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1 | INTRODUCTION

Abstract

Background and Aims: Oxidative stress plays a major role in the development of type
2 diabetes mellitus (T2DM). However, there were controversial outcomes in the liter-
ature between the association of oxidative stress biomarkers and T2DM. The pur-
pose of this systematic review and meta-analysis was to critically examine the
association of oxidative stress biomarkers with T2DM.

Methods: We systematically searched different electronic databases including
PubMed/Medline, EMBASE, ScienceDirect, Web of Science, and Cochrane Library to
find the relevant studies up to May 2021. The pooled standard mean difference
(SMD) with a 95% confidence interval (Cl) was used to define the variation between
the study groups.

Results: A total of 22 case-control studies with 2853 subjects (1667 diabetic patients
and 1186 healthy controls) were found to be eligible for this meta-analysis. The
pooled results of meta-analysis showed a significant difference in the levels
malondialdehyde (SMD [95% Cl]: 2.27 [1.62, 2.91]), nitric oxide (SMD [95% ClI]: 1.40
[0.00, 2.81]), glutathione (SMD [95% ClI]: —1.76 [-2.94, —0.59]), and total antioxi-
dant status (SMD [95% CI]: —1.40 [—2.28, —0.51]) between the patient group and
healthy subjects, whereas no significant difference was observed in the superoxide
dismutase levels (SMD [95% CI]: —1.20 [—2.55, 0.15]) and glutathione peroxidase
levels (SMD [95% Cl]: 0.07 [-2.80, 2.94]).

Conclusion: The present analysis suggests that oxidative stress might have a poten-
tial role in the pathogenesis of T2DM in humans. However, further studies should be

needed to elucidate the possible mechanism and strengthen this evidence.
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Diabetes Federation in 2017 showed the worldwide prevalence of

diabetes in the adult population reached 8.8% (424.9 million people).?

Diabetes mellitus (DM) is a group of metabolic disorders characterized Among them, the majority (87%-91%) of the cases are with type 2 dia-
by the elevated levels of glucose in the blood and insufficient secre- betes. Globally, type 2 diabetes mellitus (T2DM) is considered a major
tion or action of endogenous insulin.! A report by the International public health concern because of its life-threatening complications
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with the increasing risk of mortality.2 Although the exact etiologies of
T2DM are not well defined, it is believed that autoimmune disease,
genetic, and environmental factors play a major role in developing
T2DM.? Also, recent studies have shown that with the high level of
free-radical generation, oxidative stress (OS) initiates a significant role
in developing and progressing T2DM.5®

OS can be defined as an imbalance between the production of
reactive oxygen species (ROS) and antioxidant defense by which the
body can detoxify its harmful effects and inhibit cell damages. The
generation of ROS was thought to be a form of pathological cellular
stress, but the current investigation is that ROS formed due to the
physiological and homeostatic functions of many cells. However, an
excess formation of ROS such as superoxide, hydrogen peroxide, and
hydroxyl radicals can cause harmful effects on many cellular struc-
tures such as protein, lipids, and nucleic acids.? Antioxidants such as
catalase (CAT), superoxide dismutase (SOD), glutathione (GSH), and
glutathione peroxidase (GPX) counter the action of ROS by neutraliz-
ing their action or by inhibiting their formation.?® Thus, a balance
might be important between ROS and the levels of the antioxidant;
otherwise, OS has been implicated in the pathogenesis of a variety of
diseases, including cancer, obesity, diabetes mellitus, cardiovascular
diseases, and nonalcoholic fatty liver disease.!>'? Various studies
have reported that significant and abnormal increases in the levels of
OS biomarkers associated with T2DM.*32% Moreover, Lipiski et al??
reported that the decreased levels of enzymatic antioxidants in T2DM
leading to the development of diabetic complications. However, the
results are controversial.

Therefore, the purpose of this study was to systematically review
the evidence of published case-control studies on this topic and per-
forming a meta-analysis of the results to summarize and delineate the
association between OS and T2DM.

