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Objective: To investigate the role of mitochondrial ribosomal proteins (MRPs) in the pathogenesis and progression of septic
myocardial injury. Additionally, we aim to propose new technical strategies and experimental foundations for the prevention and
treatment of septic myocardial injury.

Methods: Animal and cell models of septic myocardial injury were established. Aberrantly expressed MRPs were screened using
transcriptome sequencing, and their expression was verified by RT-qPCR and Western blot. Subsequently, overexpressed and knock-
down cell models of myocardial injury were constructed. The effects on CO I, PGC-1a, ATP content, ROS fluorescence intensity,
mitochondrial membrane potential, and GSDMD were assessed, along with changes in caspase-4 and IL-1B expression levels.
Results: Transcriptome sequencing revealed a reduction in MRPs expression in mice with septic myocardial injury. Both RT-qPCR
and Western blot analysis confirmed the decreased expression of MRPs in animal and cell models of septic myocardial injury.
Furthermore, overexpression of both MRPS16 and MRPL47 mitigated the decrease in CO I and PGC-1a levels induced by septic
myocardial injury. Additionally, overexpression of MRPS16 and MRPLA47 alleviated the elevated levels of IL-1pB, caspase-4, and
GSDMD caused by septic myocardial injury.

Conclusion: The findings suggest that both MRPS16 and MRPL47 can mitigate mitochondrial injury by attenuating mitochondrial
biosynthesis dysfunction, energy metabolism disorders, and Ca®" disturbances caused by septic myocardial injury. This ultimately
reduces cellular damage and alleviates septic myocardial injury.
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Introduction

Sepsis is a systemic inflammatory response caused by the invasion of an organism by a pathogen such as a bacterium,
fungus, or virus.! According to statistics, sepsis affects more than 40 million people worldwide each year, and more than
11 million of them die from sepsis, with a mortality rate of over 25%.% The heart is particularly vulnerable to damage
from sepsis. The incidence of septic myocardial injury is approximately 40%, with a mortality rate ranging from 70% to
90%. Septic myocardial injury leads to weakening of the heart, often manifested as dilatation of the right and left
ventricles, reduction in left ventricular ejection fraction, and myocardial systolic and diastolic dysfunction. These
changes result in decreased pumping function of the heart, leading to systemic blood circulation disorders and inadequate
organ perfusion,*” exacerbating the patient’s condition and significantly impacting the prognosis for sepsis patients while
increasing their risk of mortality.® The mechanisms underlying septic myocardial injury are highly complex and primarily
involve excessive cardiac inflammation response, energy metabolism dysfunction, mitochondrial damage, oxidative
stress, cell apoptosis, pyroptosis, and ferroptosis.”® Mitochondria play crucial roles in energy production as well as
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various cellular functions including calcium signaling, redox homeostasis, and apoptosis. Mitochondrial dysfunction is
mainly characterized by (1) decreased ATP synthesis, (2) increased ROS, (3) Ca®" disorder, and (4) cell death.'*'?
Additionally, mitochondria regulate intracellular calcium homeostasis, the activity of calcium-sensitive enzymes, and
play an important role in Ca*" signaling.

More than 80 mitochondrial ribosomal proteins (MRPs) have been identified in mammals, all of which are encoded
by nuclear genes and synthesized in the cytoplasm. They are then directionally translocated into the mitochondria to
assemble with rRNA and form mitochondrial ribosomes.'* Based on their function and location, they are categorized into
large subunit proteins MRPL and small subunit proteins MRPS. Cardiomyocytes contain the largest number of
mitochondria, accounting for approximately 30% of their volume.'* Mitochondria with normal MRPs expression play
a crucial role in maintaining cardiac function. Dysregulation of MRPs expression leads to mitochondrial translation
disorders and respiratory chain damage, resulting in cell metabolic disorders.'> For instance, the absence of MRPL10
decreases mitochondrial activity and affects mitochondrial complex expression, impacting both mitochondrial function
and the cell cycle.'® Low expression of MRPS28 affects the translational function of mitochondrial ribosomes. Mutation
of MRPS34 impairs protein synthesis and leads to mitochondrial dysfunction,'” disrupting the stability of mitochondrial
ribosomal small subunits and affecting the translation of mitochondrial proteins, ultimately causing Leigh syndrome.'®
Mutations in MRPS16'? and MRPS222° have also been shown to result in defects in the mitochondrial respiratory chain.
Numerous studies have demonstrated aberrant expression of MRPs in tumors as well. For example, MRPS6,!
MRPS30,>> MRPS12, and MRPL13% play critical roles in breast cancer. Studies on the relationship between MRPs
and gastrointestinal tumors have also yielded significant findings, such as with MRP18-A,** MRL38, and liver cancer.”
High expression of MRPS23 has been found to result in mitochondrial dysfunction, proliferation of hepatocellular
carcinoma, and poor survival outcomes.”® Additionally, several studies have demonstrated that aberrant expression of
MRPs can lead to heart disease, including hypertrophic cardiomyopathy and thrombosis.>’*® Myocardial hypertrophy
and thrombosis are among the pathologic changes in the development of septic heart failure. A study also identified a
variant of MRPS14 as a cause of perinatal hypertrophic cardiomyopathy,*” while mutation in MRPL44 is an important
factor in the development of mitochondrial cardiomyopathy in human infants.>® Pathogenic mutations in MRPL3 have
been linked to the clinical phenotype of combined oxidative phosphorylation defect-9 (COXPD-9), with severe
hypertrophic cardiomyopathy being the predominant manifestation following mutations in the gene.*! Furthermore,
MRPLI16 has been significantly associated with infectious cardiomyopathy,** while MRPL12 plays a role in homeostatic
regulation of mitochondrial transcription and ribosome biogenesis.>* Lastly, it has been observed that expression levels of
MRPS21, MRPS2, and MRPL50 are upregulated in cardiac hypertrophic cells, whereas expression level of MRPL34 is
downregulated.

