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Abstract
An uncontrolled inflammatory response has been implicated in the progression of acute liver failure through poorly under-
stood mechanisms. The aim of our study was to investigate whether suramin attenuates inflammation-mediated hepatocyte 
apoptosis by modulating mitochondrial homeostasis. Primary hepatocytes were isolated from mice and treated with LPS 
in vitro in the presence or absence of suramin. Western blotting, immunofluorescence staining, and ELISAs were used to 
evaluate the mitochondrial stress. The LPS treatment caused hepatocyte death via apoptosis. Interestingly, suramin supple-
mentation attenuated LPS-mediated hepatocyte death by reducing Mst1 expression; the overexpression of Mst1 abolished 
the anti-apoptotic effects of suramin on LPS-treated hepatocytes. At the molecular level, suramin treatment repressed mito-
chondrial oxidative stress, sustained mitochondrial dynamics and blocked the caspase-9-mediated mitochondrial apoptosis 
pathway; these effects of suramin were achieved by reversing Mst1 expression. Furthermore, our study found that suramin 
modulated Mst1 expression via the JNK signaling pathway. Activation of JNK prevented the suramin-mediated Mst1 down-
regulation and concomitantly increased hepatocyte apoptosis and mitochondrial dysfunction. Taken together, our results 
confirmed the anti-apoptotic and anti-inflammatory effects of suramin on LPS-challenged hepatocytes. Suramin sustained 
hepatocyte viability and attenuated mitochondrial stress via repressing the JNK-Mst1 signaling pathway.
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Introduction

Many etiologies are responsible for the development of 
acute liver failure (ALF), including drug-related acute 
liver injury, viral hepatitis, ischemia hepatitis, meta-
bolic disorders, and neonatal hemochromatosis. At the 
molecular level, inflammation-induced injury has been 
acknowledged as a primary cause of ALF pathogenesis 
[1]. Excess inflammatory stress induces oxidative stress in 
the cell and the subsequent activation of the c-Jun N-ter-
minal kinase (JNK) signaling pathway [2]. Activated JNK 
translocates to the nucleus, where JNK promotes the tran-
scription and expression of genes related to hepatocyte 
death [3]. Moreover, inflammatory stress also activates 
hepatic macrophages to potentiate liver injury by releasing 
pro-inflammatory factors. Subsequently, with the help of 
pro-inflammatory cytokines, immune cells such as neutro-
phils and monocytes are recruited to the site of inflamma-
tion. Excess neutrophil activation assists in the removal 
of necrotic hepatocytes, followed by a loss of functional 
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hepatocytes in a short period [4]. Anti-inflammatory ther-
apy was shown to be beneficial for damaged liver tissues 
in animal studies and human clinical trials [5, 6].

Recently, the mitochondrion has been reported to be 
the downstream target of inflammatory injury. Substantial 
accumulation of swollen mitochondria has been observed 
in patients with ALF, suggesting that inflammatory stress 
seems to regulate mitochondrial morphology. Additionally, a 
reduction in the mitochondrial membrane potential [7], mito-
chondrial Bax-induced apoptosis [8], mitochondrial respira-
tory dysfunction [9], mitochondrial biogenesis arrest [10], 
and mitochondrial oxidative stress [11] have been implicated 
in the development of ALF due to the uncontrolled inflam-
mation-induced injury. Based on this evidence, the mito-
chondria may have the ability to favorably modulate hepat-
ocyte function and viability during inflammation-induced 
liver injury. However, no study has provided insights into 
the basic mechanisms of mitochondrial stress in the setting 
of inflammation-induced hepatocyte death.

Suramin has been widely used to treat trypanosomiasis 
and recently has been shown to regulate the inflammation 
response in various disease models. For example, suramin 
treatment attenuates inflammation-mediated skin damage 
in atopic dermatitis [12]. Besides, suramin also inhibits 
inflammation-related peritoneal fibrosis [13]. Moreover, 
suramin has been found to be effective for diabetic nephropa-
thy [14]. In LPS-treated alveolar epithelial cells, suramin 
has an ability to inhibit the expression and transcription of 
inducible nitric oxide synthase. More importantly, the ben-
eficial effects of suramin on hepatic dysfunction have been 
reported. Suramin improves the regeneration of ethanol-
induced steatotic partial liver grafts [15]. Besides, the func-
tion and stress response of liver macrophages/Kupffer cells 
are also modulated by suramin. However, the exact mecha-
nisms by which suramin confers protection, and the key cel-
lular parameters that it influences in inflammation-mediated 
hepatocyte mitochondrial death, remain to be elucidated.

