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Abstract

Background: The global rise in diabetes prevalence during pregnancy is contributing to
increased maternal and neonatal morbidity. While metformin effectively controls glycemia in
both type 2 diabetes and gestational diabetes mellitus (GDM) and offers practical benefits
compared to insulin, its widespread adoption as a first-line treatment is constrained by concerns
over placental transfer and potential impacts on placental function, fetal development and
offspring’s long-term health effects.

Objective: This study aims to assess the association between maternal diabetes pharmacological
therapy (metformin versus insulin) and placental histopathology in term singleton pregnancies.
Methods: A retrospective study was conducted of term singleton diabetic pregnancies delivered
from January 2019 to October 2023. Maternal and neonatal electronic medical records along
with placental histopathology reports were reviewed, identifying 105 pregnancies that met the
inclusion criteria (59 treated with metformin and 46 with insulin). Placental lesions were
categorized based on the 2014 Amsterdam Consensus. Relevant gestational clinical data, primary
neonatal outcomes, and placental histological lesions were compared between the two treatment
groups.

Results: Maternal anthropometric profiles and comorbidities were comparable between the
treatment groups, with the exception of a higher prevalence of pre-gestational obesity in the
metformin group and a significantly increased rate of thyroid disease during pregnancy in the
insulin group. Women in the insulin group exhibited significantly higher glycated hemoglobin
(HbA 1c) levels during pregnancy compared to those in the metformin group. There were no
significant differences in neonatal complications associated with diabetes in either type 2 or
gestational diabetes cases. However, pregnancies with type 1 diabetes, which were managed
exclusively with insulin, demonstrated greater maternal gestational weight gain, higher rates of
large-for-gestational-age neonates, and elevated fetoplacental weight ratios. Fetal inflammatory
response and chronic deciduitis were the only placental lesions significantly more frequent in the
group treated with metformin among all cases of diabetes during pregnancy.

Keywords: Diabetes, Pregnancy, Metformin, Insulin, Placental Histopathology
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Resumo

Contexto: O aumento global da prevaléncia de diabetes durante a gravidez est4 a contribuir para
o aumento da morbilidade materna e neonatal. Embora a metformina controle eficazmente a
glicemia tanto na diabetes tipo 2 como na diabetes gestacional (DG) e ofereca beneficios préticos
em comparacdo com a insulina, a sua adoc@o generalizada como tratamento de primeira linha é
limitada por preocupacdes em relagdo a sua passagem pela barreira placentdria e aos potenciais
impactos na fun¢ao da placenta, no desenvolvimento fetal e na saide do concepto a longo prazo.
Objetivo: Este estudo visa avaliar a associacio entre a terapéutica farmacoldgica da diabetes
materna (metformina versus insulina) e a histopatologia da placenta em gravidezes de termo com
feto Unico.

Métodos: Foi realizado um estudo retrospetivo de gravidezes diabéticas de termo com feto tinico
com nascimento entre janeiro de 2019 e outubro de 2023. Foram revistos os registos clinicos
eletrénicos hospitalares maternos e neonatais, bem como os relatérios de histopatologia
placentdria, tendo sido identificadas 105 gravidezes que cumpriam os critérios de inclusio (59
tratadas com metformina e 46 com insulina). As lesdes placentarias foram categorizadas com
base no Consenso de Amesterdao de 2014. Os dados clinicos gestacionais, os resultados
neonatais e as lesdes histoldgicas placentdrias foram comparados entre os dois grupos de
tratamento.

Resultados: Os perfis antropométricos maternos e as comorbidades foram compardveis entre 0s
grupos de tratamento, com excecio de uma maior prevaléncia de obesidade pré-gestacional no
grupo da metformina e uma taxa significativamente mais elevada de doenca da tiroide durante a
gravidez no grupo da insulina. As mulheres no grupo da insulina apresentaram niveis
significativamente mais elevados de hemoglobina glicada (HbA 1c¢) durante a gravidez em
comparacdo com as do grupo da metformina. Nao foram encontradas diferencas significativas
nas complica¢des neonatais associadas a diabetes, tanto nos casos de diabetes tipo 2 como nos de
diabetes gestacional. No entanto, as gravidezes com diabetes tipo 1, que foram manejadas
exclusivamente com insulina, demonstraram um maior aumento de peso gestacional materno,
taxas mais elevadas de recém-nascidos grandes para a idade gestacional e relacao de peso
feto-placentdrios elevados. Resposta inflamatéria fetal e deciduite crénica foram as tnicas lesdes
placentdrias significativamente mais frequentes no grupo tratado com metformina.

Palavras-chave: Diabetes, Gravidez, Metformina, Insulina, Histopatologia placentaria
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1 Introduction

The placenta, a transient but vital organ, plays a central role in ensuring successful pregnancy
outcomes. It functions as the interface for maternal-fetal exchange of nutrients, gases, and waste
products, and is critical for endocrine and immunological functions to support fetal development
[50, 26]. The placenta facilitates the maternal-fetal exchange, regulating the transfer of nutrients
from the maternal to the fetal circulation and removing waste products from the fetal circulation
[50]. Furthermore, the placenta is critical for hormone production, including human chorionic
gonadotropin (hCG), progesterone, and estrogen, essential for pregnancy maintenance and fetal
development [50]. It also participates in immune modulation, protecting the fetus from maternal
immune responses while allowing for selective transfer of maternal antibodies [26]. However, in
diabetic pregnancies, these intricate placental functions are disrupted [57].

diabetes mellitus (DM) represents a significant global health challenge, characterized by hy-
perglycemia resulting from defects in insulin secretion or action [12]. Classified primarily into
Type 1, Type 2, and gestational diabetes mellitus (GDM), each type presents unique pathophys-
iological features and clinical management strategies [12]. The global prevalence of diabetes is
alarmingly high, with a particularly concerning rise in GDM incidence. In 2017, the estimated
worldwide number of adults living with diabetes mellitus was 425 million (8.8% of the total pop-
ulation) [12]. Worryingly, in the same year, 16.2% of worldwide live births were affected by some
degree of hyperglycemia during pregnancy, and 86.4% of these cases were attributed to GDM
[12]. Pregestational diabetes (Type 1 and Type 2 DM preceding pregnancy) also contributes sig-
nificantly to adverse pregnancy outcomes. Diabetes in pregnancy is associated with a spectrum
of maternal and fetal complications, including increased risks of preeclampsia, preterm birth, ce-
sarean delivery, macrosomia (excessive fetal growth), shoulder dystocia, neonatal hypoglycemia,
hyperbilirubinemia, and even stillbirth [37, 43].

Histopathological studies of placentas from diabetic pregnancies reveal a range of character-
istic macroscopic and microscopic changes [12]. Increased placental weight is a common finding,
often associated with fetal macrosomia [14]. Macroscopic alterations in placentas from GDM
pregnancies include changes in surface area and volume, as well as increased central thickness
and number of cotyledons [12, 49]. Microscopic alterations in diabetic placentas include villous
immaturity, characterized by delayed maturation of placental villi, and an increased number of
syncytial knots, indicative of syncytiotrophoblast stress [17, 23]. Other documented histological
alterations include fibrinoid necrosis, representing areas of placental tissue damage, and thicken-

ing of the placental basement membrane, potentially hindering nutrient transfer [39, 1]. Moreover,
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diabetes can disrupt placental vascularization, leading to both hypervascularity and hypovascular-
ity, impacting blood flow and exchange capacity [40]. Histological markers of oxidative stress and
inflammation are also prominent features in placentas from diabetic pregnancies [1, 76]. In GDM
placentas, histological changes include an increased volume of intervillous space and terminal

villi, syncytiotrophoblast number, fibrinoid areas, and glycogen deposits [12].

Current treatment strategies for diabetes in pregnancy aim to achieve optimal glycemic control
and mitigate adverse outcomes. The initial management generally consisted of lifestyle modifica-
tions (nutritional counselling and exercise) followed by pharmacological treatment when neces-
sary [9]. Divergent recommendations in clinical guidelines still conflict over whether Insulin and

Metformin present equal treatment options for type 2 and gestational diabetes.

The American Diabetes Association (ADA) and American College of Obstetricians and Gyne-
cologists (ACOG) [4, 3] recommend insulin as a first-line agent to treat hyperglycemia. It is also
advised that, if Metformin is used pre-conception, by the end of the first trimester, should be dis-
continued, due to its ability to cross the placenta to the fetus and the lack of long-term safety data
[4]. However, the International Federation of Gynecology and Obstetrics (FIGO) [35], the UK
NICE guidelines [56] and, since 2022, the European health authorities endorsed the use of Met-
formin throughout pregnancy for pre-gestational and gestational diabetes, either as mono-therapy
or alongside insulin, as a safe and effective option, if lifestyle modification alone fails to achieve

maternal glucose control [16].

The present study compared the placental histopathological features of term singleton dia-
betic pregnancies managed with metformin versus insulin, and correlated these findings with key
maternal and perinatal outcomes. By elucidating placental adaptations to varying glycemic con-
trol strategies, this work seeks to provide a new perspective and contribute to a more informed
therapeutic decision-making.

To better understand the challenges of managing diabetes in pregnancy, it is crucial to first
examine the complex physiological and hormonal changes that lead to insulin resistance during
gestation. The following sections will provide a detailed review of the current literature on these

mechanisms.

1.1 Literature Review

1.1.1 Physiological Mechanisms Leading to Insulin Resistance in Pregnancy

Pregnancy induces progressive insulin resistance, a normal metabolic adaptation that reduces ma-
ternal peripheral glucose uptake, thereby increasing glucose availability for the fetus [74]. This
is paralleled by compensatory increases in maternal pancreatic beta-cell mass, insulin synthesis,
and secretion to maintain glucose homeostasis [63, 62]. Together, these mechanisms prioritize

placental glucose transfer for fetal use while regulating maternal glucose levels [63, 58]. This
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physiological process is driven by a complex interplay of gestational hormones (e.g., human pla-
cental lactogen (hPL), placental growth hormone (PGH), progesterone, estrogens, cortisol) and
inflammatory cytokines. While the exact mechanisms are not fully understood, these factors al-
ter insulin signaling pathways, ensuring fetal glucose supply at the cost of progressively reduced

maternal insulin sensitivity [74].

1.1.2 Hormonal Influences on Insulin Resistance
1.1.2.1 Human Placental Lactogen (hPL)

human placental lactogen (hPL) is a peptide hormone produced by placental syncytiotrophoblast
cells. Structurally similar to pituitary growth hormone (GH) and prolactin (PRL), it belongs to the
somatotropin family. It primarily binds to PRL receptors PRLR, exhibiting lower affinity for GH
receptors [62, 58]. Detectable in maternal plasma by six weeks of gestation, hPL levels increase
linearly, peaking at 5000-7000 ng/mL around the 30th week. Near term, its secretion reaches
remarkably high levels, the greatest known of any human hormone (1g / day), and is rapidly
cleared from maternal circulation following placental delivery [63, 62].

Considered a "diabetogenic" hormone with both insulin-like and anti-insulin effects, hPL con-
tributes to the altered insulin sensitivity during pregnancy, resulting in increased maternal insulin
resistance and reduced glucose utilization. This metabolic shift is counterbalanced by a concomi-
tant increase in pancreatic insulin secretory capacity, also driven by hPL [63]. Whereas in fetal
tissues, hPL stimulates insulin-like growth factor (IGF) production and enhances the supply and
uptake of key nutrients for fetal growth and development [30].

Studies using isolated rodent pancreatic islets indicate that PRLR signaling, activated by pla-
cental lactogens and prolactin, enhances glucose-induced insulin secretion. This effect is linked
to the upregulation of PRLRs in pancreatic -cells during pregnancy. Evidence indicates that
this PRLR signaling is a key mediator of critical pregnancy-associated adaptations—including in-
creased fB-cell proliferation, survival, and insulin secretion, alongside a lowered glucose threshold
for insulin release-which are essential for maintaining maternal glycemic control [58]. In human
studies, hPL promotes lipolysis, increasing free fatty acid availability to spare glucose for fetal
use.

By interacting with hypothalamic PRL receptors, hPL likely promotes increased appetite and
food intake. Furthermore, it is also thought to play a role in inducing and maintaining the physio-
logical state of hyperleptinemia and relative leptin resistance during pregnancy, which contributes
to hyperphagia despite increased adipose tissue [63]. While physiological in pregnancy due to
increased syncytiotrophoblast synthesis, hyperleptinemia is generally associated with insulin re-
sistance and compensatory hyperinsulinemia, partly due to an insulin-leptin feedback loop. This
loop involves insulin stimulating leptin secretion from adipose tissue, and leptin, in turn, stimulat-
ing insulin release. Moreover, leptin may increase the risk of GDM by accentuating physiological
IR through the placental release of pro-inflammatory cytokines like TNF-¢ and IL-6, which impair

intracellular insulin signaling and its peripheral actions [11].
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Placentally-derived hPL positively correlates with birth weight and placental mass. Accord-
ingly, placentomegaly in maternal diabetes could elevate hPL, thereby stimulating maternal/fetal
beta-cell expansion, boosting fetal insulin, and promoting glycogenesis, fat deposition, and further
fetal growth [63]. This suggests that maternal hPL levels could be a biomarker for macrosomia
prediction [63]. However, several studies found no direct relationship between maternal hPL levels
and GDM diagnosis. Suggesting that while hPL contributes to metabolic adaptations in pregnancy,

other factors may be more critical in GDM pathogenesis [63].

