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Introduction
High dietary fat is one of the most common and important 
environmental risk factors associated with metabolic-related 
diseases such as type 2 diabetes mellitus (T2DM), hyper-
tension, stroke, and coronary artery disease.1,2 High fat diets 
can induce weight gain and adiposity in both animals and 
humans. High dietary fat is often associated with hypergly-
cemia, hyperinsulinemia, hyper-triglyceridemia, high VLDL 
(very low-density lipoprotein) and LDL (low-density lipo-
protein) in circulation.3,4 Such diets can also have extensive 
effects on insulin-responsive tissues.5 This is particularly true 
of adipose tissue, which is central to lipid homeostasis and 
secretes adipokines and bioactive lipids that regulate systemic 
energy balance. High fat diets may induce alterations in lev-
els of secretion and action of adipokines and lipids as well as 
obesity-related macrophage invasion in adipose tissue.6–8 In 
addition, high fat diets may change the expression of a great 
number of genes in adipose tissue, decreasing the expression 
of many genes involved in lipid metabolism and detoxification, 
adipocyte differentiation, and cytoskeleton components, but 
increasing inflammatory markers.9,10 Several signaling path-
ways such as PPAR (peroxisome proliferator-activated recep-
tor) signaling and Wnt signaling may also be modulated by 
high fat feeding.11–14

However, genetic background can greatly influence the 
response of both humans and experimental animals to a high 
fat diet. The differences in response may include not only the 
development of disease processes but also the effect of diet 
on gene expression. Rodent models are extensively employed 
to study the development and progression of a variety of 
human pathologies including those caused by high fat diet. 
Strain differences in the response to diet can provide impor-
tant insight into the link between diet, gene expression, 
and diet-induced pathological conditions such as insulin- 
resistant diabetes.

The Goto-Kakizaki (GK) rat is a spontaneous diabetic 
animal model with a polygenic background. Their polygenetic 
mode of inheritance and non-obese phenotype make this ani-
mal model a useful surrogate for the study of human T2DM 
without the confounding influence of increased obesity- 
related factors. GK rats were originally developed in Japan 
by generations of breeding Wistar rats, selecting for high 
blood glucose.15 These rats exhibit a spontaneous form of 
diabetes, with elevated blood glucose, peripheral insulin 
resistance, and a non-obese phenotype being consistent fea-
tures of these animals.15,16 Previous work demonstrated that 
disease progression involves both increased insulin resis-
tance and beta-cell failure in these animals. While genetic 
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factors play a major role in the etiology of disease in these 
non-obese animals, it is unclear if superimposing environ-
mental factors such as high fat diet will impact disease pro-
gression in these animals.

Previously, we described an extensive analysis of adi-
pose tissue from male diabetic GK and non-diabetic control 
Wistar-Kyoto (WKY) rats.17 In that study, rats from weaning 
through 20 weeks of age were fed a standard rodent diet con-
taining 10% fat. Our analysis, which involved the substantial 
application of gene arrays, suggested that there is extensive 
inflammation caused by chronic activation of innate immunity 
in adipose tissue of the diabetic GK rats that is not evident in 
the adipose tissue of non-diabetic WKY animals. These data 
also demonstrated that there is an adipose tissue deficiency in 
the GK strain fed a normal diet. An unanswered question is 
whether chronic high fat feeding will influence adipose tis-
sue mass, diabetes, and/or indices of heightened inflammation 
in this lean animal model of T2DM. In the present report, 
we used gene arrays to examine the response of adipose tis-
sue from both strains to high fat feeding from weaning to 20 
weeks of age with subgroups sacrificed at 4, 8, 12, 16, and 20 
weeks. Within the context of extensive physiological measure-
ments, we were able to identify genes whose expression is dif-
ferent in adipose tissue between the two strains regardless of 
diet. In addition, we identified genes that responded to high 
fat diet in both strains as well as those whose response to high 
fat diet was unique to either GK or WKY animals.

Materials and Methods
experimental design. A more extensive description of 

this experiment can be found in our previously published report 
describing the array results on the livers from these animals.18 
In brief, this study involved 25 GK spontaneously diabetic 
and 25 WKY non-diabetic male rats obtained from Taconic 
Farms (Germantown, NY) and maintained on a high fat diet 
(HFD: Harlan Teklad TD.06415, 45% energy from fat) from 
3 weeks of age onward. Our research protocol adheres to the 
“Principles of Laboratory Animal Care” (NIH publication 
85–23, revised in 1985) and was approved by the University 
at Buffalo Institutional Animal Care and Use Committee. 
Animals were received at 21 ± 3 days of age. For experimental 
purposes, animals were considered to be 22 days old at the 
time of arrival. They were maintained in our animal facilities 
under stringent environmental conditions with strict adher-
ence to 12 hour:12 hour light:dark cycles. All animal care, 
manipulations, and sacrifices were carried out between 1.5 
and 3.5 hours after lights on. Animals were housed in indi-
vidual cages with free access to HFD and water. Food intake 
and body weights were measured twice weekly on all animals. 
Five animals from each strain were sacrificed at 4, 8, 12, 16, 
and 20 weeks of age by aortic exsanguination using EDTA as 
anticoagulant. Discrete abdominal fat pads (perirenal/retro-
peritoneal fat) as well as epididymal fat pads were harvested, 
weighed, rapidly frozen in liquid nitrogen, and warehoused 

