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INTRODUCTION
Islet cells develop throughout life and demonstrate 
plasticity in response to metabolic demand to maintain 
glucose homeostasis. In mice, the pancreatic bud forms 
at ~e9.5 during the primary transition comprising 
cells that can give rise to all three major lineages of the 
adult pancreas: endocrine, exocrine and duct [1]. The 
mesenchyme is required for the correct patterning, 
growth and differentiation of the embryonic pancreas 
[2]. In rodents, most islets develop prior to birth and 
during the immediate period after birth while undergoing 
substantial remodeling. The critical periods of islet 
development in rodents are islet morphogenesis at e17-
19 [3] and the first week of life when neogenesis occurs 
[4]. Any disturbance in the environment of the islet cells 
at a specific developmental time point may perturb the 
balance of controlling factors, thereby contributing to beta 
cell dysfunction and diabetes later in life [5].

An altered metabolic state of increased insulin demand, 
such as obesity which is strongly associated with insulin 
resistance, confers susceptibility to develop metabolic 
disease. Chronic high fat (HF) feeding is associated with 
the pathogenesis of obesity, insulin resistance and beta cell 
dysfunction. Increased free fatty acid (FFA) or saturated 
fatty acid influx from a high fat diet (HFD) may induce 
adipogenesis and metabolic syndrome, also modulating 
the inflammatory response [2, 3]. Rodents on chronic 
HFDs were obese, hyperlipidemic, glucose intolerant 
and insulin insensitive with impaired insulin signaling 
reflecting insulin resistance [6]. In another study, mice fed 
chronic HFDs displayed beta cell dysfunction, impaired 
glucose-stimulated insulin secretion (GSIS) and glucose 
intolerance as a consequence of insulin resistance [7].

Programming is the exposure to stimuli or insults (i.e., 
events) during critical life stages, particularly during 
fetal and lactational life, that shape progeny metabolism 
and physiology immediately, transiently and/or 
permanently. High saturated fat programming (hereafter 
HF programming) is the exposure to a HFD (≥40% of 
mainly saturated fat as energy) during critical life stages. 
We previously demonstrated that HF programming 
altered islet cell development and physiology, specifically 
compromising beta cell integrity and function, in neonate 
[8, 9], weanling [10, 11, 12] and adolescent rats [13]. 

However, our recent study in the adolescent rats [13] 
focused on the gender-specific effects and not on global 
representative effects of combined genders as in the 
previous neonate and weanling studies. Therefore 
the present study will assess the islet responses to HF 
programming in these adolescent progeny (combined 
gender phenotypes). The changes in the metabolic 
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parameters (body weight, leptinemia, glycemia, 
insulinemia, HOMA and lipidemia) and islet morphometry 
(islet cell number, size, volume, ratios and proliferation) 
of these adolescent progeny will be presented.

MATERIALS AND METHODS
Experimental Design

Progeny were generated from female Wistar rats after 
obtaining ethical approval according to previous protocols 
[8, 10]. The experimental groups are listed in Table 1 and 
refer to neonates euthanized at postnatal day 1, weanlings 
at postnatal day 21 and adolescents at postnatal day 90. 
Further, the periods of HFD maintenance are reflected 
in Table 1. The control progeny were maintained on a 
standard laboratory diet throughout fetal life (neonates) 
and both fetal and postnatal life (weanlings and 
adolescents) (Table 1). HFG adolescents were maintained 
on a fetal HFD, HFP adolescents on a postnatal HFD, 
and HFGP adolescents on a HFD throughout fetal and 
postnatal life (Table 1). HFG neonates, HFG, HFL and 
HFGL weanlings were also studied. In the weanlings, 
the nomenclature for HFP and HFGP adolescents were 
replaced by HFL and HFGL respectively where L refers 
to lactation as P refers to postnatal in adolescents (Table 
1). The standard laboratory (control or low fat) diet 
comprised 10% fat, 15% protein and 75% carbohydrate 
(2.6 kcal/g) as energy whereas the HFD contained 40% 
fat, 14% protein and 46% carbohydrate (2.06 kcal/g). 
The HFD mainly comprised saturated fat and was used in 
previous islet studies [8, 11, 13].

