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Abstract. Caffeine has been identified to have beneficial effects 
against chronic liver diseases, particularly liver fibrosis. Many 
studies have reported that caffeine ameliorates liver fibrosis 
by directly inducing hepatic stellate cell  (HSC) apoptosis; 
however, the molecular mechanisms involved in this process 
remain unclear. The presents study aimed to detect the under-
lying mechanisms by which caffeine mediates HSC apoptosis 
and eliminates activated HSCs. For this purpose, the LX-2 cell 
line was applied in this study and the cells were exposed to 
various concentrations of caffeine for the indicated times. The 
effects of caffeine on cell viability and apoptosis were assessed 
by Cell Counting Kit-8 assay and flow cytometry, respectively. 
Autophagy and endoplasmic reticulum  (ER) stress were 
explored by morphological assessment and western blotting. 
In the present study, caffeine was found to inhibit the viability 
and increase the apoptosis of the LX-2 cells in dose- and time-
dependent manners. ER stress was stimulated by caffeine as 
demonstrated by increased levels of GRP78/Bip, CHOP and 
inositol‑requiring enzyme 1 (IRE1)-α as well as many enlarged 
ERs detected by electron microscopy. Caffeine induced 
autophagy as shown by increased p62 and LC3Ⅱ accumulation 
and the number of GFP/RFP-LC3 puncta and autophagosomes/
autolysosomes. Moreover, IRE1-α knockdown decreased the 
level of autophagic flux, and inhibition of autophagy protected 
LX-2  cells from apoptotic death. In conclusion, our study 
showed that the caffeine-enhanced autophagic flux in HSCs 

was stimulated by ER stress via the IRE1-α signaling pathway, 
which further weakened HSC viability via the induction of 
apoptosis. These findings provide new insight into the mecha-
nism of caffeine's anti-fibrotic effects.

Introduction

Liver cirrhosis is a consequence of diverse mechanisms of liver 
injury that lead to a wound-healing reponse characterized by 
necroinflammation and fibrogenesis (1,2). Hepatic stellate cells 
(HSCs) play a critical role in the transition from chronic liver 
injury to cirrhosis (3). Upon liver injury, HSCs transdifferen-
tiate from quiescent cells to activated, myofibroblast-like cells, 
resulting in proliferation, excessive production and secretion 
of extracelluar matrix (4,5). Thus, the suppression of activated 
HSCs has been recognized as an effective pathway through 
which to attenuate liver fibrosis.

Autophagy is a degradation pathway by which the cell 
self‑digests its own components by forming autophagosomes 
and autolysosomes (4). This self-digestion process occurs in all 
types of cells at a low basal level, serving a homeostatic func-
tion to recycle proteins and organelles. When the cell is going 
to rid itself of starvation, damaged organelles and superfluous 
or misfolded proteins, autophagy is rapidly upregulated (6). 
Moreover, recent studies have revealed that autophagy could be 
instigated by the upregulation of endoplasmic reticulum (ER) 
stress (7,8).

ER is a type of flattened sac or tube-like organelle in 
eukaryotic cells, serving many essential functions, such 
as correctly folding newly made protein molecules and a 
Ca2+ reservoir  (9,10). Increased protein synthesis load and 
accumulation of unfolded or misfolded proteins in ER may 
disturb ER homeostasis, thereby imposing ER stress and the 
unfolded protein response (UPR) (11,12). The UPR, initially, 
compensates for the damage caused by ER stress and maintains 
celluar homeostasis via enhancing the protein-folding ability 
of the ER and facilitating proteasomal degradation of unfolded 
or misfolded proteins. However, if ER stress is excessive or 
prolonged that transcends the protective ability of UPR, the 
high-intensitive UPR eventually results in cell apoptosis (13-15).