at −80° C. Comparison was made to equivalent animals fed a 
normal diet (ND: Harlan Teklad 2016, 10% energy from fat).

blood and plasma measurements. Blood glycosylated 
hemoglobin (HbA1C) was measured using A1cNOW InView 
HbA1C test meters (Metrika) from whole blood at sacrifice. 
Plasma glucose was measured by the glucose oxidase method 
(Sigma GAGO-20) modified such that the assay was car-
ried out in a 1-mL assay volume. Plasma leptin, insulin, and 
adiponectin were measured by commercial ELISA assays 
(Rat Leptin TiterZyme EIA, Assay Designs; Ultra Sensitive 
Rat Insulin ELISA kit, Crystal Chem Inc; Rat Adiponectin 
EIA, ALPCO Diagnostics). All plasma assays were carried 
out according to manufacturer’s directions with standards 
run in duplicate and experimental samples run in triplicate. 
Two experimental samples were selected as “quality controls 
(QCs)” for all assays to control possible inter-assay variations. 
All inter- and intra-assay variations were within 10%.

rNA preparation. Abdominal adipose tissue samples 
from each animal were ground to a fine powder in a mortar 
cooled by liquid nitrogen and tissue was added to pre-chilled 
QIAzol Lysis Reagent (QIAGEN Sciences) in a weight/vol-
ume ratio of 1:10. Total RNAs were extracted according to 
manufacturer’s directions and further purified using RNeasy 
mini columns (RNeasy Mini Kit, QIAGEN Sciences). Final 
RNA preparations were eluted in RNase-free water, aliquoted 
and stored at −80° C. RNAs were quantified spectrophoto-
metrically and exhibited 260/280 absorbance ratios of approxi-
mately 2.0. Purity and integrity were assessed by formaldehyde/
agarose gel electrophoresis and all samples showed intact ribo-
somal 28S and 18S RNA bands in an approximate ratio of 2:1.

qrt-Pcr. For validation purposes, gene-specif ic 
fluorescence-based real-time qRTPCR assays were developed. 
Our approach to quantitative RT-PCR involves use of in vitro 
transcribed cRNA standards, gene-specific TAQMAN-based 
probes, and a single-step assay with gene-specific mRNA nor-
malized to total RNA in the assay.

Microarrays. Isolated RNA from each sample was used 
to prepare target according to manufacturer’s protocols. The 
biotinylated cRNAs were hybridized to 50 individual Affyme-
trix GeneChips Rat Genome 230–2 (Affymetrix, Inc.) which 
contains 31,099 different probe sets.

data mining. Affymetrix Microarray Suite 5.0 (Affyme-
trix) was used for initial data acquisition and analysis. The signal 
intensities were normalized for each chip using a distribution of 
all genes around the 50th percentile. The generated dataset was 
submitted to the National Center for Biotechnology Informa-
tion (NCBI) Gene Expression Omnibus (GEO, http://www.
ncbi.nlm.nih.gov/projects/geo/) database (GSE 13271). Gene-
Spring 7 (Silicon Genetics) was employed for further analysis.

In order to objectively identify probe sets of interest, the 
entire dataset was subjected to similar analyses procedures 
and filtered with the same criteria as those applied to previ-
ous gene array datasets for an identical experiment where the 
animals had received a ND.17,19,20 These previous results were 
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presented as a comparison between GK-ND and WKY-ND 
animals. Here with datasets from animals on HFD, three 
comparisons were made as follows: 1) GK-HFD vs WKY-
HFD, 2) GK-HFD vs GK-ND, and 3) WKY-HFD vs WKY-
ND. This approach does not select for probe sets but rather 
eliminates those probe sets that do not meet certain criteria, 
leaving the remainder for further consideration. In brief, the 
first filter eliminated genes not expressed in adipose tissue, 
ie, those not having a call function of “P” (present) in at least 
five of the 25 chips. The second level of filtering eliminated 
probe sets that could not meet the basic criterion of having a 
two-fold expression difference between compared groups.

statistics. For statistical comparisons, two-way ANOVAs  
were carried out on raw or rank transformed data as appro-
priate using SigmaStat 3.5 software (Systat Software) with 
Tukey’s post hoc tests.

results
Postnatal growth of GK and wKy on Nd and HFd. 