However, the role and mechanism of mitochondrial ribosomal proteins (MRPs) in septic myocardial injury have not
been previously reported. Therefore, this study aims to investigate the role and mechanism of MRPs in septic myocardial
injury. By focusing on MRPS16 and MRPL47 as the research entry point, we utilized cell transfection and other
experimental techniques to examine the effects of MRPs on mitochondrial function and cell death mode. Additionally, we
explored the role and molecular mechanism of MRPs in septic myocardial injury. This research aims to provide a new
technological strategy and experimental basis for preventing and treating septic evidence of myocardial injury, as well as
serving as an experimental foundation for the development of new drugs.

Materials and Methods
Establishment of a Murine Model for Septic Myocardial Injury

The LPS model, as one of the classical models, has an extremely wide application in the field of sepsis research.** Ten
male C57BL/6J mice, aged 6-8 weeks and weighing approximately 20g, with SPF grade (Animal Qualification
Certificate No. SYXK (Yunnan) K2021-0005), purchased for Experimental Animal Center, Kunming Medical
University, were selected and randomly assigned to two groups: the control group (Control group) and the experimental
group (LPS group). After a 2-week acclimatization period, mice in the LPS group were intraperitoneally injected with a
10 mg/kg LPS solution, while mice in the Control group received an equal volume of PBS solution via intraperitoneal
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injection. The condition of the mice was regularly monitored. After 24 hours of LPS treatment, blood was collected by
removing the eyes of the mice to obtain serum for inflammation and injury marker detection. The hearts of the mice were
then collected, washed in 0.9% NaCl solution, dried, and preserved; a portion was fixed in 4% paraformaldehyde for HE
staining, while another portion was stored at —80°C. Transcriptome sequencing was conducted to identify MRPs genes
with abnormal expression levels which were subsequently validated using RT-qPCR and Western blotting techniques
(Ethics No.920IEC/AF/61/2021-01.1).

Construction of a Cell Model for Septic Myocardial Injury

ACI16 cells (purchased from BeNa Culture Collection, cell number BNCC339980) were divided into two groups: the
control group and the experimental group. In the experimental group, AC16 cardiomyocytes were treated with LPS and
Nigericin; while in the control group, cells continued to be cultured in 37°C, 5% CO, medium. Nigericin is an antibiotic
that acts in combination with LPS, thereby inducing an inflammatory response in cells. Cell viability was assessed using
CCKS8, and inflammatory factors as well as myocardial injury markers were measured to evaluate the extent of cell injury.
Subsequently, significantly different MRPs were identified for further functional and mechanistic studies. Septic
myocardial injury cell models with overexpression and knockdown of MRPs were constructed. The effects of over-
expression and knockdown were confirmed through RT-qPCR and Western blot analysis. Mitochondrial function tests
included measuring mitochondrial biosynthesis by assessing the expression levels of Cytochrome C Oxidase Subunit I
(CO 1) and PGC-1a (peroxisome proliferator-activated receptor-y coactivator-1a), which is a key regulator of mitochon-
drial biosynthesis; evaluating energy metabolism disorders by detecting ATP content and ROS fluorescence intensity; as
well as assessing Ca®" disorder through measurement of mitochondrial membrane potential (MMP) using TMRE
staining. Focal death assays involved Western blot analysis for GSDMD and caspase-4, along with RT-qPCR for IL-1§.

HE Staining of Heart Tissue

Mice hearts were collected after cervical dislocation execution, washed in 0.9% sodium chloride solution, partially
preserved in 4% paraformaldehyde fixative, dehydrated, hyalinized, wax-dipped, and embedded before sectioning and
staining. After sealing, the sections were microscopically observed and photographed.

ELISA for Measurement of Inflammatory Factors in Mouse Serum

After mice were treated with LPS (10 mg/kg) by intraperitoneal injection for 24h, blood was extracted from the eyeballs
of mice and serum was separated for the detection of myocardial injury markers. The serum was collected from different
treatment groups, centrifuged at 3500 rpm for 10 min at 4°C, and the supernatant was taken from another clean 1.5 mL
EP tube. The mouse ELISA IL-6 kit (EK0411), ELISA IL-1B kit (bsk12015) and ELISA TNF-a kit (EK0527)
instructions were used, respectively, and the optical density values of the reaction wells were determined by enzyme
labeling instrument and the standard curves were plotted, and then the serum levels of IL-6, IL-1B, and TNF-a in the
mouse serum were calculated, respectively. Content of IL-6, IL-1f, and TNF-a in the serum of mice.

Detection of Markers of Myocardial Injury in Mouse Serum and Cell Culture

Supernatants

Myocardial injury markers in mouse serum and AC16 cell culture supernatants were detected by mouse ELISA cTnl kit
(MM-0791M1), mouse ELISA LDH kit (CSB-E11723m), human ELISA cTnl kit (MM-0922H1), and human ELISA
LDH kit (MM-0354H1) respectively, which was operated according to the instructions, and the absorbance value of each
reaction well was determined by the enzyme marker. Finally, a standard curve was plotted and the cTnl and LDH levels
were calculated.

ACI16 Cell Culture

The cryopreservation tube was retrieved and placed in water at 37°C with gentle agitation. After the cells were thawed,
the cryopreservation solution was transferred into a centrifuge tube. The tube was centrifuged at 1000 rpm for 5 minutes,
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and then the cells were resuspended in the culture medium. 1 mL of the cell suspension was transferred into a new T25
culture flask. Subsequently, 4 mL of DMEM medium supplemented with 10% fetal bovine serum (FBS) was added and
mixed thoroughly. The flask was then placed in a 37°C incubator with 5% CO, for culturing. When the cell density
reached 80-90%, cell passage was carried out. The original culture medium was first discarded, and PBS (BL302A) was
added into the flask for rinsing twice. Then, 1 mL of trypsin (25200056) was added to digest the cells. The cell
suspension was then transferred into a centrifuge tube, centrifuged at 1000 rpm for 5 minutes, and the supernatant was
discarded. The cells were resuspended in the culture medium, aliquoted into new culture flasks, and sufficient culture
medium was added to ensure that the cells had adequate nutrition and growth space. After gently shaking the culture
flasks, they were placed back into the incubator for further culturing.

