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Abstract

Background and objectives: Metformin is used to treat gestational diabetes.
It is also used to treat women with polycystic ovary syndrome and has been
shown to prevent late miscarriage and preterm birth. However, increased renal
clearance during pregnancy causes a decline in serum concentrations of
metformin. The aim of this study was to explore the time course of the
pregnancy-related changes in metformin pharmacokinetics and the return to
the non-pregnant state.

Method: A subgroup of women in the PregMet2 study (n = 73) agreed to pro-
vide serum samples at three time-points in pregnancy (gestational weeks
19, 28 and 32) and once in post partum, (either 2, 4 or 8 weeks after delivery).
Serum metformin concentrations were compared using a four-parameter logis-
tic model.

Findings: The mean steady-state serum concentration of metformin during
pregnancy was 9.39 pmoL/L, whereas the post partum concentration was
12.36 pmoL/L, an increase of 32% (p = 0,019). This change took place already
during the first 2 weeks post partum.

Conclusion: Clinicians who treat pregnant women with metformin should be
aware of the significant decrease in metformin concentration mediated by
pregnancy, and the rapid increase after delivery, as it may impact both the
therapeutic efficacy and the risk of adverse drug reactions.
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1 | BACKGROUND

Metformin is widely used as first choice treatment for
type 2 diabetes mellitus (T2DM). It has been considered
safe during pregnancy both for women with T2DM and
women with gestational diabetes mellitus (GDM)."! The
main anti-diabetic mechanisms of action of metformin
are reduced glucose uptake in the gut, increased periph-
eral insulin sensitivity, decreased hepatic gluconeogene-
sis and decreased fat synthesis. Metformin has a mild
inhibitory effect on the mitochondrial respiratory com-
plex, resulting in increased adenosine monophosphate
(AMP)/adenosine triphosphate ratio mediated by AMP-
activated protein kinase.>™

Metformin is also used to treat polycystic ovary syn-
drome (PCOS), a common endocrine disorder.”’ In non-
pregnant women with PCOS, metformin has a mild
androgen lowering and ovulation stimulating effect.®
Women with PCOS have increased risk of pregnancy
complications such as GDM, preeclampsia, miscarriage
and preterm birth.’ Pooled data from randomized con-
trolled trials from our research group indicate that met-
formin treatment during pregnancy reduces the risk of
late miscarriage and preterm birth.'*'" Its mechanisms of
action in pregnancy are unclear. Surprisingly, in an ear-
lier publication from our study group,'? as well as in
three randomized controlled trials (RCTs) with 800 PCOS
participants, metformin had, compared with placebo, no
effect on the glucose homeostasis, measured as the inci-
dence of GDM, time of GDM debute, insulin need, insu-
lin resistance or fasting glucose levels.”> Metformin
however, significantly reduced the incidence of late mis-
carriage, preterm birth and gestational weight gain."

The dosage of metformin in studies involving preg-
nancy has mainly been based on data from non-pregnant
women. Pharmacokinetic data from pregnant women
treated with metformin'*” suggest that drug elimination
is increased during pregnancy, leading to a lower plasma
concentration compared with the non-pregnant state.
Thus, there is a possibility that a higher dosage of metfor-
min would be needed to achieve the desired plasma
levels during pregnancy.

Two studies from Brazil**'® report on metformin phar-
macokinetics in the third trimester of pregnancy in eight
women with PCOS and nine women with T2DM and com-
pared the findings with data from non-pregnant controls
obtained from the literature. The authors found that oral
metformin clearance increased significantly during preg-
nancy. Another study'® followed seven women longitudi-
nally and found that the mean peak serum metformin
concentration in the third trimester was 81% of the con-
centration 8 weeks post partum. This decrease supported
the authors’ hypothesis of a 40-50% increase in renal

metformin clearance, caused by the known pregnancy-
associated increase in glomerular filtration rate (GFR).
Based on results from 35 women, another study'’ reported
that the mean serum metformin concentration during late
pregnancy was 71% of the concentration 3 months post
partum, with a corresponding 31% higher renal clearance
during late pregnancy. However, it should be noted that
none of these four studies'*"” present data from early post
partum, that is, before 8 weeks after delivery.

As the dynamics of the changes in metformin plasma
concentrations in the early post partum period is not
known, the aim of the present study was to explore the
time course of the changes in metformin pharmacokinet-
ics during the first weeks after delivery.

2 | MATERIALS AND METHODS

The study was conducted in accordance with the Basic &
Clinical Pharmacology & Toxicology policy for experi-
mental and clinical studies.'®

2.1 | Participants and sampling

The participants in this study were recruited among the
local participants in the PregMet2 study. The PregMet2
study'> was a randomized, double-blinded, placebo-
controlled, Nordic multicenter trial on metformin treat-
ment of pregnant women with PCOS. The study was
registered with ClinicalTrials.gov, number NCT01587378,
and EudraCT, number 2011-002203-15. Inclusion and
exclusion criteria as well as the main results from this
study are published elsewhere."> Women with PCOS
were randomized to either metformin 1000 mg twice
daily or placebo.

