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The excess reactive oxygen species (ROS) formation due to diabetes-induced hyperglycemia is believed to
play a central role in the pathophysiology of diabetic complications including diabetic retinopathy.
However, the mechanism of excess ROS generation due to hyperglycemia is still uncertain. In this study,
we measured ROS levels under the influence of low and hyperglycaemic conditions in the cultured retinal
Muller (TR-MUL) and bovine retinal endothelial cells (BRECs) to better elucidate the basis of oxidative
stress. The most common fluorescent dye, CM-H2DCFDA was used to examine the ROS level in the cul-
tured retinal cells after incubations with high (30 mM) and low glucose (5.5 mM), and treatments with
metabolites (pyruvate, glutamate, and glutamine), oxidizing agents (diamide, CuSO4), and endotoxin,
lipopolysaccharide (LPS). Our results showed high glucose did not increase ROS levels in both TR-MUL
and BRECs cells; on the contrary, high glucose resulted in a significant decrease in ROS levels compared
to low glucose (P < 0.05). Diamide and CuSO4 treatment induced a large increase in ROS levels in the TR-
MUL cells at low glucose, while high glucose significantly reduced its levels (P < 0.05). Pyruvate and glu-
tamate ameliorated, while glutamine augmented the ROS level in the TR-MUL cells. LPS induced ROS for-
mation, while high glucose incubation significantly reduced its level (p < 0.05). The results of this study
do not support the high glucose-induced increase in ROS levels in the cultured retinal cells; rather, high
glucose appeared to have ameliorative effects on oxidative stress, induced due to low or euglycemic
conditions.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Hyperglycemia, the hallmark of diabetes, is commonly regarded
as a key risk factor and main activator of cellular damage, which
leads to a variety of diabetic sequelae, including diabetic retinopa-
thy, the leading cause of blindness globally (Ola et al., 2012; Yau
et al., 2012; Zhu et al., 2019; Ola, 2021). The Diabetes Control
and Complications Trial (DCCT) and the Epidemiology of Diabetes
Interventions and Complications research (EDIC) revealed that
strict glycemic control can delay the onset and severity of diabetic
vascular complications in the long run **(The Diabetes Control and
Complications Trial Research Group, 1993; Progression of
retinopathy, 1995). However, these clinical trials, along with other
investigations, found that intensive glycemic control and/or glyce-
mic variability (alternation of hyperglycemic and hypoglycemic
episodes) had a negative effect on the vasculature, leading to an
initial worsening of diabetic retinopathy (DR) (Progression of
retinopathy, 1995; Mizutani et al., 1996; UK Prospective Diabetes
Study Group, 1998). In both Types I and II diabetes, multiple inves-
tigations have found that diabetic retinopathy often worsens
several-fold despite stringent glycaemic control, particularly after
extensive treatment with insulin or sulphonylureas (Dagogo-Jack,
2004; Heine et al., 2004; Kilpatrick et al., 2008). Aside from many
findings on hyperglycemia-induced reactive oxygen species (ROS)
formation in the retinas of diabetic animals and cultured retinal
cells (Brownlee, 2001; Hammes et al., 2003; Devi et al., 2013),
numerous studies have also shown that glycemic fluctuation or
low glucose circumstances are effective inducers of oxidative stress
(Ge et al., 2010; Sun et al., 2010; Ceriello et al., 2014; Klimontov
et al., 2021). This is well supported by studies in rodents’ model
of diabetes, where low glucose exposure due to intermittent treat-
ment with insulin showed impairment in endothelial function
(Horváth et al., 2009). In addition, several studies reported, that
acute hypoglycemia is associated with increased ROS production,
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endoplasmic reticulum stress, apoptosis, and a rise in inflamma-
tory cytokines, which may potentially cause retinal endothelial
and pericytes damage that could lead to the development of vascu-
lar disease and retinal cell damage (Rego and Santos, 1999; Ikesugi
et al., 2006).

