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ARTICLE INFO ABSTRACT

Keywords: Aims: To compare body composition, visceral adiposity, adipocytokines, and low-grade inflammation markers in
Gestational diabetes mellitus prepubertal offspring of mothers who were treated with metformin or insulin for gestational diabetes mellitus
Offspring (GDM)
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Methods: 172 offspring of 311 mothers randomized to receive metformin (n = 82) or insulin (n = 90) for
GDM were studied at 9 years of age (follow-up rate 55%). Measurements included anthropometrics, adipocy-
tokines, markers of the low-grade inflammation, abdominal magnetic resonance imaging (MRI), magnetic liver
spectrometry (MRS), and whole body dual-energy X-ray absorptiometry (DXA).

Results: Serum markers of low-grade inflammation, visceral adipose tissue volume, total fat percentage, and liver
fat percentage were similar between the study groups. Serum adiponectin concentration was higher in children in
the metformin group compared to insulin group (median 10.37 vs 9.50 ug/ml, p = 0.016). This difference be-
tween groups was observed in boys only (median 12.13 vs 7.50 ug/ml, p < 0.001). Leptin/adiponectin-ratio was
lower in boys in the metformin group than in the insulin group (median 0.30 vs 0.75; p = 0.016).

Conclusions: Maternal metformin treatment for GDM had no effects on adiposity, body composition, liver fat, or
inflammation markers in prepubertal offspring compared to maternal insulin treatment but was associated with
higher adiponectin concentration and lower leptin/adiponectin-ratio in boys.

1. Introduction effects in the offspring such as obesity, impaired glucose tolerance, and
higher blood pressure [3-4]. Adequate treatment for GDM reduces these

Gestational diabetes mellitus (GDM), often combined with maternal adverse effects [5-6].
obesity, increases the risk of adverse outcomes during pregnancy and Metformin has been increasingly used in the treatment for GDM.
delivery [1]. Prenatal exposure to GDM increases total and abdominal Metformin seems to be a safe option for the mother, newborn, and
adiposity in 6-year old offspring [2] and induces long-term metabolic toddler [5-12], although it crosses the placenta with foetal levels similar

Abbreviations: ALT, Alanine aminotransferase; BMI, body mass index; DXA, dual-energy X-ray absorptiometry; FFM, fat-free mass; FFM], fat-free mass index; FM,
fat mass; FMI, fat mass index; GDM, gestational diabetes mellitus; GlycA, glycoprotein acetyls; HDL, high-density lipoprotein; hsCRP, high sensitivity C-reactive
protein; IL-6, interleukin-6; IQR, interquartile range; L/A ratio, leptin/adiponectin ratio; MRI, magnetic resonance imaging; MRS, magnetic spectrometry; NAFLD,
non-alcoholic fatty liver disease; NMR, nuclear magnetic resonance; ROI, regions of interest; VAT, visceral adipose tissue; VOI, volume of interest; WHtR, waist-to-
height ratio.
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to maternal concentrations [13]. It is also important to understand long-
term effects of prenatal exposure to metformin in children. However,
prepubertal data of body composition, adipose tissue distribution, and
serum low-grade inflammation markers in offspring of metformin
treated mothers with GDM are very limited [14]. This perspective is
clinically important, because obesity [15-16], abdominal obesity [17],
adverse concentrations of adipocytokines [18-19], and low-grade
inflammation [20] in childhood are recognized as strong risk factors
for the development of metabolic syndrome, type 2 diabetes, and car-
diovascular diseases later in life.

We have previously shown that metformin treatment of GDM has no
adverse effects on anthropometry and glucose and lipid metabolism in 9-
year-old offspring [21]. Our previous results suggest that metformin
exposure in pregnancy compared to maternal insulin treatment for GDM
may relate to a more favourable lipid metabolism in male offspring [21].

To investigate in detail the possible late effects of prenatal metformin
exposure on body composition and adiposity, we studied adipocyto-
kines, markers of the low-grade inflammation, volume of visceral adi-
pose tissue (VAT), liver fat percentage, and regional fat distribution in 9-
year-old offspring. The study subjects were children born to mothers
with GDM who were randomized to metformin or insulin in two Finnish
trials [8-9].

