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Purpose. To investigate the roles of ER stress in Kupffer cells (KCs) and KC-derived TNF-α in the apoptosis of hepatic stellate cells
(HSCs).Methods. A rat model of liver fibrosis was established. Liver and blood serum samples were collected. Liver function assays,
Masson staining, Sirius Red staining, ELISAs, and TUNEL and immunohistochemical staining were performed. Liver function,
liver fibrosis, KC phenotype, inflammatory factors, and number of active HSCs were investigated. KCs were isolated, treated
with tunicamycin, and then, cocultured with primary hepatic stellate cells. ELISAs, immunofluorescence staining, flow
cytometry, and Western blotting were performed. KC phenotype, inflammatory factors, HSC apoptosis, and TNF-R1/caspase 8
pathway activity were examined. Results. ER stress in KCs reduced the levels of liver function markers, reduced the degree of
liver fibrosis, and increased the number of KCs with the M1 phenotype and the expression of TNF-α. The increase in KC-
derived TNF-α reduced the number of active HSCs and increased the activity of TNF-R1/caspase 8. Furthermore, ER stress in
KCs promoted the polarization of KCs towards the M1 phenotype and increased the expression of TNF-α. The increase in KC-
derived TNF-α triggered the apoptosis of HSCs and the activation of TNF-R1/caspase 8 in vitro, which was consistent with the
in vivo results. Conclusion. ER stress in KCs promotes the polarization of these cells towards the M1 phenotype and increases
the expression of TNF-α. Then, the increase in KC-derived TNF-α triggers the apoptosis of HSCs through TNF-R1/caspase 8.

1. Introduction

Hepatic fibrosis is a self-healing process caused by multiple
chronic liver injuries. Hepatic fibrosis is characterized by
the deposition of large amounts of extracellular matrix,
which leads to the abnormal proliferation of connective tis-
sue in the liver [1]. In this pathological progression, liver
fibrosis is the only reversible process. Hence, it is particularly
important to explore methods of reversing liver fibrosis to
prevent hepatocellular carcinoma, which is caused by liver
cirrhosis [2]. Many previous studies have shown that active
HSCs play an important role in the progression of hepatic
fibrosis. Panebianco et al. [3] reviewed the role of retinoic
acid signaling in modulating the fibrogenic potential of HSCs
and proposed that it acts in synergy with PPAR-γ in the
reversal of liver fibrosis. Liu et al. [4] reported that osthole
improves TAA-induced liver injury, fibrogenesis, and
inflammation in rats by suppressing HSC activation. There-

fore, inducing the apoptosis of active HSCs is an important
strategy for blocking the development of hepatic fibrosis.

Endoplasmic reticulum stress (ER stress) is an imbalance
of ER homeostasis caused by the overactivation of the
unfolded protein response. Previous studies have shown that
ER stress plays an important regulatory role in inducing the
apoptosis of active HSCs. Wang et al. [5] postulated that eto-
poside induces apoptosis in activated human HSCs via ER
stress. Li et al. [6] reported that ER stress-mediated autoph-
agy enhances the caffeine-induced apoptosis of HSCs. How-
ever, some studies have shown that ER stress does not
induce the apoptosis of active HSCs [7]. Thus, clarifying
the mechanism by which ER stress induces the apoptosis of
active HSCs requires further study.

KCs, which are macrophages located in the liver, are a
kind of nonparenchymal liver cell. Due to their high plastic-
ity, KCs can play different roles in different microenviron-
ments [8–10]. The ER stress in KCs is associated with the
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secretion of various inflammatory factors, especially TNF-α.
A previous study [11] showed that the secretion of TNF-α
by bone marrow-derived macrophages is increased due to
ER stress. Xu et al. [12] also reported that TUDCA can
reduce the secretion of TNF-α from KCs by inhibiting ER
stress. Remarkably, TNF-α is widely believed to be involved
in the regulation of apoptosis in multiple cell types [13–15],
but whether ER stress-induced TNF-α secretion by KCs has
an effect on the apoptosis of active HSCs has not been reported.

In this study, we investigated the effect of ER stress-
induced TNF-α production by KCs on the apoptosis of active
HSCs, as well as the possible underlying mechanism, and
aimed to identify new treatments to reverse the progression
of hepatic fibrosis.

2. Materials and Methods

2.1. Materials. Dulbecco’s modified Eagle’s medium
(DMEM) and enzyme-linked immunosorbent assay (ELISA)
kits for TNF-α were obtained from Abcam Trading Com-
pany, Ltd. (Shanghai, China). A terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick-end labeling
(TUNEL) kit was purchased from Roche Diagnostics (Roche,
Shanghai, China). The relevant antibody information is
shown in Table 1. All the other reagents used in this study
are commercially available and were of analytical grade.