Caffeine, the major compound in coffee, has been 
identified to have a potential beneficial effect against 
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liver fibrosis  (16,17). Recent findings have revealed that 
caffeine‑mediated attenuation of liver fibrosis is probably 
associated with HSC apoptosis (18). Another study found that 
caffeine induced apoptosis of SH-SY5Y, PC12D and HeLa 
cells by stimulating autophagic flux by inhibiting the PI3K/
AKT/mTOR pathway (19). However, little is known concerning 
the mechanism by which caffeine regulates the apoptosis of 
HSCs.

Here, we report that caffeine-enhanced autophagic flux 
in HSCs was stimulated by ER stress through the IRE1-α 
pathway. Furthermore, enhanced autophagy attenuated the 
expression of α-SMA by instigating HSC apoptosis. Therefore, 
our results provide new insight into the mechanism of caffeine's 
anti‑fibrotic effects.

Materials and methods

Cell culture and compounds. LX-2 cells, a type of immortal-
ized human HSC line, was purchased from the Cell Center 
of Xiangya School of Medicine, Central South University 
(Hunan, China), cultured in Dulbecco's modified Eagle's 
medium (DMEM) and supplemented with 10% fetal bovine 
serum (FBS) (both from Gibco, Grand  Island, NY, USA), 
100 IU/ml penicillin and 100 µg/ml streptomycin at 37̊C in 
5% CO2. To measure the autophagic flux of LX-2 cells after 
being treated with caffeine, LX-2 cells were transfected with 
RFR-GFR-hLC3 lentivirus as previously described else-
where (20). Caffeine (Sigma-Aldrich, St. Louis, MO, USA) was 
dissolved and diluted with DMEM to the desired concentra-
tions which we selected according to other articles (16,18,19). 
3-Methyladenine  (MA) (Sigma-Aldrich) was dissolved in 
phosphate‑buffered saline (PBS) and diluted with DMEM to 
the concentration of 5 mM.

Western blotting. LX-2 cells were lysed in RIPA (Solarbio, 
Beijing, China) supplemented with protease inhibitor cocktail 
(Sigma-Aldrich) and the protein samples were centrifuged for 
30 min at 10,000 x g (4̊C). The supernatants were collected 
and the BCA protein assay kit (Pierce, Rockford, IL, USA) was 
applied to detect the protein concentration. The protein samples 
were separated by 12.5% SDS-PAGE and subsequently elec-
trotransferred onto PVDF membranes. The membranes were 
blocked with 5% defatted milk for 1.5 to 2 h and incubated 
with the primary antibody overnight at 4̊C. The primary 
antibodies were LC3 (4108; Cell Signaling Technology, Inc., 
Danvers, MA, USA), SQSTM1 (ab109012; Abcam, Cambridge, 
UK), α-SMA (A7249; ABclonal, Cambridge, MA, USA), 
Gpr78 (ab21685) and IRE1-α (ab124945) (both from Abcam) 
and CHOP (2895; Cell Signaling Technology, Inc., Danvers, 
MA, USA). Afterwards, the membranes were incubated with 
the HRP-conjugated secondary antibodies (SA00001-1 and 
SA00001-2; Proteintech Group, Inc., Rosemont, IL, USA) at 
room temperature for 1.5 h. Finally the results were visualized 
by enhanced chemiluminescence.

Flow cytometry assay. Annexin Ⅴ-FITC Apoptosis Detection 
kit (BD Pharmingen, Franklin Lakes, NJ, USA) was used to 
detect the apoptosis of cells. In brief, both floating and adherent 
cells were collected. After being washed and resuspended with 
PBS twice, the cells were stained with 3 µl Annexin Ⅴ-FITC 

and 5 µl PI for 20 min in the dark at room temperature. Then 
150 µl binding buffer was added to each sample of cells, after 
which the cells were analyzed by flow cytometry.

RNA interference. In order to reduce the expression of Atg7 
and IRE1-α in LX-2 cells, small interfering RNAs (siRNAs) 
targeted against human Atg7 and IRE1-α were synthesized by 
GenePharma (Shanghai, China). 

