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Abstract

Purpose: To investigate the effect of high glucose concentrations on the expression of p66Shc and
phosphorylation of p66Shc Ser36 in R28 cells, and to elucidate the role of p66Shc in high glucose-
induced oxidative damage and apoptosis of R28 cells. Methods: R28 cells were cultured with various
concentrations of D-glucose, or with 30 mM D-glucose or 30 mM mannitol only for the indicated
timepoints. The expression of p66Shc and phosphorylation of p66Shc Ser36 were subsequently detected.
Additionally, R28 cells were divided into five groups: i. control (CTL) group; ii. high glucose group; iii. high
glucose overexpressed p66Shc group; iv. high glucose p66Shc knockout (KO) group; and v. high glucose
S36A mutant group. P66Shc, cytochrome C, and reactive oxygen species (ROS) content in mitochondria,
mitochondrial DNA damage, and apoptosis were also evaluated. Results: With the increase of glucose
concentration, the levels of p66Shc mMRNA and expression of p66Shc protein gradually increased. P66Shc
mRNA and protein levels, and phosphorylation of p66Shc Ser36 increased with the prolongation of
exposure to high concentrations of glucose. Notably, after stimulation with 30 mM mannitol, the levels of
p66Shc mRNA, p66Shc protein, and p66Shc S36 phosphorylation did not change. With the increase of
p66Shc level in the mitochondria of R28 cells, ROS content in mitochondria increased, mitochondrial DNA
damage was exacerbated, cytochrome C content in mitochondria decreased, and apoptosis increased.
Conclusion: High glucose concentrations increased the expression of p66Shc in R28 cells in a time- and
concentration-dependent manner. P66Shc regulated both oxidative damage and apoptosis in R28 cells.

Background

In mammals, there are three Shc genes, called Shc A, Shc B, and Shc C, respectively. The Shc A gene can
produce three proteins, namely p46Shc, p52Shc and p66Shc. Compared with the other two proteins,
p66Shc has an additional proline-rich structure (CH2) at the N-terminal, in which amino acid 36 contains
a phosphorylatable serine residue (S36) and a cytochrome C domain, both of which are necessary for the
activation of p66Shc protein and its mediation of reactive oxygen species (ROS) production and

mitochondrial-induced apoptosis (V).

P66Shc is an important adaptor protein. It regulates the life cycle of mammalian cells and oxidative
stress. It is also associated with oxidative damage in cells. P66Shc can induce an increase in ROS
content of cells, thus affecting the rate of oxidative damage, promoting apoptosis and regulating cell
viability. Previous studies have shown that deletion of the p66Shc gene alleviates endothelial dysfunction
and oxidative damage which are induced by hyperglycemia  3). In the kidney tissue of SD rats and
db/db mice (a type 2 diabetes mellitus mouse model), the expression of p66Shc was increased
significantly . In contrast, in Akita mice with p66Shc gene deletion, the oxidative stress response was
significantly reduced, glomerular and renal tubule damage was alleviated, and urinary albumin was
decreased 4. P66Shc gene deletion can also attenuate tissue damage (¥, vascular cell apoptosis ), and
ROS-mediated age-dependent endothelial dysfunction ). Wu et al. ® found that inhibiting the expression
of p66Shc in retinal pigment epithelial cells can reduce oxidative damage and apoptosis.
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Our previous study found that with the development of diabetes mellitus, both the p66Shc mRNA and
p66Shc protein increased gradually (9. TUNEL results showed that correlating with the expression of
p66Shc, the apoptotic cells’ number increased gradually (9. These results suggest that p66Shc may
cause the occurrence and development of diabetic retinopathy. Understanding the role and mechanism of
p66Shc in the progression of diabetic retinopathy may be helpful for the early treatment of diabetic
retinopathy.

R28 retinal precursor cell line originated from rat retina culture on the 6th day after birth. With adenovirus
12S E1A (NP-040507) gene in replication deficiency virus vector, the retina was immortalized. Various
retinal cell behavioral studies, such as neuroprotection, cytotoxicity, differentiation and photostimulation,
as well as retinal neurological function and gene expression, can use R28 cells, both in vitro and in vivo
(1), Although cell culture is not completely equivalent to complete eyes, many studies of retinal processes

still used R28 cells as an important experimental system (10).

The correct characterization of cell lines is extremely important ('2). In the past, we thought that the RGC-5
cell line was a rat retinal ganglion cell line. But now we find that it is an unrelated SV40 transformed
mouse photoreceptor cell line 661W ('), In order to avoid the same situation, strict cell culture schemes
must be followed, and published experiments on the identity of R28 cells must be validated. The origin
and identity of R28 cells were supported by several published studies ('3 14). The function of R28 cells
was studied. The results showed that R28 cells had retinal neurotransmitter receptors and could respond

to the stimulation of neurotransmitters (15 19) Through in vitro studies of R28 cells, many important

findings which were related to retinal function and specific disease status have been found (17-18).

The aim of this study was to investigate the expression of p66Shc and phosphorylated p66Shc S36 in
R28 cells under high glucose condition, and to clarify the role of p66Shc in oxidative damage and
apoptosis of R28 cells under high glucose condition.

Methods

R28 cell culture and treatment

R28 cells were purchased from Cell Resources Center, Shanghai Academy of Life Sciences. They were
cultured in glucose-free DMEM at 37°C in a 5% CO, environment, supplemented with 10% fetal bovine
serum (FBS), 1x10° U/L penicillin, and 100 mg/L streptomycin until 80% of the cells fused. Cells were
then incubated in DMEM medium without FBS for 24 hours. Subsequently, R28 cells were cultured with
various concentrations of D-glucose (5.5, 15, 30, and 40 mM) for 12 hours, or with 30 mM D-glucose or 30
mM mannitol for the indicated time (0, 15, 30, 60, 90, 120, and 180 min). The mRNA levels of p66Shc and
phosphorylation of p66Shc S36 were detected by Real-time PCR and Western blotting, respectively.