Metabolic Parameters

The metabolic parameters assessed were body weight 
(previously determined in neonates and weanlings), 
pancreas weight (also adjusted for body weight: pancreas 
weight/body weight X 100), fasting serum leptin (rat 
leptin RIA kit, Linco Research, St. Charles, MO, USA; not 
determined in neonates due to insufficient sera volumes), 
blood glucose (glucometer, Precision QID, MediSense, 
Oxfordshire, UK) and serum insulin concentrations (rat 
insulin RIA kit, Linco Research; previously determined in 
neonates and weanlings), HOMA-insulin resistance (IR) 
([fasting blood glucose (mmol/L) X fasting serum insulin 

(mU/L)]/22.5)) and HOMA-beta cell function (B) ([20 X 
fasting insulin (mU/L)]/glucose (mmol/L) – 3.5)). HOMA 
indices were adapted for neonates as sera were pooled 
for insulin measurements; therefore no individual insulin 
concentrations were available. However, the insulin 
was matched to glucose concentrations per group for 
estimation. In adolescents (not determined in neonates or 
weanlings), fasting serum triglyceride (GPO-PAP method, 
autohumalyzer A5, Human Diagnostics, Wiesbaden, 
Germany), total, LDL and HDL cholesterol (rapid thin-layer 
chromatographic-gas-liquid procedure) were determined 
as previously described [14]. Further, total cholesterol to 
HDL cholesterol ratios were determined.

For body weights, n=44 for control, n=9 for HFG, n=20 
for HFP and n=10 for HFGP adolescents. For pancreas 
weights, n=6 for control and n=18 for HFG neonates; n=14 
for control and n=6 for HFG, HFL and HFGL weanlings; 
n=40 for control, n=3 for HFG, n=6 for HFP and n=4 for 
HFGP adolescents. For leptin, n=8 for control, n=5 for 
HFG, n=8 for HFL and n=6 for HFGL weanlings; n=16 
for control, n=6 for HFG, n=14 for HFP and n=5 for 
HFGP adolescents. For glucose concentrations, n=46 for 
control, n=13 for HFG, n=24 for HFP and n=10 for HFGP 
adolescents. For insulin concentrations, n=34 for control, 
n=8 for HFG, n=20 for HFP and n=5 for HFGP adolescents. 
For HOMA-IR and HOMA-B, n=10 for control and n=6 for 
HFG neonates; n=25 for control, n=6 for HFG, n=9 for HFL 
and n=5 for HFGL weanlings; n=22 for control, n=7 for 
HFG, n=14 for HFP (for HOMA-IR but n=13 for HOMA-B) 
and n=5 for HFGP adolescents. For lipid profiles, n=6 for 
control and HFG adolescents and n=4 for HFGP while HFP 
adolescents were excluded due to n=2.

Islet Morphometry

Pancreata were double immunolabeled with insulin 
and glucagon followed by image analysis as previously 
described [8]. Beta and alpha cell numbers, sizes and 
volumes, beta to alpha cell ratios (previously determined 
in neonates and HFG weanlings), alpha to beta cell ratios, 
islet and acinar cell proliferation indices were calculated 
[8, 11, 13]. 

Whole pancreata were harvested with 4 μm2 serial 
sections selected for immunolabeling experiments. 
Alpha cells were first immunolabeled with a polyclonal 
glucagon antibody (Dako, Carpinteria, CA, USA) followed 
by immunolabeling of the beta cells with a monoclonal 
insulin antibody (Sigma ImmunoChemicals, St Louis, MO, 
USA) [13]. For image analysis, a Canon Powershot S40 
digital camera (Canon, Tochigi, Japan) mounted on an 
Olympus BX60 light microscope (Olympus, Tokyo, Japan) 
attached to a personal computer was used to capture 
images [13]. The final digitized images were 768 X 1024 
pixels [13]. 

An islet was defined as a cluster of ≥8 islet cells. Image 
analysis was performed with the Leica Qwin Plus 
Software (Leica, Cambridge, UK) [13]. Total tissue area 
was determined by adding the tissue measured in each 
field of view using the interactive measurement option 
of the Leica software [13]. Total islet area, total beta cell 

Groups Diet
Fetal Lactational Postnatal

Control Control Control Control
HFG neonates HFD - -
HFG weanlings HFD Control -
HFL weanlings Control HFD -
HFGL weanlings HFD HFD -
HFG adolescents HFD Control Control
HFP adolescents Control HFD HFD
HFGP adolescents HFD HFD HFD

