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Background: In recent times, there has been an increase in the incidence of type 2 diabetes mellitus (T2DM) particularly in chil-
dren. Adipocyte dysfunction provide a critical link between obesity and insulin resistance resulting in diabetes outcome. Further, 
environmental chemical exposure during early years of life might be a significant contributing factor to the increase in the inci-
dence of T2DM. This study tests the idea that exposure to environmental contaminants (2-aminoanthracene [2AA]) in utero will 
show effects in the adipose tissue (AT) that signify T2DM vulnerability. 2AA is a polycyclic aromatic hydrocarbon found in a va-
riety of products.
Methods: To accomplish the study objective, pregnant dams were fed various amounts of 2AA adulterated diets from gestation 
through postnatal period. The neonates and older offspring were analyzed for diabetic-like genes in the ATs and analysis of serum 
glucose. Furthermore, weight monitoring, histopathology and immunohistochemical (IHC) staining for CD68 in AT, adipocyte 
size determination and adiponectin amounts in serum were undertaken. 
Results: Up-regulation of adiponectin and interleukin-6 genes were noted in the pups and older rats. Combination of intrauter-
ine 2AA toxicity with moderate high fat diet exhibited gene expression patterns similar to those of the neonates. Elevated serum 
glucose levels were noted in treated groups. IHC of the AT indicated no significant malformations; however, CD68+ cells were 
greater in the animals treated to 2AA. Similarly, mean sizes of the adipocytes were larger in treated and combined 2AA and mod-
erate high fat animals. Adiponectin was reduced in 2AA groups. 
Conclusion: From the preceding, it appears intrauterine 2AA disturbance, when combined with excess fat accumulation will lead 
to greater risk for the diabetic condition.
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INTRODUCTION

In the past few years, there has been an increasing incidence of 
diabetes among the population [1,2]. The scientific and medi-
cal communities attribute this trend to bad eating habits along 
with living a sedentary lifestyle [3,4]. According to some re-
searchers, non-traditional risk factors such as an individual’s 
microbiome, stress, and even the environment may contribute 

significantly to the increased risk to diabetes [5-7]. Of particu-
lar interest to diabetes and obesity investigators involve assess-
ing the role of environmental chemical exposure in the induc-
tion of the disease [8,9]. The environment contains many pol-
lutants in the air, soil and water that can be categorized as tox-
ins. As a consequence, it is imperative for us to understand 
how exposure to environmental toxins through generations 
can have an adverse effect on physiological processes. 
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Furthermore, current research indicates that disturbances in 
the intrauterine environment may cause offspring to be sus-
ceptible to type 2 diabetes mellitus (T2DM) and cardiovascular 
disease [10]. The concept of intrauterine adaptation to injury is 
referred to as developmental programming. Others have ob-
served that environmental exposures in childhood seem to 
trigger chronic diseases that affect adults [11-13]. Insulin-de-
pendent diabetes mellitus, which results from specific disrup-
tion of the pancreatic islet insulin-secreting β-cells, is induced 
in experimental animals by toxic agents, including chemicals 
that are byproducts of cigarette smoking [14,15]. 

In the present study, we examined the exposure of 2-amino-
anthracene (2AA) in utero and the effect on early stages of life 
and its relation to T2DM. Previous research in our laboratory 
showed the over expression of a select genes that are known to 
play crucial roles in diabetic-related outcomes. Specifically, ad-
iponectin, interleukin-6 (IL-6), tumor necrosis factor α 
(TNF-α) among others examined in the study were observed 
to elicit an inflammatory response [6,16]. For instance TNF-α 
is responsible for the down-regulation of genes responsible for 
normal insulin action, having direct effects on insulin signal-
ing, and a negative regulation of peroxisome proliferator-acti-
vated receptor γ [17,18]. IL-6 is responsible for inhibiting insu-
lin receptor signal transduction and insulin action [19,20]. On 
the other hand, adiponectin regulates glucose and fatty acid 
oxidation and is exclusively secreted in adipose tissue (AT) 
[21,22]. CD14 helps modulate AT inflammatory activity and 
insulin resistance [23,24]. Leptin is a hormone made by fat 
cells, which regulates the amount of fat stored in the body 
[25,26]. 

