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Introduction
Intrauterine embryo growth is affected by maternal nutrition, systemic metabolism, and endocrine signals 
(1–5). Malnutrition, in particular a diet poor in protein or severe caloric restriction, can cause intrauterine 
growth retardation (IUGR) leading to infants that are born small-for-gestational age (SGA), i.e., their birth 
weight is within the lowest decile of  the population. Infants that are SGA are at higher risk of  developing 
obesity and metabolic diseases later in life (2, 3, 5–9). Clinical studies and studies in animal models of  
IUGR showed that the intrauterine environment can adversely affect pancreatic development, reduce β 
cell mass and function (10, 11), and cause abnormalities in placental development and its ability to support 
embryonic growth (1, 12–14). In contrast, gestational obesity and diabetes can cause embryonic hyperinsu-
linemia and lead to infants that are large-for-gestational age (LGA), which is associated with a higher risk 
of  obesity and metabolic disorders in adulthood (4, 15, 16).

Bariatric surgery usually leads to weight loss and improvement in glycemic control in patients with obesity, 
particularly in women of reproductive age (17). Bariatric surgery reduces the risk of gestational diabetes, LGA 
births, and several other risks associated with pregnancy in obese women. Yet it was found that SGA births 
are more common in women who underwent bariatric surgery (18–23). This outcome can be explained by the 
substantial weight loss and malabsorption that can follow bariatric surgery (6, 18, 20, 23–25). However, SGA 
was also recorded following sleeve gastrectomy (SG), which has a smaller malabsorptive component than gas-
tric bypass bariatric surgery. Moreover, SGA is prevalent years after surgery and after the early phase of rapid 
weight loss following surgery (21, 25–30). The long-term effect of maternal bariatric surgery on offspring is not 
clear, although some studies report that obesity is less common in offspring of patients who underwent bariat-
ric surgery, compared with their siblings born before surgery (31–35). Mechanistic studies in patients demon-
strated that maternal bariatric surgery affected the DNA methylation patterns in the blood of offspring (36–38).

Mothers that underwent bariatric surgery are at higher risk for delivering a small-for-gestational 
age (SGA) infant. This phenomenon is attributed to malabsorption and rapid weight loss following 
surgery. We compared pregnancy outcomes in lean mice that underwent sham surgery or sleeve 
gastrectomy (SG). SG led to a reduction in glucose levels and an increase in postprandial levels 
of glucagon-like peptide 1 (Glp1) without affecting mice weight during pregnancy. Pups of SG-
operated mice (SG pups) were born SGA. The placenta and pancreas of the pups were not affected 
by SG, although a high-fat diet caused hepatic steatosis and glucose intolerance in male SG pups. 
Treatment with a Glp1 receptor antagonist during pregnancy normalized the birth weight of SG pups 
and diminished the adverse response to a high-fat diet without affecting glucose levels of pregnant 
mice. The antagonist did not affect the birth weight of pups of sham-operated mice. Our findings 
link elevated Glp1 signaling, rather than weight loss, to the increased prevalence of SGA births 
following bariatric surgery with metabolic consequences for the offspring. The long-term effects of 
bariatric surgery on the metabolic health of offspring of patients require further investigation.
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Bariatric surgery results in physiological changes that are not directly related to weight loss. For exam-
ple, bariatric surgery accentuates postprandial secretion of  the incretin glucagon-like peptide 1 (Glp1) and 
insulin (24). Postprandial hyperinsulinemia leads to a sharp reduction in plasma glucose levels and, in 
some cases, to postprandial hypoglycemia, which was also recorded in pregnant women who underwent 
bariatric surgery (39, 40). The surgery also affects the dynamics and levels of  ghrelin, bile acids in the plas-
ma, the composition of  the gut microbiome, and numerous other factors (41–45) that may impact embry-
onic growth and development (46–48).

The clinical observations of  SGA births following bariatric surgery prompted us to hypothesize that 
bariatric surgery affects embryonic development and long-term offspring metabolic health independent of  
maternal weight loss (49–52). To test this hypothesis, we performed SG or sham surgery in lean female 
mice and mated them with lean male mice. We show that SGA is prevalent in pups born to SG-operated 
mice (SG pups), even though the mice in both groups reached the same weight at term and had the same 
number of  pups per litter. SG did not affect the development of  the placenta or the endocrine pancreas nor 
had a significant effect on embryonic insulin levels. Male pups born to SG-operated female mice developed 
hepatic steatosis and glucose intolerance when challenged with a high-fat high-sucrose diet. Treatment 
with the Glp1 receptor antagonist Exendin 9-39 during pregnancy of  mice that had SG normalized the 
embryo weight and reduced the severity of  the metabolic phenotype of  male offspring.

Results
SG in lean female mice lowers weight and plasma glucose levels. Eight-week old lean female mice were fed ad libi-
tum with normal chow underwent SG or sham surgery. The mice continued with a normal chow diet after 
surgery and were monitored for the next month. SG-operated dams remained 13% leaner than sham-oper-
ated mice (Figure 1A and Supplemental Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.156424DS1). Both groups were normoglycemic, but SG-operated 
mice had lower morning nonfasting blood glucose (Figure 1B). An oral glucose tolerance test (OGTT) 
performed 4 weeks after surgery showed lower fasting blood glucose levels and lower glucose levels at all 
time points, except a higher glucose level 15 minutes after gavage, and a reduction in the glucose AUC 
(Figure 1, C and D).

Pregnant mice that underwent SG have high postprandial secretion of  Glp1. A month after surgery, SG-operat-
ed mice gained weight at the same rate as sham-operated mice. The mice were then mated with nonoperat-
ed lean male mice 1 month after surgery. Both SG- and sham-operated mice were fully fertile and by E18.5, 
SG- and sham-operated pregnant mice had similar weights (Figure 1E and Supplemental Figure 1B). Preg-
nant SG-operated mice had lower glycemia at E18.5 but not at E6.5 or E12.5 (Figure 1, F and G). There 
was no difference in the maternal 6-hour fasting plasma levels of  branched-chain amino acids (BCAA) 
(Figure 1H), suggesting that SG does not cause drastic protein malabsorption. There was no difference in 
insulin or glucagon levels at E18.5 (Figure 1, I and J). The levels of  Glp1 were significantly higher 10 min-
utes after gavage of  a liquid diet in SG-operated mice at E18.5 (Figure 1K).

SG does not affect the placenta at E18.5. We extracted fetuses from 5 SG- and 5 sham-operated mice at 
E18.5. Fetuses of  SG- and sham-operated mice had the same fetal weight to placenta weight ratio (Figure 
2A) in support of  normal placental function. Embryos from both groups had comparable 6-hour–fasted 
plasma levels of  BCAA, insulin, and glucagon (Figure 2, B–D). There was no difference in placental his-
tology in either group (Figure 2, E and F; and Supplemental Figure 2, A and B) (50, 52). mRNA-Seq of  
whole placentas showed that only a handful of  genes were differentially expressed between placentas of  
SG- and sham-operated mice (Supplemental Figure 2C) with no enrichment of  any biological pathway. 
Unsupervised clustering of  gene expression did not separate the 2 groups, and a principal component 
analysis has shown that surgery type did not affect gene expression (Figure 2G). In particular, there was 
no difference in the transcript levels of  glucose and amino acid transporters, leptin receptor, and Glp1 
receptor (49, 50, 52, 53) (Supplemental Figure 2D).

