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The risk of obesity in adulthood is subject to programming in the womb. Maternal obesity
contributes to programming of obesity and metabolic disease risk in the adult offspring.
With the increasing prevalence of obesity in women of reproductive age there is a need to
understand the ramifications of maternal high-fat diet (HFD) during pregnancy on
offspring’s metabolic heath trajectory. In the present study, we determined the long-
term metabolic outcomes on adult male and female offspring of dams fed with HFD during
pregnancy. C57BL/6J dams were fed either Ctrl or 60% Kcal HFD for 4 weeks before and
throughout pregnancy, and we tested glucose homeostasis in the adult offspring. Both
Ctrl and HFD-dams displayed increased weight during pregnancy, but HFD-dams gained
more weight than Ctrl-dams. Litter size and offspring birthweight were not different
between HFD-dams or Ctrl-dams. A significant reduction in random blood glucose was
evident in newborns from HFD-dams compared to Ctrl-dams. Islet morphology and
alpha-cell fraction were normal but a reduction in beta-cell fraction was observed in
newborns from HFD-dams compared to Ctrl-dams. During adulthood, male offspring of
HFD-dams displayed comparable glucose tolerance under normal chow. Male offspring
re-challenged with HFD displayed glucose intolerance transiently. Adult female offspring of
HFD-dams demonstrated normal glucose tolerance but displayed increased insulin
resistance relative to controls under normal chow diet. Moreover, adult female offspring
of HFD-dams displayed increased insulin secretion in response to high-glucose treatment,
but beta-cell mass were comparable between groups. Together, these data show that
maternal HFD at pre-conception and during gestation predisposes the female offspring to
insulin resistance in adulthood.

Keywords: maternal obesity, inflammation, diabetes, fetal programming, high-fat diet, Western-diet, metabolic
dysfunction, sex dimorphism
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INTRODUCTION

The Barker hypothesis described that there are critical and
sensitive time points during development and different timing
of exposure in utero could lead to altered phenotypes that can
impact the metabolic health trajectory of the offspring in
adulthood (1). Suboptimal intrauterine environment during
these critical developmental periods, such as over or under
nutrition can impact postnatal health outcomes or modulate
risk of metabolic diseases such as Type 2 diabetes (T2D) in the
adult offspring (2).

Studies demonstrate that different timing of exposure in utero
could lead to altered phenotypes in the offspring depending on
what cells and tissues are developing at that time of insult. For
example, we and others have shown that pancreatic beta-cells are
very sensitive to nutrient changes in utero, such that maternal
low-protein diet throughout pregnancy reduces beta-cell mass at
birth and impairs glucose homeostasis of the adult offspring.
Maternal low-protein diet during pregnancy (starting at
embryonic day 0.5, LP0.5) reduces beta-cell mass of offspring
at birth and impairs insulin secretion in adulthood (3). However,
maternal low-protein diet during the last week of pregnancy did
not alter beta-cell mass of offspring at birth (4). Effects of
undernutrition during gestation in the Dutch Famine cohort
had small-for-gestational age (SGA) weights and had higher
prevalence of obesity and glucose intolerance in adulthood (5).

In addition to under-nutrition, over-nutrition can also impact
the metabolic health of the offspring (2). The relationship
between fetal overnutrition and maternal obesity had been
shown to also increase the incidence of large-for gestational
age, offspring obesity, and risk of long-term morbidity (6–9).
Previous studies of gestational over-nutrition in non-human
primate revealed that offspring are more predisposed to
metabolic diseases later in life due to changes in islet
composition, glucose response, and insulin secretion (10). In a
preclinical model in the rat, maternal high-fat diet throughout
gestation and lactation promotes the onset of diabetes (11). The
1st (F1) and 2nd (F2) generation adult offspring of dams fed high-
fat diet (8 weeks before pregnancy until end of lactation period)
show impaired glucose metabolism and beta-cell dysfunction
(12). In mice, prolonged prepregnant maternal high-fat diet (12
weeks) was sufficient to enhance beta-cell mass in the offspring
(13). Maternal high-fat diet before pregnancy and during
gestation and lactation were also shown to impair metabolic
health associated with increased islet sizes (14). These changes
can affect the pancreas, leading to metabolic dysfunction and
ultimately, T2D (15).

