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ABSTRACT: In the present report, we examined the responses of diabetic Goto-Kakizaki (GK) rats and control Wistar-Kyoto (WKY) rats

fed either a standard chow or high-fat diet (HFD) from weaning to 20weeks of age. This comparison included gene expression profiling of
skeletal muscle using Affymetrix gene array chips. The expression profiling is interpreted within the context of a wide array of physiological
measurements. Genes whose expressions are different between the 2 strains regardless of diet, as well as genes that differ between strains only
with HFD, were identified. In addition, genes that were regulated by diet in 1 or both strains were identified. The results suggest that both strains
respond to HFD by an increased capacity to oxidize lipid fuels in the musculature but that this adaptation occurs more rapidly in WKY rats. The
results also demonstrated an impaired cytokine signalling and heightened inflammatory status in the GK rats.
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Introduction

Type 2 diabetes mellitus (T2DM) is a heterogeneous collection
of diseases with the single common characteristic of an
impaired response to insulin. The loss of insulin response leads
to hyperinsulinaemia and profound changes in both glucose
and lipid metabolisms.!? The hypersecretion of insulin gener-
ally leads to B-cell failure and severe diabetes. Although there
are novel examples in both humans and animals where the
development of T2DM is associated with single gene defects,
for the most part, the development of insulin resistance is
caused by environmental factors acting on polygenic back-
grounds. For example, studies as early as 1913 highlighted the
relationship between the consumption of a high-fat diet
(HFD) and the development of hyperglycaemia.’ The results
presented here focus on the impact of high fat consumption on
muscle gene expression in a polygenic model of T2DM.

The Goto-Kakizaki (GK) rat represents an animal model
of T2DM with glucose intolerance, insulin resistance, and
abnormal glucose metabolism.** The insulin resistance causes
hyperinsulinaemia which eventually leads to B-cell failure and
the expression of chronic hyperglycaemia. This animal is a
spontaneously diabetic rat produced by inbreeding of Wistar
rats selected for high glucose values during oral glucose toler-
ance tests. However, diabetes in the GK rat is not associated
with obesity. When fed a normal diet (ND), GK rats not only
do not become obese but also actually exhibit an impaired
development of mature adipocytes.® Previous reports from
our laboratory presented an extensive time-series analysis of
skeletal muscle,” liver,® and adipose tissue® from GK rats fed

a normal rodent diet (10% fat) which demonstrated elevated
chronic inflammation due to heightened natural immunity in
all 3 tissues.

In additional studies, we compared those diabetic and con-
trol animals fed a normal rat diet from 4 to 20weeks of age
with a similar cohort fed a HFD (45% energy from fat) to
examine the dietary effects on diabetes disease progression.
Our analysis employed gene arrays along with extensive physi-
ological measurements including body weights, organ weights,
plasma glucose, plasma hormones (insulin, corticosterone, adi-
ponectin, and leptin), and lipid profiles. Using the gene array
data, we were able to identify genes whose expression is differ-
ent between the 2 strains regardless of diet. In addition, we
identified genes that responded to the HFD in both strains as
well as those whose responses to HFD were unique to either
GK or control animals. To date, we have published data on
liver” and adipose tissue'® from these studies. Because skeletal
muscle is responsible for about 80% of insulin-directed glucose
disposal, T2DM involves the impaired ability of the muscula-
ture to respond to insulin.'! This study presents gene array data
from skeletal muscles taken from these animals.

Materials and Methods
Experimental design
A more extensive description of this experiment can be found in

our published reports describing the array results on the livers
and adipose tissue from these animals.”! Briefly, the
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experiment involved 25 GK rats spontaneously diabetic and 25
Wistar-Kyoto (WKY) nondiabetic male rats obtained from
Taconic Farms (Germantown, NY, USA). They were main-
tained on a HFD (Harlan Teklad TD.06415 — 45% energy
from fat) from 3weeks of age until the end of the experiment.
An additional set of 25 GK and 25 WKY animals fed standard
rat chow (ND) were maintained and analysed in parallel. The
research protocol adhered to the ‘Principles of Laboratory
Animal Care’ (National Institutes of Health publication 85-23,
revised in 1985) and was approved by the University at Buffalo
Institutional Animal Care and Use Committee. Animals were
maintained in our facility under environmental conditions with
strict adherence to 12 hour:12 hour light:dark cycles. All manip-
ulations and sacrifices were conducted between 1.5 and 3.5 hours
after the beginning of the light cycle. Animals were housed in
individual cages with free access to food and water. Food intake
and body weights were measured twice weekly. Five animals
from each strain were killed at 4, 8,12, 16, and 20 weeks of age
by aortic exsanguination using EDTA as anticoagulant. Animals
were not fasted prior to sacrifice, and all measurements were
performed following sacrifice. Gastrocnemius muscles were
harvested, weighed, rapidly frozen in liquid nitrogen, and stored
at -80°C. Comparison was made to identical groups of animals
fed an ND (Harlan Teklad 2016 — 10% energy from fat).

