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SUMMARY

PCSK9 is up-regulated in response to ischemia-reperfusion
injury and plays a significant role in hepatic ischemia-
reperfusion injury. This study reveals that hepatocyte
PCSK9 inhibits PINK1-Parkin–mediated mitophagy, leading
to the activation of STING/NRLP3-induced inflammatory
responses, which exacerbate hepatic ischemia-reperfusion
injury.

BACKGROUND & AIMS: Hepatic ischemia-reperfusion injury is a
significant complication of partial hepatic resection and liver
transplantation, impacting the prognosis of patients undergoing
liver surgery. The protein proprotein convertase subtilisin/kexin
type 9 (PCSK9) is primarily synthesized by hepatocytes and has
been implicated in myocardial ischemic diseases. However, the
role of PCSK9 in hepatic ischemia-reperfusion injury remains
unclear. This study aims to investigate the role and mechanism of
PCSK9 in hepatic ischemia-reperfusion injury.
METHODS: We first examined the expression of PCSK9 in
mouse warm ischemia-reperfusion models and AML12 cells
subjected to hypoxia/reoxygenation. Subsequently, we
explored the impact of PCSK9 on liver ischemia-reperfusion
injury by assessing mitochondrial damage and the resulting
inflammatory response.

RESULTS: Our findings reveal that PCSK9 is up-regulated in
response to ischemia-reperfusion injury and exacerbates he-
patic ischemia-reperfusion injury. Blocking PCSK9 can alle-
viate hepatocyte mitochondrial damage and the consequent
inflammatory response mediated by ischemia-reperfusion.
Mechanistically, this protective effect is dependent on
mitophagy.

CONCLUSIONS: Inhibiting PCSK9 in hepatocytes attenuates the
inflammatory responses triggered by reactive oxygen species
and mitochondrial DNA by promoting PINK1-Parkin–mediated
mitophagy. This, in turn, ameliorates hepatic ischemia-
reperfusion injury. (Cell Mol Gastroenterol Hepatol 2024;
17:149–169; https://doi.org/10.1016/j.jcmgh.2023.09.004)
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ecause of the rich blood supply to the liver, tem-
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Bporary occlusion of liver blood flow is commonly
used to control intraoperative bleeding in liver surgery.
However, this procedure leads to unavoidable ischemia-
reperfusion injury (IRI).1 The global rise in nonalcoholic
fatty liver disease, diabetes mellitus, and an aging popula-
tion has made pathologic or marginal livers more suscep-
tible to IRI during surgery.2–4 Given this scenario, it remains
crucial to investigate the mechanisms underlying hepatic
IRI.

Proprotein convertase subtilisin kexin 9 (PCSK9) is a
secreted protein that promotes the degradation of low-
density lipoprotein receptors, resulting in increased serum
low-density lipoprotein cholesterol levels.5 Previous
research on PCSK9 has mainly focused on atherosclerosis
and subsequent myocardial infarction.6 However, the role of
PCSK9 beyond the cardiovascular system has recently
gained attention, including its involvement in renal IRI7 and
stroke.8 Nevertheless, the function of PCSK9 in hepatic IRI
remains unknown.

Aseptic inflammation activation is a crucial pathophysi-
ological process in hepatic IRI.9–11 Numerous studies have
revealed that the cascade of inflammatory signals released
in response to injury involves the intrinsic regulatory role of
PCSK9. For instance, PCSK9 promotes infiltration of Ly6Chi

monocyte-derived macrophages and expression of inflam-
matory cytokines in the aortic vessel walls of atherosclerotic
mice.12 Conversely, inflammatory mediators can stimulate
PCSK9 secretion through toll-like receptors,13 NOD-like re-
ceptor (NLR) family pyrin domain-containing 3 (NLRP3)
inflammasomes,14 and nuclear factor kappa B (NFkB),15

resulting in inflammation-induced positive feedback.
Hence, the interplay between PCSK9 and inflammatory cy-
tokines may be significant in hepatic IRI.

Hepatocyte mitochondrial damage is a crucial compo-
nent of hepatic IRI and is closely associated with ongoing
inflammation. During reperfusion, the sudden restoration of
oxygen leads to the generation of reactive oxygen species
(ROS), which can harm the mitochondrial membrane and
mitochondrial DNA (mtDNA) in hepatocytes when produced
excessively.16 Conversely, ROS and mtDNA activate NLRP3
inflammasomes and cyclic GMP-AMP synthase (cGAS),
respectively, both of which have been implicated in liver
IRI.17,18 After mitochondrial damage, damaged mitochondria
are degraded through pentaerythritol tetranitrate–induced
kinase 1 (PINK1)-Parkin RBR E3 ubiquitin-protein ligase
(Parkin)–mediated mitophagy, which has been reported to
alleviate hepatic IRI.19

In our study, we observed that deletion of PCSK9
enhanced the recruitment of Parkin to mitochondria
through PINK1, thereby promoting mitophagy. This process
alleviated mtDNA release and the subsequent activation of
cGAS-stimulator of interferon genes (STING)/NLRP3–me-
diated inflammatory responses, ultimately ameliorating he-
patic IRI.
Results
PCSK9 Is Up-regulated in Response to Hepatic
Ischemia-Reperfusion

To investigate the involvement and role of PCSK9 in he-
patic IRI, we established both an in vivo mouse model and an
in vitro AML12 H/R model (Figure 1A). In the in vitro model,
we observed that PCSK9 expression was up-regulated in
response to hypoxia/reoxygenation (H/R), with the highest
expression observed at 12 hours of reoxygenation
(Figure 1B). Thus, we adopted a study protocol of 12 hours of
hypoxia followed by 12 hours of reperfusion for all subse-
quent in vitro experiments. Previous studies have indicated
that PCSK9, activated in response to inflammatory signaling, is
primarily produced by hepatocytes.20,21 To confirm this, we
isolated hepatocytes and nonparenchymal cells from mouse
livers that underwent 6 hours of reperfusion using differential
centrifugation. Our analysis revealed that PCSK9 expression
was predominantly observed in hepatocytes (Figure 1C).
Furthermore, we assessed the expression of PCSK9 in hepa-
tocytes at different reperfusion times and found that PCSK9
was up-regulated in the early stages of reperfusion (3 hours, 6
hours), returning to normal levels at 12 hours (Figure 1D).
Immunohistochemistry (Figure 1E and F) and immunofluo-
rescence (Figure 1G and H) results confirmed the up-
regulation of PCSK9 after IR, with PCSK9 co-localizing with
the hepatocyte marker HNF4a. In addition, we collected 12
surgical specimens from patients undergoing partial hepa-
tectomy and observed up-regulation of PCSK9 after IR, as
demonstrated by polymerase chain reaction (Figure 1I) and
immunohistochemical analysis (Figure 1J and K).
PCSK9-/- Ameliorates Liver Ischemia-
Reperfusion Injury

