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Abstract
Background: Nonalcoholic fatty liver disease (NAFLD) is one of the most common 
chronic liver diseases globally. Hepatic stellate cells (HSCs) are the major effector cells 
of liver fibrosis. HSCs contain abundant lipid droplets (LDs) in their cytoplasm during 
quiescence. Perilipin 5 (PLIN 5) is a LD surface-associated protein that plays a crucial 
role in lipid homeostasis. However, little is known about the role of PLIN 5 in HSC 
activation.
Methods: PLIN 5 was overexpressed in HSCs of Sprague–Dawley rats by lentivirus 
transfection. At the same time, PLIN 5 gene knockout mice were constructed and 
fed with a high-fat diet (HFD) for 20 weeks to study the role of PLIN 5 in NAFLD. The 
corresponding reagent kits were used to measure TG, GSH, Caspase 3 activity, ATP 
level, and mitochondrial DNA copy number. Metabolomic analysis of mice liver tissue 
metabolism was performed based on UPLC-MS/MS. AMPK, mitochondrial function, 
cell proliferation, and apoptosis-related genes and proteins were detected by western 
blotting and qPCR.
Results: Overexpression of PLIN 5 in activated HSCs led to a decrease in ATP levels 
in mitochondria, inhibition of cell proliferation, and a significant increase in cell apop-
tosis through AMPK activation. In addition, compared with the HFD-fed C57BL/6J 
mice, PLIN 5 knockout mice fed with HFD showed reduced liver fat deposition, de-
creased LD abundance and size, and reduced liver fibrosis.
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1  |  INTRODUC TION

NAFLD is a chronic liver disease with a range spectrum from simple 
fatty liver to advanced non-alcoholic steatohepatitis (NASH).1 About 
a third of patients develop hepatic fibrogenesis, even cirrhosis and 
hepatocellular carcinoma,2 but underlying mechanisms of pathogen-
esis generally remain elusive.

Hepatic stellate cells (HSCs) locate between hepatocytes and 
sinusoidal endothelial cells and are known as the main effectors 
of hepatic fibrogenesis.3 In a healthy liver, HSCs stay at a qui-
escent state with a large number of lipid droplets (LDs) rich in 
retinol.4 During chronic liver damage, HSCs transdifferentiate 
into myofibroblast-like cells with concomitant loss of their LDs, 
de novo synthesis of α-smooth muscle actin (α-SMA) and α1 type 
I collagen, leading to an imbalanced formation and degradation of 
extracellular matrix (ECM).4 This process is known as HSC activa-
tion, presenting a high proliferation rate and initiating liver fibro-
sis.4 Although advances in the understanding of genes promoting 
HSC activation are impressive, there are no effective therapeu-
tic interventions available for hepatic fibrogenesis.5 As a conse-
quence, inhibition or reversion of HSC activation or induction 
of apoptosis or necrosis of activated HSCs, could help in further 
understanding of hepatic fibrosis and suggest novel therapeutic 
strategies.

Perilipin 5 (PLIN5), also called oxidative tissue-enriched PAT 
protein (OXPAT) and lipid storage droplet protein 5 (LSDP5), is 
a newly confirmed member of the perilipin family and is highly 
expressed in oxidative tissues, such as the heart, brown adipo-
cytes, skeletal muscle and liver.6–8 PLIN5 forms a coat on the 
surface of LDs that store neutral lipids,9 such as triacylglyc-
erol (TAG) and cholesterol ester, playing a critical role in lipid 
homeostasis in mammalian cells.10 LDs are found in almost all 
types of the cell including quiescent HSCs; however, their char-
acteristics greatly vary in different tissues.11 Recently, studies 
have confirmed that intracellular lipid contents influence the 
activated status of HSCs12–15 and the functions of PLIN5 in he-
patocytes,16,17 heart,18 skeletal muscle,16 and islets,19 covering 
lipid metabolism,20 insulin secretion21 and specifically regulating 
mitochondrial function in cardiac18 and skeletal muscle.16 It has 
been reported that PLIN5 may inhibit HSC activation22 and little 
is known about the role of Plin5 in apoptosis of activated HSCs. 
In this study, we explored the role of PLIN 5 in HSCs, and also 
report the impact of PLIN 5 deletion in HFD-induced NAFLD and 
hepatic fibrosis in vivo.

2  |  MATERIAL S AND METHODS

2.1  |  Animal preparations

Sprague–Dawley (SD, male, 6–8 weeks old) rats were purchased 
from the Henan Experimental Animal Center (Zhengzhou, China). 
C57BL/6J mice were obtained from Beijing HFK Bioscience (Beijing, 
China.) PLIN 5−/− mice were generated by the Nanjing Biomedical 
Research Institute of Nanjing University and identified by gene and 
protein expression. Four-week-old mice of each strain were ran-
domly divided into normal diet (ND) and high-fat diet with high fruc-
tose corn syrup (HFD, 45% energy from fat, H10045; Beijing HFK 
Bioscience) groups, fed the respective diets for 20 weeks (n = 10 per 
group; 4 groups).23 All the mice and rats used in this work received 
humane care in compliance with institutional animal care guide-
lines and the study was approved by the Animal Ethics Committee 
of Zhengzhou University (KY2022045). All protocols were con-
ducted according to the Guidance Suggestions for the Care and Use 
of Laboratory Animals, formulated by the Ministry of Science and 
Technology of China.