The environmental contaminant 2AA, is a mild toxin and 
known carcinogen in the environment. 2AA is categorized as a 
polycyclic aromatic hydrocarbon (PAH) and as an arylamine 
[27,28]. 2AA can be found throughout the environment, in-
cluding broiled food and tobacco smoke, as well as in a wide 
range of products, including coal, tar, crude oil, cereals, grains, 
flour, vegetables, and pickled foods. One can also be exposed 
to this toxicant specifically through common household foods 
such as meat and cereals. 

The objective is to test if there is a correlation between the 
degrees of exposure to 2AA and its effect on adipokines and 
cytokine gene regulation. Cytokines and adipokines from the 
AT were measured in 2 weeks old neonates and adult pups that 
were exposed to 2AA in utero and later fed moderate high fat 
diet. 

METHODS

Experimental design
Nine timed pregnant dams (day 1) were purchased from 
Taconic (Hudson, NY, USA) and assigned into dose regimens 
of 0 mg/kg- (control), 50 mg/kg- (low dose), and 100 mg/kg-
diet (high dose) 2AA. Dams were fed 2AA-contaminated diet 
during the period of gestation and postpartum. Some (15 rats 
per treatment group) of the offspring were sacrificed 2 weeks 
postnatal. Sample size was estimated via an online statistical 
tool [29] by inputting the determinants such as probability of 
type I error (α=0.05); power (1–β)=0.95; number of groups, 3; 
largest difference, 1.5; and within group standard deviation, 1. 
Calculated parameters indicated that β of 0.05, effect size of 1.5 
required sample size of 12. This was the basis for the choice of 
rats per treatment group. After 3 months postwean, the rest (12 
to 15 rats per group) were assigned into regular rat chow 
(5M30 rodent diet; PMI Nutrition International, LLC, Brent-
wood, MO, USA) and moderate high fat diet (custom adjusted 
diet, 42% from fat, TD.88137; Harlan Laboratories, Madison, 
WI, USA) for 6 weeks.

AT from the abdomen along with other tissues were saved 
following necropsy. Some of the saved tissues were frozen im-
mediately in liquid nitrogen and stored in –80°C freezer until 
analysis, while others were placed in 10% neutral buffered for-
malin. Animals were housed at the Georgia Southern Univer-
sity Animal Facility (1176A Biological Sciences Fieldhouse). 
This facility is accredited by Association for Assessment and 
Accreditation of Laboratory Animal Care. Rats were treated 
according to the principles outlined in the Institute for Labora-
tory Animal Research Guide for Care and Use of Laboratory 
Animals. Our protocols were reviewed and approved by Insti-
tutional Animal Care and Use Committee (IACUC protocol# 
I13010). We were careful to minimize the number of animals 
employed in the research as well as minimizing animal dis-
comfort. 

Diet preparation
The 2AA (CAS# 613-13-8) with 98% purity was purchased 
from Sigma Aldrich (St. Louis, MO, USA) and used without 
further purification. The appropriate amount of 2AA was ini-
tially mixed with sucrose and shipped to Harlan Laboratories 
Inc. for incorporation into the Global Rodent Diet 2020. 2AA 
was incorporated into the 2020 diet at Harlan Laboratories Inc. 
Sucrose blended 2AA was premixed with some of the pow-
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dered-diet and then mixed with the rest of the diet for even 
distribution. Approximately 10% of water was added to the 
diet and then pelleted. No heat was added during the pelleting 
process. The diet is finally dried at 50°C for 8 hours in order to 
reduce moisture and possible mold contamination. The diet 
was then packaged and shipped. Control diet was pelleted 
similar to 2AA adulterated diet to ensure uniformity in diet 
preparation. 

At almost 3 months postwean, progeny were assessed for 
their susceptibility to T2DM via dietary changes. Rat offspring 
were randomized into normal rat chow and moderately high 
fat diet (custom adjusted diet [42% from fat] TD.88137 from 
Harlan Laboratories Inc.) for 5 to 6 weeks. The moderate high 
fat diet contains approximately ~42% fat and induces less se-
vere obesity. This diet has been previously employed to induce 
obesity [30]. We believe this diet will address our end goal of 
examining susceptibility to T2DM. 

Total RNA isolation
The RNeasy Plus Universal Mini by Qiagen Inc. (Valencia, CA, 
USA) was used for total RNA isolation. The procedures were 
followed as listed in the protocol. Approximately 20 to 30 mg 
of AT sample was added to a QIAzol lysis reagent, homoge-
nized and allowed to bind to RNA spin column. Total RNA 
concentration and quality were examined using Nanodrop 
2000c spectrophotometer (Thermo Fisher Scientific, Waltham, 
MA, USA), RNA electrophoretic gels and Experion RNA Std-
Sens analysis kit according to the manufacturer’s specifications 
(Bio-Rad Laboratories Inc., Hercules, CA, USA). 

