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Abstract. Severe cholestatic liver injury diseases, such as 
obstructive jaundice and the subsequent acute obstructive 
cholangitis, are induced by biliary tract occlusion. Heat 
shock protein  90  (HSP90) inhibitors have been demon‑
strated to be protective for various organs. The potential of 
HSP90 inhibitors in the treatment of cholestatic liver injury, 
however, remains unclear. In the present study, rat models 
of bile duct ligation  (BDL) were established, the HSP90 
inhibitor 17‑dimethylamino‑ethylamino‑17‑demethoxygel‑
danamycin (17‑DMAG) was administered, and its ability to 
ameliorate the cholestasis‑induced liver injuries was evaluated. 
In the BDL rat models and clinical samples, increased HSP90 
expression was observed to be associated with cholestatic liver 
injury. Furthermore, 17‑DMAG alleviated cholestasis‑induced 
liver injury in the rat models, as revealed by the assessment 
of pathological changes and liver function. In addition, 
17‑DMAG protected hepatocytes against cholestatic injury 
in vitro. Further assays indicated that 17‑DMAG administra‑
tion prevented cholestasis‑induced liver injury in the rats by 
decreasing the expression of interleukin (IL)‑1β and IL‑18. 
Moreover, 17‑DMAG also decreased the cholestasis‑induced 
upregulation of IL‑1β and IL‑18 in liver sinusoidal endothelial 
cells in vitro. In conclusion, the HSP90 inhibitor 17‑DMAG is 
able to prevent liver injury in rats with biliary obstruction, and 

this phenomenon is associated with the reduction of IL‑1β and 
IL‑18 expression.

Introduction

Obstructive jaundice is a frequently observed condition 
caused by biliary tract occlusion, which inevitably causes liver 
injury (1). In biliary obstruction, secondary gram‑negative 
pathogen infection may occur, causing acute obstructive 
cholangitis, which progresses rapidly and has a poor prog‑
nosis (2,3). The liver is the first organ to become involved 
and is severely injured during biliary obstruction. An impor‑
tant factor affecting prognosis is the extent of liver injury. 
Therefore, the identification of effective methods to alleviate 
cholestasis‑induced liver injury can improve the prognosis of 
this disease.

Heat shock proteins (HSPs) are highly conserved proteins 
that are induced by a wide variety of physiological and 
environmental insults, such as heat, inflammation, toxic 
chemicals and oxidative stress. HSP90 is an essential member 
of the HSP family of chaperone proteins, and is upregulated in 
various conditions, including inflammation, organ injury and 
cancer (4‑7). According to its subcellular localization, HSP90 
comprises cytosolic HSP90 (HSP90AA1), endoplasmic 
reticulum‑localized chaperone HSP90 (HSP90B1, also known 
as gp96 or grp94) and the mitochondrial member TRAP1 
(HSP90L)  (8). The potential therapeutic effects of HSP90 
inhibitors, such as 17‑dimethylamino‑ethylamino‑17‑deme‑
thoxygeldanamycin (17‑DMAG), have been the focus of a 
number of studies due to the important roles of HSP90 (9‑11). 
Although studies have shown that 17‑DMAG effectively 
prevents lipopolysaccharide (LPS)‑ or alcohol‑induced liver 
injury (11,12), the applicability of HSP90 inhibitors to biliary 
obstruction‑induced liver injury remains unclear.

Toll‑like receptors (TLRs) are a family of pattern recog‑
nition receptors for pathogens with critical roles in innate 
immunity  (13). TLR9 is an essential TLR and regulates 
pro‑inflammatory cytokines, such as interleukin (IL)‑1β and 
IL‑18 (14,15). In addition, HSP90B1 is required for the folding 
of TLR9 and is involved in the biogenesis of TLR9 (16,17). 
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TLR9 has been identified as a recipient protein of HSP90 and 
is associated with certain refractory diseases, such as hepato‑
toxicity (15).

In the present study, we hypothesized that HSP90 inhibition 
may reduce liver injury during biliary obstruction. Therefore, 
17‑DMAG was used to evaluate the effects of HSP90 inhibi‑
tion in an animal model of biliary obstruction.

