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Gestational diabetes mellitus (GDM) is a glucose intolerance disorder
which occurs during pregnancy as a result of insulin insensitivity; it usu-
ally disappears after delivery. However, some women with GDM can
develop type 2 diabetes (T2D) after delivery, and the mechanisms by
which this occurs remain unknown. This study compared the levels of
sirtuins (NAD-dependent deacetylases) and antioxidative enzymes in
postpartum women with previous GDM (pGDM) or T2D and in post-
partum women with a previous healthy pregnancy (controls). Women
with pGDM showed upregulated levels of sirtuin 1 (SIRT1) mRNA and
protein, with reduced expression levels of sirtuin 3 (S/RT3) and superox-
ide dismutase 2 (SOD2), relative to the controls. Women with T2D simi-
larly showed a lower level of SIRT3 mRNA than the controls. Lipid
peroxidation (malondialdehyde) was higher in women with pGDM than
in the controls. These data show that in women with pGDM, the
reduced level of SIRT3 may play a role in the reduced SOD?2 level, pos-
sibly leading to oxidative stress, which, in turn, upregulates the level of
SIRTI. These results might confer the risk of future diabetes develop-
ment in women with pGDM, as a similar reduction in SIRT3 was found
in women with T2D.

Diabetes mellitus, a metabolic disease characterized by
chronic hyperglycemia, with disturbances in the meta-
bolism of carbohydrates, proteins, and fats, is due to
defects in insulin action or insulin secretion or both.
The number of people with diabetes stood at around
171 million worldwide in 2000, and this is predicted to
increase to about 366 million cases by 2030 [1]. During
pregnancy, women can develop gestational diabetes
mellitus (GDM) as a result of insulin insensitivity, but
this usually disappears after delivery. However, some
of these women with previous GDM (pGDM) develop
type 2 diabetes (T2D) later in life, the reason for
which is still unknown. Many studies have reported
that the risk of T2D is increased for patients with
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GDM [2-4]. Tt has been shown that pregnant women
with GDM exhibit a hyperglycemia-induced increase
in circulating oxidative stress and reduction in the
antioxidative enzymes [5,6], the mechanisms of which
are not yet fully understood. Thus, increased oxidative
stress may result in adverse effects to both the mother
and fetus, including the development of T2D and car-
diovascular diseases later in life.

Sirtuins are NAD-dependent deacetylases that have
a wide spectrum of metabolic and stress-tolerance
properties. Among them are the well-characterized
antioxidative and cytoprotective sirtuin 1 (SIRTI)
and sirtuin 3 (SIRT3). Mammalian SIRT1 can acti-
vate or suppress the expression of target genes

BMI, body mass index; F.Ins, fasting insulin; FPG, fasting plasma glucose; GDM, gestational diabetes mellitus; HbA1c, glycosylated
hemoglobin; MDA, malondialdehyde; NFkB, nuclear factor kappa B; PARP, poly (ADP-ribose) polymerase; pGDM, previous GDM; ROS,
reactive oxygen species; RPG, random plasma glucose; SIRT, sirtuin; SOD, superoxide dismutase; T2D, type 2 diabetes.
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involved in aging, cellular metabolism, and stress
response by deacetylating substrates, including his-
tones, coregulators, and transcription factors [7]. In
addition, it has recently been shown that SIRTI
modulates apoptosis, the cell cycle, energy homeosta-
sis, and reactive oxygen species (ROS) levels [8,9].
However, whether an alteration in the level of circu-
lating SIRT1 in postpartum women with pGDM is
related to oxidative stress has not been investigated.
High glucose (30 mm) reduces SIRT1 at the mRNA
and protein levels and hence its activity [10]. A per-
sistent or metabolic memory of hyperglycemic stress
has been reported to be abrogated by SIRTI protein
through the LKBI/AMPK pathway [10]. In a pri-
mary bovine retinal capillary endothelial cell culture
model exposed to high glucose (30 mm) for 1 week
followed by normal glucose conditions for 2 weeks,
the cells showed persistent gene and protein expres-
sion of the inflammatory and apoptotic nuclear factor
kappa B (NFkB), poly (ADP-ribose) polymerase
(PARP), and Bcl-2-associated X protein (Bax), which
are involved in diabetic vascular complications [10].
In this model, the SIRT1 level remained low even
after glucose normalization for 2 weeks, suggesting
endothelial programming by the exposure to hyper-
glycemia; however, the exact mechanisms involved are
unknown. The authors of this study treated these
cells with either metformin (a drug prescribed for
T2D) or the SIRTI activator resveratrol, both of
which increased the expression of SIRT1 while reduc-
ing the expression levels of NFkB, Bax, and PARP,
suggesting that the ROS-induced PARP activation
under the hyperglycemic condition was at least par-
tially reduced by the expression of SIRTI.

