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Abstract: Effects of high fat diet (HFD) on obesity and, subsequently, on diabetes are highly variable and modulated by genetics in
both humans and rodents. In this report, we characterized the response of Goto-Kakizaki (GK) rats, a spontaneous polygenic model
for lean diabetes and healthy Wistar-Kyoto (WKY) controls, to high fat feeding from weaning to 20 weeks of age. Animals fed either
normal diet or HFD were sacrificed at 4, 8, 12, 16 and 20 weeks of age and a wide array of physiological measurements were made
along with gene expression profiling using Affymetrix gene array chips. Mining of the microarray data identified differentially regulated
genes (involved in inflammation, metabolism, transcription regulation, and signaling) in diabetic animals, as well as the response of
both strains to HFD. Functional annotation suggested that HFD increased inflammatory differences between the two strains. Chronic
inflammation driven by heightened innate immune response was identified to be present in GK animals regardless of diet. In addition,
compensatory mechanisms by which WKY animals on HFD resisted the development of diabetes were identified, thus illustrating the
complexity of diabetes disease progression.
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Introduction

Intake of excess dietary fat is associated with a
variety of systemic disease processes, including obe-
sity and type 2 diabetes, which are often inter-related.
Over time, a high fat diet (HFD) can cause patho-
logical changes in many organ systems including
the liver. In the liver, changes can include insulin
resistance and steatosis (fat accumulation) which
can progress to nonalcoholic steatohepatitis (NASH)
and ultimately to liver cirrhosis."* Mechanistically,
steatosis, insulin resistance, and type 2 diabetes are
often interconnected. Uptake of glucose into the liver
is highly controlled by the blood glucose concentra-
tion since it is carried out by GLUT2, the high Km
non-insulin dependent transporter. Therefore, chronic
hyperglycemia causes the liver to take up excessive
amounts of glucose. An insulin resistant liver with
impaired glycogen synthesis can use the excess glu-
cose for lipid synthesis, resulting in steatosis.

However, the consequences of a HFD are mod-
ulated by genetics in both humans and rodents.
Increased fat intake will result in varying degrees of
obesity and associated pathologies in different indi-
viduals, and the link between obesity and diabetes is
not absolute. Not all obese people develop type 2 dia-
betes, and all diabetics are not obese.” For example,
the majority of Western type 2 diabetics have body
mass indexes that exceed 25 kg/m? and are thus con-
sidered overweight to obese (>30 kg/m?). In con-
trast, about sixty percent of Asian type 2 diabetics
have body mass indexes less than 25 kg/m? and are
thus classified as “lean” diabetics. Just as all obese
humans do not develop type 2 diabetes and all indi-
viduals with type 2 diabetes are not obese, the same is
true of rodent models. Rodent models are extensively
employed to study diet-related pathologies, and strain
differences in response to diet can provide insight
into the link between diet and diet-induced pathologi-
cal changes.?

Goto-Kakizaki (GK) rats exhibit a spontaneous
polygenic form of diabetes and are a commonly used
animal model for diabetes studies. Elevated blood
glucose and peripheral insulin resistance are a com-
mon characteristic of these animals.®” Although most
diabetic rat models involve obesity, a non-obese phe-
notype is a consistent feature of the GK rat model.
Previously, we described an extensive analysis of
the liver from male GK and control Wistar-Kyoto

(WKY) rats from weaning through 20 weeks of age.®
Our analysis, which involved the extensive applica-
tion of gene arrays, suggested that in the livers of the
GK rats there is extensive inflammation caused by
chronic activation of innate immunity that is not evi-
dent in the livers of control WKY animals. An unan-
swered question is whether chronic high fat feeding
will exacerbate diabetes and/or indices of heightened
inflammation in this lean animal model.

In the present report, we examine the response
of 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 measurements we were able to identify
genes whose expression is different between the two
strains regardless of diet. Prominent among these
genes are those related to inflammation. In addition,
we identified genes that responded to HFD in both
strains as well as those whose response to HFD was
unique to either GK or WKY.

Materials and Methods

Experimental design

This study involved 25 GK spontaneously diabetic
and 25 WKY control male rats obtained from Taconic
Farms (Germantown, NY). 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 Institu-
tional Animal Care and Use Committee. Animals
were received at 21 £ 3 days of age. For experimen-
tal purposes, all animals were considered 22 days
old at the time of arrival. Rats were maintained in a
separate room in our animal facilities under stringent
environmental conditions that included strict adher-
ence to 12 hour:12 hour light:dark cycles. All animal
manipulations and care were carried out between 1.5
and 3.5 hours after lights on. Animals were housed in
individual cages with free access to HFD containing
45% energy from fat (Harlan Teklad TD.06415) and
water. Food intake and body weights were measured
twice weekly on all animals. Five animals from each
strain were sacrificed at 5 different ages: 4, 8, 12, 16,
and 20 weeks. Comparison was made to equivalent
animal fed a normal diet (Harlan Teklad 2016—10%
energy from fat). At the time of sacrifice, animals
were anesthetized with ketamine (80 mg/kg)/valium
(5 mg/kg) IP. Animals were sacrificed by aortic
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exsanguination using EDTA (4 mM final concentra-
tion) as anticoagulant. Plasma was prepared from
blood by centrifugation (2000 X g, 4 °C, 15 minutes),
aliquoted, and stored at —80 °C. Liver was harvested,
weighed, rapidly frozen in liquid nitrogen and ware-
housed at —80 °C.

Blood measurements

Blood glucose was measured from whole blood at the
time of sacrifice using a BD Logic blood glucose meter
(BD Medical, Franklin Lakes, NJ). Glycosylated hemo-
globin (HbA, ) was measured using AIcNOW InView
HbA . test meters (Metrika, Sunnyvale, CA).