Table 1. High fat programmed progeny

Control progeny (neonates, weanlings and adolescents) were 
maintained on a control (low fat) diet throughout. Experimental progeny 
were maintained on a HFD for specific periods of fetal, lactational and/
or postnatal life. Control (10% fat; standard laboratory) diet. HFD, high 
(40%) fat diet. HFG, fetal HFD; HFL, lactational HFD; HFGL, fetal and 
lactational HFD; HFP, postnatal HFD; HFGP, fetal and postnatal HFD.
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area and total alpha cell area were determined by color 
segmentation and thresholding [13]. Beta cell number 
was assessed by counting the number of beta cell nuclei. 
Beta cell size was calculated by dividing the measured 
beta cell area by the number of beta cell nuclei counted 
and expressed in μm2 [13]. The relative beta cell volume 
was obtained by calculating the ratio between the area 
obtained by immunoreactive beta cells and the area 
occupied by total islet cells [13]. The same procedures 
were applied to estimate alpha cell number, size and 
volume [13]. For islet cell studies, n=8 for control, n=6 
for HFG, n=7 for HFP and n=5 for HFGP adolescents. The 
ratio of beta to alpha cell area (i.e., beta to alpha cell ratio) 
was determined by dividing the total beta cell area by the 
total alpha cell area [13]. The inverse calculations were 
applied to determine the alpha to beta cell ratio [13]. For 
alpha to beta cell ratios, n=6 for control and n=11 for HFG 
neonates; n=8 for control, n=6 for HFG, n=7 for HFL and 
n=6 for HFGL weanlings.

Proliferation indices of islet and acinar cells were calculated 
after immunostaining with the proliferation marker, Ki67 
(MIB5; DakoCytomation, Glostrup, Denmark) [13]. Five 
hundred nuclei of each cell type (islet and acinar cells) 
were counted [13]. The number of proliferative cells was 
divided by the total number of cells to determine the islet 
and acinar cell proliferation indices [13]. For islet and 
acinar cell proliferation, n=6 for control and n=12 for HFG 
neonates; n=8 for control, n=6 for HFG and HFGL, and n=8 
for HFL weanlings; n=6 for control and n=5 for HFG, HFP 
and HFGP adolescents.

STATISTICS

For neonates, the unpaired student’s t test was applied to 
analyze the two groups. For weanlings and adolescents, 
four groups were compared using one-way ANOVA 
followed by Bonferroni’s post-hoc test. Data are reported 
as means ± SEM with significance established at p<0.05.

RESULTS
Metabolic Parameters

In neonates, leptin concentrations were not determined 
due to insufficient sample volumes. There were no 
differences in weanling leptin concentrations (Table 2). 
HFGP adolescents were heavier than all, whereas HFP 
adolescents were heavier than the control adolescents 
with elevated leptin concentrations in HFP and HFGP 
adolescents relative to control and HFG adolescents 
(Table 2). 

HFG neonates had increased HOMA-IR with no changes 
in HOMA-B, despite a 55% reduction (Table 2). Weanling 
HOMA-IR and HOMA-B were unaltered (Table 2). 
Surprisingly the 88% and 74% reduction in HOMA-B in 
HFG and HFL weanlings respectively was not significant. 
HFP adolescents were hyperglycemic compared to control 
and HFG adolescents (Table 2). Both HFP and HFGP 
adolescents were hyperinsulinemic compared to control 
and HFG adolescents which was supported by elevated 
HOMA-IR indices (Table 2). There were no significant 
differences in HOMA-B, despite an 83% reduction in HFG 
adolescents compared to control adolescents (Table 2). 

In HFGP adolescents, total and LDL cholesterol 
concentrations and the total cholesterol to HDL 
cholesterol ratios, which predicts the risk for developing 
atherosclerosis, were reduced compared to control 
adolescents (Table 3). Triglyceride and HDL cholesterol 
concentrations did not differ amongst the groups (Table 3). 

