L))

Check for
updat

Original Article

Evaluating the mitochondrial structure and gene expression profile
of regenerated liver tissues in mice after 85% partial hepatectomy

Yongquan Shi'*, Yu Lei**, Yanping Zhao', Shuaishuai Zhang', Hongxin Xu', Li Huo’, Wei Liu*",
Qinlong Liu’™

'Department of Clinical Laboratory Center, Shandong Second Provincial General Hospital, Jinan, China; *Department of Otolaryngology, First
Affiliated Hospital of Dalian Medical University, Dalian, China; *College of Basic Medical Sciences, Dalian Medical University, Dalian, China;
*Department of Traditional Chinese Medicine, First Affiliated Hospital of Dalian Medical University, Dalian, China; *Department of Hepatobiliary
Surgery, The Second Affiliated Hospital of Dalian Medical University, Dalian, China

Contributions: (I) Conception and design: Y Shi, Q Liu, Y Lei; (II) Administrative support: Y Zhao, Q Liu; (IIT) Provision of study materials or
patients: Y Shi, L Huo; (IV) Collection and assembly of data: S Zhang, H Xu; (V) Data analysis and interpretation: W Liu; (VI) Manuscript writing:
All authors; (VII) Final approval of manuscript: All authors.

"These authors contributed equally to this work as co-first authors.

*These authors contributed equally to this work as co-corresponding authors.

Correspondence to: Qinlong Liu, PhD. Department of Hepatobiliary Surgery, The Second Affiliated Hospital of Dalian Medical University,
No. 467, Zhongshan Road, Xigang District, Dalian 116021, China. Email: ginlongliu@163.com; Wei Liu, PhD. Department of Traditional
Chinese Medicine, First Affiliated Hospital of Dalian Medical University, No. 222, Zhongshan Road, Xigang District, Dalian 116111, China.

Email: anxincaovinus@126.com.

Background: Partial hepatectomy (PH) is the primary method used for treating liver injury and
transplantation. The regeneration process after hepatectomy requires an adequate energy supply, and
mitochondria serve as the primary source of energy. Alterations in genes related to the respiratory chain
complex may impact the liver regeneration process. The aim of this study was the changes in mitochondrial
structure and mitochondrial function in 85% PH.

Methods: A PH (up to 85%) model was developed using male C57BL/6 mice, and the regenerated liver
tissue was harvested after 24 hours. Hematoxylin and eosin staining and transmission electron microscopy
were used for morphological studies. In terms of proliferation, a positive proliferating cell nuclear antigen
(PCNA) rate was detected via immunohistochemistry. Real-time polymerase chain reaction was performed
to identify differentially expressed genes (DEGs), which were screened using a P value of <0.05 and a |fold
change! of >1.5. The Hiplot online tool was used for generating a volcano plot and conducting correlation
analyses. R software was employed for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses for the DEGs. A combined Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING)-Cytoscape method was used for protein-protein interaction (PPT)
network analyses, whereas cytoHubba was used to the screen core DEGs.

Results: After 85% PH, we observed steatosis, an increased PCNA positivity rate, mitochondrial swelling,
and a reduced number of cristae due to cristae disintegration. We screened 30 DEGs that were associated
with different processes, including oxidation-reduction, oxidoreductase activity, electron transfer activity,
organelle envelope, inner mitochondrial membrane processes, and oxidative phosphorylation as well as
those involved in nonalcoholic fatty liver disease (NAFLD). We identified a total of six hub genes: COX411,
ATP5SB, UQCRC2, CYC1, ATP5O, and ATPSAL.

Conclusions: The 85% PH model promotes mitochondrial complex protein expression, thereby providing
energy for liver regeneration. The enriched genes were associated with oxidation-reduction, electron transfer

activity, and inner mitochondrial membrane processes.
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Introduction

Partial hepatectomy (PH) is widely acknowledged to be
the optimal treatment method for liver cancer worldwide
(1-3). PH facilitates an early diagnosis of liver cancer,
thereby considerably increasing the rate of survival.
According to the Chinese Society of Clinical Oncology
(CSCO) Guidelines for the Diagnosis and Treatment of Primary
Liver Cancer, hepatectomy is recommended for patients
with stage Ia-Ila disease or certain patients at stages
IT and III. However, extensive hepatectomy can cause
complications, leading to liver failure and death in severe
cases (4). Our initial study suggested that the preservation
of mitochondrial function in the remaining liver following
PH is paramount for successful liver regeneration and
survival and even has the potential to suppress liver
failure (5). In addition, a study conducted in 2012
illustrated that mitochondrial dysfunction in liver
transplantation adversely affects the survival rate of mice
that have undergone PH (6). The direct observation of
live mice revealed that >75% of mitochondria exhibited
depolarization changes following small-for-size liver
transplantation, decreasing adenosine triphosphate (ATP)
supply by >70% and consequently hindering regeneration