CCKS8 Assay for Cell Viability

CCK8 assay was performed using the Enhanced CCK8 Kit (BA00208). Cells were inoculated into 96-well culture plates
for overnight incubation, and different concentrations of drugs were added to each well to stimulate the cells, which were
again put into the incubator for incubation. At the end of incubation, 10 pL. of CCK8 solution was added to each well,
and the cells were again incubated in a carbon dioxide incubator for about 2 h. The cells were then incubated for about 2
h in a CO, incubator. Finally, the absorbance value at 450 nm was measured with an enzyme marker to calculate the
survival of cells in each well.

RT-qPCR

Cell samples were extracted with RNA extraction kit (B0004DP). Tissue samples were clipped and lysed by adding 1 mL
of Trizol reagent to lysed cells, 200 puL of trichloromethane to extract RNA, 500 pL of isopropanol to precipitate the
RNA, and anhydrous ethanol to wash the RNA and then 30 pL of enzyme-free water to solubilize the RNA to extract the
RNA. The concentration and purity of the RNA was determined by the RNA Reverse Transcription Kit All in-One First-
Strand Synthesis Master Mix (with dsDNase) (EGN). The concentration and purity of RNA were determined using a
Nanodrop 2000 spectrophotometer, and the reverse transcription PCR reaction was carried out using the RNA Reverse
Transcription Kit All-in-One First-Strand Synthesis Master Mix (with dsDNase) (EG15133S), and the reaction system
(20 pL) was as follows: 4 pL All-in-One First-Strand Synthesis Master Mix (with dsDNase) (EG15133S). The reaction
system (20 puL) was as follows: 4 pL All-in-One First-Strand Synthesis Master Mix, 1 pL dsDNase, 1 pg of template
RNA, and Nucleic-Free Water to make up to 20 pL. The reaction conditions were set as follows: 37°C for 2 min, 55°C
for 15 min, and 85°C for 5 min. cDNA was diluted 5-fold, and the reaction conditions were set using Taq SYBR® Green,
which is a proprietary biotechnology company of Jiangsu Yugong Bio-technology Co. Ltd Taq SYBR® Green qPCR
Premix (Universal) (EG20117M) kit for RT-qPCR reaction. Primers for quantification were designed using Primer-
BLAST on the NCBI website (https://www.ncbi.nlm.nih.gov/), and primers were synthesized by Prime Biotech, as shown

in Table 1 and Table 2. The RT-qPCR reaction system (20 pL) was configured into a 20 pL reaction system in octuplex
tubes as follows: 10 uL. Tag SYBR Green qPCR Premix, 0.4 pL upstream primer (10 uM), 0.4 pL. downstream primer (10
uM), 2 uLL cDNA template, and 7.2 pL enzyme-free water. The reaction conditions were: pre-denaturation at 95°C for
30s; 40 cycles of 95°C for 10s and 60°C for 30s; 60°C for 60s and 95°C for 15s to plot the melting curve.

Western Blot

The tissues and cells were collected into EP tubes, and the configured protein lysis solution (RIPA: protease inhibitor =
1:100 ratio) was added, blown and mixed, and placed on ice for 30 min for protein lysis. Then after centrifugation at
12000 rpm at 4°C for 10 min, the supernatant protein was aspirated to measure the total protein concentration using the
enhanced detection kit (P0010) from Shanghai Beyotime, and the 5x protein uploading buffer was configured with the
samples to be tested at a ratio of 4:1 according to the protein content, and then mixed and centrifuged and placed into a
water bath or metal bath set at 100°C in advance, and then the EP tubes were covered tightly and the protein was The
denatured protein was centrifuged and then the protein was sampled for run electrophoresis. The samples were added on
12.5% SDS-PAGE, transferred to a PVDF membrane, closed with skim milk powder and incubated overnight with
primary antibody. Primary antibodies against MRPL19 (bs-17775R), MRPL12 (PA5-112178), MRPL49 (bs-17802R),
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Table | Primer Sequences (Mice)

Primer Sequences (5'-3')
GAPDH-F ATGGTGAAGGTCGGTGTGA
GAPDH-R AATCTCCACTTTGCCACTGC
IL-1B-F CTCGCAGCAGCACATCAACAAG
IL-1B-R CCACGGGAAAGACACAGGTAGC
IL-6-F AGTTGCCTTCTTGGGACTGA
IL-6-R TCCACGATTTCCCAGAGAAC
TNF-a-F CCTCCAGAAAAGACACCA
TNF-a-R ACAAGCAGGAATGAGAAGAG
MRPL19-F CATGGCAGAAAGTTGTAGGG
MRPLI9-R TGCTCTGAAATCGGCTTGG
MRPL47-F TACAACAGGAGGCGGTTCTTC
MRPL47-R AGGGCGTGTTTCTCAATTCT
MRPL12-F CTTACCAAGTGAACACACCC
MRPLI2-R AGGTGGTCCTTTATACC
MRPS[4-F GTCCGTGGCGGGAGA
MRPS14-R TGGCTGAATGCTCTGCT
MRPL3-F AGCCGTGGCCTTTACATCCCT
MRPL3-R TCATGCCTAGCTTCAGGGCGA
MRPS|6-F TACCACGGAGGCCACCTAAC
MRPSI16-R AGCAGCCACAATGCGGTAAA
MRPL49-F CGGCTTTGTGGAGTCTGTGGA
MRPL49-R AAGTAGGGCAAGCTGGGAAGA
MRPL34-F ACATCAAGCGCAAGCACAAG
MRPL34-R CGGCGTCTGAGTCTATTCCC

