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Background: One of the pharmacological effects of celastrol (Cel) is the amelioration of acute liver injury. In this study, we
explored the mechanism of Cel underlying the alleviation of liver injury induced by traumatic hemorrhagic shock (THS).
Methods: The THS model was developed from Sprague—Dawley rats through transverse fractures, blood loss and fluid infusion.
Then, the THS rats were intraperitoneally injected with 0.5, 1, and 1.5 mg/kg Cel. The rats were injected in the tail vein with
lentivirus-mediated small interfering RNA (siRNA) negative control (siNC), siRNA targeting heat shock transcription factor 1
(siHSF1), and siRNA targeting toll-like receptor 9 (si7TLR9) 72 hours before the establishment of THS model. Hematoxylin-eosin
(HE) staining was performed to highlight the pathological alterations in the rat liver tissue. Enzyme-linked immunosorbent
Assay (ELISA) was utilized to determine the expression levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST), tumor necrosis factor-alpha (TNF-«), interleukin-1 beta (IL-1/5), and total bilirubin (TB). The expression levels of B-cell
lymphoma 2 (Bci2) and B-cell lymphoma 2 associated X protein (Bax) were evaluated by quantitative real-time polymerase chain
reaction (QRT-PCR). The expression levels of reactive oxygen species (ROS), malondialdehyde (MDA), glutathione (GSH), and
superoxide dismutase (SOD) were determined to assess the extent of oxidative stress. Western blotting was used to evaluate the
expression levels of heat shock transcription factor 1 (HSF1), toll-like receptor 9 (TLRY) and myeloid differentiation factor 88
(MyDS88).

Results: Cel was shown to therapeutically alleviate liver injury, decrease ALT and AST levels, and simultaneously downreg-
ulate inflammation factors levels (TNF-«, IL-10), alleviated apoptosis, and decreased oxidative stress in the THS model in a
concentration-dependent manner. Moreover, Cel increased the expression of HSFI and decreased the expression of TLR9 and
MyD88 in the THS model. And silencing HSF1 increased TLR9 and MyD88 expression. Further, the silencing of HSF1 resulted
in liver injury, inflammation and apoptosis, which could be reversed by TLRY silencing.

Conclusions: This study demonstrates that Cel attenuates THS-induced liver injury by positively regulating HSFI so as to inhibit
the expression of TLRY.

Keywords: traumatic hemorrhagic shock; celastrol; liver injury; heat shock transcription factor 1; toll-like receptor 9; myeloid differen-
tiation factor 88

Introduction

Traumatic hemorrhagic shock (THS) is the leading
cause of mortality in patients after experiencing severe
trauma, which is accompanied by multi-organ failure [1].
THS is associated with trauma of tissue and hemorrhagic
shock [2]. In addition, acute liver injury, hepatic ischemia,
and metabolic disorders of hepatocytes are commonplace
among THS patients [3,4]. The pathological mechanisms
driving the development of THS include the dysregulation
of immuno-inflammation and the loss of hepatocyte func-
tion, which leads to oxidative stress and endoplasmic reticu-

lum stress [5,6]. At present, there are currently no effective
treatments available for controlling organ injuries caused
by THS [1]. Therefore, discovering drugs that can attenu-
ate liver injury induced by THS is imperative.

Celastrol (Cel) derived from Tripterygium wilfordii is
a natural compound with diverse bioactivities, exhibiting
the potential to treat metabolic diseases and systemic in-
flammation [7]. In addition, Cel holds promise in protecting
against chemicals that induce liver injury and cholestatic
liver injury [8,9]. According to previous research, Cel
has a protective effect on acute liver injury induced by
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lipopolysaccharide by reducing oxidative stress, apoptosis
and inflammation [10]. Given this particular conducive ef-
fect, Cel may have therapeutic potential in THS-induced
live injury, although findings on the efficacy of Cel in this
disease remain scarce.

It has been reported that Cel has a protective effect
on hepatic steatosis by activating heat shock transcription
factor 1 (HSFI). HSF1 plays a critical role in prevent-
ing inflammation and immune diseases [11,12], and neg-
atively regulates the promoter of high mobility group box
1 (HMGBI) [13]. HMGBI1 was a vital mediator of var-
ious pathological conditions, such as immune diseases,
metabolic disorders and inflammation [14,15]. Moreover,
HMGBI is involved in immune pathogenesis by activat-
ing the toll-like receptor 9 (TLR9)/myeloid differentiation
factor 88 (MyD388) pathway [16], which has been reported
to promote inflammation and immune diseases [17,18]. A
prior study has also demonstrated that ischemia-reperfusion
injury and inflammation of the liver can be suppressed by
inhibiting TLR9 and HMGBI [19]. Presently, there are few
studies revealing the effect of TLR9 on THS-induced liver
injury. Based on these previous findings, we hypothesized
that Cel regulates HSFI to inhibit the TLR9/MyD88 path-
way, thereby relieving liver injury induced by THS.