There is, however, little known regarding the impact of
maternal high-fat diet exposure shorty before and only during
pregnancy on the pancreatic beta-cell and alpha cell ratios in
neonatal offspring (F1). Therefore, we aimed to assess the impact
of maternal high-fat diet four-weeks before and during gestation
on the glucose metabolism and beta-cell function in early life and
adult offspring in mice. To this end, we generated an animal
model of maternal obesity and characterized glucose homeostasis
and beta-cell mass. Here, we report that offspring of HFD-fed
dams show reduced pancreatic beta-cell ratio at birth. Adult
Frontiers in Endocrinology | www.frontiersin.org 2
female offspring under normal diet display insulin resistance
associated with increased insulin secretion. Male adult offspring
of HFD-fed dams do not show any metabolic dysfunction under
normal chow diet or in high-fat diet re-challenge compared to
control groups. These data suggest that female offspring are
negatively impacted by maternal high-fat diet programming.
RESULTS

Reduced Pancreatic Beta-Cell Fraction in
Newborns of Dams Fed High-Fat Diet
To understand the effects of maternal HFD programming in the
F1 offspring, we generated an experimental model with HFD
treatment four weeks before and during pregnancy (Figure 1A).
To assess the effects of HFD on the dams, we measured maternal
body weight weekly during HFD treatment. Both Ctrl and HFD-
dams displayed increased weight during pregnancy (Figure 1B).
A significant difference in weight gain was observed between
HFD-dams and Ctrl-dams at 4 and 7 weeks during gestation
(Figure 1B). No significant changes in maternal insulin or
glucagon levels between groups (data not shown). Litter size at
birth (P0) was comparable between HFD and Ctrl dams
(Figure 1C). The body weight at postnatal day 1 (P1) in HFD
offspring was normal compared to Ctrl offspring (p=0.10,
Figure 1D). We measured body length from rump to tail and
found no differences between the groups (Figure 1E). Random
blood glucose levels were significantly reduced in HFD offspring
compared to Ctrl (Figure 1F). Liver weight was significantly
reduced in HFD offspring compared to Ctrl (Figure 1G). No
change in pancreatic weight was found between the F1 groups
(p=0.10, Figure 1H), however, when adjusted to body weight,
non-significance change was seen in HFD compared to Ctrl
offspring (p=0.06, Figure 1I). Pancreatic beta-cell ratio at P1 was
significantly decreased in HFD offspring compared to Ctrl
(Figure 1J), however, alpha-cell ratio was comparable between
the groups (Figures 1K, L and Supplemental Figure 1A).
Together, these data suggest that maternal HFD exposures in
utero promotes reduced liver weight and beta-cell ratio
in neonates.