1.1.2.2 Human Placental Growth Hormone (hPGH)

Human placental growth hormone (hPGH), another key contributor to insulin resistance during
pregnancy, is tonically produced and secreted by the placental syncytiotrophoblast and extravillous
cytotrophoblast layers. Its maternal serum levels rise throughout gestation, gradually replacing the
pulsatile secretion of pituitary growth hormone after the 15th to 20th week, rendering GH unde-
tectable in maternal serum by the 24th gestational week [76, 35]. By term, hPGH concentrations
reach 20-40 ng/ml, levels comparable to those in acromegaly and approximately 10 times higher

than GH levels outside of pregnancy [2].

Research strongly indicates that hPGH exhibits potent somatogenic but weak lactogenic ef-
fects, binding GH receptors with high affinity and PRL receptors with low affinity [62, 11]. Unlike
pituitary GH, hPGH secretion is not GHRH-regulated but rather responds to maternal hypogly-
caemia, to ensure fetal glucose supply. The glucose transporter Glutl in syncytiotrophoblast cells

regulates the adjustment of hPGH secretion according to maternal serum glucose levels [62, 11].

Insulin resistance is induced by hPGH through decreased synthesis of adiponectin, an insulin-
sensitizing hormone (possibly via STATS5-mediated promoter inhibition), and through inhibition of
intracellular insulin signaling [11]. This signaling inhibition occurs as PGH-induced p85 subunit
expression competitively blocks insulin receptor substrate (IRS) 1 activation of PI3K (preventing
p110 heterodimerization), thus impairing GLUT4 translocation in insulin-dependent tissues [11].
Furthermore, in rodent in vitro studies, hPGH exhibits diabetogenic effects similar to pituitary GH,
such as inducing hyperinsulinemia, decreasing insulin-stimulated glucose uptake and glycogen

synthesis, and impairing insulin’s suppression of hepatic gluconeogenesis [2].

Although these effects are not so clearly demonstrated in human pregnancy, in rodent models,
hPGH appears to be the primary driver of maternal insulin growth factor 1 (IGF) levels. Suggesting
an interplay within the GH/hPGH/IGF axis, including IGF-binding proteins (IGF-BPs), which
likely couples insulin resistance with growth hormone activity during pregnancy [2].

While the physiological processes involving hPGH are linked to its overproduction in GDM,
suggesting a dose-dependent relationship [11], it is also observed that reduced hPGH expression
can decrease lipolysis and circulating IGF-I [62]. However, the underlying mechanisms for both

these observations are not entirely elucidated.
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1.1.2.3 Progesterone

Progesterone, a key hormone for pregnancy implantation and maintenance, is initially synthesized
by the corpus luteum and subsequently undergoes a luteal-placental shift by the end of the second
month of gestation. Thereafter, the placenta becomes the primary source, with progressive increase
in maternal circulating levels until peak concentrations of approximately 130 ng/mL in the third
trimester [52], and high-dose progesterone has been linked in previous studies to disturbances in

glucose homeostasis [46].

Research using 3T3-L1 adipocytes has demonstrated that progesterone interferes with insulin
signaling, including a reduction in IRS-1 expression and inhibition of insulin-stimulated tyrosine
phosphorylation in many metabolic pathways. These alterations impair downstream signaling
required for GLUT-4 translocation, ultimately reducing insulin-mediated glucose uptake and in-

creasing insulin resistance [79].

Corroborating these findings, experiments using in vitro human Hep3B hepatocytes and in
vivo mouse models have demonstrated that progesterone induces hepatic gluconeogenesis, lead-
ing to elevated blood glucose levels under insulin-deficient and insulin-resistant conditions. In
contrast, under physiological conditions, the maintenance of normal blood glucose levels was
observed. According to previous reports, this could result from the interaction of progesterone re-
ceptor membrane component 1 with GLP-1 receptor in f3-cells promoting a compensatory insulin

secretion [46].

1.1.2.4 Estrogen

During pregnancy, estrogen production, initially by the corpus luteum and then increasingly by
the placenta, leads to a significant increase in estrogen levels (estrone (E1), estradiol (E2), and
estriol (E3)) up to 30-fold at term and E2 rise from approximately 7 ng ml-1 near the end of the
first trimester, to 28-30 ng ml-1 at term [53].

Studies also in 3T3-L1 adipocytes have demonstrated a estrone (E1) concentration-specific ef-
fect on glucose metabolism: physiological concentrations (e.g., 10-8 M) enhance insulin-induced
glucose uptake, whereas the high concentrations found in pregnancy (e.g., 10-5 M) inhibit it, con-
tributing to insulin resistance (90-Nagira). The result observed indicated that the mechanism for
this inhibition by high E2 involves impairing, at least in part, the modulation of IRS-1 phospho-
rylation at [Ser307], resulting in inhibition of tyrosine phosphorylation of IRS-1 that leads to the

attenuation of insulin signaling [54].

Conversely, estrogen receptors are also expressed in the islets of Langerhans and respond to
rising estrogen levels during pregnancy. Rodent studies have identified that E2 potentiates insulin
biosynthesis, enhancing the insulin secretory response to glucose and promoting resistance in f3-
cells from injury-stimulated apoptosis. Therefore, taking part in the maintenance of maternal

glycaemia within the physiological range [53].
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1.1.2.5 Cortisol

During pregnancy, maternal circulating cortisol levels increase substantially, particularly in the
second and third trimesters. Driven by the placental production of large amounts of corticotropin
releasing hormone, the maternal hypothalamic—pituitary—adrenal axis responds with a rise of
adrenocorticotrophin hormone output by the pituitary gland, which leads to increased synthesis
and release of cortisol by the adrenal cortex into maternal circulation. By the third trimester, circu-
lating cortisol concentrations reach approximately three times non-pregnant levels. Concurrently,
a progressive increase in circulating cortisol-binding globulin levels, mediated by the oestrogen,
results in an increase in total cortisol levels with a higher concentration of active (biochemically
"free’) cortisol [21].

Glucocorticoids, such as cortisol, severely disrupt glucose homeostasis through tissue-specific
mechanisms. The activation of glucocorticoid receptors triggers distinct cellular responses that
promote hyperglycemia and insulin resistance [27, 47].

Under normal conditions, hepatic gluconeogenesis and glycogenolysis are potently suppressed
by insulin. However, glucocorticoid exposure promotes hepatic insulin resistance by disrupting
phosphorylation of downstream effectors in the insulin-mediated gluconeogenic signalling path-
way. There is also an intensification of shuttling of gluconeogenic precursors from skeletal mus-
cle and adipose tissue, associated with the upregulation of gluconeogenic enzymes in hepatocytes.
These combined effects increase hepatic glucose production and output, which remains unopposed
by insulin [47].

Studies with primary cultures of human skeletal myocytes suggest that cortisol impairs in-
sulin sensitivity by interfering with the insulin signaling cascade, specifically reducing insulin-
stimulated phosphorylation of the insulin receptor substrate-1. This reduction in phosphorylation
subsequently attenuates GLUT-4 translocation to the plasma membrane, thereby limiting insulin-
stimulated glucose uptake by the muscle. Whereas primary cultures of human adipocytes, in-
duced by glucocorticoid treatment, increased insulin-stimulated glucose uptake, with increasing
expression and phosphorylation of insulin receptor substrate-2 while maintaining insulin receptor

substrate-1 expression and phosphorylation, thereby maintaining insulin sensitization [27].

1.1.3 Adipokines

Adipokines are a broad group of cytokines secreted by white adipose tissue and the placenta during
gestation that include TNF-o, adiponectin, leptin, resistin, and others. With increasing interest,
many studies related to pregnancy, obesity, and diabetes have investigated the effects of adipokines
on the development and modulation of insulin resistance. However, the mechanisms involved in
most adipokines require further studies and are still not fully understood [33].

Analysis of human maternal plasma and placental cotyledon identified that TNF-« levels were
the most significant independent predictor of insulin sensitivity, when compared to leptin, cortisol,
and reproductive hormones in a multivariate stepwise regression analysis. Circulating levels of

TNF-o declined in early pregnancy and increased during the third trimester, paralleling changes in
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insulin resistance. Although TNF-« is synthesized and secreted by both the placenta and adipose
tissue, data obtained from the cotyledon in vitro analysis suggest that TNF-¢ the late-gestational
increase appears to be predominantly due to placental production [42].

Findings from cultured hepatocytes [24], skeletal muscle cell [18] and adipocytes [36] indi-
cated that tumor necrosis factor TNF-o impaired insulin signalling by promoting serine phos-
phorylation of insulin receptor substrate (IRS)-1 and IRS-2, and also decreased insulin receptor
tyrosine kinase activity, thus reducing insulin-stimulated glucose uptake [24, 18, 36].

Adiponectin is the most abundant and almost exclusive adipose tissue adipokine released
[33, 68]. In contrast to TNF-¢r, adiponectin can be considered as an insulin-sensitizing and anti-
inflammatory hormone that enhances skeletal muscle glucose uptake and suppresses hepatic glu-
cose production by activating AMP-activated protein kinase (AMPK). However, evidence indi-
cates that TNF-¢, other cytokines, and placental growth hormone inhibit adiponectin expression
and release in adipocytes, possibly via STATS protein activation and binding to adiponectin pro-
moter sites, contributing to the progressive decline in adiponectin circulating levels with advancing
pregnancy [6, 33, 10].

Leptin is an adipokine synthesized by adipose tissue; however, during pregnancy, it is primar-
ily produced by the syncytiotrophoblast with peak levels mid-gestation that remain elevated until
postpartum. Although hyperleptinaemia is physiological during pregnancy, maternal obesity or
excessive weight gain can further elevate leptin levels and contribute to further maternal fat mass
gain, aggravating the insulin resistance and a compensatory hyperinsulinaemia [68]. As insulin
promotes leptin secretion by white adipose tissue, this creates a vicious cycle that exacerbates in-
sulin resistance [48]. Proposed mechanism associated with higher leptin levels includes increased
placental release of tumor necrosis factor-alpha and interleukin 6 (IL-6), which impairs insulin
signalling and reduces its peripheral effects [6].

Resistin is a hormone synthesized primarily by the adipose cells during adipogenesis and is
upregulated in obesity. During pregnancy, the placenta becomes the primary source of resistin
production, with secretion progressively increasing and peaking in the third trimester [48, 68].
Described as an insulin resistance-inducing hormone, it impairs pancreatic $-cell function by in-
ducing suppressor of cytokine signaling 3 (SOCS3) expression and inhibiting AKT phosphoryla-
tion, thereby reducing insulin release. Moreover, it decreases insulin sensitivity in skeletal muscle,

adipose tissue, and liver, by interfering with GLUT4 translocation and glucose uptake [6].

1.2 Metformin

Metformin (dimethylbiguanide hydrochloride) is a biguanide, orally administered, that improves
insulin sensitivity with a glucose-lowering effect [43]. As a constituent of many herbal remedies,
the prescription of biguanides in Europe for diabetes mellitus symptoms can be traced back to the
Middle Ages [69]. Metformin was synthesized in the 1920s and introduced in the late 1950s for
the treatment of non-insulin-dependent diabetes mellitus [69]. Although metformin itself demon-

strated a favorable safety profile, other biguanides presented an increased risk of lactic acidosis and
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cardiovascular mortality, prompting, in the late 1970s, the United States and many other countries
to withdraw the entire class from clinical use [69, 6].

After 20 years of safe and effective use in Europe, metformin was approved for prescription
use in the United States in 1995. In 2009, became first-line pharmacological therapy for type 2 dia-
betes in a joint consensus of the American Diabetes Association and the European Association for
the Study of Diabetes, which was subsequently endorsed by numerous national and international
guidelines [69, 55, 6].

Regarding the use of metformin during pregnancy, in 1979, a study involving 60 women with
gestational diabetes reported the use of metformin during the second and third trimester after di-
etary failure, particularly in overweight patients. The findings indicated satisfactory outcomes
related to maternal glycemic control and perinatal morbidity and mortality [15]. Subsequently,
metformin for the management of gestational diabetes gained progressive clinical traction and
research interest. In 2009, the International Diabetes Federation recognized metformin as a treat-
ment option for gestational diabetes, prompting updates in other international guidelines in the
following years [69, 45].

