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[Abstract]
an antioxidant tert-butyl hydroquinone (tBHQ) on the morphology

Objective To investigate the protective effects of

and function of retina in early-stage experimental diabetic rats, and
to explore the mechanism of its protective effect. Methods:
Forty-five healthy SD rats of clean degree were randomized into
normal control group, diabetes model group and tBHQ
intervention group, with 15 rats in each group according to a
random number table. The diabetes model was established via a
single intraperitoneal injection of streptozotocin (STZ) in diabetes
model group and tBHQ intervention group. Normal control group
was intrapetitoneally administered with an equal-volume injection
of sodium citrate buffer. Rats in the tBHQ intervention group
maintained a diet with 1% tBHQ for 2 weeks before the STZ
injection, and the other two groups were fed with normal rat food
only. Blood from tail vein was collected to assay the blood glucose
at 72 hours, 2 weeks and 4 weeks following modeling. Rat
electroretinogram (ERG) was detected at 4 weeks after modeling.
Morphological changes of rat retina were observed by hematoxylin
and eosin staining. The apoptosis of retinal cells in different layers
was detected by TUNEL assay. The expression of protein kinase B
(Akt), p-Akt, endothelial nitric oxide synthase (eNOS) and p-eNOS
was detected by Western blot. Miiller line rMC-1 cell cultured in
vitro was divided into 5 groups, including normal control group
(72-hour culturing in normal medium), mannitol control group
(72-hour culturing in medium containing 5.5 mmol/L glucose &
24.5 mmol/L mannitol), high glucose group (72-hour culturing in
high-glucose medium), tBHQ intervention group (24-hour
culturing in normal-glucose medium containing 5 pmol/L
tBHQ+72-hour culturing in high-glucose medium containing 5
umol/L tBHQ), and phosphoinositide 3-kinase (PI3K) inhibitor
group (6-hour culturing im mormal medium containing 5
umol/L 1Y294002+24-hout culturing in normal-glucose medium
containing 5 wmol/L LY294002 & 5 pmol/L tBHQ+72-hour
culturing in high-glucose medium containing 5 pmol/L 1.Y294002
& 5 pmol/L tBHQ). The expression of Akt, p-Akt, eNOS and
p-eNOS of cells were detected by western blot. The use and care of
animals complied with Regulations for the Administration of
Laboratory Animals in China and Southwest Medical University.
The study protocol was approved by the Animal Ethics Committee
of Southwest Medical University (No. 201711189).

Results The blood glucose at 72 hours, 2 weeks and 4 weeks
after modeling was higher in diabetic model group than tBHQ
intervention group and normal control group (all at P<0.05). Four

weeks after modeling, the scotopic ERG a-wave and b-wave

amplitudes of diabetic model group were lower than those of
normal control group and tBHQ intervention group (all at P<0.05).
With edema and thickening of inner plexiform layer, thinning inner
nuclear layer and outer nuclear layer, as well as loosely arrangement
and disorder of structure, the number of retinal ganglion cells was
decreased in diabetic model group than normal control group, all of
which were improved in tBHQ intervention group than diabetic
model group. The apoptosis index in diabetic model group was
higher than normal control group and tBHQ intervention group
(both at P<0.05), which mainly existed in the outer nuclear layer.
The relative expressions of p-Akt/Akt and p-eNOS/eNOS in rat
retina of normal control group, diabetic model group and tBHQ
intervention group were 0.76£0.11 and 0.83£0.06, 0.52£0.10 and
0.52%0.08, 1.14£0.31 and 1.03%0.13, respectively. The relative
expressions of p-Akt/Akt and p-eNOS/eNOS in diabetic model
group were lower than those of normal control group and tBHQ
intervention group (all at P<0.01). The relative expressions of
p-Akt/Akt and p-eNOS/eNOS in normal glucose group, mannitol
control group, high glucose group, tBHQ intervention group and
PI3K inhibitor group was 0.95+0.38 and 0.86%0.11, 0.94+0.27 and
0.74%0.29, 0.33%£0.25 and 0.45%0.29, 1.32+0.37 and 1.28%0.22,
0.24%0.09 and 0.73%0.29, respectively. The relative expressions of
p-Akt/Akt and p-eNOS/eNOS were significantly lower in high
glucose group than those in normal glucose group and tBHQ
intervention group (all at P<0.05), which were significantly lower in
PI3K inhibitor group compared to tBHQ intervention group (both
at P<0.01).