At the molecular level, mammalian Ste20-like kinase 1 
(Mst1) is an apoptosis-related kinase that preferentially mod-
ulates the mitochondria-involved apoptosis signal in liver 
tissue. In the setting of liver cancer, activated Mst1 promotes 
cancer cell apoptosis through a mechanism depending on 
mitochondrial apoptosis [16]. Also, pharmacological target-
ing of kinase Mst1 augments liver tissue repair and regen-
eration [17]. Moreover, hepatic lipid metabolism is also 
regulated by Mst1 via repressing the activity of Sirt1 [18]. 
In the present study, we wanted to determine whether Mst1 
is activated by LPS and contributes to the progression of 
inflammation-related liver injury via inducing mitochondrial 
stress. Meanwhile, we also explored whether suramin had 
an ability to confer protection against inflammation-induced 
hepatocyte death via regulating Mst1 and mitochondrial 
homeostasis.

Materials and methods

Isolation and culture of primary hepatocytes

Primary hepatocytes were isolated using methods reported 
in a previous study. C57/Bl6 mice (8–10 weeks old, female) 
were anesthetized using a mixture of ketamine (80 mg/kg) 
and xylazine (5 mg/kg). Then, a catheter (22 G feeding nee-
dle/round tip, connected to Solution 1) was inserted into the 
vena cava through the right atrium. Subsequently, perfusion 
was started (flow rate of 5 ml/min) [19]. After the flow began 
and the buffer reached the liver, a small incision in the vis-
ceral vena cava was made. After collagenase perfusion, liver 
should begin to look mushy. Dissect the liver free, place in 
a pre-chilled sterile beaker with 20 ml William’s complete 
Medium, and then take it to tissue cell culture hood. Within 
the cell culture hood, use a cell scraper to gently disperse 
the cells into William’s complete Medium within a sterile 
Petri dish. Finally, after washing the pellet twice with PBS, 
primary hepatocytes were collected and re-suspended in 
DMEM supplemented with 20% FBS. Cells were treated 
with 10 μg/ml LPS (Selleck Chemicals) for approximately 
12 h to induce inflammatory injury. Suramin (0–20 μM) was 
also incubated with hepatocytes for 12 h during the LPS 
challenge. Anisomycin (Ani, 10 μM, Selleck Chemicals, 
Houston, TX, USA) was added to the medium of cultured 
hepatocytes and incubated for 2 h to activate the JNK sign-
aling pathway. The Mst1 adenovirus was transfected into 
suramin-treated hepatocytes to reverse Mst1 expression [20].

Cellular death was measured via a TUNEL assay

TUNEL staining was performed using a One Step TUNEL 
Apoptosis Assay Kit (Beyotime, China, Cat. No: C1086) 
according to the manufacturer’s instructions [21]. The MTT 
assay was performed according to the methods used in a 
previous study. Cells were plated onto a 96-well plate. MTT 
solution (Beyotime, China, Cat. No: C0009) was then added 
into the medium, and the cells were incubated for approxi-
mately 2 h at 37 °C/5%  CO2. The optical density (OD) of 
the MTT solution was recorded using a microplate reader 
(490 nm absorbance; Epoch 2; BioTek Instruments, Inc., 
Winooski, VT, USA) [22]. An LDH release assay was con-
ducted using a commercial kit (Beyotime, China, Cat. No: 
C0016) according to the manufacturer’s instructions [23].

Caspase activity detection and ELISA

The caspase-3 and caspase-9 activities were determined 
using commercial kits (Beyotime Institute of Biotechnology) 
[24]. The levels of antioxidant factors, including GPX, SOD, 
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and GSH, were measured with ELISA kits purchased from 
the Beyotime Institute of Biotechnology [25]. The experi-
ments were performed in triplicate and repeated 3 times with 
similar results.

Mitochondrial potential observation and LDH 
release assay

The mitochondrial membrane potential was determined by 
JC-1 staining. Live cells were washed with PBS, and a JC-1 
solution was then added to the medium [26]. The cells were 
incubated at 37 °C/5%  CO2 for 30 min, washed with PBS, 
loaded with DAPI, and then observed under a fluorescence 
microscope. An LDH release assay was conducted using a 
commercial kit (Beyotime, China, Cat. No: C0016) accord-
ing to the manufacturer’s instructions [27].

ATP detection

Cells were seeded in six-well plates at 1 × 106 cells per well, 
and the cells were then incubated at 37 °C in 5%  CO2 until 
80% confluent. The intracellular concentration of ATP was 
analyzed using an ATP Assay Kit (Beyotime, China) [28]. 
To each well, 200 μl lysate was added. The supernatant was 
collected after centrifugation for 5 min at 12,000 g and 4 °C. 
The intracellular concentration of ATP was measured using 
a luminometer according to the protocol provided by Beyo-
time [29].

Immunofluorescence staining

Cells were washed with PBS at room temperature to remove 
the DMEM. Then, the cells were fixed in 3.7% paraformal-
dehyde for 30 min at room temperature and permeabilized 
with 0.1% Triton X-100 for 10 min at 4 °C. The cells were 
then washed with PBS, and 10% goat serum albumin was 
used to block the samples for 45 min at room temperature 
[30]. The samples were again washed with PBS and then 
incubated overnight with the following primary antibod-
ies: Tom20 (1:1000, Abcam, #ab186735), p-JNK (1:1000, 
Abcam, #ab81283), Mst1 (1:1000, Abcam, no. ab86671).