Table 2 Primer Sequences (Human)

Primer Sequences (5'-3')
GAPDH-F TGACTTCAACAGCGACACCCA
GAPDH-R CACCCTGTTGCTGTAGCCAAA
IL-1B-F CCGACCACCACTACAGCAAGG
IL-1B-R GGGCAGGGAACCAGCATCTTC
TNF-a-F CCCATGTTGTAGCAAACCCTC
TNF-0-R TATCTCTCAGCTCCACGCCA
IL-6-F CAATGAGGAGACTTGCCTGG
IL-6-R TGGGTCAGGGGTGGTTATTG
MRPLI9-F ACGAGATGCCCTTCCTGAAT
MRPL19-R GGACGTTCCCAGCGTTTAGA
MRPLI2-F GGAGGACTTGTGTTCAGGGG
MRPLI2-R GCAATTCTCCCAAACGGCTC
MRPL49-F CCCTCCAGATTACCCCAGGT
MRPL49-R GGGGATCTGGGATCCTGGTA
MRPL34-F GGTGTCTAGGGCCTGGAGATG
MRPL34-R CAAGACAGCCATATCCGCAG
MRPS14-F GGCAATTCCAAGAGGGCAAC
MRPS14-R TGACTGGAACCTGAACTCGC
MRPS|16-F GGTCCACCTCACTACTCTCCT
MRPS16-R CCCTGGGACACTTGTTGTGA
(Continued)
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Table 2 (Continued).

Primer Sequences (5'-3')
MRPL47-F CACAGTGCACAACAGTCCAAA
MRPL47-R CCAGTGGATTGGTAGAACTGCT
MRPL3-F AAACTTCCCCACGGCTACTG
MRPL3-R GGGAAGACTCGACTCACGAC
PGC-la-F CCAGGTCAAGATCAAGGTCTCCAG
PGC-la-R TGCGTGCGGTGTCTGTAGTG
CO I-F CCTCTTCGTCTGATCCGTCCTAATC
CO I-R TGGTGTTGAGGTTGCGGTCTG

MRPL34 (PA5-103525), MRPS14 (PA5-120370), MRPS16 (GTX66585), MRPL47 (PA5-101365), MRPL3 (PAS-
106677), caspase-4 (ER62908), GSDMD (ER1901-37), GAPDH (GB15004-100), and B-actin (ab8227) were washed
three times with TBST for 10 min each time, and then washed with a 1:5000 dilution at room temperature with the of
horseradish peroxidase-coupled secondary antibody for one and a half hours at room temperature, and finally the protein
bands were detected by chemiluminescence.

Plasmid Transfection Experiment

The MRPS16 and MRPL47 overexpression and knockdown plasmids in this experiment were designed and synthesized
by Shanghai Jikai Gene Biology Co. The overexpression GV657 control vector did not insert any sequence, and the
knockdown GV493 control vector inserted a meaningless sequence: TTCTCCGAACGTGTCACGT. Both the over-
expression and knockdown vectors had green E-GFP fluorescent protein. The knockdown plasmid was designed with
three sh-RNA target sequences RNAI, and the target sequence with the best knockdown effect was selected for
subsequent experiments. Tiangen endofree mini plasmid kit (DP118) was used to extract the plasmids. The plasmid
was transfected into cells with lipo3000 transfection reagent (L3000015), and the cell infection rate was observed by
fluorescence microscope after the transfection reached 24h. The fluorescence rate was ensured to be above 50%, the cell
sediment was collected, and RNA and protein were extracted according to the above method, and the overexpression and
knockdown effects were evaluated by using RT-qPCR and Western blot experiments.

ATP Kit to Detect ATP in Cardiomyocytes

ATP content of cardiac tissues was measured using ATP assay kit (S0026). The cell samples were first collected, and
after adding 200 pL of lysate and blowing repeatedly, the supernatant was centrifuged at 4°C 12000g for 5 minutes.
Then the diluted ATP assay working solution was added into the 96-well plate in advance and left at room temperature
for 5 min to remove the background ATP. Then the samples and different concentrations of ATP standards (0.01, 0.1, 1
and 10 uM) were added into the reaction wells, mixed well and then placed in the enzyme marker to detect the
intracell RLU values of each group of cells and plotted the standard curve, and the ATP content was calculated
according to the standard curve.

Detection of ROS in Living Cells by Flow Cytometry

Cells were inoculated into 6-well plates for overnight incubation, transfected for 24h and drug-treated for 24h, then
removed and the culture medium was aspirated. DHE staining solution was diluted with serum-free medium at 1:1000
to a final concentration of 10 uM. DHE staining working solution was added to each well to cover the cells, which
were incubated in an incubator for 20 min. Trypsin digested the cells, and the cells were resuspended in PBS, and then
analyzed and detected the cell ROS using a flow cytometer with an excitation wavelength of 488 nm and an emission
wavelength of 578 nm, emitting red fluorescence, and the results were analyzed by using FlowJo software to select
FL3 channel.
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Mitochondrial Membrane Potential Assay (TMRE Staining)

AC16 cells were inoculated into 6-well plates after transfection and dosing, the culture medium in the 6-well plates was
aspirated, washed once with PBS, 100 pL of 50-500 nM TMRE working solution was added to each well, and the cells
were incubated in an incubator at 37°C for 5-30 min. At the end of the incubation, the cells were washed twice with
culture medium, and 2 mL of the medium was added and placed under a fluorescence microscope to be observed and
analyzed, and the excitation wavelength of TMRE was 550 nm and the emission wavelength was 575 nm. Changes in red
fluorescence intensity represent the level of mitochondrial membrane potential in cardiomyocytes.

Statistical Analysis

Results were analyzed using SPSS 19.0 and GraphPad Prism 9.0 software. When comparing data between two groups,
t-tests or rank sum tests were used. One-way ANOVA was used when making comparisons between multiple groups.
Data were expressed as mean + SEM. In particular, for RT-qPCR results, relative expression was calculated using the
2722 method. For Western blot results, Image J software was used to analyze the grayscale values between the samples
of the proteins to be tested and the internal reference. For statistical analysis, P<0.05 indicated that the difference was

significant.