SG pups have lower birth weight and weigh less until weaning. SG pups had a lower weight at P1 than pups 
born to sham-operated dams (sham pups) (Figure 3A). There was no difference in the litter size between 
both groups (Figure 3B). Litter size was negatively correlated with birth weight (Supplemental Figure 3A), 
and, therefore, we adjusted pup weight according to litter size (Supplemental Figure 3B). Mean adjusted 
SG pup weight was smaller by approximately 7% than sham pup weight when considering each pup sepa-
rately (Figure 3C) and when grouping siblings (Figure 3D). SGA and LGA were defined by the lower and 
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upper 10th percentiles in the corrected weights of  the sham pups accordingly. 35% of  the SG pups were 
SGA (Figure 3E), and 0% were LGA (Supplemental Figure 3C).

Each mouse was allowed to nurture 5–6 pups of  its litter, and the endocrine pancreata of  the remain-
ing pups were analyzed histologically. We found no difference in the distribution of  the islet area, in the 
proportions of  α,β, or δ cells in islets at P1. Ucn3 fluorescence, which marks β cell maturation, was equally 
low in all islets. Neither was there a difference in the fraction of  proliferating β cells at this stage (Figure 3, 
F–H; and Supplemental Figure 3, D–G).

At P21, male SG pups weighed 11% less than male sham pups, and female SG pups weighed 16% less than 
female sham pups (Figure 4A and Supplemental Figure 4A). There was no difference in fasting blood glucose, 
insulin, or glucagon levels (Figure 4, B–D). There was no difference in the proportions of islet cell composition 
between SG pups and sham pups or in islet size distributions (Figure 4E and Supplemental Figure 4, B and C).

Inhibition of  Glp1 receptor during pregnancy reverses the effects of  SG on offspring birth weight. Since post-
prandial Glp1 levels were markedly increased in SG-operated mice during pregnancy, we postulated 

Figure 1. The effects of SG or sham surgery on female mice before and during pregnancy. (A and B) Mice weight and blood glucose measured at 7 am 
in the month after SG. (C and D) Glucose levels and AUC following an oral glucose tolerance test. (E) Mice weight at E18.5. (F and G) Nonfasting and 
fasting blood glucose during pregnancy. (H–J) Fasting levels of BCAA, insulin, and glucagon at E18.5. (K) Glp1 levels 10 minutes after gavage at E18.5. Blue: 
sham-operated mice; red: SG-operated mice. In A–D, sham-operated mice n = 28, SG-operated mice n = 25; in E–G, sham-operated mice n = 11, SG-operat-
ed mice n = 10; in H–J, sham-operated mice n = 5, SG-operated mice n = 5; in K, sham-operated mice n = 7, SG-operated mice n = 4. *P < 0.05, **P < 0.01 by 
2-way continuous measure ANOVA for A–C, by 2-tailed Student’s t test for D–I; and by Mann-Whitney nonparametric U test for J and K.
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that inhibition of  Glp1 signaling during pregnancy by the Glp1 receptor antagonist Exendin 9-39 could 
reverse the effects of  SG on pup weight. Exendin 9-39 treatment increased fasting plasma glucose levels 
and attenuated glucose clearance in an oral glucose tolerance test in virgin, nonoperated female mice 
(Supplemental Figure 5, A and B). However, the same dose of  Exendin 9-39 did not affect fasting glu-
cose levels, response to an oral challenge, or nonfasting glucose levels at the end of  pregnancy of  both 
sham- and SG-operated pregnant mice (Figure 5, A–D). Exendin 9-39 led to mild weight loss during 
pregnancy (Figure 5E).

SG pups born to Exendin 9-39–treated dams had the same weight as untreated sham pups, yet Exendin 
9-39 treatment did not affect the weight of  sham pups (Figure 5, F and G). Accordingly, SGA births of  
SG pups of  Exendin 9-39–treated dams was 16%, and 11% in sham pups of  Exendin 9-39–treated dams 
(Figure 5H). Exendin 9-39 did not increase the fraction of  LGA births in sham-operated mice, and induced 
LGA in 6% of  the SG-operated mice (Supplemental Figure 5C). There was no correlation between mater-
nal glycemia and birth weight of  pups and, in particular, Exendin 9-39–treated SG-operated mice had low 
glucose during pregnancy and normal pup weight (Figure 5I). At P21, male and female SG pups weighed 
less than sham pups regardless of  treatment (Figure 5, J and K).

Figure 2. The effects of SG and sham surgery on the placenta. (A) Fetal weight to placental weight ratio in SG- and sham-operated mice. (B–D) Fetal 
plasma levels of BCAA, insulin, and glucagon. (E and F) Representative H&E and PAS staining of a placenta from a sham pup (left) or SG pup (right). 
(G) PCA analysis of RNA-Seq of placentas from a pup from each litter. Blue: sham pups and placentas, red: SG pups and placentas. P value deter-
mined by 2-tailed Student’s t test for A–D. In A, sham-operated mice n = 13, SG-operated mice n = 9; B–D, sham-operated mice n = 4, SG-operated 
mice n = 5. Scale bar: 100 µm.
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Long term effect of  maternal SG and treatment with Exendin 9-39. Female offspring of  mice treated with 
Exendin 9-39 were heavier at the age of  8 weeks, while surgery type did not affect weight (Supplemental 
Figure 6A). The female mice were then mated with lean male mice. Offspring of  Exendin 9-39–treated 
mice maintained higher weight throughout pregnancy (Supplemental Figure 6A). All groups had similar 

Figure 3. Offspring of SG-operated mice are born SGA. (A) Distribution of the weights of P1 pups of mice that underwent sham or SG surgery. (B) Litter 
size of mice that underwent sham or SG surgery. (C) P1 weight corrected for litter size in offspring of sham- or SG-operated mice. (D) Average corrected 
weight per litter in mice that underwent sham or SG surgery. (E) Fraction of SGA pups (white) in offspring of sham or SG-operated mice. (F) Fractions of 
α, β, and δ cells in the pancreata of P1 mice. (G and H) Representative image and quantification of Ki67 positive cells in pancreata of P1 mice. Blue: sham 
pups; red: SG pups. *P < 0.05, **P < 0.01 by 2-tailed Student’s t test for B–D and H; and by χ2 test for E and F. In B, sham pups n = 16, SG pups n = 10; in A 
and C, sham pups n = 72, SG pups n = 107; in D, sham pups n = 7, SG pups n = 10; in E, sham pups n = 26, SG pups n = 19. At least 8 islets/P1 pancreas were 
analyzed, and at least 1 pup per litter was analyzed in F and H.
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nonfasting blood glucose levels before and during pregnancy (Supplemental Figure 6B). Surgery type or 
treatment had no significant effect on the weight of  the pups (Supplemental Figure 6C).

Male offspring of  SG- and sham-operated dams were fed on normal chow for 8 weeks. At that point, 
offspring of  Exendin 9-39–treated sham-operated mice weighed 10% more than offspring of  other groups 
(Figure 6A). Mice were then provided with a high-fat high-sucrose diet. After 8 weeks, there was no differ-
ence in the weights of  the experimental groups (Figure 6A).