Studies comparing the use of metformin and insulin for GDM have shown maternal and neona-
tal benefits, such as reduced gestational weight gain and lower risk of pregnancy-induced hyper-
tension, decreased risks of macrosomia, neonatal hypoglycemia, and NICU admission. These
advantages were achieved with no increased risk of preeclampsia, preterm birth, or cesarean de-
livery [7, 13].

Systematic reviews and large-scale case-control studies have also consistently found no evi-
dence that first-trimester exposure to metformin increases the risk of significant congenital anoma-
lies [13, 28]. Metformin is usually well tolerated, but gastrointestinal adverse effects are common,
including nausea, vomiting, diarrhea, abdominal bloating and pain, especially during initiation of
the therapy. Typically, these are transient, mild symptoms [7].

However, concern persists as metformin is not metabolized, is distributed into most tissues, ex-
creted unchanged in maternal urine, and can cross the placental barrier, reaching clinically relevant
concentrations in both placental and fetal tissues (50%“100% of maternal levels). This exposure
could potentially influence placental and fetal physiology through direct or indirect pathways.
Therefore, its use in diabetic insulin-independent pregnancies continues to vary among country-

specific protocols [43, 17, 17].

1.2.1 Pharmacokinetics of metformin

Although decades of clinical application and extensive research, the precise mechanism underly-
ing metformin’s actions remains complex and not fully elucidated [78]. After oral administration,
metformin accumulates preferably in the gastrointestinal tract, liver, and kidney, while circulating
levels remain comparatively lower [31]. Metformin primarily antihyperglycaemic effect improves
glycemic control by suppressing hepatic gluconeogenesis and glucose output, thereby reducing
fasting glycemia without increasing basal insulin levels or inducing clinically significant hypo-

glycemia or weight gain. Additional mechanisms in the intestine have been proposed, such as
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the suppression of intestinal gluconeogenesis, increased glucose uptake, promotion of anaerobic
metabolism, and increased glucagon-like peptide-1 secretion [78, 6, 25].

The impact of metformin on systemic glucose uptake is still a subject of debate. Some studies
indicate an increase in insulin-stimulated glucose uptake and glycogen synthesis. In contrast,
other studies have found no improvement in peripheral insulin sensitivity and suggest that relevant
results may depend on supra-therapeutic doses of metformin than those used in clinical settings
[25, 31]. Moreover, studies have demonstrated improvements in blood lipid profiles, reduced

coagulability, and attenuation of inflammation [6, 31].

1.2.1.1 Hepatic glucose production

Current evidence, although still highly debated, suggests that hepatic gluconeogenesis suppres-
sion involves four distinct pathways that collectively reduce glucose production in hepatocytes.
A proposed mechanism of metformin action involves the inhibition of mitochondrial complex I
activity, which reduces mitochondrial respiration and the [ATP]:[AMP] ratio, thereby promoting a
cytosolic increase in AMP levels. Elevated AMP activates AMPK, which inhibits gluconeogenic
gene expression and promotes lipid oxidation. Elevated AMP also antagonizes hepatic glucagon
signaling by preventing glucagon-stimulated production of cAMP and also allosterically inhibits
FBP1, thereby directly inhibiting the gluconeogenic pathway from pyruvate. Metformin would
also hinder cytosolic enzyme activity and alter cytosolic redox by raising [NADH]:[NAD+] ratio,

thereby impairing gluconeogenesis from glycerol and lactate [44, 31].

1.2.1.2 Glucose metabolism in the intestine

High levels of metformin are retained in the intestine, where it may inhibit mitochondrial com-
plex I activity and suppress gluconeogenesis in enterocytes, analogous to its effects in hepatocytes.
Gluconeogenesis in the intestine corresponds to 5-7% of systemic glucose production. By increas-
ing AMP levels, metformin activates AMPK in enterocytes, leading to a subsequent reallocation
of the GLUT?2 transporter to the apical and basolateral membranes, thereby enhancing glucose
uptake from the circulation and intestinal lumen. The inhibition of mitochondrial respiration in-
creases glucose utilization through anaerobic glycolysis, and the enterocyte produces lactate. The
lactate is subsequently reconverted to glucose in the liver through a futile intestinal-liver cycle,
increasing energy expenditure [31, 81]. In addition, AMPK activation can also increase GLP1
secretion by intestinal L-cells and, through this hormone, reduce food intake, increase insulin

release, and inhibit glucagon secretion, contributing to glucose homeostasis [31].

1.2.1.3 Peripheral glucose uptake

The mechanism underlying metformin’s increase in whole-body sensitivity to insulin might be as-
sociated with multiple biological pathways. Extensive research has demonstrated that metformin
increases GLUT4 expression and enhances its translocation to the plasma membrane in skele-

tal muscle, adipose tissue, and endometrial tissue, thereby increasing peripheral glucose uptake.
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Current data suggest these effects are mediated via AMPK activation, modulation of the insulin
signaling pathway, and epigenetic modifications, including regulation of microRNAs and activa-

tion of transcription factors [32].

1.2.1.4 Anti-inflammatory effects

A significant focus of research on the nonglycemic actions of metformin has been its role in
immune modulation and control of inflammation. These effects are mainly mediated through
activation of AMPK, although AMPK-independent mechanisms have also been described [38].

Metformin, by inhibiting mitochondrial complex I, activates AMPK, which in turn suppresses
nuclear factor-kappa B (NF-xB) and mammalian target of rapamycin (mTOR) signaling [38]. It is
described that AMPK promotes SIRT1 activity through regulation of the NAD++/NADH ratio and
SIRT1 inhibits NF-xB and the expression of TNF-o, IL-6 [71]. In a study using adipose-derived
mesenchymal stem cells, metformin enhanced the immunomodulatory capacity of these cells via
the AMPK/mTOR/STAT1 (sirtuin) pathway and improved their ability to inhibit pro-inflammatory
T-cell proliferation and cytokine secretion [38].

In experiments with adipocytes in cell culture, metformin was shown to significantly reduce
pro-inflammatory response, in an AMPK-independent manner, by increasing the expression of
PFKFB3/ iPFK2. This gene expression resulted in a significant decrease in the mRNA levels
of IL-18 and TNF-«, suppressing adipocyte inflammatory responses even in the presence of
lipopolysaccharide (LPS), a potent pro-inflammatory stimulus [61].

In a rat model of olanzapine-induced insulin resistance, metformin markedly decreased plasma
levels of TNF-a, IL-1f3, and IL-6, and its protective effect was associated with reduced macrophage
infiltration and inhibition of M1 polarization in white adipose tissue; however, the metabolic path-
way involved is not described [29].

Overall, metformin exhibits apparent anti-inflammatory activity in experimental models; how-

ever, clinical results are less consistent and appear to depend on patient and treatment factors [38].

1.2.1.5 Placental response to metformin

Only a limited number of studies have investigated the direct effects of metformin on placental
metabolism and structure. It is proposed that metformin modulates placental metabolism by reduc-
ing glucose uptake and shifting energy production from oxidative phosphorylation to glycolysis. A
potential protective effect of metformin in the placenta is also described, involving improvements
in angiogenesis, reduction of inflammation, and mitigation of oxidative stress [73, 22].

An experiment in human trophoblast from pregnancies with gestational diabetes treated with
metformin has demonstrated, in vivo, fetal plasma levels approximately 1.5 times higher than ma-
ternal levels, and placental tissue levels with a linear relationship with maternal plasma concen-
trations. In vitro exposure of trophoblasts to clinically relevant metformin concentrations reduced

basal mitochondrial respiration and ATP production, while simultaneously decreasing oxidative
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stress at the level of gene expression. The authors cautioned, however, that impaired basal respira-
tion and ATP synthesis may compromise placental bioenergetics needs and biosynthetic functions,
given the organ’s increasing energy demands throughout pregnancy [72].

Complementary evidence from a rat model of gestational diabetes mellitus (GDM) demon-
strated that metformin treatment attenuated placental overgrowth, normalizing placental weight
and restoring the typical mature architecture of the placenta to levels comparable with those
of non-diabetic controls. Through histological, immunohistochemical, and molecular analyses,
the study revealed that metformin modulated proangiogenic pathways, including upregulation of
VEGF, KLF2, and PIGF, to levels observed in healthy placentas. Furthermore, the metformin
group improved redox balance, with significantly increased total antioxidant capacity and sup-
pressed oxidative stress markers, including endothelial nitric oxide synthase, nitric oxide, and

malondialdehyde, compared to the GDM group [22].

1.3 Study Limitations in Placental Research

Animal model studies, while valuable, are limited by significant discrepancies in placental struc-
ture, function, and metabolic responses across species. Similarly, in vitro studies fail to replicate
the complex maternal—fetal metabolic environment oscillations and dynamic adaptations to sup-
port progressive fetal growth demands that occur throughout gestation. These models are further
complicated by methodological heterogeneity, which limits reproducibility and the interpretation
of results [19, 5].

The current understanding of placental physiology and diabetes-related alterations primarily
derives from studies using human placentas obtained in the late second and third trimesters, as
ethical constraints limit access to early gestation tissue. However, older histopathologic studies
examining the effects of diabetes on the human placenta may no longer reflect recent clinical
observations due to advancements in pregnancy surveillance, improvement in glycemic control,
and increasing incidence of obesity and type 2 diabetes [5].

The adoption of standardized gross and histological examinations, supported by description
protocols with consistent terminology established by the Amsterdam Placental Workshop Group
Consensus, has enhanced the reproducibility of placental analysis and strengthened clinical-pathological

correlations with maternal health and fetal outcomes [65, 5].

1.4 Histopathological Markers of Placental Dysfunction

In 2014, a group of 26 perinatal and placental pathologists attended and actively participated in
the workshop held in Amsterdam, Netherlands, to establish standardized guidelines for placental
examination, including sampling strategies, lesion definitions, and diagnostic criteria for major
histopathological lesions (Based on the Amsterdam Placental Workshop Group Consensus, pub-
lished in 2016) [41].
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1.4.1 Maternal Vascular Malperfusion

The features in this classification indicate impaired maternal blood flow to the placenta. Gross
features include placental hypoplasia, with low weight and/or thin cord (<10th centile for gesta-
tional age), any infarction in pre-term placenta or central infarction compromising more than 5%
at term, and retroplacental hemorrhage, with blood accumulation on the maternal surface. Micro-
scopically, the decidua is dissected, and the overlying intervillous space is compressed. Histologic

findings consist of villous development disturbance, featured by:

* Accelerated villous maturation, with short hypermature villi for gestational age, usually

accompanied by increased syncytial knots and intervillous fibrin.

* Distal villous hypoplasia, defined by the involvement of more than 30% of a parenchymal

slide with thin and elongated appearing villi, with increased syncytial knots.

* Decidual vasculopathy, including atherosis, fibrinoid necrosis, absence of spiral artery re-

modeling, and arterial thrombosis.

* Collectively, these lesions reflect chronic uteroplacental insufficiency and are strongly as-
sociated with preeclampsia, chronic hypertension, Intrauterine Growth Restriction (IUGR),

and pre-term birth.

1.4.2 Fetal Vascular Malperfusion

Describe the compromise of fetal blood flow within the placental vasculature. Segmental lesion,
characterized by chorionic or stem villous vessel thrombotic occlusion or stem vessel oblitera-
tion, affects small territories. Alternatively, an Fetal Vascular Malperfusion (FVM) with global
involvement suggests that umbilical blood circulation is partially obstructed, and a diffuse placen-
tal impairment is observed. Both patterns result in downstream disruption of villous development,
including avascular villi, villous stromal-vascular kariorrhexis, and intramural fibrin deposition.
Avascular villi are terminal villi that present no capillaries and are characterized by bland hya-
line fibrosis. The classification depends on the number of compromised villi foci. The presence of
nonocclusive intramural fibrin deposition must be specified by whether it involves large fetal ves-
sels with fibrin or fibrinoid deposition, indicating recent injury, or presents signs of calcification,
indicating a more remote lesion. The villous stromal-vascular karyorrhexis criteria are based on
the extension of focal breakdown of fetal vascular cells in the presence of intact trophoblast.
Noticeably, FVM was observed in both live-born and stillborn infants, and therefore, its pres-
ence alone does not establish causality for intrauterine demise. Nonetheless, careful characteriza-
tion of the type and location of vascular thrombosis provides valuable insights into the severity of

fetal circulatory compromise and potential contribution to adverse outcomes.
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1.4.3 Delayed Villous Maturation

Described after 34-36 gestational weeks, and characterized by a predominance of a monotonous
villous population with centrally positioned capillaries and reduced vasculosyncytial membranes.
It reflects impaired terminal villous maturation and resembles the architecture of pre-term ges-
tation, presenting clinical relevance when these features involve more than one-third of a full-

thickness parenchymal section.

1.4.4 Inflammatory Lesions

There was an agreement during the Consensus that ascending intrauterine infection is a signif-
icant indication for placental pathology evaluations, with emphasis on the correlation between

histological chorioamnionitis and the clinical presentation, which would not always be present.