Materials and methods

Animal model. Wistar rats weighing 300‑350  g and aged 
12 weeks were purchased from Shanghai SLAC Laboratory 
Animal Co., Ltd. All procedures were approved by the Ethics 
Committee of Shaoxing People's Hospital and conformed to the 
Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (revised 2011). The rats 
had ad libitum access to food and water and were maintained 
at 20˚C, with 50% humidity under 12‑h light/dark cycles.

Rats were randomly grouped into sham, bile duct ligation 
(BDL) and BDL  +  lipopolysaccharide (LPS) groups. The 
animals were anesthetized with an intraperitoneal injec‑
tion of 50 mg/kg pentobarbital. In the BDL and BDL + LPS 
groups, the distal common bile ducts were dissociated and 
ligated with 6‑0 silk, and PE‑10 polyethylene catheters long 
enough to reach the skin were inserted into the proximal bile 
ducts as described in our previous study (18,19). Intra‑bile 
duct infusion was performed by injecting 0.2 ml saline or 
LPS (2  mg/ml, purified from Escherichia coli O111:B4; 
Sigma‑Aldrich; Merck KGaA) into the proximal bile ducts 
through the catheter. The catheter was sealed with a sealing 
cap and the abdominal cavity was covered using silk sutures 
following the introduction of 0.1 ml air. The rats in the sham 
group underwent a sham procedure, which involved dissecting 
bile duct carefully without injury and closing the abdominal 
cavity. The rats in the sham, BDL and BDL + LPS groups were 
further divided into three groups according to the intraperi‑
toneal injections they received after surgery. Briefly, in each 
group, one‑third of the rats were intraperitoneally injected 
with normal saline (NS), another one‑third were intraperito‑
neally injected with 2 mg/kg 17‑DMAG (MedChemExpress) 
and the remaining one‑third were intraperitoneally injected 
with 5 mg/kg 17‑DMAG. The intraperitoneal injections were 
performed daily. A total of 108 rats were randomly classified 
into the aforementioned three groups according to the surgical 
procedure (n=36/group). Each of these groups comprised rats 
treated with NS, 2 mg/kg 17‑DMAG and 5 mg/kg 17‑DMAG 
(n=12/treatment), respectively. At 24 and 72 h after the surgery, 
a fraction (n=6/group/time point) of the rats in each group 
were euthanized. Caspase‑3 activity detection and pathology 
experiments, including tissue staining and immunohisto‑
chemistry, were performed on samples taken at 72 h. Other 
experiments were performed on samples taken at 24 h. The 
rats were sacrificed via cervical dislocation under 2.5% sevo‑
flurane inhalation anesthesia. The death of the animals was 
confirmed by examining the cessation of vital signs. Blood 
and liver tissue samples were harvested from the euthanized 
animals. Prior to analysis, blood samples were centrifuged 
(1,000 x g for 5 min at 4˚C) and the serum was stored at ‑80˚C. 
Liver tissues were snap‑frozen in liquid nitrogen or fixed with 
10% formalin.

Clinical tissue samples. Clinical tissue samples were obtained 
from patients who underwent hepatectomy at Shaoxing 
People's Hospital (Shaoxing, China) from January  2014 
to December  2017. Normal liver tissues (n=5; age range, 
42‑63 years; inclusion criteria: Definite pathological diagnosis 
of hemangioma; exclusion criteria: Liver cirrhosis, fatty liver, 
hepatitis virus positive, liver tumor and hepatolithiasis) were 
obtained from patients who underwent hepatectomy to treat 
liver hemangioma; non‑hemangioma tissues were selected for 
pathological examination. Intrahepatic cholangitic liver tissues 
(n=5; age range: 45‑69 years; inclusion criteria: Definite patho‑
logical diagnosis of hepatolithiasis; exclusion criteria: Liver 
cirrhosis, fatty liver, hepatitis virus positive and liver tumor, 
such as intrahepatic cholangiocarcinoma) were obtained from 
patients who underwent hepatectomy to treat intrahepatic 
stones and cholangitis. There were two male patients and 
three female patients in the two groups, respectively. All 
participants provided written informed consent, and Shaoxing 
People's Hospital Institutional Review Board approved the 
tissue acquisition protocol.