In this study, we aimed to explore the mechanism be-
hind how Cel alleviates liver injury induced by THS in an-
imal models.

Materials and Methods

Animal Experiment

Sixty Sprague-Dawley rats (8 weeks old, 250-
280 g, male) obtained from Hangzhou Medical College
(Hangzhou, China), were given free access to water and
food and kept in a 12-hour light-dark cycle room set at
25 °C and 47% humidity. All experimental procedures in-
volving animals were executed under the approval of the
Ethics Committee of Zhejiang Baiyue Biotech Co., Ltd.
for Experimental Animals Welfare (No. ZJIBYLA-IACUC-
20231120) and were implemented according to the guide-
lines of the China Council on Animal Care.

Establishment of the THS Model

THS model of rats was established according to pre-
vious research [20]. The rats were anesthetized by in-
halation with 2% isoflurane (1349003, Sigma-Aldrich, St.
Louis, MO, USA) during the operation with anesthesia
machine (ABS-4, YUYAN, INSTRUMENTS, Shanghai,
China). Rats were placed in the supine position on a table
kept at a constant temperature of 37 °C. Clamp forceps were
utilized to induce transverse fractures of the tibia and left
lower limb femur of the rats. The abdominal midline was
incised at a length of 5 cm, and the muscle layer was sepa-
rated by an incision (until the abdominal organs were visi-
ble) and covered with saline-impregnated wet gauze. Then

the neck down the trachea midline was incised to separate
the blunt neck muscles and left carotid artery. The distal
carotid artery and four proximal arteries were ligated and
clamped by thread and clamps, respectively. Next, a small
artery was cut open using a pair of surgical scissors and
connected to a physiological monitor (PL2604, ADinstru-
ments, Colorado Springs, CO, USA) by epidural anesthesia
tube for continuous monitoring of mean arterial pressure
(MAP), blood pressure, respiratory frequency, and heart
rate. Afterwards, the femoral vein was separated by cut-
ting the skin of the right lower limb, and an intravenous
indwelling needle connected with the syringe was inserted
into the vein. Then bloodletting from the femoral vein was
performed to reduce the MAP to 30 mmHg, and the MAP
was maintained between 30 and 40 mmHg for 90 min. The
discharged blood, added with twice the volume of infusion
solution, was infused back to the rats at a uniform rate for
30 min. Finally, a suture of the abdomen was performed
after the needle was dislodged. For sham operations, the
same surgery was performed on the rats, except that for-
ceps clipping, bloodletting and fluid infusion were not con-
ducted. After the modeling, one rat was found dead in the
THS group and THS + Cel-0.5 group. The overall success
rate of modeling was 96%; the success rate was calculated
using the following formula:

Success rate (%) = Number of successful models/Total
number of models x 100

Treatment and Grouping

The rats received an intraperitoneal injection of Cel
(HY-13067, MedChemExpress, Princeton, NJ, USA) on the
7th day after the establishment of THS [10,21]. Cel was
dissolved in a vehicle, which consisted of physiological
saline (0.9% NaCl, 450006, Sigma-Aldrich, St. Louis, MO,
USA) mixed with 1% dimethyl sulfoxide (34943, Sigma-
Aldrich, St. Louis, MO, USA). The rats were divided into
two parts. In the first part, 30 rats were divided into the
sham, THS, THS + Cel-0.5, THS + Cel-1, and THS + Cel-
1.5 groups (n = 6 per group). The rats in the sham group
underwent sham operations; the rats in the THS, THS +
Cel-0.5, THS + Cel-1, and THS + Cel-1.5 groups were sub-
jected to all operation procedures mentioned above; addi-
tionally, the rats in the THS + Cel-0.5, THS + Cel-1, and
THS + Cel-1.5 groups were intraperitoneally injected with
0.5, 1, and 1.5 mg/kg of Cel, respectively. In the second
part, 30 rats were divided into the THS + Cel, THS + Cel
+ small interfering RNA (siRNA) negative control (siNC),
THS + Cel + siRNA targeting heat shock transcription fac-
tor 1 (siHSF1), THS + Cel + siHSF I + siNC, and THS + Cel
+ siHSF1 + siRNA targeting toll-like receptor 9 (siTLRY9)
(n = 6 per group). The rats in the THS + Cel group were
subjected to all surgical operation procedures and injected
intraperitoneally with 1.5 mg/kg of Cel; as for the latter
four groups, 72 hours before the same surgery and injec-
tion, the rats were injected via the tail vein with lentivirus-
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mediated siNC (psPAX2 + pMD2.G + pLVX-EGFP-IRES-
puro encoded with siNC), siHSFI1 (psPAX2 + pMD2.G
+ pLVX-EGFP-IRES-puro encoded with siHSF1), siHSF1
+ siNC (psPAX2 + pMD2.G + pLVX-EGFP-IRES-puro
encoded with siHSFI+ pLVX-EGFP-IRES-puro encoded
with siNC), and siHSF! + siTLRY (psPAX2 + pMD2.G +
pLVX-EGFP-IRES-puro encoded with siHSFI + pLVX-
EGFP-IRES-puro encoded with siTLRY), respectively [22].
psPAX2, pMD2.G and pLVX-EGFP-IRES-puro were pur-
chased from Addgene (12260, 12259, 128652, Water-
town, MA, USA). siNC, siHSFI and siTLR9Y were obtained
from Santa Cruz Biotechnology (sc-44230, sc-35612A, sc-
40271B, Santa Cruz, CA, USA).

