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Abstract

Context: There is no early, first-trimester risk estimation available to predict later (gestational week 24-28) gestational diabetes mellitus (GDM);
however, it would be beneficial to start an early treatment to prevent the development of complications.

Objective: We aimed to identify early, first-trimester prediction markers for GDM.

Methods: The present case—control study is based on the study cohort of a Hungarian biobank containing biological samples and follow-up data
from 2545 pregnant women. Oxidative—nitrative stress-related parameters, steroid hormone, and metabolite levels were measured in the serum/
plasma samples collected at the end of the first trimester from 55 randomly selected control and 55 women who developed GDM later.

Results: Pregnant women who developed GDM later during the pregnancy were older and had higher body mass index. The following
parameters showed higher concentration in their serum/plasma samples: fructosamine, total antioxidant capacity, testosterone, cortisone,
21-deoxycortisol; soluble urokinase plasminogen activator receptor, dehydroepiandrosterone sulfate, dihydrotestosterone, cortisol, and 11-
deoxycorticosterone levels were lower. Analyzing these variables using a forward stepwise multivariate logistic regression model, we
established a GDM prediction model with a specificity of 96.6% and sensitivity of 97.5% (included variables: fructosamine, cortisol,
cortisone, 11-deoxycorticosterone, SUPAR).

Conclusion: Based on these measurements, we accurately predict the development of later-onset GDM (24th-28th weeks of pregnancy). Early
risk estimation provides the opportunity for targeted prevention and the timely treatment of GDM. Prevention and slowing the progression of
GDM result in a lower lifelong metabolic risk for both mother and offspring.

Key Words: GDM, first trimester, early risk estimation, oxidative-nitrative stress, steroid metabolites

Abbreviations: BMI, body mass index; CRP, C-reactive protein; DHEAS, dehydroepiandrosterone sulfate; DHT, dihydrotestosterone; DHT/T, dihydrotestosterone/
testosterone ratio; DM, diabetes mellitus; ELISA, enzyme-linked immunosorbent assay; GDM, gestational diabetes mellitus; PXR, total serum peroxide; SuPAR,
soluble urokinase plasminogen activator receptor; TAC, total antioxidant capacity; uPAR, urokinase plasminogen activator receptor.

According to the International Association of Diabetes and
Pregnancy Study Groups screening criteria, gestational dia-
betes mellitus (GDM) is the most common metabolic disorder
during pregnancy (1-3), with a prevalence of 17% (2-4).
GDM increases the lifelong cardiometabolic risk for both
the mother and the offspring (5). There is a direct need for
an effective clinical risk assessment tool because current risk
estimation tools are neither timely nor reliable. Twenty per-
cent of pregnant women diagnosed with GDM present with-
out acknowledged risk factors (6, 7). However, there are
meta-analytic data available suggesting that improving the de-
tection rate of GDM in the early phase of pregnancy would

allow for early intervention, in some cases prevention, and
in others a more effective treatment: in other words, moderate
physical exercise reduced the risk of GDM by 30% in high-
risk populations (8, 9). Preeclampsia risk assessment is widely
accepted to be performed during the 12th week (10).
However, there is no similar risk estimation tool for gestation-
al diabetes in the early phases of pregnancy.

Assessment markers such as fasting glucose, and HbAlc
have previously been measured in the first trimester. High lev-
els of HbAlc were only found to correlate with GDM inde-
pendently between gestational weeks 24 and 28 in diabetes;
even though HbAlc is not an effective tool for early
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prediction, it does mark elevated risk (11). Serum uric acid
and certain DNA methylation patterns were also found to
be associated with higher GDM risk (12, 13), but these meth-
ods were not sensitive or specific enough to be considered re-
liable tools regarding risk estimation. A more effective and
reliable method is needed to improve outcomes.

Physiological pregnancy increases oxidative stress (14);
however, oxidative stress plays a pivotal role in the develop-
ment of inflammation, hyperglycemia, and diabetic complica-
tions (15, 16). Manifest GDM (15, 17) is characterized by
increased oxidative stress (defined here as higher than in
physiological pregnancy). Both oxidative damage and dys-
function of antioxidant defense mechanisms appear in type
2 diabetes mellitus and GDM (15). Altered oxidative stress
and total antioxidant capacity (TAC) have been proposed to
be a contributing factors to the development of GDM, but cur-
rently these are not examined in the first trimester.