Turku University Hospital
2006-2010
221 women with GDM
requiring medication

N

111 randomized
to metformin

110 randomized
to insulin
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2. Subjects, materials and methods
2.1. Study subjects

This was a longitudinal follow-up study in the offspring of two pre-
viously published Finnish randomized controlled trials with similar
study designs [8-9], comparing metformin and insulin treatment for
GDM. Study design of this follow-up study has been previously described
in detail and published elsewhere [21]. Briefly, a total of 172 children
participated in this follow-up study, comprising 55% of all eligible
children (n = 311) from the two original trials (Fig. 1). The population
was almost entirely of white Caucasian ethnicity (99%). In total 82
(48%) of the participating children were born to mothers with GDM who
had been treated with metformin, and 90 (52%) were born to mothers
treated with insulin. Furthermore, in the metformin group, 27% of the
mothers (22/82) received additional insulin (17 in Turku University
Hospital and five in Oulu University Hospital). In all analyses, children
born to mothers originally randomized to receive metformin as initial
drug therapy were handled as one group, including also those whose
mothers needed additional insulin. One child with type 1 diabetes was
excluded from the analyses.

The follow-up study was conducted at two sites, Turku University
Hospital in Southwest Finland, and Oulu University Hospital in Northern

Oulu University Hospital
2005-2009
100 women with GDM
requiring medication

110 completed studyt

107 completed study

50 randomized
to metformin

47 completed study

50 randomized
to insulin

50 completed study

l

Turku 2015-2019

9-year follow-up

Oulu 20152018

. !

! .

64 child—mother
pairs

63 child—mother
pairs

19 child—mother
pairs

26 child—mother
pairs

Metformin arm
82 child—mother pairs

Laboratory analyses: 78
MRI: 76
MRS: 63
DXA: 62

Insulin arm
90 child—mother pairs

Laboratory analyses: 89
MRI: 82
MRS: 77
DXA: 63

Fig. 1. Participants of the two original randomized controlled trials and those of the 9-year follow-up study. Abbreviations: DXA, dual energy X-ray absorptiometry;
GDM, gestational diabetes mellitus; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy. { From 110 participants, who completed the original
study in the metformin group in Turku, three offspring were excluded: one child had valproate syndrome, one child had Down syndrome and one child was stillborn.
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Finland, between 2015 and 2019. The age of 9 years, just before the
onset of puberty, was considered the most appropriate age to compare
the adiposity variables between the offspring of the two treatment
groups. Written informed consent was obtained from each mother,
child, and father. The assessors were blinded to the treatment allocation
of the mothers. This 9-year follow-up study was registered with the
Clinical Trials Registry (NCT02417090) and approved by the Ethics
Committee of the Hospital District of Southwest Finland (ETMK 31/
2015, April 27, 2015).

2.2. Measurements

The follow-up visit included fasting blood samples, anthropometric
measurements [21], whole body dual-energy X-ray absorptiometry
(DXA), abdominal magnetic resonance imaging (MRI), and magnetic
liver spectrometry (MRS). BMI and waist-to-height ratio (WHtR) were
calculated in those children who had the data of the laboratory and
imaging studies shown in Table 1 and 2.

2.3. Laboratory analysis

Venous blood was collected after an overnight fast. The processing of
blood samples is described elsewhere [21]. Adiponectin, leptin, and

Table 1
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interleukin-6 (IL-6) were assayed from serum samples using Quantikine
ELISA Human Total Adiponectin/Acrp30, Quantikine ELISA Human
Leptin and Quantikine HS Human IL-6 kits (all from R&D Systems,
Minneapolis, USA). Serum IL-6 concentrations were analysed by ELISA
(Quantikine HS Human IL-6, R&D Systems Inc, Minneapolis, USA).
Alanine aminotransferase (ALT), ferritin, and high sensitivity C-reactive
protein (hsCRP) were determined from serum samples using system
reagents (ALT/GPT [IFCC]), Ferritin, and CRP High Sensitivity (all from
Thermo Fisher Scientific,Vantaa, Finland) on an Indiko Plus analyzer
(Thermo Fisher Scientific, Vantaa, Finland).The calculated coefficients
of variation for these analyses were as follows: adiponectin 6.0%, leptin
4.3%, ALT 3,7%, ferritin 3,4%, IL-6 3.8%, and hsCRP 5,5%. The hsCRP
concentrations were measured with detection limit of 0.25 mg/L. Serum
concentrations below this detection limit (n = 21) were set to 0.24 mg/L
for the calculations. Serum concentrations above 10 mg/L in the hsCRP
(n=1) and above 10 pg/ml in the IL-6 (n = 2) were interpreted to be due
to infection and thus excluded from analysis. For IL-6 we used values <
1.5 pg/mL as normal for healthy 9-year-old children [22-23] in Table 1.
Glycoprotein acetyls (GlycA) were measured as part of an NMR (nuclear
magnetic resonance) metabolomics platform (Nightingale Health, Hel-
sinki, Finland) as described elsewhere [24].