Results

Construction of Septic Myocardial Injury Mouse Model

Firstly, the septic myocardial injury mouse model was constructed. The experimental group was injected intraperitoneally
with 10 mg/kg LPS, and the control group was injected intraperitoneally with an equal amount of PBS. 24h later, it was
found that the experimental mice had obvious symptoms of septic shock, which were mainly manifested as a drop in
body temperature, weakened respiration, slow movement, acanthosis and roughness of the hairs to the touch, the
whiteness of the eyeballs, and the appearance of a large amount of white secretion around the eye sockets
(Figure 1A). HE staining showed that there was a large number of inflammatory cells exuded between myocardial
tissues, some myocardial cells showed vacuolar changes, and the walls of vascular tubes were edematous (Figure 1B). To
further verify whether the mouse model of septic myocardial injury was successfully constructed, mouse serum was
collected for inflammation and myocardial injury marker assays. ELISA results showed that compared with the control
group, the expression levels of IL-6, IL-1f, and TNF-a in the serum of the experimental group of mice were significantly
higher (Figure 1C), while the levels of LDH and cTnl in the LPS group were significantly elevated (Figure 1E). RT-
gPCR results showed that the expression levels of IL-6, IL-1 and TNF-o. mRNA were significantly elevated in the heart
tissues of mice in the experimental group, which was consistent with the ELISA results (Figure 1D), indicating that the
myocardium had been severely damaged, and an animal model of septic myocardial injury had been successfully
established.

Mitochondrial Ribosomal Proteins are Significantly Under-Expressed in Animal Models
of Septic Myocardial Injury

After successful modeling, transcriptome sequencing was performed on cardiac tissues of normal control mice and septic
myocardial injury model mice, revealing many differentially expressed genes. Among them, MRPs (MRPS14, MRPS16,
MRPL3, MRPL12, MRPL19, MRPL34, MRPL47, MRPL49) were downregulated in the LPS group (Figure 2A). To
further investigate the biological functions of these differentially expressed genes, GO and KEGG enrichment analyses
were conducted separately. In the GO enrichment analysis, differentially expressed genes were found to be involved in
ribosomes at the Biological Process (BP), Cell Components (CC), and Molecular Function (MF) levels, and KEGG
enrichment analysis also indicated enrichment of ribosomes (Figure 2B).

The sequencing results were further validated using RT-qPCR and Western blot, which showed that the mRNA
expression levels of MRPs (MRPS14, MRPS16, MRPL3, MRPL12, MRPL19, MRPL34, MRPL47, MRPL49) in cardiac
tissues of the experimental group were significantly decreased compared with those of the control group (Figure 2C)
Western blot results showed that protein expression levels of MRPs (MRPS14, MRPS16, MRPL3, MRPL12, MRPL19,
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MRPL34, MRPL47, MRPL49) were also reduced in the heart tissues of the experimental group compared with the
control group (Figure 2D), confirming that MRPs were significantly under expressed in septic myocardial injury mice.

Construction of Cell Model of Septic Myocardial Injury

LPS and Nigericin were used to construct a cell model of septic myocardial injury, and the concentration and time of cell
survival at around 60% were chosen as the modeling conditions for the experimental group. CCK8 results showed that
LPS and Nigericin reduced the viability of AC16 cells in a dose and time dependent manner, and the cell viability of
ACI16 cells was around 60% when the cardiomyocytes were treated with 10 pM Nigericin for 24h or 1 uM Nigericin for
48h (Figure 3A). However, due to the long stimulation time of 48 h, the combined treatment of cardiomyocytes with 10
pg/mL LPS and 10 uM Nigericin for 24h was chosen as the condition for the subsequent experiments. After drug
treatment, it was observed microscopically that cardiomyocytes increased in size and became irregular in morphology
(Figure 3B). To further verify whether the septic myocardial injury cell model was constructed successfully, inflamma-
tion and myocardial injury marker assays were tested. RT-qPCR results showed that the expression levels of IL-6, IL-1p,
and TNF-o mRNA were significantly higher in cardiomyocytes of the experimental group (experiment) compared with
the control (Control) group (Figure 3C). ELISA The results showed that the expression levels of LDH and ¢Tnl were
significantly higher in the culture supernatants of AC16 cardiomyocytes in the experimental group (experiment)
compared with the control group (Figure 3D), suggesting that the drug successfully induced inflammation and injury
in cardiomyocytes, indicating the successful construction of septic cardiomyocyte model.

Mitochondrial Ribosomal Proteins are Lowly Expressed in a Cell Model of Septic

Myocardial Injury

After successful modeling, the above MRPs were validated in the cell model using RT-qPCR and Western blot. RT-qPCR
results showed that the mRNA expression levels of cardiac tissue MRPs (MRPS14, MRPS16, MRPL3, MRPL12,
MRPL47, MRPL49) were reduced in the experimental group compared with the control group (Figure 3E). Western
blot results showed that the protein expression levels of cardiac tissue MRPs (MRPS14, MRPS16, MRPL3, MRPL12,
MRPL34, MRPL47, MRPL49) were reduced in the experimental group compared with the control group (Figure 3F).
Among them, MRPS16 and MRPL47 showed the most significant reduction in expression levels, and therefore, these two
MRPs were selected for subsequent transfection experiments.