Conclusions tBHQ has protective effects on the morphology
and function of retina in early diabetic rats, and the mechanism
may be related to the activation of Akt/eNOS signaling pathway.
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Diabetic

complication of diabetes mellitus. Early prevention and treatment

retinopathy (DR) is a common microvascular
are imperative for preventing blindness in DR, Studies have shown
that retinal nerve damage in diabetic rats precedes vascular damage?.

Furthermore, clinical studies have confirmed that the b-wave and
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oscillatory potentials of the electroretinogram (ERG) of patients
with diabetes dectease in amplitude before the development of
structural changes in the retina, and the ERG amplitude decreases
further as the disease is exacerbated and prolonged. In addition, the
latency period is prolonged3, which indicates that retinal nerve
function is abnormal in patients with diabetes at an eatly stage.
Therefore, early protection and restoration of retinal neuronal
function in DR are important to prevent DR  blindness.
Tert-butylhydroquinone (tBHQ) (molecular formula: C;, H;, O,) is
a synthetic phenolic antioxidant, often used as a food additive to
prevent oxidative deterioration of fatty foods; furthermore, it is a
phase II enzyme inducer that can effectively prevent oxidative
stress-induced cellular dysfunction®. Studies have shown that tBHQ
promotes protein kinase B (Akt) phosphorylation by activating the
(PI3K)
phosphorylated Akt and its activation pathway can exert

phosphoinositide ~ 3-kinase pathway>.  Moreover,

anti-apoptotic ~ and  anti-oxidative  stress  effects  on

neurodegenerative  diseases such as  Alzheimer's  disease®,
confirming a role for tBHQ in neuronal protection. In DR, the
PI3K/Akt pathway is inhibited and

glucose-induced retinal cell damage’, and restoring the activity of

involved in high

the PI3K/Akt pathway plays a key role in preventing and treating
DR. Previous findings suggest that tBHQ can play a role in
resisting endothelial impairment and endothelial nitric oxide
synthase (eNOS) uncoupling by promoting the activation of eNOS,
a downstream target protein of AktS; however, whether tBHQ can
restore diabetes-induced eNOS activity remains unknown. In this
study, we aimed to establish an animal diabetes model and a cellular
hyperglycemia model to observe the effects of tBHQ on retinal
structure and function in early DR and investigate its mechanism of

action.

1 Material and Methods

1.1 Materials

1.1.1 Experimental animals In total, 45 clean-grade male SD
rats (8-week-old), with body masses of 180-200 g, were purchased
from Shanghai Siple-Bikai Laboratory Animal Co. The housing
environment included 12 h/12 h light/dark cycles, a temperature of
22-25 °C, and humidity of 40%—70%. The experimental animals
were housed, used, and executed in accordance with the National
and Southwest Medical University regulations on experimental
animal management, and the study protocol was reviewed and
approved by the Experimental Animal Ethics Review Committee
of Southwest Medical University (approval number: 201711189).

1.1.2 Experimental cells The rat retinal Muller cell line tMC-1
(Vijay Sarthy Laboratory, Northwestern University, USA) was used.
Cells wete cultured in Dulbecco's Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS) in a culture
envitonment with a volume fraction of 5% CO2, saturated
humidity, and a temperature of 37 °C. When the cells were cultured
to 80%-90% fusion, the cells were passaged, and the 3rd—8th

generation cells were used for the experiment.

1.1.3 Main reagents and instruments The following reagents
were used: tBHQ, streptozocin (STZ) (Sigma, USA); PI3K
inhibitor L.Y294002 (Merck, USA); sugar-free DMEM medium
(Gibco, USA); RIPA lysate, protein loading buffer, ultrasensitive

Wang Juan et al.

enhanced chemiluminescence (ECL) reagent, primary antibody and
secondary antibody dilution (Shanghai Biyuntian Biotechnology Co.
enhanced chemiluminescence (ECL) reagents, primary antibody
and  secondary (Shanghai
Biotechnology Co., Ltd.); mouse anti-rat eNOS antibody (ab76198,
Abcam, USA); rabbit anti-rat p-eNOS ser1179 antibody (12454-2,
SAB, USA); rabbit anti-rat p-Akt ser473 (4060s), rabbit anti-rat Akt
(4685s), B-actin, HRP-labeled monoclonal antibodies (5125s) (CST,
USA); TUNEL apoptosis detection kit (Roche, Switzerland). In
addition, the following instruments were used: ganzfeld ERG
(Phoenix- USA);  NANO  DROP
spectrophotometer (Thermo Fisher Scientific, USA); Laser

antibody  dilutions Biyuntian

System Micron,
scanning confocal fluorescence microscope (TCS SP8, Leica,

Germany).