Highlight box

Key findings

® There were significant changes about mitochondrial morphology
and related genes in regenerated tissues after 85% partial
hepatectomy (PH) in mice.

What is known and what is new?

® Proliferating cell nuclear antigen (PCNA) positive rate was
significantly increased after 85% PH in mice.

* Mitochondrial swelling, a reduction in the number of cristae,
cristae disintegrated were showed in 85% PH group, and 30
differentially expressed genes (DEGs) were found by the reverse
transcription-polymerase chain reaction (RT-PCR) chip, 29 DEGs
were upregulated genes.

What is the implication, and what should change now?

* Mitochondria are the key organelles of energy supply.
Mitochondrial respiratory chain proteins are highly expressed
during liver regeneration after 85% PH.
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(7,8). The literature suggests that inadequate liver
preservation can cause liver failure in clinical scenarios (9),
the minimization of which can potentially enhance fat
metabolism and alleviate liver failure (10). Research
regarding the influence of changes in the respiratory chain
complex protein on liver regeneration in mice is rather
scarce. In addition, the role of energy metabolism in liver
regeneration warrants further exploration.

After PH, the process of regeneration starts rapidly; at
this time, mitosis and the ensuing inflammatory response
require large amounts of energy, and inadequate energy
supply can lead to liver failure (11). Mitochondria produce
>90% of the energy required for hepatic metabolism;
however, damage to mitochondrial DNA can severely
affect liver regeneration (12,13). The abnormal expression
of mitochondrial complex-associated proteins can lead
to abnormal energy metabolism (14). The subunits of
the mitochondrial respiratory chain complex are closely
linked to endosomal structures. Thorough bioinformatics
analyses can be used to elucidate the relationships among
numerous differentially expressed genes (DEGs) and
comprehensively and systematically analyze the effects of
mitochondrial DEGs (mt-DEGs) on liver regeneration.
In this study, we analyzed the differential expression of the
genes of mitochondrial respiratory chain complex subunits
in liver regeneration tissues after 85% PH hepatectomy and
characterized the association between liver regeneration,
mitochondrial morphology, and the participating genes.
We present this article in accordance with the ARRIVE
reporting checklist (available at https://jgo.amegroups.com/
article/view/10.21037/jgo-24-243/rc).

Methods
Animal model

For this study, twenty 8- to 10-week-old male C57BL/6]
mice (weighing 22-25 g) were purchased from the Specific
Pathogen Free Center, Dalian Medical University, Dalian,
China. The experiments were performed under a project
license (approval No. AEE19042) granted by the Ethical
Review of Animal Experimentation, Dalian Medical
University, in compliance with institutional guidelines for
the care and use of animals. The mice were housed at a
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temperature of 22-25 °C and a 12-hour light-dark cycle.
Food and water were freely available. The mice were
randomly divided into false-negative and 85% PH groups
(n=10/group). Of the total number of mice, five were
observed to determine the 7-day survival rate and 15 were
collected for sample collection. The mice were administered
anesthesia via the continuous inhalation of sevoflurane
(Hengrui Pharmaceuticals, Chengdu, China). A median
longitudinal incision 2-2.5 c¢m in length was made on the
abdomen of the mice in the sham group to expose the entire
epigastric region. The cut was left for 25 min, following
which the abdomen was sutured. In the 85% PH model
mice, the falciform ligament, porta hepatis, left lateral lobe,
and right diaphragmatic ligament were cut using miniature
scissors; the left lateral lobe, middle lobe, right lower lobe,
and caudate lobe were resected sequentially, and only the
right upper lobe was retained. Postoperative observation
revealed no blood leakage from the cut surface of the
liver and a normal blood supply to the residual liver. The
abdominal cavity was sutured and the incision sterilized.
Following surgery, the mice were incubated at 25 °C for 30-
60 minutes, following which they were removed from the
incubator for individual rearing. The mice were humanely
killed via decapitation 24 hours after the surgery, following
which tissues were collected and preserved or processed
accordingly. Furthermore, considering the guideline for
animal experiments of reduction, refinement, replacement,
and response, we selected three mice in the 85% PH group
at 24 hours for subsequent experiments.