There was no difference in nonfasting glucose levels throughout the experiment between the groups (Figure 
6B). OGTT performed at week 15 revealed that offspring to SG-operated mice had higher fasting glucose and 
worse response to a glucose challenge compared with offspring of sham-operated mice. Maternal Exendin 9-39 
treatment was associated with lower fasting glucose and better response to an OGTT. There was no difference 
in fasting insulin levels (Figure 6, C–F). Male offspring of SG-operated mice displayed hepatic steatosis. Hepatic 
steatosis was improved in offspring of Exendin 9-39–treated SG-operated mice and was not observed in the 
offspring of sham-operated mice (Figure 6, G and H). There was no difference in the plasma levels of glucagon, 
albumin, hepatic enzymes, or lipids between the experimental groups (Supplemental Figure 7, A–D).

Discussion
In this study, we show that lean female mice that underwent SG are fertile and give birth to pups that weigh 
less than pups born to mice that underwent sham surgery. A third of  the SG pups were born SGA. We did 
not identify a developmental defect in the placenta or the endocrine pancreas of  the embryos and pups. 

Figure 4. Offspring of SG-operated mice remain smaller than offspring of sham-operated mice until weaning. (A and B) Weight and fasting blood glucose at 
P21 of male and female offspring of sham- and SG-operated mice. (C and D) Fasting level of insulin and glucagonat P21 in offspring of sham- and SG-operated 
mice. (E) Fractions of α, β, and δ cells in the pancreata of P21 mice. Blue: offspring of sham-operated mice, red: offspring of SG-operated mice. **P < 0.01 by 
2-way ANOVA with Tukey HSD post hoc test in A and B; by 2-tailed Student’s t test in C and D; and by χ2 test in E. In A and B, sham-operated male mice n = 23, 
sham-operated female mice n = 16, SG-operated male mice n = 26, SG-operated female mice n = 25; in C, sham-operated mice n = 38, SG-operated mice n = 
38; in D, sham-operated mice n = 40, SG-operated mice n = 46; and in E, cumulative of pancreata of 10 mice each from sham- and SG-operated mice.
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However, male SG pups developed hepatic steatosis and glucose intolerance upon exposure to a high-fat 
high-sucrose diet. Treatment during pregnancy with Exendin 9-39, a Glp1 receptor antagonist, reduced the 
prevalence of  SGA and improved glycemic parameters of  adult offspring of  SG-operated dams.

Caloric restriction and protein deficiency can lead to IUGR and a reduction in β cell mass and function in 
rodents (5, 6, 10, 11), possibly since fetal islets secrete insulin in response to amino acids (54, 55). SG-operated 
mice, however, gained weight normally during pregnancy and had the same weight as sham-operated mice at 
term. The levels of  BCAA were similar in the plasma of  SG- and sham-operated dams and also in the plasma 

Figure 5. Treatment with Exendin 9-39 normalizes the effects of SG on embryo size without affecting maternal glycemia. (A and B) Oral glucose 
tolerance test and AUC in pregnant mice (E12.5) that had sham or SG surgery and were treated or not treated with Exendin 9-39 during pregnan-
cy. (C and D) Nonfasting and fasting glucose levels of the 4 groups of mice. (E) Weight at E18.5 of the 4 experimental groups. (F and G) Correct-
ed weight of P1 pups and the average weight of litters in the 4 experimental groups. (H) Fraction of SGA pups in the 4 experimental groups. (I) 
Scatter plot of birth weight as a function of fasting glycemia in E12.5. (J and K) Weight of male and female offspring of the 4 experimental groups. 
Blue: sham-operated mice or offspring of sham-operated mice untreated with Exendin 9-39 during pregnancy (full) or treated with Exendin 9-39 
(dashed); Red: SG-operated mice or offspring of SG-operated mice untreated with Exendin 9-39 during pregnancy (full) or treated with Exendin 9-39 
(dashed). *P < 0.05, **P < 0.01 by 2-way ANOVA with Tukey HSD post hoc test in B–J or by 3-way continuous measures ANOVA in A. In A–D, sham 
Ex9– n = 14, sham Ex9+ n = 10, SG Ex9– n = 6, SG Ex9+ n = 9; in E, sham Ex9– n = 14, sham Ex9+ n = 10, SG Ex9– n = 6, SG Ex9+ n = 9; in F, sham Ex9– n = 
155, sham Ex9+ n = 98, SG Ex9– n =107, SG Ex9+ n = 85; in G, sham Ex9– n = 16, sham Ex9+ n = 10, SG Ex9– n =10, SG Ex9+ n = 8; in I, sham Ex9– n = 13, 
sham Ex9+ n = 10, SG Ex9– n = 6, SG Ex9+ n = 9; in J, sham Ex9– n = 16, sham Ex9+ n = 16, SG Ex9– n = 25, SG Ex9+ n = 11.
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of their offspring, suggesting no major deficiency in protein digestion, absorption, or transfer of  amino acids 
to the embryos. Correspondingly, there was no histological phenotype in offspring β cell development during 
the postnatal stages we examined, and the body weight to placental weight ratio was not affected by surgery. 
SG does not have a major malabsorptive component, especially a short time after surgery, but we cannot 
exclude a deficiency in micronutrients (56) that might affect pregnancy outcomes (55).

Placental insufficiency, reduction in transport of  nutrients across the placenta, or defects in the develop-
ment of  the placenta contribute to fetal growth retardation (1, 2, 12, 13). Previous studies in rodent models 
described adverse effects of  SG on the placenta when the animals were fed a high-fat diet, but these effects 
were not observed on a normal chow diet, in agreement with the results we presented (50, 52). SG had no 
effect on the transcriptome or histology of  the placenta at E18.5 in our study (57). Current clinical literature 

Figure 6. The long-term effects of SG on male offspring are reversed by maternal treatment with Exendin 9-39. (A and B) Weight and nonfasting 
glucose levels of male offspring of sham- or SG-operated mice treated or untreated with Exendin 9-39 during pregnancy. The dashed black line denotes 
a switch from normal chow to a high-fat high-sucrose diet. (C–F) Oral glucose tolerance test, AUC, fasting glucose, and insulin levels at week 15 of the 
4 experimental groups. (G) Representative H&E staining of the liver of the 4 experimental groups. (H) Histological grade of hepatic steatosis in the 4 
experimental groups. Blue: male offspring of sham-operated mice untreated with Exendin 9-39 during pregnancy (full) or treated with Exendin 9-39 
(dashed); Red: male offspring of sham-operated mice untreated with Exendin 9-39 during pregnancy (full) or treated with Exendin 9-39 (dashed). *P < 
0.05, **P < 0.01 by 2-way ANOVA with Tukey HSD post hoc test in D, F, H, and I or by 3-way continuous measures ANOVA in A–C and E. All panels sham 
Ex9– n = 7, sham Ex9+ n = 7, SG Ex9– n = 7, SG Ex9+ n = 6. *P < 0.05, **P < 0.01 for the comparison between sham-Ex9– and SG-Ex9-. †P < 0.05, ††P < 0.01 
for the comparison between SG-Ex9– and SG-Ex9+. ‡P < 0.05, ‡‡P < 0.01 for the comparison between sham-Ex9– and sham-Ex9+.
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now shows an association between a history of  bariatric surgery and placental defects, unless major micro-
nutrient deficiency or smoking developed after surgery (20, 58). Together, the results suggest that SG does 
not cause significant changes in placental development.

