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We previously demonstrated that male, but not female,
Swiss Webster mice are susceptible to diabetes, with inci-
dence increased by early overnutrition and high-fat diet
(HFD). In this study, we investigated how HFD in Swiss
Webster males and females during preweaning, peripuber-
tal, and postpubertal periods alters glucose homeostasis
and diabetes susceptibility. In males, HFD throughout life
resulted in the highest diabetes incidence. Notably, switch-
ing to chow postpuberty was protective against diabetes
relative to switching to chowatweaning, despite the longer
period of HFD exposure. Similarly, HFD throughout life in
males resulted in less liver steatosis relative to mice with
shorter duration of postpubertal HFD. Thus, HFD timing rel-
ative to weaning and puberty, not simply exposure length,
contributes to metabolic outcomes. Females were pro-
tected from hyperglycemia regardless of length or timing
of HFD. However, postpubertal HFD resulted in a high
degree of hepatic steatosis and adipose fibrosis, but glu-
cose regulation and insulin sensitivity remained uncha-
nged. Interestingly, peri-insulitis was observed in the
majority of females but was not correlated with impaired
glucose regulation. Our findings reveal critical periods of
HFD-induced glucose dysregulation with striking sex dif-
ferences in Swiss Webster mice, highlighting the impor-
tance of careful consideration of HFD timing relative to
critical developmental periods.

Consumption of an obesogenic diet is associated with
metabolic dysfunction, including obesity and impairments

in glucose homeostasis that can lead to diabetes (1). Intui-
tively, longer exposure to an obesogenic diet is expected
to be more detrimental. However, the developmental
time period of diet exposure is an additional key factor to
consider since tissues and organ systems may be more
susceptible to an adverse nutritional environment during
periods of rapid growth. Long-term detrimental effects of
adverse prenatal and perinatal environments, the so-
called Developmental Origins of Health and Disease
hypothesis, have long been recognized particularly in rela-
tion to undernutrition, which increases incidence of obe-
sity and type 2 diabetes in offspring (2,3). Similarly, pre-
natal exposure to maternal obesity, high-fat diet (HFD),
and diabetes increase offspring risk of developing obesity
and diabetes (4,5). With human studies, it is difficult to
isolate the role of early postnatal nutrition from potential
confounding effects of prenatal environment and genet-
ics. However, studies in rodents have shown that expo-
sure to overnutrition and HFD that is limited to the
lactation/preweaning period (first 3 weeks of life) can
lead to lifelong impairments in glucose homeostasis and
increased adiposity (6–13). Although most studies have
been conducted in the inbred C57BL/6 strain and in
males only, Masuyama and Hiramatsu (8) found that
both male and female adults of the outbred ICR mouse
strain had impaired glucose and insulin tolerance after
HFD exposure during the preweaning period, while Haf-
ner et al. (14) found that only male C57BL/6 but not
female mice had impaired glucose and insulin tolerance,
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suggesting strain differences in sex effects. Notably, 8-
week-old male offspring from dams exposed to HFD only
during lactation exhibited reduced hypothalamic densities
of a–melanocyte-stimulating hormone and agouti-related
peptide fibers, indicating long-term effects on hypotha-
lamic neurocircuitry critical for energy homeostasis, as
well as decreased parasympathetic outputs to islets (11);
however, females were not examined. In line with the
importance of offspring nutrient exposure during pre-
weaning, we previously showed that overnutrition during
this period, induced by reducing the litter size, increased
susceptibility to diabetes in male, but not female, Swiss
Webster mice and that this was exacerbated by HFD
exposure (15,16). Together, these studies indicate that
the preweaning period is a critical time for programming
body composition and glucose homeostasis.

Numerous studies have examined long-term effects of
HFD exposure in the prenatal and early postnatal periods;
however, there is a paucity of studies specifically examin-
ing the effects of dietary fat content in diets initiated at
weaning. In rodents, weaning onto standard chow typi-
cally results in a significant decrease in dietary fat intake,
from �55% of calories from fat in maternal milk to
10–20% with chow. The World Health Organization rec-
ommends dietary fat intake constitute <30% of daily cal-
ories (17), while an obesogenic western diet in humans
may constitute 35–60% fat. Thus, infants transitioning to
solid food may experience varying degrees of shift in die-
tary macronutrient composition, including fat content,
depending on the diet. However, whether a dramatic shift
in diet composition is beneficial or detrimental to devel-
oping metabolic systems is unclear.

The final major developmental period is puberty. Given
the extensive cross talk among endocrine tissues, the dra-
matic changes in sex hormones during puberty subse-
quently give rise to alterations throughout the endocrine
system. Of relevance to glucose regulation, transient insu-
lin resistance is observed during puberty in humans with
lower insulin sensitivity in girls than boys, although the
underlying mechanisms are unclear (18,19). Obesity dur-
ing puberty further exacerbates insulin resistance, and
overweight during puberty is associated with a higher
incidence of type 2 diabetes in adulthood even when
heavier body weight resolves (19,20). However, there
is a scarcity of data on the role that dietary fat may
play on glucose regulation during puberty. With diet-
induced mouse models of obesity and glucose intoler-
ance, HFD exposure is often initiated at 6–10 weeks
of age since some studies have shown that initiating
HFD immediately after weaning or during the peripu-
bertal period may attenuate detrimental metabolic
effects (21,22). These observations suggest that
puberty may be a critical developmental period for
HFD-mediated metabolic impairments.

