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Background: The aim of this study was to investigate whether myoglobin mediates the autophagy of NRK-52E via the
Pink1/Parkin signaling pathway.

Material/Methods: Differentially-expressed genes were selected by PCR chip analysis of the autophagy signaling pathway. RT-PCR
and Western blot analyses were used to detect the expressions of Pink1/Parkin and autophagy-related pro-
teins in myoglobin-treated NRK-52E. LC3 double-labeled lentivirus was used to infect NRK-52E for observing
autophagy. The role of myoglobin mediates autophagy was evaluated through Pink1-siRNA inhibition of the
Pink1/Parkin signaling pathway.

Results: Myoglobin acted on NRK-52E, caused differential expressions of Pink1, Parkin, and Beclin 1, increased apop-
tosis, and decreased cell viability. myoglobin increased the levels of Pink1, Beclin 1 and ATG5, decreased the
levels of P62 and Parkin. The level of LC3II/LC3I showed significant elevation in NRK-52E cells at after incu-
bated with 100 pmol/L myoglobin. Inhibiting Pink1/Parkin signaling pathway through Pink1-siRNA could alle-
viate myoglobin induced apoptosis, decrease the levels of Pink, Beclin1, ATG5, LC3II/LC3I, and elevate the lev-
els of Parkin and P62. Moreover, the autophagy spots were reduced after silencing Pink1 in myoglobin-treated
NRK-52E.

Conclusions: Myoglobin mediates the autophagy of NRK-52E in rat renal tubular epithelial cells via the Pink1/Parkin signal-
ing pathway.
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Background

Crush syndrome (CS) occurs in various traumatic events, such
as accidents or natural disasters, and natural disasters can
cause injury in a large number of people at the same time,
leading to an epidemic of CS [1]. CS is also known as rhabdo-
myolysis (RMa), which is a life-threatening potential system-
ic complication characterized by myoglobinuria, acute kidney
injury (AKI), hyperkalemia, or sepsis [2]. AKI occurs in 10-60%
of RM patients [3], and myoglobin is a key pathogenic pro-
tein [4,5]. At present, although the pathogenesis, diagnosis,
and treatment of CS-related AKI have been thoroughly stud-
ied and explored, CS-complicated AKI still has a high mortality
rate (3-50%) [6,7]. Therefore, a comprehensive understanding
of the pathogenesis of CS-induced AKI is essential to improve
these patients’ prognosis. Studies have shown that autophagy
in the renal system is closely related to AKI [8-10]. Autophagy
is a highly conserved degradation process that is widely found
in eukaryotic cells. During emergency reactions of the body,
such as cell starvation, toxicity, ischemia, or oxidative damage,
damaged organelles and abnormal proteins can be eliminated
through lysosomes to maintain the intracellular stability and
emergency response [11-13]. Pink1 is a serine-threonine pro-
tein kinase closely involved in autophagy, apoptosis, oxidative
stress, release of synaptic transmitters, and mitochondrial cal-
cium homeostasis. The Ubl domain and ubiquitin of Parkin are
regulated in an opposite manner from that of phosphoryla-
tion [14], which is mainly involved in cell physiological activities
such as mitochondrial morphology, mitochondrial dynamics,
and autophagy. It is also a downstream protein of Pink1 [15],
and Pink1/Parkin-mediated mitochondrial autophagy plays an
important role in mitochondrial quality control, renal tubular
cell survival, and renal function of AKI [16]. However, it is un-
clear whether Pink1/Parkin-regulated autophagy participates
in CS-related AKI, and the mechanism of CS-related AKI regu-
lation requires elucidation. Our research team has conducted
several studies on true animal CS platforms [17], and we also
detected the autophagy lysosomes by electron microscopy in
CS-kidney tissue. The purpose of the present study was to as-
sess whether myoglobin induces autophagy of NRK-52E cells
through the Pink1/Parkin signaling pathway.

