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Abstract

Purpose To investigate the role of protein
oxidative damage and antioxidant defense in
relationship to hyperglycemia measured as
fasting plasma glucose (FPG), glycated
hemoglobin (A1C), and duration of disease in
type 2 diabetes mellitus (DM) and diabetic
retinopathy (DR).
Methods This study recruited 23 non-
diabetic subjects, 16 DM patients without any
complications and 18 DR patients. The serum
ischemia modified albumin (IMA) and
glutathione (GSH) levels were measured.
The IMA results were corrected for serum
albumin. Between-group differences were
studied by analysis of variance and between-
variable associations were studied by
Spearman’s and partial correlations.
Results IMA and cIMA values were
elevated, whereas GSH was decreased in both
patient groups vs controls (Po0.05), and the
increase in IMA formation is not related to
serum albumin changes. DR patients have
much severe oxidative stress (OS) status with
high IMA and cIMA, and low GSH than in
the DM group (Po0.05). Both FPG and A1C
levels were positively associated with IMA
in DM group, while in the DR group,
duration of disease too had a positive
association with IMA. The antioxidant
GSH had negative correlations with FPG
(r=− 0.52, P= 0.02) and IMA (r=− 0.49,
P= 0.03) in the DR group. Partial correlation
analyses predicted mutual or independent
associations among parameters.
Conclusions Severe OS in DR has been
associated with increased FPG, A1C, and
disease duration. Both hyperglycemia and

elevated oxidative damage detected as IMA
are collectively associated with depleted GSH
status. Our study unravels the need for
monitoring of OS in addition to standard
glycemic management in DR.
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Introduction

Highly reactive free radicals (FRs) are kept in
equilibrium, and their deleterious oxidative
activities are counteracted by various
antioxidant defense systems, maintaining health
in vivo. Dyshomeostasis between FRs and
antioxidants results in oxidative stress (OS)
where excess FR production overwhelms the
antioxidant defense systems. OS can target and
cause oxidative damages to important
biomolecules such as lipids, DNA and proteins,
resulting in several disease states. OS has been
implicated in the pathogenesis of over 100
human diseases, including endocrine
disorders.1,2 Diabetes is the most prevalent,
leading endocrine disorder worldwide. Type 2
diabetes mellitus (DM) has been described as a
global epidemic with the estimates of 171 million
diabetics in 2000, expected an increase to
366–440 million by 2030.3 According to the
World Health Organization (WHO), the
developing countries presented a rise of about
25% in diabetes rates since 1995.4 With every
fifth diabetic in the world in India, it has been
described as a diabetic capital of the world.5

The major complications associated with DM
include cardiovascular disease, atherosclerosis,
neuropathy, nephropathy, and retinopathy.6
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The key feature that is central to the development of
complications is OS, resulting in tissue damage due to
elevated FRs and depleted antioxidant defense.7 Globally,
DM is the leading cause of blindness, especially in
developing countries.8,9 Hyperglycemia, glycation of
hemoglobin, and duration of diabetes disease are among
multiple factors involved in the development of diabetic
retinopathy (DR).9,10 In addition, retinal ischemia and OS are
important processes in developing DR. Of much importance,
it has been reported that hyperglycemia per se lead to
increased generation of FRs and OS.11,12

The status of OS in health and disease is determined by
an array of oxidative damage markers and antioxidant
defense systems. Research interest concerning OS in
diabetes has been in focus in recent times. Although
multiple reports13–15 including ours12 showed increased
lipid peroxidation and impaired antioxidant status in
diabetes and DR, little published data on protein markers
of OS in both diabetes and DR patients are available.11,16

Although ischemia modified albumin (IMA) has been
demonstrated as a novel marker of ischemia, OS and
endothelial dysfunction in diabetes17–19 studies on IMA
in DR patients are very scarce. To the best of our
knowledge, there is only one study in the literature on
IMA levels in human DR patients.11 Among several
antioxidant defense systems, reduced glutathione (GSH)
is a tripeptide, which is ubiquitous and most abundant in
humans. Although decreased levels of GSH were
reported in diabetes, the cause of GSH deficiency is still
unclear.20,21 Moreover, to the best of our knowledge,
there are no reports that have evaluated IMA and GSH
in relation to hyperglycemia, glycated hemoglobin (A1C),
and disease duration in both diabetes and DR
(literature was mined by PubMed search using MeSH
terms diabetes, diabetic retinopathy, free radicals, reactive
oxygen species, oxidative stress, albumin, ischemia
modified albumin, and glutathione).
Hence, there is a need to have a comprehensive

understanding of OS by evaluating protein markers in
diabetic and DR patients. With this aim, this study was
carried out to determine IMA and GSH levels in both DM
and DR patients compared with non-diabetic controls. We
also evaluated associations of hyperglycemia, A1C,
and disease duration with OS indices.