Plasma measurements

Plasma glucose was measured by the glucose oxi-
dase method (Sigma GAGO-20) modified such that
the assay was carried out in a 1 mL assay volume.
Glucose assays included a standard curve consisting
of 7 standard glucose concentrations with experimen-
tal samples assayed in triplicate. Insulin was mea-
sured in plasma samples using a commercial RIA
(RI-13K Rat Insulin RIA Kit, Millipore Corporation,
St. Charles, MO). All assays were carried out accord-
ing to manufacturer’s directions with standards run in
duplicate and experimental samples run in triplicate.
Plasma free fatty acids were measured using the
Roche Half-micro Test (Roche Applied Sciences,
Indianapolis, IN) modified to a microtiter plate format
as follows: 200 uL Reagent A, 10 uL samples, 10 uL
Reagent 3, 10 uL Reagent B, R2 incubation time of
60 minutes. All experimental samples were measured
in triplicate. A standard curve consisting of 7 concen-
trations of free fatty acid ranging from 0.05-1 uM
was constructed from a commercial standard solu-
tion (WAKO NEFA, WAKO Chemicals, Richmond,
VA). Linear regression analysis of all standard curves
yielded r? values of greater than 0.99, and intra- and
inter-assay variations were less than 10%. Total cho-
lesterol, HDL-cholesterol, LDL-cholesterol, and trig-
lycerides were measured by colorimetric assays using
reagents commercially available (WAKO Chemicals,
Richmond VA) with assays adapted to a microtiter
plate format as previously described.’

Liver triglycerides
Frozen liver samples were extracted with
chloroform:methanol (2:1), dried, and resuspended in

butanol as described.'® Extracted triglycerides were
assayed colorimetrically with commercial reagents
(WAKO Chemicals, Richmond, VA).

RNA preparation

Liver samples from each animal were ground into
a fine powder in a mortar cooled by liquid nitrogen
and 100 mg was added to 1 mL of pre-chilled Trizol
Reagent (InVitrogen, Carlsbad CA). Total RN A extrac-
tions were carried out according to manufacturer’s
directions and were further purified by passage
through RNeasy mini-columns (QIAGEN, Valencia,
CA) according to manufacturer’s protocols for RNA
clean-up. Final RNA preparations were resuspended
in RNase-free water and stored at —80 °C. The RNAs
were quantified spectrophotometrically, and purity
and integrity assessed by agarose gel electrophoresis.
All samples exhibited 260/280 absorbance ratios of
approximately 2.0, and all showed intact ribosomal
28S and 18S RNA bands in an approximate ratio of
2:1 as visualized by ethidium bromide staining.

Microarrays

Isolated RNA from each liver sample was used to
prepare target according to manufacturer’s protocols.
The biotinylated cRNAs were hybridized to 50 indi-
vidual Affymetrix GeneChips Rat Genome 230-2
(Affymetrix, Inc., Santa Clara, CA), which contained
more than 31,000 probe sets. The high reproducibility
of in situ synthesis of oligonucleotide chips allows
accurate comparison of signals generated by samples
hybridized to separate arrays.

Data mining

Affymetrix Microarray Suite 5.0 (Affymetrix) was
used for initial data acquisition and analysis. The sig-
nal intensities were normalized for each chip using a
distribution of all genes around the 50th percentile.
The generated data set was submitted to the National
Center for Biotechnology Information (NCBI)
Gene Expression Omnibus (GEO, http://www.ncbi.
nlm.nih.gov/projects/geo/) database (GSE 13271).
GeneSpring 7 (Silicon Genetics, Redwood City, CA),
was employed for further analysis. In order to screen
for probe sets with different expression levels in
GK vs. WKY, each probe set on the five GK chips at
each time point was normalized to the average of the
same probe set on the five WKY chips. No difference
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between GK and WKY results in a value of 1. If GK
is greater than WKY, the value is greater than 1 and
if GK is less than WKY then the value is less than 1.
Reverse normalization (individual probe set values
of each WKY sample normalized to the average GK
value) was performed and filtered in order to identify
possible genes expressed in WKYY animals but not GK
animals. In order to objectively identify probe sets of
interest, the entire data set was filtered with the same
criteria to the ones applied to previous gene array
data sets for liver, white adipose tissue and skeletal
muscle for an identical experiment except the animals
received a normal diet.*'!? 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 liver using the
“call” function in Affymetrix Microarray Suite 5.0.
Genes that did have a call of “P” (present) in at least
5 of the 25 chips were eliminated. The second level of
filtering eliminated probe sets that could not meet the
basic criterion of having different expression levels
in GK and WKY rats. Normalized probe sets that did
not have ratios equal to or greater than 2 in at least
3 ages were eliminated from further consideration.
A schematic of this filtering approach has been previ-
ously published."

Statistics

For statistical comparisons, two-way ANOVAs were
carried out using SigmaStat 3.5 software (Systat
Software, Point Richmond, CA) with Tukey post-hoc
tests. Since data were not normally distributed,
ANOVAs were performed on rank-transformed data.

Results

Body weights

Figure 1 presents mean body weights of GK and
WKY animals fed HFD compared to normal diet-
fed animals throughout the course of this study. As
expected, both strains of animals exhibited continual
increases in body weight throughout. WKY animals
fed HFD were significantly heavier than WKY ani-
mals fed normal diet by 8 weeks of age, while GK
animals fed HFD did not become significantly heavier
than normal diet fed animals until 12 weeks (Fig. 1).
By the end of the study, the increased body weights
caused by HFD-feeding were fractionally similar in
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Figure 1. Body weight as a function of age in GK and WKY rats.