Accurate documentation of placental inflammation requires a careful description of its topog-
raphy and features, as well as determination of its chronicity, which enables the distinction be-
tween maternal and fetal inflammatory responses. This differentiation is clinically meaningful, as
fetal inflammatory lesions are more strongly associated with adverse neonatal outcomes, whereas

chronic and acute inflammatory patterns carry distinct clinical implications.

Subchorionitis, characterized by neutrophilic infiltration limited to the subchorionic space or
beneath the chorion laeve, is regarded as an early manifestation of infection. Involvement of the
choriodecidual interface reflects infection of the amniotic fluid and is reported as chorioamnionitis.
The guidelines for grading and staging inflammation specify the occurrence and level of maternal
response and/or fetal response, reflecting clinical relevance. Notably, describing which fetal ves-
sels are affected is also relevant, as umbilical arteritis is associated with higher cytokine levels and

worse neonatal outcomes compared to venous involvement.

1.4.5 Villitis of Unknown Etiology VUE

Villitis of Unknown Etiology (VUE) is a chronic lymphohistiocytic inflammation of chorionic villi
in the absence of a viral or acute infection cause. Distinguishes in low-grade form, when fewer
than 10 contiguous villi are inflamed in at least two foci, from high-grade VUE, when inflam-
mation affects more than 10 contiguous villi across multiple foci. A diffuse pattern is diagnosed

when more than 30% of all distal villi are involved.

Closely related to other chronic inflammatory reactions, VUE is often associated with chronic
deciduitis and chronic intervillositis. The inflammatory cells may also compromise fetoplacental
circulation through vessel wall injury, stem cell obliteration, and the development of contiguous
avascular villi. Precise documentation of lesion extension and distribution is clinically relevant, as
high-grade villitis is associated with adverse outcomes, such as fetal growth restriction, neurode-

velopmental impairment, and risk of recurrence.
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1.5 Placental Alterations and Lesions in Maternal Diabetes

The most consistent placental abnormalities described in diabetic pregnancies include increased
placental weight, delayed villous maturation, and enhanced angiogenesis [37, 66, 5].

Placental efficiency is commonly estimated by the birth weight-to-placental weight ratio (BW/PW),
which reflects the placental tissue’s capacity to sustain the fetal requirements for nutrients. Placen-
tas from diabetic mothers are often heavier than those from normoglycemic pregnancies; however,
the BW/PW ratio is often preserved, suggesting an adaptive response to maintain fetal growth
[59].

At the same time, it is reported that diabetes interferes with the normal progress of distal vil-
lous maturation. By 32 gestational weeks, over 80% of distal villi are expected to be immature,
whereas, at term, delayed villous maturity is determined by more than 30% prevalence of villous
immaturity. The placental lesion is characterized by enlarged villi with centrally placed capillar-
ies, thickened trophoblast, and reduced vasculosyncytial membranes. Therefore, it increases the
diffusion distance between maternal and fetal circulations, diminishing gas and nutrient transfer.
Additionally, stromal fibrosis, basement membrane thickening, villous edema, and syncytial knot
formation may also be found in diabetic placentas, further compromising exchange efficiency and
contributing to adverse outcomes, including late stillbirth [41, 5, 66, 64].

The fetal hyperinsulinemia, a consequence of maternal hyperglycemia, promotes accelerated
fetal growth by enhancing glucose aerobic metabolism, thereby increasing fetal oxygen demand.
The primary placental adaptive response to compensate for this is angiogenic remodeling, which
expands the exchange surface and facilitates oxygen transfer. A key regulator of placental vascular
remodeling is fetal chronic hypoxia, with insulin as an additional contributing factor. However,
excessive metabolic stress may lead to abnormal villous vascular expansion, characterized by
excessive branching capillaries or chorangiosis [5, 20].

Other placental abnormalities, such as chronic villitis, fibrinoid deposition, syncytial knot,
fetal vascular malperfusion, and calcification, are also reported more frequently in diabetic preg-
nancies, even under reasonable maternal glycemic control. Although these lesions are not specific
to diabetes, their increased prevalence reflects the heightened susceptibility of the placenta to dia-

betic conditions [5].



2 Aims and Objectives

In light of divergent recommendations from major international guidelines on the use of met-
formin as an alternative to insulin for managing diabetes in pregnancy, this study aimed to provide
a comprehensive understanding of its comparative effects on the placenta—a critical determinant
of fetal health. The study was therefore designed to rigorously compare the placental and clinical
outcomes of metformin versus insulin treatment across the spectrum of diabetic pregnancies (type

1, type 2, and gestational).
The pre-specified objectives were as follows:

Primary Objective: To compare the frequency of histopathological placental lesions between

women treated with metformin versus those treated with insulin.

Secondary Objectives: To assess and compare a range of key maternal and neonatal clinical

outcomes between the two treatment groups.

Furthermore, a subgroup analysis restricted to women with gestational diabetes mellitus was
aimed at isolating treatment effects from the confounding influence of pre-existing disease. Con-
versely, the smaller sample size limits the statistical power, only for this analysis to provide an
exploratory insight into the comparative effects of metformin versus insulin in a more pathologi-

cally homogeneous population.
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3 Materials and Methods

The following sections detail the study design, population selection criteria, data collection pro-
cedures for maternal and neonatal information, placental analysis protocols, and the statistical

methods used for data analysis.

3.1 Study Design

Following the institutional human research ethical committee approval (approval number: 236/2023),
a comparative cross-sectional retrospective study was conducted over the period of January 2019
and October 2023 at the Departments of Gynecology-Obstetrics, Pediatrics, and Pathology of the

University Hospital Center of Sdo Jodo, Porto, Portugal.

3.2 Study Population

The study included women with term singleton pregnancies complicated by type 1 diabetes, type 2
diabetes, or gestational diabetes who delivered at our institution during the study period. Eligibility
was restricted to cases receiving pharmacological treatment with either metformin or insulin and

with placentas for which histopathological reports were available.

Pregnancies managed exclusively with lifestyle modification, treated with combined met-
formin and insulin, complicated by fetal malformations, or lacking pathology reports were ex-
cluded.

During the study period, 1,037 singleton term births from mothers with diabetes, without
chromosomal abnormalities or fetal malformations, were recorded. Of these, 317 placentas were
submitted for pathological examination, and 261 pathology reports were retrieved. Comparative

analyses were performed on the 105 eligible cases: 59 treated with metformin and 46 with insulin.

To minimize potential bias due to the higher prevalence of pregestational diabetes in the insulin
group (25 cases in the Insulin group and only 2 in the Metformin group), a secondary comparative
analysis was performed, restricting the population to the 78 cases of gestational diabetes, compris-

ing 57 treated with metformin and 21 treated with insulin.
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3.3 Maternal Data Survey

Maternal clinical and anthropometric data were obtained from electronic medical records across

the course of pregnancy. All patient information was anonymized and coded prior to analysis.

Diabetes diagnosis criteria: Diabetes during pregnancy was diagnosed according to IADPSG es-

tablished criteria: fasting plasma glucose > 92 mg/dL in the first trimester, random plasma glucose
> 200 mg/dL, HbAlc > 6.5%, or a 75 g oral glucose tolerance test performed between 24-28
weeks of gestation with at least one abnormal value (fasting glucose > 92 mg/dL, 1-h glucose
> 180 mg/dL, or 2-h glucose > 153 mg/dL) [51].

Glycemic control criteria: Glycemic control criteria control was defined according to the ADA

Standards of Care, 2024, which recommend a target glycosylated haemoglobin (HbAlc) < 6%
(< 42 mmol /mol). Pregnancies that exceeded this threshold at any time were classified as uncon-
trolled diabetes [4].

Pre-gestational body mass index criteria: Pre-gestational body mass index was classified accord-

ing to World Health Organization criteria: underweight (< 18.5 kg/m?), normal weight (18.5-24.9
kg/m?), overweight (25-29.9 kg/m?), and obesity (> 30.0 kg/m?) [80].

3.4 Neonatal Data Survey

Neonatal clinical and anthropometric data were collected from electronic medical records at birth
and during the early postnatal period. Outcomes included hypoglycemia, jaundice, transient
tachypnea, respiratory distress syndrome with hypoxemia, thrombocytopenia, polycythemia, meconium-
stained amniotic fluid, and neonatal intensive care unit admission. All data were anonymized and

linked to maternal codes.

Birthweight classification. Neonatal birth weight was assessed according to the INTERGROWTH-
21st standards, with infants classified as small (< 10th percentile), appropriate (10th-89th per-

centile), or large (> 90th percentile) according to gestational age and sex [77].

3.5 Placental Analysis Criteria

After delivery, placentas were collected, processed, and sampled for macroscopic and histopatho-
logical evaluation. Analyses were performed in accordance with the Amsterdam Placental Work-
shop Group Consensus Statement [41]. Experienced histopathologists performed the placenta

examination using light microscopy and were blinded to pharmacological treatment in cases of
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type 2 and gestational diabetes. Clinical data available to the pathologist included maternal par-
ity, pregnancy-related or specific pathological conditions, neonatal birth weight, Apgar score, and
gestational age at delivery.

Gross morphological findings compared between metformin and insulin groups included pla-
cental weight, weight percentile for gestational age [60], greatest chorionic disk diameter, feto-
placental weight ratio, umbilical cord insertion site, number of umbilical blood vessels, and um-
bilical cord coiling umbilical cord coiling index (UCI). Placentas with sampling defects were
excluded from the statistical analysis of weight and feto-placental weight ratio. For disk diameter
measurement, cases with Incomplete placenta or that presented succenturiate or accessory lobes
were also excluded from statistical evaluation [67].

The UCI was classified according to the criteria: hypocoiled cord (< 0.07 coils/cm), normo-
coiled cord (0.07 — 0.3 coils/cm), and hypercoiled cord (> 0.3 coils/cm) [75]. Histological lesions
of placental tissue were compared between the metformin and insulin groups, including mater-
nal vascular malperfusion, fetal vascular malperfusion, inflammatory lesions (chorioamnionitis,
maternal inflammatory response, fetal inflammatory response, villitis, deciduitis), villous stromal-

vascular lesions (corangiosis), villous maturation disorders, and evidence of meconium exposure.

3.6 Statistical Analysis

All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS)
version 28.0 [34]. Continuous variables were expressed as mean = Standard Deviation (SD) or
median with Interquartile Range (IQR), depending on the data distribution. Categorical variables
were presented as frequencies (n) and percentages (%). Comparisons between groups (metformin
vs. Insulin) for continuous variables were conducted using the independent ¢-fest or the Mann-
Whitney U test, following assessment of normality using the Kolmogorov-Smirnov test. Categori-
cal variables were compared between the two groups using the Chi-square test (x*) and Fisher’s
exact test, with Phi or Cramer’s V employed to assess the strength and direction of associations.

Statistical significance was defined at p-value < 0.05 (two-tailed).
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4 Results

4.1 Diabetes diagnosis (Table 4.1)

In the study population, the distribution of diabetes types differed markedly between treatment
groups. As expected, all cases of type 1 diabetes (47.8% of the insulin group) were treated with
insulin. Gestational diabetes predominated in the metformin group (96.6%) and accounted for less
than half of the insulin group (45.7%). Type 2 diabetes was less frequently observed in both cases
(3.4%) in the metformin group and 3 cases (6.5%) in the insulin group. No cases with missing

data were identified.

4.1.1 Maternal Demographic, Anthropometric, and Clinical Characteristics (Table
4.1)

Maternal clinical profiles were broadly comparable between the metformin and insulin-treated
groups, with no significant differences in age, gravidity, previous parity (p = 0.684, p = 0.948
and p = 0.989 respectively), smoking or comorbidities including hypertensive disorders, car-
diac, pulmonary, renal disease or anemia, during pregnancy (p = 0.869, p = 0.100, p = 0.438,
p =0.227, p =0.438 and p = 0.693 respectively). Thyroid disease, however, was significantly
more prevalent among women treated with insulin (71.4%) compared with those receiving met-
formin (28.6%) (x%(1, N = 105) = 10.84, p < 0.001). Additionally, intrapartum maternal fever
was reported exclusively in the metformin group (11.9%), with a significant difference, but low
association (Fisher’s test, p = 0.017, & = —0.236).

Pre-pregnancy BMI differed significantly between hypoglycemic treatment groups, with a
moderate overall association ()52(2,N =105) =9.004, p = 0.011, Cramer’s V = 0.293). Women
in the insulin group in the insulin group were more frequently classified within the normal BMI
range (x2(1, N = 105) = 8.919, p = 0.003, ® = 0.291). In contrast, those in the metformin group
showed a modest association with obesity (x*(1, N = 105) = 4.645, p = 0.031, ® = 0.210). In
contrast, gestational weight gain was significantly greater in the insulin group (median 14.4 kg,
IQR 7.4) compared with the metformin group (median 9.7 kg, IQR 7.8), with differences con-
firmed in both central tendency and distribution (Mann-Whitney U = 1782.5, p < 0.001,95% CI
[—7.400, —1.900]; Kolmogorov-Smirnov Z = 1.588, p = 0.013).