Material and methods

Study sample

This study prospectively recruits a total of 57 subjects,
of which 16 were DM patients (63.6± 8.1 years; 7 males),
18 were DR patients (56.9± 10.5 years; 11 males), and
the remaining 23 were healthy non-diabetic controls
(30.5± 6.0 years; 13 males). Patients attending the

outpatient clinics of ophthalmology, BPS Government
Medical College, Sonepat, Haryana, India, were
prospectively enrolled. We clearly defined our study
sample by means of diagnostic criteria, locality, smoking,
alcoholic, and dietary habits. All the participating
members were vegetarians, non-smokers, non-alcoholics
with similar socioeconomic status and belong to the
Sonepat district of Haryana, India. Further, samples
drawn were segregated into three groups by highly
experienced clinicians. Diabetic patients were grouped
into diabetic group without retinopathy and diabetic
group with retinopathy and are matched for age and BMI.
The control group included non-diabetic hospital controls
and is BMI-matched for either of the patient groups.
Information on disease duration was obtained from
the patient records and the same has been confirmed with
the individual patient. Any participant who did not reply
at all and any suspected response to hide the facts about
habits such as smoking, alcohol consumption, and
non-vegetarian diet were excluded from participating in
the study. Detailed information about occupation and
lifestyle has not been obtained through questionnaires.
The DM patients were diagnosed based on their fasting

plasma glucose (FPG) 4126mg/dl and/or or A1C
46.5% according to American diabetes association
criteria.22 Patients with DR were diagnosed according to
the previously defined criteria.23,24 All the cases in the DR
group had non-proliferative DR. The control group
consisted of healthy subjects without any previous history
and current evidence of diabetic disease. Exclusion
criteria include; smokers, alcoholics, subjects with chronic
or acute illness, hypertension, hepatic and renal diseases,
inflammatory diseases, pregnancy, obesity, and endocrine
diseases other than DM and DR. Informed consent was
obtained from the study participants and the institutional
ethical committee approved the study protocol.

Biochemical analysis

After 12-h overnight fasting, venous blood samples
were drawn into sodium fluoride plus EDTA-treated
and additive-free vacutainer tubes (BD Diagnostics,
Plymouth, UK). Blood specimens were centrifuged for
15min at 3000 r.p.m., and aliquots of plasma and serum
were used immediately for biochemical analysis or stored
at − 20 °C until analysis was carried out. Plasma was
used for the estimations of FPG by enzymatic glucose-
oxidase-peroxidase method using kits provided by
Autopak, Siemens Ltd, Gujarat, India on Roche/Hitachi
Modular P-800 analyzer (Hitachi High-Technologies
Corporation, Tokyo, Japan). The A1C levels were
estimated from whole blood collected in EDTA
vacutainer by immunoturbidimetry method using
tetradecyltrimethylammonium bromide (TTAB method)
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using commercial kits from Roche Diagnostics (Roche
Diagnostics GmbH, Mannheim, Germany), Germany on
Roche/Hitachi Modular P-800 analyzer. Serum was
used for the estimations of albumin, IMA, and GSH.
The IMA level was analyzed colorimetrically by an

albumin cobalt binding assay developed by Bar-Or et al,25

which involves the binding capacity of albumin for Co(II)
metal ion. The IMA value was determined by adding
fixed amounts of Co(II) to a serum sample and measuring
the unbound, free Co(II) with dithiothreitol as the
chromogen. A direct relationship exists between IMA
concentration and the intensity of the color formation
measured at 470 nm. The IMA results were presented in
absorbance units (ABSU). The IMA values obtained were
corrected for serum albumin concentrations. Corrected
IMA (cIMA) was calculated as a ratio of IMA/albumin
((IMA in ABSU/albumin (g/l)) × 1000).26 Serum GSH level
was estimated by 5, 5’-dithiobis (2-nitrobenzoic acid), as
previously described by Ellman.27