Hematoxylin and eosin staining assay

Liver tissues were collected from sham and 85% PH
mice after 24 hours, washed with saline, fixed in 4%
paraformaldehyde, and embedded in paraffin for 48 hours.
The liver tissues were them sliced into 5-pm-thick sections,
dewaxed, and hydrated using a concentration gradient of
anhydrous ethanol. The tissue sections were stained using
hematoxylin and eosin (HE) according to the manufacturer’s
instructions (Beyotime, Shanghai, China). Morphological
examination was performed using a BX3-CBH microscope
(Olympus, Tokyo, Japan) at 100x magnification.

Immunobistochemistry (IHC) assay

IHC assay was performed to determine the expression
changes in proliferating cell nuclear antigen (PCNA)
(Proteintech, Wuhan, China) in the tissue arrays of the
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sham and 85% PH groups. The tissue sections were treated
with varying degrees of alcohol and then incubated in
citric acid and goat serum for antigenic repair and blocking
according to the manufacturer’s protocol (ZSGB-BIO,
Beijing, China). The tissue sections were then incubated
in 1:2,000 PCNA primary antibody at 4 °C overnight.
Subsequently, the tissue sections were incubated with the
secondary antibody at room temperature for 1 h. The
images were visualized using a DAB kit (ZSGB-BIO,
Beijing, China) under a BX3-CBH microscope (Olympus,
Tokyo, Japan). Image] software was used to determine the
PCNA-positive cells at 200x magnification.

Transmission electron microscope (TEM) assay

TEM was used to observe mitochondrial morphology and
microstructure. The fresh liver tissue was sectioned into
Ix1x1 mm’ pieces, fixed with 2.5% glutaraldehyde (Solarbio,
Beijing, China), and then fixed with 1% osmic acid at
room temperature in the dark. The liver tissue was rinsed
with phosphate-buffered saline, dehydrated with alcohol
and then acetone, embedded using an embedding agent,
polymerized at 60 °C for 48 hours, sliced into 60- to 80-nm
ultrathin sections using an ultrathin microtome, stained with
150-mesh copper mesh and 2% uranium acetate-saturated
alcohol solution in the dark, washed with 70% alcohol and
pure water, stained with 2.6% lead citrate solution, and then
dried at room temperature. Mitochondria were observed
using TEM (JEM-1200Flash, JEOL, Beijing, China), and
images were collected in a 100-nm field of view.

Screening for DEGs

After the operation, liver tissues were collected from three
mice, and mitochondrial gene detection was performed
based on the SABiosciences PCR chip platform (Aksomics,
Shanghai, China). The DEGs were screened according to
a P value of <0.05 and Ifold change (FC)I| of >1.5, with
FC >1.5 indicating upregulation and FC <-1.5 indicating
downregulation.

Volcano plot and correlation analyses

Volcano plot and correlation analyses were performed using
“Volcano plot” and “Corrplot” tools in Hiplot Pro (https://
hiplot.com.cn/) (15) based on the R v. 4.1.0 software
packages “ggpubr”, “corrplot”, and “ggplot2” (The R
Foundation for Statistical Computing).
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Table 1 Primers used in this study

Symbol Primers

ATP5A1 Forward primer 5'CTGCATCTACGTCGCGATTG
Reverse primer 5'CCGGAGTAGGGAGCCAAGTAC

ATP5B  Forward primer  5'AGTTGCTGAGGTCTTCACGG
Reverse primer 5'CTTTGCCACGGCTTCTTC

ATP50  Forward primer 5'TCATTTGGGTTTGACCTACAGCC

Reverse primer 5'AGACCTGAACAGGGGGCCTTAC

cyct Forward primer ~ 5'CAGAAGTCTTGGAGTATGATG
Reverse primer 5'ATCAACAACATCTTGAGACC
COX4I1  Forward primer 5'CAGCGGTGGCAGAATGTTG

