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Metformin is the first-line oral treatment for type 2 diabetes mellitus and is
prescribed to more than 150 million people worldwide. Metformin's effect as a
glucose-lowering drug is well documented but the precise mechanism of
action is unknown. A recent finding of an association between paternal
metformin treatment and increased numbers of genital birth defects in sons
and a tendency towards a skewed secondary sex ratio with less male offspring
prompted us to focus on other evidence of reproductive side effects of this
drug. Metformin in humans is documented to reduce the circulating level of
testosterone in both men and women. In experimental animal models,
metformin exposure in utero induced sex-specific reproductive changes in
adult rat male offspring with reduced fertility manifested as a 30% decrease
in litter size and metformin exposure to fish, induced intersex documented in
testicular tissue. Metformin is excreted unchanged into urine and feces and is
present in wastewater and even in the effluent of wastewater treatment plants
from where it spreads to rivers, lakes, and drinking water. It is documented to
be present in numerous freshwater samples throughout the world — and even
in drinking water. We here present the hypothesis that metformin needs to be
considered a potential reproductive toxicant for humans, and probably also for
wildlife. There is an urgent need for studies exploring the association between
metformin exposure and reproductive outcomes in humans, experimental
animals, and aquatic wildlife.
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Introduction

The oral blood-glucose-lowering drug, metformin, is
effective, low-cost and the most commonly used antidiabetic
drug in the world (1). Metformin has been used to treat diabetes
in European countries since 1958 and is currently recommended
as a first-line oral treatment for type 2 diabetes mellitus (T2DM)
for both men and women (1, 2). In 2012, metformin was
prescribed to more than 150 million people worldwide (3) and
was the 4™ most prescribed drug in the US in 2019 (4). Unlike
insulin, metformin crosses the placenta readily (5) and has the
potential to cause negative effects on the developing fetus (6-8).
However, metformin is used in pregnant women with T2DM,
and benefits on the maternal glycaemic level and neonatal
adiposity are demonstrated (9). In addition, there is an
increase in experimental studies investigating whether
metformin can be used in different diseases and conditions
including endometriosis (10). The therapeutic indications for
metformin prescription may therefore be expanding, resulting in
even more widespread use. However, as stated in a recent review
by Triggle et al. (10) metformin may act as an endocrine
disrupter through multiple sites of actions and signaling
pathways, and this uncertainty may offset the expansion use
of metformin.

Recently, we found that offspring of diabetic fathers who
were prescribed metformin during the three months before
fertilization had an increased risk of malformations, especially
in the male sexual organs where malformations were three times
more common (11). These findings prompted us to search the
literature for indications of other negative reproductive effects of
metformin and to present the hypothesis that metformin should
be considered a potential reproductive toxicant for humans, and
possibly also for wildlife.

Clinical action, metabolism, and
excretion to the environment

Evidence suggests that long-term metformin treatment works
primarily by inhibiting hepatic gluconeogenesis and secondarily
by improving glucose uptake in skeletal muscles and adipocytes,
resulting in lowering blood glucose concentrations (12).
Metformin presumably affects all tissues within the human body
via AMP-activated protein kinase (AMPK)-dependent and
-independent mechanisms, primarily by inhibition of
mitochondrial respiration (13). However, despite more than 60
years of extensive use, metformin’s precise mechanism of action is
not known (14). Metformin, like many pharmaceuticals, derives
from petrochemicals, which again derive from fossil fuels (15).
Unlike most pharmaceuticals, metformin is difficult to decompose
and not metabolized in the human body and thus enters the
environment unchanged, mainly through urine and feces (16). As
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metformin enters the aquatic compartments, it can be
transformed into guanylurea, and several recent reports provide
evidence that both metformin and guanylurea are present in the
environment (17) (Figure 1). A recent study from 2022,
investigating pharmaceutical pollution of the world’s rivers,
reported metformin as one of the most frequently detected
active pharmaceutical ingredients, as it was detected in over half
of the monitored sampling sites (18).

Reproductive side-effects of male
metformin treatment

Our recent nationwide study by Wensink and colleagues (11)
showed an association between preconception paternal
metformin treatment and genital birth defects in boys in
Denmark. In both, the offspring of the background population
and of insulin-treated fathers, the prevalence of major birth
defects was 3.3%, while the prevalence in the oftspring of the
metformin-treated father was 5.6% (adjusted OR 1.40, CI95%,
1.08 to 1.82). In the male sexual organs, the malformations were
three times more common. The data also supported an association
between metformin exposure and alteration in the secondary sex
ratios, as the child exposed to metformin, were less often male
(49.4%), compared to those without exposure to diabetes drugs
(51.4%) or insulin-exposed offspring (51.3%). These findings align
with evidence suggesting men exposed to reproductive toxicants
may have altered secondary sex ratios (19, 20). However, it is
known that hyperglycemia is a risk factor for fetal malformations
(21). In the given study a large proportion (84%) of the insulin
group likely had been on insulin for many years, whereas we do
not know how many in the metformin group were diagnosed and
treated during or shortly before spermatogenesis. As it typically
takes weeks or months of metformin treatment to control
glycemia, the severity of hyperglycemia during spermatogenesis
may have differed between the insulin and metformin groups (22).
However, if poor glycemic control did play a major role in relation
to the increased prevalence of malformation, we would have
expected to see a similar signal with an increased prevalence of
malformation in fathers taking insulin (23). There is a need for
further studies to support our hypothesis, in particular studies
accounting for variables such as obesity and glycemic control.