1.2 Methodology

1.2.1 Animal grouping and model establishment Forty-five
rats were divided into normal control, diabetic model, and tBHQ
intervention groups according to the random number table method,
with 15 rats in each group. After 1 week of adaptive feeding, rats in
the diabetic model and tBHQ intervention groups received
intraperitoneal (IP) injections with a mass fraction of 1% STZ
solution (6.5 ml/kg) to establish the diabetic rat model. In the
normal control group, rats were injected intraperitoneally with an
equal volume of sodium citrate buffer. The rats in the normal
control and diabetic model groups were fed normal chow
(Shanghai Fanbo Biotechnology Co., Ltd.), while the tBHQ
intervention group was fed with 1% mass fraction of tBHQ-added
chow (Shanghai Fanbo Biotechnology Co., Ltd.) for 2 weeks before
STZ injection. At 72 h after modeling, fasting plasma glucose (FPG)
was measured by blood sampling from the tail vein of rats, and

FPG > 16.7 mmol/L was considered successful modeling.

1.2.2 Cell grouping and model establishment The Muller cell
lines were divided into five groups, in which the normal control
cells wete cultured in a medium containing 5.5 mmol/L glucose for
72 h; the mannitol control cells were cultured in a medium
containing 5.5 mmol/L glucose and 24.5 mmol/L mannitol for 72
h; the high sugar group cells were cultured in medium containing
30 mmol/L glucose; the tBHQ intervention group cells were
pretteated in normal sugar medium containing 5 pmol/L tBHQ for
24 h and then continued to be cultured in high sugar medium
containing 5 pmol/L tBHQ for 72 h. Moreover, the cells in the
PI3K inhibitor group were pretreated in a normal sugar medium
containing 5 pmol/L. 1.Y294002 for 6 h and then in high sugar
medium containing 5 pmol/L 1.Y294002 and 5 umol/L 1.Y294002
for 72 h. The cells in the PI3K inhibitor group were pretreated in a
normal sugar medium containing 5 wmol/L LY294002 and 5
pmol/L tBHQ for 6 h and then incubated in a normal sugar
medium containing 5umol/L 1.Y294002 and 5 pmol/L tBHQ for
24 h. The medium was changed every day, and the experiment was

repeated five times.

1.2.3 ERG detection of retinal function 4 weeks after
modeling Rats with diabetic cataracts were excluded, and six rats
from each group were selected and dark-adapted for at least 12 h.
The rats were anesthetized using IP injection of chloral hydrate (3
ml/kg) at a mass fraction of 10%. The pupils were fully dilated with
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compound tropicamide drops, fixed in the prone position on the
experimental table, and kept warm. The Ganzfeld ERG system was
used to record the dark-adapted retinal responses. Electrodes were
installed: the corneal electrode was placed perpendicular to the
corneal apex to fully contact the cornea and allow light to fully
enter the eye; the reference electrode was placed subcutaneously at
the intersection of the posterior occipital sagittal suture and the line
connecting the two eyes; the grounding electrode was placed
subcutaneously at the dorsal aspect of the caudal root. According
to the pre-experimental results, the stimulation conditions were set
as follows: the background light intensity was 0 cd/m?; the flash
intensities were —1.3, —0.3, and 0.7 cd-s/m2, the stimulation
intervals were 30, 40, and 50 s; the duration of a single stimulation
was 10 ps. Each light intensity was recorded five times to obtain
the average value, and the above steps were repeated for the other
eye. All experiments were performed under weak red-light
itradiation. The data wete recorded, and the differences in the ERG
a-wave and b-wave amplitudes were analyzed for each group of rats
under different stimulation light intensities.

