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Maternal Western-style diet affects offspring
islet composition and function in a non-human
primate model of maternal over-nutrition
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ABSTRACT

Objective: In humans, offspring of women who are overweight or obese are more likely to develop metabolic disease later in life. Studies in lower
animal species reveal that a calorically-dense maternal diet is associated with alterations in islet cell mass and function. The long-term effects of
maternal diet on the structure and function of offspring islets with characteristics similar to humans are unknown. We used a well-established
non-human primate (NHP) model to determine the consequences of exposure to Western-Style Diet (WSD) in utero and during lactation on islet
cell mass and function in the offspring.
Methods: Female Japanese Macaques (Macaca fuscata) were fed either control (CTR) or WSD before and throughout pregnancy and lactation.
Offspring were weaned onto CTR or WSD to generate four different groups based on maternal/offspring diets: CTR/CTR, WSD/CTR, CTR/WSD, and
WSD/WSD. Offspring were analyzed at three years of age. Pancreatic tissue sections were immunolabelled to measure a- and b-cell mass and
proliferation as well as islet vascularization. Live islets were also isolated to test the effects of WSD-exposure on islet function ex vivo. Offspring
glucose tolerance was correlated with various maternal characteristics.
Results: a-cell mass was reduced as a result of maternal WSD exposure. a-cell proliferation was reduced in response to offspring WSD. Islet
vasculature did not differ among the diet groups. Islets from WSD/CTR offspring secreted a greater amount of insulin in response to glucose
ex vivo. We also found that maternal glucose tolerance and parity correlated with offspring glucose tolerance.
Conclusions: Maternal WSD exposure results in persistently decreased a-cell mass in the three-year old offspring. WSD/CTR islets secreted
greater amounts of insulin ex vivo, suggesting that these islets are primed to hyper-secrete insulin under certain metabolic stressors. Although
WSD did not induce overt impaired glucose tolerance in dams or offspring, offspring born to mothers with higher glucose excursions during a
glucose tolerance test were more likely to also show higher glucose excursions.
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1. INTRODUCTION

The Developmental Origins of Health and Disease (DOHaD) hypothesis
states that the gestational and immediate postnatal environments in-
fluence long-term offspring health and play a role in adult disease
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etiology. Early evidence for the DOHaD hypothesis stemmed from
epidemiological studies on offspring conceived during the Dutch
Hunger Winter–a period of famine in the Netherlands during World War
II where birth registries were maintained and records of rations were
kept [1]. Children of the women who were exposed to famine during
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pregnancy were more likely to be obese as adults than their siblings
born outside the period of famine [1,2].
In addition to studies in humans evaluating the effects of in utero
exposure to undernutrition on offspring [1,2], it is clear that maternal
obesity also leads to an increased risk of metabolic diseases in the
offspring, such as obesity and/or Type 2 Diabetes (T2D) [1,3e5]. In the
US, it is estimated that over 50% of women are overweight or obese at
the start of pregnancy [6,7]. Findings from human cohort studies have
been replicated with high fat diet feeding in animal models and
collectively suggest that a calorically dense diet, in both the presence
and absence of maternal obesity, results in an unfavorable in utero
metabolic environment rendering risk of offspring obesity, glucose
intolerance, and diabetes. Thus, future generations could face the
consequences of maternal calorically dense diets and obesity, high-
lighting the need to understand the mechanisms by which maternal
diet and metabolism lead to increased risk of T2D.
Studies in rodent models have described structural and functional
changes to the pancreatic islets of offspring exposed to maternal
obesity or high fat diet in utero [8e18]. In general, exposure to
overnutrition leads to alterations in endocrine cell mass and diminished
islet function, although outcomes vary from study to study and appear
to be dependent on the specific obesity model and mouse strain used
[6]. These parameters can result in vastly different offspring pheno-
types in response to exposure to overnutrition, from impaired glucose
tolerance persisting to the second generation [13], to a complete
absence of islet structural or functional changes [19]. The discrep-
ancies in rodent models highlight the need for animal models that more
closely mimic human physiology to better understand how exposure to
maternal overnutrition might affect human islet development and
postnatal function, as well as increased risk for T2D.
Pregnancy in the Japanese Macaque (Macaca fuscata) more closely
approximates human gestation than rodent and other litter models of
gestational exposure. Dams typically give birth to a single offspring at a
time, and macaque colonies are genetically heterogeneous. Islets from
the macaque are well characterized and are similar to human islets in
terms of structure, insulin secretion during perifusion, and expression
of endocrine hormones and key transcription factors [20]. We utilized
an established macaque model of maternal high fat, calorically dense
diet to investigate the effects of maternal overnutrition on the offspring
[21]. Female macaques were fed control diet (CTR) or Western-style
diet (WSD) before and during pregnancy and through lactation.
Offspring were weaned onto CTR or WSD, resulting in four different
maternal/offspring diet groups: CTR/CTR, WSD/CTR, CTR/WSD, and
WSD/WSD. As in human populations, maternal obesity and glucose
tolerance varied within the same diet group; thus, one can indepen-
dently analyze the effects of maternal metabolic phenotype as well as
diet composition on the offspring.
In previous studies using this model, offspring of WSD-fed mothers had
increased liver triglycerides and, when mothers were obese, histologic
evidence of nonalcoholic fatty liver disease [22]. Additionally, maternal
WSD exposure resulted in gut dysbiosis in the offspring, which was
only partially corrected when offspring were weaned to a CTR diet [23].
Fetuses exposed to WSD had normal b-cell mass but reduced a-cell
mass at late gestation [24]. At 13 months of age (five months post-
weaning) offspring exposed to maternal WSD and weaned onto WSD
(WSD/WSD) had an elevated b:a cell ratio compared with all other
groups (CTR/CTR, WSD/CTR, CTR/WSD). Thirteen-month-old offspring
exposed to maternal WSD also had impairments in islet vascular
expansion in response to post-weaning WSD [25].
Here, we report on the longer-term consequences of maternal and
postnatal WSD exposure on offspring islet morphology and function.
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We investigated whether the effects of maternal WSD persist when
offspring are fed a healthy diet for 2.5 years post-weaning. Islets from
WSD/CTR offspring secreted more insulin in response to a glucose
challenge ex vivo compared with CTR/CTR islets. We show that a-cell
mass reduction as a result of maternal WSD persists to three years of
age even when offspring are weaned onto CTR diet. While maternal
WSD did not alter b-cell mass or offspring glucose tolerance, offspring
born to mothers with higher glucose excursions, across maternal diets,
were more likely to also show higher glucose excursions.

