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MG53 protects against contrast-induced acute kidney injury
by reducing cell membrane damage and apoptosis
Chao Liu1,2, Yun-hui Hu1,2, Yu Han1,2, Yong-bin Wang1,2, Yan Zhang1,2, Xiao-qun Zhang1,2, Duo-fen He1,2, Hong-mei Ren1,2, Yu-kai Liu1,2,
Hong-yong Wang1,2, Tao Tan3, Pei-hui Lin3, Hai-chang Li3, Brad H. Rovin4, Jian-jie Ma3 and Chun-yu Zeng5,1,2

Mitsugumin 53 (MG53) is a tripartite motif family protein that has been reported to attenuate injury via membrane repair in
different organs. Contrast-induced acute kidney injury (CI-AKI) is a common complication caused by the administration of iodinated
contrast media (CM). While the cytotoxicity induced by CM leading to tubular cell death may be initiated by cell membrane
damage, we wondered whether MG53 alleviates CI-AKI. This study was designed to investigate the effect of MG53 on CI-AKI and the
underlying mechanism. A rat model of CI-AKI was established, and CI-AKI induced the translocation of MG53 from serum to injury
sites on the renal proximal tubular (RPT) epithelia, as illustrated by immunoblot analysis and immunohistochemical staining.
Moreover, pretreatment of rats with recombinant human MG53 protein (rhMG53, 2 mg/mL) alleviated iopromide-induced injury in
the kidney, which was determined by measuring serum creatinine, blood urea nitrogen and renal histological changes. In vitro
studies demonstrated that exposure of RPT cells to iopromide (20, 40, and 80mg/mL) caused cell membrane injury and cell death,
which were attenuated by rhMG53 (10 and 50 μg/mL). Mechanistically, MG53 translocated to the injury site on RPT cells and bound
to phosphatidylserine to protect RPT cells from iopromide-induced injury. In conclusion, MG53 protects against CI-AKI through cell
membrane repair and reducing cell apoptosis; therefore, rhMG53 might be a potential effective means to treat or prevent CI-AKI.
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INTRODUCTION
Contrast-induced acute kidney injury (CI-AKI) [1] is a common
complication of invasive cardiovascular procedures. It occurs in
up to 30% of patients who receive iodinated contrast media
(CM), which is considered the third most common cause of
hospital-acquired AKI [2–4]. CI-AKI is associated with increased
morbidity, extended length of hospital stays, and increased
medical care costs [5–7]. While the precise mechanism under-
lying CI-AKI is not fully understood, the toxic effects of CM
on renal proximal tubular (RPT) cells likely play a role in CI-AKI
[8–11]. There are few effective treatments available for CI-AKI,
but adequate hydration is the basis of all preventative strategies
[6, 12, 13]. Interventions, including N-acetylcysteine, vitamin C,
statins, furosemide and other drugs, have yielded controversial
results [3, 14–18]. Thus, it is necessary to identify effective
preventative measures and post-CM therapies to combat CI-AKI
and improve clinical outcomes.
The cell membrane is a barrier that prevents extracellular

substances from freely entering the cell and is vital for
homeostatic maintenance in mammalian cells [19]. However,
membrane damage can result from numerous threats, including

physical, chemical and biochemical factors [20], leading to
intracellular dyshomeostasis and eventually cell death. In studies
of CM cytotoxicity, attention has rarely been drawn to cell
membrane injury, but it may be the initial factor in CM-induced
cytotoxicity that leads to apoptosis of endothelial and tubular
cells [21].
Mitsugumin 53 (MG53) is a cell membrane repair protein that

is predominantly expressed in striated muscles [22–24]. Recom-
binant human MG53 protein (rhMG53) has demonstrated
efficacy in the prevention or treatment of injuries in a variety
of organs, such as the heart, muscle, lung, and cornea [25–28].
Our previous study reported that MG53 is also present in the
kidney, particularly in RPT cells, and MG53 knockout mice show
renal insufficiency under stress conditions [29]. However,
endogenous protein expression of MG53 in RPT cells is low,
~1/50 of the level present in skeletal muscle [29], indicating a
possible benefit of exogenous MG53 in protecting the kidney
tubules. We hypothesized that MG53 alleviates CI-AKI through
cell membrane repair. In this study, we investigated endogenous
MG53 in a rat model of CI-AKI and examined the additional
therapeutic potential of exogenous rhMG53.
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MATERIALS AND METHODS
Animals
Adult Sprague Dawley (SD) rats (males and females, weighing 225
± 15 g) were obtained from the Laboratory Animal Center of
Daping Hospital (Chongqing, China). All procedures were in
accordance with institutional regulations and with the approval of
the Experimental Animals Committee of Daping Hospital.