Further investigation into the role of hepatocyte PCSK9
in hepatic IRI revealed a reduction in damage in PCSK9-/-
mice. Both wild-type (WT) and knockout (KO) groups un-
derwent 90 minutes of ischemia, followed by 6 hours of
reperfusion. Tissue damage was assessed using H&E
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staining (Figure 2A), and the tissue damage Suzuki score
was significantly lower in the KO group (Figure 2B). Serum
hepatic transaminases (Figure 2C and D) and the inflam-
matory cytokines interleukin (IL) 1b, tumor necrosis factor
alpha (TNFa), and monocyte chemotactic protein-1 (MCP1)
(Figure 2E) were also lower in the KO group compared with
the WT group. In addition, the expression of inflammatory
cytokine mRNAs in liver tissue was reduced in the KO group
(Figure 2F). Neutrophil activation and recruitment play a
crucial role in the inflammatory response to hepatic IR.
Evaluation of chemokine expression and neutrophil infil-
tration in the liver revealed down-regulation of chemokines
in the KO group (Figure 2G) and a decrease in the number of
ly6Gþ neutrophils infiltrating the liver (Figure 2H and I).

Hepatocytes undergo apoptosis due to acute hypoxia
during hepatic ischemia, which impairs liver function. Our
investigation demonstrated that PCSK9-/- reduced hepatocyte
apoptosis induced by IR (Figure 3A). The number of terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
staining-positive cells was significantly lower in the KO group
compared with the WT group (Figure 3B). To study the
inhibitory effect of R-IMPP, a novel antisecretory small
molecule that binds to 80s ribosomes and prevents PCSK9
post-transcriptional translation, in vitro tests were conduct-
ed.22 The effectiveness of R-IMPP’s inhibitory effect was
confirmed by treating AML cells with R-IMPP for 24 hours
and detecting the expression of PCSK9 through Western
blotting (Figure 3C). We found that R-IMPP successfully
blocked the expression of PCSK9 at a treatment dose of 30
mmol/L or higher. However, at a concentration of 60 mmol/L,
R-IMPP damaged mitochondrial membrane potential
(Figure 3D and E). Therefore, 30 mmol/L was chosen as the
appropriate treatment concentration. In in vitro experiments,
H/R induced early apoptosis in AML12 cells, as indicated by
phosphatidylserine exposure outside the plasma membrane
(detected by Annexin V) and mitochondrial membrane po-
tential collapse (detected by Mitotracker Red). R-IMPP alle-
viated H/R-induced apoptosis in AML12 cells (Figure 3F).

PCSK9-/- Attenuates IR-induced Mitochondrial
Damage

Mitochondrial dysfunction and excessive generation of
ROS play crucial roles in liver IRI. To assess mitochondrial
Figure 1. (See previous page). Hepatic IR causes increase in
and AML12 cell H/R model was conducted. (B) AML12 cells we
followed by reoxygenation for 0, 2, 6, 12, and 24 hours. Then, p
Hepatic tissues underwent IR (90 minutes of ischemia followed
cells were isolated using differential centrifugation, and protein l
Mice underwent IR with 90 minutes of ischemia followed by rep
were determined by Western blot analysis. (E) Immunofluores
PCSK9 (red), HNF4a (green), and DAPI (blue) in liver tissues of W
performed using ImageJ software. Results were expressed as
nohistochemical staining was conducted to visualize the prese
tification of G was performed using ImageJ software. Results we
levels of PCSK9 were evaluated before hepatic portal blockade
Immunohistochemical staining was performed to visualize expre
patients undergoing partial hepatectomy (scale bar: 50 mm). (K
Results are expressed as mean absorbance. Data are present
****P < .0001.
damage in IR, we examined ROS generation and mitochon-
drial membrane potential. In the in vivo experiments, liver
tissue ROS levels were assessed using dihydroethidium
staining of frozen tissue sections (Figure 4A and B). In the
in vitro experiments, ROS levels were measured using 20,70-
dichlorofluorescin diacetate (Figure 4C), and mitochondrial
membrane potential was assessed using JC-1 staining
(Figure 4D and E). Flow cytometry was used for quantitative
analysis of ROS (Figure 4F) and JC-1 (Figure 4G). Consis-
tently, both the in vivo and in vitro results demonstrated
that IR and H/R induced ROS production and mitochondrial
membrane potential collapse in hepatocytes and AML12
cells. Importantly, inhibition of PCSK9 alleviated this dam-
age. Furthermore, mitochondrial morphology was evaluated
using Mitotracker Green (Figure 4H). H/R reduced the
fluorescence intensity and disrupted the mitochondrial
structure in AML12 cells, whereas inhibition of PCSK9
mitigated mitochondrial damage.