As previously published,18 body weights of non-diabetic WKY 
animals were significantly heavier than those of diabetic GK 
animals from 8 weeks of age onward regardless of diet. High 
fat feeding caused an increase in body weights in both strains. 
By the end of the study, the effect of high fat feeding was frac-
tionally similar in both strains, with animals on high fat being 
about 20% heavier than the same strain on the ND.

Adipose tissue development. Figure 1 presents adipose 
tissue weights taken at sacrifice. We have previously shown 
that there is almost a linear increase in abdominal fat from four 
weeks to 20 weeks of age in the non-diabetic WKY animals fed 
a ND,17 whereas the amount of adipose tissue ceases to increase 
in ND-GK animals starting at approximately 12 weeks of age. 
In contrast, fat mass in GK-HFD animals was significantly 
different than that of GK-ND animals (P , 0.001) from eight 
weeks onward. Essentially, high fat feeding resulted in abdom-
inal fat masses in GK-HFD equivalent to those in WKY-ND 

animals (Fig. 1A). In contrast, the two WKY populations 
did not diverge until 20 weeks when the high fat fed animals 
showed an abrupt increase in adipose tissue. Therefore in the 
high fat fed animals, there was only a significant difference 
in abdominal adipose tissue weight between GK and WKY 
(P , 0.05) at 20 weeks, which appears to be because of an 
abrupt increase in the WKY population. However, the effect 
of high fat feeding was more pronounced in epididymal fat, as 
WKY-HFD had increased epididymal fat compared to GK-
HFD animals from 12 weeks onward (Fig. 1B).

Indices of diabetes. As we reported previously,18 the GK 
population had significantly higher plasma glucose as well as 
HbA1c than WKY (P , 0.001) from 4 weeks throughout the 
20-week experimental period regardless of diet. Diet had no 
significant effect on plasma glucose or HbA1c in either strain 
(Supplementary Fig. 1). However, modest effects on plasma 
insulin were observed. There was a dramatic increase in plasma 
insulin between four and eight weeks in GK-ND animals, such 
that at eight weeks, insulin was significantly higher in GK rela-
tive to WKY (P , 0.001) after which it began to decline. In 
contrast, in the WKY-ND population, there was a slow increase 
in plasma insulin to a plateau after 12 weeks of age. High fat 
feeding did affect insulin dynamics in both strains. In the GK-
HFD population, the increase in plasma insulin occurred more 
slowly, such that the peak before the decline occurred at 12 
weeks instead of eight weeks. In the WKY-HFD population, 
plasma insulin showed an abrupt increase at 20 weeks suggest-
ing that the animals are becoming hyperinsulinemic.

Adipose tissue derived hormones. As previously 
reported, when fed a ND plasma adiponectin decreased from 
four to 12 weeks in both GK and WKY populations with a 
trend for higher adiponectin in GK animals at all ages.17 In 
both strains, high fat feeding resulted in lower plasma adi-
ponectin at early ages. However, high fat feeding magni-
fied the difference in plasma adiponectin between GK and 
WKY animals. Figure 2A demonstrates that in high fat fed 
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Figure 1. Adipose tissue weights at sacrifice as a function of age in GK animals (closed circles) and WKY animals (open circles) when animals are fed 
a high fat diet (black lines). Symbols represent means and error bars of one standard deviation. Red lines represent comparable data obtained from 
animals fed a normal diet and are provided for reference. (A) abdominal fat pads; (b) epididymal fat pads.
notes: **WKy-HFd vs GK-HFd, P , 0.001.
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animals, plasma adiponectin was significantly higher in the 
GK population than in the WKY population throughout the 
entire experimental period (P , 0.001). Likewise, the higher 
plasma leptin concentrations in GK animals was magnified by 
high fat feeding (Fig. 2B), which reflected primarily an effect 
of diet on GK animals with no significant effects in control 
WKY animals.

Gene expression – GK-HFd compared to wKy-
HFd animals. Based on our filtering approach, there were 
618 probe sets that were differentially expressed in abdominal 
adipose tissue between GK-HFD and WKY-HFD animals. 
Previously using the same mining approach, we identified 611 
probe sets that were differentially expressed in animals fed a 

ND.17 As illustrated in Figure 3, 355 of the probe sets were 
differentially expressed on both diets (green) while 263 were 
unique to HFD (yellow). These 618 probe sets are listed in 
Supplementary Table 1, with probe sets differentially regu-
lated only with HFD highlighted in bold font. Of the 611 dif-
ferentially regulated probe sets from ND fed animals, 256 of 
these were not differently expressed on a HFD (Fig. 3, blue). 
These probe sets are listed in Supplementary Table 2.