Given the many unanswered questions regarding die-
tary fat exposure in relation to weaning and puberty, we

took an unbiased approach to explore the impact of HFD
during three broad postnatal periods designated as the
preweaning period from postnatal day (P) 2 to 21, the
peripubertal period from P21 to 35, and the postpubertal
period from P35 onwards, with HFD exposure limited to
either zero, one, two, or all three of these periods, result-
ing in eight different groups. We chose to conduct these
studies in the outbred Swiss Webster mouse strain, as we
have previously observed that Swiss Webster males are
susceptible to HFD and early overnutrition-induced b-cell
dysfunction and diabetes (15,16). Moreover, the superior
nurturing traits of Swiss Webster dams ensures consistent
nutrition for suckling pups and thus minimizes variation
due to maternal behavior. Examination of resulting body
weight gain, glucose regulation, and diabetes susceptibility
in offspring revealed critical periods of HFD-induced glu-
cose dysregulation, diabetes susceptibility, and liver stea-
tosis, as well as striking sex differences in Swiss Webster
mice.

RESEARCH DESIGN AND METHODS

Animals and Diets
Diets were modified (either chow or HFD) during three
broad periods in offspring: preweaning, P2–21; peripuber-
tal, P21–35; and postpubertal, P35 onward as illustrated
in Supplementary Fig. 1. First, pregnant Swiss Webster
females (Taconic Biosciences, Rensselaer, NY) were main-
tained on chow diet (13 kcal% fat; NIH-31M; Ziegler
Bros., Gardners, PA). Two days postdelivery (P2 for pups),
litter size was adjusted to 10 pups to ensure consistent
nutrition among litters, and half of the dams were
switched to HFD (45 kcal% fat; #D12451; Research Diets,
Inc., New Brunswick, NJ). Offspring were weaned at P21
and either remained on the same diet as their mother or
had their diet switched (chow to HFD or vice versa). At
P35, offspring either remained on the same diet or under-
went a diet switch (from chow to HFD or vice versa). This
resulted in eight diet groups in which group names indi-
cate the period of HFD exposure (otherwise chow diet was
consumed): CHOW, HFDP21–35, HFDP2–21, HFDP2–35,
HFDP351, HFDP211, HFDP2–21,P351, and HFDP21. Although
we did not systematically evaluate puberty onset (e.g., by
day of vaginal opening in females and balanopreputial sepa-
ration in males), several studies have shown earlier onset in
response to HFD and wide differences among strains (23–
26). Thus, we chose a larger window of P21–35 for our peri-
pubertal period to cover a wide range of onset. Mice also
show a second growth spurt around this time (�P20–33),
after an earlier perinatal growth spurt that ends at �P16
(27); thus, we hypothesized that during this time period
mice may be more sensitive to dietary changes. Two inde-
pendent cohorts were generated. In cohort 1, only male
mice were monitored to 6 months. In cohort 2, both males
and females were studied, with a subset euthanized at P35
(with no diet change at P35). Remaining males were eutha-
nized at P72 to obtain adult tissues without the potential
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confounding effects of high diabetes incidence that would
be more likely at a later age. Females were monitored up to
P325. Although the initial plan was to monitor female mice
to 6 months, as we did for males, we observed some cases
of hyperglycemia in females and therefore followed females
to 1 year in case diabetes in females occurred at a later age.
Mice were housed in Optimice cages (Animal Care Systems,
Centennial, CO) in a barrier facility (Centre for Disease
Modeling, University of British Columbia Life Sciences Insti-
tute) with a 12-h light/12-h dark cycle and controlled tem-
perature and humidity. All mice had ad libitum access to
food and water as well as shelter huts, cotton nestlets, and
crinkle paper. All animal procedures were approved by the
University of British Columbia Animal Care Committee and
carried out in accordance with the Canadian Council of Ani-
mal Care guidelines.

Glucose Monitoring
Beginning at P30, 4-h fasted blood glucose measures were
taken weekly from the saphenous vein using a OneTouch
Ultra 2 glucometer (LifeScan, Burnaby, British Columbia,
Canada). Note that the coefficient of variation of glucose
measures with this glucometer is estimated at 9.3% (28).
Day of diabetes onset was defined as the first 4-h fasted
glucose value $20 mmol/L and confirmed by a second
fasting glucose value $20 mmol/L the following week.
For oral glucose tolerance tests, mice were fasted for 6 h
and glucose (2 g/kg) administered by oral gavage with glu-
cose measured at 0, 10, 20, 30, 60, 90, and 120 min. For
insulin tolerance tests, mice were fasted for 4 h and 0.75
units/kg insulin (Novolin ge Toronto; Novo Nordisk Can-
ada, Mississauga, Ontario, Canada) was injected intraperi-
toneally with glucose measured at 0, 10, 20, 30, 60, 90,
and 120 min.