Reverse primer 5'ACACCGAAGTAGAAATGGCTCTCT

UQCRC2 Forward primer 5'ATTTCCCTGTAAGTGCCT

Reverse primer 5'CTTGGGTTCTTGTTCTGA

GAPDH Forward primer 5'GGTGAAGGTCGGTGTGAACG

Reverse primer  5'CTCGCTCCTGGAAGATGGTG

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses of DEGs

GO functional annotation, including biological process (BP),
cellular component (CC), and molecular function (MF), and
KEGG pathway enrichment analyses were performed using
the Database for Annotation, Visualization and Integrated
Discovery (DAVID) database (https://david.nciferf.gov/
summary.jsp) (16). The top 10 most enriched GO items
and KEGG pathways were visualized via the R software
packages “clusterProfiler” and “pheatmap”.

Protein-protein interaction (PPI) networks

The Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (http://string-db.org/) was
used to identify the PPIs (17). DEGs were used to construct
the PPI network, with a high-confidence (0.7) in the
mousenetwork text. Subsequently, Cytoscape 3.8.0 software
was used to draw the PPI network map of the DEGs, and
the cyto-Hubba plug-in was used to screen the core genes.

Quantitative real-time polymerase chain reaction assay

(4RT-PCR)

qRT-PCR was performed using Applied Biosystems a
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Step One Plus Real-Time-PCR System (Thermo Fisher
Scientific, Massachusetts, USA). Total RNA was extracted
from each group of specimens or cells using TRIzol
reagent (Invitrogen, Massachusetts, USA) according to the
manufacturer’s instruction. Complement DNA (cDNA)
reverse transcription was performed using EasyScript RT/
RI Enzyme Mix and gDNA Eraser kit (TransGen Biotech,
Beijing, China). The reagents used in the qRT-PCR assay
were from the TransStart Tip Green qPCR SuperMix
(ROX) (TransGen Biotech, Beijing, China) reagent kit.
GAPDH was used as the internal reference for ATP5SAI,
ATPS5B, ATP50, CYC1, COX411, and UQCRC2. The
primers are presented in 7uble 1. The relative intensities
were quantified using the 2" method. Then, we set the
expression level to 1 in the Sham group.

Statistical analyses

Statistical analyses were performed using R software
packages “limma” and “clusterProfiler” for bioinformatics
analyses. GraphPad Prism 7 software (GraphPad Software)
was used to record the dates on which IHC and qRT-PCR
were performed. We used 7-test statistical method for the
above two tools.and the P value of <0.05 was considered
statistically significant.

Results
HE, IHC, and TEM morphological analyses

HE staining was performed to evaluate the regenerated liver
tissues after 24 hours. In the sham group, the hepatic cords
were distributed regularly in a radial pattern, morphology
and the structure of the hepatic cells were normal, size
of the hepatic cells was consistent, nuclear staining was
light, nuclear cytoplasm was evenly distributed, and the
boundary of the central vein and hepatic sinusoid were clear
(Figure 1A4). Conversely, in the regenerated liver tissues in
the 85% PH group, the distribution of hepatic cords was
irregular, the morphology and structure of the hepatic cells
were irregular, the size of the hepatic cells was inconsistent,
nuclear staining and cytoplasm were uneven, the boundary
of the central vein and hepatic sinusoid was unclear, and
the cells exhibited serious edema and pronounced steatosis
with structural rupture, indicating structural abnormalities
(Figure 1B). The PCNA positivity rate significantly
increased 24 h after 85% PH in C57BL/6 mice compared
with that in the sham group (Figure 1C,1D). TEM revealed
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Figure 1 Pathological damage and regeneration of liver tissue. Sham group (left) and 85% PH group (right), (A,B) regenerated liver tissues
after HE staining (400x); (C,D) PCNA positivity in regenerated liver tissues determined using IHC (200x); (E,F) effect of 85% PH on
mitochondrial morphology (60,000x). PH, partial hepatectomy; HE, hematoxylin-eosin; PCNA, proliferating cell nuclear antigen; IHC,

immunohistochemistry.

mitochondrial swelling, and cristae disintegration in the
85% PH group (Figure 1E,IF).

Mi-DEGs identified and visual analyses

The SABiosciences PCR chip identified 30 mt-DEGs
(P<0.05 and IFCI >1.5). Among them, 29 genes were
upregulated while ATP44 was downregulated. The DEGs
were identified via SABiosciences PCR chips (Tuble 2).
To show the DEGs more intuitively, a volcano plot was

© AME Publishing Company.

developed and the gene names were labeled (P<0.05;
Figure 2). The correlation analyses of the mt-DEGs
indicated significant positive correlations between ATP5A
and ATP50, NDUFA10 and COX6C, and COX4II and
CYC1. COX412 and COX5B exhibited a weak correlation
with the other genes.