Islet Morphology

Pancreas and Pancreas: Body Weight

Pancreas (p=0.0018) and pancreas:body (p=0.0007) 
weights were reduced in HFG neonates compared to 
control neonates (Table 4). Pancreata were heavier in 
HFGL weanlings relative to control and HFG weanlings 

Control HFG aHFL/HFP bHFGL/HFGP
cWeight (g)
Adolescents 228 ± 5.88 258 ± 17.66 288 ± 14.79* 374 ± 23.17*†‡

dSerum leptin (ng/ml)
Weanlings 0.75 ± 0.12 0.41 ± 0.05 0.50 ± 0.06 0.86 ± 0.13
Adolescents 0.65 ± 0.07 0.55 ± 0.05 4.87± 0.86*† 8.62 ± 2.44*†

cBlood glucose (mmol/l)
Adolescents 7.1 ± 0.24 9.3 ± 0.92 12.6 ± 0.99*† 9.9 ± 1.39
cSerum insulin (mU/ml)
Adolescents 182.6 ± 36.14 96.6 ± 19.34 379.7 ± 43.33*† 510.9 ± 256.1*†

HOMA-insulin resistance
Neonates 37.8 ± 9.7 73.7 ± 10.3* - -
Weanlings 37.9 ± 6.6 15.2 ± 4.1 56.5 ± 16.9 22.8 ± 6.2
Adolescents 68.0 ± 16.7 33.1 ± 6.1 199.1 ± 26.1*† 260.8 ± 124.0*†

HOMA-beta cell function
Neonates 1167 ± 320 523 ± 103 - -
Weanlings 1127 ± 304 136 ± 63 298 ± 37 1146 ± 1083
Adolescents 935 ± 273 162 ± 58 1353 ± 467 993 ± 782

Table 2. Metabolic parameters of high fat programmed neonate, weanling and adolescent rats 

HFG, high fat diet during fetal life; HFP, high fat diet during postnatal life; HFGP, high fat diet during both fetal and postnatal life.
For neonates, unpaired student’s t-test. For weanlings and adolescents, one-way ANOVA followed by Bonferroni’s post-hoc test. aHFL for weanlings, HFP for 
adolescents; bHFGL for weanlings, HFGP for adolescents. cPreviously published for neonates and weanlings. dNot determined in neonates. Data are means ± 
SEM. *p < 0.05 vs. control; †p < 0.05 vs. HFG; ‡p < 0.05 vs. HFP.
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with pancreas:body weight increased relative to control 
weanlings (Table 4). In adolescents, pancreas weights did 
not differ; however, pancreas: body weight was reduced 
in HFGP adolescents compared to control adolescents 
(Table 4). 

Islet Cell Number, Size, Volume, Ratios and Proliferation 
(Islet and Acinar Cells)

There were no changes in beta cell morphology in HFL and 
HFGL weanlings compared to control weanlings (data not 
shown). HFP adolescents displayed beta cell hypoplasia 
compared to HFGP adolescents (Figure 1A) and beta 
cell hypertrophy compared to control, HFG and HFGP 
adolescents (Figure 1B). Beta cell volume was similar 
amongst the groups (Figure 1C). 

There were no changes in alpha cell morphology in HFL 
and HFGL weanlings compared to control weanlings 
(data not shown). HFP adolescents displayed alpha cell 
hyperplasia relative to HFGP adolescents (Figure 2A). 
Alpha cell sizes (Figure 2B) and volumes (Figure 2C) were 
similar amongst the groups. 

Alpha to beta cell ratios were 0.20 ± 0.05 in control and 
0.43 ± 0.11 in HFG neonates with no differences. There 
were no changes in beta to alpha cell ratios in HFL and 
HFGL weanlings (data not shown). Alpha to beta cell 
ratios were 0.43 ± 0.04 in control; 0.61 ± 0.08 in HFG; 
0.58 ± 0.08 in HFL and 0.60 ± 0.08 in HFGL weanlings 
with no differences. The beta to alpha cell (Figure 3A) and 

alpha to beta cell (Figure 3B) ratios were not altered in 
adolescents. 

There were no differences in either islet or acinar cell 
proliferation indices in neonates (Table 4). Acinar cell 
proliferation indices were reduced in HFG weanlings 
compared to control, HFL and HFGL weanlings with no 
differences in the islet cell proliferation indices (Table 
4). Islet cell proliferation indices were increased in 
HFP compared to control adolescents; there were no 
differences in the acinar cell proliferation indices (Table 4).

DISCUSSION
The present study focused on HF programming of 
metabolic and islet parameters in adolescent Wistar 
rats. Specifically we investigated the changes in the 
metabolic parameters (body weight, leptinemia, glycemia, 
insulinemia, HOMA and lipidemia) and islet morphometry 
(islet cell number, size, volume, ratio and proliferation) in 
these progeny. Further, we sought to combine new data 
to previous data in neonate and weanling progeny. This 
allowed standardization of metabolic and islet parameters 
in neonate, weanling and adolescent progeny. 