The sequence of Atg7-siRNA was 5'-GCCGUGGAAUUGA 
UGGUAUTT-3'. The sequence of IRE1-α was 5'-CTACTG 
GATGATAAATTTGCTTCA-3'. The negative control siRNA 
sequence was 5'-UUCUUCGAACGUGUCACGUTT-3'. Then 
LX-2 cells were transfected with Atg7-siRNA, IRE1-α‑siRNA 
or NC-siRNA, respectively, using Lipofectamine  2000 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) according 
to the production's instruction manual.

Cell viability assay. The effects of caffeine on the viability 
of LX-2 cells were evaluated by Cell Counting Kit-8 (CCK-8) 
assay (Dojindo Laboratories, Kumamoto, Japan), as previously 
described in another article (21).

Intracellular Ca2+  detection. The levels of intracellular 
Ca2+ were detected using Fluo-3  AM (Beyotime Institute 
of Biotechnology, Shanghai, China). In brief, LX-2  cells 
were treated with different concentrations of caffeine (0, 10 
and 30 mM) for 24 h, and the cells were harvested and washed 
twice using Ca2+-free PBS. Subsequently, the cells were resus-
pended in 5 µm Fluo-3 AM for 30 min in the dark at 37̊C, 
after which the cells were washed twice using Ca2+-free PBS. 
To ensure that the Fluo-3 AM was completely transformed 
into Fluo-3 within the cells and to enable the Fluo-3 to more 
closely combine with Ca2+, the cells were placed quietly for 
30 min in the dark at room temperature. Finally, the fluores-
cence intensities of Fluo-3 combined with Ca2+ were detected 
by flow cytometery.

Electron microscopy. Transmission electron microscopy was 
used to identify the ultrastructure of autophagosomes/autoly-
sosomes as previously described elsewhere (22).

Statistical analysis. All data are presented as means ± SD 
from at least triplicate parallel experiments. The Student's 
t-test was used to analyze the differences between two groups 
by SPSS version 23.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered as statistically significant.

Results

Caffeine inhibits the viability of LX-2 cells and induces cell 
apoptosis. To evaluate the direct effects of caffeine on HSCs 
in vitro, the LX-2 cell line, a type of immortal human HSCs, 
was applied in our study. After incubation with various 
concentrations of caffeine (0, 2.5, 5, 10, 20 and 30 mM) for 
48 h or 20 mM caffeine for the indicated times (0, 6, 12, 24, 36 
and 48 h), western blotting was used to detect the expression of 
α-smooth muscle actin (α-SMA), a marker of activated HSCs. 
We found that the level of α-SMA was inversely proportional 
to the caffeine concentration and to the duration of exposure. 
Particularly, caffeine decreased the α-SMA/GAPDH ratio at 
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concentrations as low as 5 mM (Fig. 1A) and at times as early 
as 6 h (Fig. 1B) in LX-2 cells. Furthermore, the results of the 
CCK-8 assay showed that the cell viability of the LX-2 cells 
was markedly reduced in a dose-dependent and time-dependent 
manner after treatment with caffeine (Fig. 1C). To investigate 
whether the caffeine-inhibited viability of LX-2 cells is associ-
ated with apoptosis, we examined the effects of caffeine on the 
apoptotic activity of cells by flow cytometry. The percentage of 

apoptotic cells which is the sum of early apoptotic cells (the low 
right region) and late apoptotic cells (the upper right region) was 
significantly increased in both a dose-dependent (Fig. 1D) and 
time-dependent manner (Fig. 1E) by incubation with caffeine.