2.2. Animals and Protocols. Male SD rats (8-10 weeks old,
each weighing 267 ± 33:2 g) were provided by the Experi-
mental Animal Center of Chongqing Medical University
(Chongqing, China). Humane care was provided to all
the animals, according to the National Institutes of Health.

The protocols used in this research were evaluated and
approved by the Animal Use and Ethics Committee of
the 2nd Affiliated Hospital of Chongqing Medical Univer-
sity (2015–2018). The rats were randomly divided into 4
groups as follows:

(1) Control group (n = 15). The rats were treated with
normal saline (2mg/kg) by intraperitoneal injection twice a
week for 8 weeks. The rats were allowed to drink, eat, exer-
cise, and rest freely after administration.

(2) Model group (n = 15). The rats were treated with 10%
CCl4 solution (made using peanut oil) by intraperitoneal
injection twice a week for 8 weeks. The rats were allowed to
drink, eat, exercise, and rest freely after administration.

(3) ER stress group (n = 15). The rats were treated with
10% CCl4 solution and tunicamycin (1mg/kg) [16] by
intraperitoneal injection twice a week for 8 weeks. The rats
were allowed to drink, eat, exercise, and rest freely after
administration.

(4) Depletion group (n = 15). The rats were treated with
10% CCl4 solution and tunicamycin (1mg/kg) by intraperi-
toneal injection twice a week for 8 weeks. Liposomal clodro-
nate (50mg/kg) was intraperitoneally injected following
treatment with tunicamycin [17]. The rats were allowed to
drink, eat, exercise, and rest freely after administration.

The rats in each group were assigned to the following
subgroups: 3 rats were used to make liver tissue sections, 3
rats were used to isolate primary Kupffer cells, 3 rats were
used to isolate primary hepatic stellate cells, and 6 rats were
used to extract tissue proteins and RNA.

2.3. Establishment of the Cell Model

2.3.1. Isolation and Culture of KCs. Primary KCs were iso-
lated from male SD rats at 8-10 weeks of age by a three-
step approach: digestion by collagenase IV, density gradient
centrifugation, and selective adherence [17]. The KCs were
cultured in DMEM supplemented with 10% FBS, 100U/ml
penicillin G, and 100U/ml streptomycin at 37°C in the pres-
ence of 5% CO2.

2.3.2. Isolation of Hepatic Stellate Cells. Primary HSCs were
isolated from male SD rats at 8-10 weeks of age by a combi-
nation of pronase collagenase digestion, density gradient
centrifugation, and centrifugal elutriation as previously
described [18]. The cells were cultured in DMEM supple-
mented with 10% FBS, 100U/ml penicillin G, and 100U/ml
streptomycin at 37°C in the presence of 5% CO2.

2.3.3. TNF-α and TGF-β Treatment of Hepatic Stellate Cells.
To determine the effect of TNF-α on HSC activation, HSCs
were isolated as described above and treated with TNF-α at
different concentrations (10 ng/ml, 20 ng/ml, and 40ng/ml)
for 12 h. After 12 h of treatment, HSC and protein samples
were collected for the subsequent experiments.

To observe the effect of TNF-α on the apoptosis of acti-
vated hepatic stellate cells, HSCs were isolated as described
above and treated with TGF-β (5 ng/ml) for 24 h. Then, the
HSCs were treated with TNF-α at different concentrations
(10 ng/ml, 20 ng/ml, and 40ng/ml) for 12h. After 12h of

Table 1: The relevant antibody information.

Name Catalog numbers Company

α-SMA ab32575 Abcam

Collagen-I ab34710 Abcam

PERK ab229912 Abcam

GRP78 ab21685 Abcam

ATF6 ab203119 Abcam

IRE1α ab37073 Abcam

CD16 ab203883 Abcam

TNF-α ab66579 Abcam

Desmin ab32362 Abcam

C-caspase 3 ab49822 Abcam

Caspase 3 ab44976 Abcam

CD68 ab31630 Abcam

TRAF2 ab126758 Abcam

P65 ab32536 Abcam

P-P65 ab86299 Abcam

TNF-R1 #13377 CST

C-caspase 8 ab227430 Abcam

Caspase 8 ab108333 Abcam

GAPDH #5174 CST

Arg1 ab233548 Abcam
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treatment, HSC and protein samples were collected for the
subsequent experiments.

2.3.4. Coculture of KCs and HSCs. KCs and hepatic stellate
cells were isolated according to the methods described
above. Then, the hepatic stellate cells were cocultured with
the KCs from each group (at 10 : 1) in DMEM supple-
mented with 10% FBS, 100U/ml penicillin G, and
100U/ml streptomycin at 37°C in the presence of 5%
CO2. The two cell types are separated by a transwell cham-
ber to ensure that there was no direct contact between the
cells and only an exchange of cell supernatants. After
24 h, the primary hepatic stellate cells and cellular proteins
were collected for the subsequent experiments.