Neonates

The HFG neonates were hyperglycemic [8] with impaired 
insulin release from islets [9] and insulin resistant 
(present study). Further, beta cell numbers and volumes 
were diminished whereas alpha cell numbers, sizes 
and volumes were augmented [8]; this diabetogenic 
phenotype demonstrated the immediate detrimental fetal 

Control HFG HFP HFGP
Triglyceride (mmol/l) 0.79 ± 0.07 0.84 ± 0.04 - 0.49 ± 0.12
Total cholesterol (mmol/l) 2.45 ± 0.13 2.28 ± 0.12 - 1.82 ± 0.04*
LDL cholesterol (mmol/l) 1.51 ± 0.13 1.26 ± 0.13 - 0.77 ± 0.05*
HDL cholesterol (mmol/l) 0.94 ± 0.07 1.02 ± 0.04 - 1.06 ± 0.05
Total cholesterol: HDL 2.65 ± 0.18 2.26 ± 0.16 - 1.74 ± 0.09*

Table 3. Serum lipid concentrations in high fat programmed adolescent rats

HFG, high fat diet during fetal life; HFP, high fat diet during postnatal life; HFGP, high fat diet during both fetal and postnatal life. One-way ANOVA followed 
by Bonferroni’s post-hoc test. Data are means ± SEM. No HFP data as n =2. *p < 0.05 vs. control.

Table 4. Pancreas weight and proliferation in high fat programmed neonate, weanling and adolescent rats
Control HFG HFL/aHFP HFGL/bHFGP

Pancreas weight (g)
Neonates 0.03 ± 0.005 0.02 ± 0.001* - -
Weanlings 0.11 ± 0.02 0.12 ± 0.01 0.16 ± 0.03 0.24 ± 0.03*†

Adolescents 1.28 ± 0.04 1.23 ± 0.09 1.47 ± 0.08 1.48 ± 0.05
Adjusted pancreas weight (pancreas weight/body weight X 100)
Neonates 0.68 ± 0.11 0.41 ± 0.02* - -
Weanlings 0.30 ± 0.04 0.35 ± 0.02 0.46 ± 0.08 0.54 ± 0.06*
Adolescents 0.51 ± 0.02 0.47 ± 0.04 0.43 ± 0.03 0.34 ± 0.02*
Islet cell proliferation
Neonates 0.12 ± 0.02 0.08 ± 0.01 - -
Weanlings 0.03 ± 0.004 0.01 ± 0.003 0.04 ± 0.010 0.04 ± 0.007
Adolescents 0.003 ± 0.001 0.007 ± 0.001 0.013 ± 0.003* 0.009 ± 0.001
Acinar cell proliferation
Neonates 0.09 ± 0.01 0.07 ± 0.01 - -
Weanlings 0.12 ± 0.02 0.01 ± 0.00*‡§ 0.13 ± 0.01 0.09 ± 0.01
Adolescents 0.002 ± 0.001 0.003 ± 0.001 0.037 ± 0.022 0.005 ± 0.001

HFG, high fat diet during fetal life; HFP, high fat diet during postnatal life; HFGP, high fat diet during both fetal and postnatal life. For neonates, unpaired 
student t-test. For weanlings and adolescents, one-way ANOVA followed by Bonferroni’s post-hoc test. aHFL for weanlings, HFP for adolescents; bHFGL for 
weanlings, HFGP for adolescents. Data are means ± SEM. *p < 0.05 vs. control; †p < 0.05 vs. HFG; ‡p < 0.05 vs. HFL; §p < 0.05 vs. HFGL.
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HF programming effects on islet architecture and beta cell 
function. The beta cell dysfunction and insulin resistance 
appears in response to hyperglycemia. Hyperglycemia 
in utero programs the endocrine pancreas [15]; in HFG 
neonates this induced beta cell dysfunction and insulin 
resistance. 