H&E and other immunohistochemistry
AT were fixed in 10% neutral buffered formalin for at least 48 
hours, trimmed, routinely processed for histology, sectioned at 
4-µm thickness, and stained with H&E.

Immunohistochemical (IHC) staining for CD68 (macro-
phage marker) was performed on sections of the AT. The pri-
mary antibody was a mouse monoclonal antibody (clone ED1; 
Serotec, Oxford, UK) at a dilution of 1:5,000 with an incuba-
tion period of 60 minutes. The primary antibody used for in-
sulin IHC was a guinea pig monoclonal antibody (Dako North 
America Inc., Carpinteria, CA, USA) at a dilution of 1:800 and 
an incubation time of 30 minutes. Multiple tissues from a do-
mesticated brown rat (Rattus norvegicus) were used as con-
trols. 

Photomicrographs of each sample were acquired using a cam-

era (Olympus DP70) mounted on a light microscope (Olympus 
BX41) with a commercial software program (cellSens; Olympus 
Corp., Tokyo, Japan). Up to 13 photomicrographs were cap-
tured for each sample of AT at ×200 and ×400 magnification 
at a resolution of 4,080×3,072 pixels. 

Up to 12 photomicrographs of each sample were randomly 
selected for quantitative analyses using a commercial software 
program (Photoshop CS6; Adobe Systems Inc., San Jose, CA, 
USA). In sections of the AT, the number of positive-staining 
cells for CD68 was recorded for each selected photomicro-
graph at ×200 magnification, and the mean was calculated per 
sample. Similarly, the surface areas of 10 randomly-selected 
adipocytes from each group were measured in pixels at ×400 
magnification, and the mean was calculated per sample.

Adipokine and cytokine mRNA quantification by real-time 
polymerase chain reaction 
The expression of key gene transcripts reported to be impor-
tant in mediating inflammatory processes was examined via 
quantitative real-time polymerase chain reaction (RT-PCR). 
Genes whose expression levels were quantified included: adi-
ponectin, TNF-α, IL-6, CD14, CD68, leptin, and glyceralde-
hyde 3-phosphate dehydrogenase as a housekeeping gene. 
FASTA mRNA sequences of these mRNA transcripts were ob-
tained for R. norvegicus using the National Center for the Bio-
technology Information (NCBI) database. Forward and re-
verse primers for the genes were then generated using NCBI 
Primer-Blast. Primer sequences were shown in Table 1. Prim-
ers were bought from Integrated DNA Technologies Inc. 
(Coralville, IA, USA). 

An iScript cDNA synthesis kit was employed to synthesize 
cDNAs from total RNA extract samples of dam AT. These were 
then combined with primers and SsoFast EvaGreen supermix 
for the quantitative PCR (qPCR). The product was quantified 
via a Bio-Rad CFX96 instrument (Bio-Rad Laboratories Inc.) 
using the manufacturer’s guidelines. The normalized relative 
gene expression values were determined via delta Ct parame-
ter.

Serum adiponectin quantification via enzyme-linked 
immunosorbent assay 
Invitrogen (Camarillo, CA, USA) rat immunoassay adiponec-
tin kit (cat#: KRP0041) was employed to quantity the amount 
of adiponectin in serum samples. The assay was conducted 
based on the guidelines provided by the manufacturer. Stan-
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dards and samples were pipetted into a microplate precoated 
with a polyclonal antibody specific for adiponectin. Any avail-
able adiponectin is bound by immobilized antibody and later 
captured by purified anti-rat adiponectin monoclonal anti-
body. This is followed by the addition of conjugated mouse im-
munoglobulin G. Then plates were washed and substrate solu-
tion added. Colors developed in proportion to bound adipo-
nectin quantity. Finally, the development of the color was 
stopped and the intensity of the color measured on a micro-
plate reader (Spectra Max 190; Molecular Devices Corp., 
Sunnyvale, CA, USA) at 450 nm. Adiponectin levels were 
quantified using a standard curve. Significant differences in the 
concentration of adiponectin in serum was determined using 
one-way analysis of variance (ANOVA). 