Caffeine induces ER stress in the LX-2 cell line. Here we 
further investigated whether caffeine-induced HSC apoptosis 
is mediated by increasing ER stress. From the images 

Figure 1. Caffeine inhibits the cell viability of LX-2 cells. (A and B) The expression of α-smooth muscle actin (α-SMA) was analyzed by western blotting in 
LX-2 cells exposed to various concentrations of caffeine for 48 h (A) or (B) 20 mM caffeine for the indicated times. Densitometric analysis of α-SMA levels 
relative to GAPDH is shown for three respectively individual experiments. **P<0.01. (C) Impacts of caffeine on the viability of LX-2 cells by CCK-8 assay. 
(D) LX-2 cells were treated with 0, 2.5, 5, 10, 20 and 30 mM caffeine for 48 h or (E) 20 mM caffeine for 0, 24 and 48 h, and the apoptosis of the cells was 
assessed by flow cytometry (the lower right region represents early apoptotic cells, the upper right region represents late apoptosis cells). Bars are the total 
percentages of early and late apoptotic cells which represent the means ± SD of triplicate experiments. **P<0.01.
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taken by transmission electron microscopy, we identified 
many dilated cytoplasmic vacuoles in the LX-2 cells after 
caffeine (20 mM) treatment for 48 h. However, there were 
few dilated cytoplasmic vacuoles in the LX-2 cells cultured 
with DMEM not containing caffeine (Fig. 2A). These dilated 

cytoplasmic vacuoles can be recognized as dilated ER lumens 
as previously described  (23), which indicates an increase 
in ER stress. Furthermore, we detected the expression of 
GRP78/Bip, IRE1-α and chop which all are markers 
of UPR. Notably, the ratio of GRP78/GAPDH, IRE1-α/

Figure 2. Endoplasmic reticulum (ER) stress induced by caffeine in the LX-2 cell line. (A) Electron microscopy (x8,000) shows dilated ER cavities in 
LX-2 cells in the presence of caffeine (20 mM/48 h). (a) Control cells and (b) caffeine-incubated cells are shown. →, indicates normal ER; Õ, represents 
dilated ER cavity; N, indicates the nucleus. (B) Western blotting and (C) densitometric analysis show a dose response of inositol requiring enzyme 1 (IRE1)-α, 
GRP78/Bip, and CHOP accumulation in LX-2 cells incubated with various concentrations of caffeine (0, 2.5, 5, 10, 20 and 30 mM) for 48 h. Bars represent the 
means ± SD of three independent experiments. **P<0.01, ***P<0.001. (D) Western blotting and (E) densitometric analysis show time-dependent changes in the 
expression of IRE1-α, GRP78/Bip and CHOP in LX-2 cells incubated with 20 mM caffeine for the indicated times. Bars represent the means ± SD of three 
independent experiments. **P<0.01, ***P<0.001. (F) LX-2 cells were treated with various concentrations of caffeine (0, 10, 30 mM) for 48 h, after which cells 
were loaded with Fluo-3 AM for 30 min. Flow cytometry was used to detect the changes in cytosolic calcium in LX-2 cells.
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GAPDH and chop/GAPDH were parallel to the increase 
in caffeine concentration (Fig. 2B and C) and the duration of 
exposure (Fig. 2D and E). In addition, Fluo-3 AM was used 
to label cytoplasmic calcium in the LX-2 cells since calcium 
disturbance is another agent that induces ER stress. The 
results showed that caffeine significantly elevated the levels of 

cytoplasmic calcium in the LX-2 cells (Fig. 2F). Collectively, 
all these data demonstrated that caffeine induced ER stress in 
LX-2 cells.

Autophagic flux in the LX-2 cell line is increased after 
caffeine treatment. Four different methods were applied to 