Adult Male Offspring of HFD Dams Are
Metabolically Normal Under Normal Chow
Diet and Display a Transient Glucose
Intolerance in HFD Challenge
The effect of fetal programming is often sex specific. To assess sex
dimorphism effects of maternal HFD programming, we followed
separate cohorts of adult male and female offspring and
performed metabolic phenotyping tests. The body weight of
adult male offspring was unchanged from 16-20 weeks of age
in Ctrl within respective group (Figure 2A). When fasted, HFD
male offspring have significantly lower body weight at 16 weeks
of age but not at 18 weeks (Figure 2B). Random (non-fasted)
blood glucose was significant at 16 weeks for HFD offspring
(Figure 2C). Fasted blood glucose levels were comparable
between male offspring of HFD and Ctrl groups (Figure 2D).
January 2022 | Volume 12 | Article 780300
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FIGURE 1 | Reduced pancreatic beta-cell fraction in F1 newborns of dams fed high-fat diet. Experimental design schematic of obese dams and HFD during
gestation (A). Maternal body weight measured under HFD treatment 4 weeks prior and 3.5 weeks during pregnancy (n=5 dams per treatment, B). Litter size
measured at P7 of Ctrl versus HFD dams, (n=5 dams per treatment, C). Body weight in offspring at P1 (n=24, 15 Ctrl and HFD offspring, D). Body length of offspring
at P1 measured from rump to tail (n=22, 15 Ctrl and HFD offspring, E). Random blood glucose measured from trunk blood of P1 offspring (n=22, 15 Ctrl and HFD
offspring, F). Liver weight of P1 offspring (n=22, 15 Ctrl and HFD offspring, G). Pancreas weight and adjusted pancreatic weight to body weight of P1 offspring (n=22,
15 Ctrl and HFD offspring H, I). Beta-cell and alpha-cell ratio of P1 offspring (n=5 Ctrl and HFD offspring, J, K). Representative IF pancreatic staining at 10x on P1
Ctrl and HFD offspring (L). At least 3 litters per treatment were used in (D–K). Statistical analysis was performed using two-way ANOVA Sidak’s multiple
comparisons (B) and Mann-Whitney two-tailed t-test (C–K). Treatment effect variance was significant in (symbolized as *, B) with no interaction effect. Error bars
represented ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001 Ctrl vs. HFD. Scale bars are 500 µm.
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The intraperitoneal glucose tolerance test (IPGTT) was
comparable between male offspring from Ctrl and HFD dams
(Figure 2E). Since there were no differences in glucose
homeostasis phenotypes in male offspring under Ctrl, we
introduced a “second hit” challenge, which is a diet-induced
obesity by HFD rechallenge. See Figure 3A for experimental
scheme. We monitored body weight of adult male offspring from
Ctrl and HFD dams, and we detected no differences post 7 weeks
of HFD diet treatment (Figure 3B). Glucose response in IPGTT
testing did not show any differences between the two groups at 2
weeks of HFD treatment (Figure 3C). Albeit a trend toward
increased glucose intolerance (AUC, p=0.06) was observed in
Frontiers in Endocrinology | www.frontiersin.org 4
male HFD offspring after 8 weeks of HFD (Figure 3D), no
differences in glucose tolerance was evident between the groups
after 12 and 32 weeks of HFD (Supplemental Figures 2A, B). In
vivo glucose-stimulated insulin secretion (GSIS) showed a non-
significant differences at either time point 0 and 5 minutes
between Ctrl and HFD offspring treated with HFD
(Figure 3E). However, the Ctrl animals secreted insulin in
response to glucose (p=0.09), whereas the HFD offspring were
nonresponsive to glucose (Figure 3E) after 32-weeks of HFD.
These data show that adult male offspring of HFD dams display
comparable glucose tolerance as age-matched control (offspring
of Ctrl dams) under Ctrl and HFD diets.
B
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A

FIGURE 2 | Adult male offspring of HFD dams are metabolically normal under normal chow diet. Body weight of males measured from 16 weeks to 20 weeks of age (n=8, 6
Ctrl and HFD offspring, A) and fasting body weight from 16 to 18 weeks old (B) under Ctrl diet. Random and fasting blood glucose of 16 to 20 weeks old males (n=8, 6 Ctrl
and HFD offspring, C, D) under Ctrl diet. Intraperitoneal glucose tolerance test (IPGTT) of 16 week-old males with AUC (n=8, 6 Ctrl and HFD offspring, E) under Ctrl diet. At
least 3 litters per treatment used in (A–E). Statistical analysis was performed using two-way ANOVA Sidak’s multiple comparisons (A–E). Error bars represented ± SEM.
*p < 0.05, **p < 0.01, ****p < 0.0001 Ctrl vs. HFD. #p < 0.05, ##p < 0.01 Ctrl vs. HFD. Interaction and treatment effects indicated as # and *, respectively.
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Adult Female Offspring of HFD Dams
Display Insulin Resistance in Normal
Chow Diet
Next, we assessed the metabolic phenotypes of female offspring
of HFD-fed and Ctrl dams in Ctrl. No differences in random
body weight were detected from ages 7 weeks to 32 weeks
between adult female offspring of HFD and Ctrl dams
(Figure 4A) or in fasting body weights (Figure 4B). Both non-
fasted and fasted blood glucose levels were unchanged between
groups (Figures 4C, D). Comparable glucose tolerance was
Frontiers in Endocrinology | www.frontiersin.org 5
observed in 16-18 weeks old female offspring of HFD and Ctrl
dams (Figure 4E). We then performed ITT in 20 weeks old
females to test for insulin sensitivity in the peripheral tissues.
Interestingly, we found insulin resistance in female offspring of
HFD compared to offspring of Ctrl dams, figures are shown in
raw and % basal values, respectively (Figures 4F, G).
Hyperinsulinemia is often associated with insulin resistance.
To check whether the insulin resistance phenotype was
accompanied by insulin secretion defects, we performed an
in vivo GSIS experiment. in vivo GSIS was significantly
B C