Median (IQR) for BMI, waist-to-height ratio, concentrations of adipocytokines, markers of inflammation, ALT, VAT volumes (MRI) and liver fat percentages (MRS) in

the 9-year-old offspring of metformin or insulin treated mothers with GDM.

All children Boys Girls
Metformin Insulin P Metformin Insulin P value Metformin Insulin P
value value
n=78 n =89 n =39 n=43 n =39 n =46
BMI, kg/m2 17.5 17.6 0.83 17.3 17.8 0.39 18.0 17.6 0.65
(16.3-19.3) (16.1-20.1) (16.2-18.6) (16.2-20.8) (17.90-19.6) (16.0-20.0)
Waist-to-height ratio 0.431 0.444 0.19 0.429 0.444 0.032* 0.437 0.436 0.77
(0.41-0.47) (0.43-0.49) (0.41-0.47) (0.43-0.49) (0.41-0.47) (0.42-0.47)
Adiponectin, pg/mL 10.37 9.50 (6.8-12.0) 0.016* 12.13 7.50 (5.8-11.3) < 0.001*  9.37 (7.7-14.3) 9.98 (7.8-12.5) 0.85%
(8.7-14.5) (9.7-14.7)
Leptin, ng/mL 6.13 (2.7-11.7) 6.69 (3.1-11.8) 0.63 4.01 (2.1-6.8) 6.66 (2.3-10.8) 0.21 8.71 (4.7-14.5) 6.69 (3.7-13.8) 0.47
Leptin/adiponectin 0.48 (0.2-1.1) 0.70 (0.3-1.4) 0.18 0.30 (0.2-0.7) 0.75 (0.3-1.3) 0.016*  0.75 (0.4-1.7) 0.70 (0.3-1.6) 0.44
ratio
hsCRP, mg/L 0.24 (0.2-0.7) 0.24 (0.2-1.1) 0.34 0.24 (0.2-0.4) 0.24 (0.2-0.8) 0.83 0.24 (0.2-0.8) 0.30 (0.2-1.3) 0.31
hsCRP < 0.25 mg/L,n 46 (59) 47 (53) 0.47% 24 (61.5) 26 (60.5) 0.92f 22 (56) 21 (47) 0.37%
(%)
hsCRP > 0.25 mg/L, n 32 (41) 41 (47) 15 (38.5) 17 (39.5) 17 (44 24 (53)
(%)
IL-6, pg/mL 1.18 (0.7-1.8) 1.31 (0.8-1.9) 0.23 0.87 (0.6-1.5) 1.30 (0.8-1.6) 0.23 1.44 (0.7-2.0) 1.31 (1.0-2.2) 0.63
IL-6 < 1.50 pg/mL, n 51 (65) 51 (60) 0.48% 29 (74) 26 (63) 0.291 22 (56) 25 (57) 0.97%
(%)
IL-6 > 1.50 pg/mL, n 27 (35) 34 (40) 10 (26) 15 (37) 17 (44) 19 (43)
(%)
Ferritin, ug/L 27.0 31.0 0.11 26.5 28.4 0.29 27.2 32.1 0.27
(20.9-40.1) (24.0-41.49) (21.3-36.3) (23.5-40.5) (20.8-43.9) (24.5-44.9)
Glycoprotein acetyls, 0.80 (0.8-0.9) 0.81 (0.7-0.9) 0.81 0.78 (0.7-0.9) 0.80 (0.7-0.8) 0.94% 0.84 (0.8-0.9) 0.83 (0.7-0.9) 0.61
mmol/L
Alanine 16.0 17.0 0.22 16.0 17.0 0.07 16.0 16.0 0.99
aminotransferase, (13.0-19.0) (14.0-21.0) (14.0-19.0) (15.0-22.0) (13.0-19.0) (13.0-20.3)
U/L
MRI n=76 n =382 n =38 n =42 n =38 n =40
VAT volume, cm® 246.3 254.5 0.82 204.7 286.0 0.46 284.3 216.5 0.16
(178.9-423.3) (153.3-516.4) (135.7-336.3) (132.4-530.1) (213.4-501.4) (167.4-483.9)
VAT volume < 250 39 (51) 41 (50) 0.87% 24 (63) 20 (48) 0.16% 15 (39.5) 21 (52.5) 0.25%
cms, n (%)
VAT volume > 250 37 (49) 41 (50) 14 (37) 22 (52) 23 (60.5) 19 (47.5)
em®, n (%)
MRS n=63 n=77 n = 30 n =39 n =233 n =38
Liver fat, % 3.1 (2.5-4.1) 3.1 (1.7-4.0) 0.39 2.9 (2.5-4.1) 3.1(1.5-3.9) 0.73 3.3(2.54.1) 3.2(1.9-4.0) 0.43
Liver fat < 5.0 %, n 58 (92) 66 (86) 0.20% 29 (97) 33(85) 0.10% 29 (88) 33(87) 0.90%
(%)
Liver fat > 5.0%,n (%) 5 (8) 11 (14) 13 6 (15) 4(12) 5(13)