Notes: Closed circles = GK-HFD; open circles = WKY-HFD; closed
squares = GK-ND; open squares = WKY-ND. *WKY-HFD vs. WKY-ND,
P < 0.05; $GK-HFD vs. GK-ND, P < 0.001.

both strains; by 20 weeks of age, HFD rats were 20%
heavier than normal-fed animals of the same strain.
However, on either diet, WKY animals became sig-
nificantly heavier than GK animals by 8 weeks (HFD:
P < 0.001, ND: P < 0.004). This disparity in weight
became more pronounced at later ages (P < 0.001).
Livers were also weighed at sacrifice. When nor-
malized to body weight, the liver was a significantly
larger percent of total body weight in the smaller
GKs as compared to WKYs only at 20 weeks (data
not shown). Food consumption was also measured
in all animals twice weekly. Although WKY animals
consumed more food in an absolute sense, when
expressed as kcal/g body weight, no apparent dif-
ference in food intake was observed between strains
(data not shown).

Plasma glucose and insulin

Figure 2A presents mean plasma glucose values at
time of sacrifice for both strains on both diets. Plasma
glucose concentrations increased with age in both
strains, reaching an apparent plateau between 8 and
12 weeks of age. On comparable diets GK animals
had higher plasma glucose compared to WKY ani-
mals at all ages (P < 0.001). However, HFD did not
have a significant effect on plasma glucose in either
strain. Glycosylated hemoglobin (HbA ) provides a
good index of glycemic control over time. Consistent
with the plasma glucose data, in GK animals there
was a continual increase in HbA . over the course of
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the experiment from about 4% at 4 weeks of age to
about 11% at 20 weeks (data not shown). In contrast,
in WKY there is a small maturational increase from
4% at 4 weeks to almost 5% at 12 weeks. HFD had no
effect on HbA . in either strain.

Plasma insulin determined from RIA analyses is
presented in Figure 2B. Variation between animals
within a group exhibited high standard deviations.
This high variability was likely due to true ani-
mal variation rather than experimental error, since
inter-assay variability averaged 4.3% =+ 3.3%
for all samples, and variability of quality control
samples (intra-assay variability) was under 6%.
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Figure 2. Plasma glucose (A) and insulin (B) in GK and WKY animals
as a function of age.

Notes: Symbols are defined in Figure 1. #GK-ND vs. WKY-ND,
P < 0.001; *GK-HFD vs. WKY-HFD, P < 0.05; **GK-HFD vs. WKY-HFD,
P < 0.001.

In addition, samples were also analyzed by an ELISA
method which, despite higher inter-assay variability,
resulted in almost identical insulin profiles (data not
shown). In GK ND-fed animals there was a large
increase in plasma insulin between 4 and 8 weeks
of age followed by a decline for the remainder of
the experiment. In GK HFD-fed animals, the large
increase still occurred but the peak was delayed until
week 12. In control ND animals there was a moder-
ate maturational increase in plasma insulin between
4 and 12 weeks which then became constant for the
remainder of the experiment. Control animals fed
HFD showed an increase by 8 weeks which was then
followed by a substantial increase between 16 and 20
weeks, possibly indicating that these animals were
developing some metabolic disturbance by the end
of the experiment.

Lipid profiles and liver triglycerides

Figure 3A shows that high fat feeding significantly
elevates plasma free fatty acids comparably in both
strains beginning as early as 4 weeks of age. In con-
trast, no overt differences in plasma triglycerides,
LDL, or HDL were seen throughout the 20 week
experiment (data not shown). Figure 3B shows the
triglyceride content in livers of WKY and GK on
both diets. In both strains HFD caused a significant
increase in liver triglyceride content as early as
4 weeks, and which remained elevated throughout
the experiment.

Data mining

The Affymetrix R230-2 chip contains more than
31,000 probe sets. Our initial data mining step fil-
tered out genes not expressed in liver. By eliminat-
ing probe sets that did not get a call of present on
at least 5 of the 25 chips for either GK or WKY
left a remainder of 18,207 probe sets for further
consideration. We next eliminated probe sets that
were not differentially expressed when comparing
GK-HFD to WKY-HFD. Our criteria for differen-
tial expression was a minimum 2-fold difference in
normalized probe set intensity occurring in at least
3 or more ages. This filter was performed on both
GK-HFD samples normalized to WKY-HFD and
WKY-HFD normalized to GK-HFD. The total num-
ber of probe sets retained as differentially expressed
after filtering was 495.
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Figure 3. Plasma free fatty acids (A) and liver triglyceride content (B) in
GK and WKY animals as a function of age.

Notes: Symbols are defined in Figure 1. *GK-HFD vs. GK-ND, P < 0.05;
$GK-HFD vs. GK-ND, P < 0.001; *WKY-HFD vs. WKY-ND, P < 0.05;
#®WKY-HFD vs. WKY-ND, P < 0.001.

Data analysis

Affymetrix provides an accession number for the
sequence from which each probe set was built. We
submitted the accession number of each selected probe
set to the NCBI Basic Local Alignment Search Tool
(BLAST) to identify, as closely as possible, its gene.
Of the 495 probe sets, there were 107 probe sets that
could not be identified by the BLAST of their acces-
sion numbers. In addition, in several instances there
were multiple probe sets for the same gene. This left
368 identifiable individual genes. These genes were
then submitted to NCBI “across database search”
primarily to identify all aliases and alternate symbols.

The preferred symbol was submitted to NCBIAce View
as well as extensive PubMed Boolean logic searches
to ascertain the function of the gene in liver. Based
on these searches we separated the genes into groups
based on their function in the liver. These groups
were as follows: Transcription/Translation; Signaling;
Protein Processing; Lipid Metabolism; Carbohydrate
Metabolism; Immune/Inflammatory; Small Molecule
Metabolism; Cell Cycle Control; Mitochondrial; and
Transport. An additional 42 genes which did not read-
ily fit into these categories were grouped as Other,
and the 107 probe sets not identifiable by BLAST
were listed as ESTs. Clearly such functional catego-
rizations are not perfect because overlaps exist. For
example, a signaling molecule such as Cxcl14 that is
central to a chemokine signaling pathway was placed
in Immune/Inflammatory, not Signaling. Supplementary
Table 1 provides a list of all differentially regulated
genes organized by these functional categories, and
includes their probe set ID, accession number, gene
name, symbol, their function, and which strain was
higher.