Fetal growth is driven in part by fetal insulin in humans and mice (55, 59). While there is strong 
evidence that maternal hyperglycemia leads to fetal hyperinsulinemia and increased fetal growth (55, 
60), it is not established that lower maternal glucose levels, especially within the normal range, can 
cause fetal hypoinsulinemia and decreased growth (54). As we and others show, fetal glycemia is 
normally much lower than maternal glycemia (Supplemental Figure 7E) (54). Lower birth weight was 
associated with hypoglycemia during OGTT in pregnant women who underwent bariatric surgery 
(39), and SG-operated dams displayed low levels of  glucose compared with lean, sham-operated dams 
in an OGTT during pregnancy. Yet the correlation between maternal glycemia and adjusted embryo 
weight at P1 in our study was lost once we consider the Exendin 9-39–treated groups (Figure 5I). Low 
glucose levels after bariatric surgery are associated with an elevation in the levels of  several hormones, 
including Glp1 (40, 61). Indeed, postprandial levels of  Glp1 were 2-fold higher in SG-operated mice 
(Figure 1K). These results raise the hypothesis that Glp1 signaling leads to a reduction in glucose lev-
els and affects fetal size via 2 pathways.

Inhibition of  Glp1 signaling normalized embryo weight in SG-operated mice. A simple explanation 
for this effect of  Exendin 9-39 is that the treatment caused maternal weight gain and hyperglycemia, lead-
ing to increased fetal growth (55). However, we did not detect any difference in maternal glycemia in 
Exendin 9-39–treated mice in either surgical group, and Exendin 9-39 treatment was not associated with 
higher maternal weight at the end of  pregnancy. Exendin 9-39 did not affect the weight of  sham pups. We 
conclude that high Glp1 rather than low glucose is a key effector of  embryo size after SG in lean mice. 
Furthermore, the finding that Exendin 9-39 increases pup weight provides evidence against the hypothesis 
that malabsorption is the main cause for SGA in this model. Offspring of  SG-operated mice remained 
leaner by P21 regardless of  Exendin 9-39 treatment but their weight caught up after weaning. Factors such 
as the composition of  milk or maternal microbiome following surgery may also contribute to the postnatal 
differences between offspring of  SG- and sham-operated mice (53, 62, 63).

Semaglutide and Liraglutide are stable Glp1 receptor agonists that are used to treat patients with 
hyperglycemia. The administration of  these drugs is prohibited during pregnancy because animal studies 
have shown that these agonists reduce embryo size and cause developmental abnormalities (64, 65). These 
findings support a role for high Glp1 signaling in reducing embryo size. The elevation in Glp1 signaling 
in SG-operated mice did not cause developmental defects that were reported in Liraglutide- or Semaglu-
tide-treated animals (50–52, 64, 65); neither are such abnormalities common in patients that underwent 
bariatric surgery (20, 22, 23). One possible explanation is that, while Semaglutide and Liraglutide are stable 
and can cross the placenta, the placental transport of  Glp1 is minor (66–68).

The Glp1 receptor is robustly expressed in β cells, lungs, a subset of  neurons and glia in the adult 
mouse, and several other cell types (69), but lowly expressed in the mouse placenta at E18.5 (Supple-
mental Figure 2D) in both SG- and sham-operated mice. Glp1 signaling may affect maternal androgen 
metabolism through its effects on insulin. Androgens have a sex-specific effect on fetal β cell and adrenal 
development, which can contribute to the sex-specific effect of  SG and Exendin 9-39 treatment on the 
response of  offspring to a metabolic challenge (70–73). Overall, we hypothesize that Glp1 signaling exerts 
its effect on the mother, affecting the fetus indirectly to reduce growth. In line with this hypothesis, postna-
tal treatment with the Glp1 receptor agonist Exendin 4 in animals that suffered from experimental IUGR 
reduced the adverse metabolic phenotypes of  fetal IUGR in adulthood (10, 14).

Ghrelin, a peptide hormone secreted from the stomach, contributes to fetal growth in late gestational 
stages. Maternal ghrelin crosses the placenta and affects the embryo directly (47). In SG, most of  the stom-
ach is removed, resulting in a sharp reduction in the levels of  ghrelin (44), which can contribute to the high 
prevalence of  SGA in pups and infants born to mothers who had SG. In this case, Glp1-signaling inhibition 
creates an independent, opposite effect to that of  the reduction in ghrelin signaling. There are several endo-
crine, immune, and metabolic regulators that are affected by SG that may also affect embryonic growth and 
development (42, 49–51, 53, 70–74). Our finding that inhibition of  Glp1 signaling during pregnancy affects 
the weight of  SG pups, specifically, points to Glp1 as a major, yet nonexclusive, factor that contributes to 
the high prevalence of  SGA in SG-operated dams. The effects of  Glp1 receptor inhibition during pregnan-
cy of  SG-operated mice in an obese mouse model require further experiments.
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SGA is associated with a greater risk of  developing glucose intolerance later in life regardless of  
etiology (7–9). Long-term data on the metabolic health of  offspring of  patients that underwent bar-
iatric surgery are scarce and conflicting (31–35). We show here that SGA is prevalent in offspring of  
lean mice that underwent SG, with no background of  maternal obesity, no weight loss at term, and no 
indication of  protein malabsorption. Male offspring of  SG-operated dams develop hepatic steatosis, 
fasting hyperglycemia, and greater insulin resistance upon exposure to a high-fat diet compared with 
offspring of  sham-operated dams. Treatment with the Glp1 receptor antagonist Exendin 9-39 during 
pregnancy reverses the negative effects of  surgery on the metabolic health of  male offspring. Exendin 
9-39 is now under clinical trials to treat postbariatric hypoglycemia, yet there is still no information on 
its effects during pregnancy or on offspring (61). Further studies are warranted to identify the mecha-
nism by which Glp1 exerts its effects on fetal growth and development and the safety and efficacy of  
Exendin 9-39 in this context.

Methods

Mice
We used Hsd:ICR (CD-1) outbred mouse model fed with normal chow. In the long-term experiment, male 
offspring were fed a high-fat high-sucrose diet (Envigo, TD08811).

Surgery
Female ICR mice that were 8-weeks-old underwent SG surgery as described previously (75). Briefly, a 
midline incision through the skin and underlying linea alba was performed, followed by exposure and 
mobilization of  the stomach. A 12 mm clip was placed horizontally across its greater curvature using a 
Ligaclip Multiple Clip Applier. The excluded part of  the stomach was excised, the abdominal wall was 
sutured using 6-0 coated vicryl sutures (Ethicon, J551G), and the skin was closed with clips (Autoclip 
by NBT, FST-12022-09). Sham surgeries included the abdominal incision, exposure and mobilization 
of  the stomach, and closure of  the body wall and skin. Each surgery lasted approximately 15–20 min-
utes. Mice were fasted overnight the day before surgery and during the day of  surgery, provided with 
an Ensure liquid diet for 2 days, and then returned to normal chow. Nearly 90 animals were operated 
on. The survival rate in SG surgery was approximately 85% in SG and 100% in sham surgery.

P1 weight calculation
Weight at P1 was corrected to account for the negative association between the number of  pups per 
litter and the average pup weight per litter. We used a linear model using litter size as the only param-
eter to correct the weight and account for this association. The corrected weight equals the difference 
between the measured P1 weight and the calculated average weight for the specific litter sized by the 
linear model, plus the modeled weight for litter size of  11, which was the median litter size. See Sup-
plemental Figure 3, A and B.

Weaning: the number of pups was reduced to 5–6 pups per mother at P1, and pups were weaned at P21.

Hormone measurement
Plasma hormones were measured following a 6-hour fast between 7 am and 1 pm, using Ultra-Sensitive 
Mouse Insulin ELISA (Crystal Chem, 90080), Mouse Glucagon ELISA (Crystal Chem, 81518), and Total 
GLP-1 (ver. 2) (Mesoscale, K150JVC-1).