1.2.4 Observation of retinal tissue morphology and structure
by hematoxylin-eosin staining Four weeks after modeling, five
rats from each group were anesthetized with 10% chloral hydrate (3
ml/kg) intraperitoneally, and the right eye was fixed in 4%
paraformaldehyde solution by a mass fraction for 24 h.
Conventional paraffin embedding was performed in 5 pm-thick
continuous sections parallel to the direction of the optic nerve. The
retinal tissues of each group were 1) paraffin-sectioned, dewaxed,
hydrated in xylene I, II, and gradient ethanol; 2) stained with
hematoxylin for 3-5 min; 3) soaked in 1% hydrochloric acid
ethanol solution for 5 s and returned to blue in 1% ammonia by
volume for 5 s; 4) dehydrated in gradient ethanol for 5 min each; 6)
re-stained in 0.5% cosin solution by volume for 5 min; 7) sealed
with neutral resin after dehydration and transparency in anhydrous
ethanol, and observed and photographed under a light microscope.
1.2.5 Apoptosis of retinal tissue by TUNEL method Four
weeks after modeling, five rats in each group were anesthetized
using 10% chloral hydrate (IP) (3 ml/kg) and executed. The right
eyes were fixed in 4% paraformaldehyde solution for 24 h and the
frozen sections were routinely prepared in the direction of the optic
nerve in 12 um-thick continuous sections. The retinal frozen
sections of each group were air-dried at room temperature, fixed in
4% paraformaldehyde at room temperature for 20 min according to
the instructions, washed with phosphate buffer saline (PBS) for 30
min, permeabilized with 0.1% Triton X-100 at 4 °C for 2 min,
washed with PBS, and the prepared TUNEL assay mixture was
added dropwise onto the sections. Furthermore, the sections were
incubated at 37 °C for 1 h. DAPI was used to restore the nuclei,
and PBS was used to seal the sections with an anti-fluorescence
quenching sealer. When red fluorescence coincided with the
nucleus, the cells were considered apoptotic. Whole retinal images
were analyzed using Image] software, and the total number of cells
on each image and the number of positive TUNEL-stained cells

were recorded.
1.2.6 Detection of p-Akt, Akt, eNOS, and p-eNOS protein

expression in retinal tissues and cells by western blotting

The left eyes of 10 rats in each group were taken, and the lens was

removed by cutting along the corneoscleral rim to isolate the retinal
tissues. The cells in each group were collected at the same time,
frozen, and stored in a refrigerator at —80 °C. Protein was extracted
from retinal tissues and cells using RIPA lysis solution, and protein
concentration was detected by NANO DROP software. Protein
samples were prepared by boiling them with a loading buffer. Each
group of protein samples was sampled at 30 pg in a 7.5% mass
fraction SDS-PAGE gel lane, electrophoresed at 80-120 V for 1.5
h
membrane in an ice bath at a constant current of 0.36 A for 1.5 h.
The PVDF membrane was placed in Tris-Buffered Saline (TBST)

containing a 5% mass fraction of skim milk powder and shaken at

and transferred to a polyvinylidene difluoride (PVDF)

>

room temperature for 1.5 h. The TBST was rinsed three times,
each time for 15 min, and the membranes were cut according to
the size of protein molecules. In addition, anti-eNOS (1:200),
p-eNOS (1:200), p-Akt (1:1,000), Akt (1:1,000), and B-actin (1:1,000)
primary antibodies were added and incubated overnight at 4 °C. In
addition, after washing the membranes three times in TBST,
HRP-labeled secondary antibodies (1:5,000) wete added and
incubated for 1.5 h at room temperature on a shaker. The relative
expression level of each protein was calculated using the Image]
software to determine the grayscale value of each band, with

B-actin as the internal reference.

1.3 Statistical Analysis

Statistical analysis was performed using the GraphPad Prism
software (version 8.0). The data were normally distributed as
confirmed by the W test and expressed as x £ s. The overall
differences between groups of rats and cytometric data were
compared using a one-way analysis of variance (ANOVA), and a
two-way comparison between groups was performed using the
LSD-t-test. In addition, P<0.05 was considered a statistically

significant difference.

2 Results

2.1 Comparison of general conditions and blood glucose
concentrations at different time points after modeling in each
group of rats

Five model rats with substandard blood glucose levels were
removed from the experiment. Finally, 25 rats were successfully
modeled, 15 in the diabetic model group and 10 in the tBHQ
intervention group, and no deaths occurred during the feeding
process. At 72 h after modeling, the rats in the diabetic model
group began to show changes in increased urination and drinking,
and as the disease prolonged, the rats exhibited coarse and yellow
hair, depression, unresponsiveness, and obvious symptoms of
polyphagia, polyphagia, and polyphagia. However, the tBHQ
intervention group rats showed fewer symptoms of polyphagia,
polyphagia, and polyphagia compared to the diabetic model group,
with a better mental condition and a certain degree of coarse and
yellow hair. Rats in the control group had smooth hair, good
mental health, and responsiveness. The overall differences in the
blood glucose concentrations between the groups at 72 h, 2 weeks,
and 4 weeks after modeling were statistically significant (F=100.80,
P<0.001; F=77.38, P<0.001; F=73.94, P<0.001, respectively). In
addition, the blood glucose levels of the rats in the diabetes model
group were higher at 72 h, 2 weeks, and 4 weeks after modeling
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than those in the normal control and tBHQ intervention groups,
and the differences were statistically significant (all P<0.05) (Table
1).