Concurrently, R28 cells were divided into five groups: i. control (CTL) group (untransfected R28 cells + 5.5
mM glucose); ii. high glucose group (untransfected R28 cells + 30mM glucose); iii. high glucose
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overexpressed p66Shc group (R28 cells transfected with p66Shc expressing plasmid + 30mM glucose);
iv. high glucose p66Shc KO group (R28 cells transfected with small interfering RNA for p66Shc + 30mM
glucose); v. high glucose S36A mutant group (R28 cell transfected with serine 36 variant p66Shc + 30mM
glucose).

Small interfering RNA for p66Shc, p66Shc overexpression plasmid, and mutant p66Shc serine 36
plasmids were all obtained from Biofort Biotechnology Co., LTD (Shanghai, China). They were transfected
into the R28 cells according to manufacturer's instructions.

The production of ROS by R28 cells was evaluated by labeling cells with MitoSox followed by detection
by laser confocal microscopy at 2 and 24 hours after glucose stimulation. Flow cytometry was used to
detect apoptosis at 48 hours after glucose stimulation.

Real time PCR

We used The Trizol method to extract RNA. P66Shc primer was designed by Primer Premier 5.0 software
and synthesized by Invitrogen Biotechnology Co., Ltd. (Shanghai, China). The primer sets are listed in
Table 1. We mixed the sample with 1 ml Trizol (Invitrogen Life Technologies, Shanghai, China) and shake
it well, then put it on ice for about 5 minutes to denaturate it completely. After that, we mixed the mixture
with 0.25 ml chloroform, shake for 15 seconds, and stand for 3 minutes at 4 C, centrifuged the mixture at
12,000 x g for 10 min, and collected the supernatant. Then, we added 0.5 ml isopropanol, mixed, and let
the mixture rest for 10 minutes at room temperature, followed by centrifuged the mixture for 10 minutes
at 12,000 x g, and discarded the supernatant. After cleaning the precipitated particles, we added 1.5 ml
75% ethanol, centrifuged the mixture for 8 minutes at 12,000 x g. We removed the supernatant, and air-
dried the precipitated RNA for 5-10 minutes. The Revert Aid First Strand cDNA Synthesis Kit (Thermo,
Shanghai, China) was used to reverse transcribe total RNA (2 pg), according to the manufacturer's
protocols. GAPDH was used as the internal reference gene. Amplification of 20 pl reaction mixture was
carried out with the following PCR program: 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 60

s. We used 2"22Ct method to analyze the data.
Western blot

RIPA lysis buffer containing protease inhibitors was used to extract protein. We mixed the protein sample
with the sample buffer, heated it in 100°C water for 10 minutes, and then cooled the mixture in ice water.
Then we loaded the proteins (10~20 g) onto a sodium dodecyl sulphate (SDS) 12% polyacrylamide gel.
After electrophoresis, the protein was transferred onto polyvinylidene fluoride membranes. 5% skimmed
milk in 0.1% Tween/Tris-buffered saline (TBST) was used to block the nonspecific binding. Membranes
were incubated with primary antibodies against p66Shc (1:1000; Abcam, Shanghai, China), serine 36
phosphorylated p66Shc (1:500; Abcam, Shanghai, China), and GAPDH (1:5000; Boster, Shanghai, China)
overnight at 4°C. Then we used phosphate buffered saline containing Tween (PBST) to wash the
membrane three times in a shaker. After that, we immersed the membrane in the appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h at room temperature. We washed the membrane three
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times again in PBST, then visualized the protein band with enhanced chemiluminescence reaction kit
(Goodbio Biological Technology Co., LTD, Wuhan, China), and captured the protein band with Tanon 5500
imager (Tanon, Shanghai, China). We analyzed the band with AlphaEaseFC (Alpha Innotech, San
Leandro, CA, USA). Each band is normalized according to the corresponding GAPDH band. The changes
of protein expression were expressed as the ratio of levels in diabetic rats to non-diabetic rats.

MitoSOX Red

The production of ROS by R28 cells was evaluated by labeling cells with MitoSox (Invitrogen) according
to the manufacturer instructions. MitoSOX Red is a kind of reactive cell permeable dye. It can target
mitochondria rapidly and selectively, and is mainly used to observe mitochondrial O, levels. MitoSOX red
fluorescence (excitation at 510 nm and emission at 585 nm) was detected by laser scanning confocal
microscopy equipped with a bandpass filter (Zeiss LSM 510; Carl Zeiss, Thornwood, NY, USA). After
staining with MitoSOX Red, mitochondrial O, was also detected by flow cytometry.

Flow cytometry

We used an annexin V-FITC (fluorescein isothiocyanate) Kit (Dojindo, Shanghai, China) to quantify the
percentage of undergoing apoptotic cells. Briefly, R28 cells were divided into the groups as above-
mentioned. Then the cells were inoculated into 6-well plates. After 48 hours of treatment, the cells were
digested by trypsin, then centrifuged at 1000 rpm at 4 C for 5 minutes, washed by PBS, and incubated
with a mixture of 5 pl annexin V-FITC conjugate and 5 pl propidium iodide (PI) at room temperature in
darkness for 15 minutes. A flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) was used to detect
apoptosis.

