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Aims/hypothesis

Glucagon-like peptide 1 (GLP-1) agonists and sodium-glucose co-transporter-2 (SGLT2) inhibitors are novel drugs which have recently seen rapid uptake in the treatment of type 2 diabetes and obesity. The paucity of data regarding their safety during pregnancy and lactation causes a dilemma for the physician. The aim of the present study was to systematically review all available data on the offspring effects of GLP-1 agonists and SGLT2 inhibitors during pregnancy and lactation.





Methods

We systematically searched PubMed, clinicaltrials.gov, FDA and EMA product information on GLP-1 agonists and SGLT2 inhibitors in pregnancy and lactation from inception up to 19 April 2022 without language restrictions. We approached both the Netherlands Pharmacovigilance Centre Lareb on January 17th 2023 and the Teratology Information Service (TIS) of Switzerland on February 6th 2023. Eligible studies investigating the safety (including congenital anomalies, fetal growth, perinatal demise) in animals or humans, or reporting the degree of transfer of these drugs to the fetus, breast milk or breastfed neonate. Two reviewers independently assessed and selected studies for inclusion and subsequently resolved discrepancies by discussion.





Results

We included 39 records (n=9 theoretical; based on drug properties, n=7 human; n=23 animal, including 76 human offspring, and an unknown number of animal offspring as these numbers could not be retrieved from the FDA and EMA product information). In animal studies, GLP1-agonists were associated with reduced fetal weight and/or growth, delayed ossification and skeletal variants, usually associated with a reduction in maternal weight gain and decreased food consumption. Exendin-4 (GLP1-agonist) was not transported across the maternal-fetal placental interface. In human studies, exenatide (GLP1-agonist) showed a fetal-to-maternal peptide concentration ratio of ≤ 0.017 in ex vivo human placental perfusion in a single placenta. Liraglutide (GLP1-agonist) showed no significant maternal to fetal transfer at least 3.5 hours after maternal exposure in a human study with one subject. In animal studies, GLP-1 agonists were excreted in breast milk; human data on excretion were not available. In animal studies, SGLT2 inhibitors were generally safe during the first trimester but exposure during postnatal day 21 to 90 in juvenile rats, a period coinciding with the late second and third trimester of human renal development, caused dilatation of the renal pelvis and tubules. Human data consisted of a pharmaceutical database of inadvertent pregnancies during SGLT2 inhibitor use, which found an increase in miscarriages and congenital malformations. In animal studies SGLT2 inhibitors were excreted in breast milk and affected neonatal growth, but human data are not available.





Conclusion/interpretation

We found evidence for adverse offspring effects of GLP-1 agonists and SGLT2 inhibitors also in human studies. Our findings broadly support the advice to discontinue GLP-1 agonists and SGLT2 inhibitors during pregnancy and lactation, and also support the ongoing registration of pregnancy outcomes in pharmacological databases since the amount of available data is scarce and mostly limited to animal studies.





Registration

https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=219877
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Research in context

What is already known about this subject? To date there have been no systematic reviews on the safety of GLP-1 agonists and/or SGLT2 inhibitors during pregnancy or lactation.

What is the key question? What is the current scientific data on the safety of GLP-1 agonists and SGLT2 inhibitors during pregnancy and/or lactation?

What are the new findings? GLP-1 agonists affect fetal weight, growth and skeletal ossification in animal studies, although liraglutide and exenatide do not cross the placenta.

In animals, SGLT2 inhibitors cause dilatation of the renal pelvis and tubules of the kidney when used during the second and third trimester and additionally a relatively large number of unfavorable human pregnancy outcomes are found in humans.

In animal studies GLP-1 agonists and SGLT2 inhibitors are excreted in breast milk and affect growth, human data is not available.

How might this impact on clinical practice in the foreseeable future? At present, the available evidence suggests that both GLP-1 agonist and SGLT2 inhibitors produce unfavourable outcomes, and should be avoided in pregnancy and during lactation.