Recent studies have reported that SIRT3 regulates
high-glucose-induced oxidative stress through the
deacetylation and activation of superoxide dismutase 2
(SOD2) [11,12], and the activity of this enzyme is
inhibited when the SIRT3 gene is deleted [13]. SIRT3
is the downstream target gene of peroxisome prolifera-
tor-activated receptor-gamma coactivator-1 alpha and
regulates mitochondrial biogenesis [14]. In addition,
the study showed that SIRT3 gene knockdown
increased apoptosis and cellular ROS in pancreatic
islet beta cells isolated from patients with T2D [15].
Malondialdehyde (MDA), the product of lipid peroxi-
dation, is generated by the ROS-induced degradation
of phospholipids under pathological conditions, such
as diabetes mellitus [16,17].

The aim of this study was to test the alterations in
the levels of circulating sirtuins and SOD in postpar-
tum women with pGDM or T2D in relation to hyper-
glycemia-induced oxidative stress.

Postpartum effect of gestational diabetes

Materials and methods

Subjects

For this study, 15 pregnant women with GDM (GDM
group), 13 pregnant women without diabetes (control
group), and five pregnant women with T2D (T2D group)
were recruited from the Obstetrics and Gynecology Depart-
ment of the King Abdulaziz University Hospital, Jeddah,
Saudi Arabia. All the donors were informed about the
objectives of the research, and informed consent was
obtained from each study participant prior to sample col-
lection. This study was approved by the Ethics Committee
of the King Abdulaziz University Hospital. Exclusion crite-
ria for the control group were as follows: subjects on medi-
cation or who have a family history of diabetes and/or
high blood pressure and/or are smokers. Inclusion criteria
for the GDM group were as follows: a history of GDM in
the second or third trimester of gestation, and absence of
infection, hypertension, and/or any other concomitant sys-
temic diseases. Subjects enlisted had a previous fasting
plasma glucose (FPG) concentration of > 5.8 mmol-L™"
and postload plasma glucose concentration at 2 h of
> 11.1 mmol-L~! for a 75 g oral glucose tolerance test per-
formed during pregnancy [18]. For glucose control, all
women in the GDM group were on dietician-recommended
diets, except for one woman who was on insulin. Subjects
with a FPG concentration of > 7 mmol-L™' were consid-
ered as type 2 diabetic according to the American Diabetes
Association [19]. All the patients with T2D were on insulin
along with other medications, such as metformin and novo-
rapid. Height, weight, and body mass index measurements
were recorded at approximately 12 weeks of pregnancy.
For all experiments, including real-time PCR, ELISA, and
MDA tests, samples were obtained from a minimum of five
to seven subjects from each study group.

Biochemical measurements

A venous blood sample was collected for glycosylated
hemoglobin (HbAlc) and random plasma glucose (RPG)
analyses on the day of delivery. The level of circulating
HbAlc, an indicator of blood glucose control, was mea-
sured with a Hitachi 911 autoanalyzer (Hitachi Co. Ltd.,
Tokyo, Japan). Normal values of HbAlc as reported previ-
ously [20] ranged from 4.0% to 6.0%.

At 1 day postpartum, blood samples were collected again
from all three study groups for FPG, fasting insulin,
ELISA, and lipid peroxidation (MDA) analyses. The 5 mL
of fasting venous blood sample obtained was centrifuged at
3000 g for 15 min, and the plasma samples were stored at
—80 °C until assayed. The fasting blood glucose concentra-
tion and insulin levels were measured by an automated
enzymatic method (Roche Diagnostics GmbH, Mannheim,
Germany). Another 3 mL of blood was collected directly
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into plain tubes for the ELISA and MDA experiments. The
obtained serum samples were stored at —80 °C until pro-
cessing. Serum concentrations of SIRT1 and MDA were
measured with an ELISA system (SIRT1 ELISA; Cusabio
Co., Suffolk, UK) and a colorimetric assay kit (Sigma-
Aldrich Co. Ltd., Irvine, UK), respectively, following the
manufacturers’ instructions.

