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Summary

Activation of calmodulin dependent protein kinase (CaMK)II by
exercise is beneficial in controlling membrane lipids associated
with type 2 diabetes and obesity. Regulation of lipid metabolism
is crucial in the improvement of type 2 diabetes and obesity
role of CaMKII
associated lipid metabolism was the focus of this study. Five to

associated symptoms. The in membrane
six weeks old male Wistar rats were used in this study.
GCxGC-TOFMS technique was used to determine the levels of
polyunsaturated fatty acids (linoleic acid, arachidonic acid and
11,14-eicosadienoic acid). Carnitine palmitoyltransferase (Cpt-1)
and acetyl-CoA carboxylase (Acc-1) genes expression were
assessed using quantitative real time PCR (gPCR). From the
results, CaMKII activation by exercise increased the levels of
arachidonic acid and 11,14-eicosadienoic acid while a decrease in
the level of linolenic acid was observed in the skeletal muscle.
The results indicated that exercise-induced CaMKII activation
increased CPT-1 expression and decreased ACC-1 expression in
rat skeletal muscle. All the observed increases with activation of
CaMKII by exercise were aborted when KN93, an inhibitor of
CaMKII was injected in exercising rats. This study demonstrated
that CaMKII activation by exercise regulated lipid metabolism.
This study suggests that CaMKII can be a vital target of
therapeutic approach in the management of diseases such as
type 2 diabetes and obesity that have increased to epidemic
proportions recently.
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Introduction

Excess and accumulation of various lipid species
in the cell has been associated with the pathogenesis of
metabolic disorders such as type 2 diabetes and obesity
(Koves et al. 2005, Bruce et al. 2006, Kinfe et al. 2014).
Thus, lipids regulation in the cell is crucial in the
management of these metabolic disorders caused due to
excess of lipid species. Obesity is a very severe disease
that may lead to the development of type 2 diabetes and
insulin resistance (Gao et al. 2004, Kinfe et al. 2014).
The dominant and most promising approach to mitigate
and deter type 2 diabetes is lifestyle intervention, e.g.
weight reduction, decreased total and saturated fat
consumption, and increased physical activity (Knowler et
al. 2002, McAuley et al. 2002). Regular exercise
increases oxidation of fatty acids and glucose transport in
skeletal muscle (Ren et al. 1996, Holloszy and Booth
1976, Mukwevho and Joseph 2014). This can delay the
onset or prevent and even reverse type2 diabetes.
Exercise mitigate the symptoms of diabetes (excess lipids
and glucose) through ‘in part’ by activation of calmodulin
dependent protein kinase (CaMK)II (Ojuka et al. 2003,
Mukwevho et al. 2008, Mukwevho and Joseph 2014).
This results in increased mitochondrial oxidative capacity
and improved glucose uptake (Chin 2005, Bruce et al.
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2006). CaMKII is a serine/threonine specific protein
kinase and it activated when cytosolic Ca®" levels rise.
CaMKII is different from other CaM kinases owing to its
ability to autophosphorylate at Thr286. Binding of
Ca’’/CaM to CaM binding domain of CaMK activates
enzymes by its structural arrangement in subunits that
uncover Thr286 in autoinhibitory the domain and
catalytic domain (Payne ef al. 1988).

Abnormalities in the membrane composition of
fatty-acids may be involved in the pathogenesis of
diabetes and obesity (Borkman ef al. 1993). Arachidonic
acid (AA), a 20-carbon polyunsaturated fatty acid
(PUFA), is a basic constituent of cell membranes (Meirer
et al. 2014). Skeletal muscle is chiefly the active site of
AA retention, amounting to about 10-20 % of the
phospholipid fatty acid content (Smith et al. 2011).
Linolenic acid (LA), a major dietary PUFA is a metabolic
to AA,
desaturases and an elongase (Rett and Whelan 2011).
When other omega-6 (n-6) PUFA (including dietary AA)
are absent, dietary LA is the sole contributor to tissue AA
(Rett and Whelan 2011). Human adults have been
reported to be capable of converting of LA (18:2 n-6) to
AA (20:4 n-6) (Salem et al. 1999). Arachidonic acid is
an essential regulator of cellular function through its

precursor linked biochemically via two

actions on the physical properties of membranes either in
its free form or as a substrate for eicosanoids (Phinney
1996). AA plays important roles in regulating lipid
metabolism (Tian et al. 2014) and its high concentration
in the muscle tissue has been reported to positively
correlate with increased insulin sensitivity in skeletal-
muscle phospholipids (Borkman et al. 1993).