Evaluation of liver function. An Automated Chemical 
Analyzer (Dimension RxL Max HM; Siemens AG) was used 
to quantify the levels of aspartate aminotransferase (AST), 
alanine aminotransferase (ALT) and total bilirubin (TBIL) in 
rat serum to determine the degree of liver injury.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated from liver tissue samples or cells using TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse tran‑
scribed into cDNA using a PrimeScript™ RT reagent Kit 
(cat. no. RR047A; Takara Bio, Inc.), according to the manufac‑
turer's protocols. Briefly, RT was conducted at 37˚C for 15 min 
and 85˚C for 5 sec, and the cDNA was stored at 4˚C until further 
use. qPCR was performed using SYBR® Premix Ex Taq™ II 
(cat. no. RR820A; Takara Bio, Inc.) and an ABI 7500 Real‑time 
PCR system (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. The primer 
sequences used are shown in Table I. β‑actin was used as an 
endogenous control. The qPCR conditions comprised 95˚C for 
30 sec, and a total of 40 cycles at 95˚C for 5 sec and extension 
at 60˚C for 34 sec, followed by a dissociation curve analysis. 
All assays were performed three times. Relative expression 
levels were then determined using the 2‑ΔΔCq method (20).

Caspase‑3 activity detection. A Caspase‑3 Activity Assay 
Kit (cat. no. C1116; Beyotime Institute of Biotechnology) was 
used according to the manufacturer's protocol to detect the 
activity of caspase‑3 in the rat liver tissues. The absorbance 
was measured at 405 nm and the relative caspase‑3 activity to 
the activity of the sham group was determined. Six samples 
from each group were analyzed.

Enzyme‑linked immunosorbent assay (ELISA). The liver 
tissues were weighed and homogenized immediately in 
10 volumes of saline after washing in saline. Supernatants 
were collected to perform ELISAs following centrifugation 
(12,000 x g for 10 min at 4˚C). ELISA kits (cat. nos. BMS630 
and KRC2341, eBioscience; Thermo Fisher Scientific, Inc.) 
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were used according to the manufacturer's instructions to 
measure the content of IL‑1β and IL‑18 in the liver samples. 
Each sample was tested in triplicate.

Tissue staining. Liver tissue samples obtained from the rats 
were fixed with 10% formalin. The formalin‑fixed specimens 
(3 µm) were stained using automatic H&E slide stainer (Leica 
ST5020 Multistainer; Leica Microsystems, Inc.) according 
to the manufacturer's instructions for histological evaluation. 
The stained liver tissues were examined for histopathological 
evidence of pathological damage under light microscope 
(magnification, x100).

Immunohistochemistry (IHC). HSP90 expression in the rat 
liver tissues was detected by IHC. Deparaffinization and rehy‑
dration of the sections (3 µm thickness) were performed with 
gradient xylene and a descending ethanol gradient. Antigen 
retrieval was performed with Citrate Antigen Retrieval solu‑
tion (1:50; cat. no. P0083; Beyotime Institute of Biotechnology) 
at  95˚C for 20 min. Endogenous peroxidase activity was 
quenched using 0.3% hydrogen peroxide (25˚C, 10 min). The 
sections were blocked with 1% BSA (Beyotime Institute of 
Biotechnology) for 2 h at room temperature. The sections were 
then incubated with primary anti‑HSP90 antibody (1:100; 
cat. no. 13171‑1‑AP; ProteinTech Group, Inc.) overnight at 4˚C, 
followed by incubation with horseradish peroxidase‑conjugated 
secondary antibody (1:50; cat. no. A0208; Beyotime Institute of 
Biotechnology) for 1.5 h at room temperature. After thoroughly 
washing with washing buffer (cat.  no.  P0106L; Beyotime 
Institute of Biotechnology), the sections were developed using a 
3,3'‑diaminobenzidine kit (cat. no. P0202; Beyotime Institute of 
Biotechnology) and counterstained with hematoxylin staining 
solution (cat. no. C0107; Beyotime Institute of Biotechnology) 
for 10 min at room temperature. Each stained sample was 
observed under high power magnification using a light micro‑
scope (magnification, x200; Leica Microsystems, Inc.).