Of the 127 participants recruited to the PregMet2
study at St. Olav’s Hospital in Trondheim, 73 gave writ-
ten informed consent to participate in the present sub-
study. During pregnancy, blood samples were obtained in
gestational weeks 19, 28 and 32 (Figure 1). Specimens
were included only when the women reported regular
drug intake and the blood samples were obtained
between one and 6 h after last tablet intake.

In the post partum period, the women were random-
ized for sampling at 2, 4 or 8 weeks after delivery
(Figure 1). They ingested 1000 mg metformin 28, 16 and
4 h before blood sampling. Given the plasma elimination
half-life of metformin of 4-5 h,'° this was considered suf-
ficient to achieve steady-state conditions.

The study was approved by the Regional Committee
for Health Research Ethics of Central Norway (approval
No. 2011/1434).
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FIGURE 1 Flow diagram illustrating the .
inclusion and exclusion of patients Eligible
N=127
Declined
n=54
‘ Included ‘
n=73
During pregnancy Postpartum
Placebo Declined
n=35 n=36
Metformin Metformin
n=38 n=37

(1-3 samples from each woman)

Week 28: n =17
Week 32: n =23

(1 sample from each woman)

Week 4
n=10

Week 2
n=12

Week 19: n = 13

Week 8
n=15

2.2 | Analysis of metformin

After sampling, blood was allowed to coagulate. Follow-
ing centrifugation, serum was pipetted off and stored fro-
zen at —80°C until analysis. At the day of analysis,
samples were thawed to room temperature and during
preparation handled with a pipetting robot. Six levels of
calibrators (ranging from 0.20 to 40 pmoL/L), three qual-
ity control samples (0.40, 10 and 30 pmoL/L) and patient
samples were transferred to a 96-well plate in aliquots of
100 pL. Subsequently, 25 pL of the internal standard
solution (1.0 pg/mL metformin-d6 in methanol/water
(20%, v:v) was added. For protein precipitation 300 pL of
ice-cold acetonitrile with formic acid (1%, v:v) was added.
The wells were then sealed with aluminium foil and
mixed followed by centrifugation at 4600 rpm for 4 min.
The plate was then stored in a freezer at —20°C for
30 min before 150 pL of the supernatant was transferred
to another 96-well plate.

A volume of 1 pL. prepared sample was injected onto
the analytical instrument. The instrumental detection
was performed by an Agilent 1290 ultra-high perfor-
mance liquid chromatography system coupled to an
Agilent 6550 quadrupole time-of-flight mass spec-
trometer (QTOF-MS) (Agilent, Santa Clara, CA, USA).

Chromatographic separation was performed on an
Acquity UPLC HSS T3 column (150 mm X 2.1 mm,
1.8 pm) (Waters, Milford, MA, USA) with the two mobile
phases 0.025% formic acid in 5-mM ammonium formate
and 0.05% formic acid in acetonitrile.

The QTOF-MS was operated with positive ionization
in full scan MS mode alternating between low and high
collision energies. Acquired data were processed with
the MassHunter Quantitative Analysis QTOF software
B.07. Protonated metformin (m/z 130.1087) and
metformin-d6 (m/z 136.1464) from the low energy spec-
tra with a mass accuracy tolerance of + 6 parts per mil-
lion were used for quantification. The presence of a
metformin fragment ion (m/z 71.0604) in high collision
energy spectra, co-eluting with the precursor, was used
for identification in addition to retention time and mass
accuracy.

Limit of quantification was estimated to 0.20 pmoL/L.
Within- and between-series precisions were below a coef-
ficient of variation (CV) of 4.0% at both low (0.20 pmoL/
L) and high (30 pmoL/L) concentrations. Bias was —4.2%
and —2.6% at low and high concentrations, respectively.
No signs of degradation of metformin were observed after
storage in test tubes for 4 weeks at 4-8°C and 4 days at
30°C.
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2.3 | Pharmacokinetic and statistical
procedures

The measured serum metformin concentrations obtained
1-6 h after drug ingestion were standardized to 4 h. As
this time interval represents the distribution phase of
metformin, for which no half-life is readily available from
the literature, the distribution half-life used for the stan-
dardization was calculated as follows: In a recent phar-
macokinetic study, the elimination half-life of oral
metformin was 4.2 h."”® Assuming that the distribution
phase also represents transport from plasma to red blood
cells, a transport coefficient of 0.044 h™?° was added to
the elimination coefficient of 1In2/4.2 h,'° leading to a
resultant distribution half-life of 3.3 h. By applying this
procedure, concentrations retrieved during pregnancy
could be directly compared with those collected post
partum, where all samples were obtained 4 h after tablet
intake.