Blood and plasma measurements

Glycosylated haemoglobin A;. (HbA;) was measured using
A1cNOW InView HbA,, test metres (Metrika, Sunnyvale,
CA, USA) from whole blood taken at the time of sacrifice.
Plasma glucose was measured by the glucose oxidase method
(catalogue number GAGO-20; Sigma Chemicals, St. Louis,
MO, USA) modified such that the assay was performed in a
1-mL assay volume with a 7-point standard curve. Plasma
insulin was measured by a commercial enzyme-linked immu-
nosorbent assay (ELISA) assay (Ultra Sensitive Rat Insulin
ELISA kit; Crystal Chem Inc, Downers Grove, IL, USA).
Plasma assays were conducted according to manufacturer’s
directions with standards assayed in duplicate and experimen-
tal samples assayed in triplicate. Two experimental samples
were selected as ‘quality controls’ for all assays to control pos-
sible interassay variations. Inter- and intra-assay variations
were 10% or less. Individual values of plasma glucose and insu-
lin were used to compute apparent homeostatic model assess-
ment of insulin resistance (HOMA-IR) indices for each
individual animal (HOMA-IR =glucose (mM) x insulin (uIU/
mlL)/22.5).12 A value of 44.45 pg/IU insulin was used for unit
conversion. Values are reported as apparent HOMA-IR
because animals were not fasted prior to sacrifice.

RNA preparation

Both gastrocnemius muscles from each animal were ground to
a fine powder in a mortar cooled by liquid nitrogen, and tissue

was added to prechilled TRIzol Lysis Reagent (Ambion,
Carlsbad, CA, USA) in a weight/volume ratio of 1:10. Total
RNA was extracted according to manufacturer’s directions and
further purified using RNeasy mini columns (RNeasy Mini
Kit; Qiagen Sciences, Germantown, MD, USA). Final RNA
preparations were eluted in ribonuclease-free water, separated
into aliquots and stored at -80°C. RNA was quantified spec-
trophotometrically and had 260/280 absorbance ratios of
approximately 2.0. RNA samples were run on formaldehyde/
agarose gel electrophoresis to assess purity and integrity. All
samples showed intact ribosomal 28S and 18S RNA bands in
an approximate ratio of 2:1.

Microarrays

Isolated RNA from each sample was used to prepare target
according to manufacturer’s protocols. The biotinylated
complementary RNAs (cRNAs) were hybridized to 50
individual Affymetrix GeneChips Rat Genome 230-2
(Affymetrix, Inc., Santa Clara, CA, USA) which contains
31099 different probe sets.

Quantitative reverse transcription polymerase
chain reaction

For validation purposes, gene-specific fluorescence-based
real-time quantitative reverse transcription polymerase chain
reaction (QRT-PCR) assays were developed and applied as
previously described.’ The approach to quantitative RT-PCR
involves use of in vitro—transcribed cRNA standards, gene-
specific TagMan-based probes, and a single-step assay with
gene-specific messenger RNA (mRNA) normalized to total
RNA in the assay.

Data mining

Affymetrix Microarray Suite 5.0 (Affymetrix) was employed
for initial data acquisition and analysis. Signal intensities
were normalized for each chip using a distribution of all genes
around the 50th percentile. The generated data set is in the
National Center for Biotechnology Information Gene
Expression Omnibus  (http://www.ncbi.nlm.nih.gov/pro-
jects/geo/) database (GSE 13271). GeneSpring 7 (Silicon
Genetics, Redwood City, CA, USA) was used for further
analysis because it has a particularly useful approach for han-
dling time-series data sets.

To objectively identify probe sets of interest, the entire data
set was subjected to similar analyses procedures and filtered
with the same criteria as those applied to previous gene array
data sets for an identical experiment where the animals had
received a normal rodent diet.>® Those previous results were
presented as a comparison between GK-ND and WKY-ND
animals. Here, with data sets from animals on HFD, 3 com-
parisons were made as follows: (1) GK-HFD vs GK-ND, (2)
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WKY-HFD vs WKY-ND, and (3) GK-HFD vs WKY-HFD.
This approach does not select for probe sets but rather elimi-
nates 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 skeletal muscle, ie, those not
having a call function of ‘P’ (present) in at least 5 of the 25
chips. The second level of filtering eliminated probe sets that
could not meet the basic criterion of having a 2-fold expression
difference between compared groups in at least 3 ages.