2 | METHODS

2.1 | Literature search strategy

We performed this systematic review on OS in diabetes mellitus
according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines?® (Data S1). To find relevant
peer-reviewed studies regarding the levels of OS markers, antioxi-
dants status in diabetes mellitus, different electronic databases includ-
ing PubMed/Medline, EMBASE, ScienceDirect, Web of Science, and
Cochrane Library were used. The search terms included “type 2 diabe-
tes mellitus,” “T2DM,” “MDA,” “malondialdehyde,” “oxidative stress,”
“antioxidants,” “total antioxidant capacity,” “total antioxidant status,”
“superoxide dismutase,” “glutathione,” “glutathione peroxidase,” “nit-
ric oxide,” “catalase,” “vitamin A,” “vitamin C,” and “vitamin E.” The
combinations of different search terms were used for identifying the
relevant articles, and the search strategies were customized to suit
each database. For the present study, ethical approval is not required,

as it is a meta-analysis.

2.2 | Criteria for inclusion and exclusion

Inclusion criteria for this study were the following: (a) the study must
be a case-control study design; (b) it should be published in a peer-
reviewed journal in the English language; (c) the assessment of OS
biomarkers and antioxidant status should be available in both patients
and control subjects; (d) studies should have clear diagnostic criteria;
and (e) reported studies should be available in full text (not editorial,
commentary, or abstract for conferences). Studies were excluded if
(a) they were published in other languages than English and contained
only qualitative data; (b) there were no healthy control subjects;
(c) the subjects have any history of other diseases.

2.3 | Data extraction and management

Both authors independently performed data extraction using standard
extraction spreadsheets from the selected articles based on the inclu-
sion criteria and enlisted in a table. The following items were
extracted from each study: author's name (first author), year of publi-
cation, country, groups, gender distribution, mean age (years), number
of participants (male vs female), MDA concentration, SOD concentra-
tion, GSH concentration, GPX concentration, CAT concentration, TAS
concentration, and NO concentration. After the extraction of the data,
the authors cross-checked the data tables and resolved any conflicts
and inconsistencies during the data extraction process through discus-

sion with each other.

24 | Quality assessment

The quality assessment of all included studies was conducted by using
a modified Newcastle-Ottawa Quality Assessment scale, and we
adopted three main criteria for selecting the studies in this systematic
review: (a) an appropriate and clear study objective/research ques-
tion/aim; (b) a detailed description of the study population with a valid
methodology; and (c) applicability of results.

2.5 | Statistical analysis

A statistical software named Review Manager V5.3 (Cochrane Collab-
oration, Copenhagen, Denmark) was used for the meta-analysis. We
calculated the standard mean difference (SMD) with a corresponding
95% confidence interval (Cl) for each parameter using the random-
effects model. The SMD was calculated as the ratio of the mean dif-
ference to the pooled SD by the z-test. The existence of heterogene-
ity among studies was evaluated using I?> and its resultant P-value
using chi-squared tests. I? values of 25%, 50%, and 75% define the
heterogeneity as low, medium, and high heterogeneity, respectively.
The random-effect model and forest plots were adopted as the

pooling method, and funnel plots were used to investigate the
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publication bias. A P-value <.05 was considered a statistically signifi-

cant difference between groups.

3 | RESULTS

3.1 | Searchresults

As shown in Figure 1, a total of 483 studies initially were identified
through different database searching. After the removal of duplica-
tion, additional screening, and analysis of the titles and abstracts,
33 articles were included as eligible for this study. Of 33 articles,
finally, 22 studies were included in the qualitative and quantitative

review and meta-analysis in the study.

3.2 | Characteristics of included studies

The main characteristics of the included studies published between
1993 and 2018 with 2853 participants (1667 type 2 diabetic
patients and 1186 healthy controls) are summarized in Table 1. The
studies were conducted in India (n = 9), Turkey (n = 4), China
(n = 2), Egypt (n = 2), France (n = 1), Sweden (n = 1), Thailand
(n = 1), UAE (n = 1), and Bangladesh (n = 1). All studies included
both men and women, except for four studies, in which there was
no information about the sex of participants.'”242¢ The mean value
of body mass index (BMI) was higher among the patients compared
to the healthy control subjects. Studies evaluated different bio-
markers to assess the OS in the patient group compared to control
subjects. Among the 22 studies, based on different types of OS bio-
markers (MDA/TAS/GPX/GSH/NO/SOD), studies were categorized

into the following six groups:

Open Access

1. A total of 21 studies*®?1243¢ reported the association between
MDA levels and T2DM (1362 cases and 1168 controls) (Table 2),

2. A total of eight studies!”?#2639-33 reported the association
between SOD levels and T2DM (493 cases and 450 controls)
(Table 2),

3. A total of six studies'®*72430-32 reported the association between
GSH levels and T2DM (382 cases and 327 controls) (Table 2),

4. A total of four studies?*243° reported the association between
GPX levels and T2DM (306 cases and 288 controls) (Table 2),

5. A total of five studies'??%2%:33 reported the association between
TAS levels and T2DM (376 cases and 359 controls) (Table 2), and

6. A total of four studies?®?%313¢ reported the association between
NO levels and T2DM (217 cases and 176 controls) (Table 2).

3.3 | Association between MDA and T2DM

There were 21 studies to be included in the meta-analysis to evaluate
the overall effect of MDA in T2DM. Based on the random-effects
model of meta-analysis, significantly higher levels of serum MDA were
observed in the patient group compared to the control subjects (SMD
[95% Cl]: 2.27 [1.62, 2.91], z = 6.90, P < .00001). We found a signifi-
cant level of heterogeneity for MDA among the existing studies
(I? = 98%, P < .00001) (Figure 2).

3.4 | Association between SOD and T2DM
The meta-analysis of eight included studies in this systematic review
revealed a lower level of SOD in patients with T2DM compared to

the controls, but the difference was not statistically significant (SMD

Records identified through database
searching (n = 483)

Additional records identified
through other sources (n = 0)

Identification
Eligibility

FIGURE 1 The flow diagram of the literature
search and study selection according to the
PRISMA guidelines

Included

, '

| 483 records identified |
400 after duplicated
removed
v
| 83 records screened |
50 excluded after
> screening title and
v abstract

| 33 articles assessed for eligibility |

11 excluded according
to inclusion criteria

A4

22 articles included in qualitative
synthesis

i

22 studies included in meta-
analysis
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TABLE 2 Comparison of the level of MDA, SOD, GSH, GPX, CAT, TAS, and NO in the patient and control groups

Patient group Control group
Study, year Mean SD Number Mean SD Number
MDA (mmol/L)
Gallou et al, 1993 311 0.43 60 2.84 0.28 53
Sundaram et al, 1996 3.12 0.30 200 1.87 0.30 180
Vessby et al, 2002 0.49 0.12 38 0.49 0.18 41
Bhatia et al, 2003 4.1 0.11 30 2.89 0.25 30
Susleyici et al, 2003 0.45 0.21 107 0.36 0.15 99
Atli et al, 2004 0.33 0.7 19 0.31 0.06 15
Mahboob et al, 2005 0.26 0.03 70 0.09 0.01 59
Gupta et al, 2006 1.72 0.27 40 0.92 0.24 50
Song et al, 2007 19.13 7.71 113 10.77 5.59 92
Kamal et al, 2009 10.50 3.45 50 5.81 2.38 15
Tangvarasittichai et al, 2009 2.75 0.15 50 1.65 0.12 40
Salem et al, 2010 10.58 3.81 50 5.81 2.39 15
Mallick et al, 2011 7.83 3.26 50 3.70 1.19 30
Khemka et al, 2014 321 1.84 102 2.05 0.99 95
Kumari et al, 2014 4.54 0.78 50 2.31 0.61 50
Rani et al, 2014 3.61 0.63 93 1.93 1.51 93
Shang et al, 2015 6.85 0.71 28 4.75 0.62 40
Al-Rawi et al, 2015 2.38 0.97 25 1.12 0.35 25
Mishra et al, 2017 247 0.53 92 1.43 0.23 51
Kulaksizoglu et al, 2016 9.51 2.82 35 10.75 2.57 35
Banik et al, 2018 5.38 1.64 60 2.63 1.63 60
SOD (U/mg Hb)
Sundaram et al, 1996 2.6 0.3 200 83 0.3 180
Bhatia et al, 2003 0.54 0.09 30 1.04 0.12 30
Memisogullari et al, 2003 2.2 0.6 38 2.5 1.0 18
Atli et al, 2004 28.7 6.4 19 295 5.7 15
Gupta et al, 2006 5.35 0.36 40 6.83 0.7 50
Song et al, 2007 36.86 8.16 113 30.54 7.39 92
Shang et al, 2015 72.27 18.81 28 117.06 15.63 40
Al-Rawi et al, 2015 1.48 0.18 25 1.09 0.18 25
GSH (pmol/L)
Sundaram et al, 1996 48.1 7.5 200 54.0 31 180
Bhatia et al, 2003 2.79 1.34 30 3.11 0.88 30
Memisogullari et al, 2003 7.9 2.8 38 10.3 29 18
Atli et al, 2004 7.1 1.7 19 8.8 24 15
Mahboob et al, 2005 194.8 11.2 70 272.6 12.0 59
Al-Rawi et al, 2015 2.15 0.87 25 3.22 0.70 25
GPX (U/mg Hb)
Sundaram et al, 1996 7.2 04 200 5.7 04 180
Memisogullari et al, 2003 36.2 7.9 38 45.3 104 18
Gupta et al, 2006 13.37 0.33 40 14.64 1.43 50
Shang et al, 2015 7.75 1.29 28 10.84 2.84 40
TAS (umol/L)
Susleyici et al, 2003 1.43 0.21 107 1.40 0.13 99
Song et al, 2007 11.07 442 113 15.08 3.31 92