GK compared to WKY animals
when fed HFD

Previously we conducted a disease progression time
series study with the same design except that the ani-
mals were fed a normal diet containing 10% energy
from fat (Harlan Teklad 2016). One objective of the
present study is to identify genes that are differentially
expressed between GK and WKY on both diets and
those which are restricted to either normal or HFDs. The
identical data mining approach was applied to the nor-
mal diet data set and yielded 395 differentially regulated
probe sets. As illustrated by Figure 4, of the 495 probe
sets that were different between GK and WKY when
animals were fed a HFD, 283 were also different with
normal diet. The remaining 212 probe sets were unique
to HFD (highlighted in bold font on Supplementary
Table 1) while an additional 112 were unique to normal
diet-fed animals (Supplementary Table 2).

Immune/Inflammatory Processes

The immune/inflammatory category with 78 probe
sets was the most populated group in the compari-
son of GK to WKY when the animals were fed a
HFD (Supplementary Table 1). This category was
also most abundant when the animals were fed a
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Figure 4. Venn diagram showing the numbers of differentially regulated
probes sets between strains when animals are fed a high fat diet (yellow)
and those regulated between strains when animals are fed a normal diet
(blue). Regulations between strains regardless of diet are depicted in
green.

normal diet (63 probe sets). Of the 78 probe sets that
were different between GK-HFD and WKY-HFD,
55 were also different in these strains when animals
were fed a normal diet. The remaining 23 were dif-
ferentially regulated only when animals were fed a
HFD. There were 8 probe sets differentially regulated
in animals fed a normal diet but not when fed a HFD
(Supplementary Table 2). The initial comparison of
GK and WKY from animals fed a normal diet indi-
cated widespread inflammation in the liver of GK
animals which is also evident in HFD fed animals.
Examples are presented in Figures 5 and 6, with oth-
ers listed in Supplementary Table 1. CD14 (5A), Ifitl
(5B), Cxcl14 (5C), Plap and Iigp (Fig. 6) were signifi-
cantly up-regulated in GK liver compared to WKY
controls in both ND and HFD fed animals. However,
Lgal5 (5D), KlIf33 (5E) and IL33 (5F) were all dif-
ferentially regulated only in the HFD-fed GK com-
pared to the control WKY, not in normal-fed animals.
While Lgal5 and KIf33 were up-regulated in GK,
IL33 expression was down-regulated. Confirmations
of selected probe sets were obtained by comparing
real-time qRTPCR data with array data. Figure 6,
which presents both microarray data and qRTPCR
data for ligp, illustrates the high degree of similarity
in expression patterns with both techniques.

Transcription/Translation

Transcription/Translation was the second most popu-
lated functional category with 71 probe sets on HFD
and 53 probe sets on ND. Of the 71 probe sets that
were differentially regulated between GK and WKY

on HFD, 38 were also differentially expressed on ND
while 33 were unique to HFD. There were 15 probe
sets that were unique to ND. Supplementary Tables 1
and 2 provide lists of the probe sets in this category.
Some examples include the expression of Stat3, Rabl3,
Creg, and Gemin6 which are differentially regulated
in GK compared to WKY on both diets. Stat3 and
Gemin6 were down-regulated in GK liver compared to
WKY, while expressions of the other two genes were up-
regulated as shown in Figure 7A—D. Examples of genes
that are differentially regulated only in HFD fed ani-
mals include Dbp and Nr1d11. Both were up-regulated
in GK compared to WKY liver (Fig. 7E and F).

Signal transduction

There were 62 probe sets in this group that were dif-
ferentially expressed between GK and WKY on HFD.
Of these probe sets, 32 were also different on normal
diet while 30 were unique to HFD. There were 16
probe sets that were only different between the two
strains on normal diet. A list of these probe sets can
be found in Supplemental Tables 1 and 2. Genes that
were differentially expressed from this category in
both normal diet and HFD animals include, Pik3c3,
Mmrt7, Igfbpl, and Spred1 (Fig. 8A—D). In contrast,
Hgfr and Comt were differentially regulated only
in HFD fed GK rats compared with WKY animals,
but not in ND-fed animals (Fig. 8E and F). Spredl,
Hgfr and Pik3c3 were lower in GK liver while Comt,
Mmrt7 and Igfbp1 were higher.

Lipid metabolism

There were 29 probe sets in this group that were dif-
ferent in expression between GK and WKY on HFD
(Supplementary Table 1). The vast majority of the
probe sets in this category were common to both
HFD and normal diet suggesting that the difference
in lipid metabolism between the two strains is intrin-
sic and not diet-driven. For example, genes coding
for Pxmp4, Elvol6, Acsm2, Acot3, and Acot4 were
all higher in both normal diet and HFD fed GK com-
pared to their respective WKY controls as shown in
Figure 9. However, Acotl was only higher in GK
when animals were fed HFD.