It is well known that men with T2DM have lower testosterone
levels. In a recent randomized controlled study, Hu and colleagues
(24) found that in men with T2DM, metformin may cause
decreasing testosterone levels independent of blood glucose
control. The authors reported that a 1-month treatment resulted
in a 27.4% (CI95% -47.2 to -7.6) reduction in testosterone levels
among men treated with both insulin and metformin, compared
with men only treated with insulin. In addition, the authors did
another study with a prolonged duration of 3 months of metformin
treatment and their results were consistent with the previous study,
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Metformin's path from the synthesis of the drug from petrochemicals to contamination of the environment via wastewater. 1) Metformin derives
from petrochemicals, which again derive from fossil fuels such as oil. 2) From petrochemicals there is a production of the drug, metformin
which is 3) prescribed to more than 150 million people, including a large proportion of patients with diabetes 2, who thus are directly exposed
through therapeutic treatment. 4) As metformin is not metabolized in the human body, it enters the environment unchanged through urine and
feces, and 5) metformin thus reaches wastewater treatment plants and later 6) freshwaters as rivers and lakes and drinking water. 7) Metformin,
therefore, contaminates our environment affecting the aquatic wildlife and potentially exists as indirect exposure to human populations all over

the world.

as they found that compared with the control group, testosterone
levels in the metformin group significantly decreased. Despite these
studies being rather small in sample, the data strongly suggest that
metformin can reduce the level of testosterone to a clinically
significant extent in men (24) and metformin may be another
reason for the high prevalence of low testosterone in males with
T2DM (25). Furthermore, metformin has been used as an anti-
androgen for women with polycystic ovary syndrome (PCOS) (26).
Together this shows that the compound is a strong disruptor of
steroidogeneses in both sexes. Interestingly, in obese males with
metabolic syndrome and reduced fertility, metformin has been
shown to improve fertility through increased testosterone
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production (27). In a study, Morgante and colleagues showed
that 6-month metformin treatment resulted in an increase in the
serum testosterone in obese males (28). However, this may be
related to changes in sex hormone-binding globulin (SHBG) in men
with metabolic syndrome, treated with metformin, as obesity and
metabolic syndrome are associated with lower SHBG
concentrations and thus decreased testosterone production, but
normal levels of free testosterone (29, 30). However, when obese
males are treated with metformin, their metabolic status improves,
resulting in increasing SHBG levels, which can trigger testosterone
production, as experimental evidence suggests that an increase in
SHBG is associated with an increase in testosterone level (31).
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Taken together, these data suggest a scenario where the
effects of metformin on reproduction need to be seen in the light
of the indication for treatment and the effects of the
underlying disease.

Reproductive side-effects of female
metformin treatment

In women with PCOS, the effects of metformin treatment are
generally described as beneficial, as metformin treatment is
associated with a 20% reduction in the testosterone level (26)
and improves ovarian cyclicity (27). Furthermore, several
randomized trials have shown that metformin treatment in
women with PCOS increases clinical pregnancy rates (32).

Metformin is used for the treatment of women with T2DM
(9) and currently, there is no evidence that maternal metformin
intake is associated with an increased risk of major birth defects.
In an international case-control study including 141 malformed
offspring, the risk of congenital malformations was regarded as
similar in both offspring of women taking metformin for diabetes
or PCOS and the background population (33). In addition, a small
study on the offspring of women treated with metformin during
pregnancy did not find any effects on the testicular size of their
sons (34). Thus, in the relatively few and small studies
investigating maternal metformin intake during pregnancy,
there is found no association with birth defects or other adverse
reproductive outcomes. However, studies of large populations of
pregnant women using metformin, with a focus on genital
malformations, are lacking. There is thus a need for additional
studies evaluating the risk of congenital malformations in
offspring of mothers treated with metformin. However, it
remains clear that metformin in the clinic on one hand is used
as an antiandrogenic compound to decrease testosterone in
women with PCOS, while it on the other hand is frequently
used in women with gestational diabetes or T2DM during
pregnancy without considering the potential effects on
hormonal regulation of the developing fetus.