Table 1 Comparison of blood glucose concentration at different

time points among vatious groups (X*smmol/L)

Group

SampleBlood glucose levels at different time after modeling

Wang Juan et al.

2.2 Comparison of ERG amplitudes among groups of rats

When the stimulation light intensity was —1.3 log cd-s/m? and —0.3
log cd-s/m?, the overall difference between the a- and b-wave
amplitudes of the datk-adapted ERG in each group was not
(all  P>0.05). the
stimulatdon light intensity was 0.7 log cd-s/m2 the overall

statistically  significant In contrast, when

difference between the a- and b-wave amplitudes of the

size 72 hours 2 weeks 4 weeks
Normal control group 0 AR G18+1.10° 6704306 dark-adapted ERG in each group was statistically significant
Diabetic model group 15 30.70+2.35 32.49%4.05 33.7314.25 (F=4.51, P=0.03; F=5.21, P=0.02). Furthermore, the a- and b-wave
tBHQ intervention group 10 25 87+1.342 26.39+3.10 25 844364 amplitudes of the dark-adapted ERG in the diabetic model group
F 100.8 7738 73.94 were significantly lower than those in the normal control and
P <0.01 <0.01 <0.01 tBHQ intervention groups, and the differences were statistically
Note: Compared with respective diabetic model group, *P < 0.01 (One-way SigﬂiﬁCﬁﬂt (2.11 P<0.05) (T ‘able 2).
ANOVA, LSD-#test) tBHQ: tert-butylhydroquinone
Table 2 Comparison of ERG amplitudes under different stimulus light intensities among different groups (X%£s, pV)
Group Sample -1.3log cd's/m? -0.3 log cd*s/m? 0.7 log cd*s/m?
size a wavelet b wavelet a wavelet b wavelet a wavelet b wavelet
Normal control group 6 11.23£10.75 138.50+81.21 33.68£10.80 173.00 £100.70 92.37£31.95 270.60£134.70¢
Diabetic model group 6 14.27+13.46 62.02£37.92 21.60 £ 7.15 (69.37 + 33.32 44.721+18.81 94.65 £ 37.25
tBHQ intervention group 6 16.73£11.11 123.20+52.01 37.10£17.00 152.80 + 76.29 80.92£306.65* 242.90£106.70¢
F 0.33 2.75 2.61 3.18 4.51 5.21
P 0.73 0.10 0.11 0.07 0.03 0.02
Note: Compared with respective diabetic model group, 2P < 0.05 (One-way ANOVA, LSD-7test) tBHQ: tert-butylhydroquinone
2.3 Comparison of retinal structures among groups of rats 2.4 Comparison of apoptosis in the retinal tissue of rats in
Under an optical microscope, the structure of all layers of the retina each group
in the normal control group was clear and intact; furthermore, the A small number of TUNEL red fluorescent-stained apoptotic cells
surface of the inner boundary membrane was smooth, and the cells were seen in all layers of the retina of the normal control group; the
were neatly arranged. In the diabetic model group, the retinal number of red fluorescent-stained cells in the retina of the rats was
structure was still intact but not clear, with intercellular edema, more in the diabetic model group than in the normal control group
rough inner boundary membrane surface, significantly reduced and were mainly located in the outer nuclear layer. In the tBHQ
number of cells in the ganglion cell layer, thinning of the inner and intervention group, the number of red fluorescent-stained cells in
outer nuclear layers, loose structure, and disordered cell the retina of the rats as less than that in the diabetic model group
arrangement. The tBHQ intervention group had a more intact (Figure 2). The apoptosis indices were (7.63£6.49) %,
retinal structure, mild thickening of the inner boundary membrane, (55.26%26.63)%, and (8.59£7.98)% in the normal control, diabetes
mild reduction of cells in the ganglion cell layer, loose structure of model, and tBHQ intervention groups, respectively, with
the inner nuclear layer and outer nuclear layer, and mild disordered statistically significant differences in the overall comparison
cell arrangement (Figure 1). In the tBHQ intervention group, the (F=10.04, P=0.01). In addition, all the differences were statistically
retinal tissue was intact, the inner boundary membrane was slightly significant (P=0.02, <0.01) (Figure 3).
thickened, ganglion cells were slightly reduced, the inner and outer
nuclei were looser, and the cell arrangement was slightly
disorganized (Figure 1).
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Figure 1 Hlstopathologmal changes of rat retina (HE X 400, bar=50
um) A: Normal control group Retinal interlayer structures were clear
and intact with regular cell arrangement and smooth inner limiting
membrane (arrow) B: Diabetic model group The layers of retina were
intact but not clear, and the number of cells in GCL and INL was
significantly reduced. Thinning of the inner and outer nuclear layers and
loose structure were seen. The surface of inner limiting membrane was
rough (arrow) C: tBHQ intervention group The retinal structure was
more intact in comparison with the diabetic model group. The number of
cells in GCL and INL was slightly reduced, and cell arrangement was mild
disorganized in each layer. The inner limiting membrane was slightly
thickened (arrow) GCL: ganglion cell layer; INL: inner nuclear layer;
ONL: outer nuclear layer