PCSK9 Deficiency Alleviates IR-induced mtDNA
Damage and Leakage in Hepatocytes

The accumulation of ROS can cause cellular DNA dam-
age. To assess cellular DNA damage, we performed specific
primer extension polymerase chain reaction (Figure 5A). In
IR mice, mtDNA amplification was impaired, with 57%
reduction in amplification rate, whereas the KO group
showed only 16% reduction (Figure 5B). In addition, we
observed damage in nuclear DNA (Figure 6A and B). The
expression of mitochondrial genes (subunits 1 of NADH
dehydrogenase of complex I [ND1], subunits 4 of NADH
dehydrogenase of complex I [ND4], subunits 6 of NADH
dehydrogenase of complex I [ND6], cytochrome B [cytB])
was down-regulated in WT mice compared with the KO
group (Figure 5C). Because mtDNA is an important intra-
cellular damage-associated molecular pattern, we investi-
gated whether PCSK9 affects mtDNA leakage from the
mitochondria to the cytoplasm. We found that mtDNA
leakage, assessed by Dloop/Tert and Non-Numt/b2m ratio,
was down-regulated in the WT group (Figure 5D). To
visualize mitochondria and DNA localization, we used
Mitotracker Red to label mitochondria and PicoGreen
(cytoplasm and nucleus) and DAPI (nucleus) to trace
double-stranded DNA. The mtDNA was defined as the
PCSK9 expression. (A) Establishment of liver warm IR model
re exposed to H/R by subjecting them to 12 hours of hypoxia
rotein levels of PCSK9 were determined by Western blot. (C)
by 6 hours of reperfusion). Hepatocytes and nonparenchymal
evels of PCSK9 were determined by Western blot analysis. (D)
erfusion for 0, 3, 6, 12, and 24 hours. Protein levels of PCSK9
cence staining was conducted to visualize the presence of
T and KO mice. (Scale bar: 50 mm). (F) Quantification of E was
relative fluorescence intensity of PCSK9/HNF4a. (G) Immu-
nce of PCSK9 in liver tissues of WT and KO mice. (H) Quan-
re expressed as average optical density. (I) mRNA expression
and after IR in patients undergoing partial hepatectomy. (J)

ssion of PCSK9 before hepatic portal blockade and after IR in
) Quantification of J was performed using ImageJ software.
ed as mean ± standard deviation (SD). *P < .05; **P < .01;



Figure 2. PCSK9-/- pro-
tects the liver from IR
injury. (A) Representative
H&E staining images
depicting liver IR injury.
(Scale bar: 20 mm, 100 mm).
(B) Assessment of liver tis-
sue injury induced by IR
using Suzuki’s histologic
criteria. (C) Measurement of
serum alanine aminotrans-
ferase levels in the livers of
WT and KO mice subjected
to IR. (D) Measurement of
serum aspartate amino-
transferase levels in livers of
WT and KO mice subjected
to IR. (E) Measurement of
cytokine (TNFa, IL-6, IL-1b,
and MCP1) levels in IR mice
serum of WT and KO using
enzyme-linked immunosor-
bent assay. (F) Analysis of
mRNA expression levels of
inflammatory cytokines
(TNFa, IL-6, IL-1b, and
MCP1). (G) Analysis of
mRNA expression levels of
chemokines (CXCL1,
CXCL2, CXCL5, CXCL15,
CCL5, CCL7). (H) Immuno-
histochemical staining was
performed to visualize
Ly6Gþ cells, indicating
liver-infiltrating neutrophils,
in the IR liver tissue. (Scale
bar: 100 mm). (I) Quantifica-
tion of H was performed
using ImageJ software. Re-
sults are expressed as
number of Ly6Gþ cells in
each field of view. Data are
presented as mean ± stan-
dard deviation (SD). *P <
.05; **P < .01; ***P < .001.
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fraction of co-localization between PicoGreen and Mito-
tracker Red. Cytoplasmic double-stranded DNA was barely
detectable in the control group but increased after H/R and
partially co-localized with mitochondria. However, inhibi-
tion of PCSK9 significantly reduced this co-localization
(Figure 5E).
Hepatocyte PCSK9 Inhibits PINK1-
Parkin–mediated Mitophagy

When cells experience mitochondrial damage caused by
various physicochemical factors, they initiate a mitophagy
program to eliminate unhealthy mitochondria and maintain
cellular homeostasis.23 In our experiments, we observed



Figure 3. Knockdown of PCSK9 attenuates hepatocyte apoptosis induced by liver IR. (A) TUNEL staining of IR liver tissue
to analyze apoptosis. (B) Quantification of A,counted the TUNEL-positive cells and calculated positive cell rate. (C) Detected
the protein expression of PCSK9 in AML12 cells (treated by R-IMPP for 24 hours with the concentration 10 mmol/L, 30 mmol/L,
60 mmol/L). b-Actin served as loading control. (D) JC1 Immunofluorescence staining of AML12 cells (treated by R-IMPP for 24
hours with the concentration 10 mmol/L, 30 mmol/L, 60 mmol/L). AML12 cells were cultured in 6-well plates, and 1� JC1 was
added after R-IMPP stimulation and stained for 30 minutes in 37�C incubator. (E) Quantification of D, immunofluorescence
intensity was detected by Image J. (F) Immunofluorescence of H/R AML12 cells to detect Annexin V (green), Mitotracker Red
(red), and DAPI (blue). Data represent mean± standard deviation. *P < .05; **P < .01; ***P < .001.
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that inhibition of PCSK9 alleviated mitochondrial damage in
hepatocytes, both in vivo and in vitro. This led us to ques-
tion whether PCSK9 inhibition promotes the degradation of
damaged mitochondria through the induction of mitophagy.
We first examined the immunofluorescence of LC3B and
TOMM20 in IR liver tissues and observed co-localization,
indicating mitophagy induction in response to IR
(Figure 7A). Notably, this effect was more pronounced in the
PCSK9 KO group, suggesting that PCSK9 KO enhanced
mitophagy. Similar results were obtained in the AML12 cell
H/R model (Figure 7B). Previous studies have elucidated
the involvement of PINK1-Parkin, BCL2 interacting protein
3 (Bnip3)–BCL2 interacting protein 3 like (Bnip3L), FUN14
domain containing 1 (Fundc1), and FKBP prolyl isomerase 8
(Fkbp8) in initiating the mitophagy program,24–26 leading us
to speculate that PCSK9 may influence mitophagy by
modulating the activity of these proteins. We then examined
the mRNA expression of these molecules in liver tissue of IR
mice using reverse transcription polymerase chain reaction
and found that PINK1 and Parkin expression was up-
regulated in the KO group, whereas the expression of others
remained unchanged (Figure 7C and D). Furthermore, we
observed the recruitment of Parkin to the mitochondrial outer
membrane in response to H/R (Figure 7E). To assess
mitophagy in mitochondria of IR mouse hepatocytes, we
conducted Western blot analysis to detect the expression of
PINK1, Parkin, TOMM20, and LC3B (Figure 7F and G).

It has been reported that PCSK9 interacts with pentaery-
thritol tetranitrate (PTEN) and promotes PTEN degradation
via the lysosomal pathway.27 In our study, we confirmed the
interaction between PCSK9 and PTEN in AML12 cells
(Figure 8A), and inhibition of PCSK9 led to an increase in
PTEN expression (Figure 8B). Notably, PINK1 is the putative
kinase 1 of PTEN, and PTEN promotes PINK1 expression.28 To
investigate the impact of PTEN activation on mitophagy, we
used the PTEN agonist cefminox sodium in the H/R model
and observed that PTEN activation enhanced PINK1-
Parkin–mediated mitochondrial autophagy (Figure 8C).