Urokinase plasminogen activator receptor (uPAR) is a
membrane-bound receptor of the immunologically active
cell membranes; it plays a role in inflammation and immune
responses (18). Syncytiotrophoblast cells also express uPAR
during implantation (19); its soluble form (SuPAR) is derived
from membrane-bound uPAR. Increased plasma or serum lev-
els are associated with inflammation, diabetes mellitus (DM),
diabetic complications (20), and preeclampsia (21). The cor-
relation between SuPAR and GDM has not been investigated
yet, but GDM is a type of diabetes and inflammation plays a
role in the development of GDM (22).

During pregnancy, the interaction between the fetal and
maternal adrenal cortex (Fig. 1) and the placenta provides
the optimal production of placental steroid hormones.
Dehydroepiandrosterone (DHEA) and the sulfated form
(DHEAS) are the major precursors of estrogen, and they are
produced by the adrenal glands, although the fetal liver may
modify them via 16-alpha hydroxylase enzyme resulting in
16-hydroxy-DHEA and DHEAS. The placenta in turn synthe-
sizes estrone, estradiol, and estriol from these precursors, re-
sulting in androstenedione and testosterone as intermediate
metabolites. Alterations of androgen hormone production
are linked to insulin resistance in nonpregnant women (23);
however, possible roles and predictive values regarding the de-
velopment of GDM have rarely been investigated until now.
Higher total testosterone level was described in the first
trimester in women who developed GDM later during the
pregnancy (24). Corticotropin-releasing hormone and 11-
beta-hydroxysteroid dehydrogenases 1 and 2 are also ex-
pressed by the placenta: these regulate the interaction between
the maternal and fetal cortisol homeostasis (25). Higher corti-
sol levels have been demonstrated in the second trimester in
GDM (25, 26); however, the alterations of cortisol and its me-
tabolites have not yet been studied in the first trimester.

In the present case—control study, we examined oxidative—
nitrative stress markers, SuPAR, and steroid metabolites in
the first trimester to identify possible novel early markers of
later-onset GDM.

Materials and Methods

Patient History, Sampling

The Department of Obstetrics and Gynecology at the
University of Debrecen Medical and Health Science Centre,
Debrecen, Hungary, and the Department of Obstetrics and
Gynecology at the Andras Josa County and Teaching

Hospital, Nyiregyhaza, Hungary, performed a prospective co-
hort study between 2010 and 2012. A total of 2545 pregnant
women (Caucasian population) were recruited to the study
between 11 (+0 days) and 13 (+6 days) weeks of gestation.
In the study, maternal characteristics, medical history, and
the first trimester screening ultrasound were recorded. At
the same time, blood (serum and plasma) and urine samples
were collected and stored at —80 °C in an accredited biobank
for further study. Pregnancies were followed up to screen for
major adverse pregnancy complications. The study protocol
was approved by the ethics committee (identification number:
DEOEC RKEB/IKEB 3092-2010), and written informed con-
sent was obtained from all participants.

Current Study

The present case—control study, the GIPS (GDM and TUGR
Prediction Study) was based on a collaboration between
Debrecen University (DE) Biobank and Semmelweis University
to identify measurable novel early risk assessment factors
regarding GDM and IUGR (ethics approval: ETT TUKEB
4/4414-4/2020/EKU). DE provided samples (serum and plas-
ma), clinical data, routine laboratory parameters (C-reactive
protein [CRP], hepatic function, glucose, fructosamine, and cre-
atine kinase), pregnancy outcomes, labor circumstances, and
newborn parameters of 55 healthy controls and 55 patients
who subsequently developed GDM or intrauterine growth re-
striction (IUGR). GDM patients were selected based on NICE
criteria: fasting glucose level >5.6 mmol/L and/or 120 minutes
glucose level >7.8 mmol/L. Exclusion criteria were age below
18 and over 40 years, class II obesity (body mass index [BMI]
over 35 kg/m?), malignant tumors, hypertension, DM, twin
pregnancy, and chronic inflammatory diseases. In the first pub-
lication of the GIPS study, we introduce the results of the control
and GDM groups for the prediction of GDM.