2.2  |  Isolation and culture of HSCs

HSCs were isolated by the pronase–collagenase perfusion in situ 
before density gradient centrifugation.24 To obtain primary hepatic 
stellate cells (rHSC-primary), we isolated them from normal livers 
and then cultured them in low-glucose  DMEM containing 10% of 
FBS for 24 h (called one-day cultured HSCs or D1 HSCs, which stay 
close to a quiescent state, thus helping to exclude non-HSC cell 
types), 7 days (called 7-day cultured HSCs or D7 HSCs, which are 
almost entirely activated) or 4–9 passages (rHSC-primary, which are 
fully activated). Unless otherwise mentioned, rHSC-primary pas-
saged 4–9 times (activated HSCs) were used in experiments. To keep 
consistent conditions throughout the study, oleic acids (20 μM) were 
added to DMEM with 10% of FBS, which did not cause LD formation 
in non-transduction cells but did cause LD formation in pFLRu-PLIN 
5 transduced cells which may mimic LD formation in quiescent HSCs.

2.3  |  Construction of PLIN 5 expressing plasmids

To construct PLIN 5 expressing plasmids, the following oligonu-
cleotides (NCBI Reference Sequence: NM_025874.3) were used 
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as primers for PCR products: forward, 5′-TTG CGA GAA TTC ACC 
ATG GAC CAG AGA GGT GAA GAC A-3′ and reverse, 5′-GT GGC 
GAC CGG TCA GAA GTC CAG CTC TGG CAT CAT TG −3′. All of 
the PCR products contained an Eco RI restriction site at the 5′-end 
and an Age I at the 3′-end. The resulting PCR product (1392 bp) 
was digested with Eco RI and Age I and cloned into pFLRu-Vector 
to generate PLIN 5 expressing constructs according to Feng and 
Fraley's work.25,26 Additional primer sequences are shown in 
Table S1.

2.4  |  Measurement of TG and GSH levels

To measure the accumulation of lipids in HSC and mice livers, the 
content of TG was measured with commercial assay kits (Solarbio, 
Beijing, China). To examine the antioxidant capacity of the mouse 
liver, GSH levels were measured using a commercial kit (Beyotime, 
Nanjing, China).

2.5  |  Caspase 3 activity assay

The fluorometric EnzChek® Caspase 3 Assay Kit (Cat. E13183, 
Invitrogen Inc) was used to detect the activity of Caspase-3 in cell 
lysates.

2.6  |  ATP level measurement

ATP levels were determined using the ATP Determination Kit 
(Invitrogen). After 2 days in culture, cells were transduced with 
pFLRu-PLIN 5 and pFLRu-Vector, followed by ATP determination ac-
cording to the manufacturer's instructions.

2.7  |  Isolation of mitochondrial fraction from 
hepatic stellate cells

Freshly isolated rat hepatic stellate cells were used in the mito-
chondrial extraction kit (Solarbio) for mitochondrial extraction. 
The procedures for cell lysis and subsequent centrifugations were 
conducted following the manufacturer's protocols.

2.8  |  Mitochondrial DNA copy number

Total DNA was extracted from rat HSCs using the DNeasy Blood 
and Tissue Kit (Qiagen, Hombrechtikon, Switzerland) following the 
manufacturer's instructions. An assay based on real-time quantita-
tive PCR was used for both nDNA and mtDNA quantification using 
SYBR-Green as the fluorescent dye (Invitrogen).

2.9  |  Histological examination

The liver tissue samples were fixed with 4% paraformaldehyde for 
>24 h, dehydrated, and embedded in paraffin wax using routine 
methods. Sections were cut (6 mm) and stained with Hematoxylin 
and Eosin (HE), Sirius red, and Masson's trichrome to evaluate stea-
tosis, collagen fibrils, and liver fibrosis, respectively.

2.10  |  UPLC-MS/MS analysis

Untargeted metabolomics analysis was performed on Thermo 
Scientific Dionex Ultimate 3000 UPLC system combined with a 
Q-Exactive mass spectrometer (Thermo Fisher Scientific, USA). 
We used ACQUITY BEH C8 (2.1 × 100 mm, 1.7 μm) for positive 
model detection and ACQUITY HSS T3 (2.1 × 100 mm, 1.8 μm) 
for negative model detection. The mass spectrometry equipped 
with an electrospray ionization (ESI) source was operated in both 
positive and negative resolution modes to obtain more differential 
metabolites.

2.11  |  Statistical analysis

Results were expressed as means ± SD. Multi-group compari-
sons were performed by one-way ANOVA with Tukey's post hoc 
test, and the comparisons between two groups were performed 
by Student's t test (IBM SPSS Statistics 24). The data obtained 
from metabolomic profiling of mice livers were imported into 
SIMCA-P software (version 14.1) for multivariate statistical analy-
sis. Data with a P value less than 0.05 were considered statistically 
significant.