In summary, our findings demonstrate that inhibition of
PCSK9 promotes PINK1-Parkin–mediated mitochondrial
autophagy, and this regulatory effect is mediated through
the inhibition of PTEN.
Inhibition of Mitophagy Reverses the Protective
Effect of PCSK9 Knockout on Liver IR Injury

To clarify whether PCSK9-/- characteristically alleviates
liver IRI through mitophagy, we introduced 3-methyladenine
Figure 4. (See previous page). PCSK9-/- protects mitocho
analysis of ROS using dihydroethidium (DHE) (red) and DAPI (blu
mm). (B) Measurement of relative fluorescence intensity of DHE
cells. AML12 cells were cultured in 6-well plates, and 1 mmol/L
37�C incubator. (Scale bar: 200 mm). (D) Immunofluorescence de
well plates and 1� JC1 was added after H/R and stained for 3
fication of Figure 4D was performed using ImageJ software. (F)
cytometry. (G) Measurement of mitochondrial membrane potent
AML12 cell mitochondria using MitoTracker Green. AML12 cell
and stained for 30 minutes in 37�C incubator. Data are presen
***P < .001.
(3-MA) to inhibit mitophagy.29 Pretreatment with 3-MA
before IR and H/R, we found that 3-MA reversed the hepa-
tocyte protective effect of PCSK9 inhibition. H&E staining
(Figure 9A) and Suzuki scoring (Figure 9B) revealed liver IRI
tissue damage. Reverse transcription polymerase chain reac-
tion measured the expression of inflammatory cytokines
(Figure 9C) and chemokines (Figure 9D). TUNEL staining
(Figure 9E and F) and Annexin V-mitochondrial staining
(Figure 9G) assessed apoptosis in in vivo experiments and
in vitro experiments. In addition, we assessed mitochondrial
damage with ROS (Figure 10A) and JC1 (Figure 10B and C).
Also, mtDNA leakage (Figure 10D) and mtDNA damage
(Figure 10E) were detected. The above results showed that 3-
MA blockade of mitophagy eliminated the hepatocyte pro-
tective effect of PCSK9-/-.
PCSK9-/- Inhibits cGAS-STING Pathway and
NLRP3 Activation by Promoting IR Hepatic
Mitophagy

In our study, we demonstrated that PCSK9 KO (PCSK9-/-)
attenuates the damage to mtDNA induced by liver IRI.
Furthermore, in in vitro experiments, inhibition of PCSK9
reduces mtDNA leakage. The cGAS protein acts as a cyto-
plasmic receptor that recognizes mtDNA and activates STING,
leading to the initiation of inflammatory responses.30

Therefore, we investigated the activation of the cGAS-STING
pathway. Our results showed that IR induced the mRNA
expression of cGAS, but this up-regulation was suppressed by
PCSK9 KO (Figure 11A). Immunohistochemistry (Figure 11B
and D) and immunofluorescence (Figure 11C and E) staining
of liver tissue further confirmed the expression of phos-
phorylated STING, which correlated with the changes in cGAS
expression. NFkB is a crucial transcription factor involved in
inflammation, and its activation promotes the expression of
inflammatory cytokines.31 Previous studies have shown that
NFkB acts downstream of STING.30 Therefore, we examined
the protein expression of the cGAS-STING pathway and the
phosphorylation of NFkB P65 (Figure 11F and G). PCSK9
deletion down-regulated the expression of cGAS and phos-
phorylated STING and reduced NFkB P65 phosphorylation. In
addition, we observed in the lipopolysaccharide-induced in-
flammatory response cell model (200 ng/mL, 6 hours) that
lipopolysaccharide promotes NFkB P65 nuclear translocation,
whereas R-IMPP inhibits this alteration (Figure 11H).

When mitochondria are damaged, mtDNA can leak from
the mitochondria to the cytoplasm, and this process can be
terminated by mitophagy. We speculated whether PCSK9
ndria from IR-induced damage. (A) Immunofluorescence
e) in frozen liver tissues of mice subjected to IR. (Scale bar: 50
staining. (C) Immunofluorescence detection of ROS in AML12
DCFH-DA was added after H/R and stained for 30 minutes in
tection of JC1 in AML12 cells. AML12 cells were cultured in 6-
0 minutes in 37�C incubator. (Scale bar: 200 mm). (E) Quanti-
Measurement of ROS using DCFH-DA in AML12 cells by flow
ial using JC1 in AML12 cells by flow cytometry. (H) Staining of
s were cultured in confocal dishes with 1 mmol/L Mitotracker
ted as mean ± standard deviation (SD). *P < .05; **P < .01;
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Figure 6. PCSK9 deletion
attenuates liver IR-
induced nDNA damage
in liver tissue. (A) nDNA
damage (assessed by long
and short primers of nDNA)
detected by agarose gel
electrophoresis. (B) In-
tensity was quantified by
ImageJ, and the relative
amplification was calcu-
lated by normalizing the
intensity of the 12.5 kb
product to the 195bp
product. Data represent
mean ± standard devia-
tion. *P < .05; **P < .01;
***P < .001.
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mediates the activation of the cGAS-STING pathway by
inhibiting mitophagy. To test this, we pretreated cells with
3-MA (a mitophagy inhibitor) before subjecting them to IR.
We found that the down-regulation of STING expression
caused by PCSK9 KO could be reversed by 3-MA (Figure 11I
and J). NLRP3 is an important inflammatory complex asso-
ciated with liver IRI,18 and STING is involved in the activa-
tion of NLRP3.32 Therefore, we also examined the
expression of NLRP3 in liver tissue from IR mice. As ex-
pected, NLRP3 expression was up-regulated in the livers
subjected to IR. Similarly, the down-regulation of NLRP3
expression caused by PCSK9 deletion was reversed by the
inhibition of mitophagy (Figure 12A and B).
Discussion
The rising life expectancy of the population and the

global prevalence of metabolic syndrome have presented
new challenges in the field of liver surgery. These challenges
stem from 2 primary scenarios. First, individuals with
Figure 5. (See previous page). PCSK9 deficiency reduces IR
Long and short fragments of mtDNA were amplified using specifi
was assessed through agarose gel electrophoresis. (B) Quantific
the relative amplification was calculated by normalizing the inte
Expression levels of mitochondria-related genes (ND1, ND4, ND
analysis. (D) Assessment of mtDNA leakage in WT/KO liver tissu
LOOP (mtDNA) to Tert (nDNA) or Nun-NUMT (mtDNA) to b2m (n
cells (preconditioned with R-IMPP for 24 hours) to visualize
MitoTracker Red, and nuclei using DAPI. Data are presented as
pathologic livers are susceptible to IRI during liver surgery.
Second, because of the shortage of suitable donors, marginal
donors undergo IRI during liver transplantation. It is
evident that these livers undergo more severe damage
during the process of ischemia and reperfusion.