Statistics

For statistical comparisons, 2-way analyses of variance
(ANOVAs) were conducted on raw or rank transformed data
as appropriate using SigmaStat 3.5 software (Systat Software,
Point Richmond, CA, USA) with Tukey post hoc tests.

Results

Postnatal growth and muscle development

Figure 1 shows the body weights and gastrocnemius muscle
weights of the GK and WKY strains on both the ND and HFD
diets as a function of age. Although the weight of both strains
were similar at birth, by 8weeks of age, the body weights of the
WEKY strain were significantly greater than the GK strain regard-
less of diet, a difference that remained throughout the entire
20-week period. What is interesting is that the effect of high-fat
teeding was different on the body weights of the 2 strains. By
12 weeks of age, the GK strain on HFD was significantly heavier
than the same strain on ND, whereas WKY on HFD was only
marginally heavier than WKY on ND by 20weeks. The increase
in body weight was proportional to the increase in gastrocnemius
muscle weight in GK animals, indicating that high-fat feeding
promotes an increase in skeletal muscle in these animals. In con-
trast, in the WKY strain, an increase in muscle mass was only
observed towards the end of the experiment.

Indices of insulin resistance

We previously published detailed reports on both the liver and
adipose tissue from these animals on both diets. Data in those
reports demonstrate that the GK strain had significantly higher
plasma glucose and HbA,. than WKY (P<.001) from 4weeks
throughout the 20-week experimental period regardless of diet.
Those data are presented in Supplemental Figure 1. However,
because muscle is responsible for such a large part of insulin-
directed glucose disposal, we used those data to calculate the
apparent HOMA-IR indices for both strains receiving both
diets. The apparent HOMA-IR (Figure 2) was significantly
higher in GK animals compared with WKY animals from
8weeks onwards, but diet did not have a significant effect on this
index in either strain. This demonstrates that substantial insulin
resistance was present in the GK strain from 8weeks until the
end of the experiment but was not apparently exacerbated by diet.
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Figure 1. Growth characteristics of GK and WKY animals. (A) Total body
weights as a function of age and (B) gastrocnemius muscle weights as a
function of age. N=5 animals per group. Symbols represent mean values
and error bars 1SD of the mean. Red asterisks reflect significant
differences between GK-ND versus GK-HFD. Black asterisks reflect
significant differences between WKY-ND versus WKY-HFD. *P <.05;
**P<.001. GK indicates Goto-Kakizaki; HFD, high-fat diet; ND, normal
diet; WKY, Wistar-Kyoto.
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Figure 2. Indices of insulin resistance: Apparent HOMA-IR in GK and
WKY rats with age. N=5 animals per group. Symbols represent mean
values and error bars 1SD of the mean. No significant differences were
apparent in HFD versus ND animals, but differences were significant
between GK and WKY animals on either diet. #P<.001. GK indicates
Goto-Kakizaki; HFD, high-fat diet; ND, normal diet; WKY, Wistar-Kyoto.

Data mining

Previously, we described gene array results from gastrocnemius

muscles taken from both GK and WKY animals fed a standard
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Figure 3. Genes responding to diet in only 1 strain. Examples of genes responding to diet in either GK rats only (A and B) or WKY rats only (C and D).
Symbols represent mean values and error bars 1SD of the mean. N=5 animals per group. *P<.05; **P<.001. GK indicates Goto-Kakizaki; HFD, high-fat

diet; ND, normal diet; WKY, Wistar-Kyoto.

rodent diet (ND — 10% fat).” That report described a time
series that was identical to the one used in this report and
employed the identical data-mining approach. Having identi-
cal experimental time series from both strains on the 2 diets
allowed us to address several sets of questions related to gene
expression pertinent to understanding the difference between
the 2 strains. These include genes that are differentially regu-
lated by diet in only GK rats, genes differentially regulated by
diet in only WKY rats, and genes differentially regulated by
diet in both strains. In addition, these data allow us to compare
genes that are differentially regulated in muscle from GK ver-
sus WKY animals fed HFD and to compare those differences

between strains that occur when animals are fed an ND.