‘Cholestatic culture’ assay. BDL and sham rat models were 
prepared using the aforementioned procedure. After 1 week, 
cholestatic blood samples were harvested from the rats and 

cholestatic serum was obtained after centrifugation (2,000 x g 
for 10 min at 4˚C). Cholestatic serum samples from all BDL 
model rats were mixed in one tube and non‑cholestatic 
serum samples from all sham model rats were mixed in 
another tube. The sera were filtered using a 0.22‑µm filter 
(Millipore; Merck KGaA) for sterilization. The automated 
chemical analyzer was used to examine the cholestatic and 
non‑cholestatic serum. The cholestatic serum contained 
188.02 µmol/l total bilirubin (TBIL) and 146.6 µmol/l direct 
bilirubin (DBIL), while the non‑cholestatic serum contained 
2.3 µmol/l TBIL and 1.72 µmol/l DBIL. The two types of 
serum were used in the subsequent experiments.

The BRL rat hepatic cell line was obtained from the 
Shanghai Cell Bank of the Chinese Academy of Sciences. Liver 
sinusoidal endothelial cells (LSECs) were isolated from the 
rat liver tissues with modifications to the previously described 
protocol (21). Briefly, the rat liver tissue was perfused with 
collagenase (Invitrogen; Thermo Fisher Scientific, Inc.). The 
single‑cell suspension was subjected to velocity and density 
centrifugations (50 x g for 2 min at 25˚C) in Percoll gradients 
to separate hepatocyte and nonparenchymal cell suspensions. 
The nonparenchymal cell suspension was incubated with 
CD146 (LSEC)‑biotin antibodies (1:50; cat. no. 130‑111‑844; 
Miltenyi Biotec, Inc.) for cell surface staining (30 min at room 
temperature). The LSEC cells were positively selected by 
magnetic separation using Anti‑Biotin MicroBeads (Miltenyi 
Biotec, Inc.) according to the manufacturer's instructions.

Prior to stimulation with serum, BRL cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.), and LSECs were cultured with a medium comprising 
40% MCDB 131 (Gibco; Thermo Fisher Scientific, Inc.), 
40% RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) and 
20% FBS. The ‘cholestatic culture’ was initiated when the FBS 
was replaced with the cholestatic serum or non‑cholestatic 
serum obtained from the rats.

Cell Counting Kit‑8 (CCK‑8) assay. BRL cells were seeded 
into a 96‑well plate at a density of 2x103 cells/well and allowed 

Table I. Primer sequences for quantitative polymerase chain reaction.

Gene	 Forward (5'‑3')	 Reverse (5'‑3')

β‑actin	 ACACCCGCCACCAGTTCG	 CCCACGATGGAGGGGAAGA
Hsp90aa1	 TCAGGCAGAAATTGCCCAGT	 ATCCAGAGCGTCTGAGGAGT
Hsp90b1	 ACCGAAAAGGACTTGCGACT	 GCTCTCACAAACCCGAAGGT
Trap1	 TGGCACCCGCAACATCTATT	 CGTAGCAGAAGAGCACCTCA
Hspa1b	 CTCCTTCGTTCGGTCTGCAA	 TGCAAAGACACACTCCCAGT
Hspa4	 TCAGAGCTGCTATGTCGCTG	 GGCATTGGAAATTACCTGGCTC
Bax	 GGGATGGCCTCCTTTCCTAC	 CTTTCCCCGTTCCCCATTCA
Bcl2	 AGCATGCGACCTCTGTTTGA	 TCACTTGTGGCCCAGGTATG
IL‑1β	 CAGCTTTCGACAGTGAGGAGA	 TTGTCGAGATGCTGCTGTGA
IL‑18	 ACCGCAGTAATACGGAGCAT	 CTGGGATTCGTTGGCTGTTC

Hsp90aa1, mitochondrial HSP90; Hsp90b1, cytosolic HSP90; Trap1, endoplasmic reticulum‑localized HSP90; Hspa1b, HSP70 member 1b; 
Hspa4, HSP70 member 4; IL, interleukin.
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to attach overnight at 37˚C. The cells were then cultured in a 
medium containing non‑cholestatic serum or cholestatic serum, 
with or without 17‑DMAG (0.5 µM) for 48 h. Cell proliferation 
was determined using the CCK‑8 assay (MedChemExpress). 
Briefly, a 1/10 volume of CCK‑8 solution was added to each 
well and the cells were cultured for 2 h. Cell viability was then 
determined by measuring the absorbance at 450 nm using a 
plate reader (BioTek Instruments, Inc.). Six repeated wells for 
each cell condition were analyzed.

