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Abstract
Background  The increased apoptosis of bile duct epithelial cells (BECs) due to some damage factors is considered 
the initiating factor in the occurrence and progression of biliary atresia (BA). Vitamin D receptor (VDR) is thought to 
play a crucial role in maintaining the intrinsic immune balance and integrity of bile duct epithelial cells (BECs). To 
investigate the role of VDRs in the pathogenesis and progression of BA using in vitro and in vivo models.

Materials and methods  The VDR expression levels in intrahepatic bile duct epithelial cells (IBDECs) in pediatric 
patients with BA were examined using immunohistochemical analysis. The correlation of the VDR levels with the 
incidence of refractory cholangitis after Kasai portoenterostomy (KPE) and the autologous liver survival time was 
analyzed. The levels of genes and proteins involved in related pathways were examined using quantitative real-time 
polymerase chain reaction and western blotting, respectively. The secretory levels of inflammatory factors were 
analyzed using enzyme-linked immunosorbent assay. A BA mouse model was established through the intraperitoneal 
sequential injection of rhesus rotavirus (RRV). The role of VDR in the pathogenesis and progression of BA was 
examined using in vitro and in vivo models. Retrospective analysis of patients with BA to examine the therapeutic 
efficacy of VDR activators on BA.

Results  15 pediatric BA patients exhibiting VDR downregulation in IBDECs showed a higher incidence of refractory 
cholangitis after Kasai portoenterostomy (p = 0.037) and a lower native liver survival time compare to 23 BA patients 
without VDR downregulation (p = 0.032). 1,25-VD3 inhibited the degree of autophagy induction in HIBECs by poly(I: 
C) (p < 0.05), mitigated poly(I: C)-induced BEC damage and apoptosis by inhibiting autophagy (p < 0.05). 1,25-VD3 
significantly suppressed the poly(I: C)-induced downregulation of SRC (p < 0.05) and ERK1/2 phosphorylation 
(p < 0.05). 1,25-VD3 exert a protective effect against RRV-induced BEC damage by inhibiting autophagy in BA mouse 
model. The incidence of cholangitis and the native liver survival time after surgery in the calcitriol-treated group was 
significantly lower than that in the control group. (p = 0.033, p = 0.035, respectively).
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Introduction
Biliary atresia (BA), which is characterized by progres-
sive fibro-inflammation of the extrahepatic and intrahe-
patic bile ducts, may lead to cirrhosis and liver failure [1]. 
Kasai portoenterostomy (KPE) can restore bile drainage 
and remains the first choice of treatment for BA at pres-
ent. Hormones, antibiotics, hepatoprotective agents, fat-
soluble vitamins, and probiotics are often used to treat 
cholangitis and complications after KPE [1]. However, 
approximately 60% of patients develop liver failure after 
KPE and consequently require life-saving liver trans-
plantation [1]. Currently, the etiology and pathogenesis 
of BA have not been elucidated, and effective strategies 
have not been developed to prevent progressive liver 
fibrosis postoperatively [2]. Therefore, the mechanisms 
involved in the occurrence and development of BA must 
be revealed. The early inhibition of BA progression can 
improve the prognosis of patients with BA.

In patients with BA, 1,25(OH)2D3 (1,25-VD3) defi-
ciency is common due to the vitamin D activation disor-
der, and 1,25-VD3 deficiency is inversely correlated with 
liver fibrosis [3, 4]. Vitamin D receptor (VDR) knockout 
mice spontaneously develop hepatic fibrosis [5]. In the 
liver, VDR is mainly expressed in hepatic non-parenchy-
mal cells such as hepatic stellate cells, sinus endothelial 

cells, Kupffer cells, and bile duct epithelial cells [6]. VDR 
plays an important role in maintaining the innate immu-
nity of biliary epithelial cells (BECs) [7]. In mice, VDR 
deficiency in BECs disrupts cell junctions [8]. The apop-
tosis of intrahepatic bile duct epithelial cells (IBDECs) 
and extrahepatic bile duct epithelial cells is significantly 
upregulated in BA [9, 10] and is considered the factor ini-
tiating progressive liver fibrosis in BA patients [11, 12]. 
The roles of VDR in the occurrence and progression of 
BA and the underlying molecular mechanisms have not 
been previously reported. In this study, we examined the 
roles of 1,25-VD3 and VDR in the pathogenesis of BA 
along with the underlying mechanisms.

Results
The significant reduction of VDR expression in IBDECs may 
be a poor prognostic marker for BA
As shown in Fig.  1, VDR protein expression was local-
ized to the cytoplasm of IBDECs with tan granular and 
diffusely distributed patterns (Fig. 1A). The mean immu-
nohistochemical positive score of VDR in the IBDECs 
of children with choledochal cysts was approximately 3. 
Of the 38 pediatric patients with BA, 23 patients with a 
mean immunohistochemical VDR score ≥ 3 were clas-
sified into the “no-reduced VDR expression” (VDR-N) 

Conclusions  VDR activator mitigated dsRNA-induced BEC damage and apoptosis by inhibiting autophagy in vitro 
and in vivo. The 1,25-VD3/VDR/Src axis alleviated poly(I: C)-induced HIBEC damage and apoptosis through the PLA2/
PKC/ERK pathway.
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Fig. 1  A significant decrease in VDR expression in IBDECs may be a marker of poor prognosis in BA. (A) Panels a and b along with panels c and d rep-
resent consecutive sections of liver tissue from the same patients in the VDR-N and VDR-R groups. Panels a and b show immunohistochemical staining 
images of liver intrahepatic ducts labeled with CK19, corresponding to panels c and d. Panels c and d depict VDR immunohistochemical staining images 
of liver tissue from patients in the VDR-N and VDR-R groups. Panels e and f are magnified images of the regions outlined by red boxes in panels c and d, 
respectively, showing VDR staining in the epithelial cells of the intrahepatic ducts (indicated by red arrows). (B) The average expression level of VDR in the 
BA group compared with the CC group. (C) Curves of native liver survival in VDR-N vs. VDR-R group plotted using the Kaplan–Meier method. BA: biliary 
atresia; CC: choledochal cyst
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group. Meanwhile, 15 patients with a mean immuno-
histochemical VDR score of < 3 were classified into the 
VDR-R group (Fig.  1B). Patients in the VDR-R group 
were associated with an increased rate of cholangitis 
(p = 0.037; Table  1) and decreased native liver survival 
time after KPE (p = 0.032, Fig. 1C). The clinicopathologi-
cal characteristics of the patients were retrieved from 
their clinical records and are shown in Table 1.