Introduction

The presence of type 2 diabetes or maternal obesity during pregnancy increases the risk of adverse pregnancy outcomes and birth defects (1–6). The risk of these adverse outcomes can be reduced by optimal glycemic control and healthy weight (7). In pregnancy, patients with type 2 diabetes are mainly treated with insulin or metformin (7).

In a non-pregnant patient with type 2 diabetes, a GLP-1 agonist or SGLT2 inhibitor can be prescribed if adequate glycemic control is not achieved with metformin, sulphonylureas or (basal) insulin, or if weight reduction, hypoglycemia prevention or reduction of cardiovascular risk is the treatment goal (8–10). GLP-1 agonists give an average reduction of HbA1c of 11 mmol/mol in comparison with placebo (11) and SGLT2 inhibitors give an average HbA1c reduction of 7-9 mmol/mol (12). Both classes of medications cause few hypoglycemic episodes.

Despite the fact that these novel glucose lowering medications have seen wide uptake in clinical practice, information regarding the safety of GLP-1 agonists and SGLT2 inhibitors during pregnancy and lactation is exceedingly scarce. As these drugs are being used by an increasing group of fertile women, it is expected that a few of them will get pregnant and data on the safety of continuation would prove valuable. Therefore, the aim of the present study is to combine all available data on the safety of these medication classes during pregnancy and lactation.





Methods




Protocol

The study protocol for the present systematic review was first published 23 January 2021 in the PROSPERO database, https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=219877.





Protocol deviations

The following deviations from the initial protocol were necessary and were amended in a protocol update: the search strategy was updated to include Embase and Cochrane. Furthermore we approached both the Netherlands Pharmacovigilance Centre Lareb on January 17th 2023 and the Teratology Information Service (TIS) of Switzerland on February 6th 2023.





Search strategy

We created a search syntax for 3 databases; Medline, Embase and Cochrane, to search for studies during pregnancy and/or lactation with maternal exposure to a GLP-1 agonist or an SGLT2 inhibitor (Supplement 4–6). We included both animal and human studies including case reports. Data was retrieved for studies from inception up to 19 April 2022.

The international trial register clinicaltrials.gov was searched for published and unpublished studies by searching each of the individual drugs combined with the terms pregnancy, diabetes mellitus, reproduction and lactation. The product information of the Food and Drug Administration (FDA, accessdata.fda.gov) and European Medicine Agency (EMA, ema.europa.eu) on all GLP-1 agonists and SGLT2 inhibitors were searched for additional data. All GLP-1 agonists, SGLT2 inhibitors and their availability are described in Supplement 1.

Furthermore, we approached both Netherlands Pharmacovigilance Centre Lareb on 17 January 2023 and the Teratology Information Service (TIS) of Switzerland on 6 February 2023 for any pregnancy outcomes of women exposed to either GLP-1 agonists or SGLT2 inhibitors during pregnancy available to them.





Study selection

All types of studies that met one of the following criteria were included: (1) papers describing the fetal/neonatal pregnancy outcomes on the level of congenital anomalies, fetal growth and perinatal demise of maternal exposure to a GLP-1 agonist or an SGLT2 inhibitor during pregnancy or lactation; (2) articles regarding transplacental transfer or drug concentrations in utero or postpartum in fetus or neonate, breast milk concentration, or drug concentrations in nursing infants. Two authors (DM and SS) independently reviewed and selected studies for inclusion and subsequently resolved discrepancies by discussion.





Data extraction and quality assessment

A single reviewer (DM) undertook data extraction and quality assessment. Data were extracted as follows: (1) species, number exposed to drug of interest, number of controls, timing and duration of exposure, dose (drug/kg/time-interval and equivalents to maximum recommended human dosage or clinical dosage), fetal effects of maternal GLP-1 agonist or SGLT2 inhibitor exposure, (2) species, number exposed to drug of interest, number of controls, timing and duration of exposure, dose (drug/kg/time-interval and equivalents to maximum recommended human dosage or clinical dosage), the transfer of GLP-1 agonist or SGLT2 inhibitor in maternal milk and the effect of exposure during lactation on the neonate. These data were subsequently translated to tables describing the fetal effects of maternal exposure observed for each drug. For animal studies quality assessment was performed using SYRCLE’s risk of bias tool (13).