Flow cytometric analysis. BRL cells were cultured in a 
cholestatic medium with or without 17‑DMAG (0.5  µM) 
at 37˚C. After 24 h, the cells were collected and stained using 
Annexin V‑FITC and propidium iodide (Becton, Dickinson 
and Company) according to the manufacturer's instructions. 
Apoptotic cells were quantified by flow cytometry using a Flow 
Cytometer (Cytomics FC500; Beckman Coulter, Inc.). The 
data was analyzed with CXP software version 1.0 (Beckman 
Coulter). The experiments were performed in triplicates.

Statistical analysis. Data are presented as the mean ± SD. The 
statistical significance of a difference between two groups 
was determined using the Student's t‑test. Two‑way ANOVA 
followed by Bonferroni's adjustment were used to evaluate 
differences among multiple groups. P<0.05 was considered to 
indicate a statistically significant result. All statistical analyses 
were conducted using SPSS 13.0 software (SPSS, Inc.).

Results

HSP90 expression is upregulated during cholestatic liver 
injury. Serum levels of ALT, AST and TBIL were examined to 
confirm the successful establishment of the animal model. The 
significantly increased ALT, AST and TBIL levels in the BDL 
group compared with sham group were indicative of substan‑
tial cholestasis and liver injury in the BDL group (Fig. 1A). 
In addition to simple biliary obstruction, the gram‑negative 
pathogen LPS is another factor that aggravates biliary 
obstruction‑induced liver injury (22). Therefore, a BDL + LPS 
rat model was established to simulate frequently occurring 
clinical cases. As shown in Fig.  1A, LPS administration 
further aggravated the BDL‑induced liver injury.

The mRNA expression levels of three HSP90 family 
members in the liver tissues of the BDL and BDL + LPS 
rat models were compared with those in the sham group 
to clarify the association between HSP90 expression and 
cholestatic liver injury. In the BDL and BDL + LPS groups, 
the results showed that Hsp90aa1 and Hsp90b1 mRNA levels 
were significantly upregulated compared with those in the 
sham group (Fig. 1B). IHC showed that the HSP90 protein 
expression was also upregulated in the liver tissues of rats 
in the BDL and BDL + LPS groups (Fig. 1C). Whether a 
similar phenomenon exists in human liver tissues was also 
examined. Liver specimens obtained from patients with 
hepatolithiasis or intrahepatic cholangitis who had under‑
gone hepatectomy were analyzed using IHC. The results 
demonstrated that HSP90 expression was upregulated in 
the patients with intrahepatic cholangitis (Fig. 1D). These 
results imply that aberrant HSP90 expression is associated 
with cholestasis and cholangitis.

HSP90 inhibitor 17‑DMAG alleviates cholestasis‑induced 
liver injury. Previous studies have supported the potential of 
17‑DMAG, a water‑soluble HSP90 inhibitor, as a therapeutic 
agent (23,24). The effect of 17‑DMAG on cholestasis‑induced 
liver injury was therefore investigated in  vivo to identify 
whether the inhibition of HSP90 enhances the transcription of 
HSP70, as indicated by previous studies (25‑27). The elevated 
mRNA levels of HSP70 members 1b and 4 (Hspa1b and 
Hspa4, respectively) in the rats following 17‑DMAG admin‑
istration indicated that the activity of HSP90 was effectively 
inhibited (Fig. 1E).

Following the administration of 17‑DMAG or NS to the 
rats, the serum levels of ALT and AST were assessed. ALT 
and AST levels in the BDL and BDL + LPS groups exhib‑
ited significant reductions upon treatment with 17‑DMAG 
compared with those in the NS‑treated rats (Fig. 1A). However, 
17‑DMAG administration did not significantly mitigate the 
increase of TBIL levels after the onset of cholestasis (Fig. 1A).

A morphological assessment was performed to evaluate the 
degree of injury exhibited by the rat liver tissue. Pathological 
examination revealed dilation of the bile capillaries and 
increased local necrosis in the livers of rats with BDL‑induced 
cholestasis (Fig. 1F). In addition, following LPS administra‑
tion, large areas of necrosis and increased inflammatory cell 
infiltration were observed (Fig. 1F). However, compared with 
NS treatment, 17‑DMAG treatment reduced local necrosis 
and inflammatory cell infiltration during cholestasis with or 
without LPS (Fig. 1F).