Isolation of mitochondria

Mitochondria were prepared by using Thermo Fisher mitochondria isolation Kit (Pierce, Rockford, IL, USA)
(19)_ Briefly, after digesting the homogenized samples with the kit reagents, the samples were centrifuged
for 10 minutes at 700 x g, then centrifugation for 15 minutes at 3000 x g. The pellet thus obtained was

washed, suspended in PBS, and used for the quantification of p66Shc and cytochrome C in mitochondria.
Mitochondrial DNA damage

Mitochondrial DNA is sensitive to oxidative damage as it lacks repair mechanisms. When the aggregation
and replication of mitochondrial DNA are inhibited, the number of long copies of mitochondrial DNA
decreases, suggesting mitochondrial DNA damage. Detecting the ratio of long fragments to short
fragments of mitochondrial DNA can thus reflect the integrity of mitochondrial DNA (20).

Briefly, long (8.8 kb) and short (223 bp) mtDNA regions were amplified using PCR, and the amplified
products were resolved on an agarose gel. Relative amplification was quantified by normalizing the
intensity of the long product to the short product (8.8 kb/223 bp).
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Statistical analysis

We used the Statistical Package for Social Sciences (version 11.0, SPSS Inc., Chicago, IL, USA) to perform
statistical analysis. The mean + standard deviation (SD) expressed data. The difference between two
groups used the Student’s t-test to analyze. The differences among groups used One-way ANOVA to
analyze. P<0.05 was considered a significant difference.

Results

Effect of different concentrations of glucose on the expression of p66Shc in R28 cells

After 12 hours of glucose stimulation, the levels of p66Shc mRNA in R28 cells was detected by RT-PCR.
The results showed that with the increase in glucose concentration, the level of p66Shc mRNA increased
gradually, and was the greatest in the 45 mM glucose treatment group. Notably, there was a significant
difference among the groups (ANOVA, P< 0.05). Western blot was then used to detect the expression of
p66Shc protein in R28 cells after 24 hours of glucose stimulation. Interestingly, normal R28 cells
expressed a baseline level of p66Shc. With the increase of glucose concentration, its expression gradually
increased and was also the greatest in the 45 mM glucose treatment group. Again, there was a significant
difference among the groups (ANOVA, P< 0.05) (Figure 1A, 1B).

Changes in p66Shc expression over time after glucose stimulation

R28 cells were stimulated by 30mM glucose. The level of p66Shc mMRNA was detected by PCR, and the
expression of p66Shc protein was detected by Western blot, although at different time points. Importantly,
the intracellular level of p66Shc mRNA and protein both increased gradually over time (ANOVA, P< 0.05,
and P< 0.05 respectively) (Figure 1C, 1D). In contrast, in the isotonic control group (30 mM mannitol), the
expression of p66Shc mRNA and protein did not change significantly with prolonged glucose exposure
time, and there was no significant difference among the groups (ANOVA, P> 0.05) (Figure 2A, 2B).

Changes in p66Shc Ser36 phosphorylation over time after glucose stimulation

The phosphorylation of p66Shc Ser36 in R28 cells at different time points was detected by Western blot.
The results showed that the phosphorylation of p66Shc Ser36 was significantly increased after 15
minutes of glucose treatment compared with the control group (0 h group) (P< 0.05). With the
prolongation of glucose exposure time, the protein level increased gradually, and there was a significant
difference among the groups (ANOVA, P< 0.05). In contrast, the level of phosphorylated Ser36 p66Shc
protein in R28 cells stimulated with isotonic mannitol (30 mM) did not change significantly with the
prolongation of treatment time (ANOVA, P> 0.05) (Figure 3A, 3B).

Detection of mitochondrial ROS content by laser scanning confocal microscopy

We used MitoSox Red to detect the fluorescence generated by mitochondrial ROS. R28 cells were
incubated with 5um MitoSox Red and 2ug/ml Hoechst for 10 minutes at 37°C. MitoSox Red can
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penetrate the living cell membrane freely and enter the cell. It acts selectively on the mitochondria and is
oxidized by the ROS in the mitochondria. It shows red fluorescence under confocal laser microscopy and
blue fluorescence in the nucleus. After glucose stimulation for 2 hours, there was weak red fluorescence
in all groups, and no significant difference were found between the groups (P> 0.05) (Figure 4A). After 24
hours of glucose stimulation, the level of red fluorescence was still minimal in the normal control group,
while it was significantly increased in the high glucose group (P< 0.05), and was further increased in the
high glucose overexpressed p66Shc group (P < 0.05). In contrast, compared with the high glucose group,
the red fluorescence (ROS content) of high glucose p66Shc KO group and high glucose S36A mutant
group decreased significantly (P< 0.05, P< 0.05) (Figure 4B).

P66Shc regulated the high glucose induced R28 cells apoptosis

Compared with the normal control group, the apoptosis rate was significantly higher in the high glucose
group (P< 0.05). Among all the groups, the rate of apoptosis was the highest in the high glucose
overexpressed p66Shc group, and there was a significant difference between it and the high glucose
group (P< 0.05). However, compared with the high glucose group, the apoptosis rate in the high glucose
p66Shc KO group and the high glucose S36A mutant group were significantly decreased (P< 0.05 and P
< 0.05, respectively) (Figure 5). These results suggest that the high glucose induced R28 cells apoptosis
was regulated by p66Shc.