Response to HFD within a strain
In order to understand the effect of HFD on gene
expression in each strain, we compared GK-HFD

Gene Regulation and System Biology 2012:6

157


http://www.la-press.com

\\

Almon et al
A CD14 B Ifit1 C Cxcl14
2400 - .
w2254 51 o .
1800 ** .
- 150 i 501
1200 4 "
600 { w & 1
> o—O0—0b— 5 5
= 0 T T T T T 0 T T T T T 0 T T T T T
4 4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
[
=
~ D Lgal5 E KIf13 F IL33
o
n
g . *k
* i - 1200
S 1600 | " 450
o *x ** *x
1200 - o 300 800 -
800 B\g/g’__l\g 150 - SIS 400 -
400 T T T T T 0 T T T T T 0 T T T T T

4 8 12 16 20

4 8 12 16 20

Age (weeks)

® GK-HFD
O  WKY-HFD

Figure 5. Representative probe sets related to Immune/Inflammatory Processes which are differentially regulated in GK-HFD animals (closed circles) and
WKY-HFD animals (open circles).
Notes: CD14, Ifit1, and Cxcl14 are differentially regulated between strains when animals are fed either ND or HFD, but Lgal5, KIf13, and IL33 are only
differentially regulated between strains when animals are fed HFD (*P < 0.05; **P < 0.001)

2000

1500 -

1000 A

Probe set intensity

500 -

- 1200
]
-900 @
(=2}
£
0
2
-600 3
2
o
E
-300 @
(S]
o
-
(14
o
- 0

12 16
Age (weeks)

20

@® GK-HFD array data

O WKY-HFD array data

@ GK-HFD gRTPCR data
& WKY-HFD gRTPCR data

Figure 6. ligp expression in GK-HFD animals (closed symbols) and WKY-HFD animals (open symbols) measured by microarray analysis (circles) and
gRTPCR (diamonds).

158

Gene Regulation and System Biology 2012:6


http://www.la-press.com

\3

Diet effects on liver gene expression in diabetic rats

A STAT3 B Rabl3 Cc Creg1
600 7
4504 w - . 2000
| " = i w350 - il =
400 1500 - .
250 A
1000 4 *
200 150 -
500 - G—’O/O\o_/o
> 50 -
-y 0 T T T T T T T T T T
w O 1) 1 1 1
s 4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
3
£
% D Nrid1 E DBP F  Gemin6
(7]
2
8 250 il ** 7 **
o 90 - . - b
o . 400 - hid .
150 4 = 60
200
%0 7 7 —o_ 4 o @
T T T T T T T T T T 1 0 T T T T T
4 8 12 16 20 4 8 12 16 20 24 4 8 12 16 20
Age (weeks)
® GK-HFD
O WKY-HFD

Figure 7. Representative probe sets related to Transcription/Translation which are differentially regulated in GK-HFD animals (closed circles) and WKY-
HFD animals (open circles).

Notes: Stat3, Rabl3, Creg1, and Gemin6 are differentially regulated between strains when animals are fed either ND or HFD, but Nr1d1 and DBP are only
differentially regulated between strains when animals are fed HFD (*P < 0.05; **P < 0.001).

A Pik3c3 B Mmrt7 C Igfbp1

600 - 600 5000

*%

*%
** *%
*% ke *% *k *
*%
400
400 . 3000 o .
*k
il 6\6\6/6\0
1 T T T 1
4 8 12 16 20

2
o 200 O/U,_@_,zy/o 1000
[=
2 T T T T T 0 T T T T T
£ 4 8 12 16 20 4 8 12 16 20
@
o D Spred1 E HGFR F Comt
!
o 250 - *k 12000 - %
S *%
o *% 200 *% *%
200_ *%k ** ** *% * *% **
150 9000
150 - "
100 *
1007 6000 -
%0 '\i_J/I\; 501
O T T T T T 0 T T T T T 3000 1 T T T T
4 8 12 16 20 4 8 12 16 20 4 8 12 16 20
Age (weeks)
® GK-HFD
O WKY-HFD

Figure 8. Representative probe sets related to signal transduction which are differentially regulated in GK-HFD animals (closed circles) and WKY-HFD
animals (open circles).

Notes: Pik3c3, Mmrt7, Igfbp1, and Spred1 are differentially regulated between strains when animals are fed either diet, but HGFR and Comt are only dif-
ferentially regulated between strains when animals are fed HFD (*P < 0.05; **P < 0.001).
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Figure 9. Representative probe sets related to Lipid Metabolism which are differentially regulated in GK-HFD animals (closed circles) and WKY-HFD

animals (open circles).

Notes: All probe sets except Acot1 are differentially regulated between strains when animals are fed either diet, while Acot1 is only differentially regulated

between strains when animals are fed HFD (*P < 0.05; **P < 0.001).

to GK-normal diet as well as WKY-HFD to WKY-
normal diet. These comparisons allowed us to iden-
tify genes that changed in both strains on HFD as
well as those genes that changed only in one of the
strains. Supplementary Table 3 lists 30 probe sets
whose expression changed in both strains in response
to HFD. Of the 30 genes that changed in both strains
on HFD relative to normal diet, only two changed in
opposite directions in the two strains. The remaining
28 genes on this list changed in the same way in both
strains in response to HFD. For example, Cptla and
Rab30 increased in both strains in response to HFD
(Fig. 10A and B). In contrast to genes whose expres-
sion differed on HFD in both strains, an additional
71 genes were only differentially expressed in dia-
betic animals fed a HFD compared to normal diet,
and were not different in control WKY animals fed
a HFD (Supplementary Table 4). For example, Vnnl
and Angptl were up-regulated only in GK animals
fed HFD (Fig. 10C and D). In addition, 99 probe sets
were different in the WKY strain fed a HFD, but not

in the GK strain (Supplementary Table 5). For example,
Fabp2 was up-regulated and Acsm2 was down-regulated
only in WKY animals fed HFD (Fig. 10E and F).

