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Abstract

Background Oxidative stress is suggested as a potential contributary factor for feto-maternal complications in gestational
diabetes mellitus (GDM) and the understanding of oxidative stress and antioxidant levels in GDM still remains obscure.
Objective This study aimed to investigate the serum levels of oxidants and antioxidants in women with GDM in a Sri Lankan
context, and a potential diagnostic marker panel for GDM.

Methods This pilot case—control study included 30 untreated GDM patients, and 30 age-matched healthy pregnant women
(controls) in their second or third trimesters. After collection of demographic and anthropometric data from all study par-
ticipants, their serum levels of nitric oxide derivative (NOx) concentration, lipid peroxidation (LPO) level, total antioxidant
capacity (TAC), and catalase enzyme (CAT) activity were measured. The CombiROC web tool assessed the diagnosis
accuracy of potential biomarkers of GDM.

Results Significantly higher levels of serum NOx (p <0.001), LPO levels (p <0.01), and significantly lower TAC (p <0.001)
and CAT activity (p <0.05) were observed in GDM-afflicted women compared to controls. LPO level:TAC and LPO
level:CAT activity ratios were significantly increased in GDM patients (p < 0.001). CombiROC analysis identified five
potential diagnostic marker panels with the highest discriminatory power: (NOx-TAC-LPO), (BMI-NOx-TAC-LPO), (BMI-
NOx-LPO-CAT), (NOx-TAC-LPO-CAT), and (BMI-NOx-TAC-LPO-CAT). Body mass index (BMI) was identified as an
important noninvasive marker of GDM with the cut off of 22.4 kg/m?.

Conclusion This pilot study demonstrated increased oxidative stress and weaker antioxidant defenses in Sri Lankan women
with GDM. The identification of potential diagnostic markers, including BMI, may improve GDM diagnosis in the future.
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Introduction

Gestational diabetes mellitus (GDM) is a condition of
impaired glucose tolerance that manifests or is identified
for the first time during pregnancy [1]. A meta-analysis con-
ducted in 2019 reported that the South Asian region (Bang-
ladesh, India, and Sri Lanka) has the highest prevalence of
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GDM (11.4%) which is notably higher than the rest of the
world (3.6-6.0%) [2].

The consequences of GDM affect both maternal and fetal
health. Women with GDM are at high risk of experiencing
life-long type 2 diabetes, metabolic syndrome, and cardio-
vascular disease. The fetus of a GDM mother has been asso-
ciated with respiratory distress, fetal macrosomia, and fetal
anomalies. Although the exact mechanisms causing these
complications remain poorly understood, recent evidence
suggests that oxidative stress plays a major role in the patho-
genesis of GDM [3]. Oxidative stress (OS) arises when there
is an imbalance between pro-oxidants (free radicals) and the
body’s capacity to eliminate them through antioxidants [4].

Existing evidence elucidates that pregnancies compli-
cated by diabetes disrupt both the generation of free radicals
and the functioning of antioxidant defenses. Hyperglycemia
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induces the production of oxygen radicals through vari-
ous mechanisms: non-enzymatic glycation, glucose auto-
oxidation, altering mitochondrial electron transport chain,
and activation of polyol pathways. Oxidative degradation
of membrane lipids due to excess oxygen radicals results in
lipid peroxidation (LPO) [5].

Nitric oxide (NO) is a highly reactive free radical synthe-
sized by the enzyme nitric oxide synthase, from L-arginine.
NO is crucial in extensive metabolic, vascular, and cellular
processes. Changes in the synthesis and bioavailability of
nitric oxide in diabetes including GDM have been reported
[3, 6].

Antioxidants counteract oxidative damage by preventing
the formation of free radicals, inhibiting free radical activity,
repairing damage caused by free radicals, and increasing the
excretion or absorption of damaged molecules. Antioxidants
can be divided into either enzymatic antioxidants or non-
enzymatic antioxidants. Catalase enzyme (CAT) is respon-
sible for scavenging hydrogen peroxide (H,0,). Antioxidants
in the body have a cumulative effect. Hence, total antioxi-
dant capacity (TAC) is an important parameter to evaluate
the combined action of all antioxidants in body fluids [7].