2.4. ELISA. TNF-α in the KC supernatants was measured by
ELISA. Antigen serum was added to an ELISA plate
(100μl/well) and incubated at room temperature overnight.
The serum or supernatant samples were then added to the
ELISA plate (100μl/well) and incubated at 37°C for 1 h.
Then, IgG antibody was added, and the plate was again incu-
bated for 1 h. Subsequently, a working solution was added to
the ELISA plate, and the plate was incubated for 30min at
37°C. Finally, a color reagent was added to the ELISA plate
for detection. The absorbance index of each plate was
detected by an ELISA plate reader.

2.5. Immunofluorescence Staining. KCs and hepatic stellate
cells were used to generate cell slides. The samples were fixed
with 4% buffered formaldehyde, permeabilized with 0.2%
Triton X-100, and blocked with 5% BSA at room tempera-
ture. The following incubations were performed in the dark.
The KCs were incubated at 4°C overnight with primary anti-
bodies against CD68 (1 : 200), CD16 (1 : 200), and desmin
(1 : 200). The KCs were then incubated with a secondary anti-
body (1 : 5000) at room temperature for 1 h, followed by a
final incubation with DAPI at room temperature.

The liver tissues were made into frozen sections. The sec-
tions were thawed at room temperature, washed with PBS,
fixed with 4% buffered formaldehyde, permeabilized with
0.2% Triton X-100, and blocked with 5% BSA at room tem-
perature. The following incubations were performed in the
dark. The sections were incubated at 4°C overnight with pri-
mary antibodies against desmin (1 : 200). The sections were
then incubated with a secondary antibody (1 : 2000) at room
temperature for 1 h, followed by a final incubation with DAPI
at room temperature.

2.6. Western Blot Analysis. Western blot analysis was per-
formed as follows: the protein samples were electrophoresed
and transferred to membranes. Then, the membranes were
blocked. Next, the membranes were incubated at 4°C over-
night with primary antibodies and incubated at room tem-
perature with secondary antibodies for 1 h. The relative
expression of the protein of interest was normalized to the
expression of GAPDH.

2.7. Examination of Liver Function. Blood samples were col-
lected from each group after the operation was performed.
Serum liver function markers, including alanine aminotrans-

ferase (AST) and aspartate transaminase (ALT), were
detected with an automatic biochemical analyzer (Beckman
CX7, Beckman Coulter, CA, USA) to evaluate liver function.

2.8. Sirius Red Staining. Paraffin sections were dewaxed with
xylene and eluted using different concentrations of ethanol.
Then, the paraffin sections were stained with Sirius red solu-
tion and hematoxylin and blocked with neutral balsam.

2.9. Immunohistochemical Staining. Paraffin sections were
dewaxed with xylene and eluted using different concentra-
tions of ethanol. The sections then underwent antigen repair
with a sodium citrate solution, blocking with goat serum and
incubation with primary antibodies against α-SMA (1 : 500),
CD16 (1 : 500), and desmin (1 : 640) at 4°C overnight. Then,
the paraffin sections were incubated with a secondary anti-
body at 37°C for 30min and stained with a DAB solution.
Hematoxylin was then added to the sections at room temper-
ature for 30 s; then, the sections were dewaxed with xylene
and again eluted in gradients of ethyl alcohol.

2.10. TUNEL Immunostaining. TUNEL immunostaining was
performed according to the manufacturer’s instructions. The
staining of the cell nuclei in each group was observed by fluo-
rescence microscopy.

2.11. Flow Cytometry. The collected cells were placed in stain-
ing buffer to form a cell suspension. Then, the cell suspension
was centrifuged at 300 × g for 5min. A fluorescently labeled
antibody (CD16 at 1 : 100 or Arg1 at 1 : 60) was added to the
cell suspension at the concentration recommended in the
manufacturer’s instructions and incubated for 30min in the
dark. Then, the cell suspension was again centrifuged at 300
× g for 5min. The cells were resuspended in cell staining
buffer and then detected and analyzed by flow cytometry.

2.12. Statistical Analysis. All the results were analyzed using
SPSS 18.0 software (SPSS Inc., Chicago, USA). Normally dis-
tributed data are shown as the mean ± SD. Differences
between groups were detected using a t test. The Shapiro-
Wilk test was used to test normality. Data with a sig value
>0.05 were regarded as conforming to a normal distribution.
Nonnormally distributed data are shown as the median; dif-
ferences were detected using the rank-sum test. Differences
with P values < 0.05 were regarded as statistically significant.