Genes responding to diet only in GK rats

Supplemental Table 1 lists the genes that responded to HFD
only in the GK strain and not in the WKY strain. This included
only 9 identified genes. One relevant gene is retinol-binding
protein 7, cellular (RBP7), also known as RBP4, CRBP4, or
CRBP-III, which is a member of cellular retinol-binding pro-
tein family. It is the only specific transport protein for retinol
(vitamin A) in the circulation and, to date, its only known func-
tion is to deliver retinol to tissues.!#1> Elevation of serum
RBP7 has been causally linked to systemic insulin resistance

through downregulation of GLUT4. High fat-fed RBP7-
deficient mice have decreased serum free fatty acid (FFA) com-
pared with high fat—fed wild-type mice®® and are protected
against the development of insulin resistance.!® The deficiency
of RBP7 was also associated with reduced food intake and
altered body composition, with decreased adiposity and
increased lean body mass. In addition, increased expression of
genes involved in mitochondrial fatty acid oxidation in brown
adipose tissue was observed in RBP7-deficient mice.’> RBP7 is
more highly expressed in HFD-fed GK muscle than ND-fed
GK muscle in all age groups (Figure 3A). In addition, its
expression also somewhat increased with age with high-fat
feeding, indicating the possibly elevated mitochondrial fatty
acid oxidation in the HFD-fed GK muscle. Another pertinent
gene is acyl-coenzyme A (CoA) thioesterase 1 (Acotl) which
is involved in lipid metabolism by modulation of cellular con-
centrations of acyl-CoAs and fatty acids. Acotl is a cytosolic
acyl-CoA thioesterase which hydrolyses acyl-CoAs to the cor-
responding FFA and CoA. Acotl is active on long-chain acyl-
CoAs. One suggested role for Acotl is in the control of ligand
supply for the peroxisome proliferator—activated receptor
(PPAR) family of nuclear receptors in the form of acyl-CoAs
or FFAs and/or channelling fatty acids towards degradation
rather than esterification.!”18 Acotl has been shown to be
increased in heart muscle from diabetic animals and has been
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associated with the development of insulin resistance.!%?° The
expression level of Acotl is elevated in GK-HFD muscle com-
pared with GK-ND muscle from 8 to 20weeks of age (Figure
3B). In addition, Acotl expression increased with age in high
fat—fed GK animals but not in ND-fed GKs.

Genes responding to diet only in WKY rats

Supplemental Table 2 lists the 30 identified genes that
responded to HFD only in the WKY strain. A number of
genes indicate differentially regulated lipid metabolism in
WKY skeletal muscle in response to HFD feeding compared
with ND feeding. Perilipin 5 (Plin5) is a member of a family
of proteins that coat the surfaces of intracellular neutral lipid
storage droplets. In the basal state, Plin5 prevents access of
hormone-sensitive lipase to the lipid droplets. Specific hor-
monal or cytokine stimuli, such as catecholamines and tumour
necrosis factor o, activate lipolysis by phosphorylating per-
ilipin; thereby allowing hormone-sensitive lipase to access the
lipid droplet and initiate its lipolytic action.?! Plin5 is indi-
cated to be important for intramuscular fat deposition.??23 It
has also been reported that Plin5-knockout mice developed
skeletal muscle insulin resistance.?* Plin5 is approximately 2
times more highly expressed in WKY-HFD muscles com-
pared with WKY-ND muscles, indicating adaptations in
lipolysis to high-fat feeding (Figure 3C). Fatty acid synthase
(Fasn) is also differentially regulated by diet in WKY muscle.
Fasn encodes a lipogenic enzyme whose main function is to
catalyse the synthesis of palmitate from acetyl-CoA and mal-
onyl-CoA in the presence of reduced nicotinamide adenine
dinucleotide phosphate into long-chain saturated fatty acids.?
Deletion of Fasn in macrophages has been shown to prevent
diet-induced insulin resistance.?® Fasn has a higher expression
in WKY-ND muscle than WKY-HFD muscle from 8weeks
onwards, suggesting decreased lipogenesis in muscle with

high-fat feeding (Figure 3D).