Determination of GSH, SOD and GPx levels

The GSH content and the SOD and GPx activity levels in 
LPS-challenged hepatocytes were determined using com-
mercially available GSH, SOD and GPx kits, according to 
the manufacturer’s instructions [31]. The data were analyzed 
spectrophotometrically using a SpectraMax M5 instrument 
(Molecular Devices, CA, USA).

Flow cytometry for detecting mitochondrial ROS 
levels

Mitochondrial ROS production was measured using flow 
cytometry. Briefly, 1 × 106 hepatocytes were labeled with 
MitoSOX red mitochondrial superoxide indicator (Molecu-
lar Probes, USA) for 15 min at 37 °C. Labeled cells were 
washed twice with culture medium and then harvested 
[32]. The resulting fluorescence was measured using flow 
cytometry.

Western blot

Cells were lysed in RIPA Lysis Buffer (Beyotime, China, 
Cat. No: P0013C). After high-speed centrifugation, the 
proteins were collected and quantified with the Enhanced 
BCA Protein Assay Kit (Beyotime, China, Cat. No: P0009). 
Subsequently, 40–60 μg of protein was loaded onto 10% 
SDS-PAGE gels and transferred to PVDF membranes. The 
membranes were washed with TBST and then blocked with 
5% non-fat milk for 45 min at room temperature [33]. The 
primary antibodies used in the present study were as fol-
lows: Bcl2 (1:1000, Cell Signaling Technology, #3498), 
Bax (1:1000, Cell Signaling Technology, #2772), cas-
pase9 (1:1000, Cell Signaling Technology, #9504), sur-
vivin (1:1000, Cell Signaling Technology, #2808), Parkin 
(1:1000, Cell Signaling Technology, Inc.), Beclin1 (1:1000, 
Cell Signaling Technology, #3738), Drp1 (1:1000, Abcam, 
#ab56788), Fis1 (1:1000, Abcam, #ab71498), Opa1 (1:1000, 
Abcam, #ab42364), Mfn1 (1:1000, Abcam, #ab57602), 
Mfn2 (1:1000, Abcam, #ab56889), Mff (1:1000, Cell Sign-
aling Technology, #86668), t-JNK (1:1000; Cell Signaling 
Technology, #4672), p-JNK (1:1000; Cell Signaling Tech-
nology, #9251), Mst1 (1:1000, Cell Signaling Technology, 
#3682).

RNA isolation and quantitative RT‑PCR (qPCR)

After treatment, cellular RNA was isolated via Trizol reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions. Reverse transcription of RNA was performed 
with a Transcriptor First Strand cDNA Synthesis Kit (Roche 
Applied Science, Switzerland) [34]. About 1 μg of RNA was 
reversely transcribed into cDNA for each sample. Synthe-
sized cDNA was amplified on the  LightCycler® 480 System 
with SYBR Green I Master (Roche Applied Science, Man-
nheim, Germany). The cycling conditions were as follows: 
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 
and 72 °C for 35 s, for telomere PCR [35]. The experiments 
were repeated 3 times with triplicates of each sample. Fold 
change of mRNA expression was normalized by GAPDH 
as an internal control. The primers used in the present study 
were as follows: Mst1, the forward primer 5′-GCT TCT GAC 
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TCA ATG CTT AG-3′, and the reverse primer 5′-CCA CAT 
CCT CCT GCC AAG -3′.

Cell transfection

Cells were seeded in the 6-well plates at a density of 5 × 105 
cells per well. The Mst1 adenovirus was obtained from 
OriGene Technologies, Inc. Mst1 adenovirus infection was 
performed according to a previous study [36, 37]. In brief, 
hepatocytes were cultured when the cell confluence reached 
70–80%. Then, 200 μl of medium containing 75 pmol of 
Mst1 adenovirus and 200 μl of medium containing 7.5 μl of 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) were 
mixed together. Subsequently, cells were incubated with the 
mixture for 48 h. Western blotting was used to detect the 
overexpression efficiency [38].

Statistical analysis

We used Statistical Product and Service Solutions (SPSS) 
17.0 software (IBM, Armonk, NY, USA) for statistical anal-
yses. The experiments were repeated 3 times (n = 3) with 
triplicates of each sample. The quantitative data are pre-
sented as means ± standard deviations. Differences among 
groups were analyzed with one-way ANOVA, followed by 
a post hoc test (least significant difference). Multiple aver-
ages among groups were compared using the SNK analysis. 
p < 0.05 was considered statistically significant.