The capacity of beta cells to proliferate in response to 
insulin resistance is critical for glucose homeostasis and 
preventing the onset of type 2 diabetes [16]. Beta cell 
proliferation requires co-staining with a beta cell marker 

(i.e., insulin) and a proliferation marker (e.g., Ki67). In 
the present study, islet and acinar cell proliferation did 
not discern the cell subtypes. With no increases in islet 
or acinar cell proliferation in HFG neonates, no new beta 
cells were available to sustain beta cell compensation 
in response to increased insulin demand. This likely 
contributed to the compromised beta cell development 
(non-replenishment of beta cells) and function. An 
increase in alpha cell number and glucagon secretion may 
exacerbate insulin resistance [17]. The insulin resistant 
HFG neonates had alpha cell hyperplasia and hypertrophy 
resulting in increased alpha cell volume [8] that likely 
exacerbated their insulin resistance. 

‡p < 0.05 vs. HFP
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Figure 1(A). Beta cell number in adolescent rats maintained on a high 
fat diet during fetal and/or postnatal life.
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Figure 1(B). Beta cell size in adolescent rats maintained on a high fat 
diet during fetal and/or postnatal life. 
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Figure 1(C). Beta cell volume in adolescent rats maintained on a high fat 
diet during fetal and/or postnatal life. 
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Figure 2(A). Alpha cell number in adolescent rats maintained on a high 
fat diet during fetal and/or postnatal life.
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 Figure 2(B). Alpha cell size in adolescent rats maintained on a high fat 
diet during fetal and/or postnatal life.
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fat diet during fetal and/or postnatal life.
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Weanlings

Various weanling phenotypes presented after HF 
programming during different developmental stages. 
HFG weanlings, with fetal HF maintenance, had low body 
weights, hypoinsulinemia [10] and glucose intolerance 
[12] with normal islet morphology [10] but reduced acinar 
cell proliferation (present study). Acinar and ductal cells 
co-inhabit the pancreas to form the majority of this micro-
organ. With a similar lineage during ontogeny and their 
close proximity during maturity, the trans-differentiation 
of these non-islet cells to beta cells is attractive. The 
combination of the transcription factors MafA, Pdx1 
and Ngn3 was reported to drive the reprogramming of 
acinar cells to islet cells in the pancreas of adolescent 
immune-compromised mice [18]. The reduced acinar cell 
proliferation in HFG weanlings presented independent of 
changes in islet cell proliferation and morphology. The 
low fat diet intervention, during the critical period of 
pancreatic remodeling from birth to weaning, improved 
islet outcomes [10] but as a consequence resulted in 
reduced acinar cell proliferation. This may constrain 
trans-differentiation should insulin demand increase. 
The contribution and dynamics of various pancreatic cell 
types to maintain glucose homeostasis requires further 
investigation.

HFL weanlings, with HF maintenance from birth to 3 weeks 
of age, were hyperglycemic [10] and the most glucose 

intolerant [12], despite normal islet morphology (present 
study). This revealed that lactational HF programming 
(i.e., HF maintenance during lactational life) induced a 
diabetogenic phenotype characterized by hyperglycemia 
and glucose intolerance but independent of altered islet 
morphology and insulin resistance. 

HFGL weanlings, maintained on a HFD throughout fetal 
life and the first 3 weeks of life, had increased body 
weights, hypoinsulinemia [10] and glucose intolerance 
[12] independent of altered islet morphology and insulin 
resistance (present study). In HFGL weanlings, the 
chronic HFD maintenance may result in the accumulation 
of ectopic pancreatic fat thereby increasing pancreatic 
weight. Ectopic pancreatic fat impairs GSIS [19] which 
may contribute to the hypoinsulinemia and glucose 
intolerance in HFGL weanlings clearly reflecting beta cell 
dysfunction.

The metabolic changes in HFG, HFL and HFGL weanlings 
were independent of changes in islet morphometry. New 
beta cells can be formed either by proliferation of existing 
beta cells (replication) or by de novo differentiation from 
non-beta, viz., pancreatic (i.e., non-beta islet cells, acinar 
and duct cells) and extra-pancreatic cells (neogenesis). 
Beta cells undergo active proliferation and apoptosis 
during the first 20 days of life which coincides with 
the lifespan of these weanlings, also associated with a 
transiently reduced islet growth rate in rodents [20]. 
Lactation is a critical period for beta cell maturation 
[21]. Islet remodeling during lactational life may help 
to maintain normal islet morphology, despite the HF 
maintenance in HFL and HFGL weanlings. In HFG 
weanlings, the low fat (control) diet during lactational 
life prompts the restoration of compromised beta cell 
morphology that presented at birth. Lactation may hold 
the greatest beta cell compensatory capacity in progeny 
given that extensive islet remodeling occurs and may 
equip beta cells to correct prior insults. Healthy nutrition 
during lactational life therefore improves progeny health 
outcomes.