D E

A

FIGURE 3 | Adult male offspring of HFD and Ctrl dams show comparable glucose homeostasis in HFD challenge. Experimental flow chart for male offspring of Ctrl
and HFD dams (A). Body weight of males in HFD over 7 weeks starting at 18 weeks old (n=9, 6 Ctrl and HFD offspring, B). IPGTT of males at 2 and 8 weeks of
HFD (n=9, 6 Ctrl and HFD offspring, C, D) with AUC at 20 and 26 weeks old. In vivo GSIS of males at 32 weeks of HFD at 50 weeks old (n=6, 4 Ctrl and HFD
offspring, E). Statistical analysis was performed using two-way ANOVA Sidak’s multiple comparisons (B–E). At least 3 litters per treatment used in (B–E). Error bars
represented ± SEM. **p < 0.01, ***p < 0.001, Ctrl vs. HFD. ###p < 0.001 Ctrl vs. HFD. Interaction and treatment effects indicated as # and *, respectively. Non-
significance indicated as n.s.
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FIGURE 4 | Adult female offspring of HFD dams display insulin resistance in normal chow diet. Body weight of females measured from 7-32 weeks of age
(n=5, 8 ctrl and HFD offspring, A). Fasting body weight measured from 16-20 weeks of age (n=5, 9 Ctrl and HFD offspring, B). Random blood glucose of
females measured at 22 and 28 weeks (n=5, 9 Ctrl and HFD offspring, C). Fasting blood glucose measured from 16-20 weeks of age (n=5 Ctrl and HFD
offspring, D). IPGTT of females at 16-18 weeks old and AUC insert (n=9 Ctrl and HFD offspring, E). ITT of 20-week-old female and adjusted by % basal of
glucose with AUC insert (n=4, 9 Ctrl and HFD offspring, F, G). In vivo GSIS of females at 22 weeks old (n=4 Ctrl and HFD offspring, H) and AUC insert. At
least 3 litters per treatment were used (A–H). Statistical analysis was performed using two-way ANOVA Sidak’s multiple comparisons (A–H). No significant
interaction effect was discovered. Significant treatment effects were indicated as *. Error bars represented ± SEM. *p < 0.05, **p < 0.01 Ctrl vs. HFD. Non-
significance indicated as n.s.
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increased in female offspring of HFD vs. Ctrl dams at 22 weeks
(Figure 4H). These data suggest that the pancreatic beta-cells
were responding to the insulin resistance present in the female
offspring of HFD dams.

Adult Female Offspring of HFD Dams
Show Normal Beta-Cell Mass in Normal
Chow Diet
Next, we performed morphological analysis and measured
pancreatic beta-cell mass in both groups. No differences in
total pancreatic mass, alpha-cell mass, alpha-cell size and
glucagon levels were detected between female offspring of HFD
and Ctrl dams (Figures 5A–D). Beta-cell number per islet
(p=0.19) and beta-cell mass were similar among the groups
tested (Figures 5E, F). Beta-cell size and plasma insulin were
the same between the two groups (Figures 5G, H) with
representative images shown of the pancreas from Ctrl and
HFD offspring (Figure 5I and Supplemental Figure 3A).
When body composition at 32 weeks was performed in adult
female offspring of HFD and Ctrl dams, no changes in body
weight, fat, lean or fluid mass were detected between the two
groups (Figure 5J). Liver weight (adjusted to body weight)
comparison showed non-significance in female offspring of
HFD dams (p=0.06, p=0.11, Figures 5K, L). These data show
that adult female offspring of HFD dams develop insulin
resistance associated with increased insulin secretion.
DISCUSSION

In the present study, we characterized the metabolic phenotypes
of the newborn and adult female and male offspring of dams fed
HFD during pre-conception (4 weeks) and throughout
pregnancy. Our results reveal that neonates of HFD-fed dams
have reduced beta-cell ratio associated with reduced non-fasted
glucose levels. In adulthood, male and female offspring display
normal glucose tolerance. However, female offspring of HFD-fed
dams, but not male offspring, display insulin resistance and
normal beta-cell mass phenotypes under normal diet. When
adult male offspring of HFD-dams were re-challenged to a HFD
model of diet-induced obesity, they showed comparable
responses (weight gain, glucose, and insulin tolerance) to
offspring of Ctrl-diet fed dams. These data suggest that female
offspring were significantly impacted by maternal high-fat diet
during gestation, however, the mechanism remains unknown.