2. METHODS

2.1. Animal care
All animal procedures were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee (IACUC)
of the Oregon National Primate Research Center (ONPRC) and Oregon
Health and Science University and were approved by the ONPRC
IACUC. The ONPRC abides by the Animal Welfare Act and Regulations
enforced by the USDA and the Public Health Service Policy on Humane
Care and Use of Laboratory Animals in accordance with the Guide for
the Care and Use of Laboratory Animals published by the National
Institutes of Health.

2.2. Animal housing and diet
Adult female Japanese macaques (M. fuscata), starting at four to seven
years of age, were placed on either a control (CTR- Fiber Balanced Diet
5000; Purina Mills) or Western-style diet (WSD- TAD Diet no. 5LOP,
Test Diet, Purina Mills) for a minimum of two years. The CTR diet is
made up of 15% of calories from fat, whereas the WSD has approx-
imately 36% of calories from fat and animals in this group received
calorically dense treats once per day as previously described [22].
All animals were housed in social environments comprised of several
females to a male to facilitate optimal breeding. Females were sedated
two to three times during pregnancy for fetal dating and third trimester
measures. Pregnant females gave birth naturally in their social groups
and most offspring began independently ingesting the maternal diet by
four months of age but were allowed to stay with their mothers until
weaning at between seven and nine months of age. Because of the
length of the breeding season, multiple offspring groups are formed
each year to keep offspring within the desired age range. Birth weight
did not differ at one month of age between male and female offspring
exposed to either CTR or WSD diet (data not shown). Post weaning diet
group was determined by the needs of the study and the maternal diet
of the juveniles in each weaning group. Weaned offspring were placed
in social groups with similarly aged offspring and one to two adult
females. Offspring either remained on their maternal diet after weaning
or were placed on the opposite diet to generate four groups based on
maternal and offspring diet as previously described [21e23]. Islets
and tissue samples utilized in the current study were limited based on
the number of offspring of the correct age available during the study
period. Only CTR/CTR and WSD/CTR offspring were available for the
past two seasons.

2.3. Intravenous glucose tolerance testing (ivGTT)
Intravenous glucose tolerance tests were performed on pregnant adult
females during the early third trimester (gestational dayw123) and on
offspring at approximately 36 months of age, just prior to necropsy, for
a measurement of insulin sensitivity as previously described [22].
Briefly, animals were fasted overnight and sedated with Telazol (3e
8 mg/kg IM Tiletamine HCl/Zolazepam HCl, Fort Dodge Animal Health,
Fort Dodge, Iowa, USA). If needed, additional anesthesia was
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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accomplished with Ketamine (3e10 mg/kg IM, Abbott Laboratories,
North Chicago, Illinois, USA). Once sedated, animals received an IV
glucose bolus (50% dextrose solution) at a dose of 0.6 g/kg via the
saphenous vein. Baseline blood samples were obtained prior to the
infusion and at 1, 3, 5, 10, 20, 40, and 60 min after infusion. Glucose
was measured immediately using OneTouch Ultra Blood Glucose
Monitor (LifeScan), and the remainder of the blood was kept in hep-
arinized tubes on ice for insulin measurement. After centrifugation,
samples were stored at �80 �C until assayed. Insulin measurements
were performed by the Endocrine Technologies Support Core (ETSC) at
the ONPRC using a chemiluminescence-based automatic clinical
platform (Roche Diagnostics Cobas e411, Indianapolis, IN, USA).