Poly(I: C) promoted HIBEC damage and apoptosis by 
inducing autophagy
Poly(I: C) induced autophagy in HIBEC in a concentra-
tion-dependent manner. The level of autophagy induced 
by poly(I: C) at a concentration of 5 µg/mL was compa-
rable to that induced by higher concentrations (Fig. S1); 
thus, poly(I: C) at a concentration of 5 µg/mL was used 
in subsequent experiments. The induction of autophagy 
in HIBEC by poly(I: C) was time dependent (Fig.  2A). 
Chloroquine (an inhibitor of autophagy) mitigated the 
poly(I: C)-induced downregulation of P62/SQSTM1, an 
autophagy-related protein (Fig.  2B). Consistently, co-
treatment with chloroquine and poly(I: C) significantly 
decreased the formation of RFP-LC3 puncta, indicating 
that chloroquine mitigated poly(I: C)-induced autophagy 
(p < 0.05; Fig.  2C, D), further demonstrating that chlo-
roquine mitigated the poly(I: C)-induced autophagy of 
HIBECs. Notably, poly(I: C) promoted apoptosis and 
inhibited the activity of HIBECs, whereas chloroquine 
suppressed the poly(I: C)-induced upregulation of apop-
tosis (p < 0.01, Fig.  2E, F) and inhibition of cell activity 
(p < 0.01, p < 0.01, Fig. 2G). Chloroquine also suppressed 
the poly(I: C)-induced secretion of inflammatory cyto-
kines, such as INF-β, TNF-α, and IL-6 (p < 0.01, p < 0.05, 
p < 0.01, respectively, Fig. 2H, I, J). These findings suggest 
that poly(I: C) induced HIBEC damage and apoptosis by 
promoting autophagy. The autophagy inhibitor mitigated 
poly(I: C)-induced HIBEC injury and apoptosis by sup-
pressing autophagy.

1,25-VD3 mitigated dsRNA-induced BEC damage and 
apoptosis by inhibiting autophagy
Poly(I: C) significantly downregulated VDR expression 
in HIBECs. As the treatment concentration of 1,25-VD3 
increased, the decreased expression of VDR in HIBECs 
caused by poly(I: C) was gradually restored, demon-
strating that 1,25-VD3 suppressed the inhibitory effect 
of poly(I: C) on VDR expression in a dose-dependent 
manner (Fig.  3A). Compared with the control group, 
poly(I: C) significantly increased the expression ratio of 
LC3B II to LC3BI in HIBECs while significantly decreas-
ing the expression of P62. As the treatment concentra-
tion of 1,25-VD3 increased, the above phenomena were 
reversed, suggesting that 1,25-VD3 can inhibit the degree 
of autophagy induction in HIBECs by poly(I: C) in a 
concentration-dependent manner (Fig.  3B). 1,25-VD3 
suppressed the autophagic flux in poly(I: C)-induced 
HIBECs (p < 0.05, Fig. 3C, D). The effects of poly(I: C) on 
the apoptosis (p < 0.05, Fig. 3E, F), cell viability (Fig. 3G), 
and the secretion of inflammatory cytokines were obvi-
ously reversed by 1,25-VD3 in a dose-dependent man-
ner (IFN-β, p < 0.05, TNF-α, p < 0.05 and IL-6, p < 0.05, 
respectively, Fig.  3H, I, J). VDR activator mitigated 
dsRNA-induced BEC damage and apoptosis by inhibit-
ing autophagy. Because the protective effect of 1,25-VD3 
at 50 nM against poly(I: C)-induced HIBEC damage was 
like that of higher concentrations, 50 nM was used in 
subsequent experiments.

VDR knockdown suppressed the protective effect of 1,25-
VD3 against poly(I: C)-induced HIBEC damage
1,25-VD3 upregulated VDR expression in poly(I: C)-
treated HIBECs. To further confirm the role of VDR in 
poly(I: C)-treated HIBECs, HIBECs were transfected 
with si-VDR, pcDNA3.1-VDR, or the corresponding neg-
ative controls. Transfection with si-VDR and pcDNA3.1-
VDR significantly downregulated and upregulated VDR 
expression, respectively (p < 0.01, p < 0.01, respectively, 
Fig.  4A). Next, HIBECs were transfected with si-VDR 
and subsequently treated with poly(I: C) and 1,25-VD3. 
VDR knockdown significantly mitigated the protective 
effects of 1,25-VD3 on the poly(I: C)-induced upregula-
tion of apoptosis (p < 0.05, Fig. 4B, C), downregulation of 
cell activity (p < 0.05, Fig. 4D), and secretion of inflamma-
tory factors in HIBECs (IFN-β, p < 0.05 TNF-α, p < 0.05 
and IL-6, p < 0.05, respectively, Fig.  4E). Western blot-
ting analysis indicated that VDR knockdown suppressed 
the inhibitory effect of 1,25-VD3 on poly(I: C)-induced 
autophagy, as evidenced by analyzing the numbers of red 
puncta in different treatment groups (Fig.  4F, G). This 
was further confirmed by the downregulation of P62/
SQSTM1 (Fig.  4H, I). These findings indicate that VDR 
mediated the protective effects of 1,25-VD3 on poly(I: 
C)-induced HIBEC damage and apoptosis.