Figure 3. Autophagy flux is stimulated by caffeine in the LX-2 cell line. (A) Western blotting and (B) densitometric analysis show the dose response of p62 and 
LC3Ⅱ accumulation in LX-2 cells incubated with various concentrations of caffeine (0, 2.5, 5, 10, 20 and 30 mM) for 48 h. Bars represent the means ± SD of 
three independent experiments. **P<0.01, ***P<0.001. (C) Western blotting and (D) densitometric analysis show time-dependent changes in the expression of 
p62 and LC3Ⅱ in LX-2 cells incubated with 20 mM caffeine for the indicated times. Bars represent the means ± SD of three independent experiments. **P<0.01, 
***P<0.001. (E and F) Representative images and quantification of early-autophagosomes (yellow dots generated from overlapping GFP and RFP puncta) shown 
as yellow bars and late autolysosomes (red dots generated from RFP puncta) shown as red bars after 48 h of 10 and 30 mM caffeine treatment vs. the controls 
(treated with 0 mM caffeine) in LX-2 cells transfected with the RFP-GFP-hLC3 lentivirus. Error bar, standard deviation (n=30, from a total of independent 
three experiments), ***P<0.001. (G) Electron microscopy shows increased autophagosomes/autolysosomes in LX-2 cells incubated with 20 mM caffeine for 
48 h (b and d) vs. the control cells (a and c). Arrows indicate autophagosome or autolysosome structures; N, indicates the nucleus. Magnification (x2,000 and 
x8,000).



li et al:  Autophagy enhances the caffeine-induced apoptosis of HSCs1410

explore autophagic flux. Firstly, we detected the expression 
of LC3Ⅱ, a good indicator for autophagosome formation, in 
LX-2 cells after caffeine treatment. Our results showed that 
the expression of LC3Ⅱ was parallel to the increase in caffeine 
concentration (Fig. 3A and B) or the duration of exposure 
to caffeine  (Fig.  3C  and  D). Secondly, we measured the 
accumulation of p62. p62 is a marker of autophagic flux whose 
level increases when autophagy is inhibited and decreases 
when autophagic flux is triggered. Interestingly, we found that 
caffeine-incubated LX-2 cells exhibited significant reduction 
in the level of p62 in a dose- and time-dependent manner. The 
results indicated that autophagy in LX-2 cells was induced 
by caffeine. Thirdly, autophagy is a dynamic process. The 
increase in LC3Ⅱ level can be due to an increased autophagy 
presence or a result of the accumulation of autophagosomes 
caused by late autophagy inhibition. For the purpose of 
distinguishing autophagy induction from autophagy inhibition, 
a type of lentivirus encoding the RFP-GFP-LC3 fusion gene 
was used to our study. In this study, the autophagosomes 
are labeled with yellow dots (the overlay of green and red 
fluorescence), while autolysosomes are labeled with red dots 
only. If autophagic flux is upregulated, yellow and red dots 
are both increased, while only yellow dots are increased if 
the process of autophagosomes fusing with lysosomes is 
inhibited. It is the different numbers of red dots that represent 
changes in autophagic flux. To evaluate whether autophagic 
flux is upregulated by caffeine in LX-2 cells, we incubated 

GFP-RFP-hLC3 lentivirus-transfected LX-2 cells with various 
concentrations of caffeine (0, 10 and 30 mM). At 48 h points, 
fluorescence images were captured and quantification of the 
number of yellow and red dots was carried out. As shown 
in the fluorescence images, the number of yellow dots and 
red dots alone were both increased (Fig. 3E and F). Finally, 
electron microscopic evaluation showed an increased amount 
of autophagosomes/autolysosomes in the cells treated with 
caffeine (Fig. 3G). Taken together, these findings strongly 
demonstrated that autophagic flux in LX-2 cells was induced 
by caffeine.

The IRE1-α signaling pathway is required for activation 
of caffeine-induced autophagy in the LX-2 cell line. It has 
been reported that autophagy can be triggered by ER stress 
via the IRE1-α signaling pathway (19,24). Herein, we found 
that caffeine contributed to autophagy and ER stress, as well 
as increased the expression levels of IRE1-α and chop in 
LX-2 cells. These findings prompted us to explore whether 
UPR acts as an upstream event of autophagy and the crucial 
role of IRE1-α in caffeine-treated LX-2 cells. To confirm the 
hypothesis, specific siRNAs directly against IRE1-α were 
used in the RFP-GFP-hLC3-transfected LX-2 cells. In these 
co-transfected cells, we observed that the numbers of yellow 
or red dots alone in the negative siRNA-transfected cells 
were both higher than those in the IRE1-α siRNA-transfected 
cells  (Fig. 4A and B). We also found that the level of p62 