Expression of p66Shc and cytochrome C in mitochondria

After 48 hours of high glucose intervention, mitochondrial proteins were extracted from each group, and
the expression of p66Shc and cytochrome C in mitochondria detected by Western blot. The results
showed that the expression of p66Shc in the mitochondria of the hyperglycemia group was significantly
higher than that of the normal group (P< 0.05). Among all the groups, the expression of p66Shc was the
highest in the high glucose overexpressed p66Shc group, and there was a significant difference between
it and the high glucose group (P < 0.05). However, compared with the high glucose group, the expression
of p66Shc in the high glucose p66Shc KO group was significantly decreased (P< 0.05). There was no
significant difference in the expression of p66Shc in mitochondria between the high glucose S36A
mutation group and the high glucose group (P> 0.05) (Figure 6).

In contrast, the expression of cytochrome C in mitochondria in the hyperglycemia group was significantly
lower than that in normal group (P < 0.05). Among all the groups, the expression of cytochrome C in
mitochondria was the lowest in the high glucose overexpressed p66Shc group, and there was a
significant difference between it and the high glucose group (P < 0.05). However, compared with the high
glucose group, the expression of cytochrome C in mitochondria in the high glucose p66Shc KO group and
the high glucose S36A mutation group were both significantly increased (P < 0.05) (Figure 7).

Detection of mitochondrial DNA damage by PCR
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The integrity of mitochondrial DNA (mtDNA) reflects the overall damage to mtDNA. After 48 hours of
glucose intervention, mtDNA was extracted from cells of each group, and the integrity of mtDNA was
detected by PCR. Compared with the normal group, the proportion of long fragments of mitochondrial
DNA in the high glucose group was decreased significantly (P < 0.05). The proportion of long fragments
of mitochondrial DNA decreased further in the high glucose overexpressed p66Shc group (P < 0.05).
However, this was attenuated in the high glucose p66Shc KO and high glucose S36A mutation groups (P
< 0.05, P< 0.05 respectively) (Figure 8).

Discussion

Diabetic retinopathy is one of the serious microvascular complications in type 1 and type 2 diabetes
mellitus. Many risk factors are associated with the occurrence and development of diabetic retinopathy,
such as hypertension, proteinuria, and hyperlipidemia ") Previous studies have shown that under high
glucose conditions, the production of ROS increases, which in turn results in the accumulation of

(22)

extracellular matrix and apoptosis '“<). P66Shc has an oxidoreductase activity, and it can directly

stimulate mitochondrial ROS generation (23.24)_In Cai et al.'s study %), they cultured human embryonic
kidney cells under high glucose conditions and found that the expression of p66Shc increased with
glucose concentration, which suggested that p66Shc may be involved in the pathogenesis of diabetic
nephropathy. Inactivation of p66Shc would increase the resistance to oxidative stress and protect mice

from diabetic or age-related vascular endothelial dysfunction 7),

In this study, we found that the levels of p66Shc mRNA and protein both increased with increasing
glucose concentration. Furthermore, at the same concentration of glucose, their levels increased
gradually with prolonged incubation time. To exclude the effect of osmotic pressure on the expression of
p66Shc in R28 cells, we used 30 mM mannitol as a control group. The results showed that with
prolonged incubation time, the expression of p66Shc mRNA and protein did not change significantly in
the mannitol group, in agreement with the results of Sun et al. @%). This indicated that high glucose
concentration did not regulate the expression of p66Shc through the osmotic pathway. However, the
precise mechanism of how high glucose concentration regulates p66Shc expression remains unclear.
Previous studies have shown that diabetes increases presynaptic signaling 27) through a variety of
mechanisms, including hyperglycemia, aging, oxidative stress, and the NF-kB response. Presynaptic
signals induce the increase of cytosolic and mitochondrial p66Shc pools, serine phosphorylation,
mitochondrial pool release from a high-molecular weight complex, cytochrome C oxidation, and
proapoptotic H,0, production. In addition, with the increase of electron flow from complex lll, cytochrome
C decreases excessively. It is speculated that if cytochrome C is excessively reduced, the reaction with
cytochrome C may occur. Hypoxia or nitric oxide inhibition (up-regulation in diabetic state) results in a
decrease in cytochrome C oxidase activity, followed by an increase in electron flow from complex IIl.
Diabetes also increases the electron flow of complex Ill. P66Shc mediates oxidant-induced apoptosis and
regulates the levels of steady-state ROS, which therefore would reflect the moderate activation of p66Shc

Page 8/23



through chronic stress. Moreover, in diabetes mellitus, this effect of p66Shc could be enhanced by
inducing persistent excess of ROS in mitochondria or activation of cytosolic NAD (P) H oxidase (28-30),

In this study, we found that with the increase of p66Shc level in mitochondria of R28 cells, ROS content in
mitochondria increased, mitochondrial DNA damage was exacerbated, cytochrome C content in
mitochondria decreased, and apoptosis increased. These results suggested that p66Shc plays an
important role in mitochondrial apoptosis. Under high glucose conditions, p66Shc produced a marked
amount of ROS in mitochondria, decreased the permeability of the mitochondrial membrane, released

cytochrome C, and activated caspase-9 in the cytoplasm, inducing apoptosis (31,32),

The main site of ROS production in cells is the mitochondria. Mitochondrial DNA is a ring-shaped bare

(33)

structure without self-repair mechanisms, thus it is very susceptible to oxidative damage ‘°°). Brownlee et

al. 34) suggested that the increase of ROS production in mitochondria is a common mechanism of
diabetic complications. Increased ROS will activate vascular injury pathways (polyol pathway activation,
advanced glycation end products, protein kinase C (PKC) activation, and aminohexose pathway),
stimulate oxidative stress responses in tissues, and cause mitochondrial DNA damage and dysfunction
of electron transfer chain complexes, which in turn leads to excessive ROS production.