Data are expressed as median (IQR) or n (%). Mann-Whitney U test was used unless stated otherwise [T-test (1), Chi-square or Fisher’s exact test (1)]. Abbreviations:
ALT, alanine aminotransferase; GDM, gestational diabetes mellitus; hsCRP, high-sensitive CRP; IL-6, interleukin-6; MRI, magnetic resonance imaging; MRS, magnetic

resonance spectroscopy; VAT, visceral adipose tissue.
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Table 2
Body composition by DXA in the 9-year-old offspring of metformin or insulin treated mothers with GDM.
All children Boys Girls
Metformin Insulin P Metformin Insulin P Metformin Insulin P
value value value
n =62 n =63 n =32 n =30 n =30 n =33
BMI, kg/m2 17.6 (16.6-19.3) 17.9 (16.2-20.7) 0.51 17.8 (16.5-19.1) 18.0 (16.8-20.8) 0.57 17.6 (17.0-19.4) 17.9 (16.2-20.1) 0.53%
Waist-to-height ratio 0.431 0.444 0.18 0.435 0.448 0.15 0.429 0.442 0.65%
(0.41-0.47) (0.42-0.49) (0.41-0.47) (0.43-0.49) (0.41-0.47) (0.41-0.47)
Total fat-free mass, 23.98 + 4.08 23.94 + 3.78 0.96% 25.16 + 3.71 25.41 + 3.99 0.80% 22.71 + 4.14 22.60 + 3.06 0.91%
kg
Total fat, kg 10.12 (8.2-11.9) 10.98 (8.7-14.6) 0.15 8.83 (8.0-11.6) 11.08 (7.8-14.0) 0.24 10.69 (9.0-12.6) 10.77 (8.9-15.2) 0.62
Total fat percentage, 30.25 32.1 (28.3-36.7) 0.14% 27.0 (24.6-31.2) 31.2 (24.1-34.7) 0.17 32.4 (29.3-35.5) 33.1 (29.4-38.0) 0.27%
% (25.6-34.7)
Arm fat, kg 1.33(3.4-5.3) 1.45 (3.8-6.0) 0.21 1.21 (1.0-1.6) 1.43 (1.0-1.9) 0.39 1.39 (1.2-1.8) 1.49 (1.1-2.1) 0.46
Leg fat, kg 4.54 (3.4-5.3) 4.55 (3.8-6.0) 0.24% 3.80 (3.3-5.0) 4.75 (3.6-5.6) 0.32 4.74 (3.4-5.4) 4.40 (3.9-6.2) 0.48
Trunk fat, kg 3.36 (2.6-4.4) 3.79 (2.9-5.5) 0.12 2.86 (2.5-4.2) 3.78 (2.3-5.6) 0.23 3.54 (3.1-4.9) 3.79 (2.9-5.8) 0.50
Trunk fat/leg fat, % 0.77 (0.7-0.9) 0.85 (0.7-1.0) 0.11 0.76 (0.7-0.9) 0.87 (0.7-1.0) 0.11 0.78 (0.7-1.0) 0.85 (0.7-1.0) 0.54
Android fat, kg 0.50 (0.4-0.7) 0.60 (0.4-0.9) 0.14 0.44 (0.4-0.64) 0.57 (0.4-1.0) 0.17 0.56 (0.4-0.8) 0.62 (0.4-1.0) 0.65
Android fat, % 25.7 (20.8-32.5) 28.0 (24.1-34.5) 0.07 22.5 (20.3-26.7) 26.7 (19.2-34.4) 0.15 30.7 (24.9-34.8) 30.5 (26.0-374) 0.83%
Gynoid fat, kg 1.66 (1.3-2.0) 1.75 (1.5-2.4) 0.18 1.58 (1.3-1.9) 1.73 (1.4-2.3) 0.28 1.91 (1.4-2.1) 1.79 (1.5-2.5) 0.56
Gynoid fat, % 35.24 + 5.68 36.76 + 5.52 0.13% 33.27 £5.72 34.28 + 6.09 0.50% 37.3+ 4.9 39.0 + 3.8 0.83%
Android/gynoid 0.293 0.340 0.073 0.293 0.342 0.063 0.308 0.332 0.55
ratio (0.27-0.35) (0.28-0.40) (0.26-0.35) (0.29-0.40) (0.27-0.37) (0.28-0.40)
FMI, kg/n‘l2 5.41 (4.4-6.4) 5.88 (4.6-7.7) 0.15 4.63 (4.1-5.9) 5.71 (4.2-6.8) 0.23 5.78 (5.0-6.88) 5.88 (4.8-7.9) 0.55
FFMI, kg/m2 12.71 + 1.47 12.66 + 1.20 0.84% 13.12 +1.37 13.10 + 0.19 0.96% 12.28 + 1.46 12.27 +£1.21 0.34%