The correlation between oxidative stress and type 2
diabetes has been well documented. However, studies on
GDM, a condition with similar pathogenesis, are limited
and conflicting. Several studies reported a decrease in TAC
[8] and an increase in LPO levels among women with GDM
[9, 10]. Lower CAT activity has been observed in women
with late-onset GDM [9]. Contradictory results, where no
changes in LPO levels [11], TAC [12], and CAT activity in
GDM women [5], have also been reported. Increased NO
levels were observed in diabetic patients [13] whereas others
reported the converse [14].

Based on existing knowledge, the oxidant-antioxidant
status of women with GDM may not follow a global pat-
tern. Furthermore, as such studies are non-existent in Sri
Lanka, this pilot case—control study was undertaken to fill
this research gap, with a double pronged aim, (i) to examine
oxidative stress in GDM and, (ii) to establish a potential
diagnostic marker panel for GDM.

Materials and methods
Study design

The Ethics Review Committees of the Faculty of Graduate
Studies, University of Colombo (No: FGS/ERC/2022/010)
and of the De Soysa Hospital for Women, Sri Lanka (No:
023), approved the study in accordance with principles out-
lined in the Declaration of Helsinki and its later modifica-
tions. This study was carried out based on a case—control
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design at the De Soysa Hospital for Women in Colombo, Sri
Lanka, from December 2022 to April 2023.

Thirty pregnant women with untreated GDM and 30 age-
and gestational age-matched healthy pregnant women were
enrolled as cases and controls, respectively. Inclusion cri-
teria for the case group required the age range between 18
and 35 years and diagnosis of GDM during the second or
third trimester of pregnancy. Pregnant women were screened
for GDM using a 75 g oral glucose tolerance test (OGTT)
according to the International Association of Diabetes and
Pregnancy Study Groups (IADPSG) consensus criteria.
GDM was defined if any one of the plasma glucose thresh-
olds was met or exceeded: fasting >92 mg/dl (>5.1 mmol/l)
or 1 h>180 mg/dl (=10 mmol/l) or 2 h>153 mg/dl
(> 8.5 mmol/l). Controls were selected from a cohort of
pregnant women with similar characteristics as cases but
with normal glucose levels. Participants with types 1 or 2
diabetes, and those with concurrent systemic diseases, were
excluded from the study.

Study measures

Participants who met the selection criteria were provided
with information on the study framework and objectives.
Written informed consent was obtained from each partici-
pant to ensure their voluntary participation. A question-
naire was administered to collect demographic and medical
history information. During the OGTT, 3 ml of blood was
drawn from each participant, and separated serum samples
were frozen at — 80 °C for subsequent laboratory analyses.

Serum LPO levels were assayed using the thiobarbituric
acid reactive substances (TBARS) assay [15]. Briefly, serum
samples were mixed with 8.1% (w/v) SDS, 20% (v/v) acetic
acid, 0.8% (w/v) thiobarbituric acid (pH=4), and distilled
water. The mixture was incubated at 95 °C for 1 h. After
cooling, butanol:pyridine mixture (15:1 v/v) was added to
each sample, and the absorbance of the organic phase was
measured at 532 nm. A standard curve was generated using
5-20 uM tetramethoxypropane.

The concentration of serum nitric oxide (NO) was deter-
mined using the Griess assay, which detects nitrite/nitrate
(NOx), stable byproducts of NO [16]. Briefly, serum sam-
ples were deproteinized by adding zinc sulfate (15 mg/ml),
and vanadium (IIT) chloride was used to reduce nitrate to
nitrite. After adding the Griess reagent, absorbance was
measured at 540 nm. A standard curve was established using
sodium nitrite ranging from 10-60 uM.

The ABTS radical cation decolorization assay was
performed to determine serum TAC [17]. Briefly, a mix-
ture of 7 mM ABTS and 7 mM potassium persulfate was
incubated for 16 h in the dark at room temperature to
generate ABTSe + cations. ABTSe + working solution
was diluted with PBS to an absorbance of 0.7 (+0.02) at
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734 nm. Deproteinized serum samples were added with
ABTSe + solution and incubated for 10 min at room temper-
ature. The percentage inhibition was calculated at 655 nm,
and the standard curve was plotted using 10-60 pg/ml ascor-
bic acid.