Glp1 receptor antagonism: Exendin 9-39 amide (Sigma Aldrich, E7269) was injected s.c. daily during 
pregnancy at a concentration of  25 nmol/kg in 0.9% NaCl, normalized to 10 mL/kg.

Blood glucose, glucose tolerance tests (GTT), insulin tolerance test (ITT)
Blood glucose was measured with a glucometer Accu-Check by Roche by tail bleeding. Nonfasting blood 
glucose refers to blood glucose level at 7 am when animals had ad libitum access to food and water 
throughout the night.

OGTT was performed on mice fasted for 6 hours between 7 am and 1 pm by injecting oral gavage 20% 
glucose solution in saline and measuring blood glucose at 15, 30, 45, 60, 75, 90, 120, 150, 180, 210, and 
240 minutes after injection.
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ITT was performed by injecting i.p. 1:1000 insulin/saline solution on mice fasted for 6 hours between 
7 am and 1 pm and measuring blood glucose at 15, 30, 45, 60, 90, and 120 minutes after injection. Gavage 
and injections were normalized to body weight by providing 10 mL/kg solution to mice.

E18.5 C-section and sacrifice
On day 18.5 of pregnancy, pregnant mice were fasted for 6 hours then anesthetized using ketamine/xyla-

zine solution. Following an abdominal preparation with 70% ethanol, a V-shaped skin and fascia were incised, 
allowing exposure of the uterine horns. Using fine forceps and cotton swabs, the uterus was exposed and uter-
ine vessels were identified. Fetuses were extracted with their placenta, then amniotic membranes were removed 
and their blood was extracted. Some of the placentas were collected and stored in liquid nitrogen then trans-
ferred to storage at –80°C, and some were fixated in 4% formaldehyde overnight for later pathology sections.

Sacrifice
At the end of  each experiment, mice were anesthetized using ketamine as a sedative and xylazine as a mus-
cle relaxant, diluted in 0.9% sodium chloride.

Blood was extracted via terminal bleeding using heparin-coated syringes and 25G needles and transferred 
to lithium heparin-coated tubes (Greiner, MiniCollect, 450535). Aprotinin (Sigma-Aldrich, A6279), DPP4 
inhibitor,and EDTA were added to the blood sample to avoid degradation of glucagon and GLP-1. Blood was 
then centrifuged at 6,000 RCF for 1.5 minutes. Plasma was then collected and stored in liquid nitrogen until 
transferred to final storage at –80°C.

RNA extraction
Total RNA was extracted from whole placentas using TRI reagent (Sigma-Aldrich, T9424) according to the 
manufacturer’s instructions. A single placenta from each litter was used.

RNA sequencing and analysis
Raw reads were aligned to the mouse genome and transcriptome (genome version GRCm38, with anno-
tations from Ensembl release 99) using the RNA-Seq Alignment App on Basespace (Illumina), following 
differential expression analysis using DESeq2. Differentially expressed genes were characterized for each 
sample (|L2FC| > 1, P adjusted value < 0.05) and were used as a query to search for enriched biological 
processes (Gene ontology BP). RNA-Seq data is available online in GEO accession GSE195998.

Tissue fixation and processing
P1 pancreata were fixed in 4% paraformaldehyde/PBS (PFA/PBS) for 4 hours, and P21 pancreata were 
fixed in 4% formaldehyde for 2.5 hours at room temperature. Liver samples were fixed overnight at 4°C in 
4% formaldehyde, then washed in PBS and continued fixation in 70% ethanol. E18.5 placentas were fixed 
for 4 hours in 4% paraformaldehyde and stored in PBS. Sections were paraffin-blocked and counterstained 
with H&E, periodic acid–Schiff  (PAS; Merck 1016460001, 1016470500), and DAB stain.

Later, tissue paraffinization was performed in the Hadassah Ein-Kerem Pathology Department 
then transferred to paraffin blocks. Tissues were cut into 4 μ slides and deparaffinized using Xylene, 
decreasing the percentage of  alcohol.

Histology and immunofluorescence stain
Antigen retrieval was performed in citrate buffer (pH 6.0) in a pressure cooker. Tissues were blocked in 
CAS block (Thermo Fisher Scientific) and incubated overnight with primary antibodies diluted in CAS 
block (Table 1):

Slides were washed 3 times in PBST, incubated overnight with secondary antibodies, and diluted in 
PBS/BSA 1% (Table 2):

Slides were then washed once in PBS and closed with cover glass using ImmuGio mounting medium 
(DiaSorin, 2505-5). Relevant tissue samples were incubated with DAPI nuclear stain (Sigma-Aldrich, 
D9564; diluted 1:100 in double distilled water [DDW]) for 5 minutes, then washed 5 minutes in DDW 
before closing. Pictures were taken with Nikon confocal microscope, and the software NIS-Elements. 
For UCN3 fluorescence analysis, the same microscopy and NIS software settings were used per exper-
iment, and fluorescence measurements were taken using ImageJ (NIH) (RGB measurement Plugin).

https://doi.org/10.1172/jci.insight.156424


1 2

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(7):e156424  https://doi.org/10.1172/jci.insight.156424

H&E stain
Tissues were deparaffinized and stained. 5 minutes incubation with freshly filtered Mayer’s Hematoxylin solu-
tion (Sigma, MHS32) and wash under running tap water; Dip in 1% acid alcohol (1:100 of  37% HCl 
solution/80% ethanol) and wash under running water; Dip in 95% ethanol and 1 minute incubation with 
alcoholic Eosin Y with phloxin (Sigma, HT110332); Dehydration from 95% ethanol to 100% ethanol and 
Xylene. Dried slides were sealed with Entellan mounting medium (Mercury, 1079600600)

Alcian blue-PAS stain. Paraffin slides were deparaffinized and stained with a PAS staining kit (Sigma-Al-
drich, 101646) according to the manufacturer’s protocol.

DAB stain. Tissues were rehydrated using xylene and decreasing concentrations of  ethanol. Antigen 
retrieval was performed in citrate buffer (pH 6.0) in a pressure cooker. Then endogenous peroxidase inhi-
bition was performed using 3% H2O2/1XPBS followed by 3 washes in PBS. Tissues were blocked in CAS 
block (Thermo Fisher Scientific) and incubated overnight with primary antibodies diluted in CAS block (Cell 
Signaling, F4/80 Rabbit mAb 70076, 1:250). Slides were washed 3 times in PBST and incubated with the 
secondary antibody for DAB stain HRP horse anti-rabbit IgG Plus polymer KIT (ImmPRESS, MP-7801).

COBAS analysis
Plasma samples were analyzed for alanine aminotransferase (ALT), aspartate aminotransferase (AST), 
alkaline phosphatase (ALP), triglycerides, cholesterol, LDL, HDL, and albumin using a Cobas c111 
(Roche Diagnostics) automated clinical chemistry analyzer that was calibrated according to manufac-
turer guidelines.

BCAA assay
Plasma-branched amino acids were measured using a commercially available kit (Abcam, ab83374). Plas-
ma was taken following a 6-hour fast.