Data are expressed as median (IQR), mean + SD or n (%). T-test was used unless stated otherwise [Mann-Whitney U test (1), Chi-square or Fisher’s exact test ()]. DXA
values are from Turku. Abbreviations: DXA, dual energy X-ray absorptiometry; FMI, fat mass index; FFMI, fat-free mass index; GDM, gestational diabetes mellitus.

2.4. Body composition

2.4.1. MRI and MRS acquisition

MRI and MRS scans were performed on a Siemens MAGNETOM Sola
fit 1.5 T MRI system (Siemens Healthcare, Erlangen, Germany) in Turku
University Hospital and a Siemens MAGNETOM Aera 1.5 T MRI system
(Siemens Healthcare, Erlangen, Germany) in Oulu University Hospital
using a similar scan protocol in both sites. First, a 2-point Dixon scan
(see Supplementary Table 1 for parameters) was performed on the
thighs and another one on the pelvic area. Then the abdominal and
thorax areas were scanned with respiration compensated 2-point Dixon
sequences. Finally, single-voxel proton MRS was performed to deter-
mine the liver fat content. Parameters of the MRS sequence are listed on
Supplementary Table 2. To positioning the spectroscopic voxels in the
liver tissue, three orthogonal views of the liver were produced with T2
HASTE sequences. Altogether, the MRI and MRS scanning session took
30 min.

2.4.2. VAT segmentation

For every child, the separate water and fat images produced by the
Dixon sequences were combined into single water and fat images
covering the total abdominal cavity. This was done using Osirix (version
6.0.2, Pixmeo SARL, Bernex, Switzerland) software.

Fat fraction maps [25] of the visceral area were constructed from
water and fat images by performing the following calculation for each
voxel in Vinci (version 4.9) software [26]: F/(W + F), where F is the
signal intensity of the fat image and W is the signal intensity of the water
image. Thus, each voxel in the fat fraction map represents the fraction of
fat signal intensity in relation to the signal intensity of both water and
fat.

Carimas (version 2.9, PET Centre, Turku University Hospital,
Finland) software was used for defining VAT volume from fat fraction
maps. The VAT was segmented as follows: 2-dimensional regions of
interest (ROI) covering the VAT area were drawn on every 6 sagittal
slices, typically a total of 22 ROIs were drawn for each subject. Then, a 3-
dimensional volume of interest (VOI) covering the VAT region was
constructed from the ROIs using the interpolation feature of the Carimas
software. Artifacts or bright areas inside the gastrointestinal tract (stool
and air) were segmented correspondingly and excluded from the volume

of interest. Finally, the voxels with an intensity value above 0.6 (i.e., fat
fraction over 60 %) within the volume of interest were considered to
represent VAT (Fig. 2).

The segmentation of the VAT area was defined with anatomical
landmarks for consistency: the most superior slice was chosen so that the
diaphragm forms a unified pattern and epicardial fat remains above the
area. The most inferior slice was chosen on the top of the S1 vertebra. Fat
behind vertebral bodies were left outside of the ROIL Segmentations
were generated by the first author and 15% of the masks were validated
by RP with 32 years of experience with MRI. Segmentation time per
patient was 1.5 h.

To further illustrate possible differences in the total VAT volumes
between the two medication groups, the median VAT of all study
offspring (250 cm3) was used as cut off (Table 1). To our knowledge, no
reliable VAT reference values for 9-year-old children are reported.