Although the potential role of ROS in the pathophysiology of
diabetes and its consequences has been extensively described,
the mechanism of excess oxygen free radicals caused by hyper-
glycemia is still unknown. It is widely believed that high serum
glucose levels, which are prevalent in diabetic humans and exper-
imental animals with diabetes, might increase cellular glucose
levels, causing an increase in glycolytic fluxes and oxidation,
resulting in an increase in ROS build-up (Nishikawa et al., 2000;
Xu et al., 2021). Hyperglycemia-induced increased oxidation in
the mitochondria is thought to be a primary source of ROS in dia-
betes. However, our metabolic analyses in diabetic rat retinas, on
the other hand, did not support mitochondria as a primary source
of excessive ROS production under hyperglycemic circumstances
(Ola, 2021; Ola et al., 2006). The level of ROS in diabetic retinas
was high under normoglycemic conditions compared to hyper-
glycemic conditions, similar to the elevated ROS seen in glycemic
fluctuation or low glucose conditions (Ola, 2021; Klimontov
et al., 2021).

In the current study, we measured ROS levels in isolated retinal
cells under the influence of normoglycemic and hyperglycemic
conditions, particularly in the cultured retinal Muller and endothe-
lial cells, to learn more about the precise cellular sources and
mechanisms of excess ROS caused by glycaemic variability. These
retinal cells are the first to be influenced by the systemic glycaemic
variability as in the case of diabetes, due to their direct contact
with the circulating level of glucose. They take up glucose from
the bloodstream to maintain energy homeostasis and meet the
high energy demands of neuronal activity, as well as to protect
the neuronal retina from oxidative stress (Huster et al., 2000;
Bringmann and Reichenbach, 2001). Overproduction of ROS by
diabetes-induced significant spikes or falls in glucose within
endothelium and Muller cells may damage these cells (Berkowitz
et al., 1995). We analyzed the ROS generation in the cultured reti-
nal cells, and a comparison was made among various incubation
conditions, especially under low glucose conditions to elucidate
the basis of oxidative stress, which can lead to cellular damage in
diabetic retinopathy.
2. Methods

2.1. Chemicals

Low glucose Dulbecco’s Modified Eagle’s Medium (DMEM) and
heat-inactivated fetal bovine serum (FBS) were purchased from
Gibco-BRL life science products. 5-(and-6)-carboxy-2,7-dichlorodi
hydrofluorescein diacetate (CM-H2DCFDA) was purchased from
Molecular Probes (Eugene, OR). Glutamine, glutamate, pyruvate,
6-diazo-5-oxo-L-norleucine (DON), and other chemicals were
acquired from Sigma Chemical (St. Louis, MO). Tissue culture plas-
ticware was from Falcon (BD Biosciences, Bedford, MA). All other
chemicals used in this study were of analytical grade.
2.2. Muller and primary bovine retinal endothelial cells (BREC) culture

The conditionally immortalized rat retinal Müller cell line (TR-
MUL) was generously supplied to us from the Laboratory of Dr.
Ken-Ichi Hosoya, Japan (Tomi et al., 2003). TR-MUL cell is a unique
cell model that expresses almost all the glial enzymes for gluta-
mate metabolism to support neuronal activity (Ola et al., 2011).
After obtaining the TR-MUL cells, which were developed and
2

grown in high glucose media, were switched to culture the cells
in the low glucose (5.5 mM) DMEM medium supplemented with
5% (v/v) FBS, 100 U/ml penicillin, and 100 lg/ml streptomycin
and maintained at 33 �C in a humidified atmosphere of 5%
CO2/95% air. Every other day, the media was replaced until the cells
became confluent. Once confluent, approximately 2–3 � 103 cells
per well were seeded onto 96 well cell culture plates and grown
in the culture media with 2% (v/v) FBS and maintained at 33 �C,
in a humidified, 5% CO2 atmosphere for various experimental pur-
poses. Primary bovine retinal endothelial cells (BRECs) were gener-
ously provided by Dr. Edward A. Felinski, from Drs. David Antonetti
and Thomas Gardner laboratory at College of Medicine, Penn-State,
Hershey, USA. BRECs were isolated and cultured routinely, as
described previously in his laboratory (Antonetti and Wolpert,
2003; Harhaj et al., 2006). Briefly, bovine retinas were homoge-
nized and applied to the filtration steps to isolate the endothelial
cells. BRECs were cultured in MCDB-131 medium (Sigma) supple-
mented with 10% fetal bovine serum (Hyclone, Logan, UT), 10
ng/ml epidermal growth factor (Sigma), 0.2 mg/ml endothelial cell
growth medium additive (EndoGro; Vec Technologies, Rensselaer,
NY), 0.09 mg/ml heparin (Fisher Scientific), and 0.01 mg/ml antibi-
otic–antimycotic (Invitrogen). When the BRECs attained conflu-
ence, the medium was changed to MCDB-131 supplemented with
1% FBS, 0.01 mg/ml antibiotic–antimycotic, and 100 nM hydrocor-
tisone, and the cells were incubated for another 24 h. In our study,
we employed BREC cells in passages 4–6.