Figure 4. Autophagy in the LX-2 cell line treated with caffeine was stimulated by endoplasmic reticulum (ER) stress through the inositol-requiring 
enzyme 1 (IRE1)-α pathway. (A and B) Representative images and quantification of early autophagosomes (yellow dots generated from overlapping GFP and 
RFP puncta) shown as yellow bars and late autolysosomes (red dots generated from RFP puncta) shown as red bars after 48 h of 20 mM caffeine treatment in 
LX-2 cells co-transfected with the RFP-GFP-hLC3 lentivirus and IRE1-α-siRNAs vs. the control cells co-transfected with the RFP-GFP-hLC3 lentivirus and 
negative siRNAs. Error bar, standard deviation (n=30, from a total of independent three experiments), **P<0.001. (C) The expression of IRE1-α, p62 and LC3 
in LX-2 cells transfected with IRE1-α-siRNAs or cells transfected with negative siRNAs after treatment with 0/20 mM caffeine for 48 h. (D) Densitometric 
analysis of IRE1-α, p62 and LC3Ⅱ levels relative to GAPDH is representative of three parallel experiments. ***P<0.001.
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accumulation in the IRE1-α siRNA-transfected cells was higher 
than that in the negative siRNA-transfected cells. Similarly, 
the accumulation of LC3Ⅱ was decreased in the IRE1-α 
siRNA‑transfected cells compared with the negative siRNA-
transfected cells after caffeine treatment (Fig. 4C and D). All 

these data indicated that the IRE1-α pathway was an upstream 
event of caffeine‑induced autophagy in the LX-2 cell line.

Autophagy triggered by caffeine inhibits cell viability, induces 
apoptosis and suppresses activation of LX-2 cells. To investigate 

Figure 5. Effects of autophagy in LX-2 cells incubated with caffeine. (A) The viability of LX-2 cells transfected with Atg7-siRNAs or the cells transfected 
with negative siRNAs after 20 mM caffeine treatment at the indicated times was detected by CCK-8 assay. (B) The viability of LX-2 cells treated with 
3-MA (5 mM), caffeine (20 mM) and caffeine (20 mM) together with 3-MA (5 mM) was detected by CCK-8 assay. (C) The percentage of apoptosis of LX-2 
cells transfected with Atg7-siRNAs or the cells transfected with negative siRNAs after 20 mM caffeine treatment for 48 h was detected by flow cytometry. Bars 
represent the means ± SD of triplicate experiments. **P<0.01. (D) The percentage of apoptotic LX-2 cells treated with 3-MA (5 mM), caffeine (20 mM) and 
caffeine (20 mM) together with 3-MA (5 mM) was detected by flow cytometry. Bars represent the means ± SD of triplicate experiments. *P<0.05. (E) Western 
blotting and densitometric analysis show the expression of p62, α-SMA and LC3Ⅱ in LX-2 cells transfected with Atg7-siRNAs or the cells transfected with 
negative siRNAs after treatment with 0/20 mM caffeine for 48 h. Bars represent the means ±SD of three independent experiments. **P<0.01. (F) Western blot-
ting and densitometric analysis show the expression of p62, α-SMA and LC3Ⅱ in LX-2 cells treated with 3-MA (5 mM), caffeine (20 mM), caffeine (20 mM) 
together with 3-MA (5 mM) and none. Bars represent the means ± SD of three independent experiments. **P<0.01.
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the roles of autophagy on cell viability in caffeine-treated LX-2 
cells, we used Atg7-siRNAs to block autophagosome forma-
tion and 3-MA to inhibit the activation of autophagic flux 
in LX-2 cells. As expected, Atg7-knockdown reduced LC3Ⅱ 
accumulation and increased the expression level of p62, which 
significantly increased the cell viability of the LX-2 cells after 
caffeine treatment (Fig. 5A). These findings strongly suggest 
the involvement of autophagy in caffeine-inhibited viability 
of LX-2 cells. Furthermore, Atg7-knockdown also strongly 
decreased the extent of apoptotic death of the LX-2  cells 
after caffeine incubation (Fig. 5C), suggesting that autophagy 
is essential for caffeine-induced apoptosis of LX-2  cells. 
Additionally, Atg7-knockdown rescued the expression of 
α-SMA, indicating a direct link between autophagy and 
LX-2 activation. Similar results were also found in 3-MA and 
caffeine co-treated LX-2 cells (Fig. 5B, D and F). All these 
results indicated that autophagy induced apoptosis, inhibited 
cell viability and suppressed cell activation in caffeine-treated 
LX-2 cells.