Tissue Harvest and Immunohistochemistry
For tissue harvests, mice were fasted for 4 h and blood
collected by cardiac puncture under isoflurane anesthesia,
followed by cervical dislocation. Insulin (ALPCO Mouse
Ultrasensitive Insulin ELISA; ALPCO, Salem, NH) and lep-
tin (Mouse Leptin ELISA Kit; Crystal Chem, Downers
Grove, IL) were measured in plasma. Tissues were imme-
diately dissected, weighed, stored in 4% paraformaldehyde
(pH 7.4) overnight, and then transferred to 70% ethanol.
Tissues were paraffin-embedded and sectioned at 5 mm by
Wax-it Histology Services Inc. (Vancouver, British Colum-
bia, Canada), with hematoxylin-eosin (H-E) and Masson’s
trichrome staining on a subset of slides. Immunohisto-
chemistry was performed as previously described (16)
using rabbit insulin (1:200; #3014; Cell Signaling Technol-
ogy, Danvers, MA) (RRID:AB_2126503) and mouse gluca-
gon (1:1,000; #G2654; Sigma-Aldrich, St. Louis, MO)
(RRID:AB_259852) antibodies. For b-cell mass analysis,
three sections per sample, 200 mm apart, were stained
and scanned on an ImageXpress Micro imager and ana-
lyzed with MetaXpress software (Molecular Devices, San

Jose, CA) by measuring thresholded insulin-positive area
over pancreas area multiplied by pancreas mass. Islet
mass was measured by multiplying pancreas mass by islet
over pancreas area, determined from one scanned slide
per mouse, and analyzed using ImageJ 1.52v.

Statistical Analyses
Measures at P35 were collected in parallel from males and
females, and data were analyzed as two-way ANOVAs for
factors of sex and treatment. For single time point meas-
ures in older mice, experiments in males and females were
conducted separately at different ages and/or from differ-
ent cohorts; thus, one-way ANOVAs were conducted within
each sex. Mixed-effects models within each sex were used
for all time course data. Tukey correction for multiple com-
parisons was used for all post hoc comparisons. For Figs. 2
and 3 and Supplementary Fig. 2, in which only four of eight
groups are shown for clarity, statistical analyses were per-
formed on all eight groups with Tukey correction for multi-
ple comparisons. Correlations were assessed by Pearson
correlation coefficients. Statistical analyses were performed
using GraphPad Prism 8, with significance defined as P <
0.05.

Data and Resource Availability
All data generated or analyzed during this study are
included in the published article (and its Supplementary
Material online). No applicable resources were generated
or analyzed during the current study.

RESULTS

Preweaning and Peripubertal HFD in Adolescent Males
and Females
In mice examined until adolescence at P35 (Fig. 1A) (i.e., no
P35 diet switch), both male and female HFDP2–21 and
HFDP21 offspring had higher body weights than CHOW
and HFDP211 counterparts (Fig. 1B and C) from P5 to P25.
Insulin tolerance tests at P30 (Fig. 1D and E) revealed that
HFDP21 males had a faster return toward basal glucose
compared with CHOW after insulin administration, but
females overall had a higher area under the curve (AUC)
compared with males (Fig. 1F), indicative of lower insulin
sensitivity at this age. By P35 (Table 1), male body weights
were overall higher than females (main effect of sex, P <
0.0001) but were no longer significantly different among
groups. While there was no sex difference in fat pad
weights, HFDP21 females had higher adiposity than CHOW
females, reflected in gonadal (gWAT) (Fig. 1G), mesenteric
(mWAT) (Table 1), and retroperitoneal white adipose tissue
(rpWAT) (Table 1) weights. Peripubertal HFD in the
HFDP211 group also increased gWAT and rpWAT weight in
females (Fig. 1G and Table 1), but leptin levels were not sig-
nificantly different among females (Fig. 1H) and were corre-
lated with adipose tissue weights (r = 0.7864, P < 0.0001
for gWAT; r = 08312, P < 0.0001 for mWAT; and r =
0.6229, P = 0.0011 for rpWAT). Despite a lack of difference
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Figure 1—Preweaning and peripubertal HFD effects in adolescent males and females. A: Schematic of diet treatment groups for mice ter-
minated at P35. Dams were maintained on chow diet (14 kcal% fat, designated by white bars) through pregnancy and until P2, at which
time some dams were placed on HFD (45 kcal% fat, designated by black bars). Pups were weaned at P21 and either kept on the same
diet as their mothers (CHOW and HFDP21 groups) or diet was switched (HFDP2–21 and HFDP211groups). B: Growth curves of male off-
spring from P2 to 30: *HFDP21 and HFDP2–21 > HFDP211 and CHOW, P values <0.001; †HFDP211 > CHOW, P < 0.05; ‡HFDP21 and
HFDP2–21 > CHOW, P values <0.001; §HFDP21and HFDP2–21 > HFDP211, P values <0.05. n = 17–20/group. C: Growth curves of female
offspring from P2 to 30: *HFDP21 and HFDP2–21 > HFDP211 and CHOW, P values <0.005; †HFDP21 > HFDP211, P < 0.005; ‡HFDP21 and
HFDP2–21 > CHOW, P values <0.005. n = 18–20/group. Glucose responses (normalized to 0 min value) during insulin tolerance tests in
male (D) and female (E) offspring at P30–31 (*HFDP2–21 > CHOW, P < 0.05; †HFDP21 > HFDP2–21, P < 0.05; ‡HFDP21 > CHOW, P < 0.01)
and corresponding AUCmeasures (F).G: gWAT weight in P35 males and females, left fat pad only. *HFDP211 > CHOW and HFDP2–21, P val-
ues <0.05; †HFDP21 > CHOW, HFDP211, and HFDP2–21, P values <0.05. H: Plasma leptin levels in P35 males and females. *HFDP211 >
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in adipose tissue weight among male groups, HFDP211