Caspase‑3 activity and the ratio of Bax to Bcl2 are often 
used to evaluate the apoptotic response (28). Notably, caspase‑3 
activity increased significantly in the liver tissues of the BDL 
and BDL  +  LPS groups compared with the sham group. 
However, treatment with 17‑DMAG effectively attenuated this 
change (Fig. 1G). Furthermore, the Bax to Bcl2 ratio exhibited 
similar changes (Fig. 1H). These results indicate that 17‑DMAG 
effectively alleviated cholestasis‑induced liver injury.

17‑DMAG protects hepatocytes against cholestasis‑induced 
cell damage in vitro. A ‘cholestatic culture’ experiment was 
conducted to further clarify the function of 17‑DMAG during 
cholestasis‑induced cell damage in vitro. Cholestatic serum 
from BDL model rats was added to the culture medium of BRL 
cells to simulate the cholestatic microenvironment in vitro. 
CCK‑8 assays were then performed to evaluate cell viability. 
Moderate cytotoxicity was observed when BRL cells were 
treated with cholestatic serum (Fig. 2A). However, 17‑DMAG 
administration significantly alleviated this cytotoxicity, 
whether or not LPS was present in vitro (Fig. 2A). In addition, 
the flow cytometric analysis of cell apoptosis indicated that 
17‑DMAG administration promoted the survival of BRL cells 
and reduced the number of apoptotic cells in the cholestatic 
serum‑containing medium (Fig. 2B).

17‑DMAG administration prevents cholestasis‑induced 
liver injury by decreasing the expression of IL‑1β and IL‑18 
in vivo. Pro‑inflammatory cytokines induced by bile acid play 
an important role in cholestasis‑induced liver injury (29,30). 
IL‑1β and IL‑18 are important cytokines, as they have a 
role in the induction of apoptosis during liver injury (15,31). 
Therefore, they were analyzed in the present study. The results 
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showed that the mRNA expression levels of IL‑1β and IL‑18 
increased significantly during cholestasis‑induced liver injury, 
and treatment with 17‑DMAG substantially attenuated these 
changes (Fig. 3A). ELISAs of the liver tissues also demon‑
strated that the cholestasis‑induced increases in IL‑1β and 
IL‑18 levels were significantly attenuated following treatment 
with 17‑DMAG (Fig. 3B).

17‑DMAG administration decreases the expression of IL‑1β 
and IL‑18 by LSECs in vitro. LSECs serve an important role 
in the immune response and liver injury (32,33). LSECs were 
isolated from rats for in vitro analyses to study the underlying 
mechanism. The results showed that the addition of cholestatic 
medium significantly increased the expression of IL‑1β and 
IL‑18 by LSECs, compared with non‑cholestatic medium 
(Fig. 3C and D). Notably, the administration of 17‑DMAG 

significantly attenuated the increase in the expression of IL‑1β 
and IL‑18 induced by cholestatic medium (Fig. 3C and D).

Mammalian TLRs detect microbial infection and regulate 
the cell death‑associated cellular response during stress. The 
HSP90 family, particularly HSP90B1, have been identified as 
TLR chaperones that inhibit TLR signaling and the biogenesis 
of downstream pro‑inflammatory cytokines (16,17). TLR9 
has been reported to induce liver injury via the regulation of 
IL‑1β and IL‑18 (15,34). Therefore, the TLR9 inhibitor E6446 
dihydrochloride was used to treat the LSECs. The administra‑
tion of E6446 also reversed the cholestatic medium‑induced 
expression of IL‑1β and IL‑18, in a comparable manner to 
17‑DMAG (Fig. 3C and D). These results suggest a potential 
association between the protective effect of HSP90 inhibitors 
on the liver and the regulation of pro‑inflammatory cytokine 
biogenesis by TLR9.