Using the NCBI Basic Local Alignment Search Tool 
(BLAST) and the accession number for the probe set provided 
by Affymetrix, we identified corresponding genes to differen-
tially regulated probe sets. There were 169 probe sets whose 
gene could not be identified by the BLAST program, leaving 
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449 identifiable individual genes that exhibit differential 
expression in abdominal adipose tissue of GK-HFD vs 
WKY-HFD animals. We then used NCBI “across database 
search” to identify all aliases and alternate symbols. Next, we 
applied NCBI AceView and extensive PubMed Boolean logic 
searches to ascertain the function of the gene in adipose tissue. 
Based on this information, we separated genes into groups 
based on their function in adipose tissue. These groups were 
as follows: Immune/Inflammatory (75 probe sets); Signal 
Transduction (71 probe sets); Transcription/Translation (61 
probe sets); Energy Metabolism (38 probe sets); Small Mole-
cule Metabolism (38 probe sets); Transport (29 probe sets); 
Protein Metabolism (25 probe sets); and Cell Cycle Control 
(seven probe sets). Figure 3 also presents a breakdown of the 
number of probe sets in each functional category which are 
differentially expressed on both diets, on HFD only and on 
ND only. Genes which did not readily fit into these catego-
ries were grouped as Other, and probe sets not identifiable by 
BLAST were listed as ESTs on Supplementary Table 1.
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Four of the most populated functional categories 
(Immune/Inflammatory; Signal Transduction; Transcription/
Translation; and Energy Metabolism) included many genes 
relevant to diabetes. Figure 4 presents representative examples 
of probe sets from these categories, which were expressed to 
different degrees in GK and WKY animals when fed a high 
fat diet. These exhibited similar differential regulation when 
animals were fed a normal rodent diet. In addition, Figure 5 
provides an example of a direct comparison of microarray and 
qRTPCR data. Figure 6 presents examples of two diabetes-
related genes exhibiting different expression levels only when 
animals are fed a high fat diet.

Gene expression changes in response to HFd by 
strain. A different perspective can be gained by identifying 
genes whose expression changed in response to high fat feed-
ing compared to the same strain fed a ND. A total of 262 
probe sets were identified as being regulated by diet. Of these 
33 were regulated by diet in both strains (Supplementary 
Table 3), 159 were differentially expressed in HFD compared 
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to ND only in GK animals but not in WKY animals (Supple-
mentary Table 4), and 70 were different only in WKY but not 
in GK (Supplementary Table 5). Figure 7 presents examples 
of probe sets whose expression levels differed with diet in both 
GK and WKY animals. In contrast to genes regulated by diet 
in both rat strains, Figure 8 presents probe sets regulated by 
diet either in GK animals only (A,B) or in WKY animals  
only (C,D).

discussion
A diet high in fat is one factor driving the increase in obesity 
in western society. Attendant on this increase in obesity is an 

increase in the incidence of T2DM. It is thought that as adi-
pose tissue mass increases, macrophages invade causing a state 
of chronic systemic inflammation that disrupts the metabolic 
balance causing T2DM.21–24 While obesity is clearly a risk 
factor for diabetes, the relationship between obesity and dia-
betes is not absolute. This suggests that genetic background in 
association with environmental risk factors plays an important 
role in the development of the disease. This conclusion is rein-
forced by the fact that about 60% of Asian diabetics are lean.25 
High fat feeding is an important approach to developing 
T2DM in animal models. However, whether or not increased 
dietary fat leads to the development of rodent diabetes is 
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strongly dependent on genetic background. In the present 
study, we evaluated the effect of a HFD on development of 
adipose tissue from four weeks to 20 weeks after birth in both 
the diabetic GK and non-diabetic WKY control strains. We 
used this evaluation to conduct a within strain and cross strain 
analysis with the same time series progression when animals  
were fed a ND.