2.3. Measurement of ROS in the cultured cells

The generation of free radicals in the cultured cells was mea-
sured using the CM-H2DCFDA assay, which is a commonly used
method for determining ROS levels (Ola, 2021). A fresh stock solu-
tion of CM-H2DCFDA was prepared (2.16 mM; 1 vial of CM-
H2DCFDA (50 lg) + 10 ll DMSO + 30 ll PBS). This dye was diluted
further in HEPES buffer, and a working concentration of 10 lMwas
employed to incubate cells and quantify ROS levels. The dye easily
crosses cell membranes and is oxidized into a highly fluorescent
molecule by free radicals. The culture media was removed, and
the cells were washed and incubated in a new HEPES buffer for dif-
ferent time intervals at 33 �C containing 10 lM dye for determina-
tion of the cellular level of ROS. The dye-loaded cells were
subjected to various treatments for varying amounts of time. The
fluorescence was measured at a wavelength of 485 nm for excita-
tion and 535 nm for emission using a fluorescence plate reader
(SpectraMax Plus; Molecular Devices, Sunnyvale, CA). The fluores-
cence emitted is proportional to the amount of free radicals
present.

2.4. Hyperglycaemic effects on TR-MUL cells and ROS determination

The generation of free radicals in the cultured cells was mea-
sured using the CM-H2DCFDA assay (Horváth et al., 2009). A fresh
stock solution of CM-H2DCFDA was prepared (2.16 mM; 1 vial of
CM-H2DCFDA (50 lg) + 10 ll DMSO + 30 ll PBS). This dye was
diluted further in Hepes-bicarbonate buffer to 10 lM, which was
employed to incubate cells to quantify ROS levels. Approximately
1–2 � 103 cells were seeded in 96 well plates, and fresh media
was changed every 24 h. Cells with 80–90 percent confluency were
washed twice with Hepes buffer. Then, they were loaded with the
dye (10 lM) in Hepes buffer containing either normal glucose or
high glucose, and incubated for 30, 60, 120, and 240 min for ROS
measurements. In addition, three separate 96 well plates were
seeded for 1, 3, and 5 days’ treatments with high and normal glu-
cose. At the end of treatments, they were washed and incubated
with 200 ll Hepes buffer with either high or normal glucose con-
taining 10 lM CM-H2DCFDA and incubated for 2 h. The fluores-
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cence was measured at a wavelength of 485 nm for excitation and
535 nm for emission using a fluorescence plate reader (SpectraMax
Plus; Molecular Devices, Sunnyvale, CA). The fluorescence emitted
is proportional to the amount of free radicals.

2.5. Influence of hyperglycemia on ROS in TR-MUL cells treated with
diamide and CuSO4

TR-MUL cells were cultured in 96 well plates in DMEM supple-
mented with 2% FBS in normal glucose (5.5 mM) and high glucose
(30 mM). After rinsing the medium in each well with sterile PBS,
the cells were incubated for 2 h in 200 ll Hepes-bicarbonate buffer
with high and low glucose, 10 lM CM-H2DCFDA, in the presence of
either 200 lM diamide or 20 lM CuSO4 for ROS measurement. Dia-
mide and CuSO4 are well-known oxidizing agents that produce
ROS and cause cell damage (Piccirillo et al., 2009; Kumar et al.,
2016). In the presence of high and normal glucose, we utilized
these oxidizing agents to treat TR-MUL cells.

2.6. ROS determination in the TR-MUL cells treated with pyruvate,
glutamate, and glutamine

TR-MUL cells were cultured in 96 well plates with 5.5 mM glu-
cose in DMEM supplemented with 2% FBS to determine ROS trea-
ted with pyruvate, glutamate, and glutamine. After 90 percent
confluence, cells were washed with sterile PBS and treated for
2 h with 10 lM CM-H2DCFDA in Hepes-bicarbonate buffer contain-
ing 5.5 mM, 30 mM glucose, 5.5 mM glucose plus 5 mM pyruvate,
and 5.5 mM glucose plus 5 or 10 mM glutamine. After treatments,
ROS was quantitated. In addition, an analysis of the effect of 6-
diazo-5-oxo-L-norleucine (DON) on free radical production follow-
ing treatment of cultured TR-MUL cells with glutamine was carried
out. TR-MUL cells were grown in 96 well plates with 5.5 mM glu-
cose in DMEM media with 2% FBS. They were washed and treated
with DON (1 mM) in Hepes-bicarbonate buffer for 30 min before
treatments with 5 and 10 mM glutamine and 10 lM CM-
H2DCFDA, and incubated for 2 h. The ROS generated in each well
was quantified using a fluorescence plate reader after incubations.