Glycemic control was strongly associated with treatment group ((x2(1,N = 100) = 43.778,
p < 0.001,® = 0.662). The majority of women receiving metformin maintained HbAlc levels
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< 6.0% throughout pregnancy (86.4%), whereas those treated with insulin had markedly higher
odds of uncontrolled HbAlc (> 6.0%) (69.5%vs.6.8%), corresponding to an odds ratio of 31.38
(95% CI: 9.40 — 104.68).

4.1.2 Perinatal and neonatal outcomes (Tables 4.2 and 4.3)

Gestational age at delivery, sex of neonate, neonatal length, and head circumference results indi-
cated no significant difference (p = 0.100, p = 0.232, p = 0.160, and p = 0.139, respectively).
However, mean birth weight was significantly lower in the metformin group (3197.0 £ 495.9 g)
compared with the insulin group (3562 + 534.6 g)(¢-Test (103) = 0.485, p =< 0.001, 95% CI:
—565.12,-164,93). Birth weight percentiles also differed significantly, with a moderate associa-
tion (x2(2, N = 105) = 10.896, p = 0.004, Cramer’s V = 0.322).

Perinatal outcomes did not differ significantly between treatment groups. Median APGAR
scores at first, fifth, and tenth minutes were uniformly high (9.0, 10, and 10, respectively), with no
significant intergroup variation (p = 0.320, p = 0.334, and p = 0.073). Similarly, the frequency
of NICU admission (p = 0.748), neonatal hypoglycemia (p = 0.100), jaundice (p = 0.521), and
jaundice requiring phototherapy (p = 0.486) was comparable between the groups. Other neona-
tal complications, such as transient tachypnea, respiratory distress syndrome with hypoxemia,
meconium-stained amniotic fluid, thrombocytopenia, and polycythemia, were infrequent in both

groups and showed no statistically significant differences.

4.1.3 Placental Morphometry, Fetoplacental Ratio and Umbilical Cord Features
(Table 4.4)

Mean placental weight was higher in the insulin group (504.7 = 114.0 g) than in the metformin
group (464.1 + 95.3 g), showing a trend toward significance (z-Test (99) = 0.417, p = 0.059). A
complementary percentile-based analysis for gestational age confirmed no significant differences
between groups in the lowest decile (x2(1, N = 101) = 0.528, p = 0.467) or within the 10th-89th
percentile range (x2(1, N = 101) = 0.318, p = 0.573). Placental weight in the highest decile was
more frequent in the insulin group (17.4%) compared with the metformin group (5.1%), likewise
indicating a trend without statistical significance (Fisher’s exact test, p = 0.058).

Notably, the feto-placental weight ratio differed significantly between groups with a strong
association (y%(2,N = 105) = 13.004, p = 0.002, Cramer’s V = 0.359). Despite no statistical dif-
ference in feto-placental weight Ratios below the 10th percentile (Fisher’s exact test, p = 0.237),
ratios within the 10th-89th percentile were more frequent in the metformin group, with over seven-
fold higher odds compared to the insulin group (x>(1,N = 105) = 9.229, p < 0.001, ® = 0.296;
OR =7.12,95% CI: 2.19,23.48). In contrast, ratios above the 90th percentile were significantly
less common in the metformin group, with nearly a 90% reduction in odds (x?(1,N = 105) =
10.036,p = 0.002,® = —0.309; OR = 0.11,95% CI: 0.02 — 0.54).
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No statistically significant differences were found between the groups regarding the greatest
placental diameter (p = 0.516), umbilical cord insertion (p = 0.621), number of umbilical vessels
(p = 1.000), and umbilical cord coiling index (p = 0.940).

4.1.4 Placental Inflammatory Lesions (Table 4.5)

The metformin group exhibited a higher frequency of fetal inflammatory response (37.3%) com-
pared with the insulin group (19.6%), with a small but statistically significant association (x?(1,N =
105) =3.647, p = 0.048,® = 0.193). Metformin exposure increased the odds of a fetal inflamma-
tory response by more than two-fold, although the confidence interval suggests a borderline effect
(OR =2.44,95% CI : 0.99 — 6.00).

A similar association was found with chronic deciduitis, which occurred at a significantly
higher frequency in the metformin group compared to the insulin group (42.4%vs.21.7%; x*(1,N =
105) =5.146, p = 0.026,® = 0.217). Women treated with metformin exhibited 2.64 times higher
odds of developing chronic deciduitis (OR = 2.64,95% CI : 1.10,6.63).

The metformin and insulin groups did not differ significantly in other placental inflamma-
tory lesions that were also analysed, including acute and/or chronic inflammation (chorioam-
nionitis, chorionitis, subchorionitis, villitis, or deciduitis; p = 0.192), chronic inflammation alone
(p = 0.192), acute inflammation (p = 0.939), maternal inflammatory response (p = 0.154), or
chronic villitis (p = 0.703). Chronic chorioamnionitis occurred infrequently, with two cases in the
metformin group and five in the insulin group (p = 0.236). Chronic chorionitis was observed only
in the metformin group (five cases), suggesting a nonsignificant trend toward a higher frequency
compared with insulin (p = 0.066,® = 0.197). In contrast, chronic subchorionitis was absent in

both groups.

4.1.5 Placental Villous and Intervillous Pathology (Table 4.6)

No statistically significant association was found between the treatment groups and the patterns
of placental villous maturation. The incidence of delayed villous maturation was comparable
between the metformin (61.0%) and insulin (67.4%) groups (p = 0.320), as were the frequencies
of adequate (35.6% vs. 21.7%; p = 0.159) and accelerated villous maturation (3.4% vs. 6.5%;
p =0.649).

Likewise, the analysis of the incidences of chorangiosis (33.9% vs. 23.9%) and intervillous
thrombosis (18.6% vs. 17.4%) revealed no significant differences between the metformin and
insulin groups (p = 0.266 and p = 0.869, respectively). Other pathologies, including massive
perivillous fibrin deposition, distal villous hypoplasia, and chronic histiocytic intervillositis, were

rare in both groups, precluding meaningful statistical comparison.

4.1.6 Other Placental Finding (Table 4.6)

Histological evidence of placental meconium exposure showed no significant association with

treatment allocation (p = 0.970), occurring in nearly identical proportions in the metformin (47.5%)
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and insulin (47.8%) groups.

4.2 Secondary Analysis: Gestational Diabetes Mellitus Subgroup

The primary analysis of the total cohort revealed a discrepancy in the distribution of diabetes
subtypes between the treatment arms (Table 4.1). The metformin group consisted almost entirely
of women with gestational diabetes mellitus (96.6%), whereas the insulin group included a total
of women with type 1 diabetes (representing 47.8% of the insulin group population).

Given this heterogeneity, a pre-specified secondary analysis restricted to the GDM cohort was
conducted to enable a more direct and homogeneous comparison. Separate analyses for other dia-
betes subtypes were not performed, as patients with type 1 diabetes (n = 22) were managed exclu-
sively with insulin and those with type 2 diabetes (n = 5) were too few for meaningful comparison,
enabling a comparison of placental and clinical outcomes for the GDM-only cohort (Metformin,
n = 57; Insulin, n = 21).

The following results compare the placental and clinical outcomes for the GDM-only cohort

(Metformin, n = 57; insulin, n = 21).

4.2.1 Other Placental Finding (Table 4.7)

In the gestational diabetes—only subgroup, maternal demographic and clinical characteristics were
well balanced between the metformin and insulin groups, with no significant differences in age,
gravidity, parity, smoking status, or hypertensive disorders (all p > 0.05, Table 4.7). Only a few
cases of cardiac and pulmonary disease were reported, and no renal disease occurred in either
group, precluding meaningful statistical comparisons for these conditions.

Conversely, the prevalence of thyroid disease was significantly higher in the insulin group.
This was a robust finding, with the proportion of women with thyroid disease in the insulin group
being significantly greater than in the metformin group in both the primary analysis (p < 0.001)
and the GDM-only subgroup (38.1% vs. 10.3%; p = 0.009).

The previously significant associations between pharmacological treatment group and both
pre-pregnancy BMI and gestational weight gain were no longer observed in the GDM-only anal-
ysis. Median pre-pregnancy BMI did not differ significantly between women treated with met-
formin (32.0 kg/m?, IQR 9.0) and those treated with insulin (29.7 kg/m?, IQR 8.7). Similarly,
gestational weight gain was comparable between the metformin group (9.7 kg, IQR 8.8) and the
insulin group (11.2 kg, IQR 7.4). The associations weakening likely reflect the influence of type
1 diabetes cases in the overall cohort, who were treated exclusively with insulin and characterized
by both lower pre-pregnancy BMI (mean 23.4 kg/m?, IQR 4.9) and higher gestational weight gain
(mean 15.7 kg, IQR 7.3).

In the primary analysis, metformin treatment was significantly associated with intrapartum
maternal fever (11.9% vs. 0%; p = 0.012). Although the direction and magnitude of this effect
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were unchanged in the GDM-only subgroup (12.3% vs. 0%), the association lost statistical sig-
nificance (p = 0.059). This likely reflects the limited statistical power resulting from the smaller
sample size.

In contrast, the association between metformin treatment and superior glycemic control was
robust, remaining highly significant in both the primary analysis (p < 0.001) and the GDM-only
analysis (p = 0.003). Within the GDM subgroup, a significantly higher proportion of women in
the metformin group achieved glycemic control compared to those treated with insulin (87.7% vs.
61.9%).

4.2.2 Perinatal and neonatal outcomes (Table 4.8)

Perinatal and neonatal outcomes were also comparable between the treatment groups in the GDM
subgroup. No significant differences were observed in gestational age at birth, neonatal anthro-
pometric measures (length and head circumference), Apgar scores at 1, 5, and 10 minutes, or
admission to the Neonatal Intensive Care Unit (all p > 0.05, Table 4.8). Furthermore, the inci-
dence of other neonatal morbidities, including hypoglycemia, respiratory distress, and jaundice,
was low and did not differ between the groups.

The significant difference in birth weight observed in the total cohort was no longer present in
the GDM-only analysis, where mean birth weight was comparable between the metformin (3180.2
+493.0 g) and insulin (3283.8 £ 408.0 g) groups (p = 0.393). This suggests the initial finding was
an artifact of the study population, driven by the significantly higher birth weights of infants born
to mothers with type 1 diabetes (median 3865.0 g), who were managed exclusively with insulin.

The only new significant association to emerge in the GDM-only subgroup was in neonatal
sex. In contrast to the primary analysis, where no difference was observed (p = 0.232), a sig-
nificant association with neonatal sex emerged in the GDM-only subgroup. The proportion of
male neonates was significantly higher in the insulin group than in the metformin group (76.2%
vs. 49.1%; p = 0.032). Given the multiple secondary outcomes examined, this isolated finding

should be interpreted with caution, as it may represent a chance finding.

4.2.3 Placental Morphometry, Fetoplacental Ratio, Umbilical Cord Features, and
Vascular Pathology (Table 4.9)

Differences in placental characteristics observed in the total cohort were attenuated mainly in the
GDM-only subgroup, suggesting that they were primarily driven by underlying population hetero-
geneity. In the primary analysis, the insulin group exhibited a trend toward higher mean placental
weight (p = 0.059) and a significantly different feto-placental weight ratio (FPR) distribution, in-
cluding a higher proportion of high FPR (> 90th percentile) (p = 0.002). However, neither of these
differences was evident in the GDM-only analysis, where the mean placental weight (p = 0.778)
and the FPR distribution (p > 0.10 for all categories) were comparable between groups. The at-
tenuation of these findings is explained by the confounding influence of the insulin-treated type 1
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diabetes cohort, which was characterized by both markedly higher mean placental weights and a
distinct FPR profile.

4.2.4 Placental Inflammatory Lesions (Table 4.10)

In the primary analysis of the total cohort, metformin treatment was associated with a significantly
higher frequency of both fetal inflammatory response (37.3% vs. 19.6%; p = 0.048) and chronic
deciduitis (42.4% vs. 21.7%; p = 0.026). While the direction of these associations remained
consistent in the GDM-only subgroup, neither retained statistical significance (p = 0.056 and
p = 0.100, respectively), a finding likely attributable to the reduced statistical power of the smaller
sample. The frequencies of all other placental inflammatory lesions examined were comparable

between the treatment groups in both primary and subgroup analyses (all p > 0.05).