High fat feeding had only minimal effects on plasma glu-
cose and insulin. The acute elevation of plasma insulin after 
four weeks of age in the GK strain regardless of diet probably 
reflects an attempt by β islet cells to compensate for hypergly-
cemia. The only effect of high fat feeding on the GK animals 
is that the increase in insulin is less acute and peaks later on 
HFD than on ND before beginning to decline. The decline 
in plasma insulin after the peak supports the observations of 

others that with time there is β-cell failure in the GK strain.16 
HFDs are considered a risk factor for diabetes in both humans 
and animals. However, the significantly lower plasma insulin 
at eight weeks in the GK animals on HFD relative to ND along 
with the tendency toward lower plasma glucose and HbA1c in 
the HFD animals (Supplementary Fig. 1) suggests that the 
HFD may actually provide some mitigation for the diabe-
tes. It has been reported that in both humans and animals, 
individuals are often hyperinsulinemic for a period of time 
prior to becoming hyperglycemic.26 One hypothesis for these 
observations is that chronic elevation in insulin output from 
the β-cells is a compensation for developing insulin resistance 
which eventually leads to β-cell failure and the expression 
of T2DM. The significant elevation of plasma insulin at 20 
weeks in the WKY animals on HFD suggests the possibility 
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that these animals are becoming insulin resistant because of 
increased fat consumption.

Previously, we reported that the diabetic GK strain was 
deficient in adipose tissue relative to the control WKY strain 
when both are fed a normal rodent diet (10% calories derived 
from fat).17 Both of these inbred strains of rat were derived 
from an outbred colony of Wistar rats at Kyoto University. 
WKY rats fed a ND had continuous increases in adipose 
mass, while the increase halted at around 12 weeks of age 
in GK animals. In the rat, the number of mature adipocytes 
expands for about the first 12 weeks of life. After that time, 
any increase in adipose tissue mass involves the expansion of 
the triglyceride content of individual mature adipocytes. Our 
results are consistent with the histological results reported 
by Barbu et al showing that white adipose tissue from the 
mature GK strain contained an unusually large number of 
immature adipocytes.27 The present study addressed the ques-
tion of whether high fat feeding affected body weight and fat 
mass in the lean GK animals. High fat diet increased both 
body weight and adipose mass in GK animals. High fat diet 
causes a significant increase in adipose accumulation in the 
GK animals from eight weeks on such that adipose weights 
were comparable to those in WKY animals, while any effect 
of HFD on the control WKY animals is only observed at 20 
weeks (Fig. 1). Since in rats, increases in adipose tissue mass 
after 12 weeks of age are because of an increase in triglyceride 
content of mature adipocytes,28 these results may indicate that 
the increased weight of white adipose tissue in GK animals 
that have fewer mature adipocytes reflects increased triglycer-
ide content of the fewer than normal mature adipocytes that 
are present. Epididymal fat development shows both similari-
ties and differences to abdominal adipose tissue development. 
Like abdominal fat, on ND epididymal fat accumulation 
ceases after 12 weeks in the GK population while continues 
to increase in WKY animals. In contrast to abdominal fat, 
epididymal fat seems to be more responsive to HFD as indi-
cated by a greater increase in both strains.

Adiponectin is an adipocyte-derived hormone. In our 
previous work, we observed no significant circadian rhythm 
in the plasma concentration of adiponectin, so time of mea-
surement may not be relevant.29 In adult animals, plasma adi-
ponectin concentrations are generally inversely proportional 
to the amount of body fat.30 From that perspective, our results 
showing that plasma adiponectin is significantly higher in the 
GK strain regardless of diet (Fig. 2A) is consistent with the 
literature. However, since adiponectin is reported to be insulin 
sensitizing, our results suggests that either the insulin-resistant 
GK animals are insensitive to the hormone or incapable of 
responding to this hormone. Leptin is another adipocyte-
derived hormone. In contrast to adiponectin, our previous work 
demonstrated a distinct circadian rhythm in plasma leptin, 
with peak concentration around the dark-to-light transition, 
and nadir around the light-to-dark transition.29 Therefore, the 
time at which measurements were taken in the current study 

would reflect concentrations near the high point of the circa-
dian rhythm in a normal Wistar rat on a 12:12 light:dark regi-
men. In adult rats plasma leptin is proportional to the amount 
of fat. Leptin acts on the hypothalamus to suppress hunger 
and is a potent anorexic and energy-enhancing hormone asso-
ciated with decreased appetite and increased metabolic rate. It 
increases fatty acid oxidation, stimulates adipose tissue lipoly-
sis and inhibits lipogenesis. Leptin production increases pro-
portionally with adiposity and is higher in rodent and human 
models of diet-induced or adult-onset obesity.31 In our data, 
although there is no difference at four weeks, plasma leptin 
is significantly higher in GK rats compared to WKY control 
rats at eight weeks on both diets and even higher at 12 weeks 
in GK rats on HFD (Fig. 2B). Combined with the fact that 
both abdominal and epididymal adipose tissue in GK rats are 
less than or not different from control rats at these times and 
the leptin level should be proportional to the adipose tissue 
weight, it is interesting that plasma leptin is two-fold higher 
in GK rats. This hyperleptinemia likely indicates leptin resis-
tance in GK rats. High fat diet significantly increases plasma 
leptin in GK rats from eight weeks onward, but not in con-
trol rats. This result is consistent with literature reports, since 
HFD significantly increased both abdominal fat and epididy-
mal fat in GK rats from eight weeks to 20 weeks. High fat diet 
increased adipose weight in WKY control rats at 20 weeks 
which may explain the abrupt increase of plasma leptin in con-
trol rats on HFD at this age.