Results

Mst1 is activated by suramin and promotes 
hepatocyte survival in the context of LPS‑mediated 
hepatic injury

In the present study, LPS was used to mimic the inflam-
matory injury. Then, suramin was administered to detect 
its effects on LPS-treated hepatocytes. With the help of 
western blotting, it could be seen that Mst1 expression was 
significantly upregulated in response to the LPS treatment 
(Fig. 1a, b). Interestingly, the suramin treatment repressed 
the changes in Mst1 expression in a dose-dependent man-
ner (Fig. 1a, b). Subsequently, cell viability was measured 
using an MTT assay. Compared to the control group, the 
LPS treatment reduced hepatocyte viability (Fig. 1c), a 
change that was reversed by the suramin treatment in a dose-
dependent manner. The minimal protective concentration of 
suramin was 10 μM, and thus this concentration was used in 
the subsequent experiments to perform the functional stud-
ies. Moreover, Mst1 adenovirus (Ad-Mst1) was adminis-
tered to suramin-treated hepatocytes and the overexpression 
efficiency was confirmed via western blotting to determine 

whether Mst1 was involved in suramin-mediated cell protec-
tion (Fig. 1d, e). Then, cell death was determined using an 
LDH release assay. As shown in Fig. 1f, compared to the 
control group, the LPS treatment evoked more LDH release 
into the medium. However, the suramin treatment inhibited 
LPS-mediated LDH release, and this effect was abolished by 
Ad-Mst1 (Fig. 1f). Based on these data, suramin may attenu-
ate LPS-induced hepatocyte death via inhibiting Mst1. This 
finding was further supported by the TUNEL staining. As 
shown in Fig. 1g, h, the number of TUNEL-positive cells 
was obviously increased in response to the LPS treatment. 
However, the suramin treatment reduced the percentage 
of TUNEL-positive cells, and this effect was achieved via 
Mst1 repression because Mst1 overexpression neutralized 
the anti-apoptotic effects of suramin on LPS-treated cells. 
Caspase-3 activity was also increased upon LPS challenge 
(Fig. 1i). However, the suramin treatment inhibited LPS-
mediated caspase-3 activation, and this effect was abrogated 
by the Ad-Mst1 (Fig. 1i). Thus, LPS causes acute hepato-
cyte death by activating Mst1, and suramin produces pro-
survival signals in LPS-treated hepatocytes by preventing 
Mst1 activation.

Suramin sustains mitochondrial bioenergetics 
via downregulating Mst1 in the setting 
of LPS‑induced liver damage

Mitochondria have been acknowledged as a primary target 
of LPS-induced inflammatory injury [39]. In the present 
study, experiments were performed to observe the altera-
tions in mitochondrial function and structure. Firstly, mito-
chondrial bioenergetics were measured. Total ATP produc-
tion was reduced by the LPS treatment (Fig. 2a), and this 
effect was reversed by the suramin treatment. However, 
after Mst1 overexpression, the effects of suramin on induc-
ing ATP production were repressed (Fig. 2a), indicating 
that suramin reversed hepatocyte energy metabolism via 
inhibiting Mst1. Furthermore, cellular ATP is mainly gen-
erated by the mitochondria through the conversion of the 
mitochondrial membrane potential into chemical energy 
[40]. Interestingly, the mitochondrial membrane potential 
was significantly decreased by the LPS treatment (Fig. 2b, 
c), as assessed using JC-1 staining. However, the suramin 
treatment sustained the mitochondrial membrane potential 
(Fig. 2b, c), and this effect was nullified by overexpressing 
Mst1. At the molecular level, mitochondria decompose 
glucose and form the mitochondrial membrane potential 
with the help of the mitochondrial respiratory complex. 
Interestingly, the activity of the mitochondrial respiratory 
complex was drastically decreased in response to the LPS 
treatment (Fig. 2d–g). However, the suramin treatment 
sustained mitochondrial respiratory complex activity via 
repressing Mst1 expression (Fig. 2d–g). In addition to 
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mitochondrial respiratory dysfunction, we also observed 
increased levels of glucose in the medium upon exposure 
to LPS (Fig. 2h), indicating that LPS impaired glucose 
metabolism in hepatocytes. Interestingly, the suramin 
treatment promoted glucose metabolism in LPS-treated 
hepatocytes (Fig. 2h), and this effect was abolished by 

Ad-Mst1 transfection. Moreover, lactic acid production 
was also decreased by the LPS treatment (Fig. 2i), and this 
effect was reversed by the suramin treatment in a manner 
dependent on Mst1 repression (Fig. 2i). Based on these 
results, suramin improves mitochondrial bioenergetics in 
LPS-treated hepatocytes by inhibiting Mst1.