2.4. Percent body fat
Total body fat mass, lean mass, percent body fat, bone mineral content
(BMC), and bone mineral density (BMD) for each animal were
measured using dual-energy X-ray absorptiometry (DEXA; Hologic QDR
Discovery A; Hologic, Inc., Bedford, MA, USA). After an overnight fast,
animals were sedated with 3e5 mg/kg Telazol (Tiletamine HCl/Zola-
zepam HCl, Fort Dodge Animal Health, Fort Dodge, Iowa, USA) and then
supplemented with small doses of Ketamine (5e10 mg/kg, Abbott
Laboratories, North Chicago, Illinois, USA) if needed to maintain
sedation during the procedure and positioned prone on the bed of the
scanner. Total body scans were performed on each animal. QDR
software (Hologic) was used to calculate body composition, BMC, and
BMD.

2.5. Isolation of pancreatic islets
Primates were sedated with 15e20 mg/kg ketamine and humanely
euthanized with sodium pentobarbital followed by exsanguination.
Pancreata were excised from surrounding tissues and placed in ice-
cold phosphate-buffered saline (PBS, SigmaeAldrich) prior to islet
isolations. Pancreata were removed from PBS and inflated with
collagenase P (0.5 mg/mL, 80 mL total volume, SigmaeAldrich) via
cannulation of the pancreatic duct using 18-20-gauge catheters. Once
inflated, each pancreas was divided into 12 sections and digested for
27e30 min at 37 �C in a collagenase solution. Using a histopaque
gradient (SigmaeAldrich), islets were collected at the interphase be-
tween histopaque and medium. Islets were cultured overnight in
supplemented RMPI 1640 media (SigmaeAldrich) at 37 �C and 5%
CO2.

2.6. Glucose-stimulated insulin secretion (GSIS) assay
After overnight recovery, islets were transferred into prepared columns
and placed in a perifusion system (PERI-4.2, Biorep Technologies,
Miami Lakes, FL) maintained at 37 �C. Islets were pre-incubated in
KrebseRinger bicarbonate HEPES buffer (KRBH) containing 4.0 mM
glucose for one hour at a flow rate of 100 mL/min. After pre-incubation,
islets underwent 4 � 15-minute washes in 4.0 or 16.7 mM glucose-
supplemented KRBH for a total of 60 min, with collections every three
minutes. Collections were stored at 4 �C and processed the same day.
All perifusion GSIS assays were done in triplicate. Insulin was assayed
using a Human Insulin ELISA kit (ALPCO, Salem, NH) and normalized to
the number of islets.

2.7. Tissue processing
The pancreas was divided into 10 pieces from head to tail, with one
being head and 10 being tail as follows: 1e4 head, 5e8 body, and 9e
10 tail. Every other piece was used for fresh frozen or for paraffin/OCT
embedding. The pancreas was weighed and then sectioned. For
paraffin embedding, tissue was placed in a cassette and submerged in
MOLECULAR METABOLISM 25 (2019) 73e82 Published by Elsevier GmbH. This is an open access article
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10% zinc formalin for 48 h at room temperature, then transferred to
70% ethanol at 4 �C until embedded. For frozen sections, tissue was
fixed in 4% paraformaldehyde for three hours, then washed four times
and equilibrated overnight in 30% sucrose/10 mM PBS at 4 �C. Tissue
was embedded in OCT in a cryomold (VWR, cat. # 25608-916) and
frozen at �80 �C.

2.8. b-cell mass
Paraffin embedded pancreata were sectioned at 5 mm. Six to nine
slides (2e3 each from the head, body, and tail of the pancreas) were
immunolabelled for insulin with a guinea pig anti-insulin primary
antibody (Dako; 1:500), and a peroxidase-conjugated anti-guinea pig
secondary antibody (Jackson ImmunoResearch; 1:400). b cells were
visualized after incubation with DAB (Vector Laboratories), and the
remaining tissue was counter-stained with eosin. Slides were imaged
using a Scanscope CS bright field microscope (Aperio Technologies).
An Aperio-based classifier was created using sample images which
could accurately quantify DABþ area and total tissue area (Figure 1A),
as previously described [26]. b-cell mass was calculated by multi-
plying the insulin-positive fraction (total DAB-positive area/total tissue
area) by the weight of the pancreas. N ¼ 4e9 animals per group.

2.9. a-cell mass
Slides were immunolabelled, stained, imaged, and quantified as above
(Figure 1B) with the following exceptions. Glucagon was labelled using
a mouse anti-glucagon primary antibody (Millipore; 1:400) and an
HRP-conjugated anti-mouse secondary antibody (Jackson ImmunoR-
esearch; 1:400). N ¼ 5e9 animals per group.

2.10. b-cell size
Paraffin embedded sections were immunolabelled for insulin as above
and a Cy2-congugated anti-guinea pig secondary antibody (Jackson
ImmunoResearch; 1:400), then stained with DAPI. Slides were scan-
ned using a Scanscope FL microscope (Aperio Technologies). Insulin-
positive area was annotated on the resulting images. An Aperio-based
algorithm calculated total annotated area and the number of nuclei
within the annotated area, which was then used to calculate average
b-cell size in mm2. Over 12,000 cells were included per sample. N¼ 5
animals per group.