2.4.3. MRS data analysis

Liver magnetic resonance spectroscopy (MRS) data was exported
from the MR system in Siemens.rda-format and quantified using
LCModel software (Version 6.3-1 N) [27]). To determine a composite
lipid signal amplitude the lipid signal amplitudes from 0.9 to 2.8 ppm
were summed up and the contribution of the lipid signals residing under
the water peak was corrected by multiplying the sum by 1.086 [28].
Water and the composite lipid signal amplitudes were corrected for T2
relaxation using the T2 times determined by Hamilton et al. [29]. T1
correction was not applied since the TR time of 3000 ms was considered
long enough to make the correction unnecessary [30-31]. Fat fraction
was calculated by dividing the corrected composite lipid signal ampli-
tude by the sum of the corrected water and composite lipid signal am-
plitudes. We considered liver fat level <5% as normal in MRS (Tablel).
Di Martino et al. have shown that 5% is a threshold value between
healthy children and those with non-alcoholic fatty liver disease
(NAFLD) [32]. MRS analysis was successful in 140/171 children; nine
children refused to participate in MRI imaging and for 21 children MRS
was unsuccessful due technical reasons or for poor co-operation of the
child.

2.4.4. DXA
Assessments were performed only for the participants at the Turku
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Fig. 2. A 9-year-old child with low (a) or high (b) visceral adipose volume. 2.a.
Yellow colour represents visceral adipose tissue (VAT; fat fraction over 60 %) in
abdominal cavity. Axial slice on the left side is from the L2-L3 level and axial
slice on the right side is from the L4-L5 level. Fig. 2a. VAT volume is 195 cm®
(BMI 17.6 kg/mz, WHItR 0.43). Fig. 2b. VAT volume is 1048 cm?® (BMI 22.6 kg/
m?, WHtR 0.50). Abbreviations: BMI, body mass index; VAT, visceral adipose
tissue; WHtR, waist-to-height ratio.

University Hospital. Whole-body DXA for regional and total body fat,
fat-free mass and percent body fat was performed using Discovery A
System (Hologic, 123 Waltham, MA, USA) with standard imaging and
positioning protocols. All metal items were removed before densitom-
etry, and children were examined wearing only underwear and a cloth
gown. Android fat, gynoid fat, and android/gynoid ratio by DXA are
reported because they are found to highly correlate to risk factors for
both metabolic and cardiovascular diseases in normal weight and
overweight boys [17,33]. To report more clinically relevant height-
normalized indexes, fat mass index (FMI) and fat-free mass index
(FFMI) were calculated as fat-free mass (FFM) or fat mass (FM) divided
by height squared, respectively [34].

2.5. Statistical methods

The Kolmogorov-Smirnov test was used to analyse whether the
variables were normally distributed, and the Shapiro-Wilk test was used
to test the normality of the subgroups of boys and girls (n < 50).
Between-group comparisons were performed using Student’s t-test for
normally distributed data and the Mann-Whitney U test for skewed data
and the results are expressed as median (interquartile range [IQR]) or

Diabetes Research and Clinical Practice 202 (2023) 110780

mean + SD unless otherwise stated. Most variables were not normally
distributed in the subgroups. Chi-square or Fisher’s exact test was used
for categorical variables. Potential differences in boys and girls between
the treatment groups were explored using subgroup analysis. The IBM
SPSS Statistics version 26.0 (IBM Corp., Armonk, NY, USA) software
package was used and a P value of <0.05 was taken to indicate statistical
significance.

3. Results

As published previously [21], there were no significant differences in
maternal baseline characteristics (including socio-economic status
measured by parental education level), pregnancy outcomes, and
neonatal measures (including the number of children born small for
gestational age, metformin group n = 4, insulin group n = 4) between
the offspring who participated or did not participate in the follow-up
study. The baseline characteristics were similar also between those
offspring who participated in the 9-year follow-up study and were
exposed to metformin and those whose mothers GDM were treated with
insulin during the pregnancy [21]. Parental characteristics and the off-
spring’s anthropometric measures were similar in both treatment groups
at the 9-year follow-up [21].

3.1. BMI, WHtR

BMI did not differ between the study groups or sexes. In boys WHtR
values were lower in metformin group than in insulin group (median
0.429 [0.41-0.47] vs 0.444 [0.43-0.49], p = 0.032; Table 1).