Several studies have shown that maternal obesity alters the
beta-cell mass in the offspring. One of our aims was to investigate
the effects of a maternal HFD on beta-cell and alpha cells in the
newborn offspring. In the current study we have found that at
birth, murine offspring of maternal obesity have reduced beta-
cell mass. Cerf et al. also reported reduced beta-cell volume and
numbers in offspring in the rat of dams fed HFD during
pregnancy (16). A reduction in beta-cell ratio was also
reported in maternal low-protein diet during pregnancy in the
offspring, where a reduced beta-cell mass was evident in newborn
pancreas (3). We observed normal alpha cell ratio in the
Frontiers in Endocrinology | www.frontiersin.org 7
newborn and adult offspring of HFD-dams. However, in
Japanese macaques, longer exposure to western-style diet in
utero and throughout the lactation period reduces alpha cell
mass in the offspring at three years of age (10).

The effect of maternal obesity on adult offspring beta-cell
mass has been investigated but the results are conflicting even if
the duration period (i.e., pre-conception and throughout
pregnancy +/- lactation period) of the HFD treatment is the
same, and the effect is often sex specific. Elzakr et al. wrote a
comprehensive review on this topic (2). For most investigations
into the effects of maternal obesity and multi-parity (a risk factor
for maternal obesity) there is a worsened metabolic outcome for
the offspring (2, 17). In our study, although both adult male and
female offspring under normal chow diet displayed normal
glucose tolerance, the male offspring re-challenged with HFD
developed glucose intolerance. In our study, we also uncovered
that female offspring developed insulin resistance under normal
chow diet. Using a similar experimental design, Chang et al.
observed that the adult male offspring of maternal obesity
exhibited a mild glucose intolerance, whereas female offspring
displayed normal glucose tolerance (18). However, in this study
by Chang et al., insulin tolerance was not tested in the female
offspring (18). In our study, however, the female offspring
displayed insulin resistance associated with increased insulin
secretion but normal beta-cell mass. Because the insulin
tolerance test is a crude assessment of insulin sensitivity,
additional testing using the gold standard hyperinsulinemic/
euglycemic clamp is needed to confirm insulin resistance in
the offspring. In both human and animal studies, insulin
resistance is associated with hyperinsulinemia. Thus, an
increased in insulin secretion was expected as observed
phenotype in the offspring of obese dams. Interestingly,
Nicholas et al. also observed improved islet function, where
female islets but not male offspring appear to be programmed to
cope with a nutritionally rich postnatal environment by
increasing insulin secretion, mitochondrial respiration, and
beta-cell survival (19). In Agouti mutation model that
produces marked obesity without diabetes in the dam, adult
female offspring show glucose intolerance associated with insulin
secretion defect in beta-cells (20). It is important to point out that
other studies report that male offspring display glucose
intolerance with impaired insulin secretion. However, they
demonstrated a compensatory increase in pancreatic beta-cell
mass and a decreased in glucose-stimulated insulin secretion
from isolated islets (14, 21). The effects of maternal
programming in beta-cell can continue into the 2nd generation
as well: Huang et al, uncovered reduced beta-cell mass in 3- or
12-week-old F2 rats (12). It is clear that maternal obesity and
overnutrition have been shown to impact beta-cell mass and
function in rodents and ewes (22–24) despite their capability to
adapt or compensate in the changes of the intrauterine
environment over time (25). The mechanisms by which beta-
cell number and function are altered in the offspring of dams fed
high-fat diet are elusive, but placental nutrient flux (e.g. amino
acids, glucose, lipids) to the fetus could play a role given that
beta-cells are very sensitive to nutrient levels early in life (3, 26).
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FIGURE 5 | Female offspring of HFD dams show normal beta-cell mass in normal chow diet. Pancreas weight of Ctrl versus HFD females, a-cell mass, a-cell size
(n=5 Ctrl and HFD offspring, A–C) and plasma glucagon (n=4 Ctrl and HFD offspring, D). Islet composition proportion for insulin-positive cells (n=5 Ctrl and HFD
offspring, E). Average b-cell mass and b-cell size at 42 weeks in Ctrl diet (n=5 Ctrl and HFD offspring, F, G), and plasma insulin (n=4 Ctrl and HFD offspring, H).
Representative IF pancreatic images at 10x of Ctrl and HFD adult offspring at 42 weeks (I). Body composition measured on 32-week-old females in Ctrl versus HFD
(n=5 Ctrl and HFD offspring, J). Liver weight of females and adjusted by body weight (n=4, 6 Ctrl and HFD offspring, K, L). At least 3 litters per treatment were used
(A–J). Statistical analysis was performed using two-way ANOVA Sidak’s multiple comparisons (J) and Mann-Whitney two-tailed t-test (A–H, K, L). No significant
interaction effect was found. Error bars represented ± SEM. Scale bars are 500 µm.
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Thus, an unbiased transcriptome and proteome studies on adult
offspring islets can give insight on the potential key players
modulating the effects of maternal obesity. In addition, the
mechanism(s) by which insulin resistance is programmed or
which tissue(s) impacted by maternal obesity remain unknown.
In the current study, we observed a reduction in liver weight in
neonates and increased in adulthood, and the metabolic health
consequence(s) of this phenotype should be investigated in the
future. Epigenetic modifications can play a role in the
programming of insulin resistance by maternal programming
(27–30), and this should be pursued mechanistically in multiple
tissues including the liver.