3. Results

3.1. ER Stress in KCs Decreased the Levels of Liver Function
Markers and the Degree of Liver Fibrosis in a Rat Model. Liver
and blood samples were collected from the different groups
to investigate the levels of liver function markers and the
degree of liver fibrosis. First, the serum levels of liver function
markers and liver weight were determined. As shown in
Figure 1(a), compared with those in the control group, the
levels of ALT and AST in the model group were markedly
increased (P < 0:05). In response to tunicamycin treatment,
compared with those in the model group, the levels of ALT
and AST in the ER stress group were markedly decreased
(P < 0:05). After KC depletion, the levels of ALT and AST
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Figure 1: ER stress in KCs decreased the levels of liver function markers and the degree of liver fibrosis in a rat model. (a) The serum levels of
AST and ALT in each group. (b) The liver weight and liver indexes in each group. (c) The liver fibrosis in each group was detected by Sirius
Red staining. (d) The α-SMA expression in each group was detected by immunohistochemical staining. (e) The collagen I and α-SMA
expression in each group was detected by Western blot. (f) Quantitative analysis of Western blots. ∗Model group vs. control group. #ER
stress group vs. model group. ∗∗ER stress group vs. depletion group, P < 0:05.
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in the depletion group were markedly higher than those in
the ER stress group (P < 0:05). The liver weight and liver
index in each group, as shown in Figure 1(b), displayed sim-
ilar tendencies. Then, the degree of liver fibrosis was detected
by Sirius Red staining. As shown in Figure 1(c), compared
with that in the control group, the positive region in the
model group was markedly increased (P < 0:05). In response
to tunicamycin treatment, compared with that in the model
group, the positive region in the ER stress group was mark-
edly decreased (P < 0:05). After KC depletion, compared
with that in the ER stress group, the positive region in the
depletion group was markedly increased (P < 0:05). We also
detected the expression of fibrosis-associated proteins,
including collagen I and α-SMA, by immunohistochemical
staining and Western blotting. As shown in Figure 1(d),
compared with that in the control group, the α-SMA-positive
region in the model group was markedly increased (P < 0:05).
In response to tunicamycin treatment, compared with that
in the model group, the α-SMA- positive region in the ER
stress group was markedly decreased (P < 0:05). After the
KCs were depleted, compared with that in the ER stress
group, the α-SMA-positive region in the depletion group
was markedly increased (P < 0:05). As shown in
Figures 1(e) and 1(f), the levels of collagen I and α-SMA dis-
played similar tendencies. According to these data, we con-
cluded that ER stress in KCs decreases the levels of liver
function markers and the degree of liver fibrosis.

3.2. ER Stress in KCs Increased the Number of Cells with the
M1 Phenotype and the Secretion of TNF-α and Reduced the
Number of Active HSCs in a Rat Model.Next, we investigated
whether ER stress in KCs exerts a protective effect by affect-
ing active HSCs. First, the levels of ER stress-related proteins,
including PERK, IRE1α, GRP78, and ATF6, were detected by
Western blot. As shown in Figures 2(a) and 2(b), compared
with those in the control group, the levels of the above pro-
teins in the model group were not significantly different
(P > 0:05). In response to tunicamycin treatment, compared
with those in the model group, the levels of the above pro-
teins in the ER stress group were markedly increased
(P < 0:05). After KC depletion, compared with those in the
ER stress group, the levels of the above proteins in the deple-
tion group were markedly decreased (P < 0:05). Then, the
number of KCs with the M1 phenotype and the level of
TNF-α in the liver were detected by immunohistochemical
staining. As shown in Figures 2(c) and 2(d), compared with
those in the control group, the number of CD16-positive
KCs and the level of TNF-α in the model group were not sig-
nificantly different (P > 0:05). In response to tunicamycin
treatment, compared with those in the model group, the
number of CD16-positive KCs and the level of TNF-α were
markedly increased (P < 0:05). After KC depletion, com-
pared with those in the ER stress group, the number of
CD16-positive KCs and the level of TNF-α were markedly
decreased (P < 0:05). The level of desmin was detected by
Western blot. As shown in Figures 2(e) and 2(f), compared
with that in the control group, the level of desmin in the
model group was markedly increased (P < 0:05). In response
to tunicamycin treatment, compared with that in the model

group, the level of desmin was markedly decreased
(P < 0:05). After KC depletion, compared with that in the
ER stress group, the level of desmin was markedly increased
(P < 0:05). Furthermore, the number of active HSCs was also
assessed by immunohistochemical staining. As shown in
Figure 2(g), compared with that in the control group, the
number of desmin-positive cells in the model group was
markedly increased (P < 0:05). In response to tunicamycin
treatment, compared with that in the model group, the num-
ber of desmin-positive cells was markedly decreased
(P < 0:05). After KC depletion, compared with that in the
ER stress group, the number of desmin-positive cells in the
depletion group was markedly increased (P < 0:05). Our data
show that, in a rat model, ER stress in KCs exerts its protec-
tive effect by increasing the number of cells with the M1 phe-
notype and the secretion of TNF-α and then reducing the
number of active HSCs.