Measuring the CAT activity is based on the reac-
tion of undecomposed hydrogen peroxide with ammo-
nium molybdate to produce a yellowish complex [18].
To ensure compatibility with a 96-well microtiter plate,
the protocol was modified accordingly. Serum sam-
ples (10 pl) were mixed with 20 mM H,O, in sodium
and potassium phosphate buffer and incubated at 37 °C
for 3 min. Next, 400 ul of 32.4 mmol//l of ammonium
molybdate was added, and the absorbance at 374 nm was
recorded. A correction factor, standard, and reagent blank
were prepared as references.

Oxidative stress was determined using the calculation
of the pro-oxidant:antioxidant (P:A) ratio, which serves as
an indicator of the presence of oxidative stress; thus, LPO
level: TAC [19] and LPO level:CAT activity [20] were used.

CombiROC analysis [21] evaluated the diagnostic accu-
racy of the four analytes tested and the body mass index
(BMI). Based on the area under the curve, sensitivity, and
specificity, this method combines ROC curves to identify
the optimal combinations of biomarkers that can differen-
tiate between health and disease conditions. The analysis
was performed on the freely available web application http://
CombiROC.eu.

Statistical analysis

Statistical analysis was performed using IBM SPSS version
26.0. Data are presented as the mean value + standard devia-
tion (SD). The Shapiro-Wilk test assessed the normality of
the data. Student’s #-test or the Mann—Whitney U test were
used as appropriate to compare parameters between cases
and controls. p <0.05 was considered statistically significant.

Results

Demographic and anthropometric data of women with GDM
and healthy pregnant women are summarized in Table 1.
There were no significant differences in the mean age, ges-
tational age, height, and parity between the two groups
(p>0.05). Conversely, compared to the controls, the mean
body weight and mean body mass index (BMI) during preg-
nancy were significantly higher in GDM cases (p <0.05).

Oxidative and anti-oxidative parameters and oxidative
stress ratios of cases and controls are presented in Table 2.
Compared to the controls, women with GDM had signifi-
cantly higher levels of serum NOx and LPO level but mani-
fested significantly lower TAC and CAT activity (p <0.05).
Compared to controls, significantly higher LPO level: TAC
and LPO level:CAT activity ratios indicating elevated lev-
els of oxidative stress were observed in women with GDM
(p<0.001) (Fig. 1 and Table 2).

Multiple “gold” marker signatures of the four tested ana-
lytes and BMI obtained from CombiROC analysis with the
maximum area under the curve (AUC), sensitivity (SE), and

Table 1 Demographic and
anthropometric data of

gestational diabetes mellitus
cases and control

Table 2 Oxidative and anti-
oxidative and oxidative stress

indices of gestational diabetes
mellitus cases and controls

Parameter Cases (n=30) Controls (n=30) p value
Mean age (years) 28.50+5.92 27.30+4.60 0.384
Mean gestational age (weeks) 25.27+4.94 22.53+6.25 0.162
Mean height (cm) 156.1245.35 156.65+5.82 0.716
Mean body weight (kg) 65.38+11.42 58.15+10.54 0.014%%*
Mean body mass index (BMI) (kg/m?) 26.83+4.64 23.73+4.35 0.01%#*
Mean parity 1.93+0.94 1.77+0.86 0.477
Values are expressed as mean + SD; **p < 0.01 (Student’s t-test)

Parameter Cases (n=30) Controls (r=30) p value

NOx concentration (uM) 721 +2.34 2.21+0.97 0.000%**
Lipid peroxidation (LPO) level (uM) 5.17+3.27 2.55+1.92 0.002%#%*
Total antioxidant capacity (TAC) (mmol/l) 0.22 +0.053 0.29 + 0.032 < 0.001%#**
Catalase (CAT) activity (kU/I) 2.87+1.53 3.7+1.84 0.035*
LPO level:TAC 0.024 +0.01 0.009 + 0.007 <0.001%**
LPO level:CAT activity 4.24 +10.57 1.02 +1.47 <0.001%*%*