2.11. Islet vascularization
Paraffin embedded sections were immunolabelled for insulin and
glucagon as above, and sheep anti-PECAM-1 (R&D Systems; 1:25).
Cy2-congugated anti-guinea pig and anti-mouse secondary antibodies
(Jackson ImmunoResearch; 1:400) were used to label insulin- and
glucagon-positive cells and a Cy3-congugated secondary antibody was
used to label PECAM-1-positive cells (Jackson ImmunoResearch;
1:400). PECAM-1-positive area was measured from at least 150 islets
per sample from at least three slides >150 mm apart. Proportion of
islet vascularization was determined by dividing PECAM-1-positive
area by combined insulin- and glucagon-positive area. N ¼ 4e5
animals per group.

2.12. a- and b-cell proliferation and ratio
OCT-embedded frozen (CTR/CTR and WSD/CTR groups) and paraffin
embedded (CTR/WSD and WSD/WSD groups) slides were immunola-
belled for insulin and glucagon as above, and Ki67 using rabbit anti-
Ki67 (Abcam; 1:500), followed by Cy5-conjugated anti guinea pig,
Cy3-conjugated anti-mouse, and Cy2-conjugated anti-Ki67 secondary
antibodies. At least 10,000 endocrine cells were counted for each
sample. For CTR/CTR and WSD/CTR groups samples, at least three
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 75
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Figure 1: Pancreas sections were immunolabelled for either (A) insulin (brown) or (B) glucagon (brown) and counterstained with eosin (pink). Hormone-positive area was
measured using a customized Aperio-based algorithm. Algorithm markup images are shown on the right in (A) and (B); 20X magnification, scale bar ¼ 300 um. Hormone-
positive tissue is marked in blue, hormone-negative tissue is in yellow, and the glass slide is green. (C) a-cell mass is significantly reduced as a result of maternal WSD;
p ¼ 0.01. (D) b-cell mass was unaffected by maternal or offspring diet. Groups are named by maternal diet/offspring diet. WSD ¼ Western-Style Diet, CTR ¼ Control Diet.
N ¼ 4e9 per group. Two-way ANOVA.

Original Article
slides >150 mm apart from head, body, and tail of the pancreas were
analyzed. For CTR/WSD and WSD/WSD samples, at least three slides
were analyzed from the head, body, and tail of the pancreas. The
percentage of proliferating cells was determined by dividing the
number of Ki67þ/hormoneþ cells by the total number of
hormoneþ cells (either insulinþ or glucagonþ cells). b:a cell ratio was
determined by dividing the number of insulinþ cells by the number of
glucagonþ cells. N ¼ 5e9 animals per group.

2.13. Somatostatin and pancreatic polypeptide (PP)
Slides were incubated with guinea pig anti-insulin and mouse anti-
glucagon antibodies as above, plus goat anti-somatostatin (1:250) and
rabbit anti-PP (1:500). This was followed by incubation with Cy5 anti-
guinea pig, Cy5 anti-mouse, Cy3 anti-rabbit, and Cy2 anti-goat (all
1:400). Percent somatostatinþ and PPþ cells were quantified by dividing
respective cell numbers by the total number of islet cells. Between two
and five thousand cells were counted per samples. N ¼ 4 per group.
76 MOLECULAR METABOLISM 25 (2019) 73e82 Published by Elsevier GmbH. This is
2.13.1. Statistics
Data were analyzed utilizing GraphPad Prism Software (Graphpad
Software, Inc., La Jolla, CA, USA) for calculating glucose and insulin
area under the curve from zero. For immunohistochemical analyses,
two-way ANOVA was performed to test for effects of maternal diet,
offspring diet, or interaction. For direct comparisons of continuous
measures between two groups, unpaired t-test was used for
normally-distributed measures and the Wilcoxon rank-sum test was
used for non-parametric measures. For comparisons of categorical
measures, the Pearson chi-squared test was used. For comparison
of continuous measures among all four diet groups, two-way
ANOVA and Tukey’s multiple comparisons test were used to
determine statistical significance (data are expressed as
mean � SD). For GSIS assay, a two-way ANOVA followed by Sidak
post-hoc test with multiple comparisons was used to evaluate
differences between treatment and time (data are expressed as
mean � SEM).
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.13.2. Multivariate analyses
We used linear regression to evaluate whether maternal factors
including glucose area under the curve (GAUC) during pregnancy
glucose tolerance test (GTT), diet history (years dam was on WSD),
age, and parity were independently associated with offspring meta-
bolic health, with and without adjustment for other factors. 26e36
animals were included in each analysis. We also used linear regression
to calculate coefficients and 95% confidence intervals (CIs) to deter-
mine whether maternal WSD was associated with impaired glucose
tolerance in offspring, stratified by offspring diet (N ¼ 11e21 per
group). Maternal parity and GAUC were selected as a priori con-
founders based on the literature and were included separately in
adjusted models to avoid model inflation. The sandwich estimate of
variance is used to obtain robust variance that accounts for correlation
among siblings [27,28].
All statistical analyses were performed at a 2-sided significance level
of 0.05 using STATA 14.2 (StataCorp, Texas, USA).