Discussion

The liver plays a central role in both carbohydrate
and lipid homeostasis. It is involved in the mainte-
nance of normal glucose concentrations over a wide
variety of nutritional conditions, from starvation to
nutritional excess. Multiple hormones involved in
regulating energy metabolism, including insulin,
glucagon, and glucocorticoids, influence gene expres-
sion in the liver. In addition to endogenous glucose
production, the liver is also involved in the synthe-
sis of cholesterol, free fatty acids, triglycerides and
amino acids. Because of the importance of liver in
metabolic processes and the pathology of diabetes, we
examined the relationships between type 2 diabetes
and high fat feeding in this rodent model. Several
physiological measurements along with genome-
wide mRNA expression analysis across different
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Notes: Cpt1a and Rab30 are regulated by diet in both GK and WKY animals, while Vnn1 and Angpt1 are only regulated in GK animals and Fabp2 and
Acsm2 only in WKY animals; *WKY-HFD vs. WKY-ND, P < 0.05; **WKY-HFD vs. WKY-ND, P < 0.001; *GK-HFD vs. GK-ND, P < 0.05; **GK-HFD vs.

GK-ND, P < 0.001.

ages were studied in diabetic GK and control WKY
rats fed normal and HFDs.

Not unexpectedly, high fat feeding resulted
in increased body weight in both strains (Fig. 1).
Despite the fact that GK animals exhibit a lean phe-
notype, the weight gain was proportional to that in
WKY animals. By 20 weeks of age, both strains were
20 percent heavier than comparable animals fed a
normal diet. There are many reports in the literature
indicating that both high fat feeding and diabetes can
cause the buildup of triglycerides in the liver causing
steatosis."'*!* Although there were no significant dif-
ferences between the two strains, the liver triglycer-
ide content was higher in animals fed a HFD in both
strains at all ages (Fig. 3).

The effects of high fat-feeding on indices of dia-
betes were minimal (Fig. 2). While GK animals had
highly elevated levels of plasma glucose compared
to WKY animals at all ages studied, high fat feeding

did not increase plasma glucose in either strain. There
was a sharp rise in plasma insulin between 4 and
8 weeks in GK animals fed a normal diet, followed
by a continuous decline throughout the remainder of
the experiment. This suggests a progressive beta cell
failure as reported by others.” On HFD, the pattern
was quite similar except that the peak of insulin did
not occur until 12 weeks. In WKY animals there was
no significant difference in plasma insulin between
normal diet and HFD animals for the first 16 weeks of
the experiment. However, between 16 and 20 weeks
there was a sharp rise in plasma insulin in the HFD
WKY animals. This result suggests that the WKY's
on HFD may have entered a pre-diabetic state where
there is a compensatory increase in insulin secretion
from the beta islet cells.

Although there was no significant difference
between strains, HFD-feeding caused significant
increases in plasma FFAs in both GK and WKY
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animals (Fig. 3). There is ample evidence in the lit-
erature that high plasma FFAs can contribute to insu-
lin resistance.'*?° However, in our study there is no
indication that the high plasma FFAs exacerbated
diabetes in the GK strain. The only indication of an
effect of FFAs on glucose homeostasis in WKY is the
significantly elevated insulin observed at 20 weeks.
However, HFD resulted in a significant increase in
liver triglycerides in both strains.

In order to provide a context for the physiological
analysis of the response of both strains to HFD and to
understand the underlying gene expression changes,
we used Affymetrix 230-2 arrays which contain more
than 31,000 probe sets to evaluate gene expression in
the liver. We mined these arrays for genes that were
at least 2-fold different in GK-HFD vs. WKY-HFD
animals. We compared this analysis with a previ-
ously conducted identical analysis of the two strains
except the animals were fed a normal diet.® As shown
in Figure 4, there were 283 probe sets that were dif-
ferent on both diets. We identified 212 probe sets that
were differentially expressed only when the animals
were fed a HFD and 112 probe sets that only differ-
entially expressed when animals were fed a ND. Two
additional relevant analyses include the comparison
of GK on HFD vs. normal diet and WKY on HFD
versus normal diet. This allowed us to determine
similarities and differences is the responses of the
two strains to HFD.

Comparison of GK-HFD versus WKY-HFD indi-
cated that the largest number of probe sets (78) was in
the group of genes related to Immune/Inflammatory
Processes. The results indicate widespread inflam-
mation in the livers of GK relative to WKY. A large
number (55) of these probe sets were also different in
GK relative to WKY when fed a normal diet. The fact
that genes like CD14 are higher in the liver of GKs on
both diets support the conclusion that the inflamma-
tion is innate in origin (Figs. 5 and 6). Innate immu-
nity is activated by pathogen structures such as LPS
which is a carbohydrate—lipid structure expressed on
the outer cell wall of gram-negative bacteria.’! CD14
is a protein expressed on the surface of cells that
serves as a co-receptor for LPS.?> Additionally, the
liver secretes into circulation a soluble form of CD14
that confers LPS responsiveness to other tissues.?
Another gene that is more highly expressed on both
diets in GK liver is Cxcl14, which has been reported

to be expressed in CD14-positive cells.?* Similarly,
the higher expression in liver on both diets of two
interferon induced genes, Ifitl and ligpl, is con-
sistent with the conclusion that a major difference
between the two strains is chronic inflammation in
the GK.*'"12 TFNs are protein cytokines produced
by immune cells in response to a variety of agents
such as double stranded RNA. Another gene that is
more highly expressed in GK on both diets is Pirin
(Pir-Supplemental Table 1) which has been associ-
ated with macrophage recruitment and activation.” It
is probable that the GK strain is hyper-responding to
foreign stimuli entering the liver through the hepatic
portal vein.