Fig. 1  Suramin attenuates LPS-mediated hepatocyte death by reduc-
ing Mst1 expression. a, b LPS was incubated with hepatocytes for 
12 h, and different doses of suramin were concomitantly administered 
to hepatocytes. Then, western blotting was used to observe Mst1 lev-
els. c Cell viability was determined using the MTT assay following 
the LPS treatment and suramin application. d, e The Mst1 adenovi-
rus (Ad-Mst1) was transfected into hepatocytes, and then Mst1 lev-
els were measured using western blotting. f An LDH release assay 

was used to observe cell death in response to suramin in cells with 
or without Mst1 overexpression. g, h TUNEL staining was used to 
detect apoptotic hepatocytes. The number of TUNEL-positive cells 
was observed following the suramin treatment and/or Mst1 overex-
pression. i Caspase-3 activity assay. Hepatocytes were treated with 
LPS and/or suramin. Meanwhile, Mst1 adenovirus (Ad-Mst1) was 
used to reverse Mst1 expression. Ad-Mst1 Mst1 adenovirus, Ad-ctrl 
control adenovirus, *p < 0.05
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Mst1 participates in suramin‑mediated regulation 
of mitochondrial dynamics

Recently, changes in mitochondrial dynamics have been 
reported to be an early event in mitochondrial stress [41, 42]. 
Excess mitochondrial fission and decreased mitochondrial 
fusion promote the formation of mitochondrial fragments, 

which contribute to mitochondrial dysfunction and cell death 
in several disease models [8, 43]. In the present study, we 
explored the effects of suramin on mitochondrial dynamics 
in the setting of LPS-induced hepatic inflammation damage. 
With the help of western blotting, it could be seen that the 
levels of factors related to mitochondrial fission were rap-
idly increased in response to the LPS treatment (Fig. 3a–d). 

Fig. 2  Mitochondrial bioenergetics are regulated by suramin via 
repressing Mst1 expression. a ATP production was measured to 
reflect cellular metabolism in the setting of LPS-induced inflamma-
tion. b, c The mitochondrial membrane potential was determined 
using the JC-1 probe. The relative mitochondrial membrane poten-
tial was calculated by measuring the ratio of red/green fluorescence 

intensities. d–g ELISA was used to observe the alterations in com-
ponents of the mitochondrial respiratory complex in response to LPS 
treatment. h Glucose uptake assay using hepatocytes challenged with 
LPS. i Lactic acid production was evaluated using an ELISA. Ad-
Mst1 Mst1 adenovirus, Ad-ctrl control adenovirus, *p < 0.05
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Fig. 3  Suramin modulates the mitochondrial dynamics balance. 
a–i Western blotting was used to observe alterations in the levels of 
mitochondrial dynamics-related factors. Levels of mitochondrial fis-
sion factors, such as Drp1, Mff, and Fis1, were measured. Levels of 
mitochondrial fusion proteins, such as Mfn2, Mfn1 and OPA1, were 
also determined. Levels of mitophagy markers, such as Parkin and 

Beclin1, were also detected following the LPS treatment. j, k Immu-
nofluorescence staining for mitochondrial dynamics using the mito-
chondrial antibody Tom-20. Mitochondrial length was determined to 
reflect the mitochondrial dynamics. Ad-Mst1 Mst1 adenovirus, Ad-
ctrl control adenovirus, *p < 0.05



496 The Journal of Physiological Sciences (2019) 69:489–502

1 3

Interestingly, the expression of mitochondrial fusion factors, 
such as Mfn2, Mfn1 and OPA1, were significantly decreased 
in response to the LPS stimulus. Thus, inflammation causes 
an imbalance between mitochondrial fission and mitochon-
drial fusion (Fig. 3a–g). Additionally, the levels of markers 
related to mitochondrial autophagy, such as Parkin and Bec-
lin1 (Fig. 3a–i), were also decreased by the LPS treatment. 
Interestingly, the suramin treatment reversed the changes 
in the parameters related to mitochondrial fission and the 
levels of mitochondrial fusion factors (Fig. 3a–i). Moreo-
ver, the levels of mitophagy markers were also improved by 
the suramin treatment (Fig. 3a–i). According to these data, 
suramin stabilizes mitochondrial dynamics in the setting of 
LPS-related inflammatory injury in hepatocytes.

Subsequently, immunofluorescence staining was con-
ducted to observe the alterations in mitochondrial dynam-
ics using a mitochondria-specific antibody (Tom-20) [44]. 
As shown in Fig. 3j, k, mitochondria were inter-connective 
in the control group and displayed a length of ~ 6.6 μm. 
Interestingly, after treatment with LPS, fragmented mito-
chondria with shorter lengths were noted in hepatocytes, 
possibly due to the induction of mitochondrial fission, sup-
pression of mitochondrial fusion and induction of mitophagy 
arrest. However, the suramin treatment reversed the changes 
in mitochondrial morphology, and this effect was abolished 
by Mst1 overexpression (Fig. 3j, k). Overall, LPS-induced 
inflammatory injury disrupts mitochondrial dynamics in 
hepatocytes, and this effect is relieved by suramin via Mst1 
repression.