4.2.5 Placental Villous and Intervillous Pathology and Other Placental Findings
(Table 4.11)

Finally, no significant differences were observed between the treatment groups for a range of
other placental pathologies in either the primary or GDM-only analyses. This included patterns of
villous maturation, the prevalence of chorangiosis, intervillous thrombosis, and histological evi-
dence of meconium exposure (all p > 0.05). Other rare lesions, such as massive perivillous fibrin
deposition, distal villous hypoplasia, and chronic histiocytic intervillositis, were reported too in-

frequently in either group for meaningful statistical comparison.
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Maternal Demographic, Anthropometric, and Clinical Characteristics Me(t'::;r;lna I:\::ng)a p-value
Diabetes diagnosis, n (%)
Gestational diabetes 57 (96.6) 21(45.7)
Type 1 diabetes mellitus 0(0.0) 22 (47.8)
Type 2 diabetes mellitu 2(3.4) 3(6.5)
Missing 0(0.0) 0(0.0)
Maternal age at delivery (years), median (IQR) / mean (+SD) 34.9 (+5.6) 34.4 (+5.3) 0.684
Missing, n(%) 0(0.0) 0(0.0)
Gravidity, n(%)
Primigravida 24 (40.7) 19 (41.3) 0.948
Multigravida 35(59.3) 27 (58.7)
Missing 0(0.0) 0(0.0)
Previous parity, n(%)
Nulliparous 29 (49.2) 22 (47.8) 0.989
Primiparous 21(35.6) 17 (37.0)
Multiparous 9(15.3) 7(15.2)
Missing 0(0.0) 0(0.0)
Pre-pregnancy BMI (kg/m?), median (IQR) / mean (+SD) 32.0(10.1) 25.6 (8.7) <0.001/
Missing, n (%) 0(0.0) 0(0.0) 0.008
Pre-pregnancy BMI, n (%)
Normal 12 (20.3) 22 (47.8) 0.011
Overweight 14 (23.7) 8(17.4)
Obesity 33(55.9) 16 (34.8)
Missing 0(0.0) 0(0.0)
Normal pre-pregnancy BMI, n (%)
Present 12 (20.3) 22(47.8) 0.003
Absent 47 (79.7) 24(52.2)
Missing 0(0.0) 0(0.0)
Overweight pre-pregnancy BMI, n (%)
Present 14 (23.7) 8(17.4) 0.429
Absent 45 (76.4) 38 (82.6)
Missing 0(0.0) 0(0.0)
Obesity pre-pregnancy BMI, n (%)
Present 33(55.9) 16 (34.8) 0.031
Absent 26 (44.1) 30 (65,2)
Missing 0(0.0) 0(0.0)
Gestational weight gain (kg), median (IQR) / mean (+SD) 9.7 (7.8) 14.4 (7.4) <0.001/
Missing, n (%) 3(5,1%) 0(0.0) 0.013
ly dh lobin tests during pi n (%)
Controlled (all values <6.0%) 51(86.4) 13(28.3) <0.001
Uncontrolled (any value > 6.0%) 4(6.8) 32(69,5)
Missing 4(6.8) 1(2.2)
Intrapartum maternal fever, n (%)
Present 7(11.9) 0(0.0) 0.017
Absent 52(88.1) 46 (100.0)
Missing 0(0.0) 0(0.0)
Smoking, n (%)
Present 11(18.6) 8(17.4) 0.869
Absent 48 (81.4) 38(82.6)
Missing 0(0.0) 0(0.0)
Hypertensive disorders, n (%)
Present 17 (28.8) 7(15.2) 0.100
Absent 42 (71.2) 39 (84.8)
Missing 0(0.0) 0(0.0)
Cardiac disease, n (%)
Present 0(0.0) 1(2.2) 0.438
Absent 59 (100.0) 45 (97.8)
Missing 0(0.0) 0(0.0)
Pulmonary disease, n (%)
Present 5(8,5) 1(2.2) 0.227
Absent 54(91.5) 45 (97.8)
Missing 0(0.0) 0(0.0)
Renal disease, n (%)
Present 0(0.0) 1(2.2) 0.438
Absent 59 (100.0) 45(97.8)
Missing 0(0.0) 0(0.0)
Thyroid disease, n (%)
Present 6(10.2) 17 (37.0) <0.001
Absent 53(89.8) 29 (63.0)
Missing 0(0.0) 0(0.0)
Anemia, n (%)
Present 4(6.8) 2(4.3) 0.693
Absent 55(93.2) 44 (95.7)
Missing 0(0.0) 0(0.0)

Table 4.1: Maternal Demographic, Anthropometric, and Clinical Characteristics
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Perinatal and neonatal outcomes (el (e p-value
(N=59) (n=46)
Gestational age at delivery (days), median (IQR) / mean (+SD)* 272.7 (£5.5) 272,0(5.0) 0.100 /
Missing, n(%) 0(0.0) 0(0.0) 0.152
*Gestational age at delivery (equivalent in weeks) 38.9 (+0.8) 38.6(0.7)
Sex of neonate, n(%)
Female 30(50.8) 18(39.1) 0.232
Male 29 (49.2) 28 (60.9)
Missing 0(0.0) 0(0.0)
First minute APGAR score, median (IQR) / mean (+SD) 9.0 (0.0) 9.0 (0.0) 0.320/
Missing, n(%) 0(0.0) 0 (0.0) 0.968
Fifth minute APGAR score, median (IQR) / mean (+SD) 10.0 (0.0) 10.0 (0.0) 0.334/
Missing, n(%) 0(0.0) 0(0.0) 0.992
Tenth minute APGAR score, median (IQR) / mean (+SD) 10.0 (0.0) 10.0 (0.0) 0.073/
Missing, n(%) 0(0.0) 0(0.0) 1.000
Birth weight (g), median (IQR) / mean (+SD) 3197.0 (+495.4) 3562.0 (£534.6) <0.001
Missing, n(%) 0(0.0) 0(0.0)
Birth weight percentile for gestational age, n (%)
<10 7(11.9) 2(4.3) 0.004
>10 e <90 43 (72.9) 24(52.2)
>90 9(15.2) 20 (43.5)
Missing 0(0.0) 0(0.0)
Birth weight <P10 gestational age, n (%)
Present 7(11.9) 2(4.3) 0.293
Absent 52 (88.1) 44.(95.7)
Missing 0(0.0) 0(0.0)
Birth weight >10 e <90 gestational age, n (%)
Present 43(72.9) 24 (52.2) 0.028
Absent 16 (27.1) 22 (47.8)
Missing 0(0.0) 0(0.0)
Birth weight >P90 gestational age, n (%)
Present 9(15.2) 20 (43.5) 0.001
Absent 50 (84,7) 26 (56.5)
Missing 0(0.0) 0(0.0)
Neonatal length (cm), median (IQR) / mean (£SD) 49.1 (+2.3) 50.0 (2.6) 0.160
Missing, n(%) 0(0.0) 0(0.0)
Head circumference (cm), median (IQR) / mean (+SD) 34.5(2.0) 34.9 (+1.4) 0.139/
Missing, n(%) 0(0.0) 0(0.0) 0.654
NICU admission, n (%)
Present 9(15.3) 6(13.0) 0.748
Absent 50 (84,7) 40 (87.0)
Missing 0(0.0) 0(0.0)
Hypoglycemia, n (%)
Present 3(5,1%) 7 (15.2) 0.100
Absent 56 (94.9) 39 (84.8)
Missing 0(0.0) 0(0.0)
Jaundice, n (%)
Present 22(37.3) 20 (43.5) 0.521
Absent 37(62.7) 26 (56.5)
Missing 0(0.0) 0 (0.0)
Jaundice requiring phototherapy, n (%)
Present 12 (20.3) 12 (26.1) 0.486
Absent 47(79.7) 34(73.9)
Missing 0(0.0) 0(0.0)
Transient tachypnea, n (%)
Present 2(3.4) 3(6.5) 0.652
Absent 57 (96.6) 43 (93.5)
Missing 0(0.0) 0(0.0)
Respiratory distress syndrome with hypoxemia, n (%)
Present 2(3.4) 2(4.3) 1.000
Absent 57 (96.6) 44.(95.7)
Missing 0(0.0) 0 (0.0)
Meconium-stained amniotic fluid, n (%)
Present 4(6.8) 2(4.3) 0.693
Absent 55(93.2) 44,(95.7)
Missing 0(0.0) 0(0.0)
Thrombocytopenia, n (%)
Present 2(3.4) 1(2.2) 1.000
Absent 57 (96.6) 45 (97.8)
Missing 0(0.0) 0(0.0)
Polycythemia, n (%)
Present 1(1.7) 1(2.2) 1.000
Absent 58(98.3) 45 (97.8)
Missing 0(0.0) 0(0.0)

Table 4.2: Perinatal and neonatal outcomes (Part 1)

Results
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Placental Morphometry & Fetoplacental Ratio Me(::::; na I;‘::Iz)a p-value
Feto-placental weight ratio, n (%)
<10th percentile (low) 2(3.4) 5(10.9) 0.002
10th—89th percentile (appropriate) 52(88.1) 29 (63.0)
>90th percentile (high) 2(3.4) 11(23.9)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight <10th percentile (low), n (%
Present 2(3.4) 5(10.9) 0.237
Absent 54 (91.5) 40 (87.0)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight 10th—89th percentile (appropriate), n (%
Present 52 (88.1) 29 (63.0) <0.001
Absent 4(6.8) 16 (34.8)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight >90th percentile (high), n (%
Present 2(3.4) 11 (23.9) 0.002
Absent 54 (91.5) 34 (73.9)
Missing (including sampling defect) 3(5,1) 1(2.2)
Placental weight (g), median (IQR) / mean (+SD) 462.5 (+98.1) 503.0 (£114.8) 0.059
Missing, n(%) 3(5,1) 1(2.2)
Placental weight percentile, n (%)
<10th percentile (low) 20(33.9) 13 (28.2) 0.113
10th—89th percentile (appropriate) 33(55.9) 24(52.2)
>90th percentile (high) 3(5.1) 8(17.4)
Missing, n(%) 3(5.1) 1(2.2)
Placental weight <10th percentile (low), n (%)
Present 20(33.9) 13(28.3) 0.467
Absent 36 (61.0) 32(69,6)
Missing (including sampling defect) 3(5.1) 1(2.2)
Placental weight within 10th-89th percentile (appropriate), n (%)
Present 33(55.9) 24 (52.2) 0.573
Absent 23 (39.0) 21(45.7)
Missing (including sampling defect) 3(5.1) 1(2.2)
Placental weight >90th percentile (high), n (%)
Present 3(5.1) 8(17.4) 0.058
Absent 53(89.8) 37 (80.4)
Missing (including sampling defect) 3(5.1) 1(2.2)
Greatest placental diameter (cm), median (IQR) / mean (+SD) 19.0 (3.0) 19.0 (2.5) 0.516/
Missing, n(%) 5(8.5) 3(6.5) 0.910

Table 4.3: Perinatal and neonatal outcomes (Part 2)
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Placental Morphometry & Fetoplacental Ratio Me(t’:c:rsr;;na I?::‘I"g; p-value
Feto-placental weight ratio, n (%)
<10th percentile (low) 2(3.4) 5(10.9) 0.002
10th-89th percentile (appropriate) 52(88.1) 29 (63.0)
>90th percentile (high) 2(3.4) 11(23.9)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight <10th percentile (low), n (%)
Present 2(3.4) 5(10.9) 0.237
Absent 54 (91.5) 40 (87.0)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight 10th—-89th percentile (appropriate), n (%)
Present 52 (88.1) 29 (63.0) <0.001
Absent 4(6.8) 16 (34.8)
Missing (including sampling defect) 3(5,1) 1(2.2)
Feto-placental weight >90th percentile (high), n (%)
Present 2(3.4) 11(23.9) 0.002
Absent 54 (91.5) 34 (73.9)
Missing (including sampling defect) 3(5,1) 1(2.2)
Placental weight (g), median (IQR) / mean (+SD) 462.5 (+98.1) 503.0 (+114.8) 0.059
Missing, n(%) 3(5,1) 1(2.2)
Placental weight percentile, n (%)
<10th percentile (low) 20(33.9) 13(28.2) 0.113
10th—89th percentile (appropriate) 33(55.9) 24 (52.2)
>90th percentile (high) 3(5.1) 8(17.4)
Missing, n(%) 3(5.1) 1(2.2)
Placental weight <10th percentile (low), n (%)
Present 20(33.9) 13 (28.3) 0.467
Absent 36 (61.0) 32(69,6)
Missing (including sampling defect) 3(5.1) 1(2.2)
Placental weight within 10th—89th percentile (appropriate), n (%)
Present 33(55.9) 24 (52.2) 0.573
Absent 23(39.0) 21(45.7)
Missing (including sampling defect) 3(5.1) 1(2.2)
Placental weight >90th percentile (high), n (%)
Present 3(5.1) 8(17.4) 0.058
Absent 53(89.8) 37(80.4)
Missing (including sampling defect) 3(5.1) 1(2.2)
Greatest placental diameter (cm), median (IQR) / mean (+SD) 19.0(3.0) 19.0(2.5) 0.516/
Missing, n(%) 5(8.5) 3(6.5) 0.910
Umbilical Cord Features Me(t':g::; na I?::J:g)a p-value
Umbilical cord insertion, n (%)
Central 9(15.3) 11(23.9) 0.621
Paracentral 30 (50.8) 20 (43.5)
Paramarginal 14 (23.7) 12 (26.1)
Marginal 6(10.2) 3(6.5)
Missing 0(0.0) 0(0.0)
Number of umbilical vessels, n (%)
Two 1(1.7) 1(2.2) 1.000
Three 58 (98.3) 45(97.8)
Missing 0(0.0) 0(0.0)
Umbilical cord coiling index, n (%)
Hypocoiled (UCI <0.07) 0(0.0) 0(0.0) 0.940
Normocoiled (UCI 0.07-0.30) 32(54.2) 28 (60.9)
Hypercoiled (UCI >0.30) 11(18.7) 10(21.7)
Missing 16 (27.1) 8(17.4)
Placental Maternal & Fetal Vascular Pathology Metfonning in=tlina p-value
(N=59) (n=46)
Maternal vascular malperfusion, n(%)
Present 26 (44.1) 25 (54.3) 0.296
Absent 33(55.9) 21 (45.7)
Missing 0(0.0) 0(0.0)
Fetal vascular malperfusion, n (%)
Present 2(3.4) 2(4.3) 1.000
Absent 57 (96.6) 44 (95.7)
Missing 0(0.0) 0(0.0)
Hypoxic-ischemic changes, n(%)
Present 11 (18.7) 8(17.4) 0.869
Absent 48 (81.4) 38 (82.6)
Missing 0(0.0) 0(0.0)