males had higher leptin levels than chow males. Interest-
ingly, HFDP21 males had lower leptin levels despite longer
exposure to HFD. Leptin levels are typically proportional to
fat mass, and indeed, we did see a positive correlation
between leptin and mass of gWAT (r = 0.6353; P = 0.0009),
mWAT (r = 0.7022; P = 0.0001), and rpWAT (r = 0.6204;
P = 0.0012). Liver weight was overall higher in males versus
females and, when normalized to body weight, was highest
in CHOW males and females (Table 1). Islet mass and islet
number per section did not differ among groups nor
between males and females, and islet morphology was simi-
lar in all mice (Fig. 1I–L). In addition, no sex or group dif-
ferences were observed in fasting insulin levels (Table 1).

Timing of Dietary Fat During Development Impacts
Body Weight and Diabetes Incidence
Body weights at P66 (Supplementary Fig. 1B and C) were
significantly higher in males versus females (main effect
of sex, P < 0.0001), with higher levels in HFDP211 and
HFDP2–35 males compared with CHOW and higher body
weight in HFDP2–21,P351 females compared with CHOW
and HFDP21–35. In males, all groups had at least one dia-
betic mouse with highest incidence in HFDP2–21,P351 and
HFDP21 males (Supplementary Fig. 1D). In contrast, after
tracking fasting glucose to P316, only one female, from
the HFDP351 group, developed diabetes (Supplementary
Fig. 1E). Interestingly, three other females (one HFDP211,
one HFDP351, and one HFDP21) had transient elevations
in fasting glucose in the 16 to 19 mmol/L range but
returned to normal levels. Otherwise, females maintained
normal fasting glucose levels throughout life.

Effects of Preweaning and Peripubertal HFD on
Glucose Homeostasis
Monitoring of diabetes incidence, glucose tolerance, and
insulin tolerance was performed in males and females of
all eight treatment groups, and statistical analyses were
performed with all eight groups within each sex to correct
for multiple comparisons. However, for clarity, we present
the data as groups of four in order to address specific
questions, with the same CHOW and HFDP21 groups
included in all as controls. Figure 2 addresses the role of
HFD exposure that is limited to early development, either
just the preweaning period (HFDP2–21) or extending
through the peripubertal period (HFDP2–35) (Fig. 2A). Dia-
betes incidence (Fig. 2B) was highest in the HFDP21

group and lowest in the CHOW and HFDP2–35 groups,
with intermediate incidence in the HFDP2–21 group. Glu-
cose (Fig. 2C and D) and insulin (Fig. 2E and F) tolerance
were not impaired by HFD limited to preweaning (P2–21)

or extending through puberty (P2–35), with only HFDP21

females showing glucose impairment. Notably, unlike at
P30 when HFDP21 females had poor insulin sensitivity
compared with males, at P66, all females had a robust
insulin response with AUCs overall lower in females ver-
sus males (main effect of sex, P = 0.0033). When mice on
chow diet were transiently placed on HFD only during the
2-week peripubertal period (HFDP21–35 group), diabetes
incidence, glucose tolerance, and insulin sensitivity were
similar to CHOW mice that had remained on normal
chow throughout life (Supplementary Fig. 2). Similarly,
mice on HFD that were placed on normal chow only dur-
ing the peripubertal period (HFDP2–21,P351 group) had
similar diabetes incidence, glucose tolerance, and insulin
sensitivity to HFDP21 mice that were on HFD throughout
life. Thus, a brief peripubertal diet switch did not impact
these measures.

Timing of HFD Onset Affects Glucose Homeostasis
and Diabetes Incidence
Compared with continuous HFD exposure throughout
life, postponing HFD onset reduced and delayed diabetes
incidence (Fig. 3A and B) with a greater delay seen when
HFD was initiated at P35 (HFDP351 group) compared
with P21 (HFDP211). Despite the improvements in diabe-
tes susceptibility, however, HFDP351 males (Fig. 3C) had
a mild impairment in glucose tolerance, such that glucose
levels remained higher at the 120-min time point relative
to CHOW males. However, this group difference was not
reflected in corresponding AUCs likely due to the differ-
ence occurring at only the one time point. In females,
mild impairments in glucose tolerance were observed in
the HFDP211, HFDP351, and HFDP21 groups relative to
CHOW (Fig. 3D); however, only HFDP21 females had a
corresponding significant increase in AUC. Similar to glu-
cose tolerance, HFDP351 males had elevated glucose levels
at a single time point (60 min) during an insulin tolerance
test (Fig. 3E), with a faster return toward baseline relative
to CHOW suggesting reduced insulin sensitivity. How-
ever, this difference again was not reflected in AUC.
Females all showed similar glucose responses during the
insulin tolerance test (Fig. 3F).