Genes responding fo diet in both strains

Supplemental Table 3 lists 8 additional identified genes that
responded to HFD in both strains. The predominant source of
energy for resting skeletal muscle is fatty acid oxidation.
Glucose and ketone body metabolisms also contribute to dif-
terent degrees, depending on the activity and metabolic state of
the muscle. Switching to a HFD has been shown to lead to
increased fluxes of fatty acids into muscle tissue.?” Thus, it is
not surprising that there is a significant difference between
HFD-fed and ND-fed rats in the mRNAs for proteins involved
in energy metabolism. For example, angiopoietin-like 4
(Angptl4), a secreted protein that has been demonstrated to
regulate triglyceride metabolism by inhibiting lipoprotein
lipase (LPL),? has higher expression both in high fat-fed GK
and WKY rats compared with ND-fed animals of the same
strain (Figure 4 — top panels), although there is no significant

difference between high fat-fed GK and high fat-fed WKY
animals. Lipoprotein lipase is an endothelium-associated
enzyme that hydrolyses the triacylglycerol component of circu-
lating chylomicrons and very low-density lipoproteins, result-
ing in the production of non-esterified fatty acids and
2-monoacylglycerol for tissue use. Previous research also indi-
cates that administration of recombinant Angptl4 protein to
mice mediates hypertriglyceridaemia, possibly through inhibi-
tion of LPL.230 In addition, pyruvate dehydrogenase kinase
isozyme 4 (PDK4) is differentially regulated by diet in both
strains (Figure 4 — middle panels). PDK4 mediates pyruvate
oxidation through inhibitory phosphorylation of the pyruvate
dehydrogenase complex. There is a positive correlation between
the increase in PDK4 expression and the tendency to use lipid-
derived fuels as respiratory substrates in muscle.3! Increased
expression of PDK4 has been linked to skeletal muscle insulin
resistance,? and PDK4 has been identified as a candidate gene
for T2DM.33 In our study, the HFD enhanced PDK4 expres-
sion in both GK and WKY rats and reflects the elevated con-
tribution of fatty acid as an energy source for muscle in response
to high-fat feeding. This conclusion is further supported by the
observation of higher expression of aquaporin 7 (Aqp7) in the
muscle from high fat—fed rats (Figure 4 — bottom panels).
Aqp7 is an aquaglyceroporin responsible for glycerol efflux
from skeletal muscle.3* The higher expression of Aqp7 at all
age groups in both strains suggests a higher level of lipolysis in
these muscles. Increased expression of this gene has also been
demonstrated in skeletal muscle from ob/ob mice.3’

Effects of diet on gene expression differences

between strains

Based on our filtering approach, there were 307 probe sets that
were differentially expressed in skeletal muscle comparing
GK-HFD and WKY-HFD animals. Previously, using the
same mining approach, we identified 318 probe sets that were
differentially expressed in animals fed a normal rodent diet.®
As illustrated in Figure 5,215 of the probe sets were differen-
tially expressed between strains on either diet (green), whereas
92 were unique to HFD-fed animals (yellow). These 307 probe
sets are listed in Supplemental Table 4, with the 92 probe sets
differentially regulated only with HFD highlighted in bold
font. Of the 318 differentially regulated probe sets from
ND-fed animals, 103 of these were not differentially expressed
in HFD rats (Figure 5, blue). These probe sets are listed in
Supplemental Table 5.

HFD-dependent differences in gene expression
between GK and WKY rats

Among these were several genes involved in immune function.
For example, proteasome (prosome, macropain) subunit, f3
type-8 (Psmb8) is a member of the proteasome B-type family
whose function is to generate class I major histocompatibility
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Figure 4. Genes responding to diet in both strains. Examples of differentially regulated genes responding to diet in both GK (left panels) and WKY (right
panels) animals. Symbols represent mean values and error bars 1SD of the mean. N=5 animals per group. *P<.05; **P<.001. GK indicates Goto-

Kakizaki; HFD, high-fat diet; ND, normal diet; WKY, Wistar-Kyoto.
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Figure 5. Venn diagram of number of probe sets differentially regulated
between GK and WKY animals as a function of diet. Yellow, different
between GK and WKY only on HFD; green, different between GK and
WKY on either diet; and blue, different between GK and WKY only on
ND. GK indicates Goto-Kakizaki; HFD, high-fat diet; ND, normal diet;
WKY, Wistar-Kyoto.

complex (MHC) peptides. It is also implicated in the autoim-
mune basis in type 1 diabetes.3¢ Psmb8 is approximately 2
times higher in GK-HFD rats compared with WKY-HFD at
all age groups, indicating an elevated immune response in the
diabetic GK rats fed a HFD (Figure 6A). This conclusion is
further supported by the reduced inositol hexakisphosphate
kinase 2 (IP6K2) expression in muscles from high fat-fed GK
animals compared with high fat-fed WKY animals (Figure
6B). IP6K2 is a kinase that catalyses the synthesis of diphos-
phoinositol pentakisphosphate and bis-diphosphoinositol tet-
rakisphosphate. IP6K2 is known as a proapoptotic gene.
Previous studies indicated an association of IP6K2 with cell
death.3” Overexpression of IP6K2 increases the sensitivity of
cancer cell lines to apoptotic actions of cell stressors, whereas