CI-AKI model
The rat model of CI-AKI was induced according to a previously
described protocol [30–32]. Briefly, the rats were deprived of food
with free access to water for 12 h before the operation,
anesthetized by intraperitoneal injection of sodium pentobarbital
(60 mg/kg) and placed on a heating pad to maintain body
temperature at 37 °C during surgery. Jugular vein cannulation was
performed in the CI-AKI group, and indomethacin (10 mg/kg,
dissolved in dimethyl sulfoxide) was first administered. Then,
L-nitro-arginine methyl ester (L-NAME, 10 mg/kg, dissolved in
saline) was administered 15min later, and iopromide (a low-
osmolality, nonionic iodinated contrast media, 1600mg I/kg) was
injected 15min after L-NAME administration. Saline was used
instead of iopromide in the control group. In addition, rhMG53 or
rhodamine-labeled rhMG53 (2 mg/kg) was administered before
the indomethacin in the rhMG53 and rhMG53+ CI-AKI groups.
The incisions were sutured, and the rats were then allowed to
recover with free access to food and water. Twenty-four hours
after iopromide administration, the rats were re-anaesthetized,
and then a laparotomy and nephrectomy were performed. Blood
samples were obtained from the left ventricle. Kidneys were
harvested, rinsed with oxygenated saline and stored for further
analysis.

Renal function
The renal function of the rats was assayed by measuring serum
creatinine (SCr) and blood urea nitrogen (BUN). Serum samples
were analyzed on an automated Beckman Analyzer (Beckman
Instruments GmbH, Munich, Germany).

Renal histopathology and immunohistochemical staining
Kidney samples were fixed in 4% paraformaldehyde and then
dehydrated in increasing concentrations of ethanol. The samples
were cleared in xylene and embedded in paraffin. The samples
were cut into 4 μm thick sections, followed by staining with
hematoxylin and eosin (H&E). Each sample section was examined
by a pathologist in a blind manner. Morphological changes in the
tubules, including tubular epithelial cell swelling, vacuolization,
cast formation, and desquamation, were scored to assess the
degree of renal damage as previously described [33]. Histologic
scoring ranged from 0 to 5 points based on the area of injury
involvement.
Immunohistochemical (IHC) staining was performed using a

rabbit anti-MG53 antibody (1:100) [28, 29, 34], and reactions were
detected using horseradish peroxidase-conjugated goat anti-
rabbit IgG (Zsbio, Beijing, China). The color was developed using
3,3'-diaminobenzidine tetrahydrochloride (DAB, Solarbio, Beijing,
China) and stopped by rinsing in deionized water, followed by
microscopy.
To observe the localization of exogenous rhodamine-labeled

rhMG53, the kidneys were harvested, embedded in optimal
cutting temperature (OCT) compound, and snap-frozen. Samples
were cut into 7 μm thick cryosections and fixed in freshly prepared
4% paraformaldehyde in phosphate-buffered saline (PBS) at 4 °C.
4’,6-diamidino-2-phenylindole (DAPI) was used to stain the nuclei.

Cell culture
Immortalized RPT cells (Taconic, Germantown, NY, USA) from
Wistar-Kyoto (WKY) rats were cultured at 37 °C in 95% air and
5% CO2 in DMEM/F-12 (HyClone, South Logan, UT, USA) with

transferrin (5 μg/mL), insulin (5 μg/mL), epidermal growth factor
(10 ng/mL), dexamethasone (4 μg/mL), 1% v/v penicillin/strepto-
mycin (Invitrogen Life Technologies, Karlsruhe, Germany), and
10% (v/v) fetal bovine serum (FBS, Invitrogen Life Technologies,
Karlsruhe, Germany). Subculture was performed by washing the
cell monolayers twice with PBS, followed by the addition of 0.25%
trypsin-ethylenediamine tetraacetic acid (EDTA) solution (Invitro-
gen Life Technologies, Karlsruhe, Germany) and incubation at
37 °C until the cells detached. Trypsin was inactivated by the
addition of growth medium before seeding into fresh T25 flasks
at densities of 2 × 104–4 × 104 cells/cm2. The medium was
changed every 2 to 4 days.