Adolescents

Like the weanlings, the adolescents also presented 
different phenotypes shaped by the specific period of HF 
maintenance. Surprisingly, HFG adolescents displayed 
normal metabolic and islet parameters mimicking the 
control adolescent phenotype. Therefore the adverse 
fetal HF programming effects on islet morphology and 
function were corrected by chronic low fat maintenance 
throughout postnatal life. Beta cells are dynamic and the 
life stage influences beta cell turnover. Compensatory 
beta cell expansion (i.e., hyperplasia and hypertrophy 
in response to increased insulin demand) is limited 
and declines with age. In Wistar rats, beta cell function 
decreases with age limiting their compensatory capacity 
which may contribute to the development of diabetes [22]. 
Therefore, in HFG adolescents, the adverse diabetogenic 
phenotype that presented at the neonatal life stage may 
recur upon ageing as their beta cell compensatory capacity 
diminishes. 
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Figure 3(A). Islet cell ratios. Beta to alpha cell ratio in adolescent rats 
maintained on a high fat diet during fetal and/or postnatal life.
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Figure 3(B). Islet cell ratios. Alpha to beta cell ratio in adolescent rats 
maintained on a high fat diet during fetal and/or postnatal life.
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The HFP adolescents demonstrated the most adverse 
metabolic and islet changes characterized by increased 
body weights, hyperleptinemia, hyperglycemia, 
hyperinsulinemia and insulin resistance with beta cell 
hypertrophy and increased islet cell proliferation. HF 
maintenance from birth to adolescence therefore induced 
a mildly obese but severe diabetogenic phenotype. The 
enlarged beta cells in HFP adolescents appeared incapable 
of maintaining glucose homeostasis and therefore did not 
ameliorate their diabetogenic state. Beta cell hyperplasia 
is required, and despite increased islet cell proliferation, 
neither beta nor alpha cell number increased suggesting 
that other islet cell types, viz., delta, PP and/or epsilon cells 
may be proliferating. Therefore non-beta and alpha islet 
cells may present an intra-islet source for replenishing 
beta cells. The ability of an organism to maintain its 
beta cell mass during adulthood is critical for achieving 
glucose homeostasis and preventing diabetes [23]. In HFP 
adolescents, the partial beta cell compensation comprises 
beta cell hypertrophy and hyperinsulinemia to counter 
insulin resistance which was insufficient to restore 
glucose homeostasis. 

The beta and alpha cell relationship is critical considering 
that insulin and glucagon normally partner to maintain 
circulating glucose concentrations within a tight 
physiological range [24]. Interestingly, HFGP adolescents 
demonstrated beta cell hyperplasia and alpha cell 
hypoplasia relative to HFP adolescents reflecting altered 
islet cell numbers. Programming of the endocrine pancreas 
ultimately originates from hyperglycemia during fetal 
and/or lactational life [15]. Since HFGP adolescents were 
exposed to maternal hyperglycemia as fetuses and were 
hyperglycemic as neonates unlike HFP adolescents [8], 
hyperglycemia during fetal life appeared to shift islet cell 
numbers. 

HFGP adolescents were heaviest, most hyperleptinemic, 
hyperinsulinemic and insulin resistant reflecting a 
severe obese, insulin resistant state. The combined 
effects of HF programming (during fetal and lactational 
life) with chronic HFD maintenance (from weaning to 
adolescence) therefore induced obesity. Further, the 
hyperleptinemia, hyperinsulinemia and insulin resistance 
in HFGP adolescents was also relative to the HFG 
adolescents, reinforcing that HFG adolescents mimicked 
the control phenotype at 3 months of age. In diabetes 
and obesity, obesity-associated insulin resistance causes 
hyperinsulinemia as the beta cells are hyperstimulated 
to release more insulin, although the physiological 
mechanism for this hyperstimulation remains unknown 
since it often occurs prior to hyperglycemia [25]. In obese-
insulin resistant HFGP adolescents, these metabolic traits 
manifest in the absence of hyperglycemia signaling a pre-
diabetic state. 