3  |  RESULTS

3.1  |  Perilipin alterations take place in liver in vitro

Firstly, we analyzed the mRNA expression of PLIN 5 in fatty 
and normal livers of rats and mice and in day 1 HSCs (Quiescent 
HSCs) and day 7 HSCs (7-days cultured HSCs), activated primary 
HSCs (passaged 4–9 times), GRX cells (murine hepatic stellate 
cell line), and T6 (rat hepatic stellate cell line) cells. As shown 
in Figure 1A,B, the mRNA expression of PLIN 5 mRNA was sig-
nificantly higher in visceral fats and subsequently decreased in 
normal livers, quiescent HSCs, and D7-HSCs, and were almost 
undetectable in activated primary HSCs, GRX, and T6 cells. 
Furthermore, we examined the expression of PLIN 5 in D1-HSCs 
and D7-HSCs by real-time PCR (Figure 1C) and fluorescent immu-
nostaining (Figure S1). PLIN 5 decreased significantly in D7-HSCs 
compared to D1-HSCs.
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Next, we studied the expression of other lipid droplet-related 
proteins, such as perilipin 1 (PLIN 1), PLIN 2 (ADRP), PLIN 3 (TIP47) 
and HIG2,27 in quiescent vs activated HSCs (Figure 1D). PLIN 2 de-
creased by about 50% in mouse activated HSCs vs quiescent HSCs, 
and no difference was found among PLIN 1, PLIN 3, and HIG2. We 
also analyzed the mRNA levels of the lipid droplet-related proteins 
in HSCs from mice fed ND vs HFD. Both PLIN 5 (90%) and PLIN 
2 (about 40%) were dramatically decreased in HSCs obtained from 
mice fed the HFD (Figure S1). Thus, we focused on the role of PLIN 
5 in activated HSCs. Taken together, PLIN 5 showed a negative cor-
relation with activated HSC.

3.2  |  Exogenous PLIN 5 plays a role in anti-
proliferation in activated HSCs

To further investigate the role of PLIN 5 in HFD-induced liver fibro-
sis, we selected the main effector cells of liver fibrosis (activated 
HSCs) as an in-vitro cell model. As we mentioned above (Figure 1), 
PLIN 5 is dramatically reduced during HSC activation. Therefore, 
we ectopically overexpressed PLIN 5 (5 × 105 TU/mL) in the pri-
mary activated HSCs (rHSC-primary) using the lentiviral system 
(Figure S2). Further, we studied the role of PLIN 5 in cell growth 
and proliferation. Interestingly, the proliferation of rHSC-primary 
was significantly affected upon overexpressing PLIN 5 using 20 μM 
OA+ pFLRu-PLIN 5, instead of 100 μM OA alone (Figure 2B), show-
ing that the absence of PLIN 5 in activated HSCs favors the prolif-
eration of HSCs.

Moreover, the western blotting analysis showed that ectopic 
overexpression of PLIN 5 suppressed the production of α-SMA, 

collagen (Figure 2C) and Cyclin D1, and upregulated p21 (Figure 2D), 
and activated HSCs cell were arrested at G1/G0 phase (Figure 2D).

Furthermore, overexpression of PLIN 5 in HSCs significantly pro-
moted lipid droplet formation compared to the cells with aberrant 
expression of the PLIN 5 (Figure S3A). However, lipid droplet forma-
tion also showed up in untransduced cells incubated in DMEM con-
taining 100 μM OA, suggesting that PLIN 5 facilitated lipid droplet 
formation. TG assay indicated that both 20 μM OA+ pFLRu-PLIN 5 
and 100 μM OA greatly increased the levels of TG in rHSC-primary 
(Figure S3B).

3.3  |  PLIN 5 induces apoptosis in activated HSCs 
that is eliminated by Z-VAD-FMK

Activation of caspase-associated proteins, especially caspase-3, is 
essential for executing Type I programmed cell death via various 
apoptotic stimuli.28 To understand how PLIN 5 mediates prolifera-
tion arrest in activated HSCs, we determined the rate of apoptosis 
in PLIN 5 overexpression and PLIN 5−/− cells. rHSC-primary were 
transduced with lentiviral pFLRu-PLIN 5 for 48 h, which activated 
caspase-3 from 12 h onwards and maintained the highest levels from 
18 to 48 h (Figure  3A). Next, rHSC-primary were transduced with 
lentiviral pFLRu-PLIN 5 and we examined the protein expression of 
Bcl-2 and Bax, PARP, caspase-3, and caspase-9 (Figure 3B–D), the 
activation of caspase cascades was observed in activated HSCs with 
ectopic expression of PLIN 5.

Additionally, we sought to investigate whether the blockade 
of caspase cascades with the pan-caspase inhibitor Z-VAD-FMK 
would prevent PLIN 5-induced cell cycle arrest. rHSC-primary cells 

F I G U R E  1  PLIN 5 quickly decreased 
in the process of HSC activation. (A,B), 
mRNA levels of PLIN 5 in different tissues 
or HSC populations from rats and mice 
were analyzed by real-time PCR. #p < 0.05 
vs fat tissues, §p < 0.05 vs quiescent HSCs. 
(C), Real-time PCR analysis shows PLIN 
5 mRNA levels in 1-day cultured and 
7-day cultured HSCs from rats. #p < 0.05, 
compared to 1-day cultured HSCs. (D), 
Real-time PCR analysis shows mRNA 
levels of other perilipin members. (E), 
Real-time PCR analysis shows mRNA 
levels of different perilipin members in 
HSCs from HFD-fed mice and ND mice. 
#p < 0.05, compared to Chow mice HSCs. 
n = 6.
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containing pFLRu-PLIN 5 were pretreated with the pan-caspase 
inhibitor Z-VAD-FMK (50 μM) for 1 h, which completely prevented 
PLIN 5-induced apoptosis and proliferation arrest (Figure  3E–I) 
Taken together, our results demonstrate that exogenous expression 
of PLIN 5 induces apoptosis in activated HSCs via the activating 
caspase cascades.