3. RESULTS

3.1. Reductions in a-cell mass persist in three year old offspring
exposed to maternal WSD
We first investigated whether the decrease in a-cell mass observed in
fetuses exposed to WSD persisted in offspring at three years of age. a-
cell mass was indeed significantly reduced by nearly 50% as a result of
maternal WSD (Figure 1C). There was no difference in a-cell size (not
shown). Interestingly, a few animals had severely reduced, but
detectable, a-cell mass. Offspring a-cell mass did not correlate with
maternal metabolic health during pregnancy as assessed by intrave-
nous glucose tolerance testing (data not shown). b-cell mass was
unaffected by maternal diet in both WSD/CTR and WSD/WSD offspring
(Figure 1D). There was no difference between male and female
offspring in a-cell or b-cell mass outcomes in response to maternal
diet.
Like human islets, non-human primate (NHP) islets show heterogeneity
in the proportions of the different endocrine cell types (Figure 2A) and
lack the distinct mantle/core architecture observed in rodent islets,
where b cells localize to the core of the islet and a cells are located at
the periphery [20]. WSD-exposed fetuses had a greater than 50%
increase b:a cell ratio due to a 50% decrease in a-cell mass, and 13-
month-old offspring in the WSD/WSD group also had an increased b:a
Figure 2: Non-human primate islets display a heterogeneous distribution of b and a cells
of maternal diet; p ¼ 0.01, two way ANOVA. WSD/WSD offspring had significantly greater b
9 per group.
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cell ratio (from w1.5 to 2.1) and decreased a-cell number [24]. At
three years of age, we observed a significant increase in b:a cell ratio
as a result of both maternal and offspring WSD (Figure 2B), with the
WSD/WSD group having nearly double the b:a cell ratio of CTR/CTR
animals. The proportion of both d and PP cells was not affected by
maternal or offspring diet (data not shown).

3.2. WSD/WSD animals tend to have reduced endocrine cell
proliferation
We next examined whether mechanisms of endocrine cell expansion,
namely hypertrophy and proliferation, were affected by maternal diet
and could explain the reduction in a-cell mass in WSD/CTR offspring.
We found no evidence for b-cell hypertrophy, as b-cell size was not
affected by maternal diet (Figure 3A). In general, proliferation of both a
and b cells was extremely low (<0.6%) in samples from all four diet
groups (Figure 3B,C). Interestingly, offspring WSD led to a significant
decrease in a-cell proliferation (Figure 3C). Exposure to maternal WSD
had no significant effect on proliferation of either cell type when
offspring were weaned onto CTR diet or WSD. Thus, the persistent
effects of in utero and early postnatal WSD exposure on a-cell mass
cannot be explained by differences in a-cell proliferation at this time
point.

3.3. Maternal WSD has no lasting effects on islet vascularization
Pancreatic islets are highly vascularized [29], and the proportion of the
islet that is vascularized increases in response to insulin resistance
[30]. Indeed, in 13-month-old offspring, post-weaning exposure to
WSD resulted in increased islet vascularization in CTR/WSD offspring
relative to CTR/CTR animals [25]. This compensatory increase was
absent in WSD/WSD offspring, suggesting that exposure to maternal
WSD impairs the islet vascular expansion that should occur in response
to WSD. We quantified islet vascularization at three years of age by
utilizing the endothelial cell marker PECAM-1 (Figure 4A). Overall, islets
were highly vascularized as expected. However, the CTR/WSD group no
longer had elevated vascularization compared to WSD/WSD animals
(Figure 4B). Thus, previous differences in islet vascularization due to
maternal WSD are no longer present at three years of age.

3.4. WSD/CTR islets hyper-secrete insulin ex vivo
Although the long-term effects of maternal WSD exposure on islet
morphology and vascularization are subtle, offspring islet cell function
(A); 20X magnification, scale bar ¼ 100 um. (B) b:a cell ratio was increased as a result
:a cell ratio than CTR/CTR (p ¼ 0.0017) and WSD/CTR (p ¼ 0.0004) offspring. N ¼ 5e
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Figure 3: (A) b-cell size was not affected by maternal or offspring WSD. (B) b-cell proliferation trended toward reduction as a result of interaction between maternal and offspring
WSD; p ¼ 0.07, two way ANOVA. (C) a-cell proliferation was reduced as a result of offspring WSD (p ¼ 0.0008), but not affected by maternal diet. WSD/WSD had significantly less
a-cell proliferation than CTR/CTR (p ¼ 0.03) and WSD/CTR (p ¼ 0.01) offspring. N ¼ 5e9 per group.