Mitochondria serve as energy metabolism factories that
are susceptible to malfunction during IR, potentially
impacting the recovery of liver function in patients under-
going liver surgery. The disturbance of the tricarboxylic acid
cycle and the accumulation of ROS caused by succinate
during ischemia are recognized as early contributors to
IRI.33 Excessive ROS and Ca2þ overload impact the mito-
chondrial membrane permeability transition pore during IR,
resulting in the persistent opening of the membrane
permeability transition pore.34 This persistent opening of
the membrane permeability transition pore leads to the
collapse of mitochondrial membrane potential. Mitochon-
drial damage leads to the release of mitochondrial contents,
including mtDNA35 and cytochrome C,36 into the cytoplasm.
This process activates the cGAS-STING pathway and triggers
-induced mtDNA damage and leakage in hepatocyte. (A)
c primers by polymerase chain reaction, and mtDNA damage
ation of Figure 5A was performed using ImageJ software, and
nsity of the 13.4 kb product to that of the 210 bp product. (C)
6, cytB) in WT/KO liver tissues were assessed through mRNA
es subjected to IR. Results were expressed as the ratio of D-
DNA). (E) Immunofluorescence staining of H/R treated AML12
double-stranded DNA using Picogreen, mitochondria using
mean ± standard deviation. *P < .05; **P < .01; ***P < .001.



Figure 7. Activation of PINK1-Parkin–induced mitophagy pathways depended on the existence of PCSK9. Represen-
tative immunofluorescence images of LC3B (green), TOMM20 (red), and DAPI (blue) in liver tissues of WT/KO mice were
captured to visualize autophagosomes, mitochondria, and cell nuclei, respectively (scale bar: 20 mm). (B) Representative
immunofluorescence images of LC3B (red), MitoTracker Green (green), and DAPI (blue). In treatment group, AML12 cells were
pretreated with 30 mmol/L R-IMPP. AML12 cells were incubated at 37� for 30 minutes after H/R modeling using 1 mmol/L
Mitotracker working solution. They were then fixed using 4% PFA and incubated with the corresponding primary antibody
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Figure 8. PCSK9 down-
regulates PINK1 expres-
sion by inhibiting PTEN.
(A) Western blotting of
coIP of PCSK9 and PTEN
in AML12 cells. (B) Detec-
ted PTEN and its down-
stream (AKT, p-AKT) by
Western blot in AML12
cells (treated by PCSK 9,
10 mmol/L, 30 mmol/L, 60
mmol/L). (C) Detected
mitophagy in H/R AML12
cells (pretreated by cefmi-
nox sodium ,10 mmol/L).
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endogenous apoptosis. As an important damage-associated
molecular pattern, mtDNA plays a significant role in medi-
ating inflammatory responses by activating the cGAS-STING
and NLRP3 pathways. Studies have demonstrated that in-
hibition of mtDNA-cGAS-STING signaling can mitigate he-
patic IRI. Prior research has indicated that pre-
administration of antioxidants confers protection against
IRI in liver tissue of experimental animals.37 Our investi-
gation involved the measurement of ROS production and
mitochondrial membrane potential, which revealed that in-
hibition of pcsk9 mitigated H/R-induced mitochondrial
injury and release of mtDNA.
overnight at 4� in the refrigerator. (C) Relative mRNA expression
determined. (D) Relative mRNA expression levels of Bnip3, Bnip
KO mice. (E) Immunofluorescence staining was performed to visu
subjected to H/R. Mitochondria were labeled with Tomm20 (red
with DAPI (blue). (F) Western blot analysis was conducted to dete
PINK1, Parkin, Tomm20, and LC3B, in isolated hepatocyte mito
Figure 7F was performed using ImageJ software. Data are prese
.001.
In fact, PCSK9 has been shown to promote mitochondrial
ROS production and induce mtDNA damage in hypoxic
cardiomyocytes.38 In addition, the inhibition of PCSK9 has
demonstrated a protective effect on mitochondrial function
in rats fed a high-fat diet.39,40 We also observed a protective
effect of PCSK9 inhibition on mitochondrial injury, high-
lighting the significant role of PCSK9 in mitochondrial
dysfunction. However, the underlying mechanism by which
PCSK9 exacerbates mitochondrial injury remains unknown.

Mitophagy functions as a protective mechanism by
eliminating damaged mitochondria during mitochondrial
injury to prevent further damage expansion. PINK1 is a
levels of PINK1 and Parkin in liver tissues of WT/KO mice were
3L, Fundc1, and FKBP8 were analyzed in liver tissues of WT/
alize the recruitment of Parkin to mitochondria in AML12 cells
), Parkin was labeled with green, and cell nuclei were labeled
ct the expression of mitophagy associated proteins, including
chondria. (G) Quantification of the protein expression levels in
nted as mean ± standard deviation. *P < .05; **P < .01; ***P <
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serine/threonine kinase that accumulates in the mitochon-
drial membrane upon depolarization of the mitochondrial
membrane potential. It recruits and activates Parkin, which
initiates mitochondrial autophagy by attaching ubiquitin to
the mitochondrial membrane through its ubiquitin ligase
activity.41,42 Recent studies have implicated PINK1-Parkin
mutations in playing an important role in neurodegenera-
tive pathologies.43 Interestingly, PCSK9 is highly expressed
in patients with Alzheimer’s disease,44,45 and the inhibition
of PCSK9 using alirocumab has been found to promote Ab
clearance in animal experiments involving mouse brain
tissue.46 However, no study to date has reported the effect
of PCSK9 on the PINK1-Parkin pathway. This has piqued our
interest, leading us to speculate that the mitochondrial
protective effect of PCSK9 is achieved precisely through the
activation of PINK1-Parkin–mediated mitophagy.