(Continues)
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TABLE 2 (Continued)
Patient group Control group

Study, year Mean SD Number Mean SD Number
Rani et al, 2014 0.46 0.46 93 1.69 1.34 93
Shang et al, 2015 6.30 1.00 28 10.56 1.82 40
Kulaksizoglu et al, 2016 1.15 0.16 35 1.48 0.11 35

NO (pmol/L)
Bhatia et al, 2003 50.2 36.2 30 36.7 7.40 30
Mishra et al, 2017 12.76 1.43 92 7.44 1.26 51
Kulaksizoglu et al, 2016 19.43 8.75 35 13.89 7.71 35
Banik et al, 2018 47.20 70.88 60 15.86 14.95 60

Abbreviations: GPX, glutathione peroxidase; GSH, glutathione; MDA, Malondialdehyde; NO, nitric oxide; SOD, superoxide dismutase; TAS, total

antioxidant status.

Patients group Control group Std. mean difference Std. mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Gallou 1993 311 043 60 284 028 53 49% 0.73[0.35,1.11] 1993 e
Sundaram 1996 312 03 200 187 03 180 49% 416([3.80,4.52] 1996 -
Yesshy 2002 049 012 38 048 018 41 4.9% 0.00[-0.44,0.44] 2002 T
Bhatia 2003 41 01 30 289 025 30 42% 6.18[4.93, 7.44] 2003 —_
Susleyici 2003 045 021 107 036 015 99  49% 0.49[0.21,0.77] 2003 =
Atli 2004 033 07 19 031 006 15  47% 0.04 [-0.64,0.71] 2004 -
Mahboob 2005 0.26 0.03 70 008 001 59 45% 7.31[6.34,8.28] 2005 ——
Gupta 2006 1.72 027 40 092 024 50  4.8% 313[2.50,3.75] 2006
Song 2007 1913 771 113 1077 5458 92 49% 1.22[0.92,1.52] 2007 -
Kamal 2009 105 345 50 581 238 15  4.8% 1.43[0.80, 2.06) 2009 -
Tangvarasittichai 2009 275 0415 50 1.65 012 40 42% 7.93[6.68,9.19] 2009 _—
Salem 2010 10.58 3.81 50 581 239 15  4.8% 1.33[0.71,1.95 2010 -
Mallick 2011 783 3.26 50 3.7 118 30 48% 1.52[1.01,2.04] 2011 -
Rani 2014 361 0.63 93 1.93 1.51 93 49% 1.45[1.12,1.77] 2014 -
Kumari 2014 454 078 50 231 061 50  4.8% 316[2.57,3.75) 2014
Khemka 2014 321 184 102 205 098 95  49% 0.77[0.48,1.06] 2014 =
Shang 2015 6.85 0.71 28 475 062 40 47% 315([2.42,3.88) 2015
Al-Rawi 2015 238 097 25 112 035 25 47% 1.70[1.05,2.36] 2015 -
Kulaksizoglu 2016 951 282 35 1075 257 35 49% -0.45[-0.93,0.02] 2016 =
Mishra 2017 247 053 92 1.43 023 51 4.9% 2.31[1.88,2.75 2017
Banik 2018 558 1.64 60 263 1.63 60  4.9% 1.79[1.37,2.22] 2018 £3
Total (95% CI) 1362 1168 100.0% 2.27 [1.62,2.91]
Heterogeneity: Tau*= 2.16; Chi*= 816.17, df= 20 (P < 0.00001);/*= 98% y 1 t