Results

Out of a total of 1436 identified unique records (Figure 1), we excluded 1372 records for not meeting the inclusion criteria based on title or abstract or upon further evaluation of the full text. We included 26 records regarding the safety of GLP-1 agonists during pregnancy and/or lactation (Supplement 2, 3), and 16 records regarding the safety of SGLT2 inhibitors during pregnancy and/or lactation (Supplement 2, 3). All the product information data for the GLP-1 agonists and SGLT2 inhibitors from both the EMA and the FDA databases was extracted and included. No double records were found. All animal studies, including the EMA and FDA records, had a high risk of bias (Supplement 7). No data was received through our contact with both the Lareb and TIS of Switzerland as the pregnancy database of the Lareb currently does not contain any women that have used either GLP-1 agonists or SGLT2 inhibitors and on 16 March 2023 the TIS is in the process of receiving and analyzing data from multiple European Network of Teratology Information Services (ENTIS) centers on women exposed to GLP-1 agonists during pregnancy and did not have any preliminary/extracted data available to share.




Figure 1 | PRISMA flowchart.






GLP-1 agonists during pregnancy




Animal

Exendin-4, of which exenatide is the synthetic form, was the only GLP-1 agonist for which any data regarding placental passage was available. The included studies on exendin-4 exposure were all performed in mouse models (14, 15). When healthy pregnant mice were injected once with fluorescence labeled exendin-4 on gestation day 16. One day later, after euthanasia, the exendin-4 was not detected in any of the fetal tissues (fetus, decidua, placenta, fetal membranes) or maternal uterus. However, in mice with systemic inflammation, exendin-4 was strongly detected in the uterus and traces were also found in the decidua and fetal membranes (14). The other mouse study reported no difference in offspring weight at birth or maternal weight gain during pregnancy but did observe an increase in pre-weaning fetal growth after maternal exendin-4 (15).

In rat, mouse and rabbit models without systemic inflammation, the other GLP1-receptor agonists (except exendin-4), dose dependently caused reduced fetal weight and/or growth, retardation of ossification, irregular ossification, and/or skeletal variants such as wavy ribs (Table 1). These effects were mostly accompanied by decreased maternal food consumption and a reduction in maternal weight. Reduced embryonic survival was associated with maternal weight loss. In rats, more severe effects were seen after maternal exposure to semaglutide in the form of visceral abnormalities and major skeletal malformations (Table 1).


Table 1 | Animal data on fetal effects of maternal GLP-1 agonist exposure.







Human

An earlier review on pharmacotherapy for gestational diabetes reported no human data on the safety of GLP-1 agonists during pregnancy and concluded that these drugs cannot be recommended in pregnancy (30). We identified a case report of a 37-year-old woman with type 2 diabetes on liraglutide in the 13th week of gestation (31). After pregnancy confirmation, liraglutide was discontinued and insulin therapy was started. She delivered a healthy child after an uneventful gestation. Another case report of a 28-year-old woman with type 2 diabetes treated with liraglutide and metformin for the full duration of her pregnancy until elective caesarean section at 39 gestational weeks was found (32). After delivery, 3.5 hours after the latest dose of liraglutide, the concentration of liraglutide was measured in maternal and umbilical vein serum with an active GLP-1 ELISA. After removal of endogenous GLP-1 by thermal degradation the levels of liraglutide in maternal serum were found to be 8.4 pmol/l. In the umbilical vein blood GLP-1 levels were found to be 0.7 pmol/l which is below the limit of sensitivity of the assay declared by the manufacturer of 2 pmol/l and was similar to the GLP-1 levels found in the umbilical vein blood of the control (a healthy pregnant woman not exposed to liraglutide). These findings imply that, in term pregnancy, there was no significant maternal transfer of liraglutide to the fetus at least 3.5 hours after administration. A final case report of a woman with type 2 diabetes on exenatide, rosiglitazone, metformin, and glargine insulin in the 14th week of gestation was identified (33). After confirmation of the pregnancy her glucose lowering medication was converted to insulin glargine and lispro. In this case, after an uneventful pregnancy, the patient delivered an anatomically normal fetus despite exposure to exenatide during the period of organogenesis. The only other human study was an ex vivo equilibrium perfusion experiment of human placentas with exenatide that measured a fetal-to-maternal peptide concentration ratio of ≤ 0.017 meaning negligible placental passage (34).