Table 1  The correlation between VDR and the clinicopathology 
of BA patients
Clinicopathological feature VDR-R VDR-N P value

(15) (23)
Female/male 10/5 16/7 1.000
Age at KPE (days) 61.56 ± 16.77 60.97 ± 17.56 0.950
C-reactive protein (mg/L) 45.2 ± 12.7 24.97 ± 12.15 0.092
WBC (× 109/L) 17.46 ± 7.13 12.49 ± 4.37 0.089
TBIL (mg/dL) 9.7 ± 3.2 8.8 ± 2.7 0.653
DBIL (mg/dL) 6.5 ± 2.0 6.1 ± 1.8 0.751
ALT (U/L) 216.5 ± 44.6 182.9 ± 41.2 0.003
AST (U/L) 168.8 ± 32.5 136.7 ± 28.5 0.005
Refractory cholangitis (yes/no) 9/6 5/18 0.037
WBC, White blood cells; CRP, C-reactive protein; TBIL, total bilirubin; DBIL, direct 
bilirubin; AST, aspartate aminotransferase; ALT, alanine aminotransferase
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Fig. 2 (See legend on next page.)

 



Page 6 of 16Liu et al. BMC Gastroenterology           (2025) 25:44 

1,25-VD3 exerted a protective effect on poly(I: C)-induced 
HIBEC damage through the VDR/SRC and PLA2/PKC/ERK 
pathways
The molecular mechanism underlying the effects of VDR 
on poly(I: C)-induced autophagy in HIBECs was exam-
ined. CAV1 and SRC are thought to be involved in VDR 
signaling [13]. The interaction between VDR and SRC 
was examined through Co-IP assay. VDR protein was 
enriched in the plasma membranes immunoprecipitated 
with anti-c-Src antibodies (IP-c-Src) (Fig. 5A, left panel). 
Meanwhile, SRC protein was enriched in the sample 
immunoprecipitated with anti-VDR (IP-VDR) antibod-
ies (Fig.  5A, right panel). HIBECs were treated with 
1,25-VD3 and subjected to immunoprecipitation assay. 
As shown in Fig.  5B, SRC and p-Y419-SRC coimmuno-
precipitated with VDR in the plasma membrane fractions 
isolated from 1,25-VD3-treated HIBECs. Subsequently, 
the expressions of Toll-IL-1 receptor (TIR) domain-con-
taining adaptor molecule-1 (TICAM1, also called TRIF), 
TLR3, and VDR proteins were examined. VDR knock-
down significantly suppressed the effects of 1,25-VD3 on 
the expressions of VDR, TRIF and TLR3 (Fig. 5C, D, E). 
The interaction between 1,25-VD3 and VDR results in 
the activation of PLA2 and PKC downstream. Thus, the 
activities of PLA2 and PKC in HIBECs transfected with 
VDR siRNA and subsequently treated with poly(I: C) and 
1,25-VD3 were examined. VDR knockdown partly miti-
gated the 1,25-VD3-induced upregulation of PLA2 and 
PKC activity (p < 0.05, p < 0.05, respectively, Fig.  5F and 
G). Additionally, 1,25-VD3 significantly suppressed the 
poly(I: C)-induced downregulation of SRC and ERK1/2 
phosphorylation. In contrast, transfection with si-VDR 
mitigated the effects of 1,25-VD3 on SRC and ERK1/2 
phosphorylation (p < 0.05, p < 0.05, respectively, Fig.  5H, 
I, J).

VDR activators may provide an effective approach for the 
treatment of BA
The rate of jaundice was significantly lower in the 
RRV + 1,25-VD3 group than in the RRV group at day 12 
after viral inoculation (100% in RRV group vs. 50% in 
the RRV + 1,25-VD3 group; Fig. 6A and B, left). None of 
the mice in the WT + RRV group survived more than 14 
d, while 40% of the mice in the 1,25-VD3 + RRV group 
survived for more than 18 d (Fig. 6B, right). In the 1,25-
VD3 + RRV group, no blockages were observed in the 

extra-hepatic bile ducts (Fig. 6C), and no obvious infiltra-
tion of inflammatory cells was found around the intra-
hepatic bile ducts (Fig.  6D). The TEM images showed 
that no obvious autophagosomes were observed in the 
EBDECs of the control group. In the RRV group, a small 
amount of autophagic vesicles appeared in the EBDECs 
at day 6, and more autophagic vesicles were observed at 
day 12. The mitochondria were extremely swollen, and 
the crista process was disorganized, broken, or missing in 
the EBDECs. Compared with the RRV group, the amount 
of autophagic vesicles at day 12 was significantly reduced 
in the RRV + 1,25-VD3 group (Fig. 6E). The TEM images 
revealed that RRV induced the autophagosomal encapsu-
lation of mitochondria in the EBDECs, while 1,25-VD3 
significantly inhibited the autophagy induced by RRV in 
EBDECs.

We conducted a retrospective analysis of patients with 
BA who received oral calcitriol after KPE. The incidence 
of cholangitis after surgery in the calcitriol-treated group 
was significantly lower than that in the control group 
(Table 2). Additionally, the native liver survival time was 
higher in the calcitriol-treated group (p = 0.035, Fig.  7). 
The clinicopathological characteristics of the patients 
with BA are shown in Table 2. Thus, we can conclude that 
VDR activators exert a protective effect against dsRNA 
virus-induced BEC damage by inhibiting autophagy. 
These findings indicate that VDR activator is a potentially 
effective therapeutic approach for BA.

Discussion
The etiology and pathogenesis of BA have not been 
elucidated. Previous studies have demonstrated that 
inflammatory and immune responses are involved in the 
pathogenesis of BA, with viral infection and genetic vari-
ation being the etiological factors [2]. In BA, the apop-
tosis and epithelial–mesenchymal transition of BECs are 
associated with dsRNA virus-induced impaired innate 
immune response [2]. The direct virus-induced damage 
of BECs and secondary autoimmune reaction-induced 
damage to BECs lead to the occlusion of bile duct, result-
ing in the development of BA and liver fibrosis [14].