Serum glucose concentration
Serum glucose levels were determined via using 3,5-dinitrosal-
icylic acid (DNS) reagent. DNS reagent was prepared using a 
method that is standard for determining glucose levels [31]. 
This was followed by glucose assay using another technique 
employed previously for analyzing glucose concentration [32]. 

Briefly, DNS reagent was added to samples, placed in boiling 
water for a few minutes followed by cooling under cold water 
to stop reaction. Approximately 5 mL of deionized water was 
added to the mixture and absorbance read at 540 nm using a 
UV-vis spectrophotometer (UV-2401PC; Shimadzu Corp., 
Columbia, MD, USA). A standard curve was employed to 
quantify glucose concentration in serum samples. 

Data analysis
In this study, we analyze the data for both 5 and 14 weeks’ data 
sets using multivariate approach. All statistical analyses were 
performed using SAS software version 9.3 (SAS Institute, Cary, 
NC, USA). Animal weight data were represented as mean± 
standard deviation. The correlation and frequency procedures 
were employed to gain insight about the data. Furthermore, data 
were analyzed by multivariate analysis of variance (MANOVA). 
To finish the analysis, the random coefficients models were fit-
ted to the data and compared using the likelihood ratio test. 
Furthermore, normality of dependent variable in MANOVA 
was satisfied. 

Additionally, statistical significant differences in the concen-
tration of serum adiponectin proteins in treated and untreated 
animals were calculated via ANOVA. Also, significant differ-
ences in the amount of CD68+ cells, glucose and adipocyte 
size data were calculated similar to the adiponectin proteins 
results. Data was presented as mean±standard error. Signifi-
cant differences were indicated as either P<0.05 or P<0.01.

RESULTS 

Effect of 2AA and moderate high fat diet on body weight 
gain
Body weight is important metric of diabetes. To assess the ef-
fect of in utero 2AA exposure, the weights of the rats were 
monitored. Animal weights were monitored for almost 3 
months prior to the introduction of moderate high fat diet. Fig. 
1 shows that animals in all treatment groups begin with same 
initial weights at week 1, but over time they start to disperse 
from each other and demonstrate increment in weight over 
time. Moreover, low dose group shows the highest weight find-
ings over time, while high dose group at the bottom, and con-
trol group in between over time. 

Older rat weights during dietary changes are presented in 
Table 2. Animal weights of all groups were increasing from 
week 1 to week 5. Mean weight of the rats with low dose 2AA 

Table 1. Nucleotide sequences designed as forward and reverse 
primers of each specific gene

Gene name Forward & reverse primer sequence

Adiponectin

   Forward 5´ CCGCTTACATGTATCACTC 3´

   Reverse 5´ ATACTGGTCGTAGGTGAAGA 3´

CD68

   Forward 5´ AAGTCCTAGTCCAAGCTCTA 3´

   Reverse 5´ AGGACACATTGTATTCCACT 3´

CD14

   Forward 5´ CTCAGAATCTACCGACCA 3´

   Reverse 5´ ATAGATTGAGCGAGTTTAGC 3´

IL-6

   Forward 5´ GGAGTTTGTGAAGAACAACT 3´

   Reverse 5´ CTAGGGTTTCAGTATTGCTC 3´

Leptin

   Forward 5´ CTGTCGTGACTGACTCTATG 3´

   Reverse 5´ GCTAAGTGATTTCTCATTCC 3´

TNF-α

   Forward 5´ GAACACCCTGGTACTAACTC 3´

   Reverse 5´ TAGATAAGGTACAGCCCATC 3´

IL-6, interleukin-6; TNF-α, tumor necrosis factor α.
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was higher than the rats with no or high dose of 2AA for both 
groups of diet. The rats without 2AA showed higher mean 
weights for all time points, as compared with the rats fed with 
high dose of 2AA. Up to week 2, the rats fed high fat diet for 
both no and low dose of 2AA showed lower weight, as com-
pared with the rates fed regular fat diet for both no and low 
dose of 2AA. After week 2, the animal weights show reverse 
finding for both no and low dose of 2AA. However, the ani-
mals on high dose of 2AA and fed high fat diet displayed lower 
mean weights until week 2, as compared with the animals on 
high dose of 2AA and fed regular fat diet. This finding was re-

versed after week 2. These differences were not statistically sig-
nificant.