Experimental evidence of reproductive
effects of metformin from animal models

Disruption of e.g., hormonal regulation during fetal life can
have adverse health outcomes later in life (35). Hence, exposure
to drugs during sensitive periods of sexual differentiation can
induce alterations in cell numbers, leading to irreversible
reductions in sperm and oocyte production that ultimately can
influence fecundity later in life (36, 37). Evidence from
experimental studies suggests that metformin can interfere
with fetal life through at least four essential processes: (i)
steroidogenesis (38), (i) epigenetics (39), (iii) metabolism (40),
and (iv) gamete development and maturation (27) (Figure 2).
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The exact mechanism of metformin’s actions remains to be
completely understood, however, it is clear that metformin
inhibits Complex I of the mitochondrial respiratory chain at
relatively high concentrations (mM) (27). This inhibition results
in a decline in ATP production by mitochondria and activation
of the AMPK pathway. It has been suggested that the effects on
epigenetics, metabolism, and gamete development might be
through AMPK, as the signaling pathway is a crucial cellular
energy sensor that maintains cellular energy homeostasis.
However, not all effects can be explained by activation of the
AMPK pathway and the effects on steroidogenesis have been
suggested to be AMPK-independent (38).

The potential effects on fertility have especially received
much attention and it is clear that maternal exposure to
metformin can interfere with reproductive parameters in male
offspring. In a study investigating the effect of in utero and
lactational exposure to metformin in male rat offspring (41), the
authors reported a significant decrease in the number of
spermatids and spermatids per organ, as well as daily sperm
production in male rat offspring exposed to metformin during
gestation and lactation, compared to controls. Interestingly, the
decrease in sperm count was only observed in the offspring of
mothers exposed to metformin during both gestation and
lactation, suggesting that the exposure is needed to cover the
entire critical period of male sexual differentiation in the rat.

In another study, Tartarin et al. (42) reported that metformin
can reduce testosterone production in vitro, and probably also in
vivo. The authors reported that in vitro, metformin decreased the
secretion of testosterone by human fetal testicular tissue at a
therapeutic dose (50 uM) by 45% and found a reduced testicular
size and Sertoli cell population in vivo. The authors thus suggest
that metformin can alter the masculinization of human offspring
when mothers are exposed during pregnancy. Furthermore, the
authors reported that the testosterone secretion by mouse fetal
testes was reduced by 20% at a concentration of 500uM.
Furthermore, the authors reported that metformin decreased
mRNA expression of the main factors involved in
steroidogenesis by 60-90% in mouse fetal testis. In vivo exposure
of metformin to mice during pregnancy reduced the size of both
fetal and neonatal testes of offspring. The number of Sertoli, but
not germ cells, was slightly increased in both the fetal and neonatal
period and the Leydig cell population was reduced in the
fetal period.

Taken together, this evidence suggests that metformin may
have anti-androgenic effects and that it might influence the
development of the male reproductive tract and thus alter male
fecundity later in life (43).

The direct effect on fertility is supported by a study from
2021, where Faure et al. (44) reported that metformin exposure
in utero induced sex-specific metabolic and reproductive
changes in adult rat offspring. Adult males exhibited reduced
fertility, manifested as a 30% decrease in litter size compared to
controls whereas adult females presented no clear reduction in
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Metformin's processes of potential interference with fetal development. Metformin may interfere with fetal development through effects on
steroidogenesis (38), epigenetics (39), metabolism (40), and gamete development and maturation (27). The mechanism behind these effects
remains poorly understood, but data suggest that the AMP-induced protein kinase (AMPK) pathway might play a central role except for effects

on steroidogenesis that might be AMPK-independent (38).

fertility. In this study the lower fertility in male rats was not due
to changes in sperm production or motility, but rather to lower
sperm head quality, including significantly increased
spermatozoa head abnormality with greater DNA damage. The
authors suggested that metabolic modification by metformin
may alter the expression of epigenetic regulators, which could
contribute to reduced fertility. It has been suggested that the
predominant mechanisms behind the effects leading to
decreased fertility are likely through the AMPK pathway, while
the effects on androgen production regulating key steroidogenic
enzymes HSD3B2 and CYP17Alare likely through an AMPK
independent pathway (38).

Metformin in the environment

The expanded metformin use and its resistance to
decompose may have an influence on the environment.
Several studies have investigated the presence of metformin
and guanylurea in our environment, and the results are
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unambiguous: Metformin is ubiquitous in the aquatic
environment, all over the world. In a systematic review,
Ambrosio-Albuquerque, and colleagues (45) reported
measurable concentrations of metformin in several different
aquatic sources, including influent, sludge, and effluent from
wastewater treatment plants, sewage, different surface waters,
e.g., rivers, lakes, and oceans, drinking water and sediment.
The percentage of detection of metformin varied across the
different sources, ranging from e.g., 8% for drinking water,
28% for surface waters, and 51% for urban wastewater. In
addition, a study from 2022, investigating active
pharmaceutical ingredients in 258 of the world’s rivers,
from 1052 locations, in 104 countries, detected metformin
at over 50% of the sampling sites. The authors reported a
similar frequency of metformin across continents, and
metformin was one of the pharmaceuticals analyzed, which
was present in the highest concentrations (18). In fact,
metformin has been recognized as the most frequently
detected anthropogenic-organic contaminant in the aquatic
environment among several analyzed pharmaceuticals in
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different studies and is considered an emerging pollutant of
concern (45).