Statistical analysis

All data were expressed as mean± SD. The differences
between groups were tested by analysis of variance test.
Correlations between the variables were assessed by
Spearman and partial correlation analysis.
Receiver operating characteristic curve analyses were
performed in individual patient groups and all diabetic
patients as a whole (DM and DR) vs non-diabetic controls
to analyze the difference between IMA and cIMA as a
marker of oxidative damage. Statistical analysis was
carried out on SPSS software for Windows 11.5 program
(SPSS Inc., Chicago, IL, USA) and MEDCALC 12.2.1
version (Broekstraat, Mariakerke, Belgium). Statistical
significance was considered at a P value less than 0.05.

Results

The mean± SD of the parameters studied are presented in
Table 1. FPG and A1C were significantly higher in DM
and DR groups compared with controls (Po0.05),
with no significant difference between DM and DR
groups. Although age was significantly higher in the
patient groups than in controls, there was no significant
difference between patient groups. Compared with the
controls, there was an increase in serum IMA among DM
and DR patients. There was also an increase in the IMA
level between DM and DR groups being higher in the
DR group (Po0.05). As serum albumin levels were
decreased in our patient groups, the IMA results obtained
were corrected for albumin concentrations. The cIMA
levels significantly differed (Po0.05) across non-diabetic
controls, and DM and DR patient groups with a higher
value in the latter group. Levels of antioxidant marker
GSH were decreased in both DM and DR patients
compared with the non-diabetic controls. Patients with
DR had significantly lowered GSH levels than in DM
patients (Po0.05).
Results of Spearman’s correlation analysis were shown

in Table 2. There were no correlations of age and albumin
with any of the study variables in the DM and DR groups.
In DM patients, significant positive correlations were
found between FPG, A1C, and IMA. Disease duration
showed a significant positive association with A1C.
IMA was found to be negatively associated with GSH.
In the DR group, disease duration showed significant
associations with FPG, A1C, IMA, and cIMA. FPG was
positively associated with A1C, IMA, and cIMA. GSH
showed negative correlations with FPG, IMA, and cIMA.
There were no significant associations of albumin with
IMA in either of the patient groups.
In both DM and DR groups, the associations of FPG

and A1C with IMA were retained when corrected for

Table 1 Age, BMI, disease duration, biochemical, and oxidative stress parameters in patient and control groups

Variable Healthy controls (n= 23) DM patients (n= 16) DR patients (n= 18)

Age (years) 30.52± 6.05 63.62± 8.15a 56.94± 10.57b

BMI (kg/m2) 24.02± 2.38 24.19± 1.82 24.62± 3.15
Disease duration — 6.93± 3.56 9.61± 3.39c

A1C (years) 6.27± 0.97 10.06± 4.04a 10.26± 3.21b

FPG (mg/dl) 97.17± 23.51 163.25± 89.94a 166.61± 67.00b

Albumin (g/dl) 4.33± 0.32 3.87± 0.80a 3.53± 0.48b

IMA (ABSU) 0.30± 0.17 0.43± 0.19a 0.57± 0.12b,c

cIMA 7.17± 4.70 11.73± 5.41a 16.44± 4.35b,c

GSH (mg/dl) 47.22± 6.11 36.41± 8.58a 27.22± 5.91b,c

Abbreviations: A1C, glycated hemoglobin; ABSU, absorbance units; BMI, body mass index; cIMA, corrected IMA for albumin levels (IMA (ABSU)/
Albumin (g/l) × 1000); DM, type 2 diabetes mellitus; DR, diabetic retinopathy; FPG, fasting plasma glucose; GSH, reduced glutathione; IMA, ischemia
modified albumin.
Values are mean± SD, between-group comparisons were carried out by one-way analysis of variance (ANOVA).
aPo0.05 in DM group compared with control group.
bPo0.05 in DR group compared with control group.
cPo0.05 in DR group compared with DM group.
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albumin and age (Table 3). As we found both FPG and
A1C correlated significantly with IMA in both patient
groups, we statistically nullified the effect of FPG on
the relation between A1C and IMA. Likewise, we also
nullified the effect of A1C on the correlation between FPG
and IMA. In the DM group, the associations were
lost when corrected for one of the factors, whereas
they remained significant in the DR group (Table 3).