Transfection and Infection

pLVX-EGFP-IRES-puro was encoded with siNC,
siHSF1 (5'-CCGGCAGGAGCAGCTCCTTGAGATTC
AAGAGATCTCAAGGAGCTGCTCCTGTTTTTG-3'
) and siTLR9 (5'-UGGACUGCAACUGGCUGUUCCU
GAA-3"), respectively. HEK-293T cells were acquired
from AnWei Biotechnology (AW-CELLS-H0004, Shang-
hai, China). The HEK-293T cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM, 11965092,
Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS; A5669701, Gibco), 1% non-
essential amino acid (NEAA; 11140050, Gibco) and 1%
penicillin and streptomycin (P/S; 15070063, Gibco). The
HEK-293T cells were cultured at 37 °C and 5% CQO5. The
cells were proved to be mycoplasma-free and were authen-
ticated by short tandem repeat (STR) profiling.

Afterwards, in order to acquire the lentivirus-mediated
siNC/siHSF1/siTLRY, the HEK-293T cells (5 x 10°
cells/dish) were inoculated into 10 cm culture dishes. The
culture medium was replaced with a fresh medium, and
the cells were transfected upon reaching a cell confluence
of 80%. Opti-MEM™ reduced serum medium and Lipo-
fectamine™ 3000 transfection reagent were acquired from
Thermo Fisher Scientific (11058021, L3000001, Waltham,
MA, USA). According to the manufacturer’s protocol, so-
lutions A and B were prepared: solution A encompasses
37.5 uL Lipofectamine™ 3000 mixed with 625 uL re-
duced serum medium; solution B contains 12 pg pLVX-
EGFP-IRES-puro encoded with siNC/siHSF'1/siTLRY, 9 ng
psPAX2, 3 pg pMD2.G, 625 pL reduced serum medium,
and 25 pL P3000™. Then, 625 pL of solution A and 625
pL of solution B were combined, gently mixed and incu-
bated at room temperature for 15 min. The mixture was
slowly added to the cells. After overnight incubation, the
culture medium was replaced with a fresh medium. Then
the cellular supernatant of each dish was collected, and
fresh medium was supplemented after 48 h. Again, the
cellular supernatant of each dish was harvested after 24 h.
Lentivirus-mediated plasmids (1 x 10 TU/mL) were ob-
tained after filtration, concentration and purification of the
cellular supernatant, and stored at —80 °C. Then, 72 hours
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before the treatment mentioned above, the rats from the
THS + Cel + siNC, THS + Cel + siHSF1, THS + Cel +
siHSF1 + siNC, and THS + Cel + siHSFI + siTLR9 groups
were injected via the tail vein with lentivirus-mediated 0.1
mL siNC, 0.1 mL siHSF1,0.1 mL siHSF1 + 0.1 mL siNC,
and 0.1 mL siHSF1 + 0.1 mL siTLRY, respectively.

Each rat received an intraperitoneal injection of 1%
sodium pentobarbital (45 mg/kg body weight, P3761,
Sigma, MO, USA) 24 hours after having been given the
treatments mentioned above. The liver tissue of rats in each
group was collected. Meanwhile, whole blood was col-
lected from the inferior vena cava. The whole blood col-
lected was incubated at room temperature for 2 hours and
centrifuged at 3000 rpm for 15 min to obtain the serum.
The rats were then euthanized with an overdose of sodium
pentobarbital (200 mg/kg, Intraperitoneal injection, P3761,
Sigma-Aldrich, St. Louis, Missouri, USA).

Hematoxylin-Eosin Staining

Paraffin sections of rat liver tissue in each group were
prepared by means of paraffin embedding (A601888; San-
gon Biotech, Shanghai, China) and using a tissue slicer
(RM2125 RTS, Leica, Hessian, Germany). Tissue slices
were immersed in xylene (X112050, Aladdin, Shanghai,
China) twice for 5 min. Afterwards, tissue slices were
rinsed with a series of graded ethanol (100% for 5 min,
95% for 3 min, 90% for 3 min, 80% for 3 min, 70% for 3
min). Hematoxylin-eosin (HE) staining assay kit (C0105S;
Beyotime, Shanghai, China) was utilized to highlight the
morphology of rat liver tissue. Each sample was incubated
with a hematoxylin staining solution for 8 min and then
washed with water for 10 min. Next, each sample was im-
mersed in an eosin staining solution for 1 min and dehy-
drated after washing with water. Each sample was incu-
bated with xylene for 5 min and sealed with neutral gum
(G8590; Solarbio, Beijing, China). Finally, staining re-
sults were observed under a light microscope (magnifica-
tion x100; LV150, Nikon Inc., Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay (ELISA)