As active pharmaceutical ingredients, such as metformin, are
biologically active molecules, specially designed to interact with
several biochemical pathways within the human body (18), the
widespread presence of metformin in the aquatic environment
should be of concern. Notably, metformin is also found in
several sources of drinking water around the world, meaning
that numerous people worldwide potentially are exposed.
Despite the removal of metformin in wastewater treatment
plants having a high efficacy rate, ranging from 84% to 99%
(46), metformin, and guanylurea are still widely detected in both
surface- and drinking water. Another concern is metformin’s
chlorination byproducts. Chlorine is used for the disinfection of
drinking water all over the world, and there is evidence that
chlorine can oxidize metformin into two byproducts: Y;
C4H¢CN;5 and C; C,H4C;N; (47). Evidence suggests that
disinfection byproducts formed during chlorine disinfection
have a larger negative effect on human health compared to
their parent compounds (48). The byproduct C has been
detected in 68.40% of tap water in 32 cities in China (48). In
addition, in a recent study (49) byproduct C was detected in
urban drinking water from multiple countries, including China
and the US, and it was demonstrated that the production of both
byproduct C and Y could be increased with increasing
metformin concentration exhibiting marked toxicities of a
potential health concern and thereby being a hidden threat to
the global water supply. So, although the current levels of
metformin present in drinking water are not regarded as a
direct health concern to humans, the potential threats of
metformin’s chlorination byproducts should be explored
further (49).

Effects on aquatic wildlife

As metformin is detected widely in the aquatic environment,
it is important to consider whether this constitutes a threat to
aquatic wildlife. Several studies report that metformin exposure
in environmentally relevant concentrations can cause potential
endocrine disruption in fish. Niemuth and Klaper (50) reported
that exposure to metformin in a concentration relevant to
wastewater effluent levels (40 pg L), caused the development
of several alterations in male fathead minnows, including a
significantly higher occurrence of intersexuality, compared to
control males. Furthermore, they reported a significant
reduction in overall size in metformin-treated males as well as
significantly fewer cumulative clutches laid per mating pair over
time and mean clutch size for metformin-treated males,
compared with controls. In contrast, in a fish model using
Oryzias latipes, Lee et al. (51) reported no intersex in male
gonads, but the occurrence of intersex in FO generation female
gonads in a dose-dependent manner was found.
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Additionally, they found that among FO generation male
fish, metformin significantly increased gene expression of both
CYP19a and estrogen receptor o.. Among FO generation female
fish metformin significantly decreased the expression of ERB1
and VTG2. Among the F1 generation, metformin significantly
increased the expression level of estrogen receptor o in female
fish, and significantly decreased the expression of VTGI in male
fish. These sex-specific effects indicate that metformin exposure
may cause feminization in male fish and deactivate the
reproductive system in female fish (51). Several other studies
have investigated the association between metformin and
alterations in the expression of specific genes related to
reproduction in fish models (52, 53). Niemuth and Klaper (52)
have provided evidence that metformin may be an endocrine
disrupter, as they showed that among fathead minnows exposed
to 40 pg L' metformin for a year, there was an upregulation of
the expression of five endocrine-related genes (AR, 3B-HSD,
17B-HSD, CYP19A1, and SULT2A1) in male gonads tissue.
Furthermore, they reported a significant correlation between the
expression of three endocrine-related genes (33-HSD, 173-HSD
aCYP19A1) in the testis and the occurrence of intersex in the
gonads. In addition, a significant upregulation of mRNA
encoding for VTG in metformin-treated male fish, compared
with controls has been reported (53).

Taken together, the experimental findings suggest that
metformin can interfere with not only fecundity in mammals
but also can act as a disruptor of sexual development in fish at
environmentally relevant concentrations. However, the
bioaccumulation of metformin in surface water worldwide
results in human exposure and is of emerging concern. However,
the effects of chronic exposure are poorly understood and need
future attention for evaluating the consequences of the increasing
amount of metformin found in the environment (45, 54).

Discussion and conclusion

Evidence is accumulating that metformin, besides its well-
documented glucose-lowering effects, may act as a reproductive
toxicant in humans, experimental rodents, and fish. We
recommend that the adverse reproductive effects of metformin
should be examined further. Particularly, there is an urgent need
for studies exploring the association between metformin exposure
and reproductive outcomes in humans and experimental animals
concerning the safety of the offspring following parental
metformin treatment. The study by Wensink and colleagues
(11) on paternal metformin intake should be repeated in
another cohort. Clinical studies in normal and diabetic men
investigating the impact of metformin on sex hormones are
urgently needed. Furthermore, the effect of maternal exposure
to metformin in early pregnancy on the development of
congenital malformations and its impact on offspring should be
investigated. In experimental animals, a randomized study on
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intrauterine metformin exposure and e.g, the anogenital distance
in male offspring can help shed light on metformin’s
antiandrogenic effects and reproductive toxicity. In addition, to
gain insight into the underlying mechanisms of metformin on
steroidogenesis and whether these in fact are AMPK-independent,
experimental studies using AMPK-knockout mouse models can
be executed. If our hypothesis that metformin is a reproductive
toxicant is supported, alternative drugs for the management of
T2DM must be considered. Furthermore, evidence of a
widespread presence of metformin in the aquatic environment
raises concern. Ubiquitous exposure to metformin may not only
be considered a potential threat to aquatic wildlife, but also to
humans and wildlife in general through continuous exposure
from drinking water. As metformin has been used to treat
diabetes since 1958 and is difficult to decompose, we speculate
that metformin might be accumulated in sedimentary deposits
over the latest 60 years, especially in coastal environments
associated with river outlets. This is a potential huge reservoir
for metformin pollution close to densely populated urban areas in
the world.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