When the effect of disease duration was controlled, the
significance of associations of FPG and A1C with IMA
were retained in both patient groups (Table 3). In both
patient groups, the associations of IMA with GSH were
lost when corrected for FPG (Table 4).
In the DM group, the receiver operating characteristic

curve analysis yielded statistically significant (Po0.01)
area under curve (AUC) values of 0.724 and 0.766 for IMA
and cIMA, respectively. In DR patients, the significant
(Po0.0001) AUC values for IMA and cIMA are 0.901 and
0.937, respectively. In a whole patient group (DM+DR),
the significant (Po0.0001) AUC values for IMA and
cIMA are 0.818 and 0.857, respectively. By comparing
AUC values of IMA and cIMA, we found no significant
difference in the DM group (P= 0.12), the marginal
difference in the DR group (0.07), and significant difference
in a whole patient (DM+DR) group (P= 0.03). In all
comparisons, either in individual patient groups

Table 2 The Spearman’s correlation analyses between study variables in diabetic and diabetic retinopathy patients

Diabetes mellitus Spearman’s
correlation

Diabetic retinopathy

Dis.Dur FPG A1C Alb IMA cIMA GSH Variables GSH cIMA IMA Alb A1C FPG Dis.Dur

− 0.07 − 0.43 − 0.45 − 0.26 − 0.28 − 0.05 0.36 AGE − 0.13 0.35 0.34 − 0.24 0.21 0.22 0.36
0.79 0.09 0.08 0.31 0.29 0.85 0.16 0.60 0.18 0.15 0.32 0.40 0.37 0.13

0.26 0.66 − 0.01 0.09 0.08 − 0.23 Dis.Dur − 0.31 0.68 − 0.73 − 0.18 0.64 0.56
0.32 0.005* 0.96 0.74 0.76 0.37 0.19 0.002* 0.001* 0.45 0.004* 0.01*

0.57 0.18 0.60 0.41 − 0.26 FPG − 0.52 0.72 0.74 − 0.26 0.50
0.02* 0.48 0.01* 0.11 0.32 0.02* 0.001* 0.001* 0.28 0.03*

0.16 0.55 0.43 − 0.24 A1C − 0.37 0.52 0.70 0.03
0.54 0.02* 0.09 0.36 0.12 0.02* 0.001* 0.88

− 0.01 − 0.36 − 0.31 Alb 0.16 − 0.53 − 0.19
0.95 0.16 0.23 0.50 0.07 0.43

0.89 − 0.50 IMA − 0.49 0.87
0.00* 0.04* 0.03* 0.00*

− 0.30 cIMA − 0.48
0.25 0.04*

Abbreviations: A1C, glycated hemoglobin; Alb, albumin; cIMA, corrected IMA for albumin levels; Dis.Dur, duration of disease; FPG, fasting plasma
glucose; GSH, reduced glutathione; IMA, ischemia modified albumin.
Non-highlighted, non-italic numbers are correlation coefficient (r) values. Highlighted, italic numbers are statistical significance (P) values, *Po0.05.

Table 3 Partial correlation analysis in DM and DR patients

Correlation between
DM patients DR patients

r P r P

Nullified by albumin Nullified by albumin
FPG vs IMA 0.57 0.02* 0.86 0.0001*
A1C vs IMA 0.62 0.01* 0.75 0.001*

Nullified by age Nullified by age
FPG vs IMA 0.57 0.02* 0.84 0.0001*
A1C vs IMA 0.62 0.01* 0.71 0.001*

Nullified by A1C Nullified by A1C
FPG vs IMA 0.34 0.20 0.79 0.0001*

Nullified by FPG Nullified by FPG
A1C vs IMA 0.44 0.10 0.61 0.009*

Nullified by
disease duration

Nullified by
disease duration

FPG vs IMA 0.51 0.04* 0.69 0.002*
A1C vs IMA 0.61 0.01* 0.54 0.02*

Abbreviations: A1C, glycated hemoglobin; DM, type 2 diabetes mellitus;
DR, diabetic retinopathy; FPG, fasting plasma glucose; IMA, ischemia
modified albumin.
r, correlation coefficient, P, statistical significance, *Po0.05.