Suramin blocks LPS‑mediated hepatocyte apoptosis 
by inactivating Mst1

Subsequently, we wanted to determine whether mito-
chondrial apoptosis was also modulated by suramin via 
the Mst1 pathway in the setting of LPS-mediated inflam-
matory injury in hepatocytes. Firstly, western blotting 
revealed substantial increases in the levels of pro-apoptotic 
proteins related to mitochondrial death, such as Bax and 
capsase-9, following the LPS treatment (Fig. 4a–e). Inter-
estingly, the levels of anti-apoptotic proteins were corre-
spondingly decreased after exposure to the LPS stimulus 
(Fig. 4a–e). However, the suramin treatment prevented the 
increase in the levels of pro-apoptotic factors and decrease 
in the levels of anti-apoptotic proteins in LPS-treated 
hepatocytes (Fig. 4a–e). Notably, Mst1 overexpression 
abolished the effects of suramin on increasing the levels 
of anti-apoptotic proteins. Thus, suramin has the ability 
to repress LPS-mediated hepatocyte apoptosis in a man-
ner dependent on Mst1 repression. Additionally, an early 
feature of mitochondria-mediated cell death is mitochon-
drial ROS overproduction [45]. Interestingly, using flow 
cytometry, we found that LPS-mediated mitochondrial 

ROS overloading was attenuated by suramin (Fig. 4f, g). 
Interestingly, Mst1 overexpression induced mitochon-
drial ROS overproduction in cells treated with suramin 
(Fig. 4f, g). In response to mitochondrial ROS overload-
ing, the levels of cellular antioxidants were downregulated 
by LPS treatment and were reversed to near-normal levels 
with suramin in a manner dependent on Mst1 repression 
(Fig. 4h–j), indicating that the anti-oxidant property of 
suramin seems to rely on Mst1 inhibition in the setting 
of LPS-mediated inflammatory injury in hepatocytes. 
Moreover, the late feature of the mitochondrial apoptosis 
pathway, cyt-c translocation into the cytoplasm/nucleus 
(Fig. 4k, l), was also noted in LPS-treated hepatocytes. 
Interestingly, this phenotypic alteration was reversed by 
the suramin treatment (Fig. 4k, l). However, Mst1 overex-
pression induced cyt-c transport into the nucleus in cells 
treated with suramin. Taken together, these data confirmed 
the functional importance of suramin in inhibiting the 
LPS-initiated mitochondrial apoptosis pathway by prevent-
ing Mst1 upregulation.

Suramin affects Mst1 via the JNK pathway

The next experiment was conducted to verify the mecha-
nism by which suramin regulated Mst1 expression. JNK 
is the upstream mediator responsible for inducing Mst1 
expression. Inactive JNK is associated with Mst1 downreg-
ulation in subjects with myocardial reperfusion injury [46] 
and colon cancer [47]. In this study, we wanted to deter-
mine whether the JNK pathway was required for suramin-
mediated Mst1 repression. Western blotting revealed that 
the LPS treatment activated the JNK signaling pathway, 
as evidenced by increased p-JNK levels (Fig. 5a–c). How-
ever, the suramin treatment reduced p-JNK levels, an effect 
that was accompanied by a decrease in Mst1 expression. 
Interestingly, activation of the JNK signaling pathway 
with anisomycin (Ani) not only increased p-JNK levels 
but also augmented Mst1 expression in suramin-treated 
hepatocytes (Fig. 5a–c). This finding was further sup-
ported by the qPCR assay (Supplemental Figure). Besides, 
immunofluorescence staining was also applied to observe 
the levels of p-JNK and Mst1. As shown in Fig. 5d–f, lit-
tle p-JNK and Mst1 expression was noted in the control 
group. However, the LPS treatment enhanced the fluores-
cence intensities of p-JNK and Mst1 (Fig. 5d–f), and this 
effect was reversed by suramin. Notably, activation of the 
JNK signaling pathway with Ani reversed Mst1 expres-
sion. Interestingly, in the absence of LPS stress, anisomy-
cin (Ani) also elevated the levels of Mst1 (Supplemental 
Figure). Taken together, the JNK pathway is involved in 
LPS-mediated Mst1 stabilization, and this effect could be 
inhibited by suramin.
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Fig. 4  LPS-induced hepatocyte apoptosis is inhibited by suramin by 
reducing Mst1 expression. a–e Western blotting was used to detect 
the alterations in the levels of mitochondrial apoptotic proteins. 
Hepatocytes were treated with LPS and/or suramin. Meanwhile, 
Mst1 adenovirus (Ad-Mst1) was used to reverse Mst1 expression. f, g 
Mitochondrial ROS production was determined using flow cytometry. 
h–j The concentrations of cellular antioxidants were measured using 
ELISAs. Hepatocytes were treated with LPS and/or suramin. Mean-

while, Mst1 adenovirus (Ad-Mst1) was used to reverse Mst1 expres-
sion. k, l Immunofluorescence staining for liberated cyt-c. DAPI 
was used to label the nucleus, and the nuclear cyt-c expression was 
measured to reflect the cyt-c liberation into the cytoplasm/nucleus. 
Hepatocytes were treated with LPS and/or suramin. Meanwhile, Mst1 
adenovirus (Ad-Mst1) was used to reverse Mst1 expression. Ad-Mst1 
Mst1 adenovirus, Ad-ctrl control adenovirus *p < 0.05
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Activation of the JNK signaling pathway abolishes 
the beneficial effects of suramin on hepatocytes 
and mitochondria