Author contributions

MT, RL-J, and NS have made substantial contributions to
the conception and design of the work. MT, RL-J, NS, DK, and
EM have made substantial contributions to the acquisition,
analysis, and interpretation of data/literature. MT, RL-J, NS,
EM, DK, A-MA, and KK have been drafting the work or
revising it critically for important intellectual content. All

References

1. Viollet B, Guigas B, Sanz Garcia N, Leclerc ], Foretz M, Andreelli F. Cellular
and molecular mechanisms of metformin: an overview. Clin Sci (Lond) (2012) 122
(6):253-70. doi: 10.1042/CS20110386

2. Davies MJ, D'Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G, et al.
Management of hyperglycaemia in type 2 diabetes, 2018. a consensus report by the
American diabetes association (ADA) and the European association for the study of
diabetes (EASD). Diabetologia (2018) 61(12):2461-98. doi: 10.1007/s00125-018-4729-5

3. He L, Wondisford FE. Metformin action: concentrations matter. Cell Metab
(2015) 21(2):159-62. doi: 10.1016/j.cmet.2015.01.003

4. ClinCalc DrugStats database. Available at: https://clincalc.com/DrugStats/
About.aspx.

5. Marshall SM. 60 years of metformin use: a glance at the past and a look to the
future. Diabetologia (2017) 60(9):1561-5. doi: 10.1007/s00125-017-4343-y

Frontiers in Endocrinology

10.3389/fendo.2022.1000872

authors have approved the final version of the paper to be
published and have agreed to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated
and resolved. All authors contributed to the article and
approved the submitted version.

Funding

The authors acknowledge an unrestricted grant from
Ferring. The funder was not involved in the study design,
collection, analysis, interpretation of data, the writing of this
article or the decision to submit it for publication.

Acknowledgments

We are grateful for unrestricted grant support from Ferring.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

6. Ministry of Health. Health mo. diabetes in pregnancy. In: Quick reference
guide for health professionals on the screening, diagnosis and treatment of
gestational diabetes in new Zealand. Wellington: Ministry of Health.

7. American Diabetes A. Management of diabetes in pregnancy: Standards of
medical care in diabetes-2020. Diabetes Care (2019) 43(Supplement_1):S183-S92.
doi: 10.2337/dc20-S014

8. Ringholm L. Diabetes og graviditet: Dansk endokrinologisk selskab (2020).
Available at: https://endocrinology.dk/nbv/diabetes-melitus/diabetes-og-
graviditet/ (Accessed July 1 2022).

9. Feig DS, Donovan LE, Zinman B, Sanchez JJ, Asztalos E, Ryan EA, et al.
Metformin in women with type 2 diabetes in pregnancy (MiTy): a multicentre,
international, randomised, placebo-controlled trial. Lancet Diabetes Endocrinol
(2020) 8(10):834-44. doi: 10.1016/S2213-8587(20)30310-7

frontiersin.org


https://doi.org/10.1042/CS20110386
https://doi.org/10.1007/s00125-018-4729-5
https://doi.org/10.1016/j.cmet.2015.01.003
https://clincalc.com/DrugStats/About.aspx
https://clincalc.com/DrugStats/About.aspx
https://doi.org/10.1007/s00125-017-4343-y
https://doi.org/10.2337/dc20-S014
https://endocrinology.dk/nbv/diabetes-melitus/diabetes-og-graviditet/
https://endocrinology.dk/nbv/diabetes-melitus/diabetes-og-graviditet/
https://doi.org/10.1016/S2213-8587(20)30310-7
https://doi.org/10.3389/fendo.2022.1000872
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Tavlo et al.

10. Triggle CR, Mohammed I, Bshesh K, Marei I, Ye K, Ding H, et al.
Metformin: Is it a drug for all reasons and diseases? Metabolism (2022)
133:155223. doi: 10.1016/j.metabol.2022.155223

11. Wensink MJ, Lu Y, Tian L, Shaw GM, Rizzi S, Jensen TK, et al.
Preconception antidiabetic drugs in men and birth defects in offspring : A
nationwide cohort study. Ann Intern Med (2022) 175: 665-73. doi: 10.7326/
M21-4389

12. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from
mechanisms of action to therapies. Cell Metab (2014) 20(6):953-66. doi: 10.1016/
j.cmet.2014.09.018

13. Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin.
Diabetologia (2017) 60(9):1577-85. doi: 10.1007/s00125-017-4342-z