Data mining of array data yielded 355 probe sets differen-
tially regulated between GK and WKY animals regardless of 
diet (Fig. 3). A group of genes that is consistently differentially 
expressed between the two strains on both diets also lead us 
to conclude that there is a defect in adipocyte maturation in 
the GK strain. For example, KLF9 is a transcription factor 
whose expression is transiently increased during preadipocyte 
differentiation but decreased in mature adipocytes.32 Klf9 is 
involved in the middle stage of adipocyte differentiation and 
is involved in the expression of PPARγ2.32 Klf9 expression is 
higher on both diets in GK (Fig. 4F). Similarly, the observa-
tion that Tnrc6 is higher in WKY controls on both diets is con-
sistent with the defect in adipocyte differentiation in the GK 
strain (Supplementary Table 1). TNRC6 is a component of the 
miRNP silencing complex and miRNA-mediated gene silenc-
ing is important in preadipocyte differentiation.33 Another 
important gene whose expression is higher in GK regardless 
of diet is transforming growth factor, beta 2 (Tgfb2, Fig. 4C). 
Increased expression of TGFb2 inhibits adipogenesis.34,35

In addition, the lipoatrophy in GK rats also involves genes 
related to lipogenesis. STAT3 (Fig. 4G), which is stimulated by 
leptin, is a transcription factor responsible for increased lipo-
genesis and GUCY1B3 (Supplementary Table 1) is involved 
in nitric oxide-mediated adipogenesis.14,36 Both of these genes 
have lower expression in GK rats, implying that the adipose 
tissue of GK rats may also have defects in both lipogenesis 
and adipogenesis. In contrast, folliculin-interacting protein 1 

http://www.la-press.com
http://www.la-press.com/gene-regulation-and-systems-biology-journal-j26


Effects of high fat on adipose tissue in diabetic rats

23Gene ReGulation and SyStemS BioloGy 2015:9

(Fnip1, Fig. 4E), which may be involved in energy and/or 
nutrient sensing through the AMPK (AMP-activated protein 
kinase) and mTOR (mammalian target of rapamycin) signal-
ing pathways37 is more highly expressed in GK on both diets. 
A gene whose expression was higher in GK at all ages under 
both diets is ATP-binding cassette, sub-family A, member 1 
(Abca1, Fig. 4H). ABCA1 is a cholesterol efflux pump in the 
cellular lipid removal pathway.38 Taken together, these results 
suggest that the lipoatrophy in GK rats is independent of diet 
and multifactorial involving defect in lipogenesis, inability of 
lipid storage and accumulation, and impaired preadipocyte 
differentiation.

Notable among those genes whose expression is different 
between the two strains on both diets are several genes related 
to inflammation. For example, Cxcl14 is consistently higher in 
GK on both diets (Fig. 4B). CXCL14 is a secreted protein that 
is involved in attracting macrophages into WAT.39 It is inter-
esting that this message is significantly higher in the leaner 
GK animals. Other examples include Ifit1, which is associated 
with chronic inflammation and insulin resistance40,41 (Fig. 5), 
and Iigp1 (Supplementary Table 1). The higher expression of 
these genes in GK on both diets indicates that chronic inflam-
mation is an intrinsic difference between the two strains. This 
conclusion is reinforced by the observation that Plaa is more 
highly expressed in adipose tissue in GK at all ages on both 
diets (Fig. 4A). PLAA mediates the endothelial and smooth 
muscle response to inflammation. Also consistent with this 
conclusion is the lower expression of Otub1 in GK on both 
diets (Supplementary Table 1). OTUB1 is a cytokine signal-
ing pathway inhibitor involved in T cell anergy.42 In addition 
lectin, galactose binding, soluble 5 (Lgals5, Fig. 4D) which is 
involved in the regulation of NF-κB (nuclear factor κB) signal-
ing43 is higher in GK on both diets. Our time series analysis of 
gene expression in tissues from the GK strain, which included 
not only adipose tissue but also liver and skeletal muscle, indi-
cated that there is a heightened expression of genes involved in 
natural immunity in all three tissues,17,19,20 which is reinforced 
here in adipose tissue taken from animals fed a HFD. Addi-
tional genes related to immune/inflammatory activity can 
be found in Supplementary Table 1. The heightened natural 
immune-mediated inflammation is most likely the cause 
of diabetes in the GK strain. This conclusion is supported 
by a recent report from our group demonstrating the anti- 
inflammatory drug salsalate which inhibits NF-κB activation 
greatly decreases hyperglycemia in the GK strain.44,45