Statistics
Results are presented as box plots with whiskers representing the highest and lowest values without outli-
ers (1.5 IQR above or below the third or first quartile). Two-tailed Student’s t test, ANOVA, Mann-Whit-
ney U test, and Kruskal-Wallis tests were used to assess differences between mean values between groups 

Table 1. Primary antibodies for immunofluorescence

Antibody Origin Clonality Manufacturer Catalot Dilution
Anti-glucagon Mouse Monoclonal Sigma-Aldrich G2654 1:400

Anti-somatostatin Rabbit Polyclonal Dako A0566 1:200
Anti-insulin Guinea-pig Polyclonal Dako A0564 1:200

Anti-Ki67 Rabbit Monoclonal Thermo Scientific RM-9106-S-94 1:150
Anti-UCN3 Rabbit Polyclonal Phoenix 

Pharmaceuticals
H-019-29 1:500

Anti-Pdx1 Goat Polyclonal Gift from Chris Wright 1:400

Table 2. Secondary antibodies for immunofluorescence

Antibody Origin Clonality Manufacturer Catalot Dilution
Alexa Fluor 488–
AffiniPure

Donkey anti–guinea pig IgG Jackson 
ImmunoResearch

706-545-148 1:200

Cy3-AffiniPure Donkey anti-rabbit IgG Jackson 
ImmunoResearch

711-165-152 1:500

Alexa Fluor 647–
conjugated AffiniPure

Donkey anti-mouse IgG Jackson 
ImmunoResearch

715-605-151 1:500

Alexa Fluor 647–
AffiniPure

Donkey anti-goat IgG Jackson 
ImmunoResearch

705-605-147 1:500
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and post hoc tests were performed if  P < 0.05. Bonferroni correction was used for multiple comparisons 
and Benjamini-Hochberg correction for statistical correction in RNA-Seq analysis.

Study approval
The experiments were approved by the Hebrew University’s Institutional Animal Care and Use Committee.

Author contributions
LH, RBHS, AR, and DBZ designed the experiments. LH, RBHS, YA, SA, MB, AH, HI, DK, YL, IS, 
DS, and DBZ performed experiments. LH, MB, RBHS, and DBZ analyzed the data. AR and DBZ con-
ceived the study. DBZ acquired funding for the study. LH, RBHS, AR, and DBZ wrote the manuscript. 
Order of  co–senior authors was agreed upon and based on the level of  author involvement.

Acknowledgments
Support was provided by the Zuckerman foundation STEM faculty program (to DBZ). This project was 
funded by the Israel Science Foundation grant 967/19 and ERC StG 803526 (to DBZ). We thank Yuval 
Dor, Gil Leibowitz, and members of  our group for fruitful discussions.

Address correspondence to: Danny Ben-Zvi, The Hebrew University of  Jerusalem, Ein Kerem Campus, 
room 3038, Jerusalem 91120, Israel. Phone: 972.5.472772406; Email: danny.ben-zvi@mail.huji.ac.il.

 1. Godfrey K, et al. Maternal nutrition in early and late pregnancy in relation to placental and fetal growth. BMJ. 
1996;312(7028):410–414.

 2. Wu G, et al. Maternal nutrition and fetal development. J Nutr. 2004;134(9):2169–2172.
 3. Workalemahu T, et al. Genetic and environmental influences on fetal growth vary during sensitive periods in pregnancy. Sci Rep. 

2018;8(1):7274.
 4. Catalano PM, Shankar K. Obesity and pregnancy: mechanisms of  short term and long term adverse consequences for mother 

and child. BMJ. 2017;356:j1.
 5. Wu G, et al. Biological mechanisms for nutritional regulation of  maternal health and fetal development. Paediatr Perinat Epidemi-

ol. 2012;26 Suppl 1:4–26.
 6. Bergmann R, et al. Undernutrition and growth restriction in pregnancy. Nestle Nutr Workshop Ser Pediatr Program. 2008;61:103–121.
 7. Burke JP, et al. Association of  birth weight and type 2 diabetes in Rochester, Minnesota. Diabetes Care. 2004;27(10):2512–2513.
 8. Barker DJP, et al. Type 2 (non-insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia (syndrome X): relation 

to reduced fetal growth. Diabetologia. 1993;36(1):62–67.
 9. Phipps K, et al. Fetal growth and impaired glucose tolerance in men and women. Diabetologia. 1993;36(3):225–228.
 10. Pinney SE, et al. Exendin-4 increases histone acetylase activity and reverses epigenetic modifications that silence Pdx1 in the 

intrauterine growth retarded rat. Diabetologia. 2011;54(10):2606–2614.
 11. Boehmer BH, et al. The impact of  IUGR on pancreatic islet development and ß-cell function. J Endocrinol. 2017;235(2):R63–R76.
 12. Pardi G, et al. Placental-fetal interrelationship in IUGR fetuses--a review. Placenta. 2002;23:S136–S141.
 13. Scifres CM, Nelson DM. Intrauterine growth restriction, human placental development and trophoblast cell death. J Physiol. 

2009;587(pt 14):3453–3458
 14. Liu H, et al. Effect of  placental restriction and neonatal exendin-4 treatment on postnatal growth, adult body composition, and 

in vivo glucose metabolism in the sheep. Am J Physiol Endocrinol Metab. 2015;309(6):E589–E600.
 15. Poston L, et al. Obesity in pregnancy: implications for the mother and lifelong health of  the child. A consensus statement. Pedi-

atr Res. 2011;69(2):175–180.
 16. Dabelea D. The predisposition to obesity and diabetes in offspring of  diabetic mothers. Diabetes Care. 2007;30 Suppl 2:S169–S174.
 17. Sjostrom L. Review of  the key results from the Swedish obese subjects (SOS) trial — a prospective controlled intervention study 

of  bariatric surgery. J Intern Med. 2013;273(3):219–234.
 18. Johansson K, et al. Outcomes of  pregnancy after bariatric surgery. N Engl J Med. 2015;372(9):814–824.
 19. Galazis N, et al. Maternal and neonatal outcomes in women undergoing bariatric surgery: a systematic review and meta-analy-

sis. Eur J Obstet Gynecol Reprod Biol. 2014;181:45–53.
 20. Falcone V, et al. Pregnancy after bariatric surgery: a narrative literature review and discussion of  impact on pregnancy manage-

ment and outcome. BMC Pregnancy Childbirth. 2018;18(1):507.
 21. Sheiner E, et al. Bariatric surgery: impact on pregnancy outcomes. Curr Diab Rep. 2013;13(1):19–26.
 22. González I, et al. Pregnancy after bariatric surgery: improving outcomes for mother and child. Int J Womens Health. 2016;8:721–729.
 23. Akhter Z, et al. Pregnancy after bariatric surgery and adverse perinatal outcomes: a systematic review and meta-analysis. PLoS 

Med. 2019;16(8):e1002866.
 24. Hutch CR, Sandoval D. The role of  GLP-1 in the metabolic success of  bariatric surgery. Endocrinology. 2017;158(12):4139–4151.
 25. Kwong W, et al. Maternal and neonatal outcomes after bariatric surgery; a systematic review and meta-analysis: do the benefits 

outweigh the risks? Am J Obstet Gynecol. 2018;218(6):573–580.
 26. Karadağ C, et al. Effects of  laparoscopic sleeve gastrectomy on obstetric outcomes within 12 months after surgery. J Obstet 

Gynaecol Res. 2020;46(2):266–271.