Original Article
could still be compromised due to maternal diet exposure without
obvious changes in whole islet morphology. We first investigated the
effects of maternal diet on whole body glucose metabolism using
intravenous glucose tolerance tests (GTTs) conducted before necropsy.
Figure 5A shows the glucose area under the curve (GAUC) for the
offspring GTTs. We found that offspring GAUC was not affected by
either maternal or post-weaning diet. However, regardless of maternal
diet, offspring weaned onto WSD had higher insulin area under the
curve (IAUC) and higher insulin-to-glucose ratio by about 1.5 fold
(Figure 5B,C), consistent with WSD-induced insulin resistance. We
then directly tested islet whether maternal WSD exposure had an effect
on islet function using an ex vivo perifusion assay to asses glucose-
stimulated insulin secretion (GSIS). We predicted that islets from
WSD/CTR offspring would secrete less insulin in response to a glucose
challenge if maternal WSD exposure negatively affected offspring islet
development. To our surprise, WSD/CTR islets secreted more insulin in
response to elevated glucose than CTR/CTR islets (Figure 5D). Both
first- and second-phase insulin secretion were elevated in WSD/CTR
islets.

3.5. Identification of maternal factors that correlate with offspring
glucose metabolism
Because maternal diet alone appeared to have minimal effects on
offspring glucose tolerance (Figure 5A), we wondered whether other
maternal factors that may negatively affect the in utero environment
Figure 4: NHP islets are well vascularized, as labelled with the endothelial marker PECAM
years of age, there were no differences in islet vascularization among the different diet g
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were associated with poor metabolic health in the offspring. Maternal
factors including age, parity, and glucose tolerance were examined for
correlations with offspring phenotypes. Maternal GAUC did not corre-
late with b-cell mass regardless of maternal or offspring diet
(Figure 6A). However, offspring GAUC was significantly correlated with
maternal GAUC (Figure 6B) as well as maternal parity (Figure 6C).
GAUC was not significantly correlated with maternal age (Figure 6D).
Other correlations including maternal body fat percentage vs offspring
GAUC or b-cell mass, maternal IAUC vs offspring or maternal GAUC,
maternal years on WSD vs maternal or offspring GAUC, and offspring
b-cell mass vs offspring GAUC were not significant (data not shown).

3.6. Maternal GAUC is independently associated with offspring
GAUC
To identify independent risk factors associated with offspring meta-
bolic health, we performed multivariate regression analyses adjusting
for maternal factors including age, parity, and GAUC during pregnancy
(Table 1). Characteristics of maternal/offspring pairs included in the
analysis are shown in Supplementary Table 1. Maternal GAUC was
significantly correlated with offspring GAUC (Figure 6B). However, this
significance was no longer observed when adjusting for age or parity
(Table 1A). Maternal parity was also correlated with offspring GAUC
(Figure 6C). While this correlation was significant when adjusting for
age, it was no longer significant when adjusting for maternal GAUC
(Table 1B). Maternal age was not significantly correlated with offspring
-1 (A; green ¼ insulin þ glucagon); 20X magnification, scale bar ¼ 100 um. At three
roups (B); two-way ANOVA. N ¼ 4e5 per group.
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Figure 5: Glucose area under the curve (GAUC) was not affected by maternal or post-weaning diet (A). (B) Insulin area under the curve (IAUC) during glucose tolerance tests was
higher in post-weaning WSD animals (p ¼ 0.012) but not affected by maternal diet. (C) The ratio of insulin to blood glucose was similarly elevated by offspring WSD (p ¼ 0.0143),
but unaffected by maternal diet. Two way ANOVA. N ¼ 6e14 per group. (D) Perifusion of isolated islets reveals that WSD/CTR islets (dark squares) secreted significantly more
insulin when stimulated with high glucose ex vivo; *p < 0.05, **p < 0.001, ***p < 0.0001. N ¼ 3 per group. Open symbols in A-C represent data from animals used for the
perifusions in D.
GAUC (Figure 6D), regardless of adjustment for other maternal factors
(data not shown).
Crude and adjusted models comparing the effect of maternal diet on
offspring GAUC were stratified by offspring diet (Table 2). Although
maternal diet was not statistically associated with offspring GAUC,
some patterns deserve note. Among offspring placed on CTR at
weaning (Table 2A), maternal WSD diet appeared to be associated with
a slight improvement in offspring GAUC (Figure 5A and Table 2A);
however, this was not statistically significant (p ¼ 0.12). The point
estimate further shifted towards the null when adjusting for parity
(coefficient went from �897 to þ33) or maternal GAUC (coefficient
went from �897 to �778), suggesting that maternal WSD is unlikely
to improve offspring metabolic health. Among offspring weaned onto
WSD (Table 2B), the direction of estimate shifted towards increased
GAUC as a result of maternal WSD when adjusting for parity (coefficient
went from �219 to �76) or maternal GAUC (coefficient went
from �219 to þ231). Thus, as hypothesized, it is likely that offspring
exposed to maternal WSD would have impaired glucose tolerance, on
either post-weaning diet, though we were underpowered to observe
this effect.