Effects of Diet Exposure on Plasma Hormones and
Metabolic Tissues in Adult Males
There were no differences in insulin levels among the
eight treatment groups at P47 (Fig. 4A). Insulin increased
overall at P80 relative to P47, with higher levels mainly
seen in mice that were on HFD postpuberty, including
increases in HFDP351, HFDP2–21,P351, and HFDP21 com-
pared with other groups. However, b-cell mass did not

CHOW, P< 0.05. Islet mass (I) and number of islets per section (J) in P35 males and females (lines represent mean). Representative H-E pan-
creas sections from HFDP21 male (K) and HFDP21 female (L) at P35. Scale bars = 100 mm. Body weights in B and C are in nonfasted mice
except for P30, which followed a 4-h fast. Arrow in B and C indicates age (P21) of diet switch in HFDP2–21 and HFDP211 mice. Body weight
and glucose responses are mean ± SEM. Boxes in AUC and tissue weight panels represent interquartile range with line at the median, and
whiskers represent minimum and maximum values.
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differ among groups and islet architecture as well as insu-
lin and glucagon immunoreactivity were similar among all
groups (Fig. 4B–D). b-Cell mass was, however, positively
correlated to gWAT weight (r = 0.530; P = 0.002) and
body weight (r = 0.364; P = 0.040), suggesting some abil-
ity of b-cells in males to compensate for HFD-induced
obesity. Since HFD typically increases adiposity and leptin
levels, it is not surprising that mice consuming HFD post-
puberty had elevated leptin levels relative to groups con-
suming normal chow postpuberty (Fig. 4E). Unexpectedly,
HFDP21 males that consumed HFD throughout life did
not show such an elevation. Plasma leptin levels are typi-
cally proportional to fat mass, but we did not observe dif-
ferences in gWAT (Fig. 4F) or mWAT (Fig. 4G) weights
among treatment groups and leptin levels remained ele-
vated after normalizing to body weight, in HFDP211,
HFDP351, and HFDP2–21,P351 mice relative to HFDP2–21

and HFDP21–35 (P < 0.05), with levels in HFDP211 also
greater than in CHOW mice (P < 0.05). A similar pattern
was observed with liver weight and liver steatosis (Fig.
4H–K) in which HFDP351, HFDP211, and HFDP2–21,P351

groups had higher liver weight and/or steatosis relative to
mice on normal chow postpuberty and HFDP21 mice. Lep-
tin levels were also positively correlated to percentage of
liver steatosis (r = 0.617; P = 0.0002).

Glucose Homeostasis Remains Stable as Females Age
Despite continued weight gain as female mice aged,
plasma insulin levels (Fig. 5A) did not change significantly
and did not differ among treatment groups at P149 or
P325. Insulin and glucose tolerance also remained rela-
tively stable. Insulin tolerance tests (Fig. 5B–E) generated
similar AUC measurements at P129 and P275, although
HFDP211 females had the lowest insulin sensitivity.
CHOW females had the best insulin sensitivity with a
robust response persisting at P275. Glucose tolerance
(Fig. 5F and G) did not differ among groups at P290 with
similar overall AUC levels to P88 (Figs. 2 and 3 and
Supplementary Fig. 2), suggesting that glucose tolerance
remained similar as females aged. Body weight (Fig. 5H)
was not statistically different among groups at P316.

Liver Steatosis, Dysfunctional Adipose Tissue, and
Islet Hyperplasia in Aged Females
At P325, higher liver weight and extensive liver steatosis
were seen in females maintained on HFD postpuberty
(i.e., post-P35) and highest in HFDP2–21,P351 females that
were exposed to chow diet for 2 weeks during puberty
(Fig. 6A–D). Immune cell clusters were observed adjacent
to veins within the liver in some mice (Fig. 6D and
Supplementary Table 1), including those with mild or
absent steatosis and all HFDP21–35 mice (i.e., HFD expo-
sure limited to the peripubertal period). Leptin levels
were highest in HFDP2–21,P351 females (Fig. 6E). In P325
females, mWAT weight did not vary among groups (Fig.
6F). However, gWAT weight (Fig. 6G) was surprisingly
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lower in HFDP211, HFDP2–21,P351, and HFDP21

females compared with CHOW females and generally
lower in females consuming HFD postpuberty (i.e.,
post-P35). This lower gWAT weight was associated
with gross abnormalities of fat pads (Supplementary
Table 1) with a yellowish appearance as opposed to
the typical white appearance. This was mainly
observed in gWAT, but some mice also exhibited simi-
lar abnormalities in mWAT and perirenal WAT. Histo-
logical examination of abnormal gWAT by Masson’s
trichrome staining (Fig. 6H) revealed extensive fibro-
sis together with some enlarged adipocytes. H-E