Poly(I: C) is an authentic mimic of viral dsRNA that 
elicits immune responses in HIBECs [15]. In this study, 
poly(I: C) significantly promoted autophagy and inflam-
matory response in HIBECs, decreased HIBEC viabil-
ity, and enhanced HIBEC apoptosis. Chloroquine, an 

(See figure on previous page.)
Fig. 2  Poly(I: C) promoted HIBEC damage and apoptosis by inducing autophagy (A) The relative expression levels of LC3B protein were detected by West-
ern blotting in HIBECs treated with 5 µg/mL poly(I: C) for 0, 6, 12, and 24 h. (B) The relative expression of P62/SQSTM1 protein was detected by Western 
blotting. (C) Autophagic LC3 puncta were observed under fluorescent microscopy in mRFP-LC3B-transfected HIBECs for the indicated groups. (D) quan-
tification of the number of LC3B puncta per cell from experiments in C. Bars represent the mean ± SEM of the number in 100 cells from 3 independent 
experiments. (E) The apoptosis rates in HIBECs subjected to different treatments were analyzed using flow cytometry. (F) quantification of the apoptosis 
rates in HIBECs from experiments in E. Bars represent the mean ± SEM from 3 independent experiments. (G) HIBEC viability was assessed by MTT assay. 
(H) The concentration of IFN-β was evaluated using ELISA kits. (I) The concentration of TNF-α, was evaluated using ELISA kits. (J) The concentration of IL-6 
was evaluated using ELISA kits. CQ: Chloroquine. *p < 0.05, **p < 0.01, ***p < 0.001



Page 7 of 16Liu et al. BMC Gastroenterology           (2025) 25:44 

Fig. 3  Effects of 1,25-VD3 on cell autophagy, apoptosis, and inflammation induced by poly(I: C). HIBECs were incubated with 5 µg/mL poly(I: C) for 24 h 
followed by treatment with 1,25-VD3 (20, 50, or 100 nM) for 24 h. (A) VDR protein in the treated HIBECs was detected by Western blotting. (B) The relative 
expression levels of LC3B and P62/SQSTM1 proteins were measured in HIBECs exposed to different treatments. (C) HIBECs were transiently transfected 
with a plasmid encoding tandem GFP-mCherry-LC3B, and incubated with 5 µg/mL poly(I: C) or/and 50nM 1,25-VD3 for 48 h. The autophagosome is 
represented by a yellow dot with GFP and RFP, and the autolysosome is represented by a free red dot with RFP only. Scale bar: 10 μm. (D) Quantitative 
analysis of autophagosomes and autolysosomes in each cell. Bars represent the mean ± SEM from 3 independent experiments. (E) The apoptosis rates in 
HIBECs subjected to different treatments were analyzed using flow cytometry. (F) quantification of the apoptosis rates in HIBECs from experiments in E. 
Bars represent the mean ± SEM from 3 independent experiments. (G) HIBEC viability was assessed by MTT assay. (H) The concentration of IFN-β was evalu-
ated using ELISA kits. (I) The concentration of IL-6 was evaluated using ELISA kits. (J) The concentration of TNF-α, was evaluated using ELISA kits. *p < 0.05 
vs. the control group, #p < 0.05 vs. the poly(I: C) group, $p < 0.05 vs. the 20 nM group, &p < 0.05 vs. the 50 nM group
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Fig. 4  Influence of VDR silencing on the protective effect of 1,25-VD3 in poly(I: C)-treated HIBECs. (A) VDR protein in HIBECs transfected with VDR siRNA, 
pcDNA3.1-VDR, or the corresponding negative control was detected by Western blotting. (B) The apoptosis rates in HIBECs subjected to different treat-
ments were analyzed by flow cytometry. (C) quantification of the apoptosis rates in HIBECs from experiments in B. Bars represent the mean ± SEM from 
3 independent experiments. (D) Cell viability was detected by MTT assay in HIBECs transfected with VDR siRNA followed by treatment with poly(I: C) and 
1,25-VD3. (E) The concentrations of pro-inflammatory cytokines (IFN-β, TNF-α, and IL-6) were measured using ELISA kits. (F) Autophagic LC3 puncta were 
observed under fluorescent microscopy in mRFP-LC3B-transfected HIBECs for the indicated groups. (G) quantification of the number of LC3B puncta per 
cell from experiments in F. Bars represent the mean ± SEM of the number in 100 cells from 3 independent experiments. (H) The relative expression levels 
of P62/SQSTM1 protein were detected by Western blotting. (I) Quantification of P62 (normalized to GAPDH) from experiments as in H. The ratio of the 
indicated protein for control was arbitrarily set at 1. Bars represent the mean ± SEM from three independent experiments. *p < 0.05 vs. the scramble or 
control group, **p < 0.01, #p < 0.05 vs. the pcDNA3.1 or poly(I: C) group, ##p < 0.01, &p < 0.05 vs. the poly(I: C) + 1,25-VD3 + scramble group
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Fig. 5 (See legend on next page.)
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inhibitor of autophagy, significantly suppressed poly(I: 
C)-induced autophagy, inflammation, and apoptosis in 
HIBECs. These results reveal that the pathological mech-
anism underlying poly(I: C)-induced apoptosis in HIBECs 
involves autophagy, and the inhibition of autophagy alle-
viates dsRNA virus-induced damage and apoptosis in 
HIBECs.

Autophagy plays an important role in maintaining the 
physiological functions of cells [16]. The dysregulation of 
autophagy can lead to ubiquitination inhibition, reactive 
oxygen species accumulation, mitochondrial dysfunc-
tion, increased genomic instability, and disrupted cellular 
homeostasis, thereby promoting the onset and progres-
sion of various diseases [16, 17]. Dysregulated autophagy 
can also help induce BEC senescence [18]. The markers of 
senescence (p53 and senescence-related β-galactosidase) 
are expressed in IBDECs of children with BA [19]. TEM 
revealed autophagic bodies in the IBDECs of pediat-
ric patients with BA (Fig. S2). In patients with BA, the 
expression of P62 protein was significantly elevated in 
hepatocytes and IBDECs compared to children with 
choledochal cysts (Fig. S3). This suggests that autophagy 
dysregulation in BECs is a potential mechanism underly-
ing BA pathogenesis. Autophagy has differential roles in 
different liver diseases. For example, autophagy induc-
tion exerts therapeutic effects in alcoholic hepatitis and 
nonalcoholic cirrhosis. Meanwhile, autophagy inhibi-
tion exerts therapeutic effects in liver fibrosis [20]. Thus, 
autophagy regulation may a potentially effective thera-
peutic strategy for BA.