4. DISCUSSION

In this study, we identified persistent effects of maternal WSD on
offspring islet function in an animal model closely related to humans.
Consistent with the phenotype observed in this model at earlier time
points [24], a-cell mass is reduced at three years of age as a result of
maternal WSD exposure. The reduction in a-cell mass may be due to
MOLECULAR METABOLISM 25 (2019) 73e82 Published by Elsevier GmbH. This is an open access article
www.molecularmetabolism.com
impairments in differentiation during embryogenesis as a result of
maternal diet. Indeed, fetuses exposed to WSD had decreases in the
expression of transcription factors important for a-cell differentiation
[24]. Interestingly, this deficit in a-cell mass was not overcome even
after 2.5 years on a healthy diet.
The long-term functional consequences of a-cell loss remain unclear.
Mice exposed to a high fat diet for 12 weeks also show reduced a-cell
mass [31]. However, in mice, near complete ablation of a cells had no
observable effects on insulin secretion and glucose tolerance [32].
Additionally, small b-cell-only pseudoislets formed from dispersed and
sorted mouse islets display near-normal glucose stimulated insulin
secretion [33]. However, nearly 50 years ago, rat pancreata were
shown to release more insulin in response to glucose when glucagon
was present [34]. This effect has more recently been observed in mice,
where IV glucose plus glucagon led to higher insulin secretion in vivo
than IV glucose alone [35]. In addition to glucagon, a cells also produce
insulin secretagogues such as ghrelin [36] and GLP-1 [37], which act
in a paracrine manner to stimulate insulin secretion. However, we
observe increased insulin secretion in GSIS in islets from WSD/CTR
offspring despite reduced a-cell mass.
Importantly, studies investigating the impact of maternal diet and
metabolic health on islet cell mass are currently not possible in
humans with available imaging techniques, highlighting the signifi-
cance of the NHP model. Future studies in this model can elucidate the
physiological consequences of decreased a-cell mass in a species
more closely related to humans. Both NHP and human islets demon-
strate a higher degree of intermingling between the different endocrine
cell types, compared to rodents, with a cells making up a larger
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 79
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Figure 6: Maternal GAUC during pregnancy was not correlated with b-cell mass in the offspring (A). Increases in both maternal glucose tolerance (B) and parity (C) were correlated
with increasing GAUC in the offspring; p ¼ 0.02 and p ¼ 0.03, respectively. Maternal age trended toward correlation with impaired offspring GAUC, but this was not significant (D);
p ¼ 0.14. N ¼ 26e36.

Original Article
proportion of the islet in primates [20]. This suggests that paracrine
interactions between a and b cells may be even more important in
these species than in rodents.
Islet vascularization can increase in response to insulin resistance [30],
and is also increased in T2D [38]. Islet vasculature was increased in
CTR/WSD animals relative to WSD/WSD at 13 months of age [25]. The
increase in vascularization at that time point was likely a response to
acute exposure to WSD, while this response was absent in WSD/WSD
animals, potentially due to prior exposure to the WSD. We observed
that at three years of age, CTR/WSD animals no longer displayed an
increase in islet vascularization (Figure 4), perhaps due to
Table 1 e Maternal factors associated with offspring GAUC.

Covariates in model No.2 Coefficient 95% CI P-value

A. Influence of covariates on the relationship between maternal GAUC and offspring
GAUC (N ¼ 36)1

Maternal GAUC only 28 0.51 0.07, 0.95 0.02
Maternal GAUC, age 28 0.45 �0.01, 0.92 0.05
Maternal GAUC, parity 28 0.42 �0.07, 0.90 0.09
Maternal GAUC, parity, age 28 0.43 �0.08, 0.93 0.09
B. Influence of covariates on the relationship between parity and offspring GAUC
(N ¼ 36)1

Parity only 36 280.36 59.62, 501.09 0.02
Parity, age 36 386.41 57.35, 715.46 0.02
Parity, maternal GAUC 28 184.56 �69.22, 438.34 0.15
Parity, age, maternal GAUC 28 111.30 �286.34, 508.94 0.57

Abbreviations: No., number; CI, confidence interval; GAUC, glucose tolerance test area
under the curve.
Bold indicates the significant numbers.
1 One offspring missing GAUC value.
2 Eight offspring missing maternal GAUC value.
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compensatory changes that re-establish homeostasis. Further studies
are needed to determine whether vascular compensation in WSD/WSD
offspring is impaired in other models of metabolic stress such as
pregnancy.
Islets from WSD/CTR animals secreted higher amounts of insulin when
stimulated with high glucose ex vivo. Interestingly, islets from in-
dividuals with higher BMI also hyper-secrete insulin ex vivo [39]. In-
sulin hyper-secretion is associated with worse clinical and metabolic
phenotypes in humans, and predicts future deterioration of glucose
Table 2 e Influence of covariates on the relationship between maternal
WSD and offspring GAUC, stratified by offspring diet (N ¼ 36)1.