examination of P325 female pancreas revealed a sur-
prisingly high area covered by islets relative to acinar
tissue in some mice (Fig. 6I). Islet architecture
appeared normal with similarly robust insulin and glu-
cagon staining among groups in P325 females (Fig. 6J
and K). Analysis of islet mass revealed no significant
differences among groups (Fig. 6L); however, some
mice had remarkably high islet mass (up to 76 mg in
an HFDP2–21 mouse), although this was not consistent
within treatment group. There was, however, a strong
positive correlation between islet mass and AUC dur-
ing insulin tolerance tests, both at P129 (r = 0.578;
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Figure 2—Effects of preweaning and peripubertal HFD on glucose homeostasis in adults. A: Schematic of diet treatment groups. Dams
were maintained on chow diet (14 kcal% fat, designated by white bars) through pregnancy and until pup P2, at which time some dams
were placed on HFD (45 kcal% fat, designated by black bars). Pups were weaned at P21. CHOW and HFDP21 pups were kept on the
same diet as their mothers from P2 onwards. HFDP2–21 offspring were switched from HFD to chow diet at P21, and HFDP2–35 offspring
were switched at P35. B: Diabetes incidence to 23 weeks of age in males. n = 10–11/group. HFDP21 > HFDP2–35, P = 0.003; HFDP21 >
CHOW, P = 0.003 by log-rank tests. Glucose response and AUC during oral glucose tolerance test in males at P50 (C) and females at P88
(D). *HFDP21 > HFDP2–35, HFDP2–21, and CHOW, P values <0.05. Glucose response and AUC during insulin tolerance test in males (E)
and females (F) at P66. Note that data from CHOW and HFDP21 control groups are the same in Fig. 3 and Supplementary Fig. 2, with all
statistical analyses controlling for multiple comparisons of all eight diet groups.
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P < 0.0001) and P275 (r = 0.585; P < 0.0001). Peri-in-
sulitis was observed in some islets and was observed in all
but the HFDP351 group (Fig. 6M and Supplementary Fig.
3A), although only three mice remained in this group.
Degree of insulitis was assigned a grade of 0 to 4, with no
difference among treatment groups by grade
(Supplementary Fig. 3B). However, grouping together all
islets with any degree of insulitis together revealed highest
levels in the HFDP21–35 group (Fig. 6N), which were exposed
to HFD only during 2 weeks peripuberty. Percent insulitis

was positively correlated to spleen weight even when nor-
malized to body weight (r = 0.471; P = 0.002), and parallels
were seen between treatment groups exhibiting immune cell
accumulation in the liver and pancreas (Supplementary
Table 1), suggesting a systemic inflammation. Although
insulitis did not manifest as diabetes in females, we ques-
tioned whether Swiss Webster males may be prone to auto-
immune destruction of b-cells despite not previously
observing immune infiltration in male Swiss Webster islets.
However, we did not observe cell proliferation of male Swiss
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Figure 3—Timing of HFD onset affects glucose homeostasis and diabetes incidence in adults. A: Schematic of diet treatment groups.
Dams were maintained on chow diet (14 kcal% fat, designated by white bars) through pregnancy and until pup P2, at which time some
dams were placed on HFD (45 kcal% fat, designated by black bars). Pups were weaned at P21. CHOW and HFDP21 pups were kept on
the same diet as their mothers from P2 onwards. HFDP351 offspring were switched to HFD at P35, and HFDP211 offspring were switched
to HFD at P21. B: Diabetes incidence to 23 weeks of age in males. n = 10–11/group. HFDP21 > HFDP351, P = 0.009; HFDP21 > HFDP211,
P = 0.052; HFDP21 > CHOW, P = 0.003 by log-rank tests. Glucose response and AUC during oral glucose tolerance tests in males at P50
(C) and females at P88 (D) and glucose response and AUC during insulin tolerance test in males (E) and females (F) at P66. *HFDP351 >
CHOW, P values <0.05; †HFDP211 > CHOW, P values <0.05; ‡HFDP21 > CHOW, P < 0.05. Note that data from CHOW and HFDP21 con-
trol groups are the same in Fig. 2 and Supplementary Fig. 2, with all statistical analyses controlling for multiple comparisons of all eight
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Webster splenocytes in response to insulin. Furthermore,
administration of cyclophosphamide, at a dose that induces
diabetes in NOD mice (29), did not induce diabetes in Swiss
Webster males (Supplementary Fig. 4).