https://doi.org/10.1172/jci.insight.156424
mailto://danny.ben-zvi@mail.huji.ac.il
https://doi.org/10.1136/bmj.312.7028.410
https://doi.org/10.1136/bmj.312.7028.410
https://doi.org/10.1093/jn/134.9.2169
https://doi.org/10.1038/s41598-018-25706-z
https://doi.org/10.1038/s41598-018-25706-z
https://doi.org/10.2337/diacare.27.10.2512
https://doi.org/10.1007/BF00399095
https://doi.org/10.1007/BF00399095
https://doi.org/10.1007/BF00399954
https://doi.org/10.1007/s00125-011-2250-1
https://doi.org/10.1007/s00125-011-2250-1
https://doi.org/10.1530/JOE-17-0076
https://doi.org/10.1053/plac.2002.0802
https://doi.org/10.1152/ajpendo.00487.2014
https://doi.org/10.1152/ajpendo.00487.2014
https://doi.org/10.1203/PDR.0b013e3182055ede
https://doi.org/10.1203/PDR.0b013e3182055ede
https://doi.org/10.1111/joim.12012
https://doi.org/10.1111/joim.12012
https://doi.org/10.1056/NEJMoa1405789
https://doi.org/10.1016/j.ejogrb.2014.07.015
https://doi.org/10.1016/j.ejogrb.2014.07.015
https://doi.org/10.1186/s12884-018-2124-3
https://doi.org/10.1186/s12884-018-2124-3
https://doi.org/10.1007/s11892-012-0329-9
https://doi.org/10.2147/IJWH.S99970
https://doi.org/10.1371/journal.pmed.1002866
https://doi.org/10.1371/journal.pmed.1002866
https://doi.org/10.1210/en.2017-00564
https://doi.org/10.1016/j.ajog.2018.02.003
https://doi.org/10.1016/j.ajog.2018.02.003


1 4

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(7):e156424  https://doi.org/10.1172/jci.insight.156424

 27. Cornthwaite K, et al. Pregnancy outcomes following different types of  bariatric surgery: a national cohort study. Eur J Obstet 
Gynecol Reprod Biol. 2021;260:10–17.

 28. Chatzistergiou TK, et al. Laparoscopic sleeve gastrectomy and pregnancy outcomes: a systematic review. Eur J Obstet Gynecol 
Reprod Biol. 2021;256:339–347.

 29. Sancak S, et al. Timing of  gestation after laparoscopic sleeve gastrectomy (LSG): does it influence obstetrical and neonatal out-
comes of  pregnancies? Obes Surg. 2019;29(5):1498–1505.

 30. Rottenstreich A, et al. Maternal and perinatal outcomes after laparoscopic sleeve gastrectomy. Obstet Gynecol. 2018;131(3):451–456.
 31. Barisione M, et al. Body weight at developmental age in siblings born to mothers before and after surgically induced weight loss. 

Surg Obes Relat Dis. 2012;8(4):387–391.
 32. Gimenes JC, et al. Nutritional status of  children from women with previously bariatric surgery. Obes Surg. 2018;28(4):990–995.
 33. Willmer M, et al. Surgically induced interpregnancy weight loss and prevalence of  overweight and obesity in offspring. PLoS 

One. 2013;8(12):e82247.
 34. Smith J, et al. Effects of  maternal surgical weight loss in mothers on intergenerational transmission of  obesity. J Clin Endocrinol 

Metab. 2009;94(11):4275–4283.
 35. Kral JG, et al. Large maternal weight loss from obesity surgery prevents transmission of  obesity to children who were followed 

for 2 to 18 years. Pediatrics. 2006;118(6):e1644–e1649.
 36. Guénard F, et al. Differential methylation in glucoregulatory genes of  offspring born before vs. after maternal gastrointestinal 

bypass surgery. Proc Natl Acad Sci U S A. 2013;110(28):11439–11444.
 37. Guénard F, et al. Methylation and expression of  immune and inflammatory genes in the offspring of  bariatric bypass surgery 

patients. J Obes. 2013;2013:492170.
 38. Berglind D, et al. Differential methylation in inflammation and type 2 diabetes genes in siblings born before and after maternal 

bariatric surgery. Obesity (Silver Spring). 2016;24(1):250–261.
 39. Rottenstreich A, et al. Hypoglycemia during oral glucose tolerance test among post-bariatric surgery pregnant patients: inci-

dence and perinatal significance. Surg Obes Relat Dis. 2018;14(3):347–353.
 40. Salehi M, et al. Hypoglycemia after gastric bypass surgery: current concepts and controversies. J Clin Endocrinol Metab. 

2018;103(8):2815–2826.
 41. Evers SS, et al. The physiology and molecular underpinnings of  the effects of  bariatric surgery on obesity and diabetes. Annu 

Rev Physiol. 2017;79(1):313–334.
 42. Mulla CM, et al. Mechanisms of  weight loss and improved metabolism following bariatric surgery. Ann N Y Acad Sci. 

2018;1411(1):53–64.
 43. Ilhan ZE, et al. Temporospatial shifts in the human gut microbiome and metabolome after gastric bypass surgery. NPJ Biofilms 

Microbiomes. 2020;6(1):12.
 44. Dimitriadis E, et al. Alterations in gut hormones after laparoscopic sleeve gastrectomy: a prospective clinical and laboratory 

investigational study. Ann Surg. 2013;257(4):647–654.
 45. Ionut V, Bergman RN. Mechanisms responsible for excess weight loss after bariatric surgery. J Diabetes Sci Technol. 

2011;5(5):1263–1282.
 46. Brouwers L, et al. Intrahepatic cholestasis of  pregnancy: maternal and fetal outcomes associated with elevated bile acid levels. 

Am J Obstet Gynecol. 2015;212(1):100.e1–100.e7.
 47. Nakahara K, et al. Maternal ghrelin plays an important role in rat fetal development during pregnancy. Endocrinology. 

2006;147(3):1333–1342.
 48. Vuong HE, et al. The maternal microbiome modulates fetal neurodevelopment in mice. Nature. 2020;586(7828):281–286.
 49. Spann RA, et al. Altered immune system in offspring of  rat maternal vertical sleeve gastrectomy. Am J Physiol Regul Integr Comp 

Physiol. 2019;317(6):R852–R863.
 50. Spann RA, et al. Rodent vertical sleeve gastrectomy alters maternal immune health and fetoplacental development. Clin Sci 

(Lond). 2018;132(2):295–312.
 51. Spann RA, et al. Ghrelin signalling is dysregulated in male but not female offspring in a rat model of  maternal vertical sleeve 

gastrectomy. J Neuroendocrinol. 2021;33(1):e12913.
 52. Grayson BE, et al. Improved rodent maternal metabolism but reduced intrauterine growth after vertical sleeve gastrectomy. Sci 

Transl Med. 2013;5(199):199ra112.
 53. Deer EM, et al. Nutrient and hormone composition of  milk is altered in rodent dams post-bariatric surgery. J Dev Orig Health 

Dis. 2020;11(1):71–77.
 54. Helman A, et al. A nutrient-sensing transition at birth triggers glucose-responsive insulin secretion. Cell Metab. 2020;31(5):1004–1016.
 55. Catalano PM, Hauguel-De Mouzon S. Is it time to revisit the Pedersen hypothesis in the face of  the obesity epidemic? Am J 

Obstet Gynecol. 2011;204(6):479–487.
 56. Lupoli R, et al. Bariatric surgery and long-term nutritional issues. World J Diabetes. 2017;8(11):464–474.
 57. Hart B, et al. Nutrient sensor signaling pathways and cellular stress in fetal growth restriction. J Mol Endocrinol. 

2019;62(2):R155–R165.
 58. Sheiner E, et al. Pregnancy after bariatric surgery is not associated with adverse perinatal outcome. Am J Obstet Gynecol. 