14. Horakova O, Kroupova P, Bardova K, Buresova J, Janovska P, Kopecky J,
et al. Metformin acutely lowers blood glucose levels by inhibition of intestinal
glucose transport. Sci Rep (2019) 9(1):6156. doi: 10.1038/s41598-019-42531-0

15. Hess ], Bednarz D, Bae ], Pierce J. Petroleum and health care: evaluating and
managing health care's vulnerability to petroleum supply shifts. Am J Public Health
(2011) 101(9):1568-79. doi: 10.2105/AJPH.2011.300233

16. Bailey CJ. Metformin: historical overview. Diabetologia (2017) 60(9):1566—
76. doi: 10.1007/s00125-017-4318-z

17. Caldwell DJ, D'Aco V, Davidson T, Kappler K, Murray-Smith RJ, Owen SF,
et al. Environmental risk assessment of metformin and its transformation product
guanylurea: II. occurrence in surface waters of Europe and the united states and
derivation of predicted no-effect concentrations. Chemosphere (2019) 216:855-65.
doi: 10.1016/j.chemosphere.2018.10.038

18. Wilkinson JL, Boxall ABA, Kolpin DW, Leung KMY, Lai RWS, Galban-
Malag C, et al. Pharmaceutical pollution of the world's rivers. Proc Natl Acad Sci
United States America (2022) 119(8):€2113947119. doi: 10.1073/pnas.2113947119

19. Mocarelli P, Brambilla P, Gerthoux PM, Patterson DGJr., Needham LL.
Change in sex ratio with exposure to dioxin. Lancet (1996) 348(9024):409. doi:
10.1016/50140-6736(05)65030-1

20. Potashnik G, Goldsmith J, Insler V. Dibromochloropropane-induced
reduction of the sex-ratio in man. Andrologia (1984) 16(3):213-8. doi: 10.1111/
j.1439-0272.1984.tb00266.x

21. Eberle C, Kirchner MF, Herden R, Stichling S. Paternal metabolic and
cardiovascular programming of their offspring: A systematic scoping review. PloS
One (2020) 15(12):e0244826. doi: 10.1371/journal.pone.0244826

22. Rossing P, Gwilt M. Preconception antidiabetic drugs in men and birth
defects in offspring. Ann Intern Med (2022) 175(9):W106. doi: 10.7326/1.22-0232

23. Wensink M]J, Mathiesen ER, Lindahl-Jacobsen R, Eisenberg ML.
Preconception antidiabetic drugs in men and birth defects in offspring. Ann
Intern Med (2022) 175(9):W107. doi: 10.7326/L22-0233

24. Hu Y, Ding B, Shen Y, Yan RN, Li FF, Sun R, et al. Rapid changes in serum
testosterone in men with newly diagnosed type 2 diabetes with intensive insulin
and metformin. Diabetes Care (2021) 44(4):1059-61. doi: 10.2337/dc20-1558

25. Cai T, Hu Y, Ding B, Yan R, Liu B, Cai L, et al. Effect of metformin on
testosterone levels in Male patients with type 2 diabetes mellitus treated with
insulin. Front Endocrinol (2021) 12:813067. doi: 10.3389/fendo.2021.813067

26. McCartney CR, Marshall JC. Polycystic ovary syndrome. New Engl ] Med
(2016) 375(1):54-64. doi: 10.1056/NEJMcp1514916

27. Faure M, Bertoldo MJ, Khoueiry R, Bongrani A, Brion F, Giulivi C, et al.
Metformin in reproductive biology. Front Endocrinol (2018) 9:675. doi: 10.3389/
fendo.2018.00675

28. Morgante G, Tosti C, Orvieto R, Musacchio MC, Piomboni P, De Leo V.
Metformin improves semen characteristics of oligo-terato-asthenozoospermic men
with metabolic syndrome. Fertil Steril (2011) 95(6):2150-2. doi: 10.1016/
jfertnstert.2010.12.009

29. Cooper LA, Page ST, Amory JK, Anawalt BD, Matsumoto AM. The
association of obesity with sex hormone-binding globulin is stronger than the
association with ageing-implications for the interpretation of total testosterone
measurements. Clin Endocrinol (Oxf) (2015) 83(6):828-33. doi: 10.1111/cen.12768

30. Hammond GL. Plasma steroid-binding proteins: primary gatekeepers of steroid
hormone action. ] Endocrinol (2016) 230(1):R13-25. doi: 10.1530/JOE-16-0070

31. Laurent MR, Hammond GL, Blokland M, Jardi F, Antonio L, Dubois V,
et al. Sex hormone-binding globulin regulation of androgen bioactivity in vivo:
validation of the free hormone hypothesis. Sci Rep (2016) 6(1):35539. doi: 10.1038/
srep35539

32. Tso LO, Costello MF, Albuquerque LE, Andriolo RB, Freitas V. Metformin
treatment before and during IVF or ICSI in women with polycystic ovary
syndrome. Cochrane Database Syst Rev (2009) 15:CD006105. doi: 10.1002/
14651858.CD006105.pub2