GO and KEGG enrichment analyses

GO and KEGG pathway enrichment analyses using the
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Table 2 DEGs identified via RT-PCR chip

Symbol RefSeq FC P value Description

ATP4A NM_018731 -4.81 <0.05 ATPase, H+/K+ exchanging, gastric, alpha polypeptide

ATP5A1 NM_007505 2.28 <0.01 ATP synthase, H+ transporting, mitochondrial F1 complex, alpha subunit
ATP5B NM_016774 2.24 <0.01 ATP synthase, H+ transporting mitochondrial F1 complex, beta subunit
ATP5G1 NM_007506 2.22 <0.01 ATP synthase, H+ transporting, mitochondrial FO complex, subunit c1
ATP5G2 NM_026468 2.01 <0.01 ATP synthase, H+ transporting, mitochondrial FO complex, subunit C2
ATP5G3 NM_175015 2.78 <0.001 ATP synthase, H+ transporting, mitochondrial FO complex, subunit C3
ATP50 NM_138597 1.90 <0.01 ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit
ATP6V0OA2 NM_011596 2.84 <0.01 ATPase, H+ transporting, lysosomal VO subunit A2

COoX411 NM_009941 1.83 <0.01 Cytochrome c oxidase subunit IV isoform 1

COX412 NM_053091 1.70 <0.05 Cytochrome ¢ oxidase subunit IV isoform 2

COX5A NM_007747 1.74 <0.001 Cytochrome c oxidase, subunit Va

COX5B NM_009942 1.77 <0.01 Cytochrome ¢ oxidase, subunit Vb

coxeBt NM_025628 1.88 <0.01 Cytochrome c oxidase, subunit Vlb polypeptide 1

CcoxecC NM_053071 1.78 <0.05 Cytochrome ¢ oxidase, subunit Vic

COX7A2L NM_009187 1.97 <0.01 Cytochrome ¢ oxidase subunit Vlla polypeptide 2-like

CYC1 NM_025567 1.72 <0.01 Cytochrome c-1

NDUFA10 NM_024197 1.99 <0.05 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10

NDUFA2 NM_010885 1.53 <0.05 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2

NDUFA5 NM_026614 1.88 <0.001 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 5

NDUFA8 NM_026703 2.25 <0.001 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 8

NDUFBS8 NM_026061 1.51 <0.05 NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8

NDUFC1 NM_025523 1.67 <0.05 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 1
NDUFC2 NM_024220 2.19 <0.01 NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2
NDUFS1 NM_145518 1.64 <0.05 NADH dehydrogenase (ubiquinone) Fe-S protein 1

NDUFS2 NM_153064 1.73 <0.01 NADH dehydrogenase (ubiquinone) Fe-S protein 2

NDUFS4 NM_010887 1.95 <0.01 NADH dehydrogenase (ubiquinone) Fe-S protein 4

NDUFV1 NM_133666 1.76 <0.01 NADH dehydrogenase (ubiquinone) flavoprotein 1

NDUFV2 NM_028388 1.56 <0.01 NADH dehydrogenase (ubiquinone) flavoprotein 2

OXATL NM_026936 2.03 <0.01 Oxidase assembly 1-like

UQCRC2 NM_025899 2.26 <0.05 Ubiquinol Cytochrome c reductase core protein 2

DEGs, differentially expressed genes; RT-PCR, reverse transcription-polymerase chain reaction; FC, fold change.