e e

Figure 2 Retina cell apoptosis in different groups by TUNEL
staining (DAB X200, bar=75 pm) The TUNEL positive cells showed red
fluorescence  A: Normal control group Apoptotic cells were tare in rat
retina  B: Diabetic model group A large number of TUNEL positive
C: tBHQ

intervention group Few TUNEL positive cells were observed in the outer

cells were displayed in the outer nuclear layer of retina (arrow)

nuclear layer of retina (arrow) GCL: ganglion cell layer; INL: inner

nuclear layer; ONL: outer nuclear layer
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Figure 3 Comparison of rat retinal cell apoptosis index among
different groups [=10.04, P=0.01. Compared with the normal control
group, *P<0.05; compared with the diabetic model group, PP<0.01
(One-way ANOVA, LSD-/ test, #=5)  1: normal control group; 2: diabetic
model group; 3: tBHQ intervention group

2.5 Comparison of protein expression in retinal tissues and
cells of rats in each group

The relative expression levels of p-Akt/Akt and p-eNOS/eNOS in
the retinal tissues of rats in the normal control, diabetes model, and
tBHQ intervention groups were 0.76£0.11, 0.52%0.10, and
1.14£0.31, respectively, and the telative p-eNOS/eNOS expression
level was 0.83%+0.06, 0.52%0.08, and 1.03+0.13, respectively, and
the overall comparison was also statistically significant (F=12.77,
P<0.01; F=36.88, P<0.01); compared with normal control rats, the
relative expression levels of p-Akt/Akt and p-eNOS/eNOS in the
retinal tissues of rats in the diabetic model group were reduced, and
the differences were all statistically significant (both P<0.01).
Compared with the diabetes model group, the relative expression
levels of p-Akt/Akt and p-eNOS/eNOS in the retinal tissues of
rats in the tBHQ intervention group were significantly increased,
and the differences were statistically significant (all P<0.01) (Figure
4). The relative p-Akt/Akt expression level in cells of normal
control, mannitol control, high glucose, tBHQ intervention, and
PI3K inhibitor groups was 0.95+0.38, 0.94%0.27, 0.33%0.25,
1.32+0.37 and 0.24%0.09, respectively, and the relative
p-eNOS/eNOS  expression level was 0.8610.11, 0.74%0.29,
0.45£0.29, 1.28+0.22 and 0.73%0.29, respectively, with statistically
significant differences in the overall comparison (F=12.36, P<0.01;
F=7.35, P<0.01). Compared with normal controls, the relative
expression levels of p-Akt/Akt and p-eNOS/eNOS were
significantly lower in the cells of the high glucose group than in the
normal control group, and the differences were all statistically
significant (both P = 0.02); the relative expression levels of
p-Akt/Akt and p-eNOS/eNOS wete significantly higher in the
cells of the tBHQ intervention group than in the high glucose
group, and the differences were all statistically significant (both P <
0.01); compared with the tBHQ intervention group, the PI3K
inhibitor group had a significantly higher relative p-Akt expression
level. The relative expression levels of p-Akt/Akt and
p-eNOS/eNOS wete significantly lower in the PI3K inhibitor
group than in the tBHQ intervention group, and the differences
were statistically significant (all P<0.01) (Figure 5).
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Figure 4
expression in rat retina among different groups A: Protein bands of
p-Akt and Akt B: Comparison of the relative expression of p-Akt/Akt
protein  F=12.77, P<0.01. Compared with the normal control group, *P <
0.01; compared with the diabetic model group, P < 0.01 (One-way
ANOVA, LSD-# test, #=9)  C: Protein bands of p-eNOS and eNOS D:
Comparison of the relative expression of p-eNOS/eNOS protein
F=36.88, P<0.01. Compared with the normal control group, *P < 0.01;
compated with the diabetic model group, PP < 0.01 (One-way ANOVA,
LSD-7 test, #=9) 1: normal control group, 2: diabetic model group, 3:
tBHQ intervention group Akt protein kinase B; eNOS: endothelial nitric