However, high fat feeding does seem to increase
the inflammatory difference between the two strains.
For example, the higher expression of lectin, galactose
binding, soluble 5 (Lgals5) in GK liver only on HFD
suggests an exacerbation of the difference. Lgals5
is involved in NF-kappaB signaling.’*?’ Similarly,
KIf13, which is a transcription factor involved in reg-
ulation of RANTES (also known as CCL4) is more
highly expressed in GK only on HF diet.?® RANTES
is a cytokine whose increased expression is associ-
ated with many inflammatory conditions including
diabetes.?*

In contrast to GK, the livers of the WKY strain
exhibit increased expression of several genes that
actually inhibit inflammatory responses. For example,
caspase 12 (Casp 12-Supplemental Table 1) which
inhibits cytokine signaling is higher in the livers of the
WKY strain on both diets. Similarly cytokine induc-
ible SH2-containing protein (Cis) and Suppressor
of cytokine signaling 2 (Socs2) are higher in WKY
(Supplemental Table 1). Both of these genes inhibit
cytokine signaling.*! Another very important gene that
is higher in WK on both diets is STAT3 (Fig. 7A).3%%
In vascular endothelial cells, STAT3 enhances the
expression of genes that protect against inflammation
induced by LPS. In liver cells, STAT3 is involved in
the acute phase response promoting the expression
of both pro- and anti-inflammatory proteins. It is also
involved in both IL-6 (pro-inflammatory) and IL10
(anti-inflammatory) signaling. Another rather inter-
esting gene that is more highly expressed in WKY
liver on both diets is Gemin6 (Fig. 7D). Gemin6
is one of the proteins involved in spliceosome
function.** Decreased spliceosomal function is
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associated with a variety of degenerative disease
processes. %

The comparison of HFD to normal diet within
each strain also provided insight into inflammatory
status. These analyses indicated that HFD feeding
did not exacerbate the gene expression changes asso-
ciated with heightened inflammation in GK animals,
but did result in changes indicative of increased
inflammation in the WKY strain. For example, with
respect to genes functionally classified as Immune/
Inflammatory, there were no differences in the GK
strain when comparing HFD to normal diet. In sharp
contrast, in the WKY strain there were 13 probe
sets differentially expressed between diets in this
category. Among the probe sets that are up-regulated
in WKY on HFD are three probe sets for ligpl.
Although the expression of this gene is still higher in
GK than WKY on both diets, the increase on HFD in
WKY suggests elevated inflammation in WKY's with
HFD feeding. Consistent with this conclusion is the
increased expression of Monocyte to macrophage
differentiation-associated 2 (Mmd2), Proviral inte-
gration site 1 (Piml), Vanin 1 (Vnnl) and Tumor
necrosis factor receptor superfamily, member 9
(Tnfrsf9, CD137) with HFD (Supplemental Table 3
and Fig. 10C). Mmd2 facilitates the conversion of
monocytes to tissue macrophages.’’” Piml is a kinase
that protects the main subunit of NF-kappa B from
degradation.®® Vnnl promotes an innate immune
response® and Tnfrsf9 is expressed on endothelial
cells activated by pro-inflammatory stimuli and
facilitates the recruitment of monocytes into areas
of inflammation.* The only change that is not con-
sistent with increased inflammation in the liver of
WKY on HFD is the increased expression of sup-
pressor of cytokine signaling 2 (Socs2) which would
be anti-inflammatory. It is notable that Socs2 was
also higher in WKY compared to GK on both diets.
Given the result that the WKY strain is resistant to
HFD induced diabetes, it is quite relevant that inter-
leukin 33 (IL-33) is more highly expressed in WKY
livers. Recently, Miller et al provided data suggest-
ing that IL-33 can play a protective role in glucose
homoeostasis and metabolic-induced tissue damage
when animals are fed a HFD.*! They attribute this
to the down regulation of resistin, a mediator that
is responsible for development of insulin-resistance
and type 2 diabetes.

Several genes that are common to both diets help
explain the diabetic phenotype of the GK strain.
For example, Pik3c3, which is involved in insulin
signaling,* is more highly expressed on both diets in
WKY (Fig. 7A). Similarly both Igfbpl and Mtmr7
are also more highly expressed in GK on both diets
(Fig. 7B and C). Igfbpl is a liver derived secreted
protein that binds and sequesters IGF1. IGF1 is struc-
turally and functionally similar to insulin and contrib-
utes to glucose disposal. Elevating circulating Igfbp1
has been shown to increase plasma glucose.** Mtmr7
is a lipid phosphatase that removes phosphate from
the phosphorylated inositol head group and is coun-
ter-regulatory to Pik3c3.4

In contrast, there are genes that are differentially
expressed between GK and WKY only when ani-
mals are fed HFD. For example, the expression of
transforming growth factor, beta receptor II (Tgfbr2)
is more highly expressed in WKY only on HFD
(Supplemental Table 1). The enhanced expression of
this gene has been shown to be involved in the devel-
opment of obesity and related pathologies.** In con-
trast, the higher expression of Hgfr in WKY may be
ameliorating as HGF has been shown to be protective
against the development of steatosis when mice are
fed a HFD* (Fig. 7E). Another important gene whose
expression is different between the two strains only on
HFD is Comt (Fig. 7F). Comt in liver, which is higher
in GK, is the major systemic pathway for the inacti-
vation of catecholamines including epinephrine and
norepinephrine. The higher Comt in GK liver should
reduce the systemic influence of the autonomic ner-
vous system, reducing lipolysis in adipose tissue, gly-
cogen breakdown in the liver, and fatty acid uptake by
the musculature. The higher expression of Spredl in
WKY may also help explain why this strain is resis-
tant to development of diabetes (Fig. 7D). Spred1 is a
negative regulator of the Ras/ERK signaling pathway
involved in some cytokine signaling.’!