DISCUSSION

Detailed examination of the metabolic consequences of
HFD exposure during various developmental time periods

demonstrated the relative importance of dietary fat con-
tent during the preweaning, peripubertal, and postpuber-
tal periods as well as marked sex differences. As we
previously found, HFD consumption throughout life
induced a high diabetes incidence in male Swiss Webster
mice. We further found that incidence was earlier in mice
when HFD was initiated at weaning (HFDP211) rather
than postpuberty (HFDP351). This is unsurprising given
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Figure 4—Effects of diet exposure on plasma hormones and metabolic tissues in adult males. A: Plasma insulin levels in males at P47 and
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diabetes.diabetesjournals.org Glavas and Associates 2779

https://doi.org/10.2337/figshare.16608580


the former was exposed to HFD for a longer time period.
Notably, HFD exposure during just the preweaning period
(HFDP2–21) resulted in earlier onset and higher incidence
of diabetes than if the HFD diet was extended through
puberty (HFDP2–35). This is unexpected given the shorter
duration of HFD exposure in the former and that wean-
ing to high-carbohydrate chow has previously been shown
to promote b-cell proliferation and glucose responsivity
of b-cells compared with weaning onto HFD (30). How-
ever, Vogt et al. (11) observed that HFD exposure during
just the preweaning period resulted in impaired glucose
tolerance and reduced parasympathetic outputs to islets
with no difference in b-cell mass. Although we did not
observe impaired glucose tolerance in HFDP2–21 mice, we
speculate that b-cells during the preweaning period are
particularly sensitive to the detrimental effects of HFD,

rendering them susceptible to the added metabolic
stressor of a sudden shift to a high-carbohydrate diet.
Thus, while a nutrient switch at weaning may be an
important trigger for b-cell maturation, it is also a vulner-
able phase in b-cell development particularly in the pres-
ence of a genetic susceptibility to diabetes as in Swiss
Webster males (16).

Delaying the initiation of HFD to postpuberty has pre-
viously been shown to promote adiposity and worsen
insulin sensitivity (21,22). Although we did not observe a
difference in adiposity, we did observe poorer insulin sen-
sitivity when HFD was initiated in male mice postpuberty
(HFDP351) instead of at weaning (HFDP211), despite
being on HFD for a shorter time. Similar observations
were made by Cordoba-Chacon et al. (22) in comparing
mice with HFD initiation at 4 weeks relative to 12 weeks
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of age. Interestingly, they found a greater lean mass when
HFD was initiated earlier and speculated that this pro-
moted insulin sensitivity and metabolic health. Although
we did not measure lean mass in our mice, these findings
suggest that HFD exposure during the critical peripuber-
tal period of growth could actually have some beneficial
effects on insulin sensitivity. In Swiss Webster male mice
that are susceptible to HFD-induced diabetes, any benefi-
cial effects on insulin sensitivity were insufficient to pro-
tect against primary b-cell failure, but an overall bene-
ficial effect on metabolism may be more prominent in
other strains.

Holtrup et al. (27) previously observed sustained glu-
cose intolerance in response to brief HFD exposure during
puberty in C57BL/6J males. In contrast, in our study, we
did not see long-term metabolic impairments in either
males or females in response to transient HFD exposure
during puberty (HFDP21–35). This discrepancy could be
due to strain differences; however, since the study by
Holtrup et al. (27) used a 60% fat diet, whereas our diet
was 45% fat, a higher dietary fat content may be needed
to see a long-term effect during puberty. Similarly, switch-
ing from HFD to chow diet only during puberty
(HFDP2–21,P351 group) resulted in similar glucose and
insulin tolerance compared with the HFDP21 group in
both sexes. We did not observe significant differences in
b-cell mass among diet groups in males. However, there
was greater variation in mice consuming HFD into adult-
hood, suggesting heterogeneity of metabolic responses in
this outbred strain such that some mice but not others
may be able to respond to metabolic stressors through
expansion of b-cell mass. The mechanisms underlying
such differential responses remain unclear.

We recently profiled plasma lipid species in Swiss Web-
ster male mice via metabolomics and found alterations in
response to HFD consumption, early overnutrition, and
diabetes status (15) and highlighted the need for tissue-
specific lipid analyses to understand the metabolic effects
of these alterations. In the current study, we therefore
examined liver steatosis as an index of long-term lipid
dysregulation in this tissue. Postpubertal HFD exposure
(i.e., after P35) promoted liver steatosis, with the surpris-
ing exception of male mice that were on HFD throughout
life (HFDP21 mice); thus, this was not only reflective of
the longer length of HFD exposure. We and others have
previously shown that leptin has an antisteatotic effect in
the liver (31,32). However, this effect is lost in the state
of leptin resistance (33), and, similar to what we observed
in males in the current study, circulating leptin levels
have been shown to correlate with severity of liver steato-
sis in humans (34). Although we would expect longer
exposure to HFD to worsen lipid homeostasis, the lower

degree of liver steatosis in mice on HFD throughout life
compared with shorter HFD exposure is in line with the
Developmental Origins of Health and Disease hypothesis
that metabolic systems adapt to the nutritional environ-
ment during development as a prediction of future die-
tary composition, but that an inaccurate prediction can
result in maladaptation and adverse effects on metabo-
lism (35). Thus, consistent exposure to HFD during devel-
opment may have promoted adaptation to a high lipid
environment with respect to liver steatosis. We therefore
hypothesize that sudden changes in dietary macronutri-
ent composition at critical points in development, specifi-
cally weaning and puberty, may lead to maladaptations in
lipid regulation in comparison with a consistent diet,
even when the diet is high in fat.