2.7. ROS measurement in the Muller cells treated with IL-1b, TNF-a,
and LPS

Cytokines (IL-1b, TNF-a) and endotoxin, lipopolysaccharide
(LPS) were kindly provided by Dr. Steve Abcouver, College of Med-
icine, Penn-state University, USA. TR-MUL cells were cultured for
5 days in 96 well plates in DMEM supplemented with 2% FBS in
normal glucose (5.5 mM). The cells were washed with fresh PBS
and then incubated for 2 h in 200 ll Hepes-bicarbonate buffer with
high and normal glucose with 10 lM CM-H2DCFDA in the presence
or absence of cytokines (10–80 ng/ml; IL-1b and TNF-a) and 20 ng/
ml LPS. LPS is a well-known endotoxin that has been frequently
employed as an inflammagen to induce oxidative stress and
inflammation. The amount of ROS produced after treatments were
quantified using a fluorescence plate reader.

2.8. Bovine retinal endothelial cells (BRECs) culture, treatments, and
ROS level

BREC cells were grown and used in experiments at cell passages
4–6. Confluent cells were split, and 4–5 � 103 cells were seeded per
well in the 96 well plates coated with fibronectin (1 lg/ml). Every
24 h, the cell culture media was changed with fresh media. When
the cells were 80–90 percent confluent on the fifth day, the med-
ium was replaced and the cells were washed twice with HEPES-
Bicarb buffer containing normal glucose (5.5 mM). The cells were
then treated for 1–8 h with CM-H2DCFDA dye (10 lM) in Hepes-
3

Bicarb buffer with normal glucose, high glucose, normal glucose
plus 5 mM pyruvate, and high glucose plus 5 mM pyruvate.
Another flask of BREC cells was split and seeded in three separate
96 well plates for 1, 3, and 5 days’ treatments with high and nor-
mal glucose. The next day after cell seeding, the media was
replaced with the fresh media containing 1% FBS, and the first 96
well plate was treated with high or normal glucose for 5 days (5-
days treatment). The fresh treatment media with high and normal
glucose were replaced every 24 h. The other two plates of cells
were grown normally under normal glucose conditions. Two days
after seeding, the second 96 well plate was treated with normal
and high glucose conditions for three days (3-days treatments).
Finally, the third 96 well plates, after 4 days of culture with normal
glucose conditions, were treated with high and normal glucose for
24 h (1-day treatment). At the end of 1, 3, and 5 days of normal and
high glucose treatments, media was aspirated and washed with
sterile PBS. Cells were incubated with 200 ll Hepes-bicarbonate
buffer with either high or normal glucose, normal glucose plus
5 mM pyruvate, or normal glucose plus 5 mM glutamine treatment
conditions containing 10 lM CM-H2DCFDA and incubated for 2 h.
The amount of ROS produced was quantified using a fluorescence
plate reader.

2.9. Statistical analysis

The data are expressed as the mean ± standard error of mean
SEM). The student’s t-test was used for comparisons between
two groups. One-way ANOVA tests were performed to compare
multiple groups followed by Tukey’s post hoc test. The p-value is
presented as *,#,$,++p < 0.05, considered significant in all
experiments.