3.2. Adipocytokines

The offspring of the metformin group had higher median adiponectin
concentration than those of the insulin group (10.37 vs 9.50 pg/ml, p =
0.016: Table 1). In an exploratory analysis the correlation between high-
density lipoprotein (HDL) cholesterol concentration [21] and adipo-
nectin concentration was 0.20 (p = 0.011) in all children and 0.32 in the
metformin group (p = 0.005) and 0.08 (p = 0.87) in the insulin group.
The median serum leptin concentration (6.13 vs 6.69 ng/mL, p = 0.63)
and leptin/adiponectin (L/A) ratio (0.48 vs 0.70, p = 0.18) did not differ
between the two treatment groups (Table 1). In a detailed analysis, a
more favourable adipocytokine profile was evident only in the boys.
Median adiponectin concentration was higher (12.13 vs 7.50 pg/ml, p <
0.001; Table 1; Fig. 3.a.) and L/A ratio was lower (0.30 vs 0.75; p =
0.016; Table 1; Fig. 3.c.) in the boys of the metformin group than in the
boys of the insulin group.

3.3. Low-grade inflammation

For the assessment of low-grade inflammation, we used hsCRP, IL-6,
ferritin, and GlycA as biomarkers. The median serum hsCRP was 0.24
mg/ml and no difference between the groups were seen. Concentrations
of the other inflammation markers; serum IL-6, ferritin and GlycA, were
similar in the two treatment groups. No sex-related differences were
found in the inflammation markers.

3.4. Adiposity, liver fat, fat distribution

VAT volume measured by MRI, liver fat percentage measured by
MRS, total and regional body fat percentages measured by DXA were
similar in the offspring in both treatment groups (Table 1, 2). Only few
offspring, five (7.9%) in metformin group and 11 (14.3%) in insulin
group, had liver fat percentage higher than 5% which is considered to
express significant liver fat content in MRS [33]. However, the propor-
tion of boys with high liver fat content was numerically lower in the
metformin group (3.3% vs 15.4%). The fat distribution measured by
DXA and the total fat free mass (FFM) of the offspring were similar
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Fig. 3. Offspring (a) adiponectin and (b) leptin concentrations, and (c) leptin/
adiponectin ratios in boys and girls. Box plot analysis.

between the groups. Similarly, body size adjusted fat mass and fat-free
mass indexes (FMI and FFMI) did not differ between the two treat-
ment groups (Table 2). There were no significant differences between
sexes in MRI, MRS, or DXA studies, but a borderline difference was
found in android/gynoid ratio by DXA between the metformin and in-
sulin group boys (median 0.293 vs 0.342, p = 0.063). Serum ALT con-
centrations did not differ between the groups or sexes (Table 1).

4. Discussion

In the present follow-up study of offspring of mothers with GDM
randomized to metformin or insulin treatment during pregnancy, we
found that metformin does not adversely affect offspring adiposity at 9
years of age. Noteworthy, some adiposity related variables were more
favourable in the boys of the metformin group compared to the boys of
the insulin group.

Higher serum adiponectin concentration in the metformin group
offspring is in-line with our previous result of higher serum high-density
lipoprotein (HDL) cholesterol concentration in the offspring who were
exposed to metformin during pregnancy [21]. These two favourable
results were found only in the boys of the metformin group, and no
differences were found between the two treatment groups in the girls.
Similarly, significantly lower L/A ratio was found only in the metformin
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group boys compared to insulin group boys. WHtR was slightly lower in
the boys of the metformin group than those of the insulin group, which
may possibly be related to higher serum adiponectin concentration and
lower L/A ratio in metformin group boys.

Adipose tissue is a highly active endocrine organ, and it has been
shown that the characteristics of adipose tissue determine adiponectin
secretion more than the amount of it [35]. Optimal adiponectin con-
centration enhances insulin sensitivity and also the adiponectin/leptin
ratio is a reliable and predictive biomarker for several metabolic dis-
orders, such as type 2 diabetes, and cardiovascular disorders [35]. Fri-
thioff-Bgjsge et al. [18] have indeed suggested that L/A ratio is more
important risk marker of cardiometabolic comorbidities in children than
adiponectin or leptin alone. The findings in present study raise questions
about the mechanism by which metformin treatment for GDM during
pregnancy could increase adiponectin values in prepubertal boys and
why this effect was not observed in girls. Lu et al. [36] have indeed
showed sex-discordant differences in adult mice offspring after being
exposed to maternal GDM. They found that male mice offspring are
more vulnerable to maternal hyperglycemia in pregnancy than female
mice offspring. Autonomous correction of overgrowth, dyslipidemia and
hyperglycemia was seen in female but not in male adult mice offspring.
However, maternal metformin, insulin or glibenclamide treatment cor-
rected metabolic alterations in male offspring [36]. This finding that the
sexes can develop different metabolic phenotypes after similar exposure
during pregnancy is interesting, but the setting of this experimental
animal study was not aimed to examine the influence of the maternal
medication for GDM to offspring.