Finally, we wanted to investigate whether the JNK pathway 
was also associated with mitochondrial stress and hepato-
cyte death. Mitochondrial function was measured in cells 
treated with Ani to address this question. Mitochondrial oxi-
dative stress, as assessed by flow cytometry, was increased in 
response to the LPS treatment (Fig. 6a, b). However, suramin 
attenuated mitochondrial ROS overloading, and this effect 
was nullified by Ani (Fig. 6a, b). As a consequence of mito-
chondrial ROS overproduction, the concentrations of cel-
lular antioxidants such as GPX, SOD and GSH were also 
decreased after exposure to the LPS stimulus (Fig. 6c–e). 
Interestingly, the suramin treatment reversed the changes in 
GPX, SOD and GSH levels in hepatocytes (Fig. 6c–e); this 
effect depended on the JNK pathway because activation of 
JNK signaling abolished suramin-mediated increases in anti-
oxidant levels. Moreover, caspase-9 activity, a hallmark of 
the mitochondrial apoptosis pathway, was also increased by 
LPS and was reduced to near-normal levels by the suramin 
treatment (Fig. 6f). However, the Ani treatment re-activated 
caspase-9 in suramin-treated cells, indicating that the JNK 
signaling pathway is involved in mitochondrial stress in the 
setting of LPS-induced inflammatory injury in hepatocytes 
(Fig. 6f). Additionally, cell viability, as assessed using the 

LDH release assay, was reduced by the LPS treatment and 
was reversed to near-normal levels by suramin supplemen-
tation (Fig. 6g). However, activation of the JNK pathway 
abolished the pro-survival effect of suramin on LPS-treated 
hepatocytes (Fig. 6g). Similar results were also obtained 
using the TUNEL assay (Fig. 6h, i). Altogether, this infor-
mation verified the necessary role of the JNK signaling 
pathway in mitochondrial stress and hepatocyte death in the 
context of LPS-induced inflammatory stress.

Discussion

Inflammation is associated with excessive hepatocyte death 
during the development of ALF through a poorly under-
stood mechanism. In the present study, inflammation-medi-
ated hepatocyte death resulted from mitochondrial stress, 
including disrupted mitochondrial bioenergetics, altered 
mitochondrial dynamics and the activation of the mitochon-
drial apoptosis pathway. We further verified that increased 
Mst1 expression was responsible for inflammation-mediated 
mitochondrial damage. More importantly, we also provided 
evidence that suramin supplementation represents a pro-
tective tool to substantially reduce inflammation-mediated 
hepatocyte death, and this beneficial mechanism is associ-
ated with mitochondrial protection via the JNK-Mst1 signal-
ing pathway. Therefore, our data identify Mst1 upregulation 

Fig. 5  Suramin modulates Mst1 
via the JNK signaling pathway. 
a–c Western blotting was used 
to observe Mst1 and JNK levels 
following the LPS and suramin 
treatments. Meanwhile, aniso-
mycin (Ani) was used to induce 
JNK activation, after which 
Mst1 levels were measured. d–f 
Immunofluorescence staining 
for JNK and Mst1. The relative 
fluorescence intensity was 
measured in hepatocytes treated 
with Ani. *p < 0.05
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and subsequent mitochondrial stress as the primary patho-
genesis of inflammation-mediated hepatocyte death. On the 
other hand, we provide an effective and practical way to 
repress inflammation-mediated mitochondrial stress and 
hepatocyte damage. However, further studies are required 
to collect more clinical data to support our findings in the 
future.

Mitochondria have been defined as a primary target 
of inflammatory injury. In patients with neuroinflamma-
tory diseases, such as Parkinson’s disease, mitochondrial 

oxidative phosphorylation arrest and mitochondrial ROS 
overproduction are observed. In mice with high-fat-diet-
induced cardiomyopathy, mitochondrial ATP production is 
reduced, followed by cardiomyocyte death and heart fail-
ure. Additionally, in macrophages subjected to inflammatory 
stress, the JNK pathway is activated and contributes to the 
initiation of mitochondrial apoptosis. In the murine model of 
septic encephalopathy, the mitochondria liberate HtrA2/Omi 
into the cytoplasm, where HtrA2/Omi amplify the cellular 
oxidative response, brain edema, and neuron death [48]. 