Histopathology via H&E and other immunohistochemistry
Histologic examination of the AT in all three groups of young 
pups revealed small to moderate numbers of scattered macro-
phages between adipocytes, occasionally forming loose aggre-
gates and surrounding capillaries, with fewer and scattered 
lymphocytes, mast cells, and plasma cells. Histologic examina-
tion of the AT in all groups of older pups revealed rare and 
scattered macrophages between adipocytes. No other signifi-

Table 2. Changes in animal weights (g), (n=12 to 15) after administration of low and high doses of 2AA in combination to regu-
lar rat chow diet and moderate high fat diet fed Sprague Dawley rat progeny for 5 weeks

Diet 
2AA

Week 1 Week 2 Week 3 Week 4 Week 5

High fat

   Control, g 445.42±120.55 465.37±126.87 479.30±130.88 498.25±133.16 504.82±135.11

   Low dose, g 481.72±130.37 499.17±140.44 511.37±144.91 527.82±146.90 533.45±151.32

   High dose, g 421.13±120.89 434.06±123.43 451.46±132.95 468.4±137.05 472.88±140.97

Regular diet

   Control, g 465.74±123.15 467.57±130.19 459.08±127.62 466.05±124.51 470.85±131.89

   Low dose, g 501.71±133.56 503.28±140.47 503.77±138.18 510.63±144.35 512.71±143.22

   High dose, g 437.82±100.41 448.52±111.47 438.70±105.08 448.36±107.06 466.32±109.52

Values are presented as mean±standard deviation.
2AA, 2-aminoanthracene.

Fig. 1. Mean weights, g, (n=12 to 15) of each treatment group over 14 weeks. Broadly, progeny were exposed to 0 mg/kg 2-ami-
noanthracene (2AA) diet (control), 50 mg/kg 2AA diet (low dose), and 100 mg/kg 2AA diet (high dose) in utero. Time seem to 
have an effect on weight gain, no statistical differences were noted with regards to 2AA treatment.

550

450

350

250

150

50

Av
er

ag
e w

ei
gh

t (
g)

 o
f t

re
at

m
en

t g
ro

up
s

 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Week

Control
Low dose
High dose



Investigating susceptibility to diabetes

499Diabetes Metab J 2016;40:494-508http://e-dmj.org

cant histologic changes are evident between the groups on his-
tologic examination (Fig. 2).

IHC staining for CD68 in all three groups of young pups re-
vealed frequent, moderate to strong, and cytoplasmic staining 
of macrophages located between adipocytes, occasionally 
forming loose aggregates and surrounding capillaries. IHC 
staining for CD68 in all groups of older pups revealed rare, 
moderate to strong, and cytoplasmic staining of macrophages 
scattered between adipocytes (Supplementary Fig. 1).

To understand the role of insulin resistance in the current 

study, CD68 positive cells was determined in both the young 
and older animals. CD68 has been previously employed as a 
marker for macrophages [5]. The presence of CD68+ cells in 
AT in the 2 weeks old rats were not significantly different. 
Nonetheless, the low dose animals showed slightly higher lev-
els of CD68+ cells while the high dose group indicated slightly 
fewer CD68+ cells (Fig. 3). When the intrauterine 2AA expo-
sure is combined with dietary restrictions 3 months postwean, 
CD68+ cell values seem generally lower than that of the 2 
weeks old animals. The control groups have shown significant-

Fig. 2. Histologic characterization (H&E stain, 100 µm) of adipose tissue of Sprague Dawley rats exposed to (A) 0 mg/kg- (control 
[C] pup), (B) 50 mg/kg- (low dose [LD] pup), and (C) 100 mg/kg-2-aminoanthracene (high dose [HD] pup) from gestation 
through of the postnatal period (H&E stain). Older pups were fed moderate high and regular diet for 6 weeks. Select images in-
clude: (D) control female regular diet (CFR); (E) control male regular diet (CMR); (F) control high fat diet (CFH); (G) control 
male high fat diet (CMH); (H) low dose male high fat (LMH); and (I) high dose male high fat diet (HMH). Small to moderate 
numbers of macrophages are scattered between adipocytes in all three groups of young pups. Fewer numbers of macrophages are 
present in all groups of older pups. 
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ly fewer CD68+ cells in comparison to 2AA treated and mod-
erate high fat groups. For instance, low dose male high fat, high 
dose female on regular diet, and high dose male rats on mod-
erate high fat had the highest numbers of CD68+ cells (Fig. 3).

Mean size of adipocytes is indicated in Fig. 4. Similar to the 
quantity of CD68+ cells in ATs, the low and high dose male 
moderate high fat animals had a significantly higher mean adi-
pocyte sizes. No significant differences between the control 
male high fat, control male regular diet, control female regular 

diet, low dose female regular diet, and high dose female regular 
diet were noted. 