To date, only one other randomized controlled trial of maternal
metformin or insulin treatment for GDM [7] has reported offspring data
of adipocytokines, markers of the low-grade inflammation, adiposity
measures, regional fat distribution and liver fat percentage [14]. In the
study of Rowan et al. [14] the offspring in metformin group had higher
weight, mid-upper arm circumference, waist circumference and WHtR
at the age of 9 years, but their study groups were smaller and partici-
pation rate was lower than in the present study. To the contrary to
Rowan et al. [14], we found higher serum adiponectin values in boys of
the metformin group. Furthermore, we found no differences in ferritin or
other inflammation markers between the two treatment groups. Differ-
ences between our results and those of Rowan et al. [14], who found
higher weight, WHtR and ferritin (median 52 ug/L vs 40 ug/L, p =
0.009) in the metformin group, might be due to differences in the
ethnicity [37]: 99% of mothers of our children were Caucasian whereas
more than 50% of the mothers in the study of Rowan were of other
ethnicities.

The estimation of liver fat percentage might be dependent of the
selected region for analysis in MRS. In present study median liver fat
percentage was slightly higher (3.1% both in the metformin and insulin
groups) compared to the study of Rowan et al. [14] (2.5% and 1.8%
respectively, p = 0.10). Compatibly, Rowan et al. [14] found slightly
higher VAT volume in the metformin group than in the insulin group
offspring (mean 941 cm® vs 722 cm®, p = 0.051). We found no differ-
ences in VAT volume between the two treatment groups. Neither we nor
Rowan et al. [14] found differences between treatment groups in total or
abdominal (or android) body fat measured by DXA. However, in the
present study the android/gynoid ratio was slightly lower in the met-
formin group boys. High serum ALT concentration is characteristic for
fatty liver but median serum concentrations of ALT in our study were
low, and similarly in the study by Rowan et al., did not differ between
the treatment groups.

4.1. Strengths and limitations of the study

The major strength of the present follow-up study is that the 9-year-
old offspring represents well the original cohort, allowing valid com-
parisons between the treatment groups. Moreover, the baseline data
were similar between the 9-year study participants and the group of
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nonparticipants and between the two study sites. In addition, the study
protocol was similar at the two study sites as well as at the baseline
(pregnancy, birth) and at the 9-year follow-up. Among the participating
children, both sexes and treatment groups were evenly distributed, and
all the children were prepubertal. All measurements were performed
using strict procedures and all blood samples were stored under similar
conditions and analysed at the same time in one laboratory [21].
Currently, this follow-up cohort of 172 9-year-old offspring whose
mothers received either metformin or insulin for GDM is the largest
published cohort comparing long-term effects of prenatal metformin
exposure and maternal insulin treatment. The follow-up rate of 55%
obtained for the total cohort was satisfactory, considering the period of
9 years between birth and follow-up. There were some limitations in the
study. Firstly, the suboptimal follow-up rate may have led to some po-
tential differences not being detected between the treatment groups.
Secondly, the majority of the study subjects had hsCRP concentration
below the detection limit. Thirdly, we were not able to get some results
due to participants refusal or technical reasons. Furthermore, DXA as-
sessments were performed only in children followed in Turku. These
children, however, represent 74 % of all participants. Lastly, the par-
ticipants were almost entirely of white Caucasian ethnicity, which may
affect the applicability of the results to other ethnic groups.

4.2. Conclusions

In conclusion, treating GDM with metformin was not inferior to in-
sulin in regard of prepubertal offspring body composition or inflam-
mation markers. These main results support the hypothesis that using
metformin for the treatment of GDM has no negative effects on the
adiposity variables of the offspring during the prepubertal period. In
addition, adipocytokine profiles were similar in the two treatment
groups in the girls but more favourable in the boys of the metformin
group than in the insulin group. Our results in the present and our
previous study [21] leave open an interesting question as to whether
exposure to metformin during pregnancy influences the offspring sexes
differently regarding lipid, adipocytokine and glucose metabolism also
in long term, e.g., after puberty and young adulthood.
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