Successfully Constructed MRPS16 and MRPL47 Overexpression and Knockdown Cell

Models and Verified Their Biological Functions

Next, MRPS16 and MRPL47, which have the largest expression differences, were selected to further investigate the
biological functions played by MRPs in septic myocardial injury. The models of MRPS16 and MRPL47 overexpression
and knockdown were constructed by plasmid transfection of cells, respectively. After plasmid transfection of cells,
fluorescence microscopy was used to observe whether the cells showed green fluorescence to initially determine the
transfection efficiency. The number of cells emitting fluorescence and the total number of cells were counted in multiple
fields of view, and then the transfection efficiency was expressed as the percentage of the number of cells emitting
fluorescence to the total number of cells can be transfection efficiency. During transfection, effects on cell viability are
unavoidable. During the pre-experiment we observed that the transfection reagent lipo3000 did inhibit cell viability.
However, there was no significant difference in cell viability between the negative control transfection group and the
plasmid transfection group, which led to the consistency of the cell number between the experimental group and the
control group after transfection, and laid the foundation for the accuracy and reliability of the subsequent experiments.
The results showed that the transfection efficiency of the overexpression and knockdown plasmids was around 80% after
24h of transfection (Figure 4A and B), indicating that both the overexpression and knockdown plasmids were successful
in transfecting AC16 cells. Then RT-qPCR and Western blot were utilized to further evaluate the transfection effect. RT-
gPCR results showed that compared with the overexpression control group, the RNA levels in the Ov-MRPS16 and Ov-
MRPLA47 groups were significantly higher (Figure 4C), and compared with the knockdown control group, the RNA levels
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in the sh-MRPS16 and sh-MRPL47 groups were significantly lower in the sh-MRPS16 and sh-MRPL47 groups
compared with the overexpression control group (Figure 4D). Western blot results showed that the protein levels were
significantly higher in the Ov-MRPS16 and Ov-MRPL47 groups compared with the overexpression control group
(Figure 4E). Compared with the knockdown control group, the knockdown effect was observed in the sh-MRPS16-1/-
2/-3 group and the sh-MRPL47-1/-2/-3 group, with the sh-MRPS16-1 group and sh-MRPL47-1 group had the best
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Phase contrast Fluorescence Phase contrast Fluorescence

Vec

Vec o : _
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Figure 4 Continued.
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knockdown effect, which was used for the follow-up study (Figure 4F), which was consistent with the RT-qPCR results,
and further successfully verified the effect of transfection as well as the gene expression after transfection, and
successfully constructed the MRPS16 and MRPL47 overexpression and knockdown cell models.

Both MRPS16 and MRPL47 Overexpression Alleviates Mitochondrial Biosynthesis
Dysfunction Induced by Septic Myocardial Injury

After constructing overexpression and knockdown plasmids in AC16 cells, drug treatment was performed to construct
septic myocardial injury cell model constructs, and the expression level of Cytochrome C Oxidase Subunit I (CO I) or
PGC-1la (peroxisome proliferator-activated receptor-gamma coactivator-1a) was used to reflect mitochondrial biosynth-
esis. The results are shown in Figure 5SA and B. mRNA levels of CO I and PGC-1a were reduced in the LPS and
Nigericin treated groups compared with the normal control group, suggesting that septic myocardial injury impairs cell
mitochondrial biosynthesis capacity, leading to mitochondrial dysfunction. Compared with the overexpression negative
control spiking group, both CO I and PGC-1a levels were significantly increased after MRPS16 and MRPL47 over-
expression. CO I and PGC-1a levels were significantly reduced after MRPS16 and MRPL47 knockdown compared to the
knockdown negative control plus group. It is suggested that MRPS16 and MRPL47 overexpression can alleviate
mitochondrial biosynthesis dysfunction caused by septic myocardial injury and mitigate mitochondrial damage, whereas
MRPS16 and MRPL47 knockdown produces the opposite effect.

Both MRPS16 and MRPL47 Overexpression Alleviates ROS Elevation Induced by
Septic Myocardial Injury

The results of flow cytometry are shown in Figure 5C, where ROS levels were significantly increased in the LPS and
Nigericin treated group compared with the normal control group. Compared with the overexpression negative control
spiked group, ROS levels were significantly reduced after MRPS16 overexpression and slightly reduced after MRPL47
overexpression. Compared with the knockdown negative control plus group, ROS levels were significantly elevated after
MRPS16 knockdown and enhanced after MRPL47 knockdown. It is suggested that both MRPS16 and MRPL47
overexpression can alleviate the elevated ROS caused by septic myocardial injury and attenuate the mitochondrial
injury, whereas MRPS16 and MRPL47 knockdown produce opposite effects.

Both MRPS16 and MRPL47 Overexpression Alleviates the Decrease in Mitochondrial
Membrane Potential Induced by Septic Myocardial Injury

As shown in Figure 5D, the fluorescence intensity of mitochondrial membrane potential was significantly weakened in
the LPS and Nigericin treated group compared with the normal control group. Compared with the overexpression
negative control spiked group, the fluorescence intensity of mitochondrial membrane potential was significantly
enhanced by MRPS16 overexpression, and the fluorescence intensity of mitochondrial membrane potential was enhanced
by MRPLA47 overexpression. On the contrary, the fluorescence intensity of mitochondrial membrane potential was
significantly reduced after MRPS16 knockdown, and after MRPL47 knockdown, compared with the knockdown negative
control addition group. It is suggested that both MRPS16 and MRPL47 overexpression can alleviate the reduction of
mitochondrial membrane potential induced by septic myocardial injury, whereas MRPS16 and MRPL47 knockdown
exacerbates the reduction of mitochondrial membrane potential induced by septic myocardial injury.

Both MRPS16 and MRPL47 Overexpression Alleviates the Decrease in ATP Content
Induced by Septic Myocardial Injury

As shown in Figure SE, ATP content was significantly reduced in the LPS and Nigericin treated group compared with the
normal control group. Compared with the overexpression negative control spiked group, ATP content was restored after
MRPS16 overexpression and increased after MRPL47 overexpression. In contrast, ATP content was reduced after
MRPS16 knockdown and also after MRPL47 knockdown compared to the knockdown negative control plus group. It
is suggested that both MRPS16 and MRPL47 overexpression can alleviate the decrease in ATP content caused by septic
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myocardial injury and ameliorate mitochondrial injury, while MRPS16 and MRPL47 knockdown exacerbate the decrease
in ATP content caused by septic myocardial injury and aggravate mitochondrial injury.