Material and Methods

Cell Culture

NRK-52E cells were cultured in RPMI-1640 medium (GIBCO,
USA) containing 10% FBS (GIBCO, USA) at 37°C and 5% CO,
(Thermo Electron, USA), and cells in logarithmic growth phase
were harvested for cell biology experiments.
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CCK-8 kit

Myoglobin (concentrations of 0, 50, 100, and 150 um) was add-
ed to act on NRK-52E for 24 h, and NRK-52E in the logarith-
mic growth phase was collected for detection of cell viability
using the CCK-8 kit. Cell proliferation rate was calculated as
(absorbance value at 450 nm of experimental group—absor-
bance value at 450nm of blank control group)/absorbance val-
ue at 450 nm of blank control groupx100%.

TUNEL and Annexin-V-FITC

We placed 3x10* NRK-52E cells in a 24-well plate (with slides
in the wells) and cultured them overnight. The cells were ob-
served on the next day, and cells at a density of about 50%
were selected for use in subsequent experiments. The cells
were the treated with myoglobin at concentrations of 0 ym,
50 ym, 100 pm, and 150 pm, NRK-52E-infected Pink1-siRNA,
rapamycin, myoglobin (100 pm), rapamycin+Pink1-siRNA, or
myoglobin+Pink1-siRNA and cultured for 24 h. For TUNEL de-
tection, the cells were first fixed with 4% paraformaldehyde
for 15 min, followed by 0.2% TritonX-100 membrane trans-
portation, Tdt reaction mix incubation in the dark, DAPI stain-
ing, anti-fluorescence quenching mounting, and apoptosis de-
tection by fluorescence microscopy. The apoptosis index (%)
was calculated as TUNEL-positive cells/total cellsx100%. For
Annexin-V-FITC, 100 ul of 1X binding buffer was used to re-
suspend the cells, which were then mixed with 5 pl of Annexin
V/FITC for 5-min incubation at room temperature in the dark.
After 10 pl of 20 ug/ml Pl was added, 400 ul of PBS was im-
mediately added for flow cytometry.

Autophagy PCR chip

NRK-52E cells were exposed to myoglobin (0, 50, 100, and
150 pm) for 24 h, then cell RNA was extracted using the
RNeasy min kit, the concentration and purity of which were
measured using NanoDrop® ND-1000 and denatured agarose
gel. The qualified total RNA was then reversely transcribed to
cDNA and we prepared the mixed solution according to the in-
structions of the RT? First Strand Kit. We then added 650 pL of
2x SuperArray PCR master mix, 102 pL of diluted cDNA, 548 pL
of ddH,0, and 10 pL of the mixed solution to each well corre-
sponding to the PCR array, which was then covered and sealed
for real-time PCR reactions.

RT-PCR

Trizol reagent (Invitrogen, USA) was used to extract the total
RNA of different experimental groups for reverse transcrip-
tion (the reverse transcription kit was purchased from Takara,
Japan). SYBR Premix Ex Taq | (Takara, Japan) was then used for
real-time quantitative PCR (the instrument was purchased from
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Table 1. PCR primers used in this study.

PCR primers sequences

Pink1-S 5" AGTCACTACCTATGCCCATCCATCTAA 3’
CPinkl-AS 5 TICAGTGTCATCCGTGTTTGTCCTT
CParkin-S 5 CTGGAACTGTGGCTGTGAGTGGAA 3
Parkin-AS 5 AGAAGAAGAAATGGCTAACAAAGGTAGGAG 3’
CBeclin1-5 5 GCAAGATTGAAGACACTGGAGGCA '
Beclin 1-AS 5 GTGAGGACACCCAAGCAAGACCC 3
CAgss 5' ATGCAGTTGAGGCTCACTTTATGTC 3
CAtgS-AS 5 TGGAGGGTATTCCATGAGTTTCC3'
Pe2s 5' AAGGTGGTGGTGCCTCCCAAAGA S
P62AS 5 CACATGCTGAGTGAGCCAAATGA 3
CActin-S 5 AGGGAAATCGTGCGTGACATY
CActin-AS 5 CCTCGGGGCATCGGAA'

Bio-Rad, USA) to detect the expression levels of Pink1, Beclin1,
Parkin, P62, and ATG5. Each experiment was repeated 3 times
for calibration with Actin as the internal reference. The PCR
primers sequence used in this study are shown in Table 1.