Determination of Oxidative—Nitrative Stress-Related
Parameters

Total serum peroxide (PRX) concentration, reflecting system-
ic oxidative stress, was determined from serum samples using
a colorimetric method (OxyStat assay; Biomedica, Wien,
Austria, Cat# BI-5007). Serum TAC was measured from se-
rum samples using an OxiSelect TAC Assay Kit, (Cell
Biolabs Inc., San Diego, CA, USA, Cat# STA-360). The oxida-
tive index was calculated from the ratio of oxidative stress and
TAC. SuPAR was measured from serum samples using the
enzyme-linked immunosorbent assay (ELISA) (SuPAR human
ELISA kit, BioVendor, Brno, Czech Republic), (RRID:
AB_2927796). Nitrative stress was determined by measuring
plasma levels of 3-nitrotyrosine with competitive ELISA using
horseradish peroxidase conjugated anti-3-nitrotyrosine anti-
bodies (OxiSelect Nitrotyrosine Elisa Kit, Cell Biolabs Inc.,
San Diego, CA) (RRID:AB_2927798).

Determination of Steroid Levels

This was performed by the Department of Laboratory
Medicine, Semmelweis University. Aldosterone, andro-
stenedione, DHEA, DHEAS, 11-deoxycorticosterone, 11-
deoxycortisol, 21-deoxycortisol, dihydrotestosterone (DHT),
17-alpha-hydroxypregnenolone, 17-alpha-hydroxyprogesterone,
corticosterone, cortisol, cortisone, pregnenolone, progesterone,
and testosterone were assayed using reversed phase liquid

€20z Joquieideg |0 uo 3senb Aq 669581 //L0SPEBP/WSUI/0LZ L 0L /I0p/8|o1E-20UBAPE/WSd[/W0d dNo dlWapedE//:SA)Y WOl papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 00, No. 0 3

Cholstern 17-OH-ase 17,20-liase P rrason
Semin | 11
Pregnenolone 17-OH pregnenolone DHEA Andostanediol
3HSDH —> l —»l —>l l — l
Progesterone J—V 17-OH progesterone 41_, Androstendion —~  Tegtosterone
21-OH-ase @—> l —»l Aromatase %l — l
11-deoxycorticosterone 11-deoxycortisol Estrone —l> Estradiol
11-OH-ase —> l - l 11-beta-hidroxilase
Corticosterone Cortisol
18-OH-ase —’l 11-beta-HSDH —> l T v
18-OH-corticosterone Cortisone 21-deoxycortisol
18-HSDH — l
Aldosterone

Figure 1. Steroid hormone biosynthesis in the adrenal cortex. OH, hydroxy; OH-ase, hydroxylase; HSDH, hydroxysteroid dehydrogenase; DHEA,

dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate.

Table 1. Basic physiological parameters on the 12th week

Variable Control (n=55) GDM (n=55) Significance
Age (years) 27.78 +3.47 30.98 +4.66 P <.001
Body weight (kg) 66.63 +8.86 75.67+15.69 P<.001
Height (cm) 165.07 £ 6.46 164.85 +6.72 ns

BMI (kg/m?) 24.55+2.83 27.75+5.10  P<.001
Weight gain (kg) 10.69 +4.07 10.76 +5.19 ns
Gravidity 1.90 +£0.95 2.38+1.63 ns

Parity 0.85+0.85 1.24+1.35 ns

The GDM group demonstrated significantly higher age, body weight, and
BMI values compared to the control group. Height, weight gain during
pregnancy, gravidity, and parity were similar in the 2 study groups.
Two-tailed unpaired Student’s t-test. Values are the means + SD.
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus.

chromatography tandem mass spectrometry. Electrospray ion-
ization and multiple reaction monitoring were performed. The
mass spectrometer was operated using the positive mode except
for cortisone, which was analyzed using negative polarity.

The 16 steroid substances were assayed using a method de-
veloped and validated at our laboratory (Laboratory of Mass
Spectrometry and Separation Technology, Department of
Laboratory Medicine, Semmelweis University, Budapest,
Hungary) as previously described (27). Briefly, 200 pL of se-
rum was diluted with 600 pL methanol containing the internal
standards, vortexed, and centrifuged. Supernatant (700 pL)
was diluted with 1300 pL of water. A 96-well Phenomenex
Strata-X 60 mg solid-phase extraction plate was conditioned
by allowing 900 pL of methanol and 900 pL of water and
methanol (3:1, v/v) to drip through (Gen-Lab Kft.,
Budapest, Hungary). The supernatants, once diluted, were
added to the plate and were drawn through the packing at a
slow rate by applying a vacuum. The slots were washed
with 2 X 900 pL of water and methanol 3:1 (v/v) and dried
by propelling nitrogen (5.0 pure) through the packings.
Finally, elution of the analytes was performed by the applica-
tion of 2x 900 pL of acetonitrile and methanol 1:1 (v/v).