Dyslipidemia is characterized by increased circulating 
triglyceride, increased LDL and reduced HDL 
concentrations. Mature Wistar rats showed dyslipidemia 
reflected by increased serum triglyceride, total cholesterol 
and LDL cholesterol concentrations [26]. However, HDL 
cholesterol concentrations were also increased [26] due to 

rats mainly carrying cholesterol as HDL. Despite a severe 
obese hyperleptinemic and insulin resistant state, HFGP 
adolescents appeared to have a favorable cardiometabolic 
profile given their reduced total and LDL cholesterol and 
total cholesterol to HDL ratios which was conflicting. The 
HFGP adolescents may be in an adaptive metabolic state to 
adjust to the chronic HFD maintenance. In mice fed a HFD, 
there was a 20-fold increase in pancreatic triglycerides 
[27]. No increase in circulating triglycerides was found 
in the HF programmed adolescents. Considering the 
obese state of HFP and HFGP adolescents, determining 
the pancreatic triglyceride and fat content should be 
investigated given their direct association with beta cell 
dysfunction and insulin resistance. 

Perspectives on Insulin Resistance, Beta Cell 
Compensation and Dysfunction 

The association of insulin resistance and beta cell 
dysfunction in the pathogenesis of diabetes is complex 
and depends on the stage and severity of the disease. 
Some insulin resistant individuals do not develop 
diabetes; diabetes only manifests if beta cells fail to 
synthesize and secrete sufficient insulin [28]. Beta 
cells initially compensate for the insulin resistance 
associated with obesity by increasing insulin secretion 
[29]. HFG neonates displayed insulin resistance and 
beta cell dysfunction (hyperglycemia [8], reduced 
GSIS [9] and reduced HOMA-B albeit non-significant). 
Therefore insulin resistance and beta cell dysfunction 
co-presented in the same diabetogenic phenotype. In 
HFG neonates and HFP adolescents, insulin insensitivity 
may be advanced as glycemic disturbances were already 
evident. Prolonged hyperinsulinemia desensitizes insulin 
receptors and causes insulin resistance which burdens 
and diminishes beta cell function thereby promoting the 
onset of diabetes [30]. This links beta cell dysfunction 
and insulin resistance. With beta cell dysfunction and 
insulin co-presenting and their robust association in the 
pathogenesis of type 2 diabetes, both diabetogenic states 
should be simultaneously targeted to prevent the onset of 
overt diabetes.

In HFP and HFGP adolescents, the increase in body 
weight and hyperleptinemia reflected obesity supported 
by their hyperinsulinemic insulin resistant state. In HFP 
adolescents, hyperinsulinemia may be in response to 
hyperglycemia and/or insulin resistance. This partial beta 
cell compensatory response is inadequate for restoring 
glucose homeostasis therefore insulin resistance 
manifests. In HFGP adolescents, hyperinsulinemia 
appears to be in response to insulin resistance as 
hyperglycemia had not yet manifested. Further, in HFGP 
adolescents, with no changes in beta cell morphology or 
glycemia, beta cell function appears somewhat intact, 
although compensatory hyperfunction is reflected by 
hyperinsulinemia. 

HOMA-B indices were aberrant at all life stages. Despite 
large reductions of 55-88% in HOMA-B indices in 
HF programmed progeny (neonates, weanlings and 
adolescents) without significance established; beta 
cell dysfunction was inferred. This lack of significance 
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reflected variances in glucose and insulin concentrations 
suggesting that the equation may require refinement 
to minimize the inherent variability of glycemia and 
insulinemia that is inevitably compounded when factored 
into the equation. Reducing the glycemic and insulinemic 
variability by increasing sample sizes and factoring in 
an adjustment to counter the variability may reinforce 
HOMA-B. Also, a specialized formula adapted for rodents 
should enhance accuracy. Finally, HOMA-B should be 
supplementary to GSIS data to better conclude and confirm 
the beta cell functional state. In contrast, the HOMA-IR 
formula appeared more robust, given that differences 
were established with the same input data. 

CONCLUSION
HF programming induces metabolic and islet 
derangements inducing various diabetogenic phenotypes 
at different life stages. Fetal HF programming resulted 
in an immediate diabetogenic phenotype at birth that 
improved at weaning and mimicked the control phenotype 
at adolescence. In adolescents, postnatal HF maintenance 
induced the most severe diabetogenic phenotype. 
Continuous HF maintenance, throughout fetal life up 
to 3 months of age, resulted in obese, hyperleptinemic 
and insulin resistant adolescents. The postnatal period 
from birth to adolescence represents an extension of HF 
programming of islet cells and metabolic disease.
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