LC3 double-labeled lentivirus infection

We cultured 3x10* NRK-52E from different groups (control group
(CON), rapamycin (RAP), rapamycin+Pink1-siRNA (RAP-PIN),
myoglobin (100 um), and myoglobin+Pink1-siRNA (MYO+PIN))
for 24 h in 24-well plates overnight. When the cell density was
about 50%, 500 pl of HIGH-DMEM medium was added into a
1.5-ml centrifuge tube, together with 10 ul of mRFP-GFP-LC3
double-labeled lentivirus (the virus titer was 1x10% TU/ml, and
MOI was 25), for 24-h incubation. After changing the medium,
the incubation continued until the fluorescence infection effi-
ciency was observed 72 h later. The degree of autophagy was
calculated as RFP LC3+/number of total cells.

Western blot analysis

The NRK-52E cells treated with various concentrations of myo-
globin were lysed and proteins were extracted. The quantified
proteins were then isolated by SDS-PAGE, transferred onto PVDF
membrane, and sealed with TBS containing 5% skim milk pow-
der for 1 h, followed by rinsing in TBS 3 times, overnight incu-
bation with corresponding primary antibodies [P62 (1: 1000),
LC3 (1: 1000), Beclinl (1: 1000), ATG5 (1: 1000), Pink1 (1: 1000),
and Parkin (1: 1000), GAPDH (1: 2000), all rabbit polyclonal
antibodies, purchased from Wuhan San Eagle Biotechnology
Co.] at 4°C, TBST rinsing on the next day, 30~45-min incuba-
tion with horseradish peroxidase (HRP)-labeled secondary
antibody (goat anti-rabbit, purchased from Wuhan Sanying
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Biotechnology Co.) at room temperature, TBST rinsing, 2-min
coloration with ECL chemiluminescence reagent (Beijing Regen
Biotechnology Co.), X-ray exposure, and photography using the
BIO-RAD ChemiDocXRS image acquisition system (BIO-RAD).

Statistical analysis

The data were analyzed with SPSS 23.0 software. The mea-
surement data were expressed as meantstandard deviation
(%+SD). The comparison of measurement data among mul-
tiple groups used the single-factor analysis of variance. LSD
was used for pairwise comparison. The count data were test-
ed using the x? test, with P<0.05 being considered as statis-
tical significance.

Results

Impact of myoglobin on proliferation and apoptosis

As the concentration of myoglobin increased, the inhibition of
NRK-52E’s cell viability gradually increased, and the apoptosis
rate of NRK-52E cells increased. Early apoptosis of NRK-52E
increased in group 100, and late apoptosis of NRK-52E in-
creased in group 150. Late apoptosis often indicates that cells
begin to show more irreversible damage and eventually evolve
into cell death, Figure 1.

Results of autophagy PCR chip screening

A total of 96 autophagy-related genes were screened by the
autophagy PCR chip. The results showed that the highest ex-
pression of Pinkl was in group 100, but the expression in
group 150 was lower than other groups. In addition, group 100
had the lowest Parkin expression. Beclin1 was expressed at a
higher level, and these 3 genes were all on the Pink1/Parkin
autophagy pathway by the KEGG PATHWAY database analy-
sis (Table 2, Figure 2).

Impact of myoglobin on expressions of Pink1, Beclin1, and
Parkin mRNA

In group 50, group 100, and group 150, NRK-52E expressed
higher Pinkl mRNA than that in group 0, but the expressions
of Parkin mRNA were lower than in group 0. The expressions
of Parkin mRNA in group 100 and group 150 were lower than
in group 0. The expressions of Beclinl mRNA in group 50,
group 100, and group 150 were higher than that in group 0,
and the expressions of Beclin1 mRNA in group 100 and group
150 were higher than in group 50 (Figure 3).
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Figure 1. (A, B) Effect of myoglobin with different concentrations on cell viability and apoptosis of NRK-52E. Compared with group 0,
* P<0.05; compared with group 50, * P<0.05; compared with group 100, @ P<0.05.
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Table 2. PCR array results.