depletion of IP6K2 by RNA interference prevents the
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Figure 6. HFD-dependent differences in gene expression between GK and WKY rats. Examples of differentially expressed genes between GK-HFD and
WKY-HFD but not different when animals are fed a normal diet. (A) Psmb8, (B) Ip6k2, (C) Sic4a4, and (D) Tiall. Symbols represent mean values and error
bars 1SD of the mean. N=5 animals per group. *P<.05; **P<.001. GK indicates Goto-Kakizaki; HFD, high-fat diet; WKY, Wistar-Kyoto.

apoptotic actions. Recently, IHPK2 has been demonstrated to
bind to tumour necrosis factor receptor—associated factor 2 and
interferes with phosphorylation of transforming growth factor
B-activated kinase 1 (TAK1), thereby inhibiting nuclear factor
kB (NF-kB) signalling.3® The expression level of IP6K2 was
reduced in GK-HFD muscles compared with WKY-HFD
muscles at all age groups. Expression of Slc4a4 is presented in
Figure 6C. Solute carrier family 4 (anion exchanger), member
4 (slc4ad) encodes a sodium bicarbonate cotransporter (NBC)
involved in the regulation of bicarbonate secretion and absorp-
tion and intracellular pH.3* Muscle bicarbonate content was
related to the degree of metabolic acidosis which often leads to
loss of body protein due mainly to accelerated protein break-
down in muscle.*> At 4weeks of age, Slc4a4 mRNA was only
slightly higher in GK-HFD compared with WKY-HFD mus-
cles. With increasing age, this difference increases such that by
20weeks of age it is about 2-fold higher in GK-HFD com-
pared with WKY-HFD. This might suggest a potential increase
in muscle protein catabolism, which is also observed in type 1
diabetes.*! Tial, cytotoxic granule—associated RNA binding
protein—like 1 (Figure 6D) is a member of a family of RNA-
binding proteins which functions as a posttranscriptional regu-
lator of gene expression and forms stress granules following
cellular damage.*> Tiall mRNA expression is relatively con-
stant in muscle from WKY-HFD animals. However, in
GK-HFD muscle, its expression level increases with age, and

from 12 weeks of age onwards, there is higher expression in GK
animals compared with WKY, indicating possible muscle dam-

age in the GK diabetic rats.

Diet-independent differences in gene expression
between GK and WKY rats

A number of genes were differentially expressed between
diabetic GK and normoglycaemic WKY animals regardless
of diet. Figure 7A shows the expression of iron-sulfur cluster
assembly 1 homologue (Iscal) in muscle from both popula-
tions. Iscal is a nuclear-encoded mitochondrial gene involved
in the assembling of mitochondrial iron-sulfur proteins and
plays an important role in electron transport.*® The expres-
sion of Iscal is severalfold higher at all ages in GK relative to
WKY regardless of diet which suggests that there are more
mitochondria in the muscles of the diabetic animals.
Similarly, the higher expression of mitochondrial ribosomal
protein L52 (Mrpl52) in GK samples in both the ND and
HFD also suggests that there are more mitochondria in the
muscles of the GK population (Figure 7B). Mrpl52, encoded
by a nuclear gene, is involved in protein synthesis within the
mitochondrion. It is a component of the mitochondrial ribo-
some large subunit (39S) which comprises a 16S ribosomal
RNA and about 50 distinct proteins.** There are also a num-
ber of genes that indicate a heightened inflammatory state in
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Figure 7. Diet-independent differences in gene expression between GK
and WKY rats. Examples of genes whose expression differs between GK
and WKY animals, both when fed HFD (left panels) and ND (right panels).
(A) Iscat, (B) Mrpl52, (C) Ifit1, and (D) Socs2. Symbols represent mean
values and error bars 1SD of the mean. N=5 animals per group. “*P <.05;
**P<.001. GK indicates Goto-Kakizaki; HFD, high-fat diet; ND, normal
diet; WKY, Wistar-Kyoto.
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the musculature of the GK animals regardless of diet.
Interferon-induced protein with tetratricopeptide repeats 1
(Ifitl) which is associated with chronic inflammation and
insulin resistance is substantially higher at all ages in the GK
muscle regardless of diet (Figure 7C). Interferons are a fam-
ily of proteins that respond to the presence of pathogens
such as viruses, bacteria, parasites, and tumour -cells.
Interferon is involved in natural anti-virus immunity. When
activated by the immune system, interferon signals neigh-
bouring cells and triggers their resistance mechanisms. In
addition, it activates other immune cells which kill invading
pathogens.*4 A comparison of Ifit] expression measured by
both gene arrays and by quantitative QRT-PCR is presented
in Supplemental Figure 2, demonstrating that the pattern of
expression is virtually identical with the 2 methodologies.
The expression of suppressor of cytokine signalling 2 (Socs2),
which is a negative regulator of cytokine signalling, is higher