Immunoblotting
Proteins were extracted from kidney tissues or RPT cells with
tissue extraction reagent (Thermo Scientific, Waltham, MA, USA)
containing a protease inhibitor cocktail (Roche, Indianapolis, IN,
USA). The homogenate was sonicated and stored on ice for 1 h.
The lysate was centrifuged at 12,000 rpm for 30 min. The
supernatant was collected, and the protein concentration was
measured using a BCA kit (Solarbio, Beijing, China). Protein
samples (50 μg) were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis with 10% polyacryla-
mide gels and electrotransferred to nitrocellulose membranes.
After the non-specific binding sites were blocked in Tris-buffered
saline (TBS) containing 5% non-fat dry milk for 1 h, the
membranes were incubated at 4 °C overnight with rabbit anti-
MG53 antibody. Mouse anti-GAPDH antibody (1:5000, Proteintech,
Wuhan, China) was used as an internal control. The membranes
were washed and then incubated with IRDye 680-labeled goat
anti-rabbit or goat anti-mouse secondary antibodies (1:15,000, Li-
Cor Biosciences, Lincoln, NE, USA) at room temperature for 1 h.
The membranes were washed three times in TBS-Tween 20, and
the bands were detected by an Odyssey infrared imaging system
(Li-Cor Biosciences, Lincoln, NE, USA). The images were analyzed
using Odyssey Application Software to obtain the integrated
intensities.

Real-time quantitative polymerase chain reaction
MG53 messenger RNA (mRNA) levels were quantified by real-time
quantitative polymerase chain reaction (RT-qPCR). Total RNA was
extracted using RNAiso Plus reagent (TaKaRa, Tokyo, Japan), and
complementary DNA synthesis was performed using PrimeScript™
RT master mix (TaKaRa, Tokyo, Japan) according to the
manufacturer’s instructions. For RT-qPCR, the mRNA level of
MG53 was measured using TB Green™ Premix Ex Taq™ (TaKaRa,
Tokyo, Japan) and a Thermal Cycler Dice™ Real-Time System (Bio-
Rad, Hercules, CA, USA). The following PCR conditions were
applied: 95 °C for 3 min, 40 cycles at 95 °C for 10 s and 62 °C for
30 s, and 62 °C for 10 s. The specific primers used were listed
below: MG53, forward primer (5′-CCACAGTTTCTGCCGTGCCT-3′)
and reverse primer (5′-TAGTGCTTAGCGCCTGTGGC-3′); β-actin,
forward primer (5′-TCACTGTCCACCTTCCAGCAGA-3′) and reverse
primer (5′-AGGGTGTAAAACGCAGCTCAGTAA-3′). The relative
mRNA expression levels were evaluated using the 2−ΔΔCt method
and normalized to β-actin. The PCR products were also analyzed
by agarose gel electrophoresis.

TUNEL assay
TUNEL assays were performed with the DeadEnd™ Fluorometric
TUNEL System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Briefly, slides were immersed in 4%
paraformaldehyde for 25 min at 4 °C, followed by permeabilization
with 0.2% Triton® X-100 in PBS for 5 min. The slides were
equilibrated for 5 min in the manufacturer’s buffer before under-
going terminal deoxynucleotidyl transferase (TdT) reactions for
60min at 37 °C. Reactions were stopped with 2× saline sodium
citrate (SSC), and the slides were washed three times with PBS and
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mounted. To visualize all nuclei, the slides were incubated with
DAPI. Finally, localized green fluorescence of apoptotic cells was
detected by fluorescence microscopy.