Test for overall effect: Z= 6.90 (P < 0.00001)

FIGURE 2

-0

5 0

5 10

Patients group Control group

Forest plot of the random effects in a meta-analysis, showing the association of malondialdehyde with diabetes. The square

denotes an effect estimate of individual studies with 95% confidence interval (Cl) with the size of squares related to the weight assigned to the

study in the meta-analysis

[95% Cl]: —1.20 [-2.55, 0.15], z = 1.75, P = .08). On the other hand,
we observed a significant level of heterogeneity among the included
studies for SOD (12 = 98%, P < .00001) (Figure 3A).

3.5 | Association between GSH and T2DM

Random-effects modeling of the meta-analysis revealed significantly

lower levels of GSH in patient group compared to the control subjects

(SMD [95% ClI]: —1.76 [-2.94, —0.59], z = 2.94, P = .003] with signif-
icant heterogeneity (> = 97%, P < .00001) (Figure 3B).

3.6 | Association between GPX and T2DM
We found four papers that reported the GPX activity in diabetic
patients. The meta-analysis revealed that there was no significant dif-

ference observed in the level of GPX in the patient group when
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(A) Superoxide dismutase

Patients group Control group St Std. mean difference Std. mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, 95% Cl_Year v, 95% CI
Sundaram 1996 26 03 200 33 0.3 180 128% -2.33[-2.59,-2.07] 1996 -
Bhatia 2003 054 0.09 30 1.04 012 30 12.0% -4.65 [-5.65,-3.65] 2003 —
Memisogullari 2003 2:2 0.6 38 25 1 18 12.6% -0.39[-0.96,0.17] 2003 1
Afli 2004 287 6.4 19 205 5.7 15 12.4% -0.13[-0.81,0.558] 2004 S
Gupta 2006 535 036 40 6.83 0.7 50 12.6% -2.55[-3.12,-1.99] 2006 -
Song 2007 3686 816 113 3054 739 92 128% 0.80(0.52,1.09] 2007 ey
Al-Rawi 2015 148 018 25 109 018 25 124% 2.13[1.43,2.84 2015 -
Shang 2015 7227 1831 28 117.06 1563 40 12.5% -2.60[-3.26,-1.94] 2015 -
Total (95% ClI) 493 450 100.0% -1.20 [-2.55, 0.15] e
Heterogeneity, Tau®= 3.68; Chi*= 441.79, df = 7 (P < 0.00001);/7= 98% I |

10 -5 0 5 10

Testfor overall effect Z=1.75 (P=0.08) Patients group  Control group

(B) Glutathione

Patients group Control group Std. mean difference Std.mean difference
Study or Subgroup  Mean _ SD Total Mean SD Total Weight IV,R 95% Cl_Year \"A 95% CI
Sundaram 1996 481 75 200 54 31 180 17.4% -1.01 [-1.22,-0.79] 1996 =
Bhatia 2003 279 134 30 311 083 30 169% -0.28 [-0.79,0.23] 2003 -
Memisogullari 2003 78 28 38 103 29 18 1B7% -0.84 [-1.42,-0.25] 2003 -
Atli 2004 7417 19 88 24 15 164% -0.82 [-1.52,-0.11] 2004 -
Mahboob 2005 1948 112 70 2726 12 59 158% -6.68 [-7.58,-5.79] 2005 ==
Al-Rawi 2015 215 097 25 322 07 25 167% -1.25[-1.86,-0.64] 2015 -
Total (95% Cl) 382 327 100.0% -1.76 [-2.94, -0.59] B
Heterogeneity: Tau®= 2.06; Chi*= 160.87, df= 5 (P < 0.00001);/*= 97% t g 101