Symbol 50 um/0 um Symbol 100 um/0 um Symbol 150 um/0 um
Tnf 4.24 Pink1 5.43 Ifng 6.70
"""" g 410 W2 aa3  Tof 447
"""" ms2 354 g 36  gm 417
"""" Piki 243 Taf 266  Pmki 294
"""" ctss 229 wgm 258  casp8 254
"""" Pak7 205 Pakt 235 Fas 239
Tt 200 s 200 | Mapt 232
"""" cdn2a 1%  Sgstm1 195 s 221
o oagelz 190 aglsls 191 pam2 218
"""" s 183 casp8 18 B 215
"""" Pim2 179 cdn2a 175 Pak? 205
"""" Bad 169  Efak 173 a3 194
"""" gm 157 B 172 Mgl 18
oAb 153 Becin 71 sgstmt 183
"""" Sgtmi 15 Bad  1e6  Pkad 181
"""" Casp8 143 Dam2 16  Rbled 168
"""" Rt 140 Hdas 154 cdnza 166
"""" a3 138  Mapt 147 Pk33 157
"""" Mapllza 138 Rpsekbl 147 Mg 156
"""" Nfibl 135 cdigz 145 Mgl 156
oA 135 Mapllsa 14 Casp3 154
"""" Bd 132  Ag 14 Pkg 153
sz 31 T3 143 Bam 151
oA 131 Bd 133 Maptllsa 150
"""" Baki 129 Mgl 132 Hspooaal 150
o oagen 128 Rp1 131 gz 147
"""" Dapki 124 Rblel 130 Rpsekbl 145
o oagoa 121 Nl 129 At 140
"""" cdigg 119 Mapk¢ 128  Ba1 140
"""" 1 115 Bm 127 Bedm 139
"""" Rab24 115 Mg 126 Gabarap 137
"""" Hes 113 Atb 125 Agw 137
"""" Becini 112 Gabarapl2 123 Gabaapl2 137
"""" Gaa 112 Tght 123 Pseal 134
"""" g1 109  cn3 122 Rab24  13a
"""" Rgsl9 106  Rab24 121 Bd 131
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Table 2 continued. PCR array results.

Symbol 50 um/0 um Symbol 100 um/0 um Symbol 150 um/0 um
RGD1359310 1.04 Pik3c3 1.21 Atg3 1.31
"""" Mtor 103 TmesfL 118  Rgs19 130
"""" Psent 102  Pm2 116 B 128
"""" Mapt 101 At 116 Pen 127
"""" Gabarap2 101 css 116 B2 127
oA 00 RGD1359310 s Tgm2 126
"""" Fadd  -100  Agl2 115 Nb1 126
"""" Gabarap  -102 Ml 112 lampt 125
"""" B2m  -104  Pem 112 Pm2 123
"""" csd  -104  Pk3d 112 Hgs 123
Coags 106 Ga 10 Agea 122
CoTmest 108 Agoa 1o mor 120
"""" Wdacs ~  -108  Cap3 109  asb 118
"""" lampt  -109  Mapll3b 109 Mapll3b 118
"""" Wt -1l tampt 107 Wt 117
"""" Mapllsb  -114  Gabaap 106  Fadd 116
"""" csb  -115  Pkaal 100  Mapkia 114
"""" Wipit  -115  Mtr  -100  Ga 113
"""" okt  -118  Ags -1 2 106
"""" Mapki4  -118  Fadd  -102  Tgh1 106
CoAsa 118 Agac 102 fif2aka 105
"""" Wdaci  -119  Hg  -103  RGDI3%9310 105
"""" Pik3ra  -120  Hsp90aal  -104  Hda6 105
"""" Pik33  -120  Bd21  -105  Hpt1 104
oA 123 Hptt 108 Rl o4
"""" Bax  -123  Rgl9  -109 Mg 103
"""" ffaks  -125  Baki  -109  asd  -100
"""" Bl  -129 B2 -112  Tmesl  -101
o oagac 133 csd 12 mapks 103
"""" cdkntb  -137  mAw -112 Tpss 103
"""" Rpsékbl ~ -140  Pen  -113  Agl2 105
Comg 140 asa 116 okt 108
"""" \dha  -143  Mapki4  -117 B2l -110
"""" Casp3  -143 B -117  Ambra  -114
"""" Wptt  -144 s -119 Mg -l1a
 Ambal 148 Efagl 12 RT 118
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Table 2 continued. PCR array results.