We developed two statistical models for the outcome
variable serum metformin concentration (in pmol/L). In
the first model, we included pregnancy status (pregnant
vs non-pregnant), and the different per protocol-based
time points as categorical predictor variables using a lin-
ear mixed model with patient ID as random intercept,
using the Stata version 17 mixed procedure.”"

In the second model, the outcome was modelled as a
function of gestational length (pregnant) or time after
delivery (non-pregnant) on a continuous time scale, using
a four-parameter logistic model (not to be confused with
logistic regression). This model has the following features
and parameters: a left asymptote at early pregnancy
(before gestational week 20), a right asymptote of non-
pregnancy (beyond 12 weeks post partum), an inflection
point where the concentration changes and a scale
parameter without direct interpretation. The inflection
point was set a priori (not estimated from the present
data) at the day of birth.?* Parameters were estimated
using the method of restricted maximum likelihood,
employing the Stata version 17 menl procedure for
nonlinear mixed effects.”® The patient identity was
included as a random intercept, so individual patients
may start and end differently while still exhibiting the
general relation described above.

3 | RESULTS

The number of women who provided samples at various
time points during pregnancy and post partum is shown
in Figure 1. Of the 73 women who accepted the invita-
tion, 38 were randomized to metformin and could be
included in the pregnancy part of this study, whereas

35 had been randomized to the placebo group. In the post
partum part, 37 of the 73 women contributed with sam-
ples. Key characteristics of the study participants are
presented in Table 1.

Mean metformin serum concentrations at the various
pre-defined sampling time points are shown in Table 2.
Mean concentrations varied between 8.24 and
9.96 pmoL/L during pregnancy and between 11.95 and
12.76 pmoL/L post partum. According to the linear
mixed model (the first model), being in the post partum
period adds an average of 2.92 pmoL/L (4 30%) to the
serum metformin concentration during pregnancy
(p = 0.019).

Individual concentrations of metformin during preg-
nancy and in the post partum period are shown in
Figure 2. The asymptotes from the four-parameter logis-
tic model (the second model) are superimposed on the

TABLE 1
complications of women with polycystic ovary syndrome (N = 73)

Baseline characteristics at inclusion and pregnancy

Variable Mean (SD) Range
Age (years) 30.1 (4.6) 21-40
Body weight (kg) 79.2 (17.5) 54-146
Height (cm) 168.1 (5.8) 156-188
Body mass index (kg/m?) 28.0 (6.1) 20-54
Plasma creatinine (umoL/L) 49.6 (6.0) 36-71
eGFR (mL/min/1.73 m?) 125.7 (7.2) 97-144
Systolic blood pressure (mmHg) 120.2 (9.5) 95-146
Diastolic blood pressure (mmHg) 76.7 (7.7) 56-103
Ethnicity (Caucasian/other) 72/1
Parity (0/1/2/3) 44/25/3/1
Pregnancy complications No. (%)
Pregnancy-induced hypertension 5(6.9)
Gestational diabetes mellitus 12 (16.4)
Preeclampsia 4(5.5)

TABLE 2 Metformin concentrations (mean + standard

deviation) during pregnancy and post partum

Metformin
Number of concentration
samples (pmol/L)
Gestational week 19 13 9.87 + 2.52
Gestational week 28 17 8.24 + 2.81
Gestational week 32 23 9.96 £ 2.99
Week 2 post partum 12 11.95 + 2.64
Week 4 post partum 10 12.24 + 4.50
Week 8 post partum 15 12.76 + 3.83
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observations. The left asymptote (mid-pregnant) was
estimated to 9.18 pmoL/L and the right asymptote
(non-pregnant) to 13.24 pmoL/L. The random effects
(i.e. patient individual intercepts) were estimated with
standard deviations (SD) of 1.25 and the residuals with a
SD of 3.08. This yields a relatively low intraclass correla-
tion of 0.14 between observations of the same patient.

4 | DISCUSSION

The main finding of the present study is that concentra-
tions of metformin during pregnancy were 76% of the
concentrations in non-pregnant state. The return to non-
pregnant state took place during the first 2 weeks post
partum.

In previous studies, serum metformin concentra-
tions during pregnancy have ranged between 60% and
80% of those measured 8 weeks or more post partum.
Our finding of a mean concentration of 76% during preg-
nancy compared with post partum is clearly consistent
with the data from those previous studies. Notably, the
concentrations in our study reached non-pregnant values
already during the first 2 weeks post partum.