Rat ELISA kits (ab234579, ab263883, ab236712,
ab255730, Abcam, Cambridge, UK; NBP2-69939, Novus
Biologicals, Littleton, CO, USA) were applied to detect the
serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), tumor necrosis factor-alpha (TNF-
«), interleukin-1 beta (IL-17), and total bilirubin (TB) for
rats in each group. The serum was diluted 100 times with
diluent. For TB, 100 pL capture antibody solution was
dispensed into the wells. After overnight incubation at 4
°C, each well was washed with wash buffer twice. Each
well was added with 300 pL reagent diluent incubated at
room temperature for 60 min and washed two times. Then
each well was added with 100 pL diluted serum and incu-
bated, along with corresponding standards, for 2 hours at
room temperature. After incubation, the wells were washed
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Table 1. The primer sequences of related genes.

Gene Forward primer (5'-3") Reverse primer (5'-3")

Bcl2 (Rat) GGGGATGACTTCTCTCGTCG GACATCTCCCTGTTGACGCT

Bax (Rat) CAACATGGAGCTGCAGAGGA GGGGTCCCGAAGTAGGAAAG
B-actin (Rat) CCGCGAGTACAACCTTCTTG CAGTTGGTGACAATGCCGTG

Bcl2, B-cell lymphoma 2; Bax, B-cell lymphoma 2 associated X protein.

twice. Next, each well was added with 100 pL detection an-
tibody solution incubated for 2 hours at room temperature
and washed with wash buffer. Afterwards, each well was
dispensed with 100 pL substrate solution and incubated at
room temperature for 20 min in the dark and washed twice.
Finally, each well was added with 50 pL stop solution.

For ALT, AST, TNF-a, and IL-13, 50 pL diluted
serum and corresponding standards were added to the wells
coated with respective antibodies, and then 50 pL respec-
tive enzyme-linked antibody solution was added. After in-
cubation for 1 hour at room temperature, each well was
washed with 350 uL wash buffer three times. Next, each
well was added with 100 pLL TMB solution and incubated
at room temperature in the dark for 10 min. Eventually,
the reaction in each well was stopped by adding 100 pL
stop solution, and the optical density of each well was mea-
sured at 450 nm using a microplate reader (SpectraMax
ABS plus, Molecular Devices, Sunnyvale, CA, USA). The
experiments were repeated three times.

Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction
(qRT-PCR) was implemented to estimate the expression
levels of B-cell lymphoma 2 (Bcl2) and B-cell lymphoma
2 associated X protein (Bax) in rat liver tissue. Total
RNA was isolated using an RNA Extraction Kit (R0O017S,
Beyotime). Furthermore, NanoDrop™ One (701-058112,
Thermo Fisher Scientific, Waltham, MA, USA) was uti-
lized to detect the concentration and quality of total RNA.
Next, cDNA was synthesized from total RNA using an RT
Reagent Kit (RR092S, Takara, Osaka, Japan). Then reac-
tion solution containing cDNA and ingredients from qRT-
PCR Reagent Kit (RR820Q, Takara, Osaka, Japan) was
prepared and subjected to PCR amplification for 40 cy-
cles (95 °C denaturation for 5 sec, 60 °C annealing for
30 sec). StepOnePlus Real-time PCR System (4376598,
Thermo Fisher Scientific) was utilized to perform qRT-
PCR. All samples were prepared in triplicate and all exper-
iments were repeated three times. The data collected were
analyzed using the 2~ 24C method [23], with 3-actin be-
ing the internal reference. The primers (Table 1) used in
this experiment were generated by GenScript (Piscataway,
NJ, USA).

Biochemical Analysis

Indicators of oxidative stress in rat liver tissue were
measured by reactive oxygen species (ROS) Assay Kit (BB-

470516, BestBio, Shanghai, China), Superoxide Dismutase
(SOD) Assay Kit (S0101S, Beyotime, Shanghai, China),
Glutathione (GSH) Assay Kit (S0053, Beyotime, Shanghai,
China), and Malondialdehyde (MDA) Assay Kit (S01315S,
Beyotime, Shanghai, China).

For the detection of ROS, frozen slices of rat liver tis-
sue each measuring 10-20 um in thickness were cut us-
ing a frozen slicer (CM1860, Leica, Hessian, Germany).
Then each slice was immersed in 200 pL wash buffer for
5 min. After the wash buffer was removed, each slice was
immersed in 200 pL staining solution and incubated in the
dark at 37 °C for 60 min. Next, each slice was washed
thrice and then covered with a coverslip. Each slice was
observed under a fluorescence microscope (magnification
x400; IX70, Olympus, Tokyo, Japan).