Cell viability assay
Cell viability was assayed using a Cell Counting Kit (CCK)-8 kit
(Beyotime, Haimen, China). Briefly, RPT cells were cultured in a 96-
well plate and treated with iopromide (20, 40 and 80mg/mL) with
or without rhMG53. PBS and boiled rhMG53 were used as controls.
Cells were then treated with 10 μL CCK-8 solution/well and
incubated for another 30 min at 37 °C. The amount of formazan
dye generated by cellular dehydrogenase activity was determined
by measuring the absorbance at 450 nm with a microplate reader.

Quantification of iopromide-induced lactic dehydrogenase release
from RPT cells
RPT cells were cultured in a 24-well plate in the presence of
iopromide (20, 40 and 80mg/mL) for up to 1 h with or without
rhMG53. PBS and BSA were used as controls. The amount of lactic
dehydrogenase (LDH) released from the cells was measured with
an LDH assay kit (Beyotime, Haimen, China) according to the
manufacturer’s instructions with modifications. The supernatants
were diluted 1:10 in PBS to reduce the concentration of iopromide
because a high concentration of iopromide affects the accuracy of
LDH detection.

FM1-43 staining and confocal microscopy
RPT cells were seeded in 20 mm glass bottom culture dishes (Nest,
Wuxi, China) at a density of 1 × 104 cells/cm2 and incubated for 12
h, after which the cells were incubated with iopromide (80 mg/mL)
with or without rhMG53 (10, 50 μg/mL), and PBS was used as the
control. After rinsing with Tyrode’s solution, the cells were mixed
with FM1-43 dye (Invitrogen Life Technologies, Karlsruhe,
Germany). FM1-43 is membrane impermeable and becomes
fluorescent when it enters injured cells and binds to cellular
lipids. Dye entry into the cells was monitored continuously with a
fluorescence confocal microscope (Olympus Co., Tokyo, Japan)
immediately after mixing the cells with the dye. Consecutive live
cell images were obtained at an interval of 4 s/frame for 120
frames.
For immunofluorescence staining, RPT cells (1 × 104 cells/well)

were seeded and grown overnight in 20 mm glass bottom culture
dishes (Nest, Wuxi, China) and then treated with iopromide (80
mg/mL) with or without rhMG53 (50 μg/mL); PBS was used as the
control. 4 h later, the cells were fixed with 4% paraformaldehyde
for 30 min at 4 °C, followed by permeabilization and blocking with
immunostaining blocking buffer (Sangon Biotech, Shanghai,
China). The cells were then incubated overnight at 4 °C with
primary antibodies, including mouse monoclonal Annexin V
antibody (1:100, Santa Cruz, CA, USA) and rabbit polyclonal
MG53 antibody (1:100). After incubation with the secondary
antibody and DAPI, the samples were observed under a confocal
microscope (Olympus Co., Tokyo, Japan).

Statistical analysis
The data are presented as the mean ± standard error of the mean
(SEM). Statistical significance was determined by ANOVA followed
by a post hoc Dunnett’s test for multi-group (>2) comparisons.
Student’s t-test was used for two-group comparisons. Differences
were considered statistically significant when P < 0.05.

RESULTS
CI-AKI was ameliorated by administration of rhMG53 protein in SD
rats
Although MG53 is mainly expressed in skeletal muscle and
myocardium, our previous studies also found MG53 expression in
the lung [26] and kidney [29]. To investigate whether MG53 plays

a role in CI-AKI, we first examined the protein levels of MG53 in the
serum and kidney of rats with or without CI-AKI. CI-AKI was
verified by increases in SCr and BUN in rats that were administered
CM (Fig. 1a, b). Immunoblotting for MG53 showed that MG53 was
reduced in the serum of rats with CI-AKI compared to that of
controls (Fig. 1c), but was increased in the kidneys (Fig. 1d) of CI-
AKI rats relative to those with normal kidney function. IHC staining
revealed that endogenous MG53 accumulated in the luminal
tubular cell membranes after CI-AKI (Fig. 1e). Immunofluorescent
staining of MG53 in frozen sections indicated that exogenous
rhodamine-labeled rhMG53 accumulated in the tubules of rats
with CI-AKI but not in controls (Fig. 1f). When administered to rats
before CI-AKI, rhMG53 attenuated kidney injury, as shown by the
reduction in SCr and BUN levels (Fig. 2a, b). In addition, rhMG53
pretreatment reduced histological injury to the renal tubules of CI-
AKI rats, as illustrated by H&E staining and semiquantitative
scoring of the pathological lesion (Fig. 2c, d). The TUNEL assay
showed alleviated tubular cell apoptosis after rhMG53 adminis-
tration in CI-AKI rats (Fig. 2e, f).