Following the drying of the eluates, the residues were reconsti-
tuted by adding 50 pL of methanol and water 1:1 (v/v). By
making a serial connection of a Phenomenex Kinetex
XB-C18 50%x2x1mm, 1.7 pm, and a Kinetex Biphenyl
50x2.1 mm, 1.7 pm, stationary phase (Gen-Lab Kft.,
Budapest, Hungary) 2-dimensional liquid chromatographic
separation was then performed. Mobile phases consisted of
water and methanol; they both contained 0.1% formic acid.
Gradient programs were run. Quantitation was based on 1/
x%-weighted linear calibration using Chromsystems 6PLUS1
Multilevel Serum Calibrator Set MassChrom Steroid Panel 1
and Panel 2 (ABL&E-Jasco Magyarorszdg Kft., Budapest,
Hungary). Internal controls (Chromsystems MassCheck
Serum Steroid Panel 1 and Panel 2, Levels I-II,
ABL&E-Jasco Magyarorszag Kft.) were assayed at the begin-
ning of each batch. Known and biologically relevant quan-
tities of pregnenolone and 17-alpha-hydroxypregnenolone
were spiked to the Panel 1 calibrators and internal controls.

Statistical Analysis

The 2-tailed unpaired Student’s t-test or the Mann—Whitney
test (in cases of non-normal distribution) was performed.
Correlations were estimated by Pearson’s correlation. The
non-normally distributed parameter (SuPAR) was logarith-
mized and logarithmic values showed normal distribution.
The chi-square test was used to determine nominal variables.
Multivariate logistic regression models were used for the cal-
culation of the predictive power of risk factors for GDM pre-
diction. Missing values were treated as missing. P <.05 was
considered to be statistically significant. Data are presented
as mean + SD. SPSS 22.0 and Graphpad Prism 6.0 software
were used.

Results

Patient Characteristics at the 12th Week of Gestation
In our study cohort, GDM patients were 3.2 years older on aver-

age and had higher body weight (by 9.04 kg on average) and
BMI values (by 3.2 kg/m* on average) (Table 1). There were

€20z Joquieideg |0 uo 3senb Aq 669581 //L0SPEBP/WSUI/0LZ L 0L /I0p/8|o1E-20UBAPE/WSd[/W0d dNo dlWapedE//:SA)Y WOl papeojumoq



4 The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 00, No. 0

no differences between the control and GDM groups in terms of
height, weight gain during pregnancy, gravidity, and parity
(Table 1). No one admitted to drinking alcohol or smoking.

Glucose, Fructosamine, CRP, Creatine Kinase, and
Liver Function

Fasting glucose, CRP, creatine kinase, and liver function did
not differ significantly between the groups. Fructosamine lev-
els were in the normal range; however, the GDM group values
were significantly higher than controls (Table 2).

Oxidative—Nitrative Stress Parameters and SuPAR

Although serum total PXR levels were similar in the 2 groups;
TAC was significantly increased in the GDM group, whereas
the oxidative stress index calculated from the previous 2 pa-
rameters was not significantly different between the 2 groups
(Fig. 2A-2C). There were no differences regarding plasma
3-nitrotyrosine levels between the groups (Fig. 2D). Serum
SuPAR was significantly decreased in the GDM group com-
pared with controls (Fig. 2E).

Steroid Metabolites

Androgens

DHEAS, the main adrenal androgen metabolite, was signifi-
cantly decreased in the GDM group. Testosterone, which is
the main ovarian androgen metabolite, was significantly ele-
vated in the GDM group, in contrast with DHT, the active me-
tabolite of ovarian testosterone, which was decreased,
resulting in a markedly decreased DHT/T ratio (Fig. 3A-3D).