For the detection of SOD, 10 mg of rat liver tissue
was homogenized in 100 pL of SOD sample preparation
solution using a dispersing instrument (0020013564, IKA,
Staufen, Germany) at 4 °C. Then each homogenate sam-
ple was centrifuged at 12,000 x g for 5 min, and the super-
natant of each sample was aspirated and diluted 10 times
by SOD detection buffer. Afterwards, 20 pL of each sam-
ple/standard, 160 pL of working solution, and 20 pL of
reaction start-up working solution were added to the 96-
well plates. After 30 min of incubation at 37 °C, the ab-
sorbance at 450 nm of each sample was measured by a mi-
croplate reader (SpectraMax ABS plus, Molecular Devices,
San Jose, CA, USA).

For the detection of GSH, 10 mg of rat liver tissue was
homogenized in 100 puL of protein removal reagent. After
incubation of each homogenate sample for 10 min at 4 °C
and centrifugation for 10 min at 10,000 x g, the supernatant
of each sample was aspirated and diluted 5 times with pro-
tein removal reagent. Next, a portion of each sample was
diluted with GSH removal buffer at a ratio of 100 uL of each
sample to 20 uL. of GSH removal buffer. After mixing, each
sample was added to the GSH removal solution at a ratio of
100 pL of each sample to 4 uL of GSH removal solution;
the mixture was then incubated at 25 °C for 60 min. Mean-
while, 10 pL of each sample/standard and 150 pL of work-
ing solution were added to the 96-well plates. After 5 min
of incubation at room temperature, 50 pL of nicotinamide
adenine dinucleotide phosphate (NADPH, 0.5 mg/mL) was
added to each well. The absorbance was measured at 450
nm.

For the detection of MDA, 10% (w/v) homogenate
of each sample was obtained by homogenizing rat liver
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Table 2. List of antibodies used in this study.

Name Catalog Molecular weight  Dilution Manufacturer

HSF1 ab61382 57 kDa 1/1000 Abcam, Cambridge, UK
TLR9 ab187148 116 kDa 1/1000 Abcam, Cambridge, UK
MyD88 ab133739 33 kDa 1/1000 Abcam, Cambridge, UK
B-actin ab8226 42 kDa 1/1000 Abcam, Cambridge, UK
Goat anti-rabbit ab97051 — 1/10,000 Abcam, Cambridge, UK
Goat anti-mouse ~ ab96879 — 1/10,000 Abcam, Cambridge, UK
Goat anti-rat ab97057 1/10,000 Abcam, Cambridge, UK

HSF1, heat shock transcription factor 1; TLRY, toll-like receptor 9; MyD88, myeloid differentiation

factor 88.

tissue in phosphate-buffered saline (PBS; 10010023,
Gibco, Grand Island, NY, USA). Then 0.1 mL of ho-
mogenate/standard mixed with 0.2 mL of MDA assay solu-
tion was incubated at 100 °C for 15 min. After the mixture
was cooled to room temperature and centrifuged at 1000 x g
for 10 min, 200 pL of each sample’s supernatant was aspi-
rated and dispensed into the 96-well plates. The absorbance
was measured at 532 nm. All experiments were conducted
three times.

Western Blotting

Total proteins were isolated from rat liver tissue us-
ing a total protein extraction kit (R0O018S, Beyotime) to
detect the protein expression levels of HSF1, TLR9 and
MyD88 by means of Western blotting. Bicinchoninic
Acid (BCA) Protein Assay kit (ZJ101, Epizyme, Shanghai,
China) was utilized to measure the concentration of total
proteins. Denaturation of total proteins was performed by
incubating the samples in boiling water for 5 min. Sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) was conducted to separate proteins, which were
then transferred to Polyvinylidene difluoride (PVDF) mem-
branes (IPVH00010, Millipore, Bedford, MA, USA). Each
membrane was blocked using a blocking buffer (P0023B,
Beyotime, Shanghai, China) at room temperature for 1 h.
Next, each membrane was soaked with primary antibod-
ies targeting HSF1, TLR9, MyD88 and [3-actin, respec-
tively, at 4 °C overnight, and then with secondary anti-
bodies, including goat anti-mouse, goat anti-rabbit and goat
anti-rat antibodies, at 25 °C for 1 h. All antibodies utilized
are listed in Table 2. [(-actin was treated as the internal
reference. Protein blots were developed using BeyoECL
Moon (PO018FS, Beyotime, Shanghai, China). The protein
blots were photographed by the iBright CL1500 imaging
system (A44240, Thermo Fisher Scientific, Waltham, MA,
USA). Finally, ImageJ 1.8.0 software (National Institutes
of Health, Bethesda, MD, USA) was used to quantify the
protein expression. The experiments were repeated at least
three times.