3.3. The Number of Active HSCs Decreased Mainly due to
TNF-α-Induced Apoptosis. To determine the effect of TNF-
α on stationary HSC activation, primary HSCs were treated
with TNF-α at different concentrations (10 ng/ml, 20 ng/ml,
and 40ng/ml). After 12 h of treatment, desmin-specific
immunofluorescence staining was used to detect the degree
of stationary hepatic stellate cell activation in each group.
As shown in Figure 3(a), the number of desmin-positive
HSCs in each group was not significantly different (P > 0:05).
Then, TUNEL staining was used to detect the degree of apo-
ptosis of stationary hepatic stellate cells in each group. As
shown in Figure 3(b), compared with that in the 10 ng/ml
TNF-α group, the number of TUNEL-positive HSCs in the
20 ng/ml TNF-α group was markedly increased (P < 0:05).
Compared with that in the 20 ng/ml TNF-α group, the
number of TUNEL-positive HSCs in the 40ng/ml TNF-α
group was markedly increased (P < 0:05). In addition, the
expression of desmin and C-caspase 3 in the hepatic stel-
late cells of each group was detected by Western blot. As
shown in Figures 3(c) and 3(d), compared with that in
the 10 ng/ml TNF-α group, the level of desmin in each
group was not significantly different (P > 0:05). Compared
with that in the 10 ng/ml TNF-α group, the level of C-
caspase 3 in the 20 ng/ml TNF-α group was markedly
increased (P < 0:05). Compared with that in the 20 ng/ml
TNF-α group, the level of C-caspase 3 in the 40 ng/ml
TNF-α group was markedly increased (P < 0:05). These
data indicate that in our model, TNF-α has no obvious
effect on activating stationary hepatic stellate cells but
has an obvious effect on promoting apoptosis.

Then, we further observed the effect of TNF-α on the
apoptosis of activated hepatic stellate cells. Stationary HSCs
were treated with TGF-β (5 ng/ml) for 24 h. Then, activated
HSCs were treated with TNF-α at different concentrations
(10 ng/ml, 20 ng/ml, and 40ng/ml). After 12 h of treatment,
desmin-specific cell immunofluorescence staining was used
to detect the degree of hepatic stellate cell activation in each
group. As shown in Figure 3(e), compared with that in the
10 ng/ml TNF-α group, the number of desmin-positive HSCs
in the 20ng/ml TNF-α group was markedly decreased
(P < 0:05). Compared with that in the 20 ng/ml TNF-α
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Figure 2: ER stress in KCs increased the number of KCs with anM1 phenotype and the secretion of TNF-α and reduced the number of active
HSCs in a rat model. (a) The levels of PERK, IRE1α, GRP78, and ATF6 were detected by Western blot. (b) Quantitative analysis of Western
blots. (c) The M1 phenotype of KCs was detected by immunohistochemical staining. (d) The serum level of TNF-α was detected by
immunohistochemical staining. (A) Control group, (B) model group, (C) ER stress group, and (D) depletion group. #ER stress group vs.
model group, ∗∗ER stress group vs. depletion group, P < 0:05. (e) The level of desmin was detected by Western blot. (f) Quantitative analysis of
Western blots. (g) Active HSCs were detected by immunohistochemical staining. (A) Control group, (B) model group, (C) ER stress group, and
(D) depletion group. ∗Model group vs. control group. #ER stress group vs. model group. ∗∗ER stress group vs. depletion group, P < 0:05.
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Figure 3: The number of active HSCs decreased mainly due to apoptosis induced by ER stress in KCs. (a) The activation of stationary HSCs in
each group was detected by immunofluorescence staining. (b) The apoptosis of stationary HSCs in each group was detected by TUNEL
staining. (c) The levels of desmin and C-caspase 3 in each group were detected by Western blot. (d) Quantitative analysis of Western
blots. (A) 10 ng/ml TNF-α group, (B) 20 ng/ml TNF-α group, and (C) 40 ng/ml TNF-α group. (e) The activation of HSCs in each group
was detected by immunofluorescence staining. (f) The apoptosis of activated HSCs in each group was detected by TUNEL staining. (g)
The levels of desmin and C-caspase 3 in each group were detected by Western blot. (h) Quantitative analysis of Western blots. (A)
10 ng/ml TNF-α group, (B) 20 ng/ml TNF-α group, and (C) 40 ng/ml TNF-α group. ∗20 ng/ml TNF-α group vs. 10 ng/ml TNF-α group,
#40 ng/ml TNF-α group vs. 20 ng/ml TNF-α group, P > 0:05.
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group, the number of desmin-positive HSCs in the
40 ng/ml TNF-α group was markedly decreased (P < 0:05
). Then, TUNEL staining was used to detect the degree
of apoptosis of the hepatic stellate cells in each group.
Compared with that in the 10 ng/ml TNF-α group, the
number of TUNEL-positive HSCs in the 20 ng/ml TNF-
α group was markedly increased (P < 0:05). Compared
with that in the 20 ng/ml TNF-α group, the number of
TUNEL-positive HSCs in the 40 ng/ml TNF-α group
was markedly increased (P < 0:05). In addition, the
expression of desmin and C-caspase 3 in the hepatic stel-
late cells of each group was detected by Western blot. As
shown in Figures 3(f) and 3(g), compared with that in
the 10 ng/ml TNF-α group, the level of desmin in the
20 ng/ml TNF-α group was markedly decreased (P < 0:05).
Compared with that in the 20 ng/ml TNF-α group, the
level of desmin in the 40 ng/ml TNF-α group was mark-
edly decreased (P < 0:05). Compared with that in the
10 ng/ml TNF-α group, the level of C-caspase 3 in the
20 ng/ml TNF-α group was markedly increased (P < 0:05).
Compared with that in the 20ng/ml TNF-α group, the level
of C-caspase 3 in the 40 ng/ml TNF-α group was markedly
increased (P < 0:05). These data indicate that in our model,
TNF-α has an obvious apoptosis-promoting effect on acti-
vated HSCs.