33. Given JE, Loane M, Garne E, Addor MC, Bakker M, Bertaut-Nativel B, et al.
Metformin exposure in first trimester of pregnancy and risk of all or specific

Frontiers in Endocrinology

08

10.3389/fendo.2022.1000872

congenital anomalies: exploratory case-control study. Bmj (2018) 361:k2477. doi:
10.1136/bm;j k2477

34. Tertti K, Toppari J, Virtanen HE, Sadov S, Ronnemaa T. Metformin
treatment does not affect testicular size in offspring born to mothers with
gestational diabetes. Rev Diabetic Stud (2016) 13(1):59-65. doi: 10.1900/
RDS.2016.13.59

35. Skakkebaek NE, Rajpert-De Meyts E, Buck Louis GM, Toppari J, Andersson
AM, Eisenberg ML, et al. Male Reproductive disorders and fertility trends:
Influences of environment and genetic susceptibility. Physiol Rev (2016) 96
(1):55-97. doi: 10.1152/physrev.00017.2015

36. Holm JB, Mazaud-Guittot S, Danneskiold-Samsee NB, Chalmey C, Jensen
B, Norregard MM, et al. Intrauterine exposure to paracetamol and aniline impairs
female reproductive development by reducing follicle reserves and fertility. Toxicol
Sci (2016) 150(1):178-89. doi: 10.1093/toxsci/kfv332

37. Sharpe RM. Sperm counts and fertility in men: a rocky road ahead. Sci Soc
Ser Sex Sci EMBO Rep (2012) 13(5):398-403. doi: 10.1038/embor.2012.50

38. Hirsch A, Hahn D, Kempna P, Hofer G, Nuoffer J-M, Mullis PE, et al.
Metformin inhibits human androgen production by regulating steroidogenic
enzymes HSD3B2 and CYP17A1 and complex I activity of the respiratory chain.
Endocrinology (2012) 153(9):4354-66. doi: 10.1210/en.2012-1145

39. Menendez JA. Metformin: Sentinel of the epigenetic landscapes that
underlie cell fate and identity. Biomolecules (2020) 10(5):1-19. doi: 10.3390/
biom10050780

40. Jorquera G, Echiburu B, Crisosto N, Sotomayor-Zarate R, Maliqueo M, Cruz
G. Metformin during pregnancy: Effects on offspring development and metabolic
function. Front Pharmacol (2020) 11:653. doi: 10.3389/fphar.2020.00653

41. Forcato S, Novi D, Costa NO, Borges LI, Goes MLM, Ceravolo GS, et al. In
utero and lactational exposure to metformin induces reproductive alterations in
male rat offspring. Reprod Toxicol (2017) 74:48-58. doi: 10.1016/
j.reprotox.2017.08.023

42. Tartarin P, Moison D, Guibert E, Dupont ], Habert R, Rouiller-Fabre V,
et al. Metformin exposure affects human and mouse fetal testicular cells. Hum
Reproduction (2012) 27(11):3304-14. doi: 10.1093/humrep/des264

43. Welsh M, Saunders PT, Fisken M, Scott HM, Hutchison GR, Smith LB, et al.
Identification in rats of a programming window for reproductive tract
masculinization, disruption of which leads to hypospadias and cryptorchidism. J
Clin Invest (2008) 118(4):1479-90. doi: 10.1172/JCI34241

44. Faure MC, Khoueiry R, Quanico J, Acloque H, Guerquin MJ, Bertoldo M]J,
et al. In utero exposure to metformin reduces the fertility of Male offspring in
adulthood. Front Endocrinol (2021) 12:750145. doi: 10.3389/fendo.2021.750145

45. Ambrosio-Albuquerque EP, Cusioli LF, Bergamasco R, Sinopolis Gigliolli AA,
Lupepsa L, Paupitz BR, et al. Metformin environmental exposure: A systematic review.
Environ Toxicol Pharmacol (2021) 83:103588. doi: 10.1016/j.etap.2021.103588

46. Ju F, Beck K, Yin X, Maccagnan A, McArdell CS, Singer HP, et al.
Wastewater treatment plant resistomes are shaped by bacterial composition,
genetic exchange, and upregulated expression in the effluent microbiomes. Isme J
(2019) 13(2):346-60. doi: 10.1038/s41396-018-0277-8

47. Armbruster D, Happel O, Scheurer M, Harms K, Schmidt TC, Brauch H]J.
Emerging nitrogenous disinfection byproducts: Transformation of the antidiabetic
drug metformin during chlorine disinfection of water. Water Res (2015) 79:104-18.
doi: 10.1016/j.watres.2015.04.020

48. HeY, Jin H, Gao H, Zhang G, Ju F. Prevalence, production, and ecotoxicity
of chlorination-derived metformin byproducts in Chinese urban water systems. Sci
Total Environment (2022) 816:151665. doi: 10.1016/j.scitotenv.2021.151665