Statistical Analyses

GraphPad Prism 8.0 (GraphPad Software Inc., San
Diego, CA, USA) was used for statistical analyses. All
measurement data are expressed as mean + standard devi-
ation. Multi-group comparisons were analyzed using one-
way analysis of variance (ANOVA) coupled with the Tukey
test for post-hoc analysis. Differences were considered sta-
tistically significant at p < 0.05.

Results

Cel Attenuated THS-Induced Liver Injury

Histological observation of HE-stained rat liver tis-
sue revealed that compared with the sham group, liver lob-
ules in the THS group were congested and structurally in-
complete, displaying structural aberrations of hepatocytes,
swelling of hepatocytes, and infiltration of inflammatory
cells (Fig. 1A). However, pathological alterations of rat
liver tissue were progressively attenuated with the increas-
ing concentrations of Cel administered (Fig. 1A). In addi-
tion, compared with the sham group, the levels of ALT,
AST, TB, TNF-q, and IL-15 in the THS group were sig-
nificantly increased (Fig. 1B-F, p < 0.001), but the levels
of these five indicators in the THS + Cel-0.5, THS + Cel-1,
and THS + Cel-1.5 groups were decreased in contrast to the
THS group (Fig. 1B-F, p < 0.001). Furthermore, the THS
group exhibited lower Bcl2 and higher Bax expression lev-
els than the sham group (Fig. IG,H, p < 0.001). The Cel
administration negated the THS-induced changes of these
two indicators by raising the expression level of Bcl2 and
reducing the expression level of Bax in a dose-dependent
manner (Fig. IG,H, p < 0.001).

The abundance of ROS was also increased in the THS
group compared to the sham group, but gradually dimin-
ished with the increasing concentrations of Cel (Fig. 2A).
Additionally, compared with the sham group, the THS
group demonstrated a higher level of oxidative stress,
marked by elevated MDA content as well as decreased GSH
concentration and SOD activity (Fig. 2B-D, p < 0.001).
However, oxidative stress could be counteracted by the ad-
ministration of Cel by improving the profile of these indi-
cators (Fig. 2B-D, p < 0.001).


https://www.discovmed.com/

508

THS+Cel-0.5

THS+Cel-1 THS+Cel-1.5

x 100

100+ 400 151
:T 80' j 300_ g 10 *kk
S 607 5 )
= — 200
~ = £
2‘ 407 e AAA 2 AAA [ ey AAR
20 AAA 100 gy it AAA = ALR
0- 0- 0-
P 5% o7 8 S 8% o NP P 8% o NP
SR < SR v & F
T FSESL T SES T FEESL
B REE & 2 E
150 8 " § _ 1.5 an g 54 -
=) Hkk ) 6 o d>, AAA e E g 41
£ EQ [
< 100 £ 1.0
2 =) N o x C 3
g 2 A G S g 5
; 54- AAA a 3 3 3 2 e
] : Q -1
L 50+ AR an ann 2 £ 0.5 =23 ot
[ = 24 8 % o X 1- AAA
Q O Qo
- j 14 12
0- 0- 0.0- 0-
2 9 N D 2 P D ,\» D2 9 N ,\» 2 2 DN ,\»
‘\%& «Qs \'Q. Q} \'\‘ ‘\0& «Q\ \'Q' 0\ \‘\. ’(\0& «Q \'Q. Q\ \'p\. ‘(\0& &Q\ \’Q. 0\ \'\.
2 [N O % e L e 2 ¥ L7 2 ¥ LU e
%xo Qg’x °-’xc’ O Q\%x 6.,xc’ 6.,xc’ Q{'ox %xo °“’xc’ Q@x 6.,xc"
& B RS 2R

Fig. 1. Effects of Cel on liver injury, inflammation and apoptosis. (A) Histopathological alterations of rat liver tissue in each group

as observed by HE staining. Scale bar: 50 um; magnification: x100. (B-D) Serum levels of liver injury indicators (ALT, AST, TB)

in each group as determined by ELISA. (E,F) Serum levels of inflammation indicators (TNF-«, IL-18) in each group as measured by

ELISA. (G,H) Expression levels of Bc/2 and Bax in rat liver tissue of each group as detected by qRT-PCR, with S-actin being the internal

reference. ***p < 0.001 vs. sham group; ~ p < 0.001 vs. THS group. Abbreviations: Cel, celastrol; THS, traumatic hemorrhagic

shock; HE, hematoxylin-eosin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TB, total bilirubin; ELISA, enzyme-

linked immunosorbent Assay; TNF-a, tumor necrosis factor-alpha; IL-18, interleukin-1 beta; Bci2, B-cell lymphoma 2; Bax, B-cell

lymphoma 2 associated X protein; qRT-PCR, quantitative real-time polymerase chain reaction.

In the THS group, the expression levels of TLR9 and
MyD88 were obviously increased and HSF1 displayed a
significantly lower expression level, as compared to the
sham group (Fig. 3, p < 0.001). However, such alterations
of these proteins could be reversed by Cel administration
(Fig. 3, p < 0.001).