Results

Table 4.4: Placental Morphometry, Fetoplacental Ratio, and Umbilical Cord Features
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Placental Inflammatory Lesions M(-;::;r;)lna I?::‘I;gf p-value
Acute and/or chronic inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 43 (72.9) 28 (60.9) 0.192
Absent 16 (27.1) 18 (39.1)
Missing 0(0.0) 0(0.0)
Chronic inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 28 (47.5) 16 (34.8) 0.192
Absent 31(52.5) 30 (65,2)
Missing 0(0.0) 0(0.0)
Acute inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 15 (25.4) 12 (26.1) 0.939
Absent 44 (74,6) 34 (73.9)
Missing 0(0.0) 0(0.0)
Chronic chorioamnionitis, n (%)
Present 2(3.4) 5(10.9) 0.236
Absent 57 (96.6) 41 (89.1)
Missing 0(0.0) 0(0.0)
Chronic chorionitis, n (%)
Present 5(8,5) 0(0.0) 0.066
Absent 54 (91.5) 46 (100.0)
Missing 0(0.0) 0(0.0)
Chronic subchorionitis, n (%)
Present 0(0.0) 0(0.0) N/A
Absent 59 (100.0) 46 (100.0)
Missing 0(0.0) 0(0.0)
Maternal inflammatory response, n (%)
Present 26 (44.1) 14 (30.4) 0.154
Absent 33(55.9) 32(69,6)
Missing 0(0.0) 0(0.0)
Fetal inflammatory response, n (%)
Present 22 (37.3) 9(19.6) 0.048
Absent 37 (62.7) 37 (80.4)
Missing 0(0.0) 0(0.0)
Chronic villitis (VUE), n (%)
Present 12 (20.3) 8(17.4) 0.703
Absent 47 (79.7) 38(82.6)
Missing 0(0.0) 0(0.0)
Chronic deciduitis, n (%)
Present 25 (42.4) 10 (21.7) 0.026
Absent 34 (57.6) 36 (78.3)
Missing 0(0.0) 0(0.0)

Table 4.5: Placental Inflammatory Lesions
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Placental Villous & Intervillous Pathology Meit'::;:)lna I;\::Zg)a p-value
Placental maturity
Immature 36 (61.0) 31(67.4) N/A
Adequate 21(35.6) 10(21.7)
Accelerated 2(3.4) 3(6.5)
Missing 0(0.0) 2(4.3)
Delayed Villous Maturation
Present 36 (61.0) 31(67.4) 0.320
Absent 23 (39.0) 13 (28.3)
Missing 0(0.0) 2(4.3)
Adequate Villous Maturation
Present 21(35.6) 10 (21.7) 0.159
Absent 38 (64.4) 34 (73.9)
Missing 0(0.0) 2(4.3)
Accelerated Villous Maturation
Present 2(3.4) 3(6.5) 0.649
Absent 57 (96.6) 41(89.1)
Missing 0(0.0) 2(4.3)
Massive perivillous fibrin deposition, n (%)
Present 0(0.0) 1(2.2) 0.438
Absent 59 (100.0) 45 (97.8)
Missing 0(0.0) 0(0.0)
Chorangiosis, n (%)
Present 20 (33.9) 11(23.9) 0.266
Absent 39 (66.1) 35(76.1)
Missing 0(0.0) 0(0.0)
Distal villous hypoplasia, n (%)
Present 1(1.7) 0(0.0) 1.000
Absent 58 (98.3) 46 (100.0)
Missing 0(0.0) 0(0.0)
Intervillous thrombosis, n (%)
Present 11 (18.6) 8(17.4) 0.869
Absent 48 (81.4) 38 (82.6)
Missing 0(0.0) 0(0.0)
Chronic histiocytic intervillositis, n (%)
Present 1(1.7) 0(0.0) 1.000
Absent 58 (98.3) 46 (100.0)
Missing 0(0.0) 0(0.0)
Other Finding Mit'\flggrg;na I;l::!;g)a p-value
Meconium, n (%)
Present 28 (47.5) 22 (47.8) 0.970
Absent 31(52.5) 24 (52.2)
Missing 0(0.0) 0(0.0)

Table 4.6: Placental Villous, Intervillous, and Other Pathological Findings



4.2 Secondary Analysis: Gestational Diabetes Mellitus Subgroup

Maternal D graphic, Anthrop ric, and Clinical Characteristics Me(t’::rsrl;)ma I?::'Iz';)a p-value
Diabetes diagnosis, n (%)
Gestational diabetes 57 (100) 21(0.0)
Type 1 diabetes mellitus 0(0.0) 0(0.0)
Type 2 diabetes mellitu 0(0.0) 0(0.0)
Missing 0(0.0) 0(0.0)
Maternal age at delivery (years), median (IQR) / mean (+SD) 34.8 (£5.6) 35.0 (6.5) 0.778 /
Missing, n(%) 0(0.0) 0(0.0) 0.716
Gravidity, n(%)
Primigravida 24 (42.1) 5(23.8) 0.138
Multigravida 33(57.9) 16 (76.2)
Missing 0(0.0) 0(0.0)
Previous parity, n(%)
Nulliparous 29 (50.9) 7(33.3) 0.373
Primiparous 21 (36.8) 11 (52.4)
Multiparous 7(12.3) 3(14.3)
Missing 0(0.0) 0(0.0)
Pre-pregnancy BMI (kg/m?), median (IQR) / mean (+SD) 32.0(9.9) 29.7 (8.7) 0.113/
Missing, n (% 0(0.0) 0(0.0) 0.211
Pre-pregnancy BMI, n (%)
Normal 12(21.1) 7(33.3) 0.533
Overweight 13 (22.8) 4(19.0)
Obesity 32(56.1) 10 (47,6)
Missing 0(0.0) 0(0.0)
Normal pre-pregnancy BMI, n (%)
Present 12 (21.1) 7(33.3) 0.262
Absent 45 (78.9) 14 (66,7)
Missing 0(0.0) 0(0.0)
Overweight pre-pregnancy BMI, n (%)
Present 13 (22.8) 4(19.0) 0.721
Absent 44 (77.2) 17 (81.0)
Missing 0(0.0) 0(0.0)
Obesity pre-pregnancy BMI, n (%)
Present 32 (56.1) 10 (47,6) 0.503
Absent 25 (43.9) 11 (52.4)
Missing 0(0.0) 0(0.0)
Gestational weight gain (kg), median (IQR) / mean (+SD) 9.7 (8.8) 11.2(7.4) 0.539
Missing, n (% 3(5.3) 0(0.0)
Glycated h lobin tests during preg y, n (%)
Controlled (all values <6.0%) 50 (87.7) 13 (61.9) 0.003
Uncontrolled (any value > 6.0%) 3(5.3) 7(33.3)
Missing 4(7.0) 1(4.8)
Intrapartum maternal fever, n (%)
Present 7 (12.3) 0(0.0) 0.180
Absent 50(87.7) 21 (100.0)
Missing 0(0.0) 0(0.0)
Smoking, n (%)
Present 11(19.3) 4(19.0) 1.000
Absent 46 (80.7) 17 (81.0)
Missing 0(0.0) 0(0.0)
Hypertensive disorders, n (%)
Present 17 (29.8) 2(9.5) 0.064
Absent 40(70.2) 19.0 (90.5)
Missing 0(0.0) 0(0.0)
Cardiac disease, n (%)
Present 0(0.0) 1(4.8) 0.269
Absent 57 (100.0) 20(95.2)
Missing 0(0.0) 0(0.0)
Pulmonary disease, n (%)
Present 5(8.8) 1(4.8) 1.000
Absent 52(91.2) 20(95.2)
Missing 0(0.0) 0(0.0)
Renal disease, n (%)
Present 0(0.0) 0(0.0) N/A
Absent 57(100.0) 21(100.0)
Missing 0(0.0) 0(0.0)
Thyroid disease, n (%)
Present 6(10.5) 8(38.1) 0.009
Absent 51(89.5) 13 (61.9)
Missing 0(0.0) 0(0.0)
Anemia, n (%)
Present 3(5.3) 1(4.8) 1.000
Absent 54 (94.7) 20(95.2)
Missing 0(0.0) 0(0.0)

Table 4.7: Maternal Characteristics in the gestational diabetes mellitus (GDM) Subgroup
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Perinatal and neonatal outcomes (el (e p-value
(N=57) (n=21)
Gestational age at delivery (days), median (IQR) / mean (+SD)* 274.0 (8.0) 273.0(5.0) 0.901/
Missing, n(%) 0(0.0) 0(0.0) 0.552
*Gestational age at delivery (equivalent in weeks) 39.1(1.1) 39.0(0,7)
Sex of neonate, n(%)
Female 29 (50.9) 5(23.8) 0.032
Male 28 (49.1) 16 (76.2)
Missing 0(0.0) 0(0.0)
First minute APGAR score, median (IQR) / mean (+SD) 9.0 (0.0) 9.0 (0.0) 0.224/
Missing, n(%) 0(0.0) 0(0.0) 0.949
Fifth minute APGAR score, median (IQR) / mean (+SD) 10.0 (0.0) 10.0 (0.0) 0.063/
Missing, n(%) 0(0.0) 0(0.0) 0.700
Tenth minute APGAR score, median (IQR) / mean (+SD) 10.0 (0.0) 10.0 (0.0) 0.287/
Missing, n(%) 0(0.0) 0(0.0) 1.000
Birth weight (g), median (IQR) / mean (+SD) 3180.2 (+493.2) 3283.8 (+408.6) 0.393
Missing, n(%) 0(0.0) 0(0.0)
Birth weight percentile for gestational age, n (%)
<10 7(12.3) 1(4.8) N/A
>10 e <90 42(73.7) 17 (81.0)
>90 8(14.0) 3(14.3)
Missing 0(0.0) 0(0.0)
Birth weight <P10 gestational age, n (%)
Present 7(12.3) 1(4.8) 0.437
Absent 50 (87.7) 20(95.2)
Missing 0(0.0) 0(0.0)
Birth weight >10 e <90 gestational age, n (%)
Present 42(73.7) 17 (81.0) 0.507
Absent 15(26.3) 4(19.0)
Missing 0(0.0) 0(0.0)
Birth weight >P90 gestational age, n (%)
Present 8(14.0) 3(14.3) 1.000
Absent 49 (86.0) 18 (85.7)
Missing 0(0.0) 0(0.0)
Neonatal length (cm), median (IQR) / mean (£SD) 49.0 (+2.3) 49.3 (+1.5) 0.566
Missing, n(%) 0(0.0) 0(0.0)
Head circumference (cm), median (IQR) / mean (+SD) 34.5(2.0) 35.0(3.0) 0.551/
Missing, n(%) 0(0.0) 0(0.0) 0.839
NICU admission, n (%)
Present 8(14.0) 0(0.0) 0.100
Absent 49 (86.0) 21(100.0)
Missing 0(0.0) 0(0.0)
Hypoglycemia, n (%)
Present 3(5.3) 1(4.8) 1.000
Absent 54 (94.7) 20(95.2)
Missing 0(0.0) 0(0.0)
Jaundice, n (%)
Present 22(38.6) 7(33.3) 0.670
Absent 35 (61.4) 14 (66,7)
Missing 0(0.0) 0 (0.0)
Jaundice requiring phototherapy, n (%)
Present 12 (21.1) 3(14.3) 0.747
Absent 45 (78.9) 18 (85.7)
Missing 0(0.0) 0(0.0)
Transient tachypnea, n (%)
Present 2(3.5) 0(0.0) 1.000
Absent 55(96.5) 21(100.0)
Missing 0(0.0) 0(0.0)
Respiratory distress syndrome with hypoxemia, n (%)
Present 2(3.5) 0(0.0) 1.000
Absent 55(96.5) 21(100.0)
Missing 0(0.0) 0 (0.0)
Meconium-stained amniotic fluid, n (%)
Present 3(5.3) 1(4.8) 1.000
Absent 54 (94.7) 20(95.2)
Missing 0(0.0) 0(0.0)
Thrombocytopenia, n (%)
Present 2(3.5) 0(0.0) 1.000
Absent 55(96.5) 21(100.0)
Missing 0(0.0) 0(0.0)
Polycythemia, n (%)
Present 1(1.8) 0(0.0) 1.000
Absent 56 (98.2) 21(100.0)
Missing 0(0.0) 0(0.0)