Real-time PCR

For the genetic test, 2.5 mL of blood was collected into
PAXgene blood RNA tubes at 1 day postpartum and stored
at —80 °C until processing. Total cellular RNA was isolated
from the samples with the PAXgene blood RNA kit (Qiagen,
Manchester, UK) as per the manufacturer’s instructions. The
RNA concentration and purity were assessed spectrophoto-
metrically, and the integrity was evaluated using an Agilent
2100 Bioanalyzer (Agilent, Edinburgh, UK). cDNA was syn-
thesized from 1 pg RNA using an ImProm-II Reverse Tran-
scription System kit (Promega, Southampton, UK) following
the manufacturer’s protocols. The SIRT1 primer was
designed using the Primer3Primer design tool, whereas the
primers for B-actin (reference gene), SIRT3, and SOD2 were
taken from earlier studies [14,21,22]. The sequences of all the
primers are summarized in Table 1. B-Actin mRNA was
used as an internal control for normalization of the mRNA
levels among the samples. Amplifications were performed in
duplicate, using a QuantiTect SYBR Green PCR kit (Qia-
gen), in the iCycler iQ Real-time PCR Detection System
(Applied Biosystems, Cheshire, UK), according to the meth-
ods detailed in the manufacturer’s instruction manual. After
10-min denaturing at 95 °C, 40 cycles of amplification were
carried out (denaturing at 95 °C for 15 s, annealing at 63 °C
for 10 s, and extension at 72 °C for 20 s). Relative expres-
sion quantification was carried out using REsT 2009 software
version 2.0.13 [23].

Statistical analysis

Student’s r-test was applied for unpaired data. Results are
represented as mean £ SEM of a minimum of four inde-
pendent values, and differences among means were consid-
ered statistically significant when P < 0.05.

Table 1. Primers used for RT-PCR.

Primers Sequences

SIRT3 Forward: 5-CGGCTCTACACGCAGAACATC-3
Reverse: 5-CAGCGGCTCCCCAAAGAACAC-Z

SOD2 Forward: 5-CGACCTGCCCTACGACTAC-3
Reverse: 5-TGACCACCACCATTGAACTTC-3

B-Actin Forward: 5-TCATCACCATTGGCAATGAG-3

Reverse: 5-CACTGTGTTGGCGTACAGGT-3
SIRT1 Forward: 5-CCAGCCATCTCTCTGTCACA-3
Reverse: 5-TGGTTTCATGATAGCAAGCGG-3
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Results

The clinical characteristics of the subjects in this study
are summarized in Table 2. The women’s age and
HbAlc and RPG levels were significantly higher in the
GDM group than in the healthy control group. There
were no significant differences in other parameters
between the two groups. However, the women in the
T2D group had higher random glucose levels before
delivery and higher FPG levels at 1 day postpartum rel-
ative to the levels in the control group. As shown in
Table 2, serum MDA, a biomarker of oxidative stress,
was nonsignificantly higher in the GDM group than in
the control group postpartum (P = 0.1, n = 10). How-
ever, there were no significant changes in MDA levels in
the T2D group relative to the control group (Table 2).
To investigate the effect of GDM on the postpartum
mRNA expression levels of sirtuins and antioxidative
enzymes, RNA were isolated from whole blood derived
from the women in the three groups at 1 day postpar-
tum. As depicted in Fig. 1, the 28S and 18S ribosomal
RNA bands were in a ratio of 2 : 1, which confirmed
that these RNA were of a good enough quality to be
used in the real-time PCR. As determined by real-time
PCR, the SIRTI mRNA level was significantly higher
(P =0.027, n=6) in the patients with a history of
GDM than in the healthy controls when compared with
the housekeeping gene f-actin (Fig. 2A). The serum
SIRTI protein concentration was also increased in an
almost significant manner (P = 0.055, n = 6) (Fig. 2B).
On the other hand, there was a nonsignificant increase
in the SIRT1 mRNA level in the T2D group relative to
the control group (P = 0.74, n = 5) (Fig. 2A). Interest-
ingly, the patients with a history of GDM exhibited a
significantly lower level of SIRT3 mRNA (P = 0.044,
n = 6-7) (Fig. 3A) than did the control group. A similar
finding was also observed between the T2D and control
groups (P =0.037, n=195) (Fig. 3B). To examine the
expression level of antioxidative enzymes in patients
with pGDM, we analyzed the SOD2 expression level by
real-time PCR. As shown in Fig. 4A, there was a signifi-
cantly lower level of SOD2 mRNA in the GDM group
than in the control group postpartum (P = 0.046,
n = 7). However, the expression level of SOD2 mRNA
did not differ between the T2D and control groups
(P =0.85,n=5) (Fig. 4B).