!
Test for overall effect: Z= 2.94 (P=0.003) -10 -5 0

Patients group Control group
(C) Glutathione peroxidase

Patients group Control group Std.mean difference Std. mean difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% Cl Year IV, Rand 95% ClI
Sundaram 1996 72 04 200 57 04 180 251% 3.74[3.41,4.08] 1986 -
Memisogullari 2003 362 79 38 453 104 18 249% -1.02 [1.62,-0.43] 2003 -
Gupta 2006 1337 033 40 1464 1.43 50 25.0% -1.16 [-1.61,-0.71] 2006 -
Shang 2015 775 1.29 28 1084 284 40 25.0% -1.31[1.84,-0.78] 2015 -
Total (95% CI) 306 288 100.0% 0.07 [-2.80, 2.94]
Heterogeneity: Tau®= 8.51; Chi*= 462.37, df= 3 (P < 0.00001);/7= 99% =_1 o 5 ; 5 10#
Test for overall effect: Z= 0.05 (P= 0.96) Patients group Control group

(D) Total antioxidant status

Patients group Control group Std. mean difference Std.mean difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, R: 95% Cl Year IV, R 95% CI
Susleyici 2003 143 021 107 1.4 013 93  20.7% 017 [-0.10,0.44] 2003 ™
Song 2007 11.07 442 113 1508 331 92 207% -1.01 (1.30,-0.72] 2007 -
Rani 2014 046 046 93 169 134 93 206% -1.22[1.54,-0.91] 2014 -
Shang 2015 6.3 1 28 1056 1.82 40 18.8% -2.74[-3.41,-2.06] 2015 —
Kulaksizoglu 2016 115 016 35 148 0.1 35 19.2% -2.38[-3.00,-1.76] 2016 ——
Total (95% CI) 376 359 100.0% -1.40 [-2.28, -0.51] -
Heterogeneity: Tau®= 0.97; Chi*= 113.05, df= 4 (P =< 0.00001);,/*= 96% ?4 _42 3 é i

Test for overall effect: Z= 3.08 (P= 0.002) Patients group Control group

(B) Nitric oxide

Patients group Control group Std.mean difference Std.mean difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, R 95% Cl Year v, 95% CI
Bhatia 2003 502 362 30 367 74 30 248% 0.51 [-0.00,1.02] 2003 el
Kulaksizoglu 2016 19.43 875 35 1389 7N 35 250% 066(0.18,1.15 2016 -
Mishra 2017 1276 1.43 92 744 126 51 247% 3.86(3.29, 4.42) 2017 ——
Banik 2018 47.2 70.88 60 15.86 14.95 60 25.3% 0.61[0.24,0.87] 2018 -
Total (95% CI) 217 176 100.0% 1.40 [-0.00, 2.81] i
Heterogeneity: Tau®= 1.99; Chi*= 105.50, df= 3 (P < 0.00001);/*= 97% 4 2 5 2 4

Test for overall effect: Z=1.95 (P = 0.05) Patients group Control group

FIGURE 3 Forest plot of the random effects in a meta-analysis, showing the association of (A) superoxide dismutase, (B) glutathione,
(C) glutathione peroxidase, (D) total antioxidant status, and (E) nitric oxide with diabetes. The square denotes an effect estimate of individual
studies with 95% confidence interval (Cl) with the size of squares related to the weight assigned to the study in the meta-analysis
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compared to the control group (SMD [95% Cl]: 0.07 [-2.80, 2.94],
z=0.05, P = .96) (Figure 3C).

3.7 | Association between TAS and T2DM

The meta-analysis of five included studies reported on TAS activity
revealed that the TAS level was significantly lowered in the patient
group compared to the control group (SMD [95% Cl]: —1.40 [-2.28,
—0.51], z = 3.08, P = .002) with the significant level of heterogeneity
(I = 96%, P < .00001) (Figure 3D).