Mineralocorticoid and Glucocorticoid Metabolites

The cortisol level was lower; however, the level of cortisone
was higher in the GDM group than controls.
21-Deoxycortisol (which is formed as a metabolite from
17-a-hydroxyprogesterone) was elevated in the GDM
group. 11-Deoxycorticosterone (has mineralocorticoid

Table 2. Glucose metabolism, CRP, and liver function parameters at
the 12th week

Variable Control GDM (n=55) Significance
(n=155)
Glucose (mmol/L) 4.47 +0.81 4.68+1.13 ns

Fructosamine 200.93 +£13.53 214.02+22.98 P<0.001
(pmol/L)

Creatine kinase 53.25+21.94 52.48+18.67 ns
(U/L)

CRP (mg/L) 6.38+6.26 8.62+8.40 ns

ALP (U/L) 59.20+14.20 58.91+14.20 ns

LDH (U/L) 146.22 +£27.20 139.94+33.80 ns

AST (U/L) 15.66 +3.65 1520+3.51 ns

ALT (U/L) 12.58 +5.00 13.49+549 ns

GGT (U/L) 12.89 +6.85 14.50+9.05 ns

GDM patients demonstrated significantly higher fructosamine levels. Other
labor parameters did not differ between the 2 groups. Two-tailed unpaired
Student’s t-test. Values are the means + SD.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; CRP, c-reactive protein; GGT,
gamma-glutamyl transferase; LDH, lactate dehydrogenase.

activity and acts as a precursor to aldosterone) was significant-
ly decreased in the GDM group compared with the control
group (Fig. 4A-4D).

Correlations Regarding Known Risk Factors of GDM
and New Candidates for Risk Factor Markers

Plasma TAC, which was elevated in the GDM group, showed
a positive correlation with BMI. SuPAR, which was lower in
the GDM group, did not correlate with any of the known and
analyzed risk factors. DHEAS and DHT were reduced in
women who later developed GDM, and they also showed a
negative correlation with maternal age. DHT also showed
a negative correlation with serum fructosamine levels.
Regarding androgen hormones, testosterone had no signifi-
cant correlation with the measured parameters. Cortisol lev-
els were reduced in the GDM group, and they correlated
negatively with gravidity and parity; cortisone levels showed
no significant correlations. 11-Deoxycorticosterone levels
were also lower in the GDM group, and they correlated nega-
tively with BMI. (Table 3).

Additional Predictive Value of the New Risk Factors
Compared With the Classic Ones

A multivariate logistic regression model was implemented for
each candidate risk factor, including known risk parameters
of GDM, that showed a significant correlation with GDM in
our study cohort: age, BMI, and fructosamine levels.
Including only these 3 parameters from the end of the first
trimester, the baseline model showed a significant correlation
with the development of GDM later in the pregnancy
(R*=.464, P < .001), and each parameter was found to be an
independent risk factor (P<.01 for each variable).
Integrating TAC into the model (age, BMI, fructosamine,
TACQ) increased R*>=.597 (P <.001)—all 4 variables were
demonstrated to be significant independent determinants
(P <.05). Similarly, to TAC, all examined novel markers—
apart from 21-deoxycortisol—had significant additive
values to the baseline logistic regression model and were
determined to be independent determinants. The predictive
power of the models by the inclusion of these variables altered
as follows: SUPAR, R?=.514; testosterone, R? =.526; DHT,
R?=.512; DHEAS, R?>=.530; cortisone, R>=.619; 11-
deoxycorticosterone, R* =.495 (P <.001 for all models, and
P <.05 for all 4 variables in each model). Implementing a step-
wise forward multivariate logistic regression model including
all traditional and novel markers, the highest predictive power
was R?=.943 (P <.001). This model included fructosamine,
cortisol, cortisone, 11-deoxycorticosterone, and SuPAR, and
demonstrated specificity and sensitivity of 96.6% and 97.5%
respectively.

Maternal and Neonatal Pregnancy Outcome
Parameters

The rate of cesarean section was higher in the GDM group (P
< .001)—the relative risk was 2.067 (CI 1.266-3.375).

GDM newborns demonstrated higher body weight, height,
and head and chest circumference values than controls
(Table 4). Frequency of jaundice (P <.01) and hypoglycemia
(P <.01) were higher in GDM newborns—the relative risks
were 1.146 in both parameters (CI 0.9488-1.385 and
1.036-1.268, respectively).
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Figure 2. Oxidative—nitrative stress parameters and SuPAR. (A) Serum total peroxide level. The oxidative stress in the serum was similar in the 2 groups
(n =54 and n =53). (B) Total antioxidant capacity (TAC). GDM was associated with more pronounced TAC (n =55 and n = 55). (C) Oxidative stress index.
The oxidative stress index did not differ between the control and the GDM groups (n =54 and n =53). (D) Plasma levels of 3-nitrotyrosine (NT). The
nitrative stress did not differ between the control and GDM groups (n =53 and n =55). (E) Soluble urokinase plasminogen activator receptor (SUPAR).
The GDM group showed significantly reduced serum SuPAR levels (n =55 and n = 54). Data are shown as mean + SD; 2-tailed unpaired Student’s t-test
and Mann-Whitney test for Oxystat and SuPAR. **P< .01, ***P < .001 control vs GDM.