Figure 1. 17‑DMAG alleviates cholestatic liver injury in vivo. (A) ALT, AST and TBIL were examined in rat serum 24 h after BDL or sham surgery (n=6/group). 
The rapidly increased ALT, AST and TBIL levels demonstrated that cholestasis‑induced liver injury occurred in the BDL and BDL + LPS groups. (B) Relative 
expression of HSP90 mRNA in liver tissues from three rat models (n=6/group). Hsp90aa1 and Hsp90b1 mRNA were upregulated after biliary obstruction. 
(C) IHC staining shows that HSP90 protein was upregulated 72 h after biliary obstruction (images are representative of 6 rats/group; magnification, x200). 
(D) IHC staining shows that HSP90 expression was upregulated in patients with intrahepatic cholangitis compared with (images are representative of five 
rats/group; magnification, x200). (E) Relative mRNA expression levels of HSP70 family members Hspa1b and Hspa4 in rat liver tissues (n=6/group). Elevated 
mRNA levels of HSP70 indicate that the activity of HSP90 was effectively inhibited. (F) Histological examination (magnification, x100), (G) the activity of 
caspase‑3 and (H) the ratio of Bax to Bcl2 expression levels show that 17‑DMAG alleviated cholestasis‑induced liver injury (n=6/group). Black arrows indicate 
inflammatory cell infiltration and yellow arrows indicate necrosis. #P<0.05; ##P<0.01. 17‑DMAG, 17‑dimethylamino‑ethylamino‑17‑demethoxygeldanamycin; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; NS, normal saline; HSP90, heat shock protein 90; Hsp90aa1, 
mitochondrial HSP90; Hsp90b1, cytosolic HSP90; Trap1, endoplasmic reticulum‑localized HSP90; IHC, immunohistochemistry; BDL, bile duct ligation; 
LPS, lipopolysaccharide; HSP70, heat shock protein 70; Hspa1b, HSP70 member 1b; Hspa4, HSP70 member 4; casp3, caspase‑3; n.s., not significant.
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Discussion

Biliary obstruction is a common clinical symptom in various 
benign or malignant diseases and often causes severe liver 
injury. HSP90 inhibitors have been described as protec‑
tive drugs for various organs due to their anti‑inflammatory 
effects (11,12,35‑37). Given that the present study observed that 
HSP90 expression increased significantly in cholestatic human 
and rat livers, the inhibition of HSP90 may be a potential method 
for the alleviation of liver injury during biliary obstruction. 
Both simple biliary obstruction and biliary obstruction with 
bacterial infection cause liver injury in clinical cases. Given 
that gram‑negative bacteria are the most common pathogens 
associated with biliary infection and LPS is the most important 
pathogenic factor of gram‑negative bacteria, a BDL + LPS 
group was employed in the present study to simulate biliary 

obstruction with secondary infection, in addition to a BDL 
group. The results demonstrated that the HSP90 inhibitor 
17‑DMAG significantly decreased the levels of ALT and AST 
and alleviated the pathological changes caused by cholestasis 
with or without LPS. These results strongly imply that HSP90 
inhibitors can protect the liver from cholestatic injury.

A novel cell experiment named ‘cholestatic culture’ was 
designed and performed in the present study to clarify the 
protective function of 17‑DMAG against cholestasis‑induced 
cell damage in vitro. In a preliminary experiment, the dissolu‑
tion of bilirubin in DMEM was attempted in order to simulate 
the microenvironment of hepatocytes after biliary obstruction. 
Although the addition of dimethyl sulfoxide improved the solu‑
bility of bilirubin, this method only provided a culture medium 
containing unconjugated bilirubin. However, following 
biliary obstruction, the increase in serum bilirubin is often 

Figure 2. 17‑DMAG promotes the survival of hepatocytes in vitro. (A) Cell viability assays (n=6) and (B) flow cytometric analysis (n=3) of BRL cells show 
that 17‑DMAG protected hepatocytes against the damaging effect of culture with cholestatic serum samples from bile duct‑ligated rats in vitro. #P<0.05. 
17‑DMAG, 17‑dimethylamino‑ethylamino‑17‑demethoxygeldanamycin; LPS, lipopolysaccharide.