Several genes differentially regulated between
strains were related to lipid metabolism. Genes whose
expression is higher in GK on both diets include
ELOVL family member 6 (Elovl6) which is involved
in the biosynthesis of unsaturated fatty acid*® (Fig. 9A).
Additional genes that are higher in GK on both diets
are three peroxisomal genes, peroxisomal membrane
protein 4 (Pxmp4), peroxisomal acyl-CoA thioesterase
3 (Acot3), and peroxisomal long chain acyl-CoA
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thioesterase Ia (Acot4) (Fig. 9B, D and E).*' It is
rather surprising that so few genes in this category are
unique to HFD. Among these is cytosolic acyl-CoA
thioesterase 1 (Acotl) (Fig. 9F). The fact that two per-
oxisomal and one cytosolic Acots are higher in GK is
rather interesting. ACOTs are important to the cellular
balance between free fatty acids and acyl-CoAs. This
balance is critical to many cellular processes. These pro-
cesses include oxidation of fatty acids and biosynthesis
of lipids. The balance between free fatty acids and acyl-
CoAs is also involved in the allosteric regulation of sev-
eral enzymes such as the inhibition of the activation of
AMP-activated protein kinase by palmitoyl-coenzyme
A and activation of the peroxisome proliferator-
activated receptors (PPARs) by free fatty acids.'® The
activity of Acots which can hydrolyze acyl-CoAs to the
corresponding free fatty acid and CoASH is important
to regulating the balance. In this regard it is also relevant
that mitochondrial acyl-CoA thioesterase 2 (Acot2) is
also higher in GK on normal diet but not HFD. A group
of enzymes participating in the other side of the balance
are acyl-CoA synthetases.*” In this regard, it is relevant
that acyl-CoA synthetase medium-chain family mem-
ber 2 (Acsm2) is higher on both diets in GK (Fig. 9C)
while acyl-CoA synthetase medium-chain family mem-
ber 3 (Acsm3) and acyl-CoA synthetase medium-chain
family member 5 (Acsm5) are higher on both diets in
WKY (Supplemental Table 1). All three of these Acsms
are mitochondrial.

A variety of other genes were found to differ in
expression when the two different diets were com-
pared within each strain. Only one gene was different
in the signaling group when both strains on normal diet
were compared to the same strain on HFD. Rab30, a
member RAS oncogene family, was elevated by HFD
in both strains (Fig. 10B). Although only limited
data on this gene is available, increased expression
of Rab30 is elevated in regenerating liver> possibly
indicating that HFD causes liver damage.

High fat feeding caused a differential expres-
sion of 15 probe sets in the Signaling category in
GK animals, but not in WKY animals. Regulator of
G-protein signaling 5 (Rgs5) is more highly expressed
in liver of GK on HFD as compare to the GK on nor-
mal diet (Supplemental Table 4). Increased expres-
sion of Rgs5 is associated with vascular remodeling.**
Consistent with the possibility that HFD is causing

vascular remodeling in the liver of the GK strain is the
increased expression of Angptl (Fig. 10D). Increased
expression of Angptl is associated with both inflam-
mation and vascular remodeling.”> Interestingly,
Mtmr7, which is counter regulatory to insulin sig-
naling and higher in GK on both diets, is further
increased in GK on HFD when compared to GK on
normal diet. Consistent with the chronic hyperglyce-
mia of the GK rats is the further down regulation of
caveolin 1 (Cavl) on HFD relative to GKs on normal
diet (Supplemental Table 4). Hyperglycemia has been
shown to reduce the expression of Cav1.%

The intra-strain diet comparison in WKY provides
results that may explain why these animals were resis-
tant to developing diabetes on HFD (Supplemental
Table 5). For example, in WKY on HFD there is a
reduced expression of phospholipase A2, group IB
(Pla2glb). Pla2gl1b stimulates the production by neu-
trophils of pro-inflammatory leukotriene B4.%” Another
very important observation concerning the resistance
of WKY to the development of HFD induced diabetes
is the increased expression of stanniocalcin 1 (Stcl)
in the livers of WKY on HFD. There is significant
evidence that Stcl stimulates mitochondrial electron
transport and uncouples oxidative phosphorylation.*® In
addition, studies using transgenic mice over expressing
Stcl show that one consequence of this effect on mito-
chondria is an increase in glucose disposal in a glucose
tolerance test.”” Similarly, the increased expression of
fibroblast growth factor receptor 2 (Fgfr2) appears to be
a protective adaptation to HFD in the WKY strain. For
example, mice with defective signaling through Fgfr2
develop hepatic steatosis with age.* Another interesting
observation involves differential regulation between
strains of 3 genes involved in regulation of circadian
rhythms. Both Nuclear receptor subfamily 1, group D,
member 1 (Nrldl) also known as RevErbA, and D site
of albumin promoter-binding protein (Dbp) showed
higher expression in the liver GK compared to WKY
animals when fed HFD (Fig. 7E and F). The third gene
is carbon catabolite repression 4-like B (CCR4—also
known as nocturnin) which showed higher expression
in GK animals fed a normal diet compared to WKY
animals fed that diet (Supplemental Table 2). At the
time these animals were sacrificed, these genes should
be at the nadir of their circadian expression pattern.
The fact that these genes are differentially expressed
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between GK and WKY suggests the possibility of
circadian disruption in the GK strain. Disruption of
circadian rhythms can be both a cause and a result of
diabetes. Because nocturnin is more highly expressed
in GK relative to WKYY on normal diet the down regu-
lation in both strains on HFD is quite interesting. Noc-
turnin is a circadian deadenylase that is important to
the regulation of genes necessary for nutrient uptake,
metabolism, and storage.®' % These results expand and
elaborate on the recent work of Kohsaka et al noting
the effects of HFD on circadian rhythms.*

The results of this study illustrate the complexity
of diabetes as a disease process. Increased dietary
fat intake and obesity are important etiological fac-
tors in the development of type 2 diabetes, especially
in Western societies. However, the gene expression
results observed with WKY demonstrate factors that
can make an animal resistant to diet-induced type 2
diabetes. These factors are primarily associated with
anti-inflammatory genes. In contrast to WKY, the
leaner GK strain express genes associated with height-
ened innate immunity driven inflammation regardless
of diet. This connection of inflammation to the devel-
opment of type 2 diabetes is further supported by our
recently published observation that salsalate, a spe-
cific inhibitor of NF kappa B, can ameliorate hyperg-
lycemia in the GK strain.®
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