3. Results

3.1. High glucose exposure decreased ROS generation in the TR-MUL
cells

The widely used fluorescent dye, CM-H2DCFDA was employed
to examine the effect of glycemic variability on reactive oxygen
species production in cultured Muller cells. Normal and high glu-
cose concentrations were tested on Muller cells grown in 96-well
plates. First, we optimized the CM-H2DCFDA concentration for
ROS detection and discovered that 10 lM of the dye produced a
linear range of ROS generation when incubated with cultured Mul-
ler cells as shown in the insert of Fig. 1A. A significant decrease
(19%; p < 0.05) in ROS level was found with high glucose
(30 mM) compared to normal glucose (5.5 mM) as soon as after
30 min of treatment in the first set of time-course experiments
(Fig. 1A). From one to four hours of incubation with high glucose,
the ROS level dropped significantly to around 25% as compared
to normal glucose. Furthermore, a significant decrease in ROS level
was detected at all the time points in the second set of long-term
incubations (1, 3, and 5 days) with high glucose treatments as com-
pared with normal glucose (p < 0.05) (Fig. 1B). The extent of
decrease in ROS levels between high and normal glucose appeared
to be unaffected by the duration of incubation time. No significant
reduction was observed between 1, 3, and 5 days’ treatments with
high glucose. Thus, hyperglycemia did not result in an increase in
ROS levels in the TR-MUL cells; on the contrary, high glucose
resulted in a decrease in ROS levels.

3.2. Hyperglycaemia ameliorated the ROS level activated by diamide
and CuSO4 in TR-MUL cells

Muller cells were cultured and exposed to oxidizing agents, dia-
mide (200 lM), and CuSO4 (20 lM) with high and low glucose con-



Fig. 1. Time-course measurements of ROS production in TR-MUL cells with glucose treatments. The percent of fluorescence intensity is plotted as a percent of control at
normal glucose treatment. (A) Short-term: ROS after 30 min to 4 h treatment with normal and high glucose. Insert 1A; indicates a linear increase in CM-H2DCFDA
fluorescence. (B) Long-term (1, 3, and 5 days) treatments with normal and high glucose concentrations. Results of 3 independent experiments, each bar (means ± SEM), of 8–
10 seedings. *P < 0.05 compared to 5.5 mM glucose.
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ditions. In comparison to normal glucose, high glucose induced a
significant decrease in ROS levels. After two hours of CuSO4 and
diamide treatments, a significant increase in ROS was observed
(more than 2 folds) than in untreated cells. The diamide-induced
increase in ROS in the cells at normal glucose was considerably
reduced by high glucose (#p < 0.05) (Fig. 2). Also, CuSO4 treatment
induced a large increase in ROS levels in cells at normal glucose,
while high glucose dramatically reduced ROS levels (*P < 0.05).

3.3. Pyruvate and glutamate ameliorated, while glutamine augmented
the ROS level in TR-MUL cells

In cultured Muller cells, we examined the effect of pyruvate, a
glycolysis end product, and glutamate and glutamine as a TCA
4

cycle intermediary, on ROS formation. Interestingly, when com-
pared to 5.5 mM glucose alone, both 5 and 10 mM pyruvate
reduced significantly the ROS levels within 2 h, which was equiv-
alent to the level of ROS observed with high glucose (P < 0.05)
(Fig. 3A). However, there was no discernible difference in ROS
levels between the 5 and 10 mM pyruvate treatments. Further-
more, at normal glucose, glutamate treatments to the cells resulted
in a significant reduction in ROS levels than untreated cells
(P < 0.05) (Fig. 3B). The amount of ROS at both 5 and 10 mM glu-
tamate treatments was reduced to a similar level as observed with
30 mM glucose treatment. However, glutamine treatments signif-
icantly elevated the ROS levels in a concentration-dependent man-
ner. Within 2 h of treatment with 5 mM glutamine, the ROS level
increased by almost 20%, while 10 mM glutamine further increased



Fig. 2. Measurements of free radical production after exposure of diamide and CuSO4 to cultured TR-MUL cells. TR-MUL cells were cultured for 5 days in 96 well plates in
DMEM supplemented with 2% FBS in normal glucose. After rinsing the medium in each well with sterile PBS, the cells were incubated for 2 h in 200 ll Hepes-bicarbonate
buffer containing high and low glucose, 10 lM CM-H2DCFDA, with either 200 lM diamide or 20 lM CuSO4. After treatments, fluorescent intensity was measured as a
measure of ROS, and results are presented as means ± SEM of 2 independent experiments from 6 to 8 different seedings. *P < 0.01 and vs. 5 mM glucose; #p < 0.05 vs. 5.5 mM
glucose + diamide, and $p < 0.05 vs. 5.5mMglucose + CuSO4.
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the level by 50% as compared to untreated cells without glutamine
(Fig. 4). We employed DON, a glutamine analog and selective glu-
taminase enzyme inhibitor that may alter ROS levels by preventing
ammonia formation in cells. However, unexpectedly, it appears
that DON significantly increased the generation of ROS as com-
pared to without DON treatments (P < 0.05).