3.8 | Association between NO and T2DM

Based on a random-effects meta-analysis, comparing the NO level
between the patient group and the control group, a significant differ-
ence was obtained for NO levels with a higher level in patients (SMD
[95% Cl]: 1.40 [0.00, 2.81], z = 1.95, P = .05). We observed a signifi-
cant level of heterogeneity for NO level among the existing studies
(> = 97%, P < .00001) (Figure 3E).

3.9 | Publication bias

A funnel plot was used to analyze the publication bias in this system-
atic review and meta-analysis. The visual inspection of funnel plots of
OS biomarkers in DM did not suggest potential publication bias
except for GPX (Data S2).

4 | DISCUSSION

Many studies have reported that OS is involved in the pathogenesis
of multiple disorders including type 1 and type 2 diabetes.* To our
best knowledge, this is the first systematic review and meta-analysis
to find out the evidence on the association of OS biomarkers such as
MDA, SOD, GSH, GPX, TAS, and NO levels in patients with T2DM.
From our meta-analysis, we found significantly higher levels of MDA
and NO (considered as oxidants), and significantly lower levels of GSH
and TAS (known as antioxidants) in patients compared to control sub-
jects. On the other hand, we observed there was no significant differ-
ence in the levels of SOD and GPX between patients and control
subjects. The overall results revealed that the impaired oxidants and
antioxidants balance play a vital role in the pathogenesis of T2DM.

In this meta-analysis, we observed a significantly increased level
of MDA in patients with T2DM in almost all studies. Both experimen-
tal and clinical studies revealed that free radicals are formed in T2DM
by glucose degradation, nonenzymatic glycation of proteins, and sub-
sequent oxidative degradation.®”*? The increased levels of free radi-
cals may lead to lipid peroxidation and the level of MDA is usually
measured as a well-known marker of lipid peroxidation.*®** As a

marker of oxidants, the level of NO in diabetic patients was reported

in this study, and the analysis revealed a higher level in patients com-
pared to that of control groups.

It has been reported that the increase in lipid peroxidation is
strongly associated with a decline in enzymatic and nonenzymatic
antioxidant defense mechanisms.*? This meta-analysis revealed that
the levels of TAS and GSH were significantly lower in diabetic patients
compared with control subjects. However, there was no association
found in SOD and GPX with T2DM in this study. The included studies
regarding the association of SOD and GPX levels with T2DM are lim-
ited and further studies with a larger sample size should be conducted
to confirm the true association. The consequences of this imbalance
between oxidants and antioxidants, that is, OS in T2DM can promote
the development of complications in patients. A previous study
reported that a decreased level of GSH can contribute to p-cell dys-
function and be involved in the pathogenesis of long-term complica-
tions of diabetes.*3

Some studies advocated that the dietary supplementation of anti-
oxidants like GSH precursor amino acid and antidiabetic drugs like
gliclazide and metformin helps scavenge the free radicals and reduces
oxidative damage in the face of persistent hyperglycemia.3¢#44¢ The
role of gliclazide and metformin to increase the antioxidant capacity
of erythrocyte CAT, GPX, and glutathione S-transferase enzyme in
treated patients and reduced the OS in diabetes. The polyphenol-rich
fruit has a significant effect on GSH levels owing to their antioxidant
activity and also reported that polyphenol-containing natural fruits
play important role in scavenging free radicals and ROS, resulting in
protect the cellular damage from free radicals.

Although our study followed a standard search strategy in the cur-
rent meta-analysis, this study has some limitations. The major limitation
of this study is that firstly, significant heterogeneity was encountered
perhaps due to various regimens, doses, duration, study settings, popu-
lation enrolled, etc for the analysis of OS biomarkers in the included
studies. Secondly, we did not analyze any correlation between the com-
plications of T2DM with OS biomarkers due to inadequate data and
also sensitivity analysis of the included studies. Finally, subgroup analy-
sis and meta-regression could not be performed in this meta-analysis
due to the limited studies in the literature.

5 | CONCLUSION

This systematic review and meta-analysis provide evidence that the
increased OS has a major role in the pathogenesis and progression of
T2DM. Therefore, further studies are needed to strengthen this evi-
dence, especially on the association of SOD and GPX levels
with T2DM.
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