MG53 reduced iopromide-induced apoptosis in RPT cells
We used cultured RPT epithelial cells to investigate the protective
mechanisms of rhMG53. Cell viability was assayed using CCK-8, and
the results suggested that iopromide decreased RPT cell viability in
a concentration- and time-dependent manner (Fig. 3a, b). In
addition, the TUNEL assay showed that iopromide (80mg/mL)
significantly increased the number of apoptotic RPT cells (Fig. 3c, d).
However, in the presence of rhMG53 (50 μg/mL), the reduction in
cell viability after iopromide treatment was attenuated (Fig. 3e), and
the number of TUNEL-positive cells was dramatically reduced
(Fig. 3c, d).

MG53 reduced iopromide-induced cell membrane injury in
RPT cells
We suspected that injury to the cell membrane was the initial
event in iopromide-induced cytotoxicity [21]. To test this
hypothesis, LDH release from RPT cells was measured after
iopromide treatment. The cell culture supernatants were diluted
1:10 in PBS in the experiments to reduce the concentration of
iopromide because a high concentration of iopromide affects the
accuracy of LDH detection. Iopromide (80 mg/mL) markedly
increased LDH in the cell culture medium in a concentration-
and time-dependent manner (Fig. 4a, b). In addition, iopromide-
induced cell membrane damage was further confirmed by
monitoring entry of the fluorescent dye FM1-43 into RPT cells.
Consistent with the LDH release assay results, little FM1-43
entered vehicle-treated cells, but FM1-43 accumulated in
iopromide-treated cells in a time-dependent manner (Fig. 4c, d
and Supplemental Movies S1–S2). This accumulation was sig-
nificantly blocked in a dose-dependent fashion by rhMG53
(10 and 50 μg/mL, Fig. 4c, d and Supplemental Movies S1–S4).
Additionally, LDH release was blocked by rhMG53 (10 and
50 μg/mL) in a dose-dependent manner (Fig. 4e).

MG53 translocated to the cell membrane and bound to
phosphatidylserine to mediate a membrane protective effect
MG53 has been reported to be recruited to sites of membrane
damage after cell injury [22, 35]. To investigate the temporal and
spatial changes in MG53 expression in RPT cells after iopromide
treatment, several experiments were performed. First, qPCR
analysis showed that MG53 mRNA was expressed in RPT cells
(Fig. 5a) and that iopromide treatment had little effect on mRNA
transcription of MG53 (Fig. 5a). In addition, the immunoblotting
results suggested that exogenous rhMG53 treatment increased
MG53 protein accumulation in iopromide-injured RPT cells
(Fig. 5b). The accumulation of MG53 in iopromide-injured RPT cells
was further confirmed by laser immunofluorescence microscopy
(Fig. 5c). In RPT cells without iopromide treatment, endogenous
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MG53 was mostly scattered in the cytosol. However, more MG53
was distributed at the cell membrane after iopromide treatment
(upper panel) than in vehicle-treated cells. More interestingly,
rhodamine-labeled rhMG53 was concentrated at the cell mem-
brane in iopromide-treated RPT cells but not in control cells (lower
panel). This result may be specific for rhMG53 because rhodamine-
labeled BSA was not concentrated.
The membrane repair function of MG53 has been reported to

be mediated by interactions with exposed phosphatidylserine (PS)
at injury sites [22, 26]. Annexin V is a cellular protein that is
commonly used to detect apoptotic cells by binding to PS. To
verify whether the protective effect of rhMG53 against cell
membrane damage induced by iopromide was mediated by
binding to PS, immunofluorescence staining was performed and
indicated that rhMG53 bound with Annexin V after iopromide
treatment (Fig. 6a). In addition, the membrane protective effect of
MG53 on RPT cells was attenuated by exogenous administration
of PS but not phosphatidylcholine, as reflected by increased LDH
release compared to that of the control groups (Fig. 6b).