Discussion

Women with GDM can develop T2D after delivery,
the mechanisms of which are unclear.

In this study, we found that the expression of circu-
lating SIRT1 was increased at the mRNA and protein
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Table 2. Clinical characteristics of subjects participating in the study. F.Ins, fasting insulin; BMI, body mass index. Data are expressed as

mean + SEM (range). Bold numbers indicate significant data.

Status of mothers Controls (n = 13) GDM (n = 15) T2D (n=5) P (GDM vs controls/T2D vs controls)
Age (years) 26 + 0.3 30+ 04 32 +1 0.03/0.08

Weight® (kg) 69 + 12 76 +£ 1.3 74 £ 26 0.16/0.12

Height (cm) 157.8 + 0.01 158 + 0.06 157 £ 0.01 0.44/0.42

BMI 27.7 £ 0.4 30+ 0.5 30 £1 0.14/0.12

HbA1c (%) 54 + 00 (n=06) 6.1 £ 0.04 (n=11) 6+ 0.1 0.003/0.055

RPG (mwm) 4.2 +£0.04 (n=11) 515 + 0.2 (n=12) 52 +£0.1(n=4) 0.046/0.005

Postpartum FPG (mwm) 4.9 £ 0.07 (n=12) 517 £ 0.11 (n=11) 5.65 £ 0.16 (n=4) 0.26/0.049

Postpartum F.Ins (mIU-L™") 21 +25(n=7) 198+ 15(n=9) 318+ 4 (n=4) 0.46/0.11

MDA (nmol-L™") 0.098 + 0.0 (n = 10) 0.143 £ 0.01 (h=10) 0.082 £ 0.002 0.192/0.063

@At 12 weeks of pregnancy.

levels in women with pGDM, whereas the expression
levels of SIRT3 and SOD2 were decreased; this may
be accompanied by pathological damage. On the other
hand, women with T2D showed significant change in
SIRT3 level only, supporting the notion that the glyce-
mic programming of gene expression in women with
pGDM could result from a recent exposure to hyper-
glycemia induced by GDM. It also shows that these
altered genes can potentially serve as diabetes risk fac-
tors, although this needs to be further investigated in a
large cohort study. SIRTI localized in the nucleus is
implicated in mitochondrial biogenesis [24] and regu-
lates glucose metabolism [25] through the enhancement
of insulin sensitivity [26]. In the present study, we
found a significant increase in its mRNA expression
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Fig. 1. A representative image of the total RNA isolated from
whole blood collected in PAX tube and evaluated using the Agilent
2100 Bioanalyzer. The gel electrophoresis showed the ratio of the
ribosomal RNA bands of 2 : 1 for 28S and 18S, respectively. L,
ladder.

and an almost significant increase in its protein level.
It is noted that we could verify only the protein
expression of highly expressed genes, as the detection
of protein from lowly expressed genes was below the
limit of detection of the ELISA. Ambra et al. [27]
reported an upregulation in SIRTI expression in
GDM  patient-derived  human  umbilical  vein
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Fig. 2. Expression levels of SIRT1 in patients with pGDM and T2D.
The evaluation of the expression levels of SIRT1 and B-actin is
shown for control, pGDM, and T2D (A). SIRT1 expression was
measured by real-time PCR. Secretion of SIRT1 was measured by
ELISA in control and pGDM (B). Data are presented as
means + SEM of five to six different donors (n = 5-6). *P < 0.05
vs controls.

FEBS Open Bio 8 (2018) 256-263 © 2017 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 259



Postpartum effect of gestational diabetes

>

1.2 7

0.8 T

0.6 -

expression level

0.4 A

Relative SIRT3 mRNA

0.2 A

oo}

1.2
0.8 1
0.6 “'
0.4 4

0.2

Relative SIRT3 mRNA
expression level

<
o

Fig. 3. Expression levels of SIRT3 in patients with pGDM and T2D.
The evaluation of the expression levels of SIRT3 and B-actin is
shown for both control and pGDM (A). The evaluation of the
expression levels of SIRT3 and B-actin is shown for both control
and T2D (B). SIRT1 expression was measured by real-time PCR.
Data are presented as means + SEM of five to seven different
donors (n = 5-7). *P < 0.05 vs controls.

endothelial cells cultured under normal glucose condi-
tions. It can be inferred from that study that the
increased SIRTI expression postdelivery seen in our
model may be due to a recent history of GDM. The
underlying mechanism remains to be elucidated.
Although not significant, we also observed a slight
increase in the expression of S/TRT in the women with
T2D. Contradictory results were reported by Balestri-
eri et al. [28], who showed a reduction in SIRT1 levels
in endothelial progenitor cells isolated from patients
with T2D. This could be explained by differences in
the cell types, conditions, and experiments applied by
the different studies.