Table 4.8: Perinatal and Neonatal Outcomes in the GDM Subgroup
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Placental Morphometry & Fetoplacental Ratio Me(t’::;r;\; na IF::;T; p-value
Feto-placental weight ratio, n (%)
<10th percentile (low) 2(3.5) 2(9.5) N/A
10th—89th percentile (appropriate) 51(89.5) 16 (76.2)
>90th percentile (high) 2(3.5) 3(14.3)
Missing (including sampling defect) 2(3.5) 0(0.0)
Feto-placental weight <10th percentile (low), n (%
Present 2(3.5) 2(9.5) 0.305
Absent 53(93.0) 19 (90.5)
Missing (including sampling defect) 2(3.5) 0(0.0)
Feto-placental weight 10th-89th percentile (appropriate), n (%
Present 51(89.5) 16 (76.2) 0.105
Absent 4(7.0) 5(23.8)
Missing (including sampling defect) 2(3.5) 0(0.0)
Feto-placental weight >90th percentile (high), n (%
Present 2 (3.5) 3(14.3) 0.126
Absent 53(93.0) 18 (85.7)
Missing (including sampling defect) 2(3.5) 0(0.0)
Placental weight (g), median (IQR) / mean (+SD) 460.0 (141.5) 475.0 (137.5) 0.778 /
Missing, n(%) 2(3.5) 0(0.0) 0.987
Placental weight percentile, n (%)
<10th percentile (low) 20(35.1) 9 (42.9) N/A
10th—89th percentile (appropriate) 33(57.9) 12(57.1)
>90th percentile (high) 2(3.5) 0(0.0)
Missing, n(%) 2(3.5) 0(0.0)
Placental weight <10th percentile (low), n (%)
Present 20(35.1) 9 (42.9) 0.602
Absent 35 (61.4) 12(57.1)
Missing (including sampling defect) 2(3.5) 0(0.0)
Placental weight within 10th—89th percentile (appropriate), n (%)
Present 33(57.9) 12(57.1) 0.821
Absent 22(38.6) 9(42.9)
Missing (including sampling defect) 2(3.5) 0(0.0)
Placental weight >90th percentile (high), n (%)
Present 2(3.5) 0(0.0) 1.000
Absent 53(93.0) 21 (100.0)
Missing (including sampling defect) 2(3.5) 0(0.0)
Greatest placental diameter (cm), median (IQR) / mean (+SD) 19.0(3.0) 18.0(2.5) 0.322
Missing, n(%) 4(7.0) 0(0.0)
Umbilical Cord Features Me(t’::g;; na IF::;T;‘ p-value
Umbilical cord insertion, n (%)
Central 9(15.8) 6(28.6) N/A
Paracentral 28 (49.1) 7(33.3)
Paramarginal 14 (24.6) 7(33.3)
Marginal 6(10.5) 1(4.8)
Missing 0(0.0) 0(0.0)
Number of umbilical vessels, n (%)
Two 1(1.8) 1(4.8) 0.469
Three 56 (98.2) 20(95.2)
Missing 0(0.0) 0(0.0)
Umbilical cord coiling index, n (%)
Hypocoiled (UCI <0.07) 0(0.0) 0(0.0) 1.000
Normocoiled (UCI 0.07-0.30) 31(54.4) 12 (57.1)
Hypercoiled (UCI >0.30) 11(19.3) 4(19.0)
Missing 15 (26.3) 5(23.8)
Placental Maternal & Fetal Vascular Pathology Metionnia (isiee p-value
(N=57) (n=21)
Maternal vascular malperfusion, n(%)
Present 25(43.9) 13(61.9) 0.157
Absent 32 (56.1) 8(38.1)
Missing 0(0.0) 0(0.0)
Fetal vascular malperfusion, n (%)
Present 2(3.5) 0(0.0) 1.000
Absent 55 (96.5) 21 (100.0)
Missing 0(0.0) 0(0.0)
Hypoxic-ischemic changes, n(%)
Present 10(17.5) 3(14.3) 1.000
Absent 47 (82.5) 18 (85.7)
Missing 0(0.0) 0(0.0)

Table 4.9: Placental Morphometry and Vascular Pathology in the GDM Subgroup
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Placental Inflammatory Lesions Me;t’;f:gl)lna I?::;':; p-value
Acute and/or chronic inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 41(71.9) 13 (61.9) 0.395
Absent 16 (28.1) 8(38.1)
Missing 0(0.0) 0(0.0)
Chronic inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 28 (49.1) 8(38.1) 0.386
Absent 29 (50.9) 13(61.9)
Missing 0(0.0) 0(0.0)
Acute inflammation, n (%)
(chorioamnionitis, chorionitis, subchorionitis, villitis, deciduitis)
Present 13 (22.8) 5(23.8) 1.000
Absent 44 (77.2) 16 (76.2)
Missing 0(0.0) 0(0.0)
Chronic chorioamnionitis, n (%)
Present 2(3.5) 1(4.8) 1.000
Absent 55 (96.5) 20 (95.2)
Missing 0(0.0) 0(0.0)
Chronic chorionitis, n (%)
Present 5(8.8) 0(0.0) 0.316
Absent 52 (91.2) 21 (100.0)
Missing 0(0.0) 0(0.0)
Chronic subchorionitis, n (%)
Present 0(0.0) 0(0.0) N/A
Absent 57 (100.0) 21 (100.0)
Missing 0(0.0) 0(0.0)
Maternal inflammatory response, n (%)
Present 25 (43.9) 5(23.8) 0.106
Absent 32 (56.1) 16 (76.2)
Missing 0(0.0) 0(0.0)
Fetal inflammatory response, n (%)
Present 21(36.8) 3(14.3) 0.056
Absent 36 (63.2) 18 (85.7)
Missing 0(0.0) 0(0.0)
Chronic villitis (VUE), n (%)
Present 12 (21.1) 4(19.0) 1.000
Absent 45 (78.9) 17 (81.0)
Missing 0(0.0) 0(0.0)
Chronic deciduitis, n (%)
Present 25(43.9) 5(23.8) 0.106
Absent 32 (56.1) 16 (76.2)
Missing 0(0.0) 0(0.0)

Table 4.10: Placental Inflammatory Lesions in the GDM Subgroup
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Placental Villous & Intervillous Pathology M(-;::;?)ma I?::';:; p-value
Placental maturity
Immature 34 (59.6) 14 (66,7) N/A
Adequate 21(36.8) 5(23.8)
Accelerated 2(3.5) 1(4.8)
Missing 0(0.0) 1(4.8)
Delayed Villous Maturation
Present 34 (59.6) 14 (66,7) 0.411
Absent 23 (40.4) 6 (28.5)
Missing 0(0.0) 1(4.8)
Adequate Villous Maturation
Present 21(36.8) 5(23.8) 0.335
Absent 36 (63.2) 15 (66.4)
Missing 0(0.0) 1(4.8)
Accelerated Villous Maturation
Present 2(3.5) 1(4.8) 1.000
Absent 55 (96.5) 19 (90.5)
Missing 0(0.0) 1(4.8)
Massive perivillous fibrin deposition, n (%)
Present 0(0.0) 1(4.8) 0.269
Absent 57 (100.0) 20(95.2)
Missing 0(0.0) 0(0.0)
Chorangiosis, n (%)
Present 19 (33.3) 5(23.8) 0.419
Absent 38 (66.7) 16 (76.2)
Missing 0(0.0) 0(0.0)
Distal villous hypoplasia, n (%)
Present 1(1.8) 0(0.0) 1.000
Absent 56 (98.2) 21 (100.0)
Missing 0(0.0) 0(0.0)
Intervillous thrombosis, n (%)
Present 10 (17.5) 4(19.0) 1.000
Absent 47 (82.5) 17 (81.0)
Missing 0(0.0) 0(0.0)
Chronic histiocytic intervillositis, n (%)
Present 1(1.8) 0(0.0) 1.000
Absent 56 (98.2) 21 (100.0)
Missing 0(0.0) 0(0.0)
Other Finding Mi:g:;‘;na I;\::Izlr)a p-value
Meconium, n (%)
Present 26 (45.6) 10 (47,6) 0.875
Absent 31(54.4) 11 (52.4)
Missing 0(0.0) 0(0.0)

Table 4.11: Placental Villous and Intervillous Pathology and Other Placental Findings
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5 Discussion

This study presents a comprehensive comparative analysis of metformin versus insulin in diabetic
pregnancies, encompassing placental morphology and histopathology, as well as maternal and
neonatal outcomes. By linking placental findings with clinical outcomes, we aimed to provide a
more comprehensive understanding of how pharmacological treatment affects both maternal—fetal
health and placental biology.

In the primary analysis, pregnancies affected by pre-gestational and gestational diabetes were
identified. A dual placental signature: metformin was associated with a more efficient feto-
placental ratio but also with a significantly increased frequency of inflammatory lesions.

The most novel and complex findings of this study relate to the placental inflammatory lesions,
specifically to the more than two-fold increase in the odds of both fetal inflammatory response
and chronic deciduitis after metformin exposure. This observation is intriguing, as metformin is
generally considered to have systemic anti-inflammatory properties. A potential explanation is that
this finding may not represent a direct pharmacological effect, but rather reflects a confounding
factor. The women treated with metformin had a higher prevalence of obesity, a known pro-
inflammatory state, which is reportedly associated with a significantly higher risk of placental
inflammatory lesions [8, 82]. A critical challenge for further investigation is to determine whether
metformin is primarily involved in placental inflammatory lesions or if it promotes improvements
in placental efficiency despite this inflammatory environment.

These complex placental findings occurred in the context of clear maternal metabolic benefits.
Consistent with established evidence from landmark randomized trials such as the MiG study [70],
similar results were observed in this study regarding maternal and fetal outcomes. Metformin was
associated with superior glycemic control compared to insulin in both analyses. Although lower
gestational weight gain was significant only in the initial analysis, the direction and magnitude of
this effect in the GDM-only subgroup analysis remained unchanged. Metformin use was also asso-
ciated with intrapartum fever. Although significant, this finding should be interpreted cautiously,
as intrapartum fever is multifactorial and may arise from noninfectious inflammation, epidural
analgesia, or infection. Additional peripartum data would be needed to clarify the nature of this
association.

Despite the concerning signal for placental inflammation, the downstream neonatal outcomes
were reassuring. After accounting for the confounding effect of the heavier infants born to moth-
ers with type 1 diabetes, neonatal outcomes in the GDM cohort were comparable between treat-

ment groups, with no significant differences in common morbidities. The only new association
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to emerge in the GDM subgroup was a higher proportion of male neonates in the insulin group,

which probably represents a chance finding.

The primary strength of this study lies in its comprehensive and standardized histopathologi-
cal examination of the placenta within a clinical cohort. The pre-specified subgroup analysis was
crucial for dissecting the complex results. However, the retrospective, observational design is the
main limitation, precluding any claims of causality. The most significant limitation was the sample
size, particularly for the secondary analysis sample, which constrained the ability to draw defini-

tive conclusions regarding the non-significant but persistent trends for placental inflammation.



6 Conclusions

This study provides critical evidence relevant to the ongoing debate among international guidelines
regarding the safe use of metformin in pregnancy. Metformin is a low-cost, oral administration
with minimal risk of maternal hypoglycemia and benefits from decades of research on maternal
and neonatal outcomes. However, its involvement in diverse and tissue-specific metabolic path-
ways raises persistent uncertainties about its effects on placental and fetal tissues.

While our findings confirm metformin’s efficacy for maternal glycemic control in women with
GDM, they also reveal a significant and previously underexplored association with placental in-
flammatory lesions and intrapartum fever. Although extensive long-term studies of neonatal out-
comes have mainly been reassuring, the potential downstream consequences of the placental in-
flammatory signals identified here remain unknown.

To address these concerns, future research should prioritize large, adequately powered random-
ized controlled trials in which detailed placental pathology is a pre-specified primary outcome, to
clarify the safety of metformin with respect to maternal, placental, and fetal inflammatory envi-

ronments.
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