Besides the strain difference common to both diets, we 
also noted strain difference unique to high fat fed animals 
(263 probe sets – Fig. 3). We mined the array data for genes 
differentially expressed between GK and WKY controls only 
when fed on HFD, which provides insight into the underly-
ing difference unique to high fat feeding. Interestingly, there 
are two diabetes biomarker genes present on this list (Fig. 6). 
ENPP1 is a membrane glycoprotein ectoenzyme and the high 
expression of this gene is associated with type 2 diabetes, 

hyperglycemia, and hyperinsulinemia in both human and 
experimental animals.46 The mechanism of ENPP1 in the 
disease is to inhibit the insulin signaling pathway and it also 
inhibits preadipocyte differentiation in adipose tissue.47,48 
Thus, the higher expression of Enpp1 in GK rats is an indica-
tor of diabetes in these animals (Fig. 6A). THBS1 is another 
biomarker of insulin resistance and diabetes, and is a novel 
adipokine primarily produced by visceral adipocytes.49 Highly 
expressed Thbs1 is noted in adipose tissue of obese insulin-
resistant subjects and diabetic obese rodents and THBS1 
blocking therapy is a promising treatment for diabetes.50,51 
Adipose tissue expression of Thbs1 in GK rats increases with 
age and is significantly higher than that in WKY control rats 
at all 5 ages, which strongly supports the diabetic status of 
GK rats (Fig. 6B). However, it is interesting that the differen-
tial expression of these two genes are only exhibited on HFD, 
although we do observe the existence of diabetes in GK rats 
on a ND as indicated by the elevated plasma glucose. The rea-
son may be either there is no difference in the expression of 
these genes between strains on ND or the difference is not 
large enough to pass our filtering criteria (two-fold difference). 
These results suggest that the exposure to HFD augments the 
difference between these two strains, and may exacerbate the 
diabetic state or accelerate disease progression in GK rats.

Additionally, data mining was utilized to extract probe 
sets differentially regulated by diet within strain. A compari-
son of diet within strain indicated 262 probe sets were dif-
ferentially regulated by HFD in at least one of the two strains 
studied. Of these, only 33 were regulated in both GK and 
WKY control strains, suggesting that they are regulated by 
food composition with little influence of genetic background. 
In contrast, 159 probes sets were regulated by diet only in GK 
animals, and 70 were regulated only in WKY control animals. 
Thus, the diabetic GK animals were more highly impacted at 
the transcriptional level than normoglycemic WKY controls 
by increased dietary fat.

Although both strains show increased adiposity and 
similar adaptive responses, WKY and GK rats also develop 
different strategies to deal with increased fat consumption, 
as suggested by the genes differentially regulated by HFD 
in the two different strains. Differentially expressed genes 
unique to non-diabetic WKY rats mainly are those involved in 
fatty acid synthesis and lipogenesis, including Fasn (Fig. 8D, 
Acly (Fig. 8C), Me1 (Supplementary Table 5), and Elovl6 
(Supplementary Table 5). For example, Fasn encodes a lipo-
genic enzyme that catalyzes the synthesis of palmitate from 
acetyl-CoA into long-chain saturated fatty acids.52,53 ME1 
converts malate to pyruvate, which links the glycolytic and 
citric acid cycles, and thus is involved in fatty acid synthesis.54 
The expressions of all these genes are downregulated by HFD 
and show a very similar pattern to each other. Since those 
genes are exclusively differentially regulated in WKY rats, it 
indicates that these rats uniquely decrease fatty acid synthe-
sis and lipogenesis by coordinately downregulating lipogenic 
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genes as an adaptive response to high fat feeding. In contrast, 
GK rats develop a different metabolic strategy to handle the 
HFD as suggested by genes showing differential expression 
unique to GK rats. Among those genes are Hpgd (Fig. 8A)
and Cyp4b1 (Fig. 8B). HPGD is a prostaglandin receptor 
and is involved in free fatty acid metabolism and degrada-
tion, especially prostaglandins, which are also inflammatory 
mediators.55 CYP4B1 is a member of the cytochrome P450 
family, responsible for regulating PPARγ ligand homeostasis 
by promoting their elimination. FFA and eicosanoids are both 
PPARγ ligands and eicosanoids are also inflammatory media-
tors.56 The expression of both genes is significantly increased 
by HFD from eight weeks onward, suggesting that GK rats 
adapt to the increased dietary fat content by accelerating the 
lipid elimination process instead of decreasing lipogenesis. 
In addition, since HPGD and CYP4B1 are both involved 
in inflammatory mediator degradation, higher expression on 
HFD indicates suppressed inflammatory responses which 
may be a unique adaptation in GK to what would otherwise 
be an even more elevated inflammatory state induced by high 
fat feeding.