in the muscles from the WKY population regardless of diet
(Figure 7D). The SOCS family proteins form part of a clas-
sical negative feedback system that regulates cytokine signal
transduction.*’” Socs2 appears to be a negative regulator in
the growth hormone/IGF1 signalling pathway.*® It is
induced by a subset of cytokines, including erythropoietin
and granulocyte-macrophage colony-stimulating factor. It is
also involved in the interleukin 6—induced receptor phos-
phorylation and in the negative regulation of cytokine-
induced STAT factor signalling.** When fed a normal rodent
diet, the Socs2 expression level remained relative constant in
the GK rats, whereas in the control WKY rats, it increased
sharply between 4 and 8 weeks and slowly declined through
the rest of experiment period but was still significantly higher
at all age groups compared with the diabetic GK rats. In the
HFD animals, there was a moderate increase between 4 and
8weeks in GK rats, then quickly returned to initial level at
12 weeks and remained at that level. However, in WKY rats,
there was an abrupt increase between 4 and 8weeks and
remained elevated with only a slight decline at 20 weeks old.
This result suggests an impaired cytokine signalling pathway
and possible heightened inflammation status in the diabetic
GK rats.

Discussion

Insulin-resistant diabetes, T2DM, to a great degree, must
involve the musculature because collectively this tissue is
responsible for about 70% to 80% of the insulin-directed glu-
cose disposal. A HFD is a major risk factor in the development
of T2DM. One element of the relationship of high-fat intake
to the development of T2DM is the accumulation of excess
adipose tissue which in turn causes chronic inflammation due
to the invasion of macrophages.’® Chronic inflammation
impairs the ability of the musculature and other tissues to
respond to insulin. A second element in the relationship of fat
intake to the development of T2DM is that such a diet pro-
vides an abundance of lipid fuels that reduces the reliance of
the musculature on glucose.

Previously, we conducted extensive comparative analyses
of diabetic GK and normoglycaemic WKY rats fed a normal
rodent diet (10% energy from fat). Those studies provided
strong evidence for the hypothesis that there was chronic
inflammation in the GK animals mediated by an elevated
natural immunity. Such heightened natural immunity was
indicated by an extensive gene expression analysis of liver,
skeletal muscle, and adipose from the GK strain. That time-
series experiment also demonstrated that the diabetic GK
strain was deficient in mature adipocytes.® This hypothesis
was further tested by chronic treatment of the GK strain with
salsalate which blocks the activation of NF-kB. The results
showed that salsalate greatly reduced the hyperglycaemia
normally observed in the GK strain.!3

As a follow-up to the ND time series, we conducted an
identical experiment except that both strains were fed a HFD
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(45% energy from fat). The HFD had only marginal effect on
indices of diabetes in the GK strain (Supplemental Figure 1).
Specifically, development of diabetes as indicated by increased
plasma glucose was delayed by about 4weeks with high-fat
teeding. In contrast, the WKY strain became hyperinsulinae-
mic after 16 weeks suggesting that the controls became predia-
betic towards the end of the experiment. Interestingly, HFD
significantly mitigated the adipose tissue deficiency in the GK
strain noted when the animals were fed an ND.

In the present report, we evaluated the effect of HFD on the
musculature of both strains. High-fat diet had only marginal
effects on total body weight in the WKY strain and an increase
in relative muscle mass was only noted at 20weeks. In contrast,
HFD caused a significant increase in body weight in the GK
strain (Figure 1). What is interesting is that there is a propor-
tional increase in muscle mass in the GK strain. This result
suggests that high-fat feeding promotes the development of
the musculature in the GK animals. The most plausible expla-
nation is that on the ND, the insulin-resistant musculature of
the GK strain is starved for energy impeding muscle develop-
ment, whereas the HFD provided an alternative fuel for the
musculature thereby promoting its development. This hypoth-
esis is supported by the observation that there is a significant
increase in muscle triglyceride content by 12 weeks in the GK
strain (data not shown), whereas no such increase is noted in
the WKY strain.