Both MRPS16 and MRPL47 Overexpression Reduces Cell Pyroptosis Induced by
Septic Myocardial Injury

RT-qPCR results are shown in Figure 6A, IL-1p mRNA expression levels were significantly higher in the LPS and
Nigericin treated group compared to the normal control group. Compared with the overexpression negative control
spiked group, IL-1f mRNA expression level was reduced after MRPS16 overexpression, and after MRPL47 over-
expression, IL-1p mRNA expression level was also reduced. On the contrary, compared with the knockdown negative
control addition group, IL-1PmRNA expression level was increased after MRPS16 knockdown, and IL-1PmRNA
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level of IL-I mRNA in ACI6 cells; (B) Western blot to detect the expression level of caspase-4 and GSDMD in Control and experimental groups; (C) Western blot to
detect the expression levels of caspase-4 and GSDMD in MRPSI6 and MRPL47 overexpression septic myocardial injury group; (D) Western blot to detect the expression
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expression level was mildly increased after MRPL47 knockdown. Western blot results were shown in Figure 6B-D,
compared with the normal control group, cardiomyocyte caspase-4, GSDMD protein expression in the addition group
were all Compared with the normal control group, the caspase-4 and GSDMD protein expression of cardiomyocytes in
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the drug-added group were significantly increased, suggesting that the septic myocardial injury model could cause the
increase of cardiomyocyte caspase-4 and GSDMD production and promote the occurrence of nonclassical death.
Compared with the overexpression-negative control plus group, caspase-4 and GSDMD expression levels were reduced
after MRPS16 overexpression and MRPL47 overexpression. Compared with the knockdown negative control plus group,
after MRPS16 knockdown, caspase-4 was elevated, and there was no significant change in the reduced level of GSDMD
expression. After MRPL47 knockdown, there was no significant change in the level of caspase-4 expression, and there
was an increase in the level of GSDMD expression, suggesting that the overexpression of MRPS16 and MRPL47
attenuates nonclassical scorched death in septic cardiomyocytes.

Discussion

Sepsis often involves multiple organs and systems, of which the heart, as an important part of the body’s circulatory
system, is more susceptible to sepsis damage. Septic myocardial injury can lead to cardiac insufficiency and cardiovas-
cular failure, resulting in poor blood perfusion and even death.*> Currently, among the determinants for evaluating animal
models of sepsis, echocardiography is considered to be the most visual evidence for detecting sepsis combined with
myocardial injury. Echocardiography can detect and calculate end-systolic and end-diastolic volumes, left ventricular
internal diameter shortening fraction, and ejection fraction. Our group has already done echocardiography on LPS
intraperitoneally injected mice, and the results showed that the LV end-diastolic internal diameter and LV end-systolic
internal diameter of the LPS injected mice were significantly shortened, and the LV ejection fraction was significantly
reduced, which proved that myocardial dysfunction did occur in the LPS group of mice.*® The present study continues
the previous study of LPS abdominal mice. In this study, we continued the previous modeling method of intraperitoneal
injection of LPS and did not repeat the echocardiographic testing, but only evaluated the sepsis model in terms of the
state of the mice, pathological HE sections, expression of inflammatory factors, and expression of markers of myocardial
injury, which matched the results of the previous echocardiography. Therefore, even without echocardiography, we can
assess the success of the sepsis model by observing the status of the mice, pathohistologic HE stained sections,
expression of inflammatory factors, and expression of markers of myocardial injury, which will provide a simpler
method for future sepsis studies.

MRPs are important for the synthesis of mitochondria-encoded proteins and maintenance of mitochondrial function.
Their aberrant expression or dysfunction can lead to mitochondrial dysfunction and cell death, which are closely
associated with the onset and progression of many diseases.”” MRPS16 mutation'® and MRPS22 mutation?® lead to
mitochondrial respiratory chain defects. In addition to mitochondrial diseases, some MRPs are abnormally expressed in
tumors and may be targeted for tumor treatment. Mitochondria with normal expression of MRPs are essential for
maintaining cardiac function. Abnormal expression of MRPs also contributes to heart disease, including hypertrophic
cardiomyopathy and blood clots. Mitochondrial biology plays a critical role in cardiovascular disease, as mitochondria
are central to cellular energy metabolism, redox balance, and apoptotic signaling, all of which are essential for
maintaining cardiovascular health. The current understanding emphasizes that mitochondrial dysfunction is a hallmark

4 L4l
3949 and arrhythmias.

of many forms of cardiovascular disease, including ischemic heart disease,*® heart failure,

In this study, we combined the expression of MRPs in animal and cell models of septic myocardial injury and
screened MRPS16 and MRPL47 for subsequent studies. The MRPS16 gene belongs to the family of ribosomal proteins
MRPs, encoding 28S small subunit proteins, with a chromosomal localization of 10q22.1*"-q22.2%.4> MRPS16 encodes a
137 amino acid protein that is one of the most conserved ribosomal proteins in mammalian and yeast mitochondria.'® It is
one of the most conserved ribosomal proteins in mammalian and yeast mitochondria. Studies have shown that MRPS16
mutations can lead to defective mitochondrial translational function and mitochondrial respiratory chain dysfunction®
MRPS16 is commonly expressed at higher levels in tumor tissues and promotes glioma cell growth, migration, and
invasion through activation of the PI3K/AKT pathway.'® Mutations in MRPS16 have been associated with hypoplasia
and malformation of the corpus callosum, as well as neonatal fatal lactic acidosis.** MRPS16 is highly expressed in
ovarian cancer and is associated with poor prognosis.*> MRPS16 is expressed at high levels in liver tumor cells and at
lower abundance in melanoma cells. The MRPL47 gene, also a member of the MRPs family, encodes a large subunit

protein and is localized to chromosome 3q26.32-3q27.1.% In recent years, fewer studies have been conducted on the
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RPL47 gene, and mutations in the MRPL47 gene are a high risk factor for vincristine-induced peripheral neuropathy in
childhood acute lymphoblastic leukemia,’” and is also one of the differentially expressed genes detected in vitiligo,*® at
present, the role and mechanism of both MRPS16 and MRPL47 in septic myocardial injury have not been reported.