DISCUSSION
In the present study, we found that MG53 prevents CI-AKI by
attenuating proximal tubular cell apoptosis. This conclusion is
based on the following findings: (i) endogenous MG53 is present
in the serum and kidneys of healthy rats; (ii) endogenous MG53
translocates from the serum to the kidney after exposure to CM
and accumulates in the luminal cell membranes of the proximal
tubule epithelia; (iii) rhMG53 protein accumulates in the

tubulointerstitium of rodents with CI-AKI but not in control rats;
(iv) administration of rhMG53 attenuates the decrease in kidney
function, histological damage and tubular cell apoptosis during CI-
AKI; (v) contrast reduces proximal tubular epithelial cell viability
through the induction of apoptosis, which is ameliorated by
rhMG53; (vi) rhMG53 alleviates cell membrane damage in
contrast-treated RPT cells and prevents increased membrane
permeability; and (vii) rhMG53 binds to exposed phosphatidylser-
ine groups on contrast-injured RPT cell membranes.
MG53 is a key component of the membrane resealing

machinery [22, 36, 37] that has been regarded as a muscle-
specific protein [22, 37–39], but it has also been found in the lungs
[26] and kidneys [29]. More interestingly, exercise or muscle injury
triggers the release of MG53 from skeletal muscle into circulation,
and muscle-derived MG53 protects remote organs from injury.
Our study found that MG53 is expressed at the transcript and
protein levels in an RPT cell line, indicating that MG53 is a
ubiquitous cell repair protein. The finding that serum MG53
translocates to the kidney during CI-AKI supports this notion.
However, the effect of this endogenous system does not appear to
be sufficient to prevent the acute loss of kidney function.
Previous studies have shown that exogenous rhMG53 protects

the heart and skeletal muscles from acute ischemia-reperfusion
injury [27, 39] and the lung from multiple types of injury [26], and
accelerates dermal wound healing [34]. These studies demon-
strate that administration of rhMG53 augments the endogenous
protective system and opens the possibility that rhMG53 could be
used therapeutically. With respect to the therapeutic potential of
MG53 in the kidney, rhMG53 has been shown to alleviate

Fig. 1 CM-induced AKI in rats involves the transfer of MG53 from circulation into injured renal proximal tubule cells. a, b Rats with CI-AKI
showed elevated SCr and BUN (*P < 0.05 vs. n= 8). c MG53 protein in the serum decreased significantly in rats subjected to CI-AKI compared
with that of control rats (*P < 0.05 vs. n= 8 in control and 7 in CI-AKI). d Western blot showing increased MG53 protein in kidney lysates
derived from CI-AKI rats (*P < 0.05 vs. n= 3). e IHC staining showing endogenous MG53 accumulated in the luminal tubular cell membranes in
the kidneys of rats subjected to CI-AKI (NC, negative control. Magnification: ×200, top panel; ×400, bottom panel; Scale bar, 50 μm).
f Immunofluorescence of rhodamine-rhMG53 in frozen kidney sections showing that exogenous rhodamine-labeled rhMG53 accumulated in
the tubules of rats with CI-AKI but not controls (magnification: ×400; scale bar, 50 μm).
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ischemia-reperfusion- or cisplatin-induced acute kidney injury [29]
and kidney injury after severe burns [40]. Thus, it is reasonable to
investigate whether augmenting MG53 prior to CI-AKI could
protect the kidney, and our study proved that renal protection
was afforded both functionally and histologically. This raises the
intriguing possibility that MG53 could be used to pretreat patients
at high risk for contrast-induced kidney injury, reducing the length
of hospitalization and overall morbidity, because the most
important risk factor for CI-AKI in humans is pre-existing chronic
kidney disease. However, this remains an open question because
our model started with rats with normal kidney function. Our
study does not address whether administration of exogenous
MG53 can benefit already established CI-AKI and decrease the
time to recovery of kidney function, which is an equally relevant

clinical question. In addition, SCr and BUN are not very sensitive
markers in animal models. These limitations need to be carefully
considered and addressed in further studies.
The direct cytotoxic effect of CM on tubular cells is considered

to be one of the important mechanisms of CI-AKI [41, 42] because
active endocytosis and exocytosis in the brush border of proximal
tubular cells are essential for normal kidney function. Our study
also found that CM primarily affects tubular cells, as reflected by
H&E staining. Furthermore, CM induced tubular cell apoptosis
both in vivo and in vitro, which was alleviated by rhMG53
administration. It has been proposed that direct cell toxicity and
the proapoptotic effects of CM are initiated by cell membrane
damage [21, 43]. When the membrane is damaged, extracellular
molecules such as Ca2+ enter the cell freely, which could