To provide context for observed changes, we used gene
arrays to evaluate gene expression effects of HFD on both
strains. We used the gene expression data to conduct a within
strain and cross-strain analysis with the same time-series pro-
gression when the animals were fed an ND. A group of genes
indicate muscle adaptation to HFD through elevated fat oxi-
dation in the muscle. For example, the expression of PDK4 is
higher at all age groups in both strains with high-fat feeding
(Figure 4). This may reflect an increased capacity to oxidize
lipid fuels in the high fat—fed musculature, possibly due to the
excess influx of fatty acid from the diet. This conclusion is
turther supported by the observation that expression of Plin5,
which mediates access of hormone-sensitive lipase to the
lipid droplets, is higher in the WKY-HFD muscles (Figure
3). In addition, the expression of Fasn, a lipogenic enzyme, is
lower at all age groups in the WKY-HFD muscles, indicating
a lower level of lipogenesis (Figure 3). However, the expres-
sion of these genes is not significantly different between GK
and WKY animals fed the same diet. Therefore, these changes
in WKY muscle imply that muscle adapts to the diet with
increased ability to oxidize fat, but does not indicate insulin
resistance development. The expressions of Aqp7, PDK4, and
Angptl4, which are differentially regulated in response to
HEFD in both strains, are higher at all age groups in the high
fat—fed GK animals (Figure 4). However, in WKY animals,
the elevated expression in HFD animals tends to decline at
later ages, suggesting the development of tolerance.

Circulating FFAs are derived from lipolysis in adipose tis-
sue, and some evidence suggests that these FFAs provide excess
lipid fuel for the musculature, reducing glucose uptake. The
high fat—fed animals have significantly higher plasma FFA lev-
els than the ND-fed animals.? However, consistent with previ-
ous studies, only GK rats, which have a genetic predisposition
to insulin resistance and diabetes, have higher muscle triglycer-
ide contents after high-fat feeding, indicating metabolic inflex-
ibility within the skeletal muscle in response to dietary lipid
challenge. This conclusion is further supported by the microar-
ray data. One major mechanism which skeletal muscle uses to
adapt to a HFD is through ligand activation of the PPARa
transcription factor.’>2  Peroxisome proliferator—activated
receptor o activation leads to transcriptional activation of mul-
tiple enzymes in the pathways of fatty acid utilization. However,
there is also evidence indicating that inappropriate activation
of PPARa in the muscle can be deleterious during a high satu-
rated fat diet.>® Acotl is involved in ligand supply for the
PPAR family of nuclear receptors and has higher expression in
HFD GK muscle compared with ND GK muscle from 8 to
20weeks of age (Figure 3). In addition, GK-HFD muscle has
significantly higher Acotl expression than WKY-HFD, but no
difference was observed between GK-ND and WKY-ND.
Moreover, unlike in WKY muscles, which quickly adapts to
HFD, the expressions of Aqp7, PDK4, and Angptl4 are con-
tinuously elevated as age increases (Figure 4). RBP7, which is
linked to causing systemic insulin resistance through down-
regulation of GLUT4 and increasing the mitochondrial fatty
acid oxidation, has higher expression at all age groups in HFD-
fed GKs, but no diet effects were observed in WKYs (Figure
3). Regardless of diet, there are indications of more mitochon-
dria in diabetic GK rats. The expression levels of the mito-
chondria proteins Iscal as well as Mrpl52 are elevated in GK
muscle at all age groups (Figure 7). This may reflect an
increased capacity to oxidize lipid fuels in the GK musculature,
which may be a compensation for a reduced capacity to bring
in glucose.

Increased inflammation is also evident in GK animals
regardless of diet. The higher expression of Ifit] and the lower
expression of Socs2 in GK muscle compared with WKY con-
trols regardless of diet indicate impaired cytokine signalling
and heightened inflammatory status in the GK rats (Figure 7).
This conclusion is further supported by observations that the
expression level of Ip6k2 which interferes with phosphoryla-
tion of TAK1 and inhibits NF-kB signalling is higher in the
WKY-HFD muscles compared with those from high fat-fed
GK rats, whereas the expression of Psmb8 which generates
class I MHC peptides is elevated in GK-HFD compared with
WKY-HFD muscles (Figure 6).

Conclusions
Our results indicated heightened inflammatory status and
increased mitochondria content/activity in the skeletal muscle
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of GK rats. The combination of these metabolic derangements,
together with slower adaptation to the HFD, manifests an
underlying disorder intrinsic to skeletal muscle that contrib-
utes to the dietary effects on diabetic GK rats.
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