We treated R28 cells with high concentrations of glucose. After 15 minutes, the phosphorylation of
p66Shc Ser36 was significantly increased. With the prolongation of treatment time, the phosphorylation
also increased gradually. However, there was no significant change in p66Shc Ser36 phosphorylation in
mannitol treated R28 cells. In the high glucose S36A group, the ROS content and the apoptosis rate were
both attenuated. These results suggested that the phosphorylation of p66Shc Ser36 in R28 cells may
play an important role in the oxidative damage induced by high glucose. The key to p66Shc mediated
oxidative stress injury is Ser36 phosphorylation 3538)_ High glucose will stimulate the phosphorylation of
p66Shc Ser36 in the cytoplasm. The phosphorylated p66Shc is recognized and isomerized by prolyl
isomerase pin1, and then dephosphorylated by protein phosphatase 2A, enters the mitochondria, oxidizes
cytochrome C in the mitochondria, and eventually produces ROS, which will cause extracellular matrix
accumulation and apoptosis G9). Vono et al. 49 found that PKC-8 promoted the phosphorylation of
p66Shc Ser36 in skeletal muscle of patients with diabetes, and inhibiting PKC-8 decreased the
phosphorylation of p66Shc Ser36 and promoted the recovery of skeletal muscle in patients with diabetes.
Song et al. #") also found that the PKC-6 pathway regulated the activation and transport of p66Shc in
renal tubular cells in diabetic nephropathy. PKC siRNA blocks high glucose concentration-induced p66Shc
phosphorylation and mitochondrial translocation, which reduces the production of ROS in renal tubular

cells. A PKC- inhibitor (LY333531) reduced the occurrence and development of diabetic retinopathy (1%

42,43) However, in diabetic retinopathy, whether p66Shc Ser36 phosphorylation is also through the PKC-B

pathway, or alternative pathways, remains to be elucidated.

Conclusions
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High glucose concentrations increased the expression of p66Shc in R28 cells in a time and concentration
dependent manner. Furthermore, high glucose concentration induces phosphorylation of p66Shc Ser36.
Under high glucose conditions, p66Shc causes oxidative damage and apoptosis in R28 cells, which is
increased by overexpression of p66Shc. In contrast, p66Shc KO or p66Shc S36A mutation decreases
oxidative damage and apoptosis in R28 cells induced by high glucose concentrations. In summary,
present study suggests that p66Shc is an essential regulator of mitochondrial ROS, and play an
important role in mitochondrial apoptosis. The study will provide a novel insight into the mechanism
associated with increased mitochondrial dysfunction in the development of diabetic retinopathy.

Abbreviations

FBS: fetal bovine serum

SDS: sodium dodecyl sulphate

FITC: fluorescein isothiocyanate

PI: propidium iodide

SD: standard deviation

mtDNA: mitochondrial DNA

PKC: protein kinase C

CTL: control

KO: knockout

RT-PCR: Reverse transcription-polymerase chain reaction
DM: diabetes mellitus

DR: Diabetic retinopathy

ROS: reactive oxygen species

STZ: streptozotocin

RIPA: radio-immunoprecipitation assay
TBST: Tween/Tris-buffered saline

PBST: phosphate buffer solution Tween

Page 10/23



PBS: phosphate buffer saline

Declarations

Ethics approval and consent to participate
The study was approved by the Shanghai Jiaotong University affiliated No.6 hospital.
Availability of data and materials

The datasets used and analysed during the current study available from the corresponding author on
reasonable request.

Consent for publication
Not Applicable.
Competing interests

The authors report no conflicts of interest. The authors alone are responsible for the content and writing
of the paper.FundingThis study is partially funded by the National Natural Science Foundation of China
(No. 81671641), Soochow Scholar Project of Soochow University (R5122001), and Jiangsu Province's
Outstanding Medical Academic Leader program (CXTDA2017039).

Authors' contributions

PR Lu conceived of the study, and participated in its design. MH Zhao participated in the design of the
study, and mitochondrial DNA damage, and apoptosis evaluation. JY Hu participated in immunoassay
and performed the statistical analysis. Q Wu participated in immunoassay. All authors read and approved
the final manuscript.

Acknowledgements

We thank Simon Teteris, PhD, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/ac), for editing
the English text of a draft of this manuscript.

References

1. Pellegrini M, Baldari CT. Apoptosis and oxidative stress-related disease: the p66Shc connection. Curr
Mol Med 2009; 9: 392-398.

2. Camici GG., Schiavoni M, Francia P, Bachschmid M, Martin-padura |, Hersberger M, Tanner FC, Pelicci
P, Volpe M, Anversa P, et al. Genetic deletion of p66(Shc) adaptor protein prevents hyperglycemia-
induced endothelial dysfunction and oxidative stress. Proceedings of the National Academy of
Sciences 2007, 104: 5217-5222.

Page 11/23


http://www.liwenbianji.cn/ac

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Tomilov AA, Bicocca V, Schoenfeld RA, Giorgio M, Migliaccio E, Ramsey JJ, Hagopian K, Pelicci PG,

Cortopassi GA. Decreased superoxide production in macrophages of long-lived p66Shc knock-out
mice. Journal of Biological Chemistry 2010; 285: 1153-1165.

. Vashistha H, Meggs L. Diabetic nephropathy: lessons from the mouse. Ochsner Journal 2013; 13:
140 -146.
. Zaccagnini G, Martelli F, Fasanaro P Magenta A, Gaetano C, Di Carlo A, Biglioli P, Giorgio M, Martin-

Padura |, Pelicci PG, et al. P66ShcA modulates tissue response to hindlimb ischemia. Circulation
2004; 109: 2917-2923.