As metformin is not metabolized in humans and is
not bound to plasma proteins to a significant extent,>**
the lower metformin concentrations during pregnancy
are believed to be primarily caused by increased renal
elimination. A review article from 2016* describes
increased GFR already in the first trimester, with a peak
at mid-pregnancy with an average increase of 37-45%
compared with before pregnancy, and a decline during
the last few weeks of pregnancy. Similar findings were
demonstrated in a systematic review and meta-analysis

14-17

from 2019, with a gradual and significant rise in GFR
during the first two trimesters, an apparent peak around
gestational weeks 28-32 and a modest decrease towards
the end of pregnancy.

As the mechanisms of action of metformin to reduce
late miscarriage and preterm deliveries in PCOS are
unclear, we can only speculate on the optimal plasma
concentrations in pregnancy. It seems, however, likely
that the effect in PCOS, in contrast to in T2DM, is medi-
ated predominantly via systemic drug absorption rather
than via local effects in the gut. Theoretically, PCOS
severity may also be a factor taken into account for met-
formin dosage. PCOS severity is a difficult concept, as the
condition is multifactorial and studies on how different
PCOS phenotypes affect pregnancy complications are
contradicting.””*® As we could demonstrate favourable
effects of metformin on gestational weight gain and mis-
carriage/preterm delivery incidence in the pooled data of
three RCTs,'® we believe that despite of reduced serum
concentrations the metformin dosage was sufficient.

Although GFR is held to be the main pathway for
renal clearance of metformin, tubular excretion via trans-
port proteins such as organic cation transporters,
multidrug and toxin extrusion transporters and, to a
lesser extent, the plasma membrane monoamine trans-
porter seem to contribute to its elimination.”®> Some
authors have suggested that there is an increased tubular
secretion of metformin during pregnancy,'”** but the
extent to which the activities of the renal tubular trans-
port proteins in general are changed during pregnancy
remains unclear.”® The total clearance of metformin is
about 500 mL/min,23 which is considerably higher than
the GFR. Thus, we can assume that tubular excretion
accounts for a significant part of the total clearance of
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metformin. This is further substantiated by the fact that
drugs that inhibit renal tubular secretion without chang-
ing GFR, such as trimetoprim and abemaciclib, reduce
renal clearance of metformin.*>** The increase in GFR
during pregnancy has been estimated to 45%,>> which
corresponds to a 31% decrease in the plasma concentra-
tion. As the decrease in metformin concentration during
pregnancy in the present study was 25%, we cannot con-
firm that the tubular excretion of metformin is increased
during pregnancy.

It should also be taken into account that some data
indicate that the oral bioavailability of metformin increases
during pregnancy, thereby counteracting the decrease
in plasma concentrations that would have been excepted
on the basis of the increased clearance alone.*® In order to
elucidate this effect further, studies including intravenous
administration of metformin should be performed.

This study has some weaknesses, but also some
strengths, that should be acknowledged. The strengths of
this study are the randomized placebo-controlled design
and the longitudinal, multiple sampling strategy during
pregnancy and post partum. Although it is generally
assumed that drug adherence is reduced in pregnancy,
the women in our study participated in a clinical trial
investigating the positive effects of metformin during
pregnancy. They were asked about drug intake before
sampling, and samples were excluded if any irregularities
were revealed or suspected. Thus, it seems unlikely that
reduced drug adherence during pregnancy has contrib-
uted to the lower metformin concentrations measured.

A potential limitation of this study is that the time
interval from last tablet intake to sampling was not possible
to standardize during pregnancy for practical reasons. We
therefore calculated these time intervals carefully, excluded
samples obtained outside the 1- to 6-h interval, and used
pharmacokinetic modelling to standardize the remaining
concentrations to a 4-h interval, which was identical to the
interval used in the post partum samplings. This procedure
may have introduced some uncertainty related to the preci-
sion of individual pregnancy concentrations. However, as
our key findings regarding the difference between concen-
trations during pregnancy and post partum are the same as
in previous studies, it seems unlikely that this procedure
has introduced any systematic bias.

Another limitation to be mentioned is that we did not
collect samples during the last weeks of pregnancy or
during the first 2 weeks post partum. Therefore, we can-
not exclude possibility that the metformin concentrations
started to increase already before delivery. On the other
hand, based on previous studies,*** this seems unlikely.
Samples obtained before the 2-week interval after deliv-
ery would have allowed us to describe the post partum
pharmacokinetic changes in even more detail. Moreover,

by collecting urinary samples, we would have been able
to provide a deeper understanding of the pharmacoki-
netic changes taking place.

In conclusion, we have shown that the lower serum
metformin concentrations during pregnancy increased to
non-pregnant levels as early as 2 weeks after delivery.
Further studies are needed to elucidate whether the
decrease in metformin concentration during pregnancy
and the rapid increase after delivery may affect its thera-
peutic efficacy and the risk of adverse drug reactions.
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