DAVID online analysis tool were performed to better process, precursor metabolite and energy generation,
understand the 29 upregulated genes, and the biological electron transport chain (ETC), cellular respiration, energy
annotation of the upregulated genes with a P value of <0.05 derivation via the oxidation of organic compounds in the BP
was obtained. The top 10 most enriched GO terms are category; oxidoreductase activity, electron transfer activity,
presented in Figure 34-3C and included oxidation-reduction oxidoreductase activity acting on nicotinamide-adenine
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Figure 2 DEGs display. (A) Volcano plot. The red points represent DEGs screened based on P<0.05, and blue-green points represent

those with P>0.05. (B) Correlation heatmap. The red points represent a positive correlation, the blue-green points represent a negative

correlation, the size of the point represents the strength of the correlation, and the numbers indicate the correlation coefficient scores. FC,

fold change; DEGs, differentially expressed genes.

dinucleotide phosphate (NADPH), NADH dehydrogenase
(ubiquinone) activity, and NADH dehydrogenase (quinone)
activity in the MF category; and cadherin binding involved
in organelle envelope, envelope, mitochondrial envelope,
respirasome, and inner mitochondrial membrane in the CC
category. The top 10 most enriched KEGG pathways are
shown in Figure 3D, including oxidative phosphorylation,
thermogenesis, Parkinson disease, prion disease, and
nonalcoholic fatty liver disease (NAFLD).

PPI analyses and qRT-PCR validation

All the DEGs were uploaded to the STRING database
to construct PPI networks. Overall, 31 genes exhibited
high confidence, and a complex network of DEGs was
constructed using Cytoscape 3.8.0 (Figure 4A4). The six
most significant genes obtained using the cyto-Hubba
plug-in were COX411, ATP5SB, UQCRC2, CYC1, ATP5O0,

© AME Publishing Company.

and ATP5SAI (Figure 4B). The expression levels of the
genes were significantly different (P<0.05) as confirmed
via QRT-PCR and consistent with those obtained via the
SABiosciences PCR chip (Figure 4C).

Discussion

Postoperative liver failure is a severe complication with
an incidence ranging from 0.7% to 9.1% (18). Predicting
liver reserve has been an area of clinical focus. One study
of an 85% PH model reported that all rats survived 72 h
following model establishment (19). In other studies, mice
demonstrated similarly exceptional survival rates after 85%
PH, with a notable critical point for liver regeneration
within 24-48 h after the surgery (20,21). In our study,
no significant necrosis was observed 24 h after 85%
PH, whereas PCNA exhibited a significantly significant
positivity rate, suggesting a critical role of energy reserve in
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Figure 3 GO and KEGG enrichment analyses results for the DEGs. (A) The top ten GO (BP), the size of the point represents the count,
and color represents the P value. (B) The top ten GO (MF), the size of the point represents the count, and color represents the P value.

(C) The top ten GO (CC), the size of the point represents the count, and color represents the P value. (D) Heatmap with the top 10 most

enriched KEGG pathways. The point represents the genes enriched in this pathway. GO, Gene Ontology; BP, biological process; CC,

cellular component; DEGs, differentially expressed genes; ME, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.

cell proliferation after PH (22).

Maintaining cellular functions and supporting cell
proliferation require adequate energy supply. ATP is
a key player in regenerative signaling and can regulate
regeneration via hepatocyte purinoceptors when released
after PH (23). Mitochondria are the predominant
organelles in hepatocytes and primarily govern energy
metabolism. After 85% PH, the most noticeable alteration

© AME Publishing Company.

in mitochondria is swelling, which is likely tied to the
oxidative stress triggered by cholesterol accumulation in
hepatocytes (24). The disintegration of mitochondrial
cristae occurs because of Mic60 core protein deletion in
the mitochondrial contact site and the cristae organization
system (25), and these phenomena were consistent with
observation in our previous study, in which Mic60 was
underexpressed during 85% PH (26). Mic60 maintains
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Figure 4 DEGs network analysis and hub genes validation. (A) Network analyses of DEGs. The color represents the degree centrality.
(B) The top 6 DEGs with the highest degree centrality identified using the cytoHubba plugin. (C) Relative mRINA expression of COX411,
ATP5B, UQCRC2, CYCI1, ATP50, and ATP5AI. Blue and red represent the sham and 85% PH groups, respectively. *, P<0.05, **, P<0.01,

*** P<0.001. DEGs, differentially expressed genes.

mitochondrial integrity and function, and its deficiency can
induce mitochondrial dysfunction (27).