Table 4 Partial correlations between IMA, cIMA, GSH and FPG
in DM and DR patients

Correlation between
DM patients DR patients

r P r P

Nullified by FPG Nullified by FPG

IMA vs GSH − 0.30 0.26 − 0.17 0.50
cIMA vs GSH − 0.13 0.63 − 0.25 0.33

Abbreviations: A1C, glycated hemoglobin; cIMA, corrected IMA for
albumin levels; DM, type 2 diabetes mellitus; DR, diabetic retinopathy;
FPG, fasting plasma glucose; GSH, reduced glutathione; IMA, ischemia
modified albumin.
r, correlation coefficient, P, statistical significance, *Po0.05.
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or in both patient groups together, cIMA showed
better AUC values than that of IMA (Figure 1).

Discussion

Our results demonstrate OS with increased IMA
and decreased GSH levels in both DM and DR patients
vs non-diabetic controls and these changes were more
marked in the DR group than in the DM group.
Our findings are in accordance with previous studies in
DM17–21 and DR patients.11 However, we could not
find reports on both IMA and GSH simultaneously in DM
and DR patients. Moreover, in a previous report on IMA
in DR, the IMA values have not been corrected for serum
albumin changes.11 Because of the dependence of IMA
values on albumin level, it would be important to
report albumin levels and IMA values corrected for
albumin interference as previously suggested by us28,29

and others.26 Therefore, for the first time, we report
significantly increased cIMA values in both patient groups
than in controls and there were higher levels of cIMA in
DR patients than in the DM group. It is clear from this
observation that IMA formation is significantly increased in
our patients, irrespective of serum albumin concentrations.
Although the mechanism of IMA formation is not

known precisely, excess FR formation and OS may cause

molecular changes on metal binding sites of albumin
producing a structural variant, IMA.18,19 IMA has been
well accepted in the literature as a marker of OS,
and its elevation has been associated with endothelial
dysfunction, inflammation, and hyperglycemia in
different types of diabetes with and without
complications.17–19,30–34

Hyperglycemia in DM is linked to OS, and retinal
exposure to hyperglycemia activates multiple enzymes/
pathways accelerating OS and development of DR.9–11,35

Hyperglycemia promotes increased IMA formation
probably owing to mechanisms of hypoxia and OS.17–19

Interestingly, it was reported that increased glycosylation
of hemoglobin increases its affinity for oxygen, therefore,
preventing its release at the tissue inducing hypoxia and
OS.25,36 Positive associations of IMA with FPG and A1C
in our patient groups (Table 2) may be owing to the role
of hyperglycemia and A1C as an OS inducer.
As we found a significant change in serum albumin

and age, we statistically controlled for these changes on
the associations of IMA with FPG and A1C. By this,
we tested whether significant changes in albumin and age
affect the association between glycemic status and OS.
This is important in view of evidence on age-associated
increase in OS and decline in glucose metabolism.37 After
controlling for one factor at a time, the significant correlations

neewtebecnereffiDAMIcAMICOR
IMA and cIMA

DM vs. controls
240.0667.0427.0CUA

690.0-210.0-788.0-406.0558.0-855.0IC%59
21.0<0.001600.0eulavp

DR vs. controls
630.0739.0109.0CUA

670.0-400.0-989.0-518.0279.0-767.0IC%59
70.0<0.0001

<0.0001

1000.0<eulavp
DM+DR vs. controls

930.0758.0818.0CUA
570.0-200.0539.0-937.0809.0-396.0IC%59

30.01000.0<eulavp *

Figure 1 Comparison of AUCs of IMA and cIMA by receiver operating curve statistics. (a) DM patients vs controls, (b) DR patients vs
controls, (c) DM+DR patients vs controls. P, statistical significance, *Po0.05. ROC, receiver operating characteristic curve; CI, confidence
interval.
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were retained in both patient groups (Table 3). These suggest
that the positive associations of FPG and A1C with IMA are
independent of age and albumin changes.
Further, it is also known that hyperglycemia increases