The present study demonstrated that overexpression of MRPS16 or MRPL47 could improve the mitochondrial
biosynthesis dysfunction, energy metabolism disorder, and Ca®" disorder caused by septic myocardial injury by reducing
the decrease of CO I and PGC-1a levels, alleviating the elevation of ROS, the reduction of the mitochondrial membrane
potential, and the decrease of ATP content, and thus ameliorating the mitochondrial damage caused by septic myocardial
injury. In contrast, knockdown of either MRPS16 or MRPLA47 resulted in a corresponding decrease in mitochondrial
biosynthesis, more disturbed energy metabolism and Ca”*, and aggravated cardiomyocyte injury. These results are
consistent with previous studies, in which mitochondrial copy number was also increased or decreased after MRPL12
overexpression or knockdown.*” MRPL10 knockdown decreased mitochondrial respiration and intracell ATP levels,
which also led to decreased mitochondrial activity and mitochondrial complex expression.'®

Previous studies of septic myocardial injury have focused on the regulation of apoptotic pathways by certain protein
molecules or signaling pathways. For example, the protective role of PARK2/Parkin in sepsis-induced cardiac contraction

0

and mitochondrial dysfunction.’® Melatonin attenuates septic myocardial injury through a PI3K/Akt-dependent

mechanism.”’ ZSHX regulates mitochondrial calcium homeostasis and MQS abnormalities through the TMBIMG6-

VDAC] interaction mechanism, inhibiting mitochondrial damage to treat ischemic myocardial injury.>*>>

Quercetin
alleviates myocardial cell injury caused by mitochondrial oxidative stress through DNA-PKcs and regulates mitosis and
mitochondrial apoptosis.”* However, our group established several animal models of sepsis heart failure including CS
sepsis heart failure and LPS sepsis heart failure in the previous study, and carried out pathomorphologic observation,
electron microscopic observation and apoptosis-related assays, including TUNEL apoptosis assay and apoptosis-related
protein assay (Caspase3, Caspase9, Bax, Bim, Bcl2, ie), through repeated experiments, the TUNEL results all showed
that apoptosis occurred in only a few sporadic cells of cardiomyocytes, which was consistent with the morphological
changes observed in pathological tissue sections and electron microscopy, and the results of apoptosis-related protein
assays: all suggesting that apoptosis of cardiomyocytes is not the main etiology of septic heart failure, but most likely cell
pyroptosis. Currently, there are also several studies confirming that LPS-induced non-classical cell pyroptosis pathway is
closely related to sepsis.”> >’ These studies suggest that pyroptosis may become an effective target for sepsis therapy in
the future, providing new ideas for the prevention and treatment of diseases such as septic myocardial injury. Therefore,
in the present study, we investigated the role of MRPs in cell juxtaposition by examining cell juxtaposition-related
indicators (IL-1B, caspase-4, GSDMD) in overexpression and knockdown sepsis cell models. The results indicated that
MRPS16 and MRPLA47 could play a role in cell juxtaposition. Overexpression of MRPS16 and MRPL47 ameliorated the
elevated expression levels of IL-1p, caspase-4, and GSDMD caused by septic myocardial injury, thereby alleviating the
occurrence of cell juxtaposition. This may be achieved by ameliorating the mitochondrial damage. Therefore, MRPS16
and MRPL47 may be key regulatory points in regulating mitochondrial function and may serve as possible therapeutic
targets for septic mitochondrial injury and septic myocardial injury.

The limitations of this study are: first, only the expression levels of MRPs in mice and AC16 cells were verified, but
not further verified by clinical tissue samples. Second, the study of the mitochondrial autophagy aspect was missing in
exploring the cell death mode. Third, this experiment also lacked the study of the specific pathway of action of MRPs on
septic myocardial injury, which was only at the level of the effect of mitochondrial biological function. Therefore, we
will continue to conduct in-depth studies in the following: first, collect myocardial tissue samples from sepsis patients to
verify the expression of MRPs. Second, we will use fluorescent labeling and immunoprecipitation techniques to further
explore the interaction of MRPs with key proteins and pathways of mitochondrial autophagy. Third, we will construct
animal models of knockout and overexpression of MRPs to further explore the key molecular signaling pathway nodes.
We will explore the specific mechanisms by which MRPs affect mitochondrial function from multiple perspectives, and
lay a solid foundation for elucidating the mechanism of myocardial injury in sepsis.
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Conclusion

In this study, we confirmed that MRPs (MRPS14, MRPS16, MRPL3, MRPL12, MRPL19, MRPL34, MRPL47,
MRPL49) were decreased in expression in animal and cell models of septic myocardial injury. Both MRPS16 and
MRPLA47 overexpression could reduce mitochondrial biosynthesis dysfunction by attenuating mitochondrial biosynthesis
dysfunction caused by septic myocardial injury, energy metabolism disorder and Ca®* disorder, ameliorate mitochondrial
injury, and thereby reduce cell pyroptosis and ultimately alleviate septic myocardial injury, Knockdown results in the
opposite. Although MRPs genes have been reported in most tumors, their role in septic myocardial injury is the first time
to be discovered. Meanwhile, this study preliminarily explored the potential regulatory mechanisms by which MRPS16
and MRPLA47 play important roles in septic myocardial injury, which provides a possible theoretical basis for the future
diagnosis and treatment of septic myocardial injury, and we will continue to conduct more in-depth analyses of potential
molecular pathways by which these MRPs affect mitochondrial function in the follow-up.
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