. Napoli C, Martin-Padura |, de Nigris F, Giorgio M, Mansueto G, Somma P, Condorelli M, Sica G, De

Rosa G, Pelicci P. Deletion of the p66Shc longevity gene reduces systemic and tissue oxidative stress,
vascular cell apoptosis, and early atherogenesis in mice fed a high-fat diet. Proc Natl Acad Sci USA
2003;100:2112-2116.

. Francia B, delli Gatti C, Bachschmid M, Martin-Padura |, Savoia C, Migliaccio E, Pelicci PG, Schiavoni

M, Luscher TF, Volpe M, et al. Deletion of p66Shc gene protects against age-related endothelial
dysfunction. Circulation 2004; 110: 2889-2895.

. Wu Z, Rogers B, Kachi S, Hackett SF, Sick A, Campochiaro PA. Reduction of p66Shc suppresses

oxidative damage in retinal pigmented epithelial cells and retina. J Cell Physiol 2006; 209: 996-1005.

. MH Zhao, J Hu, S Li, Q Wu, P Lu. P66Shc expression in diabetic rat retina. BMC Ophthalmol 2018;

18(1): 58.
Seigel GM. R28 retinal precursor cells: The first 20 years. Molecular Vision 2014; 20: 301-306.

Krishnamoorthy RR, Agarwal P, Prasanna G, Vopat K, Lambert W, Sheedlo HJ, Pang IH, Shade D,
Wordinger RJ, Yorio T, Clark AF, Agarwal N. Characterization of a transformed rat retinal ganglion cell
line. Brain Res Mol Brain Res 2001; 86: 1-12.

Krishnamoorthy RR, Clark AF, Daudt D, Vishwanatha JK, Yorio T. A forensic path to RGC-5 cell line
identification: lessons learned. Invest Ophthalmol Vis Sci 2013; 54: 5712-5719.

Seigel GM. RJ Salvi A Microarray Dataset of Genes Expressed by the R28 Retinal Precursor Cell
LineDataset Papers in Neuroscience 2013;2013: 261063.

Huang J, Li SJ, Chen XH, Han Y, Xu P hnRNP-R regulates the PMA-induced c-fos expression in retinal
cells. Cell Mol Biol Lett 2008; 13: 303-311.

Seigel GM, Sun W, Wang J, Hershberger DH, Campbell LM, Salvi RJ. Neuronal gene expression and
function in the growth-stimulated R28 retinal precursor cell line. Curr Eye Res 2004; 28: 257-69.

Sun W, Seigel GM, Salvi RJ. Retinal precursor cells express functional ionotropic glutamate and
GABA receptors. Neuroreport 2002; 13: 2421-2424.

Sperling LE, Klaczinski J, Schutz C, Rudolph L, Layer PG. Mouse acetylcholinesterase enhances
neurite outgrowth of rat R28 cells through interaction with laminin-1. PLoS ONE 2012; 7: e36683.

Costa EF, Barros NM, Coppini LP, Neves RL, Carmona AK, Penha FM, Rodrigues EB, Dib E, Magalhaes
O Jr, Moraes Filho MN, et al. Effects of light exposure, PH, osmolarity, and solvent on the retinal

Page 12/23



19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

pigment epithelial toxicity of vital dyes. Am J Ophthalmol 2013; 155: 705-712.

LiuY,Jin J,Qiao S, Lei S, Liao S, Ge ZD, Li H, Wong GT, Irwin MG, Xia Z. Inhibition of PKCR2
overexpression ameliorates myocardial ischaemia/reperfusion injury in diabetic rats via restoring
caveolin-3/Akt signaling. Clin Sci (Lond) 2015; 129: 331-344.

Oshitari T, Yamamoto S, Roy S. Increased expression of c-Fos, c-Jun and c-Jun N-terminal kinase
associated with neuronal cell death in retinas of diabetic patients. Curr Eye Res 2014; 39(5): 527-531.

Kanwar YS, Sun, L, Xie P, Liu FY, Chen SA. Glimpse of various pathogenetic mechanisms of diabetic
nephropathy. Annu Rev Pathol 2011; 6: 395-423.

Kashihara, Y. Haruna, V.K. Kondeti, Y.S. Kanwar. Oxidative stress in diabetic nephropathy. Curr. Med.
Chem 2010; 17: 4256-4269.

R. Galimov. The role of p66shc in oxidative stress and apoptosis. Acta Nat 2010; 2: 44-51.

S. Kanwar, L. Sun, P. Xie, FY. Liu, S. Chen. A glimpse of various pathogenetic mechanisms of diabetic
nephropathy. Annu. Rev. Pathol 2011; 6: 395-423.

Cai W, He JC, Zhu L, Chen X, Striker GE, Vlassara H. AGE-receptor-1 counteracts cellular oxidant
stress induced by AGEs via negative regulation of p66Shc-dependent FKHRL1 phosphorylation. Am J
Physiol Cell Physiol 2008; 294(1): C145-152.

Sun L, Xiao L, Nie J, Liu FY, Ling GH, Zhu XY, Tang WB, Chen WC, Xia YC, Zhan M, et al. P66Shc
mediated high-glucose and angiotensin Il-induced oxidative stress renal tubular injury via
mitochondrial-dependent apoptotic pathway. Am J Physiol Renal Physiol 2010; 299(5): F1014-1025.

Ortiz A, Lorz C, Justo B, Catala’n MP, Egido J. Contribution of apoptotic cell death to renal injury. J
Cell Mol Med 2001; 5: 18-32.