Figure 3. 17‑DMAG inhibits IL‑1β and IL‑18 expression in the liver during cholestasis. (A) RT‑qPCR assays and (B) ELISAs show that 17‑DMAG dimin‑
ished the cholestasis‑induced increased expression of IL‑1β and IL‑18 in rat liver tissues (n=6/group). RT‑qPCR assays show that 17‑DMAG and the TLR9 
inhibitor E6446 independently decreased the cholestasis‑induced expression of (C) IL‑1β and (D) IL‑18 in LSECs. Experiments were repeated three times. 
(E) Schematic representation of how HSP90 and TLR9 signaling regulates the expression of IL‑1β and IL‑18 during cholestasis. *P<0.05 vs. Sham group. 
#P<0.05. 17‑DMAG, 17‑dimethylamino‑ethylamino‑17‑demethoxygeldanamycin; IL, interleukin; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction; ELISA, enzyme‑linked immunosorbent assay; LSECs, liver sinusoidal endothelial cells; HSP90, heat shock protein 90; TLR9, Toll‑like 
receptor 9; BDL, bile duct ligation; LPS, lipopolysaccharide.
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characterized by a sharp increase in conjugated bilirubin rather 
than unconjugated bilirubin (1). Therefore, since both BRL 
cells and LSECs are rat cells, cholestatic serum from BDL rats 
was used instead. Whether the rat serum influenced the growth 
of BRL cells in vitro was examined using CCK‑8 assays. The 
BRL cells grew faster in medium supplemented with rat serum 
than in the medium supplemented with FBS (data not shown). 
This experiment provides a viable experimental model for the 
simulation of the cholestatic microenvironment in vitro.

Bile acid and severe liver injury during cholestasis can 
trigger an innate immune response (29,38). Secondary infec‑
tion aggravates cholestasis‑induced liver injury and further 
activates the immune response. Several studies have shown 
that IL‑1β and IL‑18 can trigger a specific pro‑inflammatory 
type of cell death during an immune response that may be 
damaging to various organs  (39‑41). The accumulation of 
IL‑1β and IL‑18 has been shown to aggravate alcohol‑medi‑
ated and acetaminophen‑induced liver hepatotoxicity during 
liver injury (15,34,42,43). However, TLR9 is able to regulate 
the accumulation of IL‑1β and IL‑18 (15,42). The present study 
revealed that IL‑1β and IL‑18 accumulated in liver tissue while 
the inhibition of TLR9 attenuated their accumulation during 
cholestasis. These findings indicate that IL‑1β and IL‑18 play a 
key role in cholestasis‑induced hepatotoxicity, which is in line 
with previous findings.

Several studies have demonstrated that the TLR‑mediated 
innate immune response is associated with liver damage and 
inflammation. In particular, TLR9 has a pathological role in 
infection‑induced liver injury (44‑46), as well as in alcohol‑ 
or acetaminophen‑induced liver injury (15,34). The present 
study found that HSP90B1 was upregulated in cholestatic 
liver tissues. A previous study reported the binding affinity 
of 17‑DMAG and HSP90B1 (27). HSP90B1 has been identi‑
fied as an essential driver for TLR signaling, including TLR9 
signaling (17). The present study found that the administration 
of 17‑DMAG decreased IL‑1β and IL‑18 expression during 
cholestasis‑induced liver injury in vivo and in vitro. Previous 
studies have also demonstrated that IL‑1β and IL‑18 facilitate 
the apoptosis of hepatocytes during liver injury, and that their 
biogenesis can be regulated by TLR9 signaling (15,31,34). These 
findings suggest that 17‑DMAG alleviates cholestasis‑induced 
liver injury via the inhibition of HSP90s and TLR9 signaling 
and the subsequent reduction of IL‑1β and IL‑18 expression, as 
demonstrated by the schematic in Fig. 3E.

As a critical chaperone, HSP90 helps to regulate the 
folding, maturation, stabilization and activation of >300 client 
proteins (47). 17‑DMAG is a semi‑synthetic HSP90 inhibitor 
that has several advantages over other geldanamycin deriva‑
tives, such as higher water solubility, good bioavailability, 
reduced metabolism and greater antitumor effects  (23). 
17‑DMAG has been studied in preclinical and clinical trials 
for certain refractory diseases, including cancer and inflamma‑
tory diseases (23). However, some dose‑limiting toxicities have 
been observed during treatment with 17‑DMAG, including 
fatigue, nausea, vomiting, diarrhea and anorexia  (48‑51). 
Despite significant improvements, the safety and efficacy of 
HSP90 inhibitors require further study prior to their clinical 
translation.

In summary, the results of the present study showed 
that the HSP90 inhibitor 17‑DMAG protected against 

cholestasis‑induced liver injury in rats, via a mechanism 
involving the reduction of IL‑1β and IL‑18 expression.
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