Hence, we believed that the number of active HSCs
decreased mainly due to TNF-α-induced apoptosis.

3.4. ER Stress May Promote the Polarization of KCs toward
the M1 Phenotype via the IRE1α/TRAF2/NF-κB Signaling
Pathway. To further elucidate the effect of ER stress on KC
polarization, we isolated and cultured KCs from each group
and analyzed their polarization status. First, dual immuno-
fluorescence staining was utilized to detect the proportion
of KCs with anM1 phenotype. As shown in Figure 4(a), com-
pared with that in the control group, the number of
CD16/CD68 double-positive KCs in the model group was
not significantly different (P > 0:05). In response to tunica-
mycin treatment, compared with that in the model group,
the number of CD16/CD68 double-positive KCs was mark-
edly increased (P < 0:05). After KC depletion, compared with
that in the ER stress group, the number of CD16/CD68
double-positive KCs was markedly decreased (P < 0:05).
We also examined the proportion of KCs with an M1 pheno-
type by flow cytometry. As shown in Figure 4(b), compared
with that in the control group, the number of CD16-positi-
ve/Arg1-negative KCs in the model group was not signifi-
cantly different (P > 0:05). In response to tunicamycin
treatment, compared with that in the model group, the num-
ber of CD16-positive/Arg1-negative KCs was markedly
increased (P < 0:05). After KC depletion, compared with that
in the ER stress group, the number of CD16-positive/Arg1-
negative KCs was markedly decreased (P < 0:05). These data
indicate that ER stress promotes the polarization of KCs
toward the M1 phenotype.
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Figure 4: ER stress promotes the polarization of KCs toward the M1 phenotype via the IRE1/TRAF2/NF-κB signaling pathway. (a) The M1
phenotype of KCs was detected by dual immunofluorescence staining. CD16 (green), CD68 (red), and DAPI (blue). (b) The proportion of
KCs with an M1 phenotype was detected by CD16/Arg1 staining and assessed by flow cytometry. (c) The levels of IRE1α, TRAF2, P-P65,
CD16, iNOS, and CD86 were detected by Western blot. (d) Quantitative analysis of Western blots. (A) Control group, (B) model group,
(C) ER stress group, and (D) depletion group. ∗ER stress group vs. model group. #ER stress group vs. depletion group, P < 0:05.
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Then, we explored the possible mechanism by which ER
stress affects KC polarization. The levels of IRE1α, TRAF2, P-
P65, CD16, iNOS, and CD86 were detected by Western blot.
As shown in Figures 4(c) and 4(d), compared with those in
the control group, the levels of IRE1α, TRAF2, P-P65,
CD16, iNOS, and CD86 in the model group were not signif-
icantly different (P > 0:05). In response to tunicamycin treat-
ment, compared with those in the model group, the levels of
IRE1α, TRAF2, P-P65, CD16, iNOS, and CD86 were mark-
edly increased (P < 0:05). After the depletion of KCs, com-
pared with those in the ER stress group, the levels of IRE1α,
TRAF2, P-P65, CD16, iNOS, and CD86 were markedly
decreased (P < 0:05). In conclusion, our study preliminarily
suggests that ER stress promotes the polarization of KCs
toward the M1 phenotype via the IRE1α/TRAF2/NF-κB sig-
naling pathway.

3.5. KC-Derived TNF-α May Trigger the Apoptosis of
Activated HSCs by Promoting the Activation of TNF-
R1/Caspase 8. To further investigate the role of ER stress in
KCs in TNF-α secretion and activated HSC apoptosis, we iso-
lated and cultured KCs from each group and cocultured them
with active HSCs (treated with TGF-β at concentrations of
5 ng/ml). First, we examined the level of TNF-α in the KCs
from each group by Western blot. As shown in
Figures 5(a) and 5(b), compared with that in the control
group, the level of TNF-α in the model group was not sig-
nificantly different (P > 0:05). In response to tunicamycin
treatment, compared with that in the model group, the level
of TNF-α was markedly increased (P < 0:05). After the
depletion of KCs, compared with that in the ER stress
group, the level of TNF-α was markedly decreased

(P < 0:05). Furthermore, the level of TNF-α in the cell
supernatant was tested by ELISA. As shown in Figure 5(c),
the results showed similar trends.