Di Mario U, Pugliese G. 15" Golgi lecture: from hyperglycaemia to the dysregulation of vascular
remodelling in diabetes. Diabetologia 20071; 44: 674-692.

Giorgio M, Migliaccio E, Orsini F, Paolucci D, Moroni M, Contursi C, Pelliccia G, Luzi L, Minucci S,
Marcaccio M, et al. Electron transfer between cytochrome ¢ and p66Shc generates reactive oxygen
species that trigger mitochondrial apoptosis. Cell 2005; 122: 221-233.

Pugliese G, Pricci F, Pesce CM, Romeo G, Lenti E, Vetri M, Purrello F, Di Mario Early, but not advanced,
experimental diabetic glomerulopathy is reversed by pancreatic islet transplants: correlation with
glomerular extracellular matrix mRNA levels. Diabetes 1997; 46: 1198-1206.

Allen DA, Harwood S, Varagunam M, Raftery MJ, Yagoob MM. High glucose-induced oxidative stress
causes apoptosis in proximal tubular epithelial cells and is mediated by multiple caspases. FASEB J
2003; 17(8): 908-910.

Najafian B, Kim Y, Crosson JT, Mauer M. Atubular glomeruli and glomerulotubular junction
abnormalities in diabetic nephropathy. J Am Soc Nephrol 2003; 14(4): 908-917.

Nishikawa T, Sasahara T, Kiritoshi S, Sonoda K, Senokuchi T, Matsuo T, Kukidome D, Wake N,
Matsumura T, Miyamura N, et al. Evaluation of urinary 8-hydroxydeoxy-guanosine as a novel
biomarker of macrovascular complications in type 2 diabetes. Diabetes care 2003; 26(5): 1507-1512.

Page 13/23



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Browmlee M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001; 414:
813-820.

Migliaccio E, Mele S, Salcini AE, Pelicci G, Lai KM, Superti-Furga G, Pawson T, Di Fiore PP,
Lanfrancone L, Pelicci PG. Opposite effects of the p52Shc/p46Shc and p66shc splicing isoforms on
the EGF receptor-MAP kinase-fos signalling pathway. EMBO J 1997; 16(4): 706-716.

Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, Lanfrancone L, Pelicci PG. The
p66Shc adaptor protein controls oxidative stress response and life span in mammals. Nature 1999;
402(6759): 309-313.

Lee HB, Yu MR, Yang Y, Jiang Z, Ha H. Reactive oxygen species-regulated signaling pathways in
diabetic nephropathy. J Am Soc Nephrol 2003; 14: S241-245.

Menini S, lacobini C, Ricci C, Oddi G, Pesce C, Pugliese F, Block K, Abboud HE, Giorgio M, Migliaccio E,
et al. Ablation of the gene encoding p66Shc protects mice against AGE-induced glomerulopathy by
preventing oxidant-dependent tissue injury and further AGE accumulation. Diabetologia 2007; 50(9):
1997-2007.

Pinton P, Rimessi A, Marchi S, Orsini F, Migliaccio E, Giorgio M, Contursi C, Minucci S, Mantovani F,
Wieckowski MR, et al. Protein kinase C beta and prolyl isomerase 1 regulate mitochondrial effects of
the life-span determinant p66Shc. Science 2007; 315(5812): 659-663.

Vono R, Fuoco C, Testa S, Pirro S, Maselli D, Ferland McCollough D, Sangalli E, Pintus G, Giordo R,
Finzi G, et al. Activation of the pro-oxidant PKCBII-p66Shc signaling pathway contributes to pericyte
dysfunction in skeletal muscles of patients with diabetes with critical limb ischemia. Diabetes 2016;
65: 3691-3704.

Song P Yang S, Xiao L, Xu X, Tang C, Yang Y, Ma M, Zhu J, Liu F, Sun L. PKC& promotes high glucose
induced renal tubular oxidative damage via regulating activation and translocation of p66Shc. Oxid
Med Cell Longev 2014; 2014: 746531.

Ebrahimian TG, Heymes C, You D, Blanc-Brude O, Mees B, Waeckel L, Duriez M, Vilar J, Brandes RR,
Levy BI, et al. NADPH oxidase-derived overproduction of reactive oxygen species impairs
postischemic neovascularization in mice with type 1 diabetes. Am J Pathol 2006; 169(2): 719-728.
Abiko T, Abiko A, Clermont AC, Shoelson B, Horio N, Takahashi J, Adamis AP, King GL, Bursell SE.
Characterization of retinal leukostasis and hemodynamics in insulin resistance and diabetes: role of
oxidants and protein kinase-C activation. Diabetes 2003; 52(3): 829-837.

Tables

Table 1. The PCR primers

Page 14/23



Primer Sequcence (5’-3")
P66Shc-F GAAGAGCCACCTGACCATC
P66Shc-R AGGCACCCGAAGAGCATC
GAPDH-F ACAACTTTGGTATCGTGGAAGG
GAPDH-R GCCATCACGCCACAGTTTC
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FIGURE 1. A: RT-PCR was used to detect the expression of p66Shc in R28 cells. With the increase in
glucose concentration, the level of p66Shc mRNA increased gradually, and was greatest in the 45 mM
glucose treatment group. Notably, there was a significant difference among the groups (ANOVA, P < 0.05).
B: Western blot was used to detect the expression of p66Shc protein in R28 cells after 24 hours of
glucose stimulation. Interestingly, normal R28 cells expressed a baseline level of p66Shc. With the
increase of glucose concentration, its expression gradually increased and was also greatest in the 45 mM