3.4. High glucose attenuated the ROS level activated by LPS in TR-MUL
cells

Inflammatory cytokines generated in the retina or retinal cells
as a result of diabetes and/or hyperglycemia may contribute to
the advancement of DR by producing ROS in early diabetes. There
was no significant change in the ROS level when Muller cells were
exposed to IL-1b or TNF-a at concentrations ranging from 10 to
80 ng/ml for up to 2 h with either high or normal glucose (data
not shown). However, when LPS was treated to Muller cells, even
at low concentrations (20 ng/ml), a considerable rise in ROS was
observed within 2 h (p < 0.05) (Fig. 5). Interestingly, high glucose
significantly reduced the level of ROS induced by LPS ($p < 0.05).

3.5. High glucose exposure did not induce ROS production in the
bovine retinal endothelial cells (BRECs)

BREC cells were treated with high and normal glucose for 1, 2, 4,
and 8 h in the first set of high glucose treatment studies, and ROS
production was assessed. In these short-term treatment periods
(1–8 h), there was no significant change in ROS levels between
high and normal glucose (Fig. 6A). Pyruvate exposure seems not
to increase ROS levels, rather a slight decrease in ROS level was
observed compared to both high and normal glucose treatment
conditions (Fig. 6A). Furthermore, in the second set of long-term
exposure (24–120 h; 1, 3, and 5 days) with high glucose, a signifi-
cant decrease in the ROS level was found as compared to normal
glucose treatments (p < 0.05) (Fig. 6B). However, the magnitude
of the reduced difference in ROS levels between high and normal
5

glucose treatments remained consistent and was unaffected by
the duration of incubation time. In addition, pyruvate administra-
tion to BREC cells for two hours did not affect ROS levels, which
were similar to those observed after 1–5 days of normal glucose
incubation. Intriguingly, cells treated with glutamine for two hours
produced significantly more ROS than cells treated with either nor-
mal or high glucose (P < 0.01). Glutamine (5 mM) treatments
boosted ROS levels by over 30–40% as compared to cells treated
with 5 mM glucose alone. Thus, high glucose did not produce an
increase in ROS levels in BREC cells, but rather a decrease in ROS
levels observed, especially when cells were exposed to high glu-
cose for long-term periods (1–5 days) (Fig. 6B).
4. Discussion

The main goal of this study was to precisely evaluate ROS at the
cellular level and the mechanism of ROS generation due to hyper-
glycemic or normoglycemic conditions in the isolated cultured
retinal cells, particularly in the cultured retinal Muller and
endothelial cells. We employed highly differentiated and well-
characterized cultured Muller (TR-MUL) cells, as a glial cell model
of the retina, which expresses markers and enzymes specific for
glutamate metabolism to maintain energy needs and neurotrans-
mission of the retina (Tomi et al., 2003; Ola et al., 2011;
Magistretti et al., 1999; Ola et al., 2019; Ola and LaNoue, 2019).
Furthermore, we employed well-characterized primary bovine
retinal endothelial cells (BRECs), which are the principal vascular
cells in the retina that maintain glucose homeostasis and metabo-
lism for high energy demand. We used the fluorescent dye CM-
H2DCFDA, which is a commonly used cell-permeant ROS marker.
The extent of oxidation of the dye due to free radical production
was used to determine the level of oxidative stress caused by the
cells under normoglycemic and hyperglycemic circumstances.

ROS level was measured in the TR-MUL cells after short (30–
240 min) and long-term (1–5 days) incubations with high glucose



Fig. 3. Measurements of free radical production after exposure of pyruvate and glutamate to cultured TR-MUL cells. TR-MUL cells were cultured in 96 well plates in DMEM
supplemented with 2% FBS in normal glucose. After rinsing the medium in each well with sterile PBS, the cells were incubated for 2 h in 200 ll Hepes-bicarbonate buffer
containing high and low glucose, 10 lM CM-H2DCFDA, with either pyruvate or glutamate. A. Cells were treated with high and normal glucose, and normal glucose plus 5 mM
or 10 mM pyruvate. B. Cells were treated with high or normal glucose and normal glucose plus 5 or 10 mM glutamate. Each bar represents the means ± SEM, of 2 independent
experiments from 6 to 8 different seedings. *P < 0.05 and vs. 5 mM glucose.
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(30 mM), and normal glucose (5.5 mM). Surprisingly, compared to
a normal level, high glucose treatments resulted in a significantly
lower endogenous ROS level. When compared to high glucose
treatments, cultured TR-MUL cells treated with normal glucose
levels appeared to be under oxidative stress, as demonstrated by
an elevated ROS level starting at 30 min to 5 days’ incubation peri-
ods. It might be possible that under in vitro culture conditions, the
normal concentration of glucose might cause oxidative stress to
6