Symbol 50 um/0 um Symbol
Dram2 -1.48 Atg7
"""" Pen  -157  wpil
Comg2 s RL
oo S0 cdkntb
"""" Hepooaal 167 App
"""" mapks  -1e7 Ukl
"""" RU 170 Ambral
"""" Pkaal 180  Pak2
"""" Efagl  -208  Tgm
"""" Brip3 214 Bap3
"""" et 215 idha
"""" B2 234 Ced
"""" Snca 246 Dapkl
"""" Pk3cg 254 g
"""" Pake 28  Tafsfo
"""" Rblcct 368 Pkig
Coem2 458 Snca

LAB/IN VITRO RESEARCH

100 um/0 um Symbol 150 um/0 um
-1.23 Aktl -1.22
""""" 126 Pkaal  -125
""""" 130 Hdaaa  -135
""""" -130  Efgl  -140
""""" S35 wipn 146
""""" 142 cdklb  -1s6
""""" Sa3 pake  -led
""""" Suse A
""""" -8 Bax s
""""" 176 Bmp3  -183
""""" 192 Tfsflo -18s
""""" 231 Asa el
""""" 244 ed 236
""""" 260 tdha 237
""""" 267 g 335
""""" 273 s 785
""""" 17 papkl  -1976

Impact of myoglobin on expressions of Pink1/Parkin and
autophagy-related proteins

After adding myoglobin to NRK-52E, the expression of Parkin
gradually decreased, but the expression of Pinkl gradual-
ly increased; the expression of P62 decreased; and the ratio
of LC3II/LC3I increased. When the final myoglobin concentra-
tion was 150 pm, the expression increase was the most obvi-
ous; the expression of ATG5 gradually increased, and the ex-
pression of Beclinl increased. When the final concentration
of myoglobin was 50 pm, the expressions increased the most
significantly. There were no significant differences between
group 150 and group 100, so we chose 100 pm for further
experiments (Figure 4).

Impact of autophagy promoter Rapamycin and Pink1-
siRNA on apoptosis

After adding rapamycin and myoglobin to NRK-52E cells, the
apoptotic rate increased. However, after being infected with
Pink1-siRNA, the apoptotic rate decreased, and the apoptot-
ic rate in Pink1-siRNA-infected groups showed a downward
trend (Figure 5).

Impact of autophagy promoter Rapamycin and Pink1-
siRNA on expressions of Pink1/Parkin autophagy-related
mRNAs and proteins

Compared with group CON, the expressions of Pinkl mRNA
and protein increased in group RAP and group MYO, but the
amounts of Pinkl mRNA and protein decreased in group
RAP+Pin and group MYO+Pin. The expressions of Parkin mRNA
and protein decreased in group RAP and group MYO, and in-
creased in group RAP+Pin and group MYO+Pin. The expres-
sion levels of Beclinl and ATG5 mRNAs and proteins were in-
creased in group RAP and group MYO, but the expressions in
group RAP+Pin and group MYO+Pin decreased. The expression
of P62 mRNA was the opposite, which decreased in group RAP
and group MYO and increased in group RAP+Pin and group
MYO+Pin. The ratio of LC3II/LC3I increased in group RAP and
group MYP but decreased after Pink1-siRNA infection (Figure 6).

Comparison of fluorescent spots of NRK-52E after LC3
double-labeled lentivirus infection

The autophagy spots were higher in group RAP and group
MYO than in group CON, but the autophagy spots decreased
in group RAP+Pin than in group RAP and group MYO (Figure 7).
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Figure 3. (A-C) Effect of myoglobin with different concentrations on expressions of Pink1, Parkin and Beclinl mRNA in NRK-52E.
Compared with group 0, * P<0.05; compared with group 50, & P<0.05.

Discussion

AKl is a common complication of RM in CS and an important
factor leading to death and poor prognosis of RM patients [18].
It has been experimentally proven that in AKI caused by isch-
emia/reperfusion injury, nephrotoxic drugs, or sepsis, autoph-
agy occurs in renal tubular cells [19], which also has been suc-
cessfully induced in various experimental models [20]. Loss
of autophagy in the proximal tubule aggravates renal impair-
ment [21], and non-selective autophagy and autophagy can
also promote the selective degradation of damaged organelles
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through mitochondrial autophagy [21,22]. Pink1/Parkin path-
way-mediated mitochondrial autophagy is the main path-
way for clearing damaged mitochondria, and myoglobin is
the main basic pathogenic factor of CS-related AKI. We spec-
ulated that myoglobin can mediate autophagy through the
Pink1/Parkin pathway.