oxide synthase

D oy
£
12345 2 i
- o g
PoAKL [m— 60 000 % Ez
e | !';
Ak [, ) = &
- 25
]
Bractin |wee—mm—e—) 12 000 &
@
2
E T
12345 v B
~ w
p-eNOS m 140000 O 8
— =i
. o B
eNOS | wemm——( 140 000 3 S
> S B
L | —— 42
B-actin 2eN @

O 1 2 3 4 5 @

Figure 5 Comparison of p-Akt andAkt, p-eNOS and eNOS protein
expression in rMC-1 cell among different groups A: Protein bands of
p-Akt and Akt B: Comparison of the relative expression of p-Akt/Akt
protein  [F=12.36, P<0.01. Compared with the normal control group, *P <
0.05; compared with the high glucose group, ®P < 0.01; compared with the
tBHQ intervention group, <P < 0.01 (One-way ANOVA, LSD-# test, #=9)
C: Protein bands of p-eNOS and eNOS D: Comparison of the relative
expression of p-eNOS/eNOS protein  F=7.35, P<0.01. Compared with
the normal control group, *P < 0.05; compared with the high glucose group,
PP < 0.01; compared with the tBHQ intervention group, <P < 0.01
(One-way ANOVA, LSD-7test, #=9) 1: normal control group; 2: mannitol
control group; 3: high glucose group; 4: tBHQ intervention group; 5: PI3K
inhibitor group Akt: protein kinase B; eNOS: endothelial nitric oxide

synthase

3 Discussion

Previous studies have shown that tBHQ has a protective effect on
the retina of STZ-induced diabetic rat models, and to some extent,
reduces blood glucose levels in model rats and increases the

expression of anti-apoptotic and anti-oxidative stress factors, such
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as HO-1 and Bcl-2, in retinal tissues®10. The results of this study
also showed that the blood glucose level of tBHQ-treated diabetic
rats was significantly lower than that of the diabetic model group,
confirming that tBHQ has an anti-hyperglycemic effect, and the
mechanism may be that tBHQ exerts a protective effect on the
pancreatic 8 cells of diabetic model rats. Furthermore,
tBHQ-treated diabetic model rats secrete more insulin, thus,
achieving an anti-hyperglycemic effect!!.

Clinical studies have shown that patients with DR have
abnormal retinal function prior to the development of fundus
microangiopathy!2, mainly in the form of reduced color vision,
contrast sensitivity, dark adaptation, and ERG with reduced
amplitude and prolonged latency!3. Animal studies have also shown
that retinal function is impaired in diabetic rats prior to
vasculopathy'®. The ERG a- and b-waves are mainly derived from
retinal photoreceptor cells (cone and rod cells) and bipolar cells,
reflecting the potential changes when the cells are stimulated. The
results of the present study showed that compared with the normal
control group, the ERG in the diabetic model rats showed
abnormalities at 4 weeks after modeling—mainly in the a- and
b-wave amplitudes—indicating that the ERG amplitude decreased
in the STZ-induced diabetic rats at an early stage. This is consistent
with the findings of Chesler et al'®. who found visual dysfunction in
the diabetic model rats at an early stage. There is evidence that
tBHQ has a potential protective effect on cortical and motor
neurons in neurodegenerative lesions’¢. In this study, the ERG's
a-wave and b-wave amplitudes were higher in the tBHQ
intervention group than in the diabetic model group. It is
speculated that tBHQ may improve retinal function in diabetic
model rats to some extent, and this effect may be produced by
tBHQ through the protection of retinal nerve cells in diabetic rat
models.