The striking sex differences observed in this study are
particularly noteworthy. At P30, females showed reduced
insulin sensitivity compared with males. However, insulin
sensitivity improved in females after puberty and in fact
showed greater sensitivity than males. This likely reflects
the known transient insulin resistance that is seen during
puberty (18,19). At P35, females also showed a greater
HFD-induced increase in adiposity than males, specifically
when HFD exposure included the peripubertal period (i.e.,
in HFDP211 and HFDP21 females) and higher than HFD
exposure during the preweaning period (HFDP2–21),
despite the latter being a longer duration of exposure in
pups terminated at P35. This suggests that females may
be more sensitive than males to HFD-induced adipose
growth during the peripubertal period and that HFD is
more adipogenic in females during the peripubertal rela-
tive to the preweaning period. Although increased adipos-
ity is generally thought of as unhealthy, appropriate adipose
tissue expansion, particularly through adipocyte hyperplasia,
can be an adaptive response that maintains metabolic health
by allowing for appropriate storage of fats (36,37). We did
not systematically assess adipocyte size and numbers, and it
is not clear whether the higher adiposity in young females
contributed a metabolic benefit. However, as discussed
below, several females developed apparent adipose tissue
dysfunction with age. Unlike the high diabetes incidence in
males across several treatment groups, only one HFDP351

female developed diabetes. Three other HFD-consuming
females developed brief periods of hyperglycemia, but it was
short-lived, indicating that their b-cells were able to adapt
to the metabolic demand. This sex difference likely relates
to the recognized protective role of estradiol in b-cell sur-
vival and function as well as protection from HFD-induced
metabolic dysfunction (38,39). An ability of b-cells in Swiss
Webster females to respond to metabolic demand was cor-
roborated by examination of pancreas at 1 year of age that
revealed an extremely high islet mass in several mice across

magnification image of pancreas section in an HFDP21 female at P325 (insulin in magenta, DAPI in white) demonstrating b-cell hyperpla-
sia. P325 female pancreas showing insulin (magenta), glucagon (green), and DAPI (white) in CHOW pancreas (J) and HFDP21 pancreas
(K). L: Islet mass in P325 females. HFDP21 islet with peri-insulitis (M) and percent of islets per pancreas section (N) exhibiting peri-insulitis
or insulitis. Scale bars = 100 mm.
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treatment groups. The positive correlation between islet
mass and AUC during insulin tolerance tests suggests that
this islet expansion may be a response to insulin resistance.
Although the temporal dynamics of this islet mass expan-
sion are unknown, a previous study found massive islet
hyperplasia in ob/ob mice at 1 year of age, with a near dou-
bling from 26 to 52 weeks of age (40), suggesting that this
could be a response to aging or prolonged obesity. Females
also maintained normal glucose tolerance and insulin levels
throughout life. HFD-consuming females exhibited a high
degree of liver steatosis as well as fibrosis in WAT, particu-
larly in the gonadal fat pad. Of possible relevance, a recent
study by Kusminski et al. (41) using a transgenic model that
induced adipocyte dysfunction and fibrosis in HFD-fed mice,
triggered a similar degree of islet hyperplasia as we observed
in some females, but in a short time frame, suggesting a
potential proliferative signal from dysfunctional adipose tis-
sue. If so, the adipose dysfunction we observed may have
contributed to islet mass expansion that allowed HFD-con-
suming females to maintain normal glucose regulation. Insu-
litis was also observed in several females across all but the
HFDP351 treatment group. However, this did not appear to
have any detrimental effects on glucose homeostasis, further
supporting the compensatory capacity of b-cells in females.

Peri-insulitis is an early indicator of progression toward
autoimmune diabetes in the NOD mouse (42). Although
some Swiss Webster females exhibited peri-insulitis at 1
year of age, they remained normoglycemic. We have not
previously observed peri-insulitis in any male Swiss Web-
ster mice, but we wondered if an autoimmune component
may contribute to their rapid onset of diabetes. However,
we did not observe any sensitization of splenocytes to
insulin in nondiabetic males. In addition, cyclophospha-
mide, at a dose that induces diabetes in NOD mice via
depletion of Tregs (29,43), did not induce diabetes in
Swiss Webster male mice. Thus, we found no indication
of an autoimmune component to the diabetes phenotype
of males. Several of the 1-year-old females also exhibited
immune cell accumulation in liver, suggesting a more
widespread inflammatory response rather than a specific
autoimmune response against b-cells, perhaps related to
aging.

In testing HFD exposure during various periods of
postnatal development, rather than detrimental conse-
quences that were consistent across all metabolic systems
in response to specific timing patterns of HFD exposure,
we observed that outcomes varied by metabolic parameter
and tissue examined. Outcomes also differed considerably
between males and females. Nonetheless, our studies sug-
gest that both the preweaning and peripubertal periods
are critical for metabolic programming and that dramatic
changes in macronutrient composition of diet during
these transitions can have significant impact on develop-
mental trajectories of tissues. As such, careful consider-
ation of the timing of dietary changes, sex differences,
and the genetic background and susceptibility to metabolic

impairments of the study model should be incorporated
into experimental design of metabolic studies.
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