To investigate this hypothesis, we explored the role of
PCSK9 in the PINK1-Parkin pathway. Our findings revealed
that PCSK9 inhibition activated PINK1-Parkin–mediated
mitochondrial autophagy. Moreover, we observed that the
protective effect resulting from PCSK9 deficiency was
reversed upon the inhibition of mitochondrial autophagy
using 3-MA. These results suggest the involvement of PCSK9
in the regulation of the PINK1-Parkin pathway.

All in all, our study demonstrated that PCSK9 deletion
attenuated liver IRI by promoting PINK1-Parkin–mediated
mitophagy, leading to reduced injury in hepatocytes and
activation of cGAS-STING/NLRP3–mediated inflammation.
However, further research is needed to elucidate the
mechanism underlying the interaction between PCSK9 and
the PINK1-Parkin pathway.

Methods and Materials
Patient Samples

We collected a total of 12 liver biopsies, including pre-
and post-hepatic portal blockade biopsies, from the Hep-
atobiliary Center of Jiangsu Provincial People’s Hospital.
Informed consent was obtained from all patients before
surgery. The study involving human samples was approved
by the Ethics Committee of Jiangsu Provincial People’s
Hospital (approval number 2023-S RFA-166).
Mouse Warm Ischemia-Reperfusion Model
This study used male C57BL6 WT mice and PCSK9 KO

mice. The WT mice were sourced from Vital River Labora-
tory Animal Technology (Beijing, China), and the PCSK9 KO
mice were purchased from Shanghai Southern Model Ani-
mal Biotechnology Co. All mice were housed in a specific
Figure 9. (See previous page). The protect functions of PCS
staining was performed on WT/KO liver sections to assess live
induced by IR was assessed using Suzuki’s histologic criteria. (C
MCP1). (D) Chemokines (CXCL1, CXCL2, CXCL5, CXCL15, CCL
performed on IR liver tissues to assess apoptosis. (F) The quan
cells and calculating the percentage of positive cells. (G) Im
AML12 cells to detect the presence of Annexin V (green), Mi
mean ± standard deviation. *P < .05; **P < .01; ***P < .001.
pathogen-free environment at the Experimental Animal
Center of Nanjing Medical University.

For the in vivo experiments, male mice aged 6–8 weeks
underwent a fasting period of 8–12 hours before the surgical
procedure. Anesthesia was induced using isoflurane, and the
arteries and portal veins of the liver’s cephalic lobe were
clamped using dissection and noninvasive hemostatic forceps,
resulting in 70% blockage of blood supply to the liver lobe.
After the surgical procedure, the mice were placed on a ther-
mostatic pad set at 37�C to maintain their body temperature.

In the sham-operated group, the blood flow to the liver
was not obstructed, serving as the control. The mice were
euthanized 6 hours after the reperfusion began, which de-
notes the restoration of blood supply to the liver lobe.

To inhibit mitophagy in the mouse liver IR model, we
used 3-MA (MedChemExpression, HY-19312) administered
via intraperitoneal injection at a dosage of 20 mg/kg, given
1 hour before blocking the blood flow in the mice’s liver. In
the control group, phosphate-buffered saline was adminis-
tered instead of 3-MA.

The Animal Ethics Committee of the Laboratory Animal
Center of Nanjing Medical University (IACUC-2210043)
approved all animal experiments conducted in this study,
ensuring compliance with ethical guidelines for animal research.

In Vitro Hypoxia/Reoxygenation Model
AML12 cells were cultured in Dulbecco modified Eagle

medium supplemented with 10% fetal bovine serum. The
H/R model was established following a previously reported
procedure.47 AML12 cells were exposed to hypoxia by
placing them in a hypoxia incubator (ThermoScientific
STERI-CYCLE i160) with conditions set at 5% CO2, 1% O2,
and 37�C. After 12 hours of hypoxia, the cells were trans-
ferred back to a standard cell culture incubator to restore
oxygen supply (reoxygenation).

In the AML12 cells H/R assay, R-IMPP (MedChemEx-
pression, HY-101354) was used to inhibit the expression of
PCSK9. The cells were pretreated with R-IMPP at a concentra-
tion of 30 mmol/L for 24 hours before the H/R procedure. To
enhance the expression of PTEN, AML12 cells were pretreated
with cefminox sodium (MedChemExpression, HY-128932). The
control group was treated with dimethyl sulfoxide.

Hepatocellular Function Assay
The serum alanine aminotransferase and aspartate

aminotransferase levels were measured using the appro-
priate kits (Servicebio, GM1102, GM1103) to derive the
results after an automated biochemical analyzer (Rayto Life
and Analytical Sciences Co Ltd Chemray 240).
K9 KO were relied on the mitophagy pathways. (A) H&E
r tissue damage (scale bar: 20 mm, 100 mm). (B) Liver injury
) mRNA expression levels of cytokines (TNFa, IL-6, IL-1b, and
5, and CCL7) mRNA expression level. (E) TUNEL staining was
tification of Figure 9E involved counting the TUNEL-positive
munofluorescence staining was performed on H/R-treated
totracker Red (red), and DAPI (blue). Data are presented as
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Enzyme-linked Immunosorbent Assay
Mouse serum was collected, and serum IL-1b, IL-6,

TNFa, and MCP1 levels were measured using an ELISA kit
(Invitrogen, EPX370-40045-901).

Histopathology
The collected liver tissues were soaked in 4% para-

formaldehyde (PFA) for 48 hours and then embedded in
paraffin. Liver sections were stained with H&E. The severity
of liver IR tissue damage was assessed according to Suzuki
scoring criteria.

Immunofluorescence and Immunohistochemistry
Liver tissues were soaked in 4% PFA for 48 hours and

then embedded in paraffin. After the steps of deparaffini-
zation and antigen repair, the tissue sections were blocked
and permeated with 3% bovine serum protein and 0.4%
Triton X-100.Then immunohistochemistry and immunoflu-
orescence experiments were performed with the corre-
sponding primary antibodies. After the primary antibody
was incubated overnight at 4�C, it was incubated with the
appropriate secondary antibody.