There are several limitations in the current study that would
serve useful in deepening our understanding of the susceptibility,
metabolic profile, and sex dimorphism effect of the offspring.

Assessment of beta-cell function in newborns and segregation
of data by sex would have been more informative. Future
research directions of gestational fetal programming should
investigate the molecular mechanisms of sex specific outcomes.
Differences in placental gene expression and inflammation
response, epigenetic mechanisms in fetal gene expression (i.e.,
Insulin 1 and Insulin 2 DNA methylation), and hormone levels
could all play a role in fetal programming by maternal obesity
that we intend to further investigate. An interesting idea that has
not been studied, is the possible increased risk of type 1 diabetes
in the offspring of obese dams. It is important to understand how
children of obese mothers are predisposed to exacerbated obesity
and diabetes so we can prevent and lessen the viscous cycle
of diabetes.
MATERIALS AND METHODS

Animal Generation and Experimental Design
Naïve C57BL/6J mice were used and purchased from The
Jackson Lab. See Figure 1A for experimental design graphic.
At least 5 dams (or litters) per treatment were used to generate
the experimental litters. One litter is considered n of 1. The
offspring from at least 3 litters per treatment were used. The two
dam groups were then set up for time pregnancies in the
evenings and a detection of a vaginal plug indicates embryonic
day 0.5 (e0.5). Dams were either given normal chow diet (NCD)
10% kcal fat (referred to as Ctrl, D12450B, Research Diets) or
high-fat diet 60% kcal fat (referred to as HFD, D12492, Research
Diets) 4 weeks before and during pregnancy ad libitum. At birth,
the offspring was categorized based on the treatment diet of the
dam during gestation: F1 Ctrl or HFD offspring are from Ctrl or
HFD dams, respectively. The dams were then placed on a Ctrl
diet during the lactation period followed by offspring weaning on
Ctrl diet. Male and female cohorts were followed and assessed in
the current study from birth to 32 weeks postnatal. Male cohorts
were additionally tested up to 32 weeks of HFD, or up to 50
weeks of age. See Figure 3A for male HFD experimental flow
chart. A separate female cohort was generated to assess
pancreatic beta-cell mass in female offspring. The same
paradigm as in Figure 1A except Ctrl is 13% kcal fat (PicoLab
Rodent Diet 5L0D) (18). All studies were approved by the
Frontiers in Endocrinology | www.frontiersin.org 9
Institutional Animal Care and Use Committee at the
University of Michigan.

Tissue Collection
Pancreatic tissues were formalin-fixed and embedded in paraffin
using standard procedures as previously described (4). Neonatal
pancreata (P1) were harvested at birth and fixed in 3.7% formalin
for 6 hours prior to 70% ethanol treatment and processing.
Female adult pancreas was collected at 6 months of age and fixed
in 3.7% formalin for 12 hours, following 70% ethanol
and processing.

Beta and Alpha-Cell Ratio and Beta-Cell
Mass Analysis in Newborns
Newborn and adult beta-cell and alpha-cell ratio was performed
using staining and analysis procedures as previously described
(4, 31) using insulin (Sigma, I8510) and glucagon (Abcam,
ab92517) antibodies. Adult female offspring samples were from
treatment groups Ctrl 13% and HFD for beta-cell ratio. Newborn
pancreatic tissues were sectioned thoroughly at 5 mm, and adult
pancreas was collected in five regions, where one region is 50 mm
total sectioned at 5 mm each. Each new region was reached after
shaving off an additional 200 mm. Beta-cell size was measured by
taking the ratio of beta-cell area over count over number of beta-
cells. All image analysis and quantification were done using
ImageJ (NIH, http://imagej.nih.gov/ij/).