3.4  |  PLIN 5 mediated anti-proliferation and 
apoptosis in HSC by activating AMPK

We sought to evaluate whether PLIN 5 regulates AMPK in HSCs, 
which is known to induce proliferation arrest and apoptosis. To ac-
tivate AMPK, rHSC-primary cells were treated with AICAR (1.0 mM, 
an AMPK activator), which decreases ATP levels by inhibiting mito-
chondrial respiratory chain complex 1,29 and which was used as a 
positive control. Exposure to AICAR decreased the proliferation of 
the rHSC-primary cells (Figure 4A) and increased caspase-3 activ-
ity (Figure 4B). In addition, the rHSC-primary cells were transduced 
with lentiviral pFLRu-PLIN 5. Phosphorylation of AMPK (Thr172) 

was assessed by western blot, showing that expression of PLIN 5 
elicited AMPK activity (Figure 4C). These results suggest that PLIN 5 
overexpression can mimic the AMPK activation induced by AICAR.

To confirm the role of AMPK in mediating PLIN 5-induced prolifer-
ation arrest, rHSC-primary cells were treated with compound C, a well-
established pharmacological inhibitor of AMPK activity, for 1 hour. As 
shown in Figure 4D–J, compound C reversed the PLIN 5-induced cell 
cycle arrest and apoptosis. Taken together, these data demonstrate 
that activation of AMPK is involved in PLIN 5-mediated proliferation 
arrest and apoptosis in activated HSCs.

3.5  |  PLIN 5-induced mitochondrial dysfunction 
contributes to AMPK activation, and hence to 
anti-proliferation and apoptosis induction in 
activated HSCs

Firstly, we evaluated the role of PLIN 5 in the regulation of PGC-1α 
expression in HSCs, simply by transducing rHSC-primary cells with 
lentiviral pFLRu-PLIN 5. The results showed that overexpression 

F I G U R E  2  Exogenous expression of 
PLIN 5 inhibits proliferation in activated 
HSCs. (A), Western blotting (upper panel) 
and real-time PCR (lower panel) show 
the efficacy of lentiviral transduction 
in primary HSCs. β-Actin is used as a 
loading control. (B), The proliferation 
of rat primary HSCs transduced with 
pFLRu-PLIN 5 was determined by MTS. 
(C), Fibrotic markers of rat primary HSCs 
transduced with pFLRu-PLIN 5 were 
determined by western blotting analysis. 
The bar charts on the right show the 
densitometry of COL1A1 and α-SMA. 
(D), Western blot of Cyclin D1 and p21, 
cell cycle-associated proteins, in rat 
primary HSCs transduced with pFLRu-
PLIN 5. The bar charts on the right show 
the densitometry of Cyclin D1 and p21. 
#p < 0.05 comparing with untreated 
control, n = 3. β-Actin was used as a 
loading control.
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of PLIN 5 decreased the level of PGC-1α mRNA in activated HSCs 
in vitro (Figure 5A). Given that PLIN 5 disturbed the mitochondrial 
function, we subsequently examined the levels of ATP in activated 
HSCs transduced with PLIN 5. Our results showed that overex-
pression of PLIN 5 led to a reduction in ATP levels in rHSC-primary 
cells  (Figure 5B). When PLIN 5 was overexpressed in HSC-primary 
cells, cell proliferation decreased compared with the normal con-
trol group (Figure  5C). The expression of caspase 3 in the PLIN 5 
overexpression group was higher than that in the normal group, 
and apoptosis increased (Figure  5D). When we exogenously sup-
plemented activated hepatic stellate cells with MP, a pyruvate lipid 
derivative, to increase the mitochondrial metabolism level, prolifera-
tion inhibition and apoptosis of activated hepatic stellate cells with  
lentiviral pFLRu‐PLIN 5 expression were eliminated (Figure 5C–J). MP  
provides energy for the tricarboxylic acid cycle to produce NADH. 

Therefore, we hypothesized that the reversal of activation of hepatic 
stellate cells by PLIN 5 is mainly closely related to the metabolic level 
of mitochondria.