Cellular Immunofluorescence
AML12 cells were cultured in confocal dishes (Cellvis,

D35C4-20-0-N) and incubated with 1 mmol/L Mitotracker
Green for 30 minutes to label mitochondria. Cells were fixed
with 4% PFA for 30 minutes, permeabilized using 0.1%
Triton X-100 for 2 hours at room temperature and incu-
bated with LC3B primary antibody (Abcam, ab192890)
(1:100) overnight at 4�C. Alternatively, cells were incubated
with Tomm20 antibody (Abcam, ab186735) and Parkin
antibody (Proteintech, 66674-1-lg) (1:100) overnight at 4�C.

RAW264.7 cells were treated with 200 ng/mL lipo-
polysaccharide for 6 hours, fixed with PFA, permeabilized
with Triton X-100, and incubated with p-P65 and p-STING
primary antibodies at 4�C overnight.

After H/R, AML12 cells were incubated in medium
containing 5% PicoGreen (Thermo Fisher, P11496) and 1
mmol/L Mitotracker Red for 30 minutes at 37�C in a cell
incubator following the manufacturer’s protocol. Subse-
quently, the cells were fixed with 4% PFA and stained with
DAPI for the nucleus.

Reactive Oxygen and Mitochondrial Membrane
Potential Assay

For liver tissue, frozen tissue sections were taken, and
liver tissue ROS were assayed using 1 mmol/L dihy-
droethidium (Servicebio, GDP1018). AML12 cells were
Figure 10. (See previous page). PCSK9-/- attenuates IR-ind
fluorescence staining detected ROS of H/R AML12 cells (pretrea
1 mmol/L DCFH-DA was added after H/R and stained for 30 min
AML12 cells (pretreated by 3-MA). AML12 cells were cultured in
and stained for 30 minutes in 37�C incubator. (C) Quantification
(D) mtDNA leakage in WT/KO IR liver (pretreated by 3-MA). Resu
Non-numt (mtDNA) to b2m (nDNA). (E) mRNA expression of
represent mean ± standard deviation. *P < .05; **P < .01; ***P
cultured in 6-well plates after H/R stimulation using
1 mmol/L DCFH-DA (Beyotime, S0033M) or 1� JC-1
(Beyotime, C2003S) for 30 minutes at 37�C. Afterwards,
reactive oxygen content and mitochondrial membrane po-
tential were measured using fluorescence microscopy or
flow cytometry.

mtDNA Damage and Leakage
Total liver tissue DNA was extracted using the QIAamp

DNA mini Kit (Qiagen, 172011285), and mitochondrial
leakage was measured by real-time reverse transcription
polymerase chain reaction. DNA primers were designed to
detect Dloop and Non-numt as markers of mitochondrial
DNA, Tret and b2m as nuclear DNA, normalizing Dloop to
Tert, Non-numt to b2m.48 The mtDNA damage was ampli-
fied by specific mtDNA primers for long and short fragments
of mtDNA; after 1minute at 75�C, polymerase was added,
followed by 1minute at 94�C, cycles of 94�C for 15 seconds,
and 65�C for 12minutes, and a final extension at 72�C for
12minutes. Mitochondrial DNA and nDNA were amplified
with 24 and 28 cycles. The post-polymerase chain reaction
products were subjected to agarose gel electrophoresis. The
intensity of long fragments was normalized to short frag-
ments to measure relative amplification.

Polymerase Chain Reaction
After extracted from tissues or cells, total RNA (2.0 mg)

was reverse-transcribed into cDNA using SuperScript III First-
Strand Synthesis System (Invitrogen, Carlsbad, CA). Quanti-
tative polymerase chain reaction was performed using the
DNA Engine with Chromo 4 Detector (MJ Research, Waltham,
MA). In a final reaction volume of 20 mL, the following were
added: 1� SuperMix (Platinum SYBR Green qPCR Kit, Invi-
trogen, Carlsbad, CA), cDNA, and 0.5 mmol/L of each primer.
Amplification conditions were 50�C (2 minutes), 95�C (5
minutes) followed by 50 cycles of 95�C (15 seconds), 60�C
(30 seconds). The relative transcript abundance of ND1, ND4
and ND6, respectively, cytochrome B of complex III was
quantified by using gene-specific primers (Table 1). The
expression levels of chemokines and inflammatory cytokines
were also detected by the same method.

Primary Hepatocytes and Nonparenchymal Cells
Isolation

Primary hepatocytes and nonparenchymal cells were
isolated from mouse livers as we previously described.49

Briefly, mouse livers were perfused with Hank’s balanced
salt solution (Gibco, 14170112) containing 0.27% collage-
nase IV (Sigma, C5318) in the portal vein, after which liver
uced mitochondrial damage in hepatocytes. (A) Immuno-
ted by 3-MA). AML12 cells were cultured in 6-well plates, and
utes in 37�C incubator. (B) Immunofluorescence staining of H/R
6-well plates, and 1� JC1 was added after R-IMPP stimulation
of B, immunofluorescence intensity was detected by ImageJ.
lts represented the ratio of D-loop (mtDNA) to Tert (nDNA) or
mitochondrial genes in IR liver (pretreated by 3-MA). Data
< .001.
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Figure 12. PCSK9-/- inhibits IR-induced activation of NLRP3. (A) Immunofluorescence staining of NLRP3 in mice liver
tissue. (B) Immunohistochemical staining of NLRP3 in mice liver tissue. Data represent mean ± standard deviation. *P < .05;
**P < .01; ***P < .001.
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tissue was dissected and teased with forceps, and the cells
were filtered through a 70-mm nylon mesh cell filter. He-
patocytes were isolated by centrifugation at 50g for 2
Figure 11. (See previous page). PCSK9-/- inhibits mitoph
expression level of cGAS was measured in liver tissues of WT/K
detect the expression of p-STING in liver tissue of WT/KO mice.
expression of p-STING in macrophages, which were labeled usin
the results were expressed as the average optical density. (E
expressed as the relative fluorescence intensity. (F) Western
p-STING, and the downstream NFkB activation. (G) Quantificatio
by lipopolysaccharide (200 ng/mL, 6 hours), and immunofluores
nuclear translocation in AML12 cells. PCSK9 (green), p-P65 (red
with 3-MA (20 mg/kg, intraperitoneal injection) before IR, and th
using immunohistochemistry. (J) Inhibition of mitophagy by pret
the expression of p-STING was detected using immunofluoresc
minutes 3 times. The supernatant was collected, and non-
parenchymal cells were isolated by centrifugation at 300g
for 10 minutes.
agy-associated cGAS-STING activation. (A) The mRNA
O mice. (B) Immunohistochemical staining was performed to
(C) Immunofluorescence staining was performed to detect the
g F4/80. (D) Quantification of Figure 11B using ImageJ, where
) Quantification of Figure 11C using ImageJ. Results were
blot analysis was performed to detect the levels of cGAS,
n of Figure 11F using ImageJ. (H) Raw264.7 cells were treated
cence staining was performed to detect NFkB activation and
), and DAPI (blue). (I) Inhibition of mitophagy by pretreatment
e expression of p-STING was detected in mouse liver tissues
reatment with 3-MA (20 mg/kg, intraperitoneal injection), and
ence.