Discussion

Recently, many studies have demonstrated that the long-term 
consumption of caffeine is associated with lower risks for 
chronic liver diseases, such as nonalcoholic fatty disease and 
liver fibrosis (25-27). Moreover, other studies have reported that 
caffeine attenuates liver fibrosis by directly inducing apoptosis 
of HSCs (18). However, a better understanding of the pathways 
implicated in this process remains to be characterized. In the 
present study, our findings established autophagy mediated by 
ER stress as a novel pathway implicated in caffeine‑induced 
HSC apoptosis.

To the best of our knowledge, liver fibrosis is triggered 
by hepatocyte apoptosis, while induction of activated HSC 
apoptosis can reverse the progression of liver fibrosis (28-30). 
Importantly, our study showed that caffeine markedly 
reduced the cell viability of activated HSCs and downregu-
lated the expression of α-SMA in vitro, suggesting caffeine 
as a suppressor of HSC activation. Furthermore, in agree-
ment with other studies, we established the role of caffeine 
as an important driver of stellate cell apoptosis. The results 
above correspond to the principle that augmentation of HSC 
apoptosis is a potential approach through which to promote 
the resolution of liver fibrosis (31), therefore, epitomizing an 
anti-fibrotic function of caffeine.

Morphological analysis found that caffeine induced an 
increase in vacuoles which were recognized as enlarged ERs 
in HSCs. One reasonable explanation for these enlarged vacu-
oles is induction of the UPR, a self-protective process initially 
occurring after ER stress (22,24). Moreover, treatment with 
caffeine caused upregulated expression of GRP78/Bip. 
GRP78/Bip is an ER chaperone that normally binds with 
three transmembrane proteins, IRE1-α, activating transcrip-
tion factor (ATF)‑6α and RNA-activated protein kinase-like 
ER kinase  (PERK)  (32,33). Upon ER stress, GRP78/Bip 
dissociates with the three transmembrane proteins described 
above, causing the activation of PERK and IRE1-α by 
trans-autophosphorylation as well as ATF6α via proteolytic 
processing (34,35). The IRE1-α/CHOP pathway is the most 
conserved branch of the UPR among the three (7). Notably, 

our study showed that the accumulation of IRE1-α and CHOP 
in HSCs was rapidly increased after caffeine treatment. 
Collectively, these events strongly demonstrated that the 
ER stress-dependent UPR signaling pathway is triggered in 
caffeine-treated HSCs.

Although the UPR is an adaptive process that compensates 
for the damage caused by ER stress, prolonged and massive 
ER stress that cannot be alleviated by UPR will induce cell 
apoptosis  (12,36). In the present study, we revealed that 
caffeine inhibited the cell viability of HSCs by inducing 
apoptosis; meanwhile, ER stress was stimulated after caffeine 
treatment in HSCs. These results can be explained by the 
principle that treatment with caffeine induces prolonged and 
sustained ER stress in HSCs and the ER stress-related damage 
cannot be eliminated by UPR, eventually, resulting in apop-
totic death (22,37). Additionally, we also found that the level 
of cytosolic calcium was increased after caffeine incubation 
in HSCs. To date, perturbations in ER calcium have been 
demonstrated to have a close associate with apoptosis effec-
tors (38). In certain cell lines, ER stress inducers promote 
calcium to be released from the ER accompanied by some 
related apoptosis effectors released from mitochondria (33,39). 
Although the exact functional role of calcium mobilization in 
caffeine‑mediated ER stress remains unclear, the possibility 
that the calcium released from the ER triggers ER stress and 
apoptosis seems reasonable.