Moreover, the histopathological staining in this study showed
that the outer and inner nuclear layers of the retina of the rats in
the diabetic model group were thinned and the cell arrangement
was disturbed. Additionally, TUNEL staining showed that the
apoptotic cells in the retina of the rats in the diabetic model group
were mainly located in the outer nuclear layer, the photoreceptor
cells and bipolar cells were damaged, and the number of cells was
reduced. In contrast, the retinas of the rats in the tBHQ
intervention group were improved, indicating that tBHQ had a
protective effect against both structural and neural cell damage in
the retinas of diabetic rats. The morphological and structural
characteristics of the retinal tissue and apoptosis in each group
were consistent with the changes in ERG a- and b-wave
amplitudes.

High glucose-induced oxidative stress is considered a key
mechanism leading to the onset and progression of DRI,
Therefore, various proteins or cytokines that inhibit the oxidative
stress response have an active role in preventing the progression of
DR. eNOS, one of the enzymes that catalyze NO synthesis in the
body, plays an important role in the pathogenesis of DR. Under
pathological conditions, eNOS-derived NO reacts with the

superoxide anion (02_ ) to form peroxynitrite (ONOO™ ), which
induces oxidative stress in cells and then apoptosis, while

enhancing vascular permeability!8. Many oxidation products can

Wang Juan et al.

lead to uncoupling and inactivation of eNOS, resulting in a vicious
cycle of oxidative stress’®. In this study, we found that
phosphorylated eNOS expression level was decreased in the retinal
tissue of diabetic model rats and in cells cultured with high glucose,
suggesting the presence of eNOS inactivation in the high glucose
state, which may mediate the structural and functional damage to
the retina caused by high glucose levels during DR. In addition,
elevated phosphorylated eNOS expression was found in the retinas
of diabetic rats treated with tBHQ or in cells with high glucose
levels. Chen et al?. showed that phosphorylation of the eNOS
ser1179 site increased the affinity of eNOS for cofactors
(L-arginine, BH4), improved eNOS uncoupling under pathological
conditions, and reduced eNOS inactivation, suggesting that tBHQ
plays a role in promoting or restoring eNOS activity, thereby
exerting anti-apoptotic and anti-oxidative stress effects on retinal
neurons.

The upstream signaling pathway PI3K/Akt of eNOS mediates a
variety of human diseases, including cancer, diabetes,
cardiovascular disease, and neurological disorders?-?2. Previous
studies have shown that phosphorylation of the Akt serd473 site
stimulates the full enzymatic activity of Akt, achieving regulatory
effects by inhibiting pro-apoptotic proteins (e.g., Bad) or inhibiting
pro-apoptotic signaling (Foxo)?3. In the pathogenesis of DR, the
PI3K/ Akt pathway is inhibited, the level of Akt phosphorylation is
significantly reduced, and the downstream apoptotic cascade
response is activated, causing oxidative stress damage and
apoptosis in retinal neurons?4. In the present study, phosphorylated
Akt expression level was reduced in the retinal tissue of diabetic
rats and cells cultured with high glucose, whereas phosphorylated
Akt expression level was elevated in the retinas of diabetic rats with
tBHQ intervention or in cells with high glucose, suggesting that
tBHQ may exert a protective effect on the retina in DR by
promoting the phosphorylation of the Akt protein ser473 locus and
activating Akt. Further investigation of the mechanism of the
protective effect of tBHQ revealed that the expression levels of
phosphorylated Akt and phosphorylated eNOS were decreased in
the PI3K inhibitor group compared with those in the tBHQ
intervention group, indicating that the promotion of Akt and
eNOS phosphorylation by tBHQ could be blocked by PI3K
inhibitors; however, the exact mechanism requires further
investigation.

In conclusion, the results of this study suggest that tBHQ may
protect retinal structure and function in early diabetic rat models
through the PI3K-activated Akt/eNOS pathway, providing a
theoretical basis for tBHQ and its derivatives to prevent and treat
retinal damage in DR, which is important for the prevention and
treatment of early DR. However, because of the complexity of
retinal structure and cellular diversity, no experiments on retinal
intercellular interactions were performed in this study, and direct
evidence of tBHQ via Akt-mediated phosphorylation of eNOS
ser1179 is still lacking and needs to be further explored in
subsequent studies.
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