SGLT2 inhibitors during pregnancy




Animal

None of the SGLT2 inhibitors showed developmental toxicity when a dose not resulting in maternal toxicity was administered during the interval coinciding with the first trimester period of organogenesis except for canagliflozin, where ossification delays of the metatarsal bones were seen (Table 2).


Table 2 | Animal data on fetal effects of maternal SGLT2 inhibitor exposure.







Human

Human data was identified in the form of a case report on SGLT2 inhibitor use during pregnancy of a 31-year-old woman with type 2 diabetes on empagliflozin, metformin and insulin degludec who was found to be pregnant at the 5th week of gestation (45). After pregnancy confirmation, empagliflozin was discontinued immediately and metformin was discontinued after the first trimester. She gave birth to a healthy child without congenital malformations. Furthermore, a study describing the data in the pharmaceutical company safety databases on pregnant women exposed to glucose lowering drugs including SGLT2 inhibitors was found (46). For Canagliflozin 29 pregnancies were reported of which 14 listed the corresponding pregnancy outcomes:1 congenital anomaly, 2 abortions, 1 fetal demise, 8 normal live births, 2 ongoing pregnancies. For Empagliflozin 21 pregnancies were reported of which 8 listed the corresponding pregnancy outcomes: 2 spontaneous abortions, 1 elective termination, 1 ectopic pregnancy, 3 healthy infants without congenital anomaly, 1 premature infant. For Dapagliflozin 21 pregnancies were reported of which 8 listed the corresponding pregnancy outcomes: 1 congenital hydrocephalus, 2 encephalocele, 1 non-healthy infant with talipes, renal aplasia and oesophageal atresia, 2 induced abortions, 1 healthy premature infant, 1 healthy infant.






GLP-1 agonists during lactation




Animal

The concentration of exenatide in the milk of mice was ≤2.5% of the maternal plasma concentration. These ratios in exposed rats were 8.3% - 33% for semaglutide, 9.4% for lixisenatide and 50% for liraglutide. Concentrations in milk were not determined for dulaglutide and albiglutide (Supplement 3). All GLP-1 agonists caused reduced fetal growth and decreased weight when used during late gestation and lactation. A reduction in neonatal growth was also seen when liraglutide was used during lactation without having been used during pregnancy (Supplement 3).





Human

No human studies regarding the safety of GLP-1 agonists during lactation were found. In theory, the transfer to human milk of GLP-1 agonists may be low, as they are large peptide molecules (47–51) (Supplement 3). However low, a certain degree of excretion in human milk is expected as animal data is a reliable predictor of the presence of a drug and/or its active metabolite(s) in human milk (52). GLP-1 agonists that are ingested by the infant might be digested in the infants’ gastrointestinal tract (Supplement 3) but the animal data suggest a systemic effect.






SGLT2-inhibitors during lactation




Animal

All SGLT2 inhibitors are excreted in milk in animal studies (Supplement 3). Exposure to SGLT2 inhibitors from postnatal day 21 to 90, the period functionally coinciding with the late second and third trimesters of human pregnancy regarding kidney development, caused dilatation of the renal pelvis and tubules (Table 2). These changes persisted or were only partially reversible except for the changes caused by empagliflozin and sotagliflozin which showed full reversibility upon discontinuation.