High level of MDA has been reported in patients
with T2D as a result of hyperglycemia-induced ROS
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Fig. 4. Expression levels of SOD2 in patients with pGDM and T2D.
The evaluation of the expression levels of SOD2 and B-actin is
shown for stated groups in (A) and (B). SOD2 expression was
measured by real-time PCR. Data are presented as means + SEM
of five to seven different donors (n = 5-7). *P < 0.05 vs controls.

production and lipid peroxidation [16,17]. In the cur-
rent study, we found a nonsignificant increase in
MDA in the GDM group relative to that in the con-
trol group (Table 2). An in vivo study showed that
SIRT1 expression increased to fourfold in response to
oxidative stress (paraquat injection) in adult mouse
and monkey hearts [29]. Furthermore, it has been
shown that whereas mild ROS levels trigger SIRT1
expression [30], a harsh exposure to ROS may reduce
SIRT1 expression and activity [31]. Thus, the increase
in SIRTI expression in women with pGDM could be
also due to the mild oxidative stress observed in the
present study.

SIRT3, located in mitochondria [32], is another
member of the sirtuin family that regulates energy
homeostasis [33] and oxidative metabolism [11]. Mito-
chondrial SIRT3 removes excess cellular ROS by
removing acetyl groups from target proteins such as
SOD2, thereby activating these antioxidative enzymes
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under different pathological and physiological condi-
tions [34]. As mentioned in our first postpartum analy-
sis of women with GDM and T2D, the level of SIRT3
expression was decreased in both groups, which can
lead to altered mitochondrial function through
increased ROS generation and oxidative stress devel-
opment. Reduced SIRT3 expression has been verified
in other models of T2D [15] and GDM [35]. It has
been shown that SIRT3-knockout mice exhibit meta-
bolic changes, including increased oxidative stress [13].
In addition, the study showed that SIRT3 deletion
plays a role in impairment of beta-cell function in
T2D through accelerated development of the metabolic
syndrome [36]. In fact, evidence of increased oxidative
stress has been reported in maternal cord blood [37]
and endothelial cells derived from women with GDM
[38] and has been linked to fetal programming, which
in turn increases the development of T2D in the off-
spring in later life [39,40]. ROS plays an important
role in the development of T2D [41].

Antioxidative enzymes, such as SOD2, glutathione
peroxidase, and catalase, exert defense mechanisms to
alleviate the excess ROS and prevent oxidative stress
[42]. In this study, the expression of SOD2, the key
superoxide scavenger, was markedly decreased in
women with pGDM relative to that in the healthy
women, which was in line with studies that have docu-
mented reduced antioxidative enzyme levels in diabetic
animal models [43,44], individuals with T2D [45], and
women with pGDM [46]. However, the mechanisms
involved need to be explored. Under normal condi-
tions, SIRT3 enhances the expression of SOD2 mRNA
and causes deacetylation of its protein in response to
oxidative stress [34]. Therefore, it is tempting to specu-
late that the low expression of STRT3 may account for
the low SOD2 expression in our model. However, the
level of SOD2 mRNA did not differ between the T2D
and control groups. Nonetheless, SIRT3 expression
was reduced in the T2D group, which might be impli-
cated in the pathogenesis of T2D.

We recognize that this study is limited by the low
number of study subjects; nevertheless, the statistical
significance values obtained strongly confirm the
validity of the results. However, further study with a
larger number of cases is recommended to explore
the mechanisms behind the results observed in the
current study. There were no significant differences
in characteristics of the subjects except for the signif-
icant increases in HbAlc and random glucose levels
and higher age of the women with pGDM. In addi-
tion, elevated random glucose and postpartum fast-
ing glucose levels were noted in the women with
T2D.

Postpartum effect of gestational diabetes

The results of the current study showed alterations
in the levels of SIRTI, SIRT3, and SOD2 in women
with pGDM. These alterations can confer an increased
risk for the development of T2D in women with
pGDM as a similar reduction in S/RT3 was also
found in women with T2D. Therefore, we believe that
measures to enhance SIRT3 expression and its activity
would be useful to protect women against the develop-
ment of diabetes.
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