Our previous experimental results suggested that phosphory-
lated AMPK (P-AMPK) is involved in the apoptosis of activated he-
patic stellate cells induced by high expression of PLIN 5 (Figure 4). 
To further explore the role of PLIN 5 in apoptosis, we added the 
caspase inhibitor Z-VAD-FMK to activated hepatic stellate cells 
with high PLIN 5 expression. The results showed that Z-VAD-FMK 
abrogated the apoptosis induced by PLIN 5 (Figure  5L). Western 
blotting also indicated that Z-VAD-FMK inhibited the apoptosis 
of activated hepatic stellate cells with high PLIN 5 expression in-
dependently of P-AMPK (Figure  5K). However, when we exoge-
nously added the mitochondrial agonist MP, MP not only reversed 
the PLIN 5 overexpression-induced P-AMPK overexpression profile 

F I G U R E  3  PLIN 5 mediated apoptosis in HSCs. (A), Caspase-3 activity assay in activated rat primary HSCs with pFLRu-PLIN 5. (B), 
Western blotting analysis shows an expression of pro-apoptotic genes (PARP, Bcl-2, and Bax) in rat primary HSCs after transduction with 
pFLRu-PLIN 5. (C), The bar charts show the densitometry of Bcl-2 and Bax, respectively. (D), Western blotting analysis shows an expression 
of caspase cascades (caspase-3, -9) in rat primary HSCs after transduction with pFLRu-PLIN 5. (E), Western blotting analysis shows an 
expression of Bcl-2 and Bax and Cyclin D1 and p21 in rat primary HSCs pretreated with the pan-caspase inhibitor Z-VAD-FMK (50 μM) for 
1 h and followed by transduction of pFLRu-PLIN 5. (F–I), Bar charts show the densitometry of Cyclin D1, p21, Bcl-2, and Bax, respectively. 
Data are expressed as means ± SD. #p < 0.05 vs. untreated cells. Representatives are from three independent experiments.
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(Figure 5K), but also abrogated PLIN 5-induced apoptosis (Figure 5L). 
This suggests that the addition of MP reduced the apoptosis of PLIN 
5 overexpressing hepatic stellate cells. These results imply that mi-
tochondria play an important role in influencing AMPK phosphor-
ylation levels. Mitochondria are involved in apoptosis induced by 
activated HSCs with PLIN 5 overexpression by regulating their own 
energy metabolism levels.

Finally, we evaluated the role of PLIN 5 in the biogenesis of the 
mitochondria. rHSC-primary cells were transduced with lentiviral 
pFLRu-PLIN 5. A significant reduction in the mitochondrial DNA 
copy number variations, citrate synthase activity (Figure S4A,B), and 
PGC-1α expression (Figure  S4C,D) was observed after exogenous 
expression of PLIN 5. These data indicate that PLIN 5 suppresses mi-
tochondrial biogenesis thus inducing proliferation arrest and apop-
tosis via AMPK activation in activated HSCs.

3.6  |  Knockout of PLIN 5 reverses insulin 
resistance, steatosis, and fibrosis in HFD-induced 
steatohepatitis

We performed NAFLD studies using C57BL/6J mice and PLIN 5−/− 
mice (Figure 6A,C). We examined the blood glucose levels in mice by 
IPGTT and ITT. The glucose concentration in HFD mice increased 

significantly over time. When PLIN 5 was knocked out, the glucose 
homeostasis was significantly improved (Figure  S5). We evaluated 
the protein levels of hepatic COL1A1 and αSMA, two pro-fibrotic 
proteins. The protein levels of COL1A1 and α-SMA were greatly in-
creased in HFD-fed C57BL/6J mice compared to ND-fed C57BL/6J 
mice (Figure 6B,D,E). The antifibrotic effect of PLIN 5−/− on NAFLD 
was associated with reduced expression of COL1A1 I and α-SMA.

HFD fed C57BL/6J mice developed NAFLD with severe steatosis 
covering a 70%–95% hepatic area while PLIN 5−/− mice accumulated 
significantly lower fat and showed lower amounts of ballooning de-
generation of hepatocytes. The size and number of lipid droplets (LD) 
in the liver tissues of the PLIN 5−/− HFD group were significantly 
reduced compared to HFD-treated C57BL/6J mice (Figure 6F,J,K). 
The livers of C57BL/6J mice and PLIN 5−/− mice fed with ND did 
not exhibit fibrosis and collagen deposition. Large vesicular hepatic 
steatosis, fibrosis, and collagen deposition were seen in the livers of 
C57BL/6J mice in the HFD group compared to ND-fed C57BL/6J 
mice. Fibrosis and collagen deposition was significantly reduced in 
the livers of HFD-fed PLIN 5−/− mice compared to C57BL/6J mice 
fed HFD (Figure  6G,H,L,M). In addition, HFD-fed C57BL/6J mice 
showed increased hepatic triacylglycerol content compared to ND-
fed C57BL/6J mice. -In HFD-fed PLIN5-/- mice, the fibrosis in the 
liver was alleviated and the intrahepatic triacylglycerol content was 
reduced (Figure  6N). Moreover, PLIN 5−/− mice had significantly 