Vitamin D activates autophagy through genomic and 
non-genomic signaling pathways, modulates various 
physiological functions of different organs, and regulates 
bone health and calcium metabolism [21]. Addition-
ally, vitamin D is a natural agonist of VDR that induces 
autophagy as a protective mechanism to inhibit oxida-
tive stress and apoptosis and, consequently, regulates cell 
proliferation, differentiation, and immune response [21]. 
For the first time, this study demonstrated that poly(I: C) 
promotes apoptosis and downregulates VDR expression 
in HIBECs. 1,25-VD3 exerted a protective effect against 
poly(I: C)-induced autophagy in HIBECs. Additionally, 

compared with the VDR-N group, pediatric patients with 
BA in the VDR-R group showed an increased frequency 
of cholangitis and a decreased native liver survival time 
after KPE. These results suggest that VDR downregula-
tion in IBDECs may be a biomarker of poor prognosis 
in pediatric patients with BA. Hepatic VDR expression 
is markedly downregulated in patients with primary 
biliary cholangitis [22]. VDR plays an important role in 
maintaining the innate immunity of the bile duct epithe-
lium [7]. A deficiency in VDR results in the loss of cell 
adhesion in BECs and disrupts bile duct integrity [8]. We 
speculated that dsRNA viruses induce BEC damage and 
apoptosis, significantly downregulate VDR expression, 
and promote bile duct damage, thereby contributing to 
poor prognosis in pediatric patients with BA who exhibit 
downregulation VDR expression in IBDECs.

In this study, 1,25-VD3 alleviated poly(I: C)-induced 
HIBEC damage by inhibiting autophagy in vitro, indicat-
ing that VDR activators are potential therapeutic agents 
for virus-induced BA. An RRV-induced BA murine model 
was used to verify the potential therapeutic effect of VDR 
activator on BA. 1,25-VD3 alleviated RRV-induced extra-
hepatic bile duct stenosis and intrahepatic inflammation 
in vivo. TEM revealed that 1,25-VD3 exerted a protective 
effect in extrahepatic BDECs by inhibiting RRV-induced 
autophagy. 1,25-VD3-induced autophagy is a protec-
tive mechanism that inhibits oxidative stress and apop-
tosis and regulates cell proliferation, differentiation, and 
immune response [23]. Vitamin D supplementation has 
been shown to have potential therapeutic effects in lupus 
animal models by modulating autophagy [24]. In inter-
vertebral disc degeneration, VDR activation alleviates 
oxidative damage and suppresses nucleus pulposus apop-
tosis by promoting mitochondrial autophagy [25]. Sun 
et al. [3] reported that pediatric patients with BA show 
impaired vitamin D activation, and vitamin D deficiency 
is common and inversely correlated with liver fibrosis in 
BA patients. Calcitriol, an active metabolite of vitamin 
D and an agonist of VDR, has been used in the treat-
ment of rickets in infants [26], demonstrating the basic 
safety of calcitriol in the treatment of pediatric diseases. 
After KPE, BA patients treated with calcitriol showed a 

(See figure on previous page.)
Fig. 5  VDR regulates poly(I: C)-induced autophagy in HIBECs via the PLA2/PKC/ERK pathway. (A) Co-IP assay of the interaction between VDR and c-Src. (B) 
HIBECs were incubated in the absence or presence of 1,25-VD3 (50 nmol/L), and the plasma membrane fraction was isolated. Co-immunoprecipitation 
against VDR was then performed. (C) The relative expression levels of TRIF, TLR3, and VDR protein were measured by Western blotting. (D) The levels of VDR 
(normalized to GAPDH) were quantified from experiments. The ratio of protein to GAPDH in the control group was arbitrarily set at 1. Data are presented 
as the mean ± SEM from three independent experiments as in C. (E) Quantification of TLR3 and TRIF (normalized to GAPDH) from experiments as in C. The 
ratio of the indicated protein for control was arbitrarily set at 1. Bars represent the mean ± SEM from three independent experiments. (F) PKC activity was 
evaluated using a PKC kinase activity assay kit. (G) PLA2 activity was analyzed using a cPLA2 activity assay kit. (H) The phosphorylation levels of c-Src and 
ERK were measured by Western blotting in different treatment groups. (I) Quantification of P-ERK1/2 (normalized to GAPDH) from experiments as in H. 
The ratio of the indicated protein for control was arbitrarily set at 1. Bars represent the mean ± SEM from three independent experiments. (J) Quantifica-
tion of P-SRC-pY419 (normalized to GAPDH) from experiments as in H. The ratio of the indicated protein for control was arbitrarily set at 1. Bars represent 
the mean ± SEM from three independent experiments. *p < 0.05 vs. the control group, #p < 0.05 vs. the poly(I: C) group, &p < 0.05 vs. the poly(I: C) + 1,25-
VD3 + scramble group
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Fig. 6  Effects of 1,25-VD3 in mice infected with RRV. (A) Representative images of mice at days 6 and 12. (B) Jaundice rate (left), body weight curves 
(center), and survival curves of mice (right) recorded from days 1 to 20 in each group (control: WT + saline; RRV: WT + RRV; RRV + 1,25-VD3: WT + RRV + 1,25-
VD3). (C) Extrahepatic bile duct cholangiography of mice in each group at days 6 and 12. (D) Liver H&E staining images for each group at days 6 and 12. 
(E) TEM images of autophagic vacuolization in EBDECs
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lower frequency of postoperative cholangitis, slower pro-
gression of liver fibrosis, and longer native liver survival 
time compared with untreated BA patients. These find-
ings suggest that VDR activation is a potentially effective 
method for the treatment of BA.