Serum glucose concentration determination
To determine susceptibility to diabetes, serum glucose levels 
were measured. One of the hallmarks of diabetes is elevated 
blood glucose amounts. Concentration of serum glucose was 
significantly elevated in all treated groups. Combining in utero 
exposure to 2AA with moderate high fat elicited significantly 

Fig. 3. Numbers of CD68 positive cells (n=6 to 8) in adipose tissue of Sprague Dawley rats. (A) Intrauterine treatment to 2-ami-
noanthracene groups included: control (C) pup (0 mg/kg diet), low dose (LD) pup (50 mg/kg diet), and high dose (HD) pup (100 
mg/kg diet). (B) In utero exposure was combined with dietary ingestions of regular diet (5M30 rodent diet; PMI Nutrition Inter-
national) and high fat diet (Adjusted Fat Diet TD.96132) for 6 weeks 3 months postwean. Though the treated exposed rats indi-
cated higher CD68 positive values, statistical inference showed they were not significant. CMH, control male high fat; CMR, con-
trol male regular diet; LMH, low dose male high fat; CFR, control female regular diet; LFR, low dose female regular diet; HFR, 
high dose female regular diet; HMH, high dose high fat.
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higher serum glucose levels (Fig. 5). 

The expression of a select adipokines and cytokines by 
quantitative real-time polymerase chain reaction
The goal of the current study is to examine the expression of 
some adipokines and cytokines in the AT of progeny exposed 
to 2AA in utero. Profile of CD68 and leptin mRNA amounts 
were not observed in pups after 2 week postpartum. However, 
adiponectin, CD14, IL-6, and TNF-α seem to be up-regulated 
in animals whose mothers ingested 2AA during gestation 
through postnatal period. Adiponectin and IL-6 in particular 
was more highly expressed in the 50 mg/kg-2AA progeny and 
100 mg/kg-2AA rats than the control (Fig. 6). 

Three months postwean, quantification of the same genes as 
in the pups showed similar expression patterns. In this case, 
CD14, CD68, leptin, and TNF-α levels were not observed at 
all. Rather, adiponectin and IL-6 transcripts were consistently 
up-regulated in the AT of offspring whose diet involved regu-
lar and moderate high fat diet for 6 weeks post-2AA exposure 
(Fig. 7). 

Serum enzyme-linked immunosorbent assay quantification 
of adiponectin concentration 
To validate adipokine and cytokine mRNA values, adiponectin 
was measured using enzyme-linked immunosorbent assay. In 
all the treated animals, adiponectin amount was relatively less 

Fig. 5. Mean serum glucose concentration (mg/dL) of neonates exposed to 2-aminoanthracene (2AA) in utero. (A) Dams ingest-
ed 0 mg/kg (control [C]); 50 mg/kg (low dose [LD]); and 100 mg/kg (high dose [HD])-2AA from gestation through 2 weeks post-
natal period; (B) control male high fat (CMH), low dose male high fat (LMH), and high dose high fat (HMH); (C) control female 
regular diet (CFR), low dose female regular diet (LFR), and high dose female regular diet (HFR); (D) control male regular diet 
(CMR), low dose male regular diet (LMR), and high dose male regular diet (HMR). Significant differences in serum glucose con-
centration were noted as aP<0.05, bP<0.01. 
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Fig. 6. Relative expression (∆Cq) of adipose tissue genes involved in diabetic-related conditions. In utero exposure to 2-aminoan-
thracene (2AA) were 0 mg/kg 2AA diet (control [C]), 50 mg/kg diet (low dose [LD]), and 100 mg/kg diet (high dose [HD]) from 
gestation through 14 days postnatal. IL-6, interleukin-6; TNF-α, tumor necrosis factor α. Significant changes in differential gene 
expression is noted as aP<0.05, bP<0.01.