2004;190(5):1335–1340.
 59. Echwald SM, et al. Analysis of  the relationship between fasting serum leptin levels and estimates of  beta-cell function and insu-

lin sensitivity in a population sample of  380 healthy young Caucasians. Eur J Endocrinol. 1999;140(2):180–185.
 60. Kc K, et al. Gestational diabetes mellitus and macrosomia: a literature review. Ann Nutr Metab. 2015;66:14–20.
 61. Craig CM, et al. PREVENT: a randomized, placebo-controlled crossover trial of  avexitide for treatment of  post-bariatric hypo-

glycemia. J Clin Endocrinol Metab. 2021;106(8):e3235–e3248.
 62. Goele J, et al. Bariatric surgery does not appear to affect women’s breast-milk composition. J Nutr. 2018;148(7):1096–1102.
 63. Jahansouz C, et al. Sleeve gastrectomy drives persistent shifts in the gut microbiome. Surg Obes Relat Dis. 2017;13(6):916–924.
 64. Novonordisk. Ozempic — Highlights of  Prescribing Information. https://www.accessdata.fda.gov/drugsatfda_docs/

label/2017/209637lbl.pdf. Accessed March 4, 2022.

https://doi.org/10.1172/jci.insight.156424
https://doi.org/10.1016/j.ejogrb.2021.02.031
https://doi.org/10.1016/j.ejogrb.2021.02.031
https://doi.org/10.1016/j.ejogrb.2020.11.060
https://doi.org/10.1016/j.ejogrb.2020.11.060
https://doi.org/10.1007/s11695-018-03700-8
https://doi.org/10.1007/s11695-018-03700-8
https://doi.org/10.1097/AOG.0000000000002481
https://doi.org/10.1016/j.soard.2011.09.016
https://doi.org/10.1016/j.soard.2011.09.016
https://doi.org/10.1007/s11695-017-2950-9
https://doi.org/10.1371/journal.pone.0082247
https://doi.org/10.1371/journal.pone.0082247
https://doi.org/10.1210/jc.2009-0709
https://doi.org/10.1210/jc.2009-0709
https://doi.org/10.1542/peds.2006-1379
https://doi.org/10.1542/peds.2006-1379
https://doi.org/10.1073/pnas.1216959110
https://doi.org/10.1073/pnas.1216959110
https://doi.org/10.1002/oby.21340
https://doi.org/10.1002/oby.21340
https://doi.org/10.1016/j.soard.2017.11.031
https://doi.org/10.1016/j.soard.2017.11.031
https://doi.org/10.1210/jc.2018-00528
https://doi.org/10.1210/jc.2018-00528
https://doi.org/10.1146/annurev-physiol-022516-034423
https://doi.org/10.1146/annurev-physiol-022516-034423
https://doi.org/10.1111/nyas.13409
https://doi.org/10.1111/nyas.13409
https://doi.org/10.1038/s41522-020-0122-5
https://doi.org/10.1038/s41522-020-0122-5
https://doi.org/10.1097/SLA.0b013e31826e1846
https://doi.org/10.1097/SLA.0b013e31826e1846
https://doi.org/10.1177/193229681100500536
https://doi.org/10.1177/193229681100500536
https://doi.org/10.1016/j.ajog.2014.07.026
https://doi.org/10.1016/j.ajog.2014.07.026
https://doi.org/10.1210/en.2005-0708
https://doi.org/10.1210/en.2005-0708
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.1152/ajpregu.00230.2019
https://doi.org/10.1152/ajpregu.00230.2019
https://doi.org/10.1042/CS20171416
https://doi.org/10.1042/CS20171416
https://doi.org/10.1017/S2040174419000424
https://doi.org/10.1017/S2040174419000424
https://doi.org/10.1016/j.cmet.2020.04.004
https://doi.org/10.1016/j.ajog.2010.11.039
https://doi.org/10.1016/j.ajog.2010.11.039
https://doi.org/10.4239/wjd.v8.i11.464
https://doi.org/10.1530/JME-18-0059
https://doi.org/10.1530/JME-18-0059
https://doi.org/10.1016/j.ajog.2003.11.004
https://doi.org/10.1016/j.ajog.2003.11.004
https://doi.org/10.1210/clinem/dgab103
https://doi.org/10.1210/clinem/dgab103
https://doi.org/10.1016/j.soard.2017.01.003


1 5

R E S E A R C H  A R T I C L E

JCI Insight 2022;7(7):e156424  https://doi.org/10.1172/jci.insight.156424

 65. Novonordisk. Victoza — Highlights of  Prescribing Information. https://www.accessdata.fda.gov/drugsatfda_docs/
label/2017/022341s027lbl.pdf. Accessed March 4, 2022.

 66. European Medicines Agency Science Medicines Health. Assessment Report — Ozempic. https://www.ema.europa.eu/en/
documents/assessment-report/ozempic-epar-public-assessment-report_en.pdf. Accessed March 4, 2022.

 67. European Medicines Agency Science Medicines Health. Assessment Report for Victoza. https://www.ema.europa.eu/en/
documents/assessment-report/victoza-epar-public-assessment-report_en.pdf. Accessed March 4, 2022.

 68. Hiles RA, et al. Ex vivo human placental transfer of  the peptides pramlintide and exenatide (synthetic exendin-4). Hum Exp Tox-
icol. 2003;22(12):623–628.

 69. McLean BA, et al. Revisiting the complexity of  GLP-1 action from sites of  synthesis to receptor activation. Endocr Rev. 
2021;42(2):101–132.

 70. Navarro G, et al. Extranuclear actions of  the androgen receptor enhance glucose-stimulated insulin secretion in the male. Cell 
Metab. 2016;23(5):837–851.

 71. Ramaswamy S, et al. Developmental programming of  polycystic ovary syndrome (PCOS): prenatal androgens establish pancre-
atic islet α/β cell ratio and subsequent insulin secretion. Sci Rep. 2016;6(1):27408.

 72. Rae M, et al. The pancreas is altered by in utero androgen exposure: implications for clinical conditions such as polycystic ovary 
syndrome (PCOS). PLoS One. 2013;8(2):56263.

 73. Moreira-Pais A, et al. Sex differences on adipose tissue remodeling: from molecular mechanisms to therapeutic interventions. 
J Mol Med (Berl). 2020;98(4):483–493.

 74. Ducarme G, et al. A prospective study of  association of  micronutrients deficiencies during pregnancy and neonatal outcome 
among women after bariatric surgery. J Clin Med. 2021;10(2):204.

 75. Abu-Gazala S, et al. Sleeve gastrectomy improves glycemia independent of  weight loss by restoring hepatic insulin sensitivity. 
Diabetes. 2018;67(6):1079–1085.

https://doi.org/10.1172/jci.insight.156424
https://doi.org/10.1191/0960327103ht402oa
https://doi.org/10.1191/0960327103ht402oa
https://doi.org/10.1210/endrev/bnaa032
https://doi.org/10.1210/endrev/bnaa032
https://doi.org/10.1016/j.cmet.2016.03.015
https://doi.org/10.1016/j.cmet.2016.03.015
https://doi.org/10.1038/srep27408
https://doi.org/10.1038/srep27408
https://doi.org/10.1007/s00109-020-01890-2
https://doi.org/10.1007/s00109-020-01890-2
https://doi.org/10.3390/jcm10020204
https://doi.org/10.3390/jcm10020204
https://doi.org/10.2337/db17-1028
https://doi.org/10.2337/db17-1028