In RRV-infected BECs, the expressions of pattern 
recognition receptors (e.g., Toll-like receptors) are 
upregulated, and the intracellular signaling pathways 
are activated, resulting in cell damage [27]. Poly(I: C), 
an extensively used immune stimulant, activates TLR3 
ligand, induces an innate immune response, and upreg-
ulates TLR3 in BECs [28]. The lack of innate immune 
tolerance of poly(I: C) by TLR3 in BECs may contribute 
to the development of BA [28]. TLR3 mediates the host 
response against RNA virus through TRIF [29]. The 
TLR3 signaling pathway is dysregulated in TRIF-deficient 

or TRIF mutant mice [29], and TRIF overexpression can 
regulate the autophagy ubiquitination pathway [30]. This 
suggests that TRIF regulates TLR3 and autophagy ubiq-
uitination. In this study, 1,25-VD3 mitigated the signifi-
cant poly(I: C)-induced upregulation of TLR3 and TRIF3 
in HIBECs. Meanwhile, VDR knockdown suppressed the 
beneficial effect of 1,25-VD3, suggesting that 1,25-VD3 
activates VDR to regulate the autophagy ubiquitination 
pathway. 1,25-VD3 binds to VDR, which activates VDR-
associated SRC to promote the release of the PDIA3/
PLAA complex from CAV1 and subsequently PLA, 
thereby activating ERK1/2 [25]. This study also demon-
strated that VDR knockdown suppresses the 1,25-VD3-
induced upregulation of PLA2 and PKC activities and 
ERK1/2 phosphorylation. In summary, the 1,25-VD3/
VDR/SRC axis mitigates poly(I: C)-induced HIBEC dam-
age and apoptosis through the PLA2/PKC/ERK pathway.

This study has several limitations that must be 
addressed when considering clinical applications. First, 
this study only preliminarily demonstrated that the inhi-
bition of autophagy can alleviate dsRNA virus-induced 
BEC damage and intrahepatic inflammation. The bili-
ary atresia (BA) animal model used in this study can-
not account for BA caused by cytomegalovirus infection 
or environmental toxins (such as biliatresone), which 
means the findings may not fully address damage caused 
by these other risk factors. Therefore, further studies 
are needed to determine the proportion of patients with 
BA who could benefit from clinical treatment with VDR 
activators. Second, the molecular mechanisms by which 
1,25-VD3 alleviates cholangiocyte injury induced by RRV 
in animals and poly(I: C) in cells still need further verifi-
cation to determine if they are consistent. Third, autoph-
agy plays different roles in various liver diseases [20]. 
Promoting autophagy has potential therapeutic effects 
in alcoholic liver hepatitis and non-alcoholic liver cir-
rhosis, while inhibiting autophagy shows potential thera-
peutic effects in liver fibrosis and dsRNA virus-induced 
BEC damage. Our results did not reveal a significant 
correlation between the expression levels of VDR and 
P62 in IBDECs. Autophagy is a dynamic process, and its 
regulation may vary with the progression of the disease 
[31]. Thus, further clarification is needed to (1) deter-
mine which stage of autophagy is specifically affected by 
dsRNA virus-induced injury and bile duct epithelial cell 
apoptosis and (2) reveal the changes in autophagy lev-
els at different stages of BA progression. These factors 
are crucial for treating BA through autophagy modula-
tion. Therefore, much work is still needed to understand 
how to precisely modulate autophagy for the early-stage 
treatment of BA. Fourth, existing studies have shown 
that Vitamin D3/VDR can regulate inflammation and 
gut microbiota imbalance [32, 33], both of which may be 
contributing factors to the progression of BA. Whether 

Table 2  Basic clinical biochemical data for patients with biliary 
atresia according to group

Control Calcitriol P value
(n = 16) (n = 14)

Female/male 11/5 9/5 1.0
Age at KPE (days) 61.46 ± 17.57 60.67 ± 17.86 0.904
TBIL (mg/dL) 9.3 ± 2.3 9.0 ± 1.3 0.670
DBIL (mg/dL) 6.3 ± 1.7 6.0 ± 0.8 0.551
γ-GTP(U/L) 430.5 ± 100.3 371.8 ± 79.0 0.089
ALT (U/L) 101.5 ± 50.3 89.9 ± 41.5 0.500
AST (U/L)
VDR (R/N)

149.5 ± 30.3
6/10

162.0 ± 49.7
5/9

0.406
0.999

Refractory cholangitis(yes/no) 10/6 3/11 0.033
TBIL, total bilirubin; DBIL, direct bilirubin; AST, aspartate aminotransferase; ALT, 
alanine aminotransferase. γ-GTP, gamma-glutamyltranspeptidase

Fig. 7  Curves of native liver survival plotted using the Kaplan–Meier 
method according to whether calcitriol was taken orally
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Vitamin D3/VDR exerts its effects through mechanisms 
other than the regulation of autophagy is worthy of fur-
ther investigation. Fifth, chloroquine and hydroxychlo-
roquine are well-known inhibitors of autophagy that are 
used to treat malaria (including neonates) and coronavi-
rus disease in children [34]. However, the effectiveness of 
autophagy inhibitors in the early treatment of BA must 
be elucidated. Sixth, the number of pediatric patients BA 
included in this study was limited. Further large-scale 
randomized controlled trials are needed to validate the 
effects, optimal dosage, and duration of calcitriol admin-
istration for the treatment of BA. Finally, the prognosis 
of BA can be improved if the pathological process of BA 
can be blocked before extrahepatic bile duct obstruction. 
The effectiveness of VDR agonists in the early treatment 
of BA will be evaluated in future studies.

In conclusion, this study demonstrated that VDR 
downregulation in IBDECs is a marker of poor progno-
sis in BA patients. VDR agonists/activators are potential 
therapeutic agents for virus-induced BA. Furthermore, 
the 1,25-VD3/VDR/SRC axis alleviated poly(I: C)-
induced HIBEC damage and apoptosis. The findings of 
this study provided novel insights for developing thera-
peutic interventions for BA.