Fig. 7. Relative expression (∆Cq) of adipokine and cytokines involved in diabetic-related conditions. (A) In utero exposure of 0 
mg/kg 2-aminoanthracene diet (control), 50 mg/kg diet (low dose), and 100 mg/kg diet (high dose) from gestation through 14 
days postnatal was combined with dietary ingestions of regular diet (5M30 rodent diet; PMI Nutrition International) and high fat 
diet (Adjusted Fat Diet TD.96132) for 6 weeks 3 months postwean. (A) Control male regular diet (CMR), low dose male regular 
diet (LMR), and high dose male regular diet (HMR). (B) Control female regular diet (CFR), low dose female regular diet (LFR), 
and high dose female regular diet (HFR). (C) Control male high fat (CMH), low dose male high fat (LMH), and high dose high 
fat (HMH). IL-6, interleukin-6; TNF-α, tumor necrosis factor α. Significant differences (aP<0.05, bP<0.01) in adiponectin and 
IL-6 mRNA expression were noted. 
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compared to the control groups (Fig. 8). Adiponectin concen-
tration was significantly less in the high dose group of the neo-
nates. Similarly, the moderate high fat and regular diet male 
rats indicated significantly less adiponectin quantity in serum. 

DISCUSSION

The present study was undertaken to examine the role of expo-
sure to environmental PAHs during early years of life and dia-
betic susceptibility. Morphometric indices highlighting diabe-
tes outcome were measured. Monitoring of weight of rats in all 
three treatment groups differed over time. Over 14 weeks, low 
dose treatment group showed the highest weight measure-

ments compared with control and high dose groups. Toward 
the end of the 3 months monitoring period, there was an obvi-
ous cumulative weight differences. Additionally, 14 successive 
weights of the animals are significantly different overall, when 
averaged over treatment groups across time. In other words, 
there is a significant time effect overall. 

With respect to the 5 weeks dietary alterations monitoring, 
the random intercept and trend model is the better fit for the 
data as compared to the random intercept model. Considering 
the results of the analysis based on the random intercept and 
trend model, we identify that there is a significant increase in 
animal weight over time overall. However, some animals show 
no increase in weight over time which requires further evalua-

Fig. 8. (A-D) Serum adiponectin levels in rats exposed to 2-aminoanthracene (2AA) in utero and moderate high fat 3 months 
postwean. Changes in adiponectin amounts were significant (P<0.01) in neonatal rats but not significantly altered in the regular 
dietary female animals. Both the male regular and high fat dietary group showed significant (P<0.05) reduction of adiponectin in 
2AA treated rats. C, control; LD, low dose; HD, high dose; CMH, control male high fat; LMH, low dose male high fat; HMH, high 
dose high fat; CFR, control female regular diet; LFR, low dose female regular diet; HFR, high dose female regular diet; CMR, con-
trol male regular diet; LMR, low dose male regular diet; HMR, high dose male regular diet. aP<0.05, bP<0.01. 
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tion of the underlying factors for the failure of weight gain. 
Briefly this approach helps to identify the animals which rats 
were not showing weight gain and support the relevance of in-
dividualized clinical effects in terms of 2AA and diet effects. 

This study was undertaken to examine the diabetic-like ef-
fects of 2AA in AT of pups. The dams ingested 2AA from ges-
tation through postnatal period. Histopathological examina-
tion was performed to observe the qualitative effects of com-
bined diet and 2AA exposure in utero on the AT, followed by 
CD68 IHC to detect and quantify the presence of macrophages 
in AT. Usually, the number of CD68+ cells positively correlates 
with an increased adipocyte size [5,33]. The number of CD68+ 
cells in the AT of neonates was not significantly different be-
tween treated and control groups. In older rats that were ex-
posed to 2AA in utero and also consumed moderate high fat 
diet, the quantity of CD68+ cells were slightly greater, though 
not that significant, than control groups. For instance, the low 
dose male high fat, high dose male high fat, and high dose fe-
male regular diet animals showed similarly-high levels of 
CD68+ cells in the AT. Similarly, histologic assessment of the 
AT indicated no significant differences. However, when com-
paring between the younger and the older groups, all young 
pups had macrophages between adipocytes that occasionally 
form loose aggregates around capillaries. This feature was not 
present in the older pups, such that it likely represents a nor-
mal aging change in the distribution of these resident macro-
phages in AT.

Diabetes is a disorder that results in elevated blood sugar 
due to the production of insufficient insulin to effectively regu-
late this blood sugar. Slightly elevated serum glucose levels in 
animals that were exposed to 2AA and also ingested moderate 
high fat diet were observed likely suggesting a greater vulnera-
bility to diabetes in exposed group.