The top ten GO (cellular component, CC) included
inner mitochondrial membrane, inner organelle membrane,
and respiratory chain complex, among others. The protein
complexes embedded in the inner mitochondrial membrane,
which include complex I (NADH dehydrogenase), complex
IT (succinate dehydrogenase), complex III (Cytochrome
bel complex), complex IV (Cytochrome c oxidase), and
ATP synthase, contribute to the ETC (28). Among the
29 DEGs that assemble into these complexes, the most
substantial change was observed in complex I during
85% PH (Figure 5). NADH dehydrogenase (ubiquinone),
NADH dehydrogenase (quinone), NADH dehydrogenase,
and oxidoreductase, which act on NADPH, exhibited
remarkable enrichment in the top 10 MF terms. Complex
I comprises 45 subunits and serves as the main entry point
for electrons into the ETC (29,30). Conversely, complex
IV comprises 13 subunits and provides an outlet from
the ETC (31,32). For ATP synthesis, the ATP synthase
merges two components, FO and F1, to stimulate proton
reflux (33). Regarding the BP terms, ETC, oxidation—
reduction, and ATP synthesis coupled to electron transport

© AME Publishing Company.

are critical for providing a large amount of ATP, which
is necessary for liver regeneration (34,35). Twenty-eight
DEGs partake in the oxidative phosphorylation reaction,
which involves the respiratory chain complexes I, III, and
IV and produces ATP. Abnormalities in mitochondrial
thermogenesis may contribute to obesity and type 2
diabetes (36). Thermogenesis is also an energy expenditure
mechanism and can potentially serve as an anti-obesity
treatment (37,38). The KEGG pathway results of this study
indicated that 28 DEGs participate in thermogenesis while
simultaneously helping reduce steatosis and enhancing liver
protection. However, thermogenesis might also consume
the energy pivotal for cell proliferation. Hence, the role
of thermogenesis in liver regeneration warrants further
investigation. NAFLD is instigated by steatosis due to
the presence of minimal residual liver following PH and
can cause liver impairment, such as cirrhosis (39). The
involvement of NAFLD suggests that lipid accumulation
might potentially harm the regeneration of liver after 85%
PH. In KEGG enrichment analyses, 21 DEGs were found
to be associated with the genes involved in the NAFLD
pathway, and their close link with mitochondria suggests
that in the future, targeting at the mitochondrial level could
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expressed genes.

mitigate liver damage induced by NAFLD and protect the
regenerating liver (39).

The six core genes identified via the cytoHubba plug-
in primarily participate in cytochrome c oxidase and
ATP syntheses, thereby significantly contributing to the
energy supply for liver regeneration. ATP5AI, a complex
V subunit alpha histone, has been implicated in neonatal
mitochondrial encephalopathy (40). ATP5A1 overexpression
inhibits tumor cell growth and NLRP3 inflammasome
activation, maintaining mitochondrial function (41,42).
The overexpression of ATPSB, a B polymorphism of the F1
subunit of complex V, can stimulate cell proliferation and
contributes to tumor progression (43,44). Of note, ATP5SB
promotes the progression and metastasis of hepatocellular
carcinoma (HCC) (45), which may prevent the treatment
of HCC with PH. The overexpression of ATP50 leads
to mitochondrial dysfunction, which can inhibit tumor
growth and metastasis; however, the relationship between
ATP50 and ATP production remains unclear (46). When
downregulated, CYCI, a vital protein in the heme subunit
of complex III, can enhance cell proliferation by lowering
apoptosis levels, efficiently blocking metastasis in cancer
cells (47,48). However, the upregulation of CYCI may
not significantly increase ATP production (49). COX4I1,
functioning as a structural protein in the subunit 4 of

© AME Publishing Company.

complex IV, has a low expression in patients with insulin
resistance and type 2 diabetes (50-52). UQCRC2, a core
protein in complex III, is associated with spermatogenesis
and male fertility (53) and can be used to treat liver
failure (54). In addition, its low expression can obstruct
cell proliferation, and its overexpression may encourage
cancer development (55). Despite these findings, the precise
mechanism remains unclear.

Conclusions

The 85% PH model promotes mitochondrial complex
protein expression, with the alteration in complex I
being the most significant, as it provides energy for
liver regeneration. However, steatosis may inhibit liver
regeneration. Key enrichments include the oxidation-
reduction process, electron transfer activity, inner
mitochondrial membrane processes, and others. In
addition, COX4I1, ATP5SB, UQCRC2, CYCI, ATP50, and
ATP5SAI were identified as potential core hub genes in the
mitochondrial respiratory chain in this model. Overall, this
study identified the changes of respiratory chain complex
proteins in liver regeneration tissue after 85% PH, which
may provide a basis for the study of the effect of energy
metabolism on a hepatectomy model.
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