Recent research of the mechanisms by which caffeine 
ameliorates the severity of NAFLD has revealed that caffeine 
markedly decreased intracellular lipids via upregulating 
autophagic flux in hepatocytes  (27). Analogously, in the 
present research, we demonstrated that the biochemical hall-
marks of autophagic flux in HSCs were induced, for example, 
LC3Ⅱ accumulation and GFP-RFP-LC3 redistribution in 
early and late autophagosomes. Furthermore, many double-
membrane vacuolar structures, the morphological pattern of 
autophagosomes, were found in caffeine-treated HSCs, while 
few were observed in the controls. Notably, we also showed 
that GFP-RFP-LC3 redistribution in early and late autophago-
somes and LC3Ⅱ accumulation were rapidly decreased after 
knockdown of IRE1-α. In addition, accumulation of p62 was 
significantly compromised in the IRE1-α siRNA-transfected 
HSCs. These data not only demonstrated that caffeine induced 
the activation of autophagy in HSCs, but also established the 
role of ER stress as an important driver of autophagic flux 
induced by caffeine in HSCs.

The primary role of autophagy in cells is complicated, 
sometimes paradoxical. Whether autophagy protects cells from 
death or promotes cell death depends on the cellular context, 
the duration and strength of stimuli (40,41). Previously, one 
study revealed that caffeine induced apoptosis in SH-SY5Y, 
PC12D and HeLa cells by enhancement of autophagy (19). 
Similarly, the data presented here showed that both of the 
genetic and chemical autophagy inhibitors, Atg7-siRNAs and 
3-MA, alleviated caffeine-induced apoptosis. Coincident with 
the alleviation of cell death by autophagy, the cell viability was 
increased in the Atg7-knockdown and 3-MA-pretreated HSCs 
after caffeine treatment. These data strongly demonstrate that 
autophagy induced by caffeine promoted apoptotic cell death 
rather than cell survival in the HSCs. To date, many studies 
have reported that autophagy removes superabundant proteins 
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when the accumulation of unfolded or misfolded proteins 
surpasses the ability of the degradation system mediated by 
the proteasome (42,43). The protective function of autophagy 
was contradictory with our results. One plausible explanation 
is that the outcome of ER stress-mediated autophagy depends 
on the type of stimulants and the cellular context. Notably, our 
findings rightly identify with the anti-fibrosis mechanism of 
caffeine. In brief, caffeine suppresses activation of HSCs by 
induction of autophagy via the IRE1-α pathway. And once the 
activated HSCs are eliminated, the progression of liver fibrosis 
can be attenuated and reversed. Viewed this way, our finding 
is consistent with previous studies on the induction of apop-
totic cell death by caffeine and provides novel insight into the 
mechanism involved in the anti-fibrotic function of caffeine.

Additionally, it is worth noting that in our study the concen-
trations of caffeine that induced apoptosis of HSCs were in a 
high range. The results disclosed that only a high concentration 
of caffeine attenuated liver fibrosis, which is in accordance 
with previous research that individuals who consume a large 
amount of caffeine every day have the lowest risk of liver 
disease (44).

In conclusion, our data highlight the importance of auto
phagy mediated by ER stress in caffeine-treated HSCs as a 
main driver of apoptosis, extending the mechanisms of the 
attenuation of liver fibrosis by caffeine. We speculate that 
moderate to high caffeine intake can be useful in the treatment 
of liver fibrosis.
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