We also assessed the size of the adipocytes of treated and un-
treated groups. Mean adipocyte sizes seem to be greater for 
male rats fed a combined moderate high fat diet and 2AA in 
utero. For instance, rats with any exposure to 2AA, regardless 
on low or high fat diet, exhibited adipocyte sizes one-third 
greater than the untreated groups. Enlarged adipocyte is di-
rectly correlated to the number of macrophages, adipokines, 
and cytokines present in the AT. The over-production of these 
proteins tends to favor a pro-inflammatory response. Thus in-
dividuals with extended adipocytes are more susceptible to 
T2DM [34,35]. This assertion is corroborated by a study in-
volving elderly men and women in Pennsylvania [36]. The re-

searchers reported that subcutaneous adipocyte size especially 
in the abdominal region is predictive of T2DM in the future 
[37]. A more recent report also indicated that specific adipo-
cyte volume may forecast future increased risk for T2DM as-
sociated conditions [38]. 

Furthermore, the expression of mRNA levels that may indi-
cate weakness towards T2DM were also examined. In the neo-
nate rats, the mRNA expression of CD14, IL-6, and TNF-α 
were up-regulated in pups that belonged to dams which, in-
gested 2AA adulterated diet during gestation through postpar-
tum. Leptin and CD68 genes were not significantly altered in 
exposed groups relative to control neonates. Up-regulated 
transcripts in treated pups have been shown in the past to 
strongly modulate diabetic response [39-41]. Previous studies 
involving exposure to various environmental contaminants 
show adverse health effects in both animal and human sub-
jects. Adverse health effects were shown in the form of up-reg-
ulation of genes such as CD14 and TNF-α [42-44]. In a yet to 
be published work from our laboratory, gestational rats fed 
2AA diet displayed a dose-dependent mRNA expression of 
TNF-α, leptin, and IL-6 transcripts. 

Additional quantification of diabetic-like transcripts were 
carried out in older rats exposed to 2AA in utero and conse-
quently ingested moderate high fat diet. The goal was to ob-
serve characteristic neonatal mRNA expression patterns that 
can be used as models of future alterations in gene expression 
schemes. CD14, TNF-α, leptin, and CD68 proteins in the AT 
of older rats were not expressed. On the other hand, Adiponec-
tin and IL-6 mRNA quantity were significantly up-regulated in 
animals fed moderately high fat diet. Similarly, female rats that 
were exposed to 2AA in utero and consequently fed regular 
diet showed identical gene expression values. In the past, in-
flammatory markers, adiponectin and IL-6 transcripts were 
demonstrated to be involved in diabetic-like response in ani-
mal models [45,46]. It is interesting to note the over-expression 
of adiponectin and IL-6 in rats fed moderate high fat in con-
junction with 2AA exposure. Higher expressions of these tran-
scripts demonstrate the role inflammation plays in the treated 
group. 

In general, the level of adiponectin in serum was reduced in 
either 2AA treated or subjects that were on moderate high fat 
diet. This observation is consistent with others that were noted 
recently. They reported a reduction in serum adiponectin of 
human subjects that were diabetic [47,48]. The adiponectin 
protein trend is in contrast to the gene expression patterns. 
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This study was undertaken to assess whether neonatal expo-
sure outcomes can be predictive of disease susceptibility in 
adult rats. We focused on the AT because excess amounts of 
this tissue predisposes one to insulin resistance. Quantification 
of a select adipokines and cytokine mRNA levels revealed a 
consistent over-expression in progeny exposed to 2AA in ute-
ro. Up-regulation of adiponectin and IL-6 genes were observed 
in pups whose mothers ingested 2AA during gestation. Older 
rats with history of 2AA exposure still showed significant pro-
portion of adiponectin and IL-6 in AT long after cessation of 
exposure. Combination of intrauterine 2AA toxicity with 
moderate high fat diet exhibited gene expression patterns simi-
lar to those of the neonates. Though a follow-up analysis in-
volving IHC of the AT indicated no significant malformations; 
however, CD68+ cells were greater in the animals treated to 
2AA. Similarly, mean sizes of the adipocytes were larger in 
treated and combined 2AA and moderate high fat animals. 
Monitoring of the progeny weight for 14 weeks implementing 
dietary changes uncovered interesting trends. The high dose 
group to have lower body weights while the low dose rats had 
higher body weight gain. Even after, introducing moderate 
high fat diet for 5 weeks did not alter the weight gain trajectory. 
Furthermore, serum glucose concentration indicated in-
creased levels consistent with higher risk for diabetes. From 
the preceding, it appears intrauterine 2AA disturbance, when 
combined with excess fat accumulation will lead to greater risk 
for the diabetic condition. 
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