F I G U R E  4  Activation of AMPK is required for PLIN5-mediated anti-proliferation and apoptosis in HSCs. (A), The proliferation of rat 
primary HSCs treated with AICAR at 1.0 mM for 24 h was determined by MTS. (B), Caspase-3 activity assay in rat primary HSCs treated with 
AICAR at different dosages for 24 h. (C), Rat primary HSCs were transduced with pFLRu-PLIN 5 or AICAR (1.0 mM) for 24 h. Phosphorylation 
of AMPK (Thr172) and total AMPK were determined by western blotting analysis. The lower panel shows the densitometry of phos-AMPK/
t-AMPK. (D), Rat primary HSCs were pretreated with compound C (10 μM), a specific inhibitor of AMPK, for 1 h, followed by transduction of 
pFLRu-PLIN 5 in a medium with compound C. Caspase-3 activity was determined as described in Methods. (E), Phosphorylation of AMPK, 
total AMPK, Bcl-2, Bax, and Cyclin D1, p21 were determined by western blotting analysis. (F–J), Bar charts show the densitometry of p-
AMPK/t-AMPK, Cyclin D1, p21, Bcl-2, and Bax, respectively. The results are representative of three independent experiments. Data are 
expressed as means ± SD. #p < 0.05 vs untransduced cells, and §p < 0.05 vs pFLRu-PLIN 5 group, n = 3.
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reduced uptake of fatty acids, and fatty acid synthesis was also in-
hibited (Figure  6I). These results indicated that PLIN 5−/− may be 
involved in the reversal of HFD-induced liver fibrosis.

3.7  |  Metabolic profile of liver tissues in 
C57BL/6J and PLIN 5−/− mice fed an HFD

To investigate the metabolic dysregulation, we performed un-
targeted metabolomic profiling of mouse liver using the Thermo 
Scientific Dionex Ultimate 3000 UPLC system combined with a  
Q-Executive mass spectrometer. OPLS-DA score plots and permu-
tation tests demonstrated a remarkable separation tendency among 
the four groups, indicating that the metabolic conditions of the 
C57BL/6J ND, PLIN 5−/− ND, C57BL/6J HFD, and PLIN 5−/− HFD 

samples were notably changed in both positive and negative ion 
modes (Figure 7A,B). A total of 47 significant differential metabo-
lites were identified by matching with the corresponding spectro-
grams of METLIN, HMDB, and other public databases (Figure 7C). 
Metabolite set enrichment analysis of all measured metabolites in 
HFD-fed C57BL/6J and PLIN 5−/− mice identified glutamate and 
glutathione metabolism as one of the mainly impacted pathways 
(Figure 7D). To confirm these results, GSH was measured with the 
Micro Reduced Glutathione (GSH) Assay Kit, which showed a sig-
nificant decrease in the concentration of GSH in the C57BL/6J HFD 
group compared to the PLIN 5−/− HFD group (Figure  7E). Next, 
gene expressions of Gclc and Gclm were measured by RT-PCR. As 
expected, the amounts of Gclc and Gclm were significantly reduced 
in the C57BL/6J HFD group compared with PLIN 5−/− mice HFD 
group (Figure 7F).

F I G U R E  5  PLIN 5-induced mitochondrial dysfunction is required for apoptosis via AMPK activation in activated HSCs. (A–D), mRNA 
expression levels of PGC-1a (A), total ATP contents (B), cell proliferation (C), and caspase-3 activities (D) were detected in rat primary HSCs 
pretreated with MP (1 mM) for 2 h, followed by transduction of pFLRu-PLIN 5. (E), Western blotting analysis for expression of Cyclin D1, 
p21, Bcl2, and Bax in rat primary HSCs pretreated with MP (1 mM) for 2 h, followed by transduction of pFLRu-PLIN 5. (F–J), Bar charts show 
the densitometry of the target genes in panel E. (K), Phosphorylation of AMPK in rat primary HSCs pretreated with MP (1 mM) for 2 h or 
Z-VAD-FMK (50 μM) for 1 h and then transduced with pFLRu-PLIN 5, respectively. #p < 0.05 vs untreated cells, §p < 0.05 vs pFLRu-PLIN 5 
group, n = 3. The results are representative of three independent experiments. (L), Images were captured under the inverted phase-contrast 
microscopy (20×) in rat primary HSCs pretreated with Z-VAD-FMK (50 μM) or supplementation of MP (1 mM) for 1 h before transduction of 
pFLRu-PLIN 5.
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3.8  |  PLIN 5 deletion suppresses HFD-induced 
mitochondrial dysfunction and apoptosis through 
AMPK/PGC1α

To explore the underlying mechanisms of PLIN 5 in NAFLD, we as-
sessed the expression of mitochondrial biosynthesis, cell prolifera-
tion, and inflammation-related genes by RT-PCR, which showed that 
PLIN 5−/− mice with NAFLD had significantly decreased mitochon-
drial biosynthesis-related genes (PGC-1α, mtTFA, UCP1) and oxi-
dative stress-related gene (Gstm3. Gpx3, Cbr3) mRNA levels were 
significantly decreased (Figure 8A,B). Compared to C57BL/6J mice, 
PLIN 5−/− mice fed the HFD showed reduced levels of proliferation-
related gene mRNA (Figure 8C). Meanwhile, the expression of pro-
inflammatory cytokines (Cxcl4, TNF α, Ccr2, Ly6c) was increased in 
the C57BL/6J HFD group (Figure 8D).

Results from the study of AMPK activation in the liver showed 
significant inhibition of AMPK activity in the liver tissues of HFD-fed 
C57BL/6J mice, while p-AMPKα was significantly upregulated in the 

PLIN 5−/− HFD group (Figure  8F). To further study the beneficial 
mechanism(s) of PLIN 5−/− in HFD, we also measured the expres-
sion of Bcl-2, Bax, and caspase 3 data showed downregulation of 
Bcl-2, upregulation of Bax and caspase 3 in HFD fed PLIN 5−/− mice 
(Figure 8G,H). These results demonstrate that PLIN 5−/− protected 
liver from HFD-induced hepatic apoptosis.