Cel Attenuated THS-Induced Liver Injury by
Regulating the TLRY Pathway via HSF'1

To further investigate whether Cel relieved THS-
induced liver injury through the 7LR9 pathway, lentivirus-
mediated siNC, siHSF'I and siTLR9 were injected into rats.
According to the Western blot results, the expression levels
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Fig. 3. Effects of Cel on the protein expression levels of HSF1, TLR9 and MyD88 in rat liver tissue. Western blot was utilized to

determine the protein expression levels of HSF1, TLR9 and MyD&88 in rat liver tissue of each group. /3-actin was employed as the internal

reference. ***p < 0.001 vs. sham group; ~ p < 0.001 vs. THS group. Abbreviations: Cel, celastrol; HSF1, heat shock transcription

factor 1; TLR9Y, toll-like receptor 9; MyD88, myeloid differentiation factor 88; THS, traumatic hemorrhagic shock.

of TLRY and MyD88 in the THS + Cel + siHSFI group were
significantly escalated compared to the THS + Cel + siNC
group (Fig. 4, p < 0.001). TLR9 and MyD88 in the THS
+ Cel + siHSF1 + siTLRY group exhibited remarkably re-
duced expression levels relative to the THS + Cel + siHSF ]
+ siNC group (Fig. 4, p < 0.001).

According to the HE staining results, silencing of
HSF1 in the THS + Cel + 5siHSF I group exacerbated patho-
logical damage of rat liver tissue as compared to the THS

+ Cel + siNC group (Fig. 5A), and silencing of 7LRY alle-
viated the pathological damage of rat liver tissue caused by
silencing of HSF'I (Fig. 5A). In addition, compared to the
THS + Cel + siNC group, the THS + Cel + siHSF I group ex-
hibited significantly increased ALT, AST, TB, TNF-« and
IL-175 levels (Fig. 5B-F, p < 0.001), which could be offset
by the silencing of TLRY (Fig. 5B-F, p < 0.001). Further-
more, the gene expression results demonstrated that HSF'/
silencing in the THS + Cel + siHSF'I group downregulated
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Fig. 4. TLRO silencing reversed the increased expression levels of TLR9 and MyD88 caused by HSF1 silencing. The protein

expression levels of TLR9 and MyD88 in rat liver tissue of each group were determined by means of Western blotting. [-actin was
employed as the internal reference. **p < 0.001 vs. THS + Cel + siNC group; TT+p < 0.001 vs. THS + Cel + siHSFI + siNC
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THS, traumatic hemorrhagic shock; Cel, celastrol; siNC, small interfering RNA negative control; siHSFI, siRNA targeting heat shock

transcription factor 1.

Bcl2 expression and upregulated Bax expression, relative to
the THS + Cel + siNC group (Fig. 5G,H, p < 0.001), but the
effects of HSFI silencing on the expression levels of Bc/2
and Bax could be reversed by silencing TLR9Y (Fig. 5G,H, p
< 0.001).

Cel Attenuated THS-Induced Oxidative Stress by
Regulating the TLR9 Pathway via HSF'1

HSF I silencing elevated ROS abundance, whereas si-
lencing of TLRO led to the reduced abundance of ROS
(Fig. 6A). Moreover, compared to the THS + Cel + siNC
group, the THS + Cel + siHSFI group demonstrated that
silencing of HSF1 led to significantly increased MDA con-
tent as well as decreased GSH concentration and SOD ac-
tivity (Fig. 6B-D, p < 0.001). Our results further showed
that silencing of TLR9 reversed the changes in these oxida-
tive stress indicators due to HSF1 silencing (Fig. 6B-D, p
< 0.001).

Discussion

THS is defined as hypovolemic shock triggered by
trauma [24,25]. Organ failures represent a complication of
THS due to decreased circulating blood volume [26]. The
liver is particularly more susceptible to the injury conse-
quent to THS due to the organ’s critical role in homeostasis
and metabolism [27]. In addition, the degree of liver injury
is strongly associated with mortality [26]. As described in
previous studies, Sprague—Dawley rats are commonly ap-
plied to establish an animal model of THS [28,29]. The
THS rats manifest several distinctive hallmarks, such as
augmented levels of serum inflammatory markers, as well

as pathological alterations, apoptosis and oxidative stress in
rat liver tissue [22,30,3 1], all of which were recapitulated in
the current study.

It has been discovered that Cel boasts a protective ef-
fect on liver injury and anti-inflammatory properties against
liver fibrosis [32,33]. A growing line of evidence also indi-
cates that Cel can attenuate liver injury, inflammation, ox-
idative stress and apoptosis in rats [34—37]. Another study
indicated that Cel holds the potential for suppressing hep-
atic ischemia-reperfusion injury [38]. Consistent with the
studies mentioned above, our research demonstrated that
Cel can alleviate liver injury, inflammation, apoptosis and
oxidative stress in THS rats. To the best of our knowledge,
treating THS with Cel has not been widely investigated,
presenting a new research direction to improve the existing
therapies.