Glucose Homeostasis Studies and Insulin/
Glucagon ELISA
Metabolic studies and in vitro assays were performed as
described (3). Intraperitoneal glucose tolerance test (IPGTT)
was performed on mice after 15 hours of fasting with a dose of
2g/kg 50% dextrose solution (Hospira, RL-3040). Following
intraperitoneal (IP) injection, glucose was measured at time
points 0, 30, 60, and 120 from the tail vein. Insulin tolerance
test (ITT) was performed on mice after 6 hours of fasting,
following an IP injection of 0.75U/kg dose of insulin (Novolin,
Novo Nordisk Inc.) in 0.9% saline. Sera was collected and stored
in -80C until assessed for insulin or glucagon concentration with
an ultrasensitive insulin or glucagon ELISA kit respectively
(ALPCO). The results were analyzed on a 5-parameter logistics
curve on MyAssayss software. Glucose stimulated insulin
secretion (GSIS) was done after fasting of mice for 6 hours. An
IP injection of 2g/kg glucose was performed following tail vein
blood collection at time points 0, 3, and 5 minutes.

NMR Analysis of Body Composition
NMR (Minispec LF90II, Bruker Biosciences Corp., Billerica, MA,
USA) was used to investigate body composition through the
University of Michigan Nutrition Obesity Research Center
Animal Phenotyping Core.

Statistical Analysis
Data shown is represented by mean +/- SEM. Statistical analysis
was performed using two-tailed Mann-whitey t-test or two-way
ANOVA adjusted for Sidak’s multiple comparisons as indicated
in figure legends. P-value < 0.5 was considered significant. Data
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analysis was evaluated on GraphPad Prism 7 or 8 (GraphPad
Software, San Diego, CA).
Study Approval
All studies were approved by the Institutional Animal Care and
Use Committee at the University of Michigan.
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 authors.
ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care & Use Committee University of Michigan.
AUTHOR CONTRIBUTIONS

EA and BA designed experiments, generated and analyzed data,
interpreted the data, and wrote and edited the final manuscript.
BG, SJ, DK, JS, and JD designed experiments and edited
manuscript. KS and CL contributed to the discussion. EB-M
edited the manuscript. All authors contributed to the article and
approved the submitted version.
Frontiers in Endocrinology | www.frontiersin.org 10
ACKNOWLEDGMENTS

This work was supported by National Institutes of Health Grant
NIDDK (R01DK073716 to EB-M, K01DK103823, R03DK114465,
R21HD100840 and R01DK115720 to EA, and K08DK102526 for
BG). We are grateful for the Regenerative Medicine Minnesota for
funding for EA. We also thank the Michigan Mouse Metabolic
Phenotyping Center for their assistance in the body composition
analysis, and Dr. Haijing Sun for technical support.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2021.
780300/full#supplementary-material

Supplementary Figure 1 | Newborn Ctrl and HFD offspring pancreas image.
Enlarged P1 newborn Ctrl and HFD offspring pancreas image of at 10x
magnification. Insulin (green) staining localizes to beta-cells, glucagon (red) localizes
to alpha-cells, and DAPI (blue) stains nuclei of the cells. Picture insets 1-4 are
enlarged to show islet morphology at 10x. Scale bars are 500 µm.

Supplementary Figure 2 | Male Ctrl and HFD offspring under HFD metabolic
tests. IPGTT of males under 12 and 32 weeks of HFD with AUC (n=6, 5-6 Ctrl and
HFD offspring, A, B). At least 3 litters per treatment were used (A, B). Error bars
represented ± SEM. No significant interaction effect was found. Statistical analysis
was performed using two-way ANOVA Sidak’s multiple comparisons (A, B).

Supplementary Figure 3 | Adult female Ctrl and HFD offspring pancreas image.
Enlarged adult female Ctrl and HFD offspring pancreas image of at 10x
magnification. Insulin (green) staining localizes to beta-cells, glucagon (red) localizes
to alpha-cells, and DAPI (blue) stains nuclei of the cells. Picture insets 1-4 are
enlarged to show islet morphology at 10x. Scale bars are 500 µm.
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