Discussion

In this case—control study, the serum level of new oxidative
stress markers and steroid metabolites used for the prediction
of GDM were measured at the end of the first trimester.
These parameters when pooled with the classical risk factors al-
low a significantly more precise, and therefore clinically rele-
vant, risk estimation for GDM at the end of the first trimester
regarding the development of GDM later during the pregnancy.
This novel stepwise forward multivariate logistic regression
model resulted in specificity and sensitivity values of over
95% at the end of the first trimester, making it an effective clin-
ical tool regarding early risk estimation for later-onset GDM.

In this study, from the classic risk factors, GDM patients
were older, and had higher body weight, BMI, and serum fruc-
tosamine levels, even in the first trimester. There is no useful
and widely accepted risk assessment for GDM available for
the first trimester. Maternal age, BMI, parity, history of previ-
ous GDM or large for gestational age fetus, fasting and post-
load glucose, and HbA1lc have a moderate predictive value
regarding GDM risk assessment (28-32). Inflammatory bio-
markers (eg, CRP, tumor necrosis factor alpha), liver function
(alanine aminotransferase, gamma-glutamyl transferase) (33),
serum vitamin and trace element concentrations (vitamin D,
vitamin A, selenium) (34-36), platelet characteristics (37),
specific miRNAs (38), or adipokines (adiponectin, leptin)
(33) and their combination have been examined but until
now have failed to be sufficiently effective regarding the early
prediction of GDM (the best combination demonstrated
60-77% specificity and sensitivity at the 12th or 16th week)
(39, 40).

Our current analysis revealed that serum TAC was signifi-
cantly higher and serum SuPAR was decreased in the GDM

group when measured at the end of the first trimester.
21-Deoxycortisol and cortisone levels were increased, while
cortisol levels were decreased in women who developed
GDM later during their pregnancy. DHEAS, DHT, and
DHT/T ratios also decreased, and testosterone levels were in-
creased in the GDM group. 11-Deoxycorticosterone levels
were decreased. Our proposed risk estimation model—based
on these parameters—with its specificity and sensitivity values
of over 95% is currently the most effective first-trimester
GDM assessment algorithm available.

Oxidative-nitrative Stress Markers and SuPAR in
GDM Risk Estimation

Our results showed that serum TAC was significantly in-
creased at the end of the first trimester in women who devel-
oped GDM later during the pregnancy, without a significant
change in plasma total PRX levels and oxidative stress index
calculated by PRX/TAC, suggesting an elevated level of re-
active free radical formation that is compensated by the in-
creased production of endogenous antioxidants. PRX and
TAC showed a positive correlation with BMI, which under-
lines the role of obesity in the development of oxidative
stress. However, according to the multiple logistic linear re-
gression model, increased TAC at the end of the first trimes-
ter was independently associated with the later development
of GDM. This is the first report on oxidative stress in the first
trimester.

Oxidative—nitrative stress is elevated due to the elevated
blood glucose levels in both type 1 and type 2 DM (41).
Decreased antioxidant levels have also been found in patients
with type 2 DM and complications (42). On the other hand,
increased oxidative-nitrative stress plays a role in the
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Figure 3. Androgens. (A) Dehydroepiandrosterone sulfate (DHEAS). The level of DHEAS was significantly lower in the gestational diabetes mellitus
(GDM) group (n =54 and n=55). (B) Testosterone (T). GDM was associated with an elevated level of testosterone (n =54 and n =55). (C)
Dihydrotestosterone (DHT). The level of DHT was significantly decreased in the GDM group (n =51 and n=54). (D) DHT/T ratio. The DHT/T ratio was
significantly lower in the GDM group (n =51 and n =54). Data are shown as mean + SD; 2-tailed unpaired Student’s t-test. *P< .05, **P< .01, ***P
<.001 control vs GDM.
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Figure 4. Other steroids. (A) The level of cortisol was significantly lower in the GDM group (n =54 and n = 55). (B) The level of cortisone was elevated in
the GDM group (n =54 and n = 55). (C) The 21-deoxycortisol was significantly higher in the GDM group than controls (n =47 and n=19). (D) The level of
11-deoxycorticosterone was significantly lower in the GDM group (n =45 and n =41). Data are shown as mean + SD; 2-tailed unpaired Student’s t-test.
**P<0.01, ***P<0.001 control vs GDM.
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Table 3. Correlation of known risk factors of GDM to TAC, SuPAR and steroid hormone metabolites that were found significantly differentin the