hemoglobin glycosylation as is evident in this study by
a positive association between FPG and A1C. Goodarzi
et al38 reported a significant relationship of A1C with
OS in diabetes. Thus, we speculate that higher A1C levels
may per se be associated with a higher level of IMA.
To test this, we statistically controlled for A1C on the
positive association between FPG and IMA. Similarly, we
also controlled for FPG on the association between
A1C and IMA in both patient groups. By this, it was
found that the significance of correlations was lost in DM
patients, indicating that both elevated FPG and A1C
levels are intimate factors that were collectively associated
with increased IMA levels. However, the significant
associations had been retained in the DR group (Table 3).
This clearly suggests that both high FPG and A1C levels
were independently associated with increased IMA levels,
possibly contributing to the severe OS in the DR group.
This is despite of no significant difference in FPG and A1C
levels between DM and DR groups.
Why do patients with DR show high amounts of

oxidative damage? Were associations of FPG and A1C
levels adequately explaining this? Could there be any
other contributing factor? Of importance, disease
duration was significantly higher in DR patients vs the
DM group, and it showed positive associations with FPG,
A1C, and IMA. Therefore, we statistically nullified for
disease duration on the positive associations of FPG and
A1C with IMA. By this, we answered whether or not
disease duration significantly affects these positive
associations. After nullification, it was found that the
significance of associations of FPG and A1C with IMA
had been retained in both the patient groups (Table 3).
This suggests a multifactorial interplay in the
development of FR-mediated oxidative damage resulting
in elevated IMA levels. It appears that higher levels of
IMA in the DR group than in the DM group may be due
to high disease duration in the former group. It is further
supported by significant positive associations of disease
duration with IMA and cIMA in DR patients (Table 2).
The ability of a cell to resist oxidant damage is

determined by a balance between free radicals and
antioxidants. GSH (ϒ-glutamyl-cysteinyl-glycine) is the
most abundant antioxidant that has a central role in
antioxidant defenses. Several studies reported a decline
in GSH concentrations in diabetes.20,21 The mechanisms
underlying decreased GSH in diabetes are hyper-
glycemia-associated metabolic disturbances, abnormal
protein balance, and inadequate GSH synthesis leading
to OS.7,20 In line with this, we observed a negative
association between FPG and GSH, as hyperglycemia

could per se influence oxidant-antioxidant
homeostasis.12

Moreover, GSH may be utilized as an antioxidant to
neutralize excess FR generated in diabetes. Although
GSH deficiency has been reported in diabetes,21 no
previous study has reported its relationship to IMA in
both DM and DR patients. Could the lower levels of
GSH be a result of elevated IMA values, with a greater
utilization of GSH as an antioxidant? To answer this
question, we studied the associations of GSH with IMA
(Table 2). The negative association found between GSH
and IMA may be because of the role of GSH as a
defensive antioxidant against increased IMA. Because
hyperglycemia is associated with lower levels of GSH,
we also studied the associations of GSH with IMA
controlling for FPG, and found that the significance of
the association between GSH and IMA was lost in both
patient groups (Table 4). This indicates that both
hyperglycemia and elevated oxidative damage are
mutually associated with the depleted GSH status.
Therefore, hyperglycemia and increased OS reflected in
elevated FPG and IMA levels might have a role in
lowering GSH status.
Because of the known interference from serum albumin

changes on IMA results, we studied the performance of
IMA as such (before correcting for serum albumin)
and cIMA (after correcting for serum albumin) by
evaluating AUC for IMA and cIMA through receiver
operating characteristic analysis (Figure 1). Comparison
of AUC values of IMA and cIMA showed no significant
difference (P= 0.12) in DM and marginally significant
(P= 0.07) difference in DR groups (Figures 1a and b,
respectively). However, using a combination of DM
and DR groups as a whole yielded a significantly
(P= 0.03) better AUC for cIMA than that of IMA
(Figure 1c). Considering the interference of serum
albumin changes on IMA measurement and better AUC
values for cIMA than IMA in DM (0.766 vs 0.724), DR
(0.937 vs 0.901), and whole patient group (0.857 vs 0.818),
we propose the importance of cIMA over IMA for
evaluating OS.
In conclusion, OS is evidenced as accelerated oxidative

damage (IMA formation) and antioxidant deficiency
(GSH depletion) in DM and DR with a much severe OS
in DR group. On the basis of our observations in
accordance with previous studies, it has been postulated
that hyperglycemia, high A1C level, and disease
duration are multiple factors associated with OS. The
positive associations between FPG, A1C, and IMA could
be because of the role of hyperglycemia and higher
A1C in promoting excess FR production and OS.
Duration of disease appears to be an important factor.
Depleted GSH level and its negative association with
FPG and IMA may be because of the role of GSH as a