A

Covariates in model No.2 GAUC of offspring on CTR (n ¼ 21)

Coefficient 95% CI P-value

Diet only 21 �897.39 �2038.54, 243.75 0.12
Diet, parity 21 33.29 �1858.65, 1925.24 0.97
Diet, maternal GAUC 17 �777.90 �2151.12, 595.32 0.25

B

Covariates in model No.2 GAUC of offspring on WSD (n ¼ 15)

Coefficient 95% CI P-value

Diet only 15 �219.22 �1565.04, 1126.59 0.73
Diet, parity 15 �75.63 �1962.25, 1810.98 0.93
Diet, maternal GAUC 11 231.48 �686.32, 1149.28 0.58

Abbreviations: No., number; WSD, western-style diet; CTR, control diet; CI, confidence
interval; GAUC, glucose tolerance test area under the curve.
1 One offspring on CTR is missing GAUC value.
2 Four offspring on CTR and four offspring on WSD are missing maternal GAUC value.
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control [40]. However, plasma insulin levels during GTT were not
different in the offspring whose islets were used in the perifusion assay
(Figure 5B, open symbols). Neither WSD/CTR nor WSD/WSD offspring
had higher IAUC compared to CTR/CTR and CTR/WSD, respectively.
Importantly, IAUC is affected by whole body glucose usage and
disposal, and as such is not a measure of insulin secretion. These
results suggest that exposure to WSD in utero and during lactation may
prime islets to hyper-secrete insulin under certain conditions. How-
ever, differences in plasma insulin as a result of WSD-exposure may
only manifest with more severe metabolic stressors, such as
increasing age, prolonged WSD-feeding, or obesity.
One limitation of the study was that a small proportion of mothers
(N ¼ 7) gave birth more than once during the study period and thus
multiple offspring from the same dam are included in the study. Given
the small number of animals in our study, we used robust variance to
account for correlation among siblings rather than performing a
sensitivity analysis excluding subsequent pregnancies. In this geneti-
cally variable animal model, heterogeneity existed among dams in
terms of age, parity, glucose tolerance, and response to glucose
administration during a GTT (raw values are provided in Supplemental
Table 2). This heterogeneity could be viewed as an additional limitation
to the study design; however, it is more similar to the human situation
and has allowed us to probe for independent maternal factors that
affect offspring metabolic health.
We show that increased maternal GAUC is a potential predictor of
elevated offspring GAUC. It should be noted that for completion, all
dam/offspring pairs in our cohort were retained in this analysis, despite
the spread in sample values. All GTTs used in the study were deter-
mined to be valid and true values based on a clear response to glucose
stimulation (see Supplemental Table 2). Thus, there was no scientific
basis for discarding any of the values. The robustness of our obser-
vation was significant but did rely on a limited number of dams,
limiting our generalization to other experimental settings and pop-
ulations. However, despite these limitations, it is worth noting that
several studies in humans also demonstrate the impact of worsening
maternal glucose tolerance on the offspring. A study on offspring of
1,049 Pima Indian women found that offspring of women with
impaired glucose tolerance (but not gestational diabetes) during
pregnancy were more likely to weigh more and have impaired glucose
tolerance [41]. Another study in humans showed that increasing
maternal glucose levels (even in the absence of overt diabetes) during
glucose tolerance tests in pregnancy correlate with neonatal adiposity
[42]. When this same cohort of offspring was assessed seven years
later, increases in maternal glucose levels–both fasting and during
glucose tolerance testingewere significantly associated with offspring
glucose tolerance as assessed by area under the curve, independent of
childhood obesity or being born large for gestation age [43]. Indeed, a
currently ongoing randomized clinical trial aims to improve maternal
glucose tolerance during pregnancy in order to improve health out-
comes in both mother and offspring [44].
In addition to effects of the in utero environment, the relationship
between maternal and offspring GAUC may be due to genetic
factors. Indeed, previous work in the Japanese macaque model
identified three single nucleotide polymorphisms associated with
weight stability and insulin sensitivity in the dams [45]. These
genomic variants that affect maternal GAUC may have been passed
to the offspring that show strong correlations between maternal and
offspring GAUC.
Maternal parity was also a significant predictor of worsened offspring
glucose tolerance. A study in humans found that neither maternal age
nor parity was associated with increased offspring adiposity, but
MOLECULAR METABOLISM 25 (2019) 73e82 Published by Elsevier GmbH. This is an open access article
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offspring adiposity was independently associated with maternal BMI
[46]. However, a larger study conducted in The Netherlands showed
that multiparity was associated with maternal obesity, which was in
turn associated with offspring childhood obesity [47]. Thus, the con-
sequences of maternal parity on the offspring in humans remains
somewhat unclear. Another human study showed an association be-
tween maternal age (above 35 or below 25) and poor metabolic health
in the offspring [48]. We saw no statistically significant association
with maternal age and offspring metabolic health in our study.
Together, these results demonstrate that longer-term effects of
maternal WSD exposure on offspring islet composition and morphology
are evident. WSD-exposed animals continue to display reduced a-cell
mass at three years of age, while previous effects of WSD-exposure on
islet vascularization are no longer present. The impact of maternal
WSD feeding on the offspring cannot be offset with weaning onto a
control diet, since islets of WSD/CTR animals hyper-secrete insulin
ex vivo, but differences in IAUC are not observed as a result of maternal
diet. Additionally, we identify maternal parity and GAUC during preg-
nancy as potential independent predictors of worsened glucose
tolerance in the offspring. These data suggest that the in utero and
early postnatal environment produced by elevated maternal GAUC
impacts the metabolic health of juvenile offspring, and that maternal
WSD exposure alters offspring islet function.
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