In the KC cocultures, the apoptosis of the activated HSCs
in each group was detected by TUNEL staining. As shown in
Figure 5(d), compared with that in the control group, the
number of apoptotic HSCs in the model group was not sig-
nificantly different (P > 0:05). In response to tunicamycin
treatment, compared with that in the model group, the num-
ber of apoptotic HSCs was markedly increased (P < 0:05).
After the depletion of KCs, compared with that in the ER
stress group, the number of apoptotic HSCs was markedly
decreased (P < 0:05). Flow cytometry was also utilized to
examine the apoptosis of active HSCs. As shown in
Figure 5(e), the results showed similar trends.

Then, we explored the underlying mechanism by which
KC-derived TNF-α triggers the apoptosis of activated HSCs.
The levels of TNF-R1, C-caspase 8, and C-caspase 3 were
detected by Western blot. As shown in Figures 5(f) and 5(g),
compared with those in the control group, the levels of the
abovementioned proteins in the model group were not signif-
icantly different (P > 0:05). In response to tunicamycin
treatment, compared with those in the model group, the levels
of the abovementioned proteins were markedly increased
(P < 0:05). After the depletion of KCs, compared with those
in the ER stress group, the levels of the abovementioned pro-
teins were markedly decreased (P < 0:05).

Thus, we conclude that ER stress induced by tunicamycin
may promote the polarization of KCs toward the M1 pheno-
type and the secretion of TNF-α. KC-derived TNF-α then
triggers the apoptosis of activated HSCs by promoting the
activation of TNF-R1/caspase 8.

(A) (B) (C) (D)

TNF-R1

C-caspase8

Caspase8

C-caspase3

Caspase3

GAPDH

55 KD

43 KD

57 KD

17 KD

35 KD

36 KD

(f)

0.0

TNF-R1 C-caspase8 C-caspase3
(A) (B) (C) (D) (A) (B) (C) (D) (A) (B) (C)(D)

0.5

1.0

Re
la

tiv
e e

xp
re

ss
io

n 
(fo

ld
)

1.5

⁎

⁎

⁎

#
##

(g)

Figure 5: Kupffer cell-derived TNF-α triggers the apoptosis of HSCs by promoting the activation of TNF-R1/caspase 8. (a) The level of TNF-
α in each group of KCs by Western blot. (b) Quantitative analysis of Western blots. (c) The levels of TNF-α in the cell supernatants were
analyzed by ELISA. (d) The apoptosis of the activated HSCs in each group was detected by TUNEL staining. (e) Flow cytometry was also
utilized to examine the apoptosis of active HSCs. (f) The expression of TNF-R1, C-caspase 8, and C-caspase 3 in each group. (g)
Quantitative analysis of Western blots. (A) Control group, (B) model group, (C) ER stress group, and (D) depletion group. ∗ER stress
group vs. model group. #Depletion group vs. ER stress group, P < 0:05.
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4. Discussion

Liver cirrhosis is the terminal stage of progressive liver fibro-
sis and is estimated to affect 1% to 2% of the global popula-
tion, resulting in over 1 million deaths worldwide each year
[16, 19]. Remarkably, in the pathogenesis of liver fibrosis,
activated HSCs are the major cellular source of matrix
protein-secreting myofibroblasts and the major drivers of
liver fibrogenesis [20, 21]. Currently, there are two main
options for treating liver fibrosis that target HSCs. One treat-
ment option is to inhibit the activation of HSCs. The other
treatment option is to promote the apoptosis of HSCs. In
our study, with the CCl4-induced apoptosis of active HSCs,
the serum levels of AFT and ALT and the degree of liver
fibrosis became markedly decreased. Furthermore, the serum
level of TNF-α also declined. These results suggest that pro-
moting the apoptosis of active HSCs can reduce the severity
of hepatic fibrosis, which is consistent with the results of a
number of previous studies [22].