GDM group compared to controls

Age (years) BMI (kg/m?) Gravidity Parity Fructosamine (pmol/L)

TAC (CRU) P=24r=.11 P=.01r=.32 P=23r=.12 P=.46r=.076 P=.94r=-.007
SuPAR (pg/mL) P=13r=-.1§ P=.81r=-.02 P=17r=-.13 P=.18r=-.13 P=.07r=-.17
DHEAS (ng/mL) P=.01r=-.25 P=.75r=-.03 P=12r=-.15 P=.07r=-.17 P=.88r=-.02

T (ng/mL) P=.44r=-.08. P=.06r=.18 P=.35r=-.09 P=41r=-.08 P=.09r=-.16

DHT (ng/mL) P=.035r=-24 P=.58r=-.05. P=23r=-.12. P=25r=-.11 P=.015r=-.24
21-Deoxycortisol (ng/mL) P=.76r=.04 P=.08r=.22 P=38r=-.11 P=36r=-.11 P=.12r=.19
Cortisol (ng/mL) P=11r=-.15 P=11r=-.16 P=.024r=-22 P=.01r=-24 P=.72r=-.04
Cortisone (ng/mL) P=.74r=.03 P=.37r=.09 P=.08r=-.17 P=.08r=-.17 P=.51r=.07
11-deoxycorticosterone (ng/mL) P=.07r=-.2 P=.001r=-.35 P=.49r=-.08 P=26r=-.12 P=.82r=.03

TAC showed a positive correlation with BMI. DHEAS correlated negatively with maternal age. DHT correlated negatively with maternal age and with serum
fructosamine levels. Serum cortisol correlated negatively with gravidity and with parity also. 11-Deoxycorticosterone showed a negative correlation with BMI.
Statistical analysis: Pearson correlations. Level of significance P <.05.
Abbreviations: DHEAS, dehydroepiandrosterone sulfate; SuPAR, soluble urokinase activator receptor; T, total testosterone; DHT, dihydrotestosterone; TAC,

total antioxidant capacity.

Table 4. Neonatal pregnancy outcome parameters

Variable Control (n=55) GDM (n=55) Significance
Birth weight (g) 3266.90 +£236.1 4587.10 + 630.80 P<.001
Birth height (cm) 51.24+£1.72 52.84+2.29 P<.001
Head circumference (cm) 3442 +1.46 35.61+1.46 P <.001
Chest circumference (cm) 33.42+1.38 35.58+1.85 P<.001

GDM newborns were found to have higher body weight, height, and head-and chest circumference values. Two-tailed unpaired Student’s t-test. Values are the

means + SD.
Abbreviations: GDM, gestational diabetes mellitus.

development of insulin resistance and beta cell dysfunction
(43) independently from pregnancy.

Oxidative—nitrative stress increases in a healthy pregnancy,
whereas GDM was accompanied by an even more pro-
nounced elevation (15). These investigations, however, were
carried out following the diagnosis of GDM, in the third
trimester or in the second trimester, at the 16th week, in the
high-risk population. Li et al found elevated levels of protein
carbonyl, 8-iso-prostaglandin F2a and advanced oxidative
protein products at 16-20 weeks and 32-36 weeks of gestation
in GDM (44). Murthy et al examined oxidative stress and
proinflammatory cytokines in GDM pregnancies (24-28
weeks and 12-16 weeks for high-risk patients). The proinflam-
matory cytokines interleukin-6 and interleukin-8 were also
significantly elevated in the GDM group (45). Several studies
found that TAC levels (46, 47) were significantly decreased in
manifest GDM and the diet and antioxidant intake may re-
duce abnormal glucose levels and parallel oxidative stress in
pregnant women (48). In contrast, Zamani-Ahari et al found
elevated TAC levels in the saliva of pregnant women with
manifest GDM (49).