Fig. 6  The JNK pathway is involved in LPS-mediated hepatocyte 
death and mitochondrial stress. a, b Mitochondrial ROS production 
was determined using flow cytometry. c–e ELISAs were used to con-
firm the concentrations of GSH, SOD and GPX in response to JNK 

activator. f Caspase-9 activity was determined using an ELISA. g 
Hepatocyte viability was observed using the LDH release assay in 
cells treated with the JNK activator. h, i The TUNEL assay was used 
to observe the number of apoptotic cells. *p < 0.05
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Mechanistically, Mst1 upregulation seems to be the initial 
signal for mitochondrial dysfunction. Inhibition of Mst1 by 
suramin supplementation reversed the changes in mitochon-
drial bioenergetics, sustained mitochondrial dynamics and 
blocked mitochondrial apoptosis. These results are similar 
to previous findings. At the molecular level, Mst1 is associ-
ated with mitochondrial apoptosis. For example, increased 
Mst1 has been acknowledged as a primary pathogenesis of 
diabetic cardiomyopathy. Besides, the activity of mitochon-
drial anti-apoptotic protein Bcl-2 is also controlled by Mst1 
[49]. Moreover, mitochondrial biogenesis, mitochondrial 
function, and the mitochondrial radical scavenging system 
are all regulated by Mst1 in the progression of endometrio-
sis [50]. Thus, Mst1 seems to be the upstream mediator of 
mitochondrial homeostasis. Notably, previous studies have 
mainly focused on the influence of Mst1 on regulating the 
activity of the immune response [51], but the actions of Mst1 
on inflammation-challenged mitochondria have received lit-
tle attention. Our study provides evidence supporting the 
causal effects of Mst1 on mitochondrial dysfunction in the 
context of inflammatory stress.

In the present study, we used suramin to attenuate mito-
chondrial damage and inflammatory stress. Our data con-
firmed that suramin reduced Mst1 expression by inactivat-
ing JNK. A previous study [52] demonstrated that suramin 
inhibits death receptor-induced apoptosis by inactivation 
of the death-inducing signaling complex (DISC). DISC is 
known to activate the JNK signaling pathway. Also, it is 
known that JNK ensures the efficient execution of apoptosis 
through the coordinated regulation of mitochondrial events 
and apoptotic gene transcription [53]. Therefore, the repres-
sion of the JNK-Mst1 signaling pathway and mitochondrial 
damage by suramin could be a consequence of DISC inac-
tivation. The anti-inflammatory and anti-apoptotic effects 
of suramin on liver tissue have been extensively explored 
in subjects with partial liver grafts [15], liver cirrhosis, car-
bon tetrachloride-related liver damage, and hepatocellular 
carcinoma [54]. However, no study has investigated the 
beneficial effects and protective mechanism of suramin on 
inflammation-mediated hepatocyte death. Our data provide 
evidence supporting these functions. Hepatocytes subjected 
to inflammatory stress were protected by suramin; suramin 
decreased cell death, sustained mitochondrial function and 
inactivated the JNK-Mst1 signaling pathway. These data 
improve our understanding of the hepatoprotective effects 
of suramin. However, our study was primarily performed 
in vitro, and thus animal experiments are required to further 
validate our findings.

Notably, in the present study, we found that Mst1 was 
modulated by the JNK pathway under LPS-mediated inflam-
mation injury. This finding was similar to previous studies. 
For example, during cell death, the JNK pathway has been 
reported to enhance Mst1-mediated pro-apoptotic signaling 

through phosphorylation at serine 82 [55]. However, several 
studies identify Mst1 as an upstream activator of the JNK 
pathway in cardiomyocyte death [56], matrine-mediated 
liver cancer damage [16], and colorectal cancer apoptosis 
[57]. These findings confirm the assumption that there is a 
novel feedback between Mst1 upregulation and JNK path-
way activation [55], with implications for our understanding 
of the signaling mechanism during cell death. Throughout 
the current study, LPS is used to induce an in vitro model of 
inflammation-mediated hepatocyte death whereas d-galac-
tosamine/LPS treatment is usually applied to establish a 
model of ALF. Accordingly, more research is required to 
support our findings in the development of ALF.

Based on our results, the pathogenesis of inflammation-
mediated hepatocyte death is associated with mitochondrial 
dysfunction and activation of the JNK-Mst1 signaling path-
way. Suramin supplementation is a very effective method 
for attenuating inflammation-mediated hepatocyte death and 
mitochondrial stress. This study identifies the JNK-Mst1-
mitochondria axis as a novel candidate target for ALF treat-
ments. More importantly, suramin represents an adjuvant 
treatment to help the liver resist inflammatory stress, with 
potential implications for its use in the clinic as a remedy 
for patients with ALF.
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