Materials and methods
Human tissue specimens
In this study, 38 BA and 10 choledochal cyst liver tissue 
samples were collected from patients undergoing surgery 
at the Second Affiliated Hospital and Children’s Hospital 
of Xi’an Jiaotong University between January 2015 and 
December 2019.

For clinical observation, 30 patients with BA who 
underwent KPE between January 2021 and June 2023 
were recruited. Among them, 16 patients with BA were 
assigned to the control group, and 14 were assigned to 
the treatment group. The children in the control group 
received anti-inflammatory therapy (intravenous cefo-
perazone sodium and sulbactam sodium), hormone ther-
apy [intravenous methylprednisolone (4  mg/kg/d for 2 
weeks) and oral prednisolone (2  mg/kg/d for 2 weeks)], 
and oral vitamin D after KPE surgery. The patients in the 
treatment group received Rocaltrol (calcitriol) after KPE 
(0.25  µg, qod) instead of vitamin D until the hormone 
therapy was stopped. The remaining post-surgery adju-
vant therapies in the treatment group were identical to 
those in the control group. The study was approved by 
the Ethics Committee of Xi’an Jiaotong University and 
informed consent (2020 − 660) was obtained from all 
patients and voluntary participation prior to the study.

Cell culture and treatment
Human intrahepatic BECs (HIBECs) were purchased 
from Jennio Biotechnology (Guangzhou, China) and 

cultured in Dulbecco’s modified Eagle medium/Ham’s 
F12 medium (1:1) supplemented with 10% (v/v) fetal 
bovine serum, 5 ng/mL epidermal growth factor, 0.4 µg/
mL succinyl hydrocortisone, 2 nM triiodothyronine, 
5  µg/mL insulin, 10  µg/mL recombinant human hepa-
tocyte growth factor, 2 mM glutamine, 100 U/mL 
penicillin, and 100  µg/mL streptomycin at 37  °C in an 
atmosphere containing 5% (v/v) CO2. HIBECs passaged 
4–8 times were used in this study.

After reaching 75% confluency, the HIBECs were 
treated with 2.5–10  µg/mL poly(I: C) (Invitrogen, San 
Diego, CA, USA) for up to 48 h or with 5 µg/mL poly(I: 
C) for 24 h. Subsequently, the cells were treated with var-
ious concentrations of 1,25-VD3 for 24 h.

Cell transfection
The VDR overexpression vector (pcDNA3.1-VDR) and 
the control vector (pcDNA 3.1) were purchased from 
GenScript Biotech Corp. (Nanjing, China). Small inter-
fering RNA (siRNA) against VDR (si-VDR) and its 
negative control (scramble) were purchased from Ther-
moFisher Scientific (Waltham, MA, USA). Plasmids and 
oligonucleotides were transfected into HIBECs using 
Lipofectamine 2000 transfection reagent (Invitrogen, 
Carlsbad, USA) following the manufacturer’s instruc-
tions. At 48 h after transfection, the cells were harvested 
for further analysis.

Cell viability
Cell viability was analyzed by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma, St 
Louis, USA) colorimetric assay. Briefly, cells were seeded 
in 96-well plates at a density of 5 × 103 cells/well and sub-
jected to different treatment regimens. After treatment 
for the indicated duration, the cells were incubated with 
MTT solution (20 µL, 5 mg/mL; Sigma) at 37 °C for 4 h. 
The medium was then removed, and the sample was 
incubated with 0.1 mL of dimethyl sulfoxide (Sigma) to 
dissolve the formazan product. Subsequently, the absor-
bance of the reaction mixture at 450  nm was measured 
using a microplate reader (BioTek, Winooski, USA).

Cell apoptosis analysis
Cell apoptosis was examined using an annexin V/fluo-
rescein isothiocyanate (FITC) and propidium iodide 
(PI) apoptosis detection kit (Becton Dickinson, USA) 
following the manufacturer’s instructions. At 48  h after 
transfection, the HIBECs were suspended in annexin-
binding buffer and incubated with annexin V-FITC/
PI solution for 15 min in the dark at room temperature. 
The apoptosis rate was determined using flow cytometry 
(CYTOMICS FC 500, Beckman Coulter, USA).
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Enzyme-linked immunosorbent assay (ELISA)
The secretion levels of interleukin (IL)-6, interferon 
(IFN)-β and tumor necrosis factor (TNF)-α were deter-
mined by commercially available ELISA kit (Enzo Life 
Science, Inc., Farmingdale, NY, USA) according to the 
manufacturer’s protocol. Briefly, the culture supernatants 
were added to each well, incubated with the standard 
biotin solutions, absorbance was read at 450 nm using an 
ELISA reader (iMark microplate reader, Bio-Rad, Hercu-
les, California, USA). The concentration of each cytokine 
was calculated by recombinant human polyclonal IFN-β, 
TNF-α and IL-6 standard curves.

Western blotting
Harvested cells were lysed for 30  min in radioimmuno-
precipitation assay buffer (Sigma-Aldrich, St Louis, MO) 
supplemented with protease inhibitors. Total protein was 
extracted from the treated HIBECs using M-PER TM 
Mammalian Protein Extraction Reagent (ThermoFisher 
Scientific, Waltham, MA, USA). The extracted protein 
was quantified using a bicinchoninic acid assay kit (Ther-
moFisher Scientific, Waltham, MA, USA). The protein 
samples were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and the resolved proteins 
were transferred to a polyvinylidene fluoride membrane 
(Millipore, Billerica, MA, USA). The membrane was 
sectioned before antibody hybridization and was indi-
vidually probed with the following primary antibodies 
overnight at 4  °C: anti-VDR (ab32042, 1:500), anti-P62/
SQSTM1 (ab91526, 1:1000), anti-LC3B (ab48394; 1:400), 
anti-C-SRC (ab109381; 1:1000), anti-Y419-phospho-SRC 
(ab185617; 1:1000), anti-TRIF (ab13810; 1:1000), anti-
TLR3 (ab137722; 1:1000), anti-ERK1/2 (ab17942; 1:1000), 
anti-p-ERK1/2 (ab214362; 1:1000), and anti-GAPDH 
(ab8245, 1:5000) antibodies. Next, each membrane was 
washed twice with PBS and incubated with goat anti-
rabbit IgG HRP (1:2000; Santa Cruz, CA, USA) for 1 h at 
room temperature. Immunoreactive signals were visual-
ized using enhanced chemiluminescence and quanti-
fied using Image J software (NIH, Bethesda, MD, USA). 
GAPDH was used as the loading control.