Values are expressed as mean =+ SD; *p <0.05; **p <0.01; ***p <0.001 (Mann—Whitney U test)
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Fig. 1 Serum levels of the tested analytes. a NOx concentration. b
Lipid peroxidation level. ¢ Total antioxidant capacity. d Catalase
activity. e Pro-oxidant:antioxidant ratio. a—d Whiskers extend from

Table3 The performance of “gold” marker combinations identi-
fied by receiver operating characteristic (ROC) curve analysis for the
diagnosis of gestational diabetes mellitus

AUC SE SP

Marker / marker combination

NOx-TAC-LPO (Combo XVII) 1.000 1.000 1.000
BMI-NOx-TAC-LPO (Combo XXI) 1.000 1.000 1.000
BMI-NOx-LPO-CAT (Combo XXIII) 1.000 1.000 1.000
NOx-TAC-LPO-CAT (Combo XXV) 1.000 1.000 1.000
BMI-NOx-TAC-LPO-CAT (Combo XXVI) 1.000 1.000 1.000

AUC area under the curve, SE sensitivity, SP specificity, NOx nitric
oxide derivatives, LPO lipid peroxidation, BMI body mass index,
CAT catalase, TAC total antioxidant capacity

specificity (SP) are summarized in Table 3 and Fig. 2. Five
“gold” combinations of all individual and multiple marker
combinations, (NOx-TAC-LPO), (BMI-NOx-TAC-LPO),
(BMI-NOx-LPO-CAT), (NOx-TAC-LPO-CAT), and (BMI-
NOx-TAC-LPO-CAT), showed maximum values for all met-
rics including the area under the curve (1.000), sensitivity
(1.000), and specificity (1.000). Accordingly, these five
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the smallest value to the largest value of each data set. e Columns
represent mean + SD of 30 subjects per group; *p <0.05, **p<0.01,
*#%p <(0.001 (Mann—Whitney U Test)

combinations can be considered the best diagnostic marker
panels for diagnosing GDM. Additionally, 22.4 kg/m? was
obtained as the cut-off for predicting GDM based on the
BMI (AUC =0.698; SE=0.867; SP=0.5).

The total of single markers and multiple marker combina-
tions that resulted from CombiROC analysis are presented
in Online Resource 1.

Discussion

Multiple studies have highlighted the importance of main-
taining an equilibrium between pro- and antioxidants, par-
ticularly in complicated situations such as diabetic preg-
nancy [10]. Studying oxidative stress parameters achieves a
deeper understanding of mechanisms underlying the devel-
opment of GDM [3].

The measurement of free radicals poses several chal-
lenges owing to their instability. The presence of numer-
ous bonds in polyunsaturated fatty acids within the cellular
membrane renders them highly vulnerable to free radicals.
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Fig.2 Multiple receiver operating characteristic (ROC) curves of best
performing multiple marker combinations for gestational diabetes
mellitus

Consequently, the determination of lipid peroxidation prod-
ucts is used to assess free radical activity [8]. In normal
pregnancy, increased oxidative stress induces lipid peroxi-
dation products. Nevertheless, antioxidant defenses are suf-
ficient to mitigate lipid peroxidation. In diabetes, elevated
glucose levels lead to the overproduction of oxygen radicals
causing lipid peroxidation [5]. Previous studies reported that
women with GDM have higher levels of lipid peroxidation
[5, 9, 10]. In agreement with these findings, the current
study also observed a significant increase in lipid peroxida-
tion in women with GDM compared to normal pregnancy.
Conversely, outcomes of some studies in women with GDM
undergoing insulin treatment, metformin therapy, or diet
management are not consistent with our results [22].