these Muller cells similar to as reported with low glucose condi-
tions in the retinal cells (Rego and Santos, 1999; Ikesugi et al.,
2006). High glucose levels, on the other hand, ameliorated oxida-
tive stress. Indeed, this appears to be relevant since these cells
were isolated and maintained in the DMEM media at high glucose
concentration for their normal cellular growth and function (Tomi
et al., 2003). Moreover, this is consistent with another study that
reported that cultured human Muller cells (HMCs) consume high



Fig. 4. Effect of glutamine and 6-diazo-5-oxo-L-norleucine (DON, 30-min pretreatment) on free radical production. TR-MUL cells were cultured in 96 well plates in DMEM
supplemented with 2% FBS in normal glucose (5.5 mM). After rinsing the medium in each well with sterile PBS, the cells were incubated for 2 h in 200 ll Hepes-bicarbonate
buffer containing high and low glucose, 10 lM CM-H2DCFDA, with glutamine (5 and 10 mM) for 2 h. Additionally, Muller cells in the 96 well plate were pretreated with DON
(1 mM) 30 min before glutamine treatments. After treatments, fluorescent intensity was measured as a measure of ROS, and results are presented as means ± SEM of 2
independent experiments from 8 to 10 different seedings. Asterisk, *P < 0.05 vs. 5 mM glucose; #P < 0.01 vs. 5 mM glucose, and 5 mM glutamine; $P < 0.05 vs. 5 mM + 5 mM
glutamine (Gln); ++P < 0.05 vs. 5 mM + 10 Gln.

Fig. 5. LPS induced activation of ROS in TR-MUL cells. TR-MUL cells were cultured in 96 well plates in DMEM supplemented with 2% FBS in normal glucose (5.5 mM). After
rinsing the medium, TR-MUL cells were treated in the Hepes-bicarbonate buffer containing either normal glucose or high glucose, and with or without 20 ng/ml
lipopolysaccharide (LPS) and incubated for 2 h. After treatments, fluorescent intensity was measured as a measure of ROS, and results are presented as means ± SEM of 2
independent experiments from 6 to 8 different seedings. *P < 0.05 vs. normal glucose; $P < 0.05 vs. 5 mM + LPS.
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Fig. 6. Time-course measurements of ROS production in BRECs with glucose treatments. BREC cells were cultured with normal glucose, high glucose, normal glucose plus
5 mM pyruvate, and high glucose plus 5 mM pyruvate, (A) Short-term incubation (1–8 h). (B) Long-term incubation (1–5 days). Results of 2–3 independent experiments and
each point represent (means ± SEM) of 8–10 seeding. *P < 0.05 vs. 5.5 mM glucose; #P < 0.01 vs. 5.5 mM, 30 mM glucose, 5.5mMglucose + 5 mM pyruvate.
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glucose compared to human retinal endothelial cells under normal
cell culture conditions (Busik et al., 2008). For these glucose expo-
sure experiments, TR-MUL cells maintained with high glucose
medium were switched to normal or low glucose (5.5 mM) med-
ium for a few passages (3–4 passages), before they were treated
with high and normal glucose conditions to evaluate its influence
on ROS levels. This alteration in glucose levels from high to normal
or presumably low levels could have resulted in oxidative stress, as
observed in the case of glycaemic variability (Wang et al., 2012; Ge
et al., 2010; Sun et al., 2010; Ceriello et al., 2014; Klimontov et al.,
2021). Furthermore, these findings are in agreement with our prior
studies that showed high glucose treatments lowered glycolytic
fluxes and glucose oxidation in diabetic retinas, thereby hyper-
glycemia may not raise ROS levels (Ola, 2021; Ola et al., 2006).