Detection of PKC activity
PKC activity was measured using a PKC kinase activity 
assay kit (Abcam). Briefly, the lysates of treated HIBECs 
were transferred to a PKC substrate microtiter plate and 
incubated with 10 µL of ATP at 30 °C for 2 h to initiate 
substrate phosphorylation. The sample was then incu-
bated with a specific antibody against the phosphorylated 
substrate at room temperature for 1 h followed by incu-
bation with horseradish peroxidase-conjugated second-
ary antibodies for 30 min. Immunoreactive signals were 
developed using tetramethylbenzidine. The reaction was 
terminated using the stop solution. The absorbance of the 

reaction mixture at 450 nm was evaluated using a micro-
plate reader (BioTek, Winooski, USA). The PKC kinase 
activity was expressed as the optical density at 450  nm 
(OD450).

Detection of PLA2 activity
The PLA2 activity was evaluated using a cPLA2 activ-
ity assay kit. After washing with PBS, cells were lysed to 
obtain the cell supernatant. The lysate was transferred 
to a microplate and incubated with arachidonoyl thio-
phosphatidylcholine at room temperature for 1 h (follow-
ing the manufacturer’s instructions). Subsequently, the 
sample was incubated with 5,5′-dithiobis (2-nitrobenzoic 
acid) for 5 min to terminate the reaction. The absorbance 
of the reaction mixture at 450 nm was measured using a 
microplate reader (BioTek, Winooski, USA).

Co-immunoprecipitation (Co-IP) assay
Co-immunoprecipitation was performed using a Thermo 
Scientific Pierce co-IP kit according to the manufactur-
er’s instructions. Whole cell lysate (WCL) was incubated 
overnight at 4  °C with A/G magnetic beads (B23202; 
Biotool) in Western/IP lysis buffer (Beyotime, Haimen, 
China). The immunoprecipitates were washed five times 
with Western/IP lysis buffer prior to IB. Samples were 
subjected to Western blot analysis using the follow-
ing antibodies: anti-IgG (Proteintech, #30000-0-AP), 
anti-VDR (Abcam, #ab109234), anti-C-SRC (Protein-
tech, #11097-1-AP), anti-Y419-phospho-SRC (R&D, 
#DYC2685-2). IgG was regarded as a negative control.

Examination of red fluorescence protein (RFP)-LC3B puncta
To construct mRFP-LC3B-expressing cells, adenoviruses 
containing mRFP-LC3B coding sequences (Hanbio Bio-
technology Co., Ltd, Shanghai, China) were transfected 
into the cells following the manufacturer’s instructions. 
At 24  h after transfection, the cells were fixed with 4% 
formaldehyde for 15 min at room temperature. The num-
ber of red puncta was counted under a confocal micro-
scope (Molecular Devices, ImageXpress Micro Confocal 
System). Six non-overlapping fields were observed, and at 
least 20 cells were counted in each group.

Immunohistochemical analysis
Formalin-fixed, paraffin-embedded liver tissues were 
sectioned to a thickness of 5 μm. The sections were then 
deparaffinized with xylene, hydrated using a graded alco-
hol series, and subjected to antigen retrieval and block-
ing. The sections were then incubated with anti-VDR 
antibodies (ab3508, 1:200), anti-cytokeratin19 antibody 
(ab76539, 1:200), anti-SQSTM1/P62 antibody (ab207305, 
1:200) at 4  °C overnight followed by incubation with 
secondary antibodies. Immunoreactive signals were 
detected using 3,3′-diaminobenzidine and hematoxylin. 
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The expression of VDR and P62 protein were determined 
using a semiquantitative scoring method as described 
previously [35].

Establishment of the rhesus rotavirus (RRV)-induced BA 
mouse model [36]
Timed pregnant BALB/c mice were purchased from 
Guangdong Animal Experimental Center, China. New-
born pups (within 24  h of birth) were intraperitoneally 
injected with RRV (20 µL of 1.5 × 106 plaque-forming 
units/mL) or the same dose of saline. The neonatal pups 
were then divided into the following three groups: con-
trol group (10, regardless of sex), RRV group (15, regard-
less of sex), and RRV + 1,25-VD3 (15, regardless of sex, 
1,25-VD3 50  µg/kg bodyweight once every other day). 
The weight, appearance, and survival of the mice were 
recorded daily. The extrahepatic bile ducts of the mice 
were examined using cholangiography. The mice were 
anesthetized with 0.5–2.5% isoflurane, dissected under a 
microscope on days 6 and 12, and blood and liver sam-
ples were collected for analysis. Following blood collec-
tion, euthanize the mice by inhalation of 4% isoflurane 
for 10  min. Autophagosome formation in extrahepatic 
bile duct epithelial cells (EBDECs) was observed by trans-
mission electron microscopy (TEM). All experimental 
procedures involving animals were approved by the Insti-
tutional Animal Care and Use Committee of Laboratory 
Animal Center of Xi’an Jiaotong University.

Statistical analysis
All data are represented as mean ± standard error of the 
mean from three independent experiments. The correla-
tions between the expression of VDR and clinicopatho-
logic characteristics were evaluated using Chi-square 
tests. Means between two groups were compared using 
Student’s t-test, while means between more than two 
groups were compared using one-way analysis of vari-
ance. All statistical analyses were performed in SPSS 
22.0. Differences were considered significant at p < 0.05.
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