Human

No studies regarding the use of SGLT2 inhibitors during lactation in humans were found. On theoretical grounds, excretion in human milk should be low since these molecules are uncharged and highly protein bound in plasma, their molecular weight is fairly low however ± 400 Da (12, 53–55) (Supplement 3). However, SGLT-2 inhibitors are also expected to be present in human milk for they are excreted in milk in animal studies (52).







Discussion

Human data on the fetal effects of maternal GLP-1 agonists and SGLT2 inhibitors are scarce. The available data concerns low numbers of exposed pregnancies and lack a clear description of maternal and treatment characteristics with potential effect on neonatal outcome such as maternal BMI, drug dose and trimester of exposure. The lack of data regarding exposure specifically during the first trimester is unfortunate.

The reviewed data show that maternal exposure to GLP-1 agonists causes reduced embryonic-fetal survival, increases in major congenital anomalies, reduced fetal weight/growth, retardation of ossification, irregular ossification and skeletal variants in mice, rats and rabbits. In contrast with other GLP-1 agonists, maternal exposure to exendin-4 resulted in an increase in pre-weaning fetal growth in one study (15). If this apparent difference between GLP-1 agonists is mediated by characteristics of exendin-4, a species-specific effect, or due to the dosage remains to be elucidated, as the included studies have only been performed in mice and in a small range of concentrations (14, 15). SGLT2 inhibitors cause adverse effects in the form of dilatation of the renal pelvis and tubules in the fetus of rats and rabbits, when taken during the stage coinciding with the second and third trimester of human renal development. The degree of reversibility depends on the specific drug. No human data on the excretion of GLP-1 agonists or SGLT2 antagonists in milk are available, but in rat and mouse models excretion in milk was observed with concomitant effects on neonatal growth of GLP-1 agonists. Our review is supportive of the current recommendation against the use of either of these medications during pregnancy or lactation as either metformin or a variety of insulin analogs are safe during pregnancy (56, 57) and lactation (58, 59).

The fetal effects of maternal exposure to GLP-1 agonists were marked. Maternal weight loss during GLP-1 agonists treatment during gestation was also marked. Since albumin does not cross the hemochorial placenta, as shown in the rat (60), guinea pig (61) and in vitro in a human placenta (62), it seems unlikely that the albumin fusion protein albiglutide should cross the placenta. Thus, the fetal effects of maternal exposure to albiglutide are more likely due to the maternal side effects of reduced maternal intake and weight loss. This is probably also the case for liraglitude where GLP-1 measurements on both the maternal and fetal compartment after maternal exposure to liraglutide did not show significant transfer to the fetus (32). Similarly, the fetal effects of exenatide, which has a negligible fetal-to-maternal peptide concentration ratio during ex vivo human placental perfusion, are probably due to maternal side effects (34). The low placental transfer could be caused by the release of Dipeptidyl peptidase IV positive syncytiotrophoblast-derived extracellular vesicles released by the human placenta which degrade GLP-1 in uterine blood (63), as well as to the high molecular weight of GLP-1 agonists (4 – 73 kDa). Compounds with a molecular weight <500 Da readily diffuse across the placenta (64). SGLT-2 inhibitors have a fairly low molecular weight of ± 400 Da. On the other hand SGLT-2 inhibitors are highly protein bound which may in turn inhibit their placental passage. For SGLT-2 inhibitors no studies regarding placental transfer were found.

In line, exendin-4 is undetectable in fetal tissues or the maternal uterus in healthy pregnant mice. However, exendin-4 is detectable in the uterus and in trace amounts on the decidua and fetal membranes when using an animal model of systemic maternal inflammation (65). Low grade inflammation common to maternal obesity may induce effects in humans more similar to the inflammation animal models, leading to a higher rate of maternal -fetal transfer and direct effects in the fetus. Our review found insufficient evidence to investigate this notion.