We first screened myoglobin NRK-52E for the latter three dif-
ferential genes (Pink1, Beclin1, and Parkin) through an autoph-
agy PCR chip, and found that they are all in the same autopha-
gic pathway through bioinformatics analysis. After myoglobin
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Figure 4. (A-G) Effect of myoglobin with different concentrations on expressions of Pink1/Parkin and autophagy-related proteins in
NRK-52E. Compared with group 0, * P<0.05; compared with group 50,  P<0.05; compared with group 100, ® P<0.05.

acts on NRK-52E, Pink1/Parkin and autophagy-related pro-
teins (Beclin1, P62, ATG5, and LC3II/LC3I) increase in activity,
suggesting that myoglobin can trigger autophagy in NRK-52E
cells through the Pink1/Parkin pathway. The autophagy activ-
ity gradually increased with increasing myoglobin concentra-
tion, but after being stimulated by 150 um myoglobin, the ratio
of LC3 II/LC3 | was significantly increased. In fluorescence-
labeled LC3 lentivirus-infected NRK-52E cells, the phages also
increased more significantly than in group 0; combined with
decreased cell survival, we speculate that this over-enhanced
autophagy results in autophagic death by type Il programmed
cell apoptosis [23,24].

Autophagy and apoptosis are two types of programmed cell
death. Although autophagy and apoptosis are significantly dif-
ferent in morphological characteristics, there is some correla-
tion between them. Recent research has shown that, in some
cases, these two mechanisms can antagonize or promote each
other, can coexist in the same cell one after another or at the

same time, and have overlapped molecules. These molecules
play positive or negative roles in the mechanisms of autoph-
agy and apoptosis [25]. For example, many proteins such as
Beclin1, ATG4, and ATG5 are involved in the regulatory net-
work of autophagy and apoptosis in mammals [26]. Lépine
found that ATG5 cleaves tATG5-N (24KDa) in neutrophils. Full
experimental evidence has shown that ATG5 (33KDa in full-
length) not only is involved in the formation of autophagy, but
also can be lysed by Calpine and generate related amino-ter-
minal lysate targeting mitochondria, truncated ATG5 (1-193)
(tATG5-N), which promotes apoptosis [27]. Lépine also studied
whether tATG5-N can regulate the apoptosis and found that its
enhanced expression induces apoptosis. Unlike ATG-5, which is
full-length, tATG5-N can shift to the mitochondria, suggesting
that lysis occurs in the activated upstream of B-cell lymphoma
protein 2 (B-cell Lymphoma Protein2, Bcl-2), so it appears that
truncated tATG5-N can promote the release of cytochrome C
from mitochondria to the cytoplasm, thereby inducing apoptosis.
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To further confirm myoglobin’s role of inducing the autophagy
of the Pink1/Parkin pathway, we added the autophagy promot-
ers rapamycin and myoglobin, and the Pink1/Parkin pathway
was activated, after which, the expressions of autophagy-
related genes and proteins increased. When the expression of
Pink1 was downregulated by knocking down siRNA, the Pink1/
Parkin pathway was inhibited, the apoptotic rate of NRK-52 de-
creased, the autophagy spots decreased, and the expressions
of autophagy-related genes and proteins decreased, indicating
that myoglobin participates in mediating renal tubular autoph-
agy through the Pink1/Parkin pathway and inhibiting Pink1/
Parking pathway exhibits a protective effect on renal tubular
cells to a certain extent. Pink1/Parkin-mediated mitochondri-
al autophagy may play a dual role in protecting renal func-
tion and promoting cell death, but the transformation mech-
anism and the specific mechanism of myoglobin regulation
of the Pink1/Parkin pathway need further study. The present
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study elucidates the molecular biological mechanism of CS-
related AKI and will help identify therapeutic targets and im-
prove prognosis.

Conclusions

After myoglobin acts on rat renal tubular epithelial NRK-52E
cells, it mediates the autophagy of NRK-52E by regulating the
Pink1/Parkin signaling pathway, and inhibiting Pink1/Parkin as-
sociated autophagy has certain protective effects on renal tu-
bular cells treated by excessively high concentration myoglobin.
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