (Vector Laboratories, Newark, CA, USA) and
incubated with primary antibodies against pan-CK (Bioss, Woburn, MA,
USA), SOX9 (Abcam, Cambridge, UK), and F4/80 (Abcam) (Table S2).
The slides were counterstained with Mayer’s hematoxylin, dehydrated,
and mounted with mounting medium (Mercedes Scientific, Lakewood
Ranch, FL, USA). To analyze ductular reaction, five fields were randomly
selected from each slide, and all positively stained cells in each image
were counted (final magnification, 400X). Representative images were
taken under an Eclipse Ni-U microscope (Nikon, Tokyo, Japan) using a
Digital Sight DS-Fi3 camera controller and NIS-Elements (Nikon).

Immunofluorescence (IF) analysis

Human and mouse liver sections were incubated with primary anti-
bodies against TXNIP (Medical & Biological Laboratories, Tokyo,
Japan), albumin (Novus Biologicals, Toronto, Canada), LYVEL (R&D
Systems, Minneapolis, MN, USA), CD68, SOX9 (Abcam), pan-CK
(Abcam), caspase-3 (Cell Signaling Technology, Danvers, MA, USA),
TGF-f1 (Santa Cruz Biotechnology, Dallas, TX, USA), F4/80 (Abcam), or
«-SMA (Sigma-Aldrich, St. Louis, MO, USA) (Table S2), and incubated
with fluorescence-conjugated antibodies. All samples were mounted
with Fluoroshield™ containing 4’,6-diamidino-2-phenylindole (DAPI;
Invitrogen, Waltham, MA, USA) and observed under a confocal
microscope (LSM 880; Carl Zeiss, Oberkochen, Germany). For BrdU
staining, a BrdU IF detection kit (Thermo Fisher Scientific, Waltham,
MA, USA) was used according to the manufacturer’s protocol. Single-
positive and double-positive cells were counted from 10 randomly
selected fields per section (final magnification, 400X).

Western blotting

Liver tissues or cell lysates were homogenized in radio-
immunoprecipitation assay (RIPA) buffer (Cell Signaling Technology)
supplemented with protease inhibitors (Roche, Basel, Switzerland) and
phosphatase inhibitors (Roche). Proteins (10 pg) were separated by SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF) membranes
(Bio-Rad Laboratories, Hercules, CA, USA). The membranes were
blocked with 5% bovine serum albumin (BSA) for 1h at room tempera-
ture and then incubated with primary antibodies against TXNIP
(Abcam), Bax (Santa Cruz Biotechnology), PCNA, Bcl-xL, VDR (Cell Sig-
naling Technology), or B-actin (Sigma-Aldrich) (Table S2). Immunor-
eactive bands were visualized using alkaline phosphatase-conjugated
anti-mouse or rabbit antibodies (Sigma-Aldrich) and the SuperSignal
plus chemiluminescent substrate (Thermo Fisher Scientific). Bands were
imaged using an ImageSaver6 (ATTO, Tokyo, Japan) without saturation
and analyzed with the CSAnalyzer 4 software (ATTO). The band intensity
was normalized to that of B-actin; all band detections were within the
linear range.

qPCR

Total RNA was extracted from mouse liver tissues and cells using
TRIzol (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The corresponding cDNA was synthesized using a
ReverTra Ace® qPCR RT Kit (Toyobo, Osaka, Japan). Relative gene
expression levels were measured by qPCR using the SYBR Green PCR
Master Mix (Applied Biosystems, Waltham, MA, USA) and a StepOne™
Real-Time PCR System (Applied Biosystems). The relative expression
levels of target genes were quantified using qPCR analysis, with gapdh
detected as an internal control. The fold change of mRNA was
expressed as 24, The primer pairs used for qPCR are listed in the
Table S3.

Human 25(0OH) vitamin D level analysis
For the quantitative determination of 25(OH) Vitamin D in plasma from
healthy control individuals and patients with fibrosis, we used a

commercial enzyme-linked immunosorbent assay kit (ALPCO Diag-
nostics, Salem, NH, USA) as described by the manufacturer.

In vitro experiment

BMOL cells, which represent a mouse ductular cell/hepatic progenitor
cell line, were kindly provided by Dr. Yeoh (University of Western Aus-
tralia, Perth, Australia) and cultured in Williams E medium supple-
mented with 10% FBS, 1% penicillin, and streptomycin. To establish
stable cell lines with overexpressed and knockdown Txnip, BMOL cells
were transfected with negative control construct, TXNIP-expressing
construct, negative control shRNA, or Txnip shRNA (EX-NEG-M68, EX-
Mm07552-M68, CSHCTROO01-mH1, and MSN023863-mH1a, respectively;
GeneCopeia, Rockville, MD, USA) using the Xfect transfection reagent
(Clontech Laboratories, Mountain View, CA, USA) according to the
manufacturer’s protocol. Positive clones were selected with puromycin
for 3 weeks and identified using qPCR and Western blotting. For Vdr
knockdown, mouse Vdr siRNA or control siRNA (Dharmacon, Lafayette,
CO, USA) was prepared in RNase-free suspension buffer at 5 pmol/uL.
Cells were transfected with siRNA (final concentration, 25 pmol/mL) for
48 h and used for qPCR or Western blotting. For drug treatment, BMOL
cells were incubated for 24 h in culture medium containing 1,25(0OH),D;
(10 umol/L; MedChemExpress) with or without siRNA administration.
For co-culture assays, primary HSCs or KCs (resident liver macrophages)
isolated from C57BL/6 mice were seeded to 6-well plates and BMOL cells
were seeded to polycarbonate membrane cell culture inserts (0.4 pm
pores; Corning, Kennebunk, ME, USA). Inserts containing BMOL cells
were incubated overnight and then placed in the 6-well plates contain-
ing HSCs or KCs. For co-culture experiments, the cells were incubated
for 24 h in fresh medium with or without TGF-$ neutralizing antibody
(final concentration, 2 pg/ml; R&D Systems Minneapolis, MN, USA) or
TNF-a neutralizing antibody (final concentration, 5pug/ml; R&D Sys-
tems). Thereafter, the trans-well inserts were carefully removed, super-
natants were collected for further analyses, and the HSCs or KCs were
immediately homogenized for RNA extraction. MMNK-1 cells, repre-
senting a human cholangiocyte cell line, were purchased from JCRB cell
bank (Osaka, Japan) and cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM). For drug treatment, the MMNK-1 cells were treated with
1,25(0OH),D; (0.5 umol/L) in the culture medium for 2 h.