Role of oxidative damage and antioxidant defense in DR
VS Reddy et al

1590

Eye



defensive antioxidant. Furthermore, cIMA values should
be preferred over IMA as a measure of oxidative damage
owing to its better AUC values and known interference of
serum albumin changes on IMA values. Recent evidence
suggests that increasing GSH levels with oral precursor
supplementation is a viable antioxidant intervention to
target diabetic OS directly and could constitute a novel,
safe, and inexpensive form of nutritional treatment.21

Diabetes remained to be a leading cause of blindness,
and OS is an important mechanism whereby diabetes
attributes to associated complications like DR. Therefore,
in addition to standard glycemic management, IMA and
GSHmight be considered for evaluation in monitoring OS
injury in diabetes and DR.

Limitations

The main limitation of our study is its limited sample
size. However, we ensured enough statistical power.
Another limitation is that possible interpretation of these
results deals with an incomplete adjustment for
confounding. Only a non-diabetic control group was
not age-matched. However, both patient groups were
matched for age and BMI. We reported associations
between parameters by correlation analyses performed
on cross-sectional data. It is therefore not possible to
establish a causal relationship in our present study.
Nevertheless, this study is the first to examine the levels
of IMA, cIMA, and GSH markers across the non-
diabetic, DM, and DR groups. It is also worth noting
that confounding is a broad spectrum, and because
case–control and cross-sectional study designs have
inherent limitations, we cannot completely exclude the
possibility of bias. Therefore, our study results could be
considered preliminary and that it would encourage
further studies with precise methodology and a large
sample size.

Power analysis

As the size/number in the sample depends on the
purpose/objective, the objective of the present study
was to study OS (IMA, cIMA, and GSH) across the
non-diabetic, diabetic group without retinopathy, and
DR groups. We performed a power analysis using
G*Power version 3.1. To calculate the achieved power
when the differences across groups were tested, we first
determined the effect size of means using mean values
of IMA, cIMA, and GSH in all the three groups, highest
standard deviations, the sample size in each group, and
total sample size. Then, at a given α value of 0.05, the
achieved power was computed. It was found that with
a total sample size of 57 in three groups of this study,
the achieved power was 0.98 or 98% for IMA, 0.99 or

99% for cIMA, and 0.99 or 99% for GSH. Therefore,
the current study sample size, though small, is not
underpowered. We also performed a power analysis for
FPG and A1C and found that with a total sample size of
57 in three groups of this study, the achieved power was
91% for FPG and 98% for A1C. The results of power
analysis along with protocol inputs and output graphs
were provided as a Supplementary File.

Summary

What was known before
K The role of oxidative stress (OS) is critical in the

pathogenesis of diabetes and development of diabetes-
associated complications like retinopathy.

K None of the studies has evaluated ischemia modified
albumin (IMA) and its relation to reduced glutathione
(GSH) in type 2 diabetes without complications and
diabetic retinopathy.

What this study adds
K Our study is one of the few studies that investigated IMA

in diabetes, second in reporting IMA in human patients
with diabetic retinopathy, and first of its kind studying
IMA, GSH, and the influence of hyperglycemia, glycated
hemoglobin, and duration of disease on OS in type 2
diabetes with and without retinopathy. We also corrected
IMA results for serum albumin changes.

K Our results show an interplay between and/or
independent play of multiple factors: hyperglycemia,
glycated hemoglobin, and disease duration with the
markers of oxidative damage and antioxidant defense.

K The novel findings of this study are: severe OS in diabetic
retinopathy attributed to significant and independent
contributions from hyperglycemia, glycated hemoglobin,
and duration of disease. Both hyperglycemia and elevated
oxidative damage detected as IMA are collectively
influencing depleted GSH resulting in severe antioxidant
deficiency in diabetic retinopathy.

K Given the evidence of severe glutathione deficiency, our
study unravels the importance of direct antioxidant
supplementation as an adjunct to standard glycemic
management of these patients.
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