glucose treatment group. Again, there was a significant difference among the groups (ANOVA, P < 0.05).
R28 cells were stimulated by 30mM glucose.
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Figure 1. C: The level of p66Shc mRNA was detected by PCR at different time points. The intracellular
level of p66Shc mRNA increased gradually over time (ANOVA, P < 0.05). D: The expression of p66Shc
protein was detected by western blot at different time points. The intracellular level of p66Shc protein
increased gradually over time (ANOVA, P < 0.05). (*: compared with the normal control group, P < 0.05; #:
compared with the 5.5mM group, P < 0.05).
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FIGURE 2. 30mM mannitol stimulated R28 cells. A: The expression of p66Shc mRNA did not change
significantly with prolonged glucose exposure time, and there was no significant difference among the
groups (ANOVA, P > 0.05). B: protein did not change significantly with prolonged glucose exposure time,
and there was no significant difference among the groups (ANOVA, P > 0.05). (*: compared with the group
Oh, P < 0.05; * *: compared with the group Oh, P < 0.01).
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Figure 4

FIGURE 3. A: The phosphorylation of p66Shc Ser36 in R28 cells at different time points was detected by
western blot. The results showed that the phosphorylation of p66Shc Ser36 was significantly increased
after 15 minutes of glucose treatment compared with the control group (0 h group) (P < 0.05). With the
prolongation of glucose exposure time, the protein level increased gradually, and there was a significant
difference among the groups (ANOVA, P < 0.05). B: The level of phosphorylated Ser36 p66Shc protein in
R28 cells stimulated with isotonic mannitol (30 mM) did not change significantly with the prolongation of

treatment time (ANOVA, P > 0.05). (*: compared with group Oh, P < 0.05; * *: compared with group Oh, P <
0.01)
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Figure 5

FIGURE 4A. The effects of high glucose on ROS production in R28 cells. The level of ROS was detected by
MitoSox staining.The nucleus showed blue fluorescence and ROS showed red fluorescence. After glucose
stimulation for 2 hours, there was weak red fluorescence in all groups, and no significant difference were
found between the groups (P > 0.05). (CTL: normal control group; i: high glucose group; ii: high glucose
over expression p66Shc group; iii: high glucose p66Shc KO group; iv: high glucose S36A mutation group).
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Figure 6

FIGURE 4B. The effects of high glucose on ROS production in R28 cells. The level of ROS was detected by
MitoSox staining. The nucleus showed blue fluorescence and ROS showed red fluorescence. After 24
hours of glucose stimulation, the level of red fluorescence was still minimal in the normal control group,
while it was significantly increased in the high glucose group (P < 0.05), and was further increased in the
high glucose overexpressed p66Shc group (P < 0.05). In contrast, compared with the high glucose group,
the red fluorescence (ROS content) of high glucose p66Shc KO group and high glucose S36A mutant
group decreased significantly (P < 0.05, P < 0.05). (CTL: normal control group; i: high glucose group; | i:
high glucose over expression p66Shc group; | I i: high glucose p66Shc -/- group; iv: high glucose S36A
mutation group)(*: compared with the normal control group, P < 0.05; #: compared with the high glucose
group, P < 0.05).
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FIGURE 5. Flow cytometry was used to detect apoptosis rate of each group. Compared with the normal
control group, the apoptosis rate was significantly higher in the high glucose group (P < 0.05). Among all
the groups, the rate of apoptosis was the highest in the high glucose overexpressed p66Shc group, and
there was a significant difference between it and the high glucose group (P < 0.05). However, compared
with the high glucose group, the apoptosis rate in the high glucose p66Shc KO group and the high
glucose S36A mutant group were significantly decreased (P < 0.05 and P < 0.05, respectively). (*:
compared with the normal control group, P < 0.05; #: compared with the high glucose group, P < 0.05).
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FIGURE 6. Western blot was used to detect the expression of p66Shc in mitochondria. The expression of
p66Shc in the mitochondria of the hyperglycemia group was significantly higher than that of the normal
group (P < 0.05). Among all the groups, the expression of p66Shc was the highest in the high glucose
overexpressed p66Shc group. However, compared with the high glucose group, the expression of p66Shc
in the high glucose p66Shc KO group was significantly decreased (P < 0.05). There was no significant
difference in the expression of p66Shc in mitochondria between the high glucose S36A mutation group

and the high glucose group (P > 0.05) (*: compared with the normal control group, P < 0.05; #: compared
with the high glucose group, P < 0.05).
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FIGURE 7. Western blot was used to detect the expression of cytochrome C in mitochondria. The
expression of cytochrome C in mitochondria in the hyperglycemia group was significantly lower than that
in normal group (P < 0.05). Among all the groups, the expression of cytochrome C in mitochondria was
the lowest in the high glucose overexpressed p66Shc group. However, compared with the high glucose
group, the expression of cytochrome C in mitochondria in the high glucose p66Shc KO group and the high
glucose S36A mutation group were both significantly increased (P < 0.05). (*: compared with the normal
control group, P < 0.05; #: compared with the high glucose group, P < 0.05).
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Figure 10

FIGURE 8. Compared with the normal group, the proportion of long fragments of mitochondrial DNA in
the high glucose group was decreased significantly (P < 0.05). The proportion of long fragments of
mitochondrial DNA decreased further in the high glucose overexpressed p66Shc group (P < 0.05).
However, this was attenuated in the high glucose p66Shc KO and high glucose S36A mutation groups (P
< 0.05, P < 0.05 respectively). (*: compared with the normal control group, P < 0.05; #: compared with the
high glucose group, P < 0.05).
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