Earlier animal studies with malnourished mothers reported that delayed ossification is associated with decreased maternal body weight, and maternal malnutrition or reduced intake are common pathways to decreased fetal weight/growth and ossification (66–69), but malnutrition models did not report the increase in major congenital anomalies reported after gestational exposure to GLP-1 agonists. The product information available through the EMA states that the visceral abnormalities and major skeletal malformations seen after maternal exposure to semaglutide are probably due to embryotoxicity caused by a GLP-1 receptor-mediated impairment of the nutrient supply across the rat yolk sac, which has unclear translational significance for humans due to a difference in yolk sac anatomy. Whether depletion of specific key nutrients, including vitamins (eg vitamin D or vitamin K) could result in the specific bone and visceral effects remains unclear from the data we collected in this review.

In animal studies, SGLT2 inhibitors do not cause developmental toxicity during organogenesis in the first trimester. The only exception is canagliflozin, which causes delayed ossification of the metatarsal bones that may be attributed to effects on calcium homeostasis observed in earlier studies in healthy human adults (70). The ability to cross the rat placenta has been described as low and very limited for sotagliflozin and empagliflozin respectively. The most likely cause of the renal changes seen after maternal exposure is the inability of the developing fetal kidney to handle the increased urinary volume caused by the SGLT2 inhibitor (71). In the pharmaceutical company databases miscarriages and congenital malformations were described. Even though excretion in human milk is probably low, renal effects on the offspring cannot be excluded when using SGLT2 inhibitors during lactation, as full functional maturation of the kidney may take 2 years in humans (72).

Poor glycemic control in the periconception period and in pregnancy has significant maternal and perinatal risks (1–6). GLP-1 agonists and SGLT2 inhibitors can be useful in optimizing glycemic control beyond conventional therapy (8–10). Our findings advise against the use of such medication in pregnancy and lactation, but as long as a safe wash out period is observed, they might be carefully used in pregnancy preparation for people with type 2 diabetes.

As for addressing key questions remaining in regards to this topic we first suggest future studies to more thoroughly report maternal and treatment characteristics including trimester of exposure. We suggest to update earlier studies by publishing follow-up data on neonatal outcome multiple years after maternal exposure. Data on the degree of transfer of GLP-1 agonist and SGLT2 inhibitors to human milk could be obtained by means of a clinical study where this transfer is measured in the milk of mothers who stopped breastfeeding. Finally the degree in which the adverse effects of GLP-agonists on the neonate can be ascribed to maternal malnutrition could be assessed in multiple animal models where the female gets pregnant during either the catabolic stage of GLP-1 agonist exposure or after reaching a stable body weight.





Strengths and limitations of this review

We have comprehensively reviewed the current body of evidence and have combined all data available to us regarding the safety of GLP-1 agonists and SGLT2 inhibitors during pregnancy and lactation. Our scope, in regards to the EMA/FDA data extracted by ourselves, was limited to Europe and the USA. Data from other continents could have provided us with a broader understanding of geographical differences, which may be related to varied genetic backgrounds.

We identified current gaps in knowledge. The major limitation of this review is the limited availability of both animal and human studies. The human studies only contained a small number of subjects and often lacked data on factors with a potential impact on neonatal outcomes such as BMI, age, smoking, drug treatment characteristics (dose and administration time) and trimester of exposure. The lack of follow-up of neonates born to women exposed to either GLP-1 agonists or SGLT2 inhibitors is a barrier to the study of potential adverse effects only apparent later in life.

We therefore suggest future studies to more thoroughly report maternal and treatment characteristics including trimester of exposure. Furthermore we suggest to update earlier studies by publishing follow-up data on neonatal outcome multiple years after maternal exposure.





Conclusions

GLP-1 agonists reduce fetal survival, weight, growth and skeletal ossification and can induce major congenital anomalies. SGLT2 inhibitors cause dilation of the renal pelvis and tubules, congenital anomalies and an increased rate of miscarriages. Our findings broadly support the recommendation against use of these medications in both pregnancy and during lactation, in particular given effective and safe alternatives are available.
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