Primary mouse cell isolation

Primary mouse hepatocytes, HSCs, liver macrophages, and LSECs were
isolated from 10-week-old female mice. Briefly, liver was perfused with
collagenase, and collected non-parenchymal cells (NPCs) were
separated with Opti-Prep gradients (Sigma-Aldrich) to isolate HSC and
liver macrophages/LSEC fractions. Each LSEC and liver macrophages-
enriched fraction was applied to the magnetic column of a magnetic-
activated cell sorting (MACS) separator using anti-CD146 magnetic
beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Primary cho-
langiocytes were isolated from 10-week-old female mice. Briefly, liver
was perfused with collagenase I (Sigma-Aldrich)-containing buffer and
further digested with collagenase I and pronase (Roche). Collected NPCs
were separated using a Percoll gradient and incubated with microbead-
conjugated anti-EpCAM (Miltenyi Biotec), and EpCAM-positive cho-
langiocytes were purified through a MACS column (Miltenyi Biotec).

Flow cytometry

Cell populations in various phases of the cell cycle was measured using
propidium iodide (PI) staining solution (Molecular Probes, Eugene, OR,
USA). For apoptotic cell analysis, a FITC Annexin V Apoptosis Detection
Kit (BD Pharmingen, San Diego, CA, USA) was used. All assay proce-
dures were performed according to the manufacturers’ protocols.

Immunoassay
BMOL cells were incubated with or without KCs or HSCs, and the
concentrations of TNF-a and TGF-f in the conditioned media were
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determined using a colorimetric assay kit (R&D Systems) according to
the manufacturer’s protocol. Briefly, the cell culture supernatant was
loaded to a TNF-a or TGF-f3 antibody-coated 96-well microplate, which
was incubated, washed, and decanted, and then loaded with TNF-a or
TGF-B conjugate. After incubation, plate was washed, loaded with
substrate solution, incubated again, and loaded with stop solution.
Optical density was determined at a wavelength of 450 nm.

Luciferase-based promoter assay

A stable cell line was created by using the Xfect transfection reagent to
transform BMOL cells with a luciferase-encoding vector containing
control or Txnip promoter sequences (negative control, NEG-PG04;
positive control, MPRM39646-PG4; Txnip promoter, MPRM30333-PG04;
GeneCopeia) according to the manufacturer’s protocol. Clones were
selected with puromycin for 3 weeks and identified using quantitative
gPCR. Luciferase activity was determined using a luciferase assay kit
(GeneCopeia) according to the manufacturer’s protocol. Briefly, the
BMOL cells were treated for 6 h with 1,25(0H),D3, the cell culture med-
ium was collected, and luciferase activity was measured with a lumin-
ometer and normalized to the intensity of alkaline phosphatase activity.

RNA-seq and analysis

RNA samples were collected from vector control and Txnip-over-
expressing BMOL cells. Total RNA was isolated using the TRIzol
reagent (Thermo Fisher Scientific). For control and test RNAs, library
construction was performed using a QuantSeq 3’ mRNA-Seq Library
Prep Kit (Lexogen, Vienna, Austria) according to the manufacturer’s
instructions. High-throughput sequencing was performed as single-
end 75 sequencing using a NextSeq 550 (Illumina, Inc., San Diego, CA,
USA). DEGs were identified as having log fold change >2.0 and cor-
rected P value<0.05. The mRNA-Seq data discussed herein were
deposited to NCBI's Gene Expression Omnibus under GEO Series
accession number GSE244700 (https://www.ncbi.nlm.nih.gov/geo/
query/ acc.cgi?acc=GSE244700).

Statistical analyses and reproducibility

Data were analyzed using GraphPad Prism (version 6; GraphPad Soft-
ware, San Diego, CA, USA) and are expressed as meansitstandard
deviations (SDs). Unpaired two-tailed Student’s ¢-test was used to com-
pare mean values between two groups. One-way ANOVA with post-hoc
Tukey’s test was used to compare data across three or more groups. The
relationships between TXNIP expression and clinicopathological fea-
tures were analyzed using the Chi-squared test. Spearman’s correlation
test was used to measure the strength of association between two
variables. At least three experiments were repeated independently with
similar results. P-value < 0.05 was considered statistically significant.

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

Data availability

The data supporting the findings from this study are available within
the manuscript and its supplementary information. The datasets
generated for the mRNA-Seq are available through the Gene Expres-
sion Omnibus under accession code GSE244700. Source data are
provided with this paper.
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