Nitric oxide (NO) has crucial biological effects, such as
the relaxation of blood vessels, regulation of blood pres-
sure, aggregation of platelets, and neurotransmission [3].
Unusual feto-maternal vascular modifications have been
reported in women with GDM due to altered nitric oxide lev-
els [23]. The current study evidently indicated a significant
increase in nitric oxide levels, as measured by the concen-
trations of nitrates and nitrites in the GDM group compared
to the healthy controls. Previous studies demonstrated that
increased expression of endothelial nitric oxide synthase
(eNOS) and inducible nitric oxide synthase (iNOS) genes

and proteins augments the production of nitric oxide (NO)
during high glucose levels [5]. Our results are comparable
with Karagoz et al. [24] who reported higher levels of NO
in GDM mothers. Additionally, elevated nitric oxide in the
amniotic fluid of GDM women was reported by von Man-
dach et al. [25]. In addition, this group of researchers had
suggested that decreased levels of nitric oxide in diabetes
are due to further oxidation of nitric oxide forming a potent
oxidant, peroxynitrite [3]. However, these disparities may be
attributed to various factors including the geographical loca-
tion, genetic background of the population, time required
to develop the disease conditions, and changes in patient
metabolic controls.

Antioxidants have the capacity to stabilize free radicals
and act as the primary defense mechanism against free radi-
cal damage. The combined action of antioxidants in the
body offer enhanced defense against the harmful effects of
free radicals, rather than relying on individual antioxidants.
Therefore, total antioxidant capacity (TAC) indicates the
oxygen radical absorbance capacity of body fluids instead
of measuring a specific antioxidant activity [4, 26]. We
found significantly lower total antioxidant capacity in GDM
women compared to healthy pregnant women. Our results
agree with the findings of several previous reports [7, 8].
However, disparities between our study and other research
on total antioxidant capacity (TAC) in the saliva of women
with GDM [7] may be generally attributed to variations in
sampling methods, and laboratory techniques used.

To evaluate enzymatic antioxidant activities, catalase
(CAT) activity measures the ability to trap free radicals
that are produced in pathological conditions [26]. The sig-
nificantly lower catalase activity we observed in the GDM
group compared to the control group was consistent with
previous studies [9]. A probable hypothesis for the observed
decrease in catalase activity during hyperglycemia is that
protein glycation causes structural alterations in the catalase
enzyme, affecting its secondary and tertiary structure. These
modifications lead to the loss of enzyme function thereby
diminishing the enzyme’s capacity to counteract free oxygen
radicals [27]. Conversely, some researchers who used dif-
ferent diagnostic criteria have reported no changes in CAT
activity between GDM and non-GDM women [4].

The body’s compensatory mechanisms increase antioxi-
dant levels in vivo to prevent oxidative stress and maintain
a normal oxidant-antioxidant ratio. However, the present
study showed that GDM can disregulate this balance, and
can cause an increase in the oxidant-antioxidant ratio in
affected women.

No previous studies had identified combinations of
biomarkers for the diagnosis of GDM. A recently devel-
oped Web application CombiROC was used to identify
and evaluate optimal diagnostic markers for GDM. This
technique facilitates the identification of best performing
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combinations of markers that can be used to differentiate
between health and disease condition [20]. Several com-
binations of marker panels were identified as having high
potential to diagnose GDM. These panels consisted of four
biomarkers (NOx, LPO level, TAC, and CAT activity) and
BMI. The current study revealed that 22.4 kg/m? is the
most optimal cut-off value for predicting GDM during
pregnancy. It may be an important step forward as a diag-
nostic marker because of its non-invasiveness. Moreover,
these findings are consistent with substantial evidence
from previous studies showing a significantly increased
risk of GDM in individuals with higher BMI [28].

Conclusion

In conclusion, this pilot study emphasized that a cohort of
Sri Lankan women with GDM had higher levels of oxida-
tive stress and lower levels of antioxidant defenses. There-
fore, administering antioxidant treatment to women with
GDM may be advantageous. Further research is warranted
to determine the potential benefits of an antioxidant-rich
diet for GDM women. Additionally, the current study
highlighted the importance of maintaining a healthy BMI
during pregnancy. The identification of potential marker
panels for the diagnosis of GDM is a promising advance-
ment. However, it is crucial to validate these findings with
larger study cohorts to validate the potential diagnostic
markers identified for GDM.
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