Next, we investigated the effect of hyperglycemia on ROS gen-
eration caused by the well-known oxidizing agents, diamide and
CuSO4 in Muller cells, which served as a positive control for oxida-
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tive stress (Piccirillo et al., 2009; Kumar et al., 2016). As expected,
both diamide and CuSO4 treatments to Muller cells resulted in a
significant increase in ROS levels within 2 h. High glucose, on the
other hand, significantly inhibited the formation of ROS caused
by diamide and CuSO4. Furthermore, treatment of cells with gly-
colytic and citric acid cycle intermediates; pyruvate, and glutamate
respectively, attenuated the increased ROS level due to low glucose
conditions, and the level was comparable to that observed with
high glucose treatments. This is possible because pyruvate has
been shown to act as an antioxidant (Hinoi et al., 2006), and it pro-
tects the retina from glucose-induced oxidative stress (Frenzel
et al., 2005; Hegde and Varma, 2005; Lee et al., 2013). In the Muller
cells, glutamate treatments were also found to protect against low
glucose-induced ROS. Some studies imply that glutamate main-
tains energy metabolism and also produces glutathione in the
defense against oxidative stress, such as when glucose levels are
low **(Bringmann et al., 2013). However, glutamine treatment
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significantly increased ROS levels in Muller cells, similar to what
has been observed in astrocytes and microglia, presumably due
to ammonia toxicity (Jayakumar et al., 2004; Svoboda and
Kerschbaum, 2009). Treatment of cells with DON, a glutaminase
inhibitor, could not prevent ROS from being produced by glu-
tamine, negating the ammonia toxicity. However, conversely, it
caused an increase in ROS production. It’s possible that glutamine
might generate oxidative stress in Muller cells by causing a mito-
chondrial malfunction and that DON can cause oxidative stress in
Muller cells on its own (Bringmann et al., ; Hiramoto et al., 1996;
Mukherjee et al., 2019).

Muller cells are known to protect the retina against a variety of
metabolic stressors. Hyperglycemia-induced glial cells may release
inflammatory cytokines to generate ROS (Krady et al., 2005; Tu
et al., 2020; Zong et al., 2010). However, in this study, cytokines
(IL-1b or TNF-a) exposure to Muller cells had no effect on ROS gen-
eration, which could be owing to the cytokines’ short-term treat-
ments, whereas LPS, an endotoxin, caused a significant increase
in ROS generation. Surprisingly, the presence of high glucose in
the Muller cells significantly reduced the degree of ROS level
induced by LPS.

Furthermore, we systematically carried out a time course of
high glucose treatments on isolated endothelial cells in generating
ROS using BRECs as a model. In comparison to normal glucose
exposure, we found no increase in high glucose-induced radical
generation by BRECs during short-term (1–8 h) treatments. While
long-term exposure (1, 3, and 5 days) to high glucose, on the other
hand, resulted in a significant reduction in ROS levels as compared
to normal glucose. These results are in agreement with the study of
Busik et al., 2008, who reported that high glucose conditions did
not increase endogenous ROS generation by human retinal
endothelial cells (HRECs). These results are consistent with our
prior findings that high glucose exposure did not increase ROS gen-
eration in the retina (Ola, 2021; Ola et al., 2006). Even pyruvate and
glutamate exposure did not increase the ROS level, negating the
possibility of hyperglycemic induced fluxes through glycolysis or
citric acid cycle may exert extra pressure on mitochondria to pro-
duce excess ROS. Thus, we determined that high glucose levels
were surprisingly protective against BRECs toxicity caused by
low glucose levels. However, others have found high glucose-
induced ROS generation by endothelial cells, which could be due
to different experimental conditions or technical errors, as we have
indicated earlier (Ola et al., 2006).

Conclusions: It is quite evident from these studies that high
glucose per se did not appear to cause an increase in ROS levels
in the Muller and endothelial cells; rather, high glucose seemed
to have a protective role, and these cultured cells appear to be
under oxidative stress under normal glucose conditions, similar
to as reported with low or hypoglycemic conditions (Wang et al.,
2012; Ge et al., 2010; Sun et al., 2010; Ceriello et al., 2014;
Klimontov et al., 2021). However, it cannot be ruled out that the
maximum high glucose exposure time used in this study (5 days),
might still be a short exposure period to influence oxidative stress
in these cultured retinal cells. Therefore, further studies utilizing
various diabetes-induced dysregulated metabolites, in addition to
glycemic variability with much longer exposure time, are needed
to better elucidate the mechanism of ROS generation and their cel-
lular sources in the retinal cells and diabetic retina, reflecting years
of various metabolic insults and glycemic fluctuations to cause
retinal damage in diabetic patients.
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