4  |  DISCUSSION

Activation of hepatic stellate cells (HSCs) is a major contributor to 
liver fibrosis.30 In NAFLD induced by a HFD, HSCs are activated in 
response to abnormal lipid accumulation and inflammation within 
the liver.31 As a result, HSCs lose their ability to store lipid drop-
lets, undergo trans-differentiation into myofibroblast-like cells, and 
increase the expression of α-SMA and collagen, eventually leading 
to liver fibrosis.32 In this project, we observed that the expression 
of PLIN 5, a protein associated with lipid droplets,33 decreased with 

F I G U R E  6  PLIN 5−/− reverses liver injury, steatosis, and fibrosis in HFD-induced steatohepatitis. (A–E), The protein levels of PLIN 5 
(A and B) and the results of COL1A1 and α-SMA protein expression (C, D, and E) in each group of mice. (F–H), H&E staining (F), Masson’ 
trichrome (G) and Sirius Red staining (H) of the liver sections of different groups. (I), mRNA expression levels of fatty acid synthesis-related 
genes were analyzed by PCR. (J and K), The average number of lipid droplets (J) and average droplet size (K) in C57BL/6J and PLIN 5−/− mice 
fed a HFD. (L and M), Blind calculation of fibrotic foci per field in Masson and Sirius Red staining slides. Data were generated from 3 random 
fields per slide, 6 mice/genotype. (N), Triglyceride (TG) content in the liver of four groups. Results are means ± SD (n = 6). *p < 0.05; **p < 0.01, 
***p < 0.001.
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the loss of lipid droplets in the cytoplasm of activated HSCs. This 
suggests that PLIN 5 expression is negatively correlated with HSC 
activation. To further investigate this relationship, we used activated 
rHSC-primary cells as an in vitro model and employed a lentiviral 
vector to stably overexpress PLIN 5 in these cells. By doing so, we 
were able to explore the mechanisms by which PLIN 5 activates 
HSCs and its potential influence on the development and progres-
sion of non-alcoholic fatty liver disease.

AMPK is a key regulator of energy metabolism in cells, which 
is activated in response to increased AMP/ATP ratios, calcium lev-
els, and LKB1 signaling.34 Previous studies have demonstrated that 
activation of AMPK can inhibit the proliferation and induce apop-
tosis of activated HSCs, which play a critical role in liver fibrosis.35 
Therefore, we focused on studying the regulatory effect of PLIN 5 
on HSCs through the AMPK signaling pathway. We were able to con-
firm that PLIN 5 overexpression in activated HSCs leads to increased 

AMPK phosphorylation, as well as inhibition of HSC proliferation 
and promotion of cell apoptosis. To further validate these findings, 
we conducted a control experiment using the AMPK inhibitor com-
pound C, which confirmed that activation of AMPK is necessary for 
PLIN 5 to induce cell death.

Accumulating evidence indicates that mitochondrial dysfunc-
tion plays a key role in activated HSCs, although the mechanisms 
underlying this dysfunction are still unclear.36–38 The main func-
tion of mitochondria is to carry out oxidative phosphorylation 
(OXPHOS) to synthesize ATP, and mitochondria are the site of the 
final oxidation of sugars, fats and amino acids to release energy.39 
Therefore, we first analyzed mitochondrial function by changing 
PLIN 5 expression in in vitro-cultured rHSC-primary cells. We found 
that PLIN 5 overexpression in activated HSCs resulted in a decrease 
in ATP levels within the mitochondria, inhibition of cell prolifera-
tion, and a significant increase in cell apoptosis. To further explore 

F I G U R E  7  Metabolic profile of liver tissues in C57BL/6J and PLIN 5−/− mice fed an HFD. (A), The score chart of OPLS-DA in liver 
tissue samples in ESI+ and ESI−, respectively. (Red dots: C57BL/6J HFD, yellow dots: PLIN 5−/−HFD). (B), The permutation test analysis by 
OPLS-DA in liver samples was evaluated in positive ion mode (ESI+) and negative ion mode (ESI−), respectively. (C), The heatmap of the 47 
differential metabolites with hierarchically clustering analysis (VIP >1 and p < 0.05). Color change from blue to red indicates that changes 
in metabolite concentrations from low to high. (D) Differential metabolite association analysis. (D), The impact on pathways in liver tissue 
among C57BL/6J and PLIN 5−/− mice fed a HFD. (The abscissa ‘pathway impact’ represents the impact value of the pathway, and the 
ordinate −log (p) represents the result of statistical analysis.) (E), GSH levels in liver tissue of the four groups. (F), Quantitative PCR (qPCR) of 
gene expression for Gclc and Gclm. Gene expression is normalized to GAPDH. Data were expressed as means ± SD (n = 6). ***p < 0.001.
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this mechanism, we exogenously supplemented MP to provide en-
ergy for the mitochondrial tricarboxylic acid cycle. MP eliminated 
the effect of PLIN 5 in activated HSCs. These results suggest that 
PLIN 5-induced apoptosis of activated HSC cells may be related 
to the energy metabolic level of the mitochondria. In addition, in 
this experiment, we found that PLIN 5 overexpression in activated 
HSCs leads to reduced mtDNA copy number40 and citrate synthase 
activity (the first step in the tricarboxylic acid cycle),41 as well as 
decreased abundance of PGC-1α, compared to untreated HSCs. 
These data suggest that the mitochondria play a crucial role in the 
process of inhibiting cell proliferation and enhancing cell apoptosis 
through PLIN 5. Studies have also shown that the mitochondria play 
a significant role in the development and progression of NAFLD, 
involving regulation of ATP metabolism and mitochondrial dysfunc-
tion. However, the underlying mechanisms behind these processes 
remain to be further explored.