We found lower levels of serum SuPAR in pregnant women
at the end of the first trimester who developed GDM later. In
our model, SuPAR was also an independent risk factor regard-
ing the development of GDM—this is the first observation, no
other studies have focused on SuPAR in GDM or GDM pre-
diction. We suppose a biphasic change of SuPAR in GDM
pregnancy; lower levels at the first trimester and higher in

the third because SuPAR levels were measured only in type
2 DM where it was elevated (50).

Steroid Results

Glucocorticoids

In our current study at the end of the first trimester, we found
that 21-deoxycortisol and cortisone were increased in the
GDM group, while cortisol levels were decreased. One of the
reasons behind impaired glucose tolerance in pregnancy is an
increase in cortisol and derivatives, as contra-insular hormones.
Previous studies have focused on measuring metabolites of ster-
oid hormone biosynthesis and tryptophan metabolism in ma-
ternal urine samples in gestational diabetes (51). Until now,
changes in steroid metabolites were studied in the third trimes-
ter—not for early risk assessment, but to diagnose manifest
GDM, and increased clearance of tetrahydroaldosterone-3-
glucuronide, 11-oxo-androsterone-glucuronide, 5-androstene-
3b,16b,17a-triol, cortolone-3-glucuronide, 21-deoxycortisol
was observed (51). 11-Beta-hydroxysteroid dehydrogenase
(11B-HSD) is responsible for transforming active cortisol into
inactive cortisone. At term, maternal serum cortisol levels
were significantly higher while cortisone levels did not differ
in GDM (52). In GDM, 11B-HSD1 levels were decreased while
11B-HSD2 were increased in the placenta (52). In our current
study, decreased cortisol and increased cortisone levels were
measured in the plasma at the end of the first trimester in preg-
nant women who developed GDM later during pregnancy.
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Increased cortisone was an independent risk factor for GDM.
Changing cortisol and cortisone levels from early to late preg-
nancy in GDM might sign altered placental function from the
time of placentation.

Androgens

In our current study, the DHEAS level was significantly de-
creased at the end of the first trimester, while the testosterone
level was significantly increased in GDM compared with the
controls. This indicates that patients who develop GDM later
during their pregnancy may have altered sulfatase or sulfo-
transferase enzyme functions at this stage of the pregnancy.

Also, in our current study elevated testosterone levels were
associated with decreased DHT levels and reduced DHT/T ra-
tio, suggesting saturation or reduced capacity of the 5-alpha
reductase enzyme. This hypothesis is supported by the finding
that urine 5-alpha-tetrahydrocortisol/tetrahydrocortisol ratio
also was decreased in GDM (53). Our results suggest that
these changes in maternal androgenic metabolism in the first
trimester have a significant predictive role in the development
of GDM later.

Mineralocorticoids

In this study, 11-deoxycorticosterone levels were significantly
decreased at the end of the first trimester in the patients who
developed GDM later. This is the first study that examines al-
terations of 11-deoxycorticosterone levels in the prediction of
GDM until now. Previous studies in prediabetes and type 2
DM have found elevated levels of aldosterone and
11-deoxycorticosterone (however, the latter was not statistic-
ally significant following matching for the known risk factors)
(54).

GDM Prediction in the Study Cohort

According to our data TAC, SuPAR, cortisone, cortisol, tes-
tosterone, DHT, DHEAS, and 11-deoxycorticosterone meas-
ured at the end of the first trimester may all significantly
increase the predictive power of GDM risk estimation over
the classic risk factors as independent determinants. Our mod-
el has significantly higher predictive power than any previous-
ly published one: with a specificity of 96.6 % and sensitivity of
97.5% (included variables: fructosamine, cortisol, cortisone,
11-deoxycorticosterone, and SuPAR) at the 12th week of
pregnancy.

Conclusions

In this study, the following novel risk estimation markers were
identified regarding GDM at the end of the first trimester:
SuPAR, cortisol, cortisone, DHEAS, testosterone DHT,
TAC, 11-deoxycorticosterone, and 21-deoxycortisol. Using
the well-established risk factors and these new predictors,
we were able to build a logistic regression model for clinically
relevant early prediction of later-onset GDM. This novel mod-
el provides the opportunity for early intervention, prevention,
and improving pregnancy outcomes and decreasing complica-
tions with early screening.

Strengths and Limitations

In the present case—control study, we measured various pos-
sible early markers of GDM. We focused on 2 promising
fields: oxidative stress and steroid hormone metabolites. We

were able to identify 9 possible new markers and build a pre-
diction model. This study is based on the big population GIPS
study from Hungary.
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