In our study, we also made extensive measurements 
related to postnatal growth, glucose levels, plasma hormones, 
and lipids. Although we did not observe HFD-induced hyper-
glycemia, the increased body weight, fat weight, and elevated 
circulating free fatty acids (FFAs) in both strains are consistent 
with literature reports. Microarray data of Hmgcs2 and Cd5l, 
which are differentially regulated by HFD regardless of strain 

(Fig. 7), reflect these changes in adipose tissue. HMGCS2 
is a mitochondrial enzyme involved in ketone body synthe-
sis and increased ketogenesis.57,58 Since the ketone bodies are 
metabolic products of mitochondrial FFA β-oxidation, the 
elevated expression of Hmgcs2 in both strains indicates an 
increase in the utilization of lipids in adipose tissue, which 
may be an adaptive response to HFD-induced plasma FFA 
elevation. In addition, the magnitude of increase in Hmgcs2 
expression and the difference of food consumption between 
diets are almost the same, but weight gain and fat accumula-
tion in GK rats are much more prominent than those in con-
trol rats, suggesting that GK rats are more capable of using 
lipids over carbohydrates than WKY control rats. Similarly, 
high fat consumption increased the expression of fatty acid  
binding protein 3 (Fabp3) in both strains (Fig. 7C, D). FABP3 
is involved in the intracellular transport and metabolism of 
long-chain fatty acids.59

Also related to high fat-induced weight gain and fat accu-
mulation is the adipose tissue inflammation capacity. Recent 
studies show that obesity is associated with macrophage 
infiltration into adipose tissue and heightened inflammatory 
cytokine levels, such as TNF-α (tumor necrosis factor α) and 
IL-6 (interleukin 6), in both adipose tissue and circulation, 
indicating a chronic inflammatory state.24,60 In our study, we 
did not observe an elevation of either circulating TNF-α or 
tissue mRNA expression of TNF-α or IL-6 by HFD (data not 
shown). White blood cell (WBC) counts were not different 
between diets, but significantly higher in GKs than controls 
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on comparable diets. Expressions of interferon-induced genes, 
such as Ifit1 and Iigp1 in adipose tissue, are also not signifi-
cantly regulated by diet, although higher in GKs than in con-
trols regardless of diet. However, as indicated by the higher 
expression of Cd5l on HFD in both strains (Fig. 7), which is 
a well-known macrophage survival protein and whose origin 
is macrophages, recruitment and infiltration of macrophage 
into adipose tissue does occur along with fat expansion and 
precedes other indications of chronic inflammation in adipose 
tissue.

Although HFD has some beneficial effects of suppressing 
inflammatory response on GK rats as indicated by the higher 
expression of Hpgd and Cyp4b1 (Fig. 8), we do observe the 
significantly higher expression of diabetes biomarkers Enpp1 
and Thbs1 in diabetic GK rats compared to non-diabetic WKY 
rats on HFD (Fig. 6). Taken together, these results suggest 
that high fat consumption may alter diabetes disease progres-
sion before the signs are manifested phenotypically as elevated 
blood glucose. Thus, the involvement of genes associated with 
adaptive responses may contribute to a delay in deteriora-
tion of the disease symptoms and indicate a degree of self- 
adjustment by the system.

In conclusion, HFD feeding induces increased lipid uti-
lization as an adaptive response to elevated circulating free 
fatty acid and macrophage invasion associated with adipos-
ity regardless of strain. In addition, microarray analysis also 
reveals that WKY rats and GK rats develop different adap-
tations to increased dietary fat. WKY rats decrease the fatty 
acid synthesis and lipogenesis processes, whereas GK rats 
increase lipid elimination. Furthermore, the ability of GK rats 
to increase the degradation of inflammatory mediators indi-
cates a unique adaptation to what otherwise may be the ele-
vated inflammation induced by HFD. Comparisons of strains 
on HFD reinforce the differences observed on ND, especially 
presence of lipoatrophy, chronic inflammation, and insulin 
resistance in GK rats. The molecular mechanism behind the 
lipoatrophy of GK rats may involve three aspects: a defect in 
lipogenesis, an inability of lipid storing and accumulation, and 
an impaired preadipocyte differentiation. It is of special inter-
est that several diabetes biomarkers were only differentially 
expressed between strains in high fat fed animals, which may 
suggest that exposure to HFD perhaps does influence the dis-
ease in GK rats subclinically, either exacerbating the diabetic 
state or accelerating disease progression.
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