Furthermore, a recent study revealed that Cel activates
HSF1 to reduce accumulated fats in cells [39]. It has also
been shown that the activation of HSF1 ameliorates inflam-
matory liver injury and hepatic ischemia-reperfusion injury
[40,41]. The present study revealed that Cel raised the ex-
pression level of HSF1 to attenuate THS-induced liver in-
jury. Interestingly, our results also showed that Cel inhibits
the TLR9/MyD88 expression. According to previous stud-
ies, TLRY exacerbates liver injury and promotes inflam-
matory response [42,43], whereas MyD88 drives inflam-
matory response and the development of acute liver injury
[44,45]. Moreover, our result showed that HSF1 silenc-
ing augmented TLR9/MyD88 expression. Several studies
have discovered that HSF1 may play a vital role in Cel
treatment of THS by regulating the TLR9/MyD88 path-
way [13,16,46]. In the current study, the expression level
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Fig. 5. TLR9 silencing reversed the effects of HSF1 silencing on liver injury, inflammation and apoptosis in rat serum and liver
tissue. (A) Histopathological alterations of rat liver tissue in each group as highlighted through HE staining. Scale bar: 50 um; magnifi-
cation: x100. (B-D) Serum levels of liver injury indicators (ALT, AST, TB) in each group as measured by ELISA. (E,F) Serum levels
of inflammation indicators (TNF-a, IL-17) in each group as determined by ELISA. (G,H) Expression levels of Bc/2 and Bax in rat liver
tissue of each group as estimated by qRT-PCR, with 3-actin being employed as the internal reference. **p < 0.001 vs. THS + Cel +
siNC group; Tt+p < 0.001 vs. THS + Cel +siHSF1 + siNC group. Abbreviations: TLRY, toll-like receptor 9; HSF1, heat shock tran-
scription factor 1; HE, hematoxylin-eosin; ELISA, enzyme-linked immunosorbent assay; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; TB, total bilirubin; TNF-«, tumor necrosis factor-alpha; IL-13, interleukin-1 beta; qRT-PCR, quantitative real-time
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Cel, celastrol; siNC, small interfering RNA negative control.
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of ROS in rat liver tissue of each group as detected by fluorescent probes. Scale bar: 50 pm; magnification: x400. (B-D) Levels of
oxidative stress indicators (MDA, GSH, SOD) in rat liver tissue of each group. **p < 0.001 vs. THS + Cel + siNC group; T+*p <
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reactive oxygen species; MDA, malondialdehyde; GSH, glutathione; SOD, superoxide dismutase; THS, traumatic hemorrhagic shock;

Cel, celastrol; siNC, small interfering RNA negative control.

of TLR9 was suppressed by Cel-induced HSF1 activation,
thereby mitigating inflammation and liver injury.

Despite the preliminary findings connecting HSF1
with TLRO presented in this paper, further studies are still
warranted to explore how HSF1 and TLRO are regulated.
In this respect, a research direction has been foreshadowed
by a number of previous studies, providing insight into
how both HSF1 and TLR9 are regulated. A previous study
showed that TLRY regulates the expression of NF-xB via
MyDS88 [47]. It has been found that the TLR9/Myd88/NF-
kB signaling pathway is strongly associated with the pro-
gression of ulcerative colitis [48]. On a separate note,
another study found that heat stress stimulates NF-xB-
mediated pro-apoptosis of IEC-6 cells by regulating the ac-
tivation of HSF1 [49]. As demonstrated by these studies,
central to the link between HSF1 and TLR9 is the inextri-
cable involvement of the NF-kB signaling pathway, which
is worthy of more in-depth experimental verification.

In summary, the molecular mechanism underlying the
amelioration of THS-induced liver injury by Cel treatment

involves the upregulation of the HSF1 expression to sup-
press the expression of TLR9 and MyD88. The therapeutic
effect of Cel in THS-induced liver injury increases with the
concentration of the administered Cel.

The current study is not without limitations. Firstly,
the TLR9/MyD88 pathway was not investigated in-depth
in this study; therefore; further experiments should be con-
ducted to unravel the pathway with a focus on MyDS§8.
In addition, the interactions of HMGB1 with HSF1 and
TLR9/MyD88 were not mentioned in this study, warrant-
ing more in-depth investigations to elucidate the complete
pathway behind the Cel treatment of THS-induced liver in-
jury. To ensure successful clinical translation in the future,
double-blind experiments are required to validate the ef-
ficacy of the Cel treatment in human patients with THS-
induced liver injury.

Conclusions

This study delineates the molecular mechanism be-
hind the alleviation of THS-induced liver injury by Cel
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treatment, which involves the upregulation of HSF1 ex-
pression and the subsequent inhibition of TLR9 expression.
Through this study, we discovered the beneficial effects
of Cel in ameliorating THS-induced liver injury, providing
fresh insights for advancing the treatment for this disease
and further deciphering the underlying mechanism.
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