To investigate the mechanism of PLIN 5 in the development of 
NAFLD, we conducted in vivo experiments using a mouse model. 
UPLC/MS–MS technology was utilized to analyze the molecular 
mechanisms of the effect of PLIN 5−/− on HFD-induced fatty liver. 
The results show that the relevant metabolic pathway is mainly 
enriched in the glutathione metabolic pathway. Glutathione is an 

efficient antioxidant present in mitochondria, consisting of super-
oxide dismutase and glutathione.42 Glutamate-cysteine ligase (GCL) 
is the rate-limiting enzyme of glutathione biosynthesis, consisting 
of GCLC (catalytic subunit) and GCLM (regulatory subunit).43 An in-
crease of GCL accelerates an increase in the rate of GSH biosynthe-
sis in the body, ultimately leading to an increase in GSH content.44 
This is consistent with our experimental results. Our research has 
revealed that PLIN 5−/− can inhibit the decline of GSH in the liver. 
Other researchers have found that a decrease in GSH content is a 
potential early activation signal for apoptosis, and subsequent gen-
eration of oxygen free radicals leads to apoptosis.45 This is supported 
by the observation that PLIN 5 knockout mice fed a HFD had fewer 
apoptosis-related proteins in their liver proteins compared to mice 
on a HFD without the PLIN 5 knockout. These findings suggest that 
PLIN 5−/− may have a protective effect against the development of 
NAFLD by combating oxidative stress.

PGC-1α , a transcriptional cofactor, activates the biogenesis 
of mitochondria,46 while activated AMPK can decrease hepatic 
triglycerides and increase fatty acid oxidation in the mitochon-
dria.47 Our findings indicate that PGC-1α levels and AMPK ac-
tivity are altered in the livers of mice with NAFLD. This may 
be due to the increased oxidative stress and inflammatory 

F I G U R E  8  Effect of PLIN 5 −/− on HFD-induced liver oxidative stress, inflammation, and extracellular matrix organization. (A), mRNA 
expression levels of Mitochondrial biogenesis-related genes PGC-1α, mtTFA, UCP1). (B–D), Oxidative stress genes (Gstm3, Gpx3, Cbr3) 
(B), cell proliferation-related genes (Mcm2, Mcm4, Mcm6) (C), and inflammatory response-related genes (Cxcl14, Cxcl2, Ly6c) (D). (E–H), 
Representative western blotting and the densitometry analysis of PGC-1α (E), p-AMPK and AMPK (F), Bcl-2 and Bax (G), Pro-cas 3, and 
cleaved caspase-3 (H) in the liver tissue in two HFD groups. Data were expressed as means ± SD (n = 6). *p < 0.05; **p < 0.01, ***p < 0.001.
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response that occurs during the development of NAFLD, lead-
ing to increased mitochondrial synthesis metabolism. Our re-
sults also show that, the phosphorylation of AMPK is reduced 
in HFD-fed PLIN 5−/− mice, compared to C57BL/6J mice fed 
a HFD. The results of the in vivo experiments appear to be 
somewhat contradictory to the findings of previous in vitro ex-
periments involving the culture of rHSC-primary cells. PLIN 5 
knockout significantly delayed liver steatosis and the develop-
ment of NAFLD in mice. Based on the results of experiments 
conducted in an in vitro model of activated HSCs, we initially 
hypothesized that PLIN 5−/− mice would be more sensitive to 
liver damage caused by a HFD and more prone to liver fibrosis. 
However, the experimental results are contrary to our conjec-
ture. We obtained conflicting results.

In vivo experiments showed that PLIN 5−/− mice had reduced fi-
brosis and significantly improved insulin resistance. PLIN 5 knockout 
significantly delayed liver steatosis and the development of NAFLD 
in mice. These results may be due to the fact that parenchymal cells, 
which make up about 70% of total hepatocytes in the liver, are the 
dominant cell type in the liver.48 HSCs only account for 8%–13% of 
the total hepatocytes.49 We knocked out the PLIN 5 gene in all tissue 
cells in mice, not just in HSCs, which is a limitation of our experiment. 
This paradox is also related to the fact that hepatocytes and HSCs 
perform different physiological functions in vivo, and again empha-
sizes the importance of in vivo models in understanding complex sys-
tems. In future studies, we will use mice with tissue-specific deletions 
of PLIN 5 targeting hepatocytes or HSCs, which may resolve these 
issues.
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