Fig. 2 rhMG53 ameliorates CI-AKI in rats. a, b Effect of rhMG53 on renal function, as assessed by SCr and BUN. Treatment with rhMG53
(2mg/kg, intravenous administration) did not impact SCr or BUN in control rats but abrogated the CM-induced increase in SCr and BUN (*P <
0.05 vs. control, #P < 0.05 vs. CI-AKI; n= 8). c Representative images of H&E staining showing that rhMG53 pretreatment alleviated renal
pathological injury at 24 h after CI-AKI (magnification of ×400, Scale bar, 50 μm). d Pathological damage scores of H&E-stained sections
showing the beneficial effects of rhMG53 in mitigating CI-AKI in rats (*P < 0.05 vs. control, #P < 0.05 vs. CI-AKI; n= 8). e, f Representative images
and statistical results of the TUNEL assay showing alleviated tubular cell apoptosis after rhMG53 administration in CI-AKI rats (*P < 0.05 vs.
control, #P < 0.05 vs. CI-AKI; n= 4).
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Fig. 4 rhMG53 preserves the viability of RPT cells through improving membrane integrity following iopromide treatment. a Iopromide
increased LDH release in a dose-dependent manner in RPT cells (*P < 0.05 compared with control, #P < 0.05 compared with iopromide 20mg/mL,
$P < 0.05 compared with iopromide 40mg/mL; n= 3). b Iopromide caused a time-dependent increase in LDH release in RPT cells (*P < 0.05
compared with control; n= 3). c, d Representative images and statistical results showing iopromide-induced entry of FM1-43 dye into RPT cells.
rhMG53 reduced FM1-43 dye entry in a dose-dependent manner (>200 cells were analyzed for each condition and each experiment;
magnification: ×800; scale bar, 20 μm). e Iopromide-induced LDH release from RPT cells was attenuated by rhMG53 in a dose-dependent manner
(*P < 0.05 compared with the 2nd group, #P < 0.05 compared with the 3rd group; n= 3).

Fig. 3 Iopromide treatment causes the death of RPT cells, which was mitigated by rhMG53. a Iopromide decreased the viability of RPT cells
in a dose-dependent manner (*P < 0.05 compared with control, #P < 0.05 compared with iopromide 20mg/mL, $P < 0.05 compared with
iopromide 40mg/mL; n= 3). b Iopromide decreased the viability of RPT cells in a time-dependent manner (*P < 0.05 compared with control;
n= 3). c, d The number of TUNEL-positive apoptotic cells was increased after iopromide treatment, while rhMG53 pretreatment reduced cell
apoptosis (magnification: ×200; scale bar, 50 μm; *P < 0.05 vs. control, #P < 0.05 vs. iopromide; n= 3). e Cell viability quantification
demonstrating the beneficial effects of rhMG53 treatment (50 µg/mL) (*P < 0.05 vs. control, #P < 0.05 vs. iopromide; n= 3).
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subsequently trigger the release of intracellular apoptotic signals
and eventually lead to cell apoptosis. Thus, MG53 may reduce
tubular cell apoptosis through membrane repair. However,
another limitation of our study is that we did not investigate
the role of MG53 in tubular cell necrosis, which might also
contribute to the development of CI-AKI. MG53 is known to bind
to phosphatidylserine with some specificity and to interact with
caveolin-3 as part of its function in vesicle trafficking [22, 37, 44].
Our data also proved that binding to phosphatidylserine, likely
due to increased apoptosis, was a key mechanism by which MG53
mediates the membrane repair process after iopromide treatment.
In conclusion, this study demonstrates that pretreatment with

rhMG53 protects against CI-AKI by reducing tubular cell mem-
brane damage and apoptosis. Our study provides new insight into
the clinical prevention and treatment of CI-AKI.
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