Table 1.Primers Used in This Study

Gene Forward primer Reverse primer

DNA primers
Dloop AATCTACCATCCTCCGTGAAACC TCAGTTTAGCTACCCCCAAGTTTAA
Tert CTAGCTCATGTGTCAAGACCCTCTT GCCAGCACGTTTCTCTCGTT
Non-numt CTAGAAACCCCGAAACCAAA CCAGCTATCACCAAGCTCGT
b2m ATGGGAAGCCGAACATACTG CAGTCTCAGTGGG GGTGAAT
mtDNA long GCCAGCCTGACCCATAGCCATAATAT GAGAGATTTTATGGGTGTAATGCGG
mtDNA short CCCAGCTACTACCATCATTCAAGT GATGGTTTGGGAGATTGGTTGATGT
nDNA long TTGAGACTGTGATTGGCAATGCCT CCTTTAATGCCCATCCCGGACT
nDNA short AGCCACAGATCCTATTGCCATGC TGTTGCTTGGTAAACACAGAGGGAAA

RNA primers
IL-1b GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG
IL-6 CTGCAAGAGACTTCCATCCAG AGTGGTATAGACAGGTCTGTTGG
TNFa CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
MCP-1 GGCTGGAGAGCTACAAGAGG TCTTGAGCTTGGTGACAAAAAC
CXCL1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
CXCL2 AAAGGCAAGGCTAACTGACCT CTTTGGTTCTTCCGTTGAGG
CXCL5 AGCTGCGTTGCGTTTGTTTAC TGGCGAACACTTGCAGATTAC
CXCL15 TTTGTTTGGATCCTGATGCTC CGGTGGAA0ATTCCTTTTGTT
CCL5 CCAGCAGTCGTCTTTGTCAC CTCTGGGTTGGCACACACTT
CCL7 CCCTGGGAAGCTGTTATCTTCAA CTCGACCCACTTCTGATGGG
PINK1 CAGCGAGAGGCCAGCAAGAGAC CAGGCGATCATCTTGTCCAATTTCA
Parkin AGGGATTCAGAAGCAGCCAGAGG CCGGTTTGGAATTAAGACATCG
Bnip3 CAGGGCTCCTGGGTAGAACT CTACTCCGTCCAGACTCATGC
Bnip3L CTACCCATGAACAGCAGCAA ATCTGCCCATCTTCTTGTGG
FUNDC1 AGCGATGACGAATCATACGAAG CCACCCATTACAATCTGAGTAGC
FKBP8 GAGGACATGGGACAGCCTAC CCTGGGACCAGTGTCTTCAT
cGAS GTTCAAACACAAGAAATGCACTG GCTGACGGAGTACACAATCCT
ND1 TATCTCAACCCTAGCAGAAA TAACGCGAATGGGCCGGCTG
ND4 TACTAATAATCGCCCACGG AATTCTCGTGTGTGGGAAGG
ND6 TGGTTGGTTGTCTTGGGTTGGCA CCGCTACCCAATCCCTCCCT
cytB GCAACCTTGACCCGATTCTTCGC TGAACGATTGCTAGGGCCGCG
b-Actin GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG
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Isolation of Hepatocytes Mitochondria
Mitochondria were extracted from isolated hepatocytes

following the reported procedure.50 Briefly, hepatocytes
were homogenized 10 times on ice with 2 mL of Mito-
chondrial Isolation Reagent (Beyotime, C3601), then the
homogenate was centrifuged at 1000g for 5 minutes to
remove the precipitate, and the supernatant was further
centrifuged at 3500g for 10 minutes to obtain the mito-
chondrial precipitate.
Co-Immunoprecipitation
AML12 cells were lysed in NP40 lysate (Beyotime,

P0013F) on ice for 30 minutes, and then the lysate was
centrifuged at 12,000 rpm for 10 minutes. Primary antibody
and protein AþG agarose magnetic beads (Beyotime,
P2197S) were added to the supernatant and incubated at
4�C overnight. The next day, the magnetic beads were
collected and washed 10 times with NP40. The magnetic
beads were added to 1� sodium dodecyl sulfate-
polyacrylamide gel electrophoresis loading buffer and
boiled for 10 minutes. The collected proteins were then
used for Western blot.
Western Blot
Liver tissues were lysed using RIPA to obtain total tissue

proteins. After sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, they were transferred to polyvinylidene
difluoride. For PCSK9 (Abcam, ab185194), p-STING (Invi-
troen, 35D07A73), cGAS (Abcam, ab252416), NFkB-P65
(Cell Signaling Technology, 6956S), p-P65(Cell Signaling
Technology, 3033T), PINK1 (Abcam, ab216144), Parkin
(Abceptor, AP6402B), Tomm20 (Abcam, ab186735), P62
(Abcam, ab109012), LC3B (Abcam, ab192890), and b-Actin
(Abceptor, AM1021b) antibodies were detected using a
chemiluminescence-based method for color development.
Apoptosis Detection
Apoptosis of liver tissue was assessed by TUNEL stain-

ing, and the rate of positively stained cells was calculated.
Mitochondrial membrane potential and apoptosis detection
kit (Beyotime, C1071S) was used to detect apoptosis in H/R-
treated AML12 cells, and apoptosis was assessed by
observing the mitochondrial membrane potential and the
relative fluorescence intensity of Annexin V.
Statistics
Data are expressed as mean ± standard deviation, and

statistical differences were determined by GraphPad Prism
(San Diego, CA) software. Differences between groups were
compared using the non-parametric test Mann-Whitney U
test and Kruskal-Wallis test, and P <.05 was considered
statistically significant.
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