TNF-α is an important cytokine that is widely believed to
be involved in the regulation of apoptosis. Grabinger et al.
[23] found that cIAP1 is required for the regulation of
TNF-induced intestinal epithelial cell death and survival.
An experiment with heart muscle cells suggested that TNF-
α-induced AIF upregulation contributes to apoptosis in rat
primary cardiomyocytes [24]. Therefore, we speculated that
promoting TNF-α secretion in the liver might be an impor-
tant way to induce apoptosis of activated HSCs. In our
research, we found that with increased TNF-α expression in
liver tissue, the number of activated HSCs in liver tissue
significantly decreased. This result may be due to the
increased apoptosis of activated HSCs or to the decreased
activation of inactive HSCs. The most accurate method for
determining the reason for the decrease in the number of
activated stellate cells in liver tissue is to detect the abso-
lute number of apoptotic activated stellate cells in liver tis-
sue. However, we have not found an appropriate antibody
for labeling both HSCs and apoptotic cells (common
hepatic stellate cell markers, such as desmin and α-SMA,
are expressed in activated HSCs, while apoptotic HSCs
do not express these markers). Therefore, in this experi-
ment, we failed to directly detect HSC apoptosis in fibrotic
tissue, which is a deficiency in our experiment.

To compensate for this deficiency, we isolated primary
HSCs from rats and further verified the effect of TNF-α on
the apoptosis of hepatic stellate cells. Our experimental
results show that in our model, TNF-α has an obvious
apoptosis-promoting effect on stationary HSCs. Moreover,
TNF-α has an obvious apoptosis-promoting effect on acti-
vated HSCs. This effect is supported by previous studies
[25–27]. TNF-α can directly promote the apoptosis of or
inhibit the proliferation of HSCs, especially in a chronic
hepatic fibrosis model. However, it has also been reported
that TNF-α can promote the proliferation of HSCs through
the NF-κB pathway, especially in an acute hepatic injury
model [4, 28]. We think that the possible causes of this differ-
ence are mainly explained by the following differences in the
models of liver fibrosis: first, there are differences in the
amount of TNF-α secretion, and in our model, 40 ng/ml

TNF-α promotes apoptosis; second, TNF-α causes the activa-
tion of different downstream signaling pathways, and in our
model, TNF-α mainly stimulates the activation of the TNF-
R1/caspase 8 pathway, not the NF-κB signaling pathway. In
addition, some studies have suggested that TNF-α can cause
hepatocyte apoptosis and hepatic injury, especially in the
acute inflammatory phase, and then, hepatocyte apoptosis
and hepatic injury trigger the activation and proliferation of
HSCs [29, 30]. In summary, we established a model of
chronic liver fibrosis, which is different from the model of
acute liver injury. In our model, TNF-α may mainly directly
promote apoptosis through the TNF-R1/caspase 8 pathway.

KCs, which are macrophages located in the liver, are a
kind of nonparenchymal liver cell. Due to their high plastic-
ity, KCs can play different roles in different microenviron-
ments. Previous studies [31, 32] have found that M2
macrophages can secrete a large amount of TGF-β, thus acti-
vating hepatic stellate cells and promoting the progression of
parenchymal organ fibrosis, including liver fibrosis. Blocking
the function of KCs can reduce the degree of liver fibrosis, but
it mainly blocks the function of M2 KCs. Therefore, the
induction of KC apoptosis is considered to be an important
method to reduce liver fibrosis. However, previous studies
have found that KCs have obvious antiapoptotic effects in
the microenvironment of liver fibrosis [33]. In addition, it
is worth noting that M1 macrophages are thought to reduce
the degree of liver fibrosis [34]. Therefore, we speculate that
compared with blocking the function of KCs or inducing
the apoptosis of KCs, promoting the polarization of KCs
from the M2 phenotype to the M1 phenotype may be more
effective in reducing the degree of liver fibrosis.

ER stress is an abnormal state of function and stress
caused by the accumulation of unfolded or misfolded pro-
teins in the endoplasmic reticulum. Remarkably, previous
studies [11, 12] found that because they are important secre-
tors of TNF-α in the liver [35], inhibiting ER stress in KCs
can reduce the number of M1 KCs and the amount of
TNF-α secretion in the liver. In this study, we found that in
response to treatment with tunicamycin, the number of
M1-like KCs and the level of TNF-αwere increased. ER stress
in KCs markedly decreased the degree of hepatic fibrosis and
the serum levels of ALT and AST. Furthermore, the number
of active HSCs in the liver was also markedly decreased. All
the above results were reversed upon the depletion of KCs.
Our data show that ER stress in KCs can reduce the number
of active HSCs in the liver by increasing the secretion of
TNF-α. Furthermore, we investigated the possible mechanism
by which KC-derived TNF-α triggers the apoptosis of active
HSCs. We found that the number of active HSCs decreased
mainly due to apoptosis induced by ER stress in KCs. Further-
more, the expression of TNF-R1, cleaved caspase 8, and
cleaved caspase 3 in HSCs was markedly increased. These data
indicate that KC-derived TNF-α triggers the apoptosis of
HSCs by promoting the activation of TNF-R1/caspase 8.

In conclusion, we have shown that ER stress induced by
tunicamycin promotes the M1 polarization of KCs and the
secretion of TNF-α. Kupffer cell-derived TNF-α then triggers
the apoptosis of HSCs by promoting the activation of TNF-
R1/caspase 8.
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