49. Zhang R, He Y, Yao L, Chen J, Zhu S, Rao X, et al. Metformin chlorination
byproducts in drinking water exhibit marked toxicities of a potential health
concern. Environ Int (2021) 146:106244. doi: 10.1016/j.envint.2020.106244

50. Niemuth NJ, Klaper RD. Emerging wastewater contaminant metformin
causes intersex and reduced fecundity in fish. Chemosphere (2015) 135:38-45. doi:
10.1016/j.chemosphere.2015.03.060

51. Lee JW, Shin YJ, Kim H, Kim H, Kim J, Min SA, et al. Metformin-induced
endocrine disruption and oxidative stress of oryzias latipes on two-generational
condition. J Hazard Mater (2019) 367:171-81. doi: 10.1016/j.jhazmat.
2018.12.084

52. Niemuth NJ, Klaper RD. Low-dose metformin exposure causes changes in
expression of endocrine disruption-associated genes. Aquat Toxicol (2018) 195:33—
40. doi: 10.1016/j.aquatox.2017.12.003

53. Niemuth NJ, Jordan R, Crago ], Blanksma C, Johnson R, Klaper RD.
Metformin exposure at environmentally relevant concentrations causes potential
endocrine disruption in adult male fish. Environ Toxicol Chem (2015) 34(2):291-6.
doi: 10.1002/etc.2793

54. Balakrishnan A, Sillanpda M, Jacob MM, Vo DN. Metformin as an emerging
concern in wastewater: Occurrence, analysis and treatment methods. Environ Res
(2022) 213:113613. doi: 10.1016/j.envres.2022.113613

frontiersin.org


https://doi.org/10.1016/j.metabol.2022.155223
https://doi.org/10.7326/M21-4389
https://doi.org/10.7326/M21-4389
https://doi.org/10.1016/j.cmet.2014.09.018
https://doi.org/10.1016/j.cmet.2014.09.018
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.1038/s41598-019-42531-0
https://doi.org/10.2105/AJPH.2011.300233
https://doi.org/10.1007/s00125-017-4318-z
https://doi.org/10.1016/j.chemosphere.2018.10.038
https://doi.org/10.1073/pnas.2113947119
https://doi.org/10.1016/S0140-6736(05)65030-1
https://doi.org/10.1111/j.1439-0272.1984.tb00266.x
https://doi.org/10.1111/j.1439-0272.1984.tb00266.x
https://doi.org/10.1371/journal.pone.0244826
https://doi.org/10.7326/L22-0232
https://doi.org/10.7326/L22-0233
https://doi.org/10.2337/dc20-1558
https://doi.org/10.3389/fendo.2021.813067
https://doi.org/10.1056/NEJMcp1514916
https://doi.org/10.3389/fendo.2018.00675
https://doi.org/10.3389/fendo.2018.00675
https://doi.org/10.1016/j.fertnstert.2010.12.009
https://doi.org/10.1016/j.fertnstert.2010.12.009
https://doi.org/10.1111/cen.12768
https://doi.org/10.1530/JOE-16-0070
https://doi.org/10.1038/srep35539
https://doi.org/10.1038/srep35539
https://doi.org/10.1002/14651858.CD006105.pub2
https://doi.org/10.1002/14651858.CD006105.pub2
https://doi.org/10.1136/bmj.k2477
https://doi.org/10.1900/RDS.2016.13.59
https://doi.org/10.1900/RDS.2016.13.59
https://doi.org/10.1152/physrev.00017.2015
https://doi.org/10.1093/toxsci/kfv332
https://doi.org/10.1038/embor.2012.50
https://doi.org/10.1210/en.2012-1145
https://doi.org/10.3390/biom10050780
https://doi.org/10.3390/biom10050780
https://doi.org/10.3389/fphar.2020.00653
https://doi.org/10.1016/j.reprotox.2017.08.023
https://doi.org/10.1016/j.reprotox.2017.08.023
https://doi.org/10.1093/humrep/des264
https://doi.org/10.1172/JCI34241
https://doi.org/10.3389/fendo.2021.750145
https://doi.org/10.1016/j.etap.2021.103588
https://doi.org/10.1038/s41396-018-0277-8
https://doi.org/10.1016/j.watres.2015.04.020
https://doi.org/10.1016/j.scitotenv.2021.151665
https://doi.org/10.1016/j.envint.2020.106244
https://doi.org/10.1016/j.chemosphere.2015.03.060
https://doi.org/10.1016/j.jhazmat.2018.12.084
https://doi.org/10.1016/j.jhazmat.2018.12.084
https://doi.org/10.1016/j.aquatox.2017.12.003
https://doi.org/10.1002/etc.2793
https://doi.org/10.1016/j.envres.2022.113613
https://doi.org/10.3389/fendo.2022.1000872
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Hypothesis: Metformin is a potential reproductive toxicant
	Introduction
	Clinical action, metabolism, and excretion to the environment

	Reproductive side-effects of male metformin treatment
	Reproductive side-effects of female metformin treatment
	Experimental evidence of reproductive effects of metformin from animal models
	Metformin in the environment
	Effects on aquatic wildlife

	Discussion and conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