The mitochondria plays significant role in lipid
metabolism. Lipid metabolism is controlled by a set of
mitochondrial enzymes that operate interchangeably. For
example, carnitine palmitoyltransferase (CPT)-1 is a rate-
limiting enzyme in mitochondrial lipid oxidation by
regulating transport of long chain fatty acids across
mitochondrial membrane. On the other hand, acetyl-CoA
carboxylase (ACC)-1 is a mitochondrial enzyme that
promotes lipid synthesis by providing malonyl CoA
substrate for biosynthesis of fatty acids (Tong 2005). It is
reported that down-regulation of ACC-1 and up-
regulation of CPT-1 may result in increased oxidative
capacity of the mitochondria by reduction in lipid
accumulation and obesity in adipocytes and myocytes
(Kinfe et al. 2014). Although ACC-I is in extremely low
levels in the skeletal muscle, it has been suggested to
possibly compensate for a lack of ACC-2 (Olson et al.

2010). O'Neil et al. (2015) reported that phosphorylation
of ACC-1 and ACC-2 is not required for maintaining
endurance exercise capacity or whole-body rates of fatty
acid oxidation during submaximal endurance exercise.
Also, Wicks et al. (2014) reported that accumulation of
lipids in the muscles did not lead insulin insensitivity in
a near-complete knockdown of gene and activity of
muscle-specific CPT-1. However, despite these contrary
reports, studies have supported the involvement ACC and
CPT-1 in lipid metabolism in muscles. For example,
ACC expression in muscles has been linked to exercise or
cellular stress which corroborates the link between ACC
and fatty acid metabolism (Dean et al. 2000, Hardie and
Pan 2002). It has also been supported that muscle-specific
over-expression of CPT-1 enhances fatty acid oxidation
(Bruce et al. 2009). The activation of CaMKII by
exercise on the regulation of CPT-1 and ACC-1 is still
yet to be determined. The aim of this study was to
determine the role of exercised-induced CaMKII on the
levels of polyunsaturated acids and regulation of lipid
metabolism enzymes in skeletal muscles of experimental
rats.

Materials and Methods

Animal handling and exercise protocol

Five to six weeks old male Wistar rats were used
in this study. All animal procedures were approved by
Animal ethics committee of the University of
Witwatersrand, South Africa. Rats were fed with standard
rat chow and water ad libitum. Room temperature was
maintained at 21-24 °C with a 12 h light/dark cycle. Their
welfare and weights were checked daily.

In this study, the total number of rats used was
18 rats. The rats were divided into three groups of 6 rats
each, namely: control (non-exercise), exercise and
exercise + KN93. KN93 (N-[2-[N-(4-Chlorocinnamyl)-
N-methylaminomethyl]phenyl]-N-(2-hydroxyethyl)-
4-methoxybenzene sulfonamide phosphate salt) was
dissolved in DMSO and used as CaMKII inhibitor. KN93
was given to the rats by intraperitoneal injection at a dose
of 5 mg/kg. Rats were exercised according to protocol
described by Terada et al. (2001) and Smith et al. (2007).
The swimming protocol used to exercise the rats is
indicated by a flow diagram in Figure 1. From day 1 to
day 4, rats were housed and familiarized to handling.
Thereafter, from day 5 to day 8, rats were familiarized to
swimming protocol as follows: on day5, rats were

subjected to 2 bouts of 17 min swimming and 3 min rest
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in between bouts. From day 6 to day &, rats were made to
perform similar exercise protocol but the number of bouts
increased by one bout per day. From days 9 to 14, rats
were rested in their cages in order to ensure that
familiarization protocol did not affect the experiment.

On day 15, control and exercise group received
intraperitoneal injection of 5 mgkg of DMSO and
exercise + KNO93 group received 5 mg/kg of KNO93,
30 min prior to exercise. After injection, exercise and
exercise + KN93 groups performed 5 bouts of 17 min of
swimming with 3 min of rest in between bouts. This

procedure was then repeated at a similar time for exercise
and exercise + KN93 groups on days 16, 17, 18 and 19.
In addition, rats were fasted night before experiment.
Control group remained caged for entire duration of the
experiment and fasted at the same time as exercise group.
Rats were then anesthetized 6 h post-exercise at day 19
by intraperitoneal injection of sodium pentobarbital
(50 mg/kg). Muscles were dissected out for analysis, snap
frozen in liquid nitrogen and stored at -80 °C freezer in
cryovial until required for use.

Days 1-4: Rats were
received, housed,

familiarized to

cm with the tap water maintained at 35°C.

ﬂys 5-8: Rats were familiarized with swimming protocol. \

Rats were placed in a cylindrical drum filled to a depth of 50

handling and their

health monitored.

Day 5: 2x17 min swim with a 3 min rest in between bouts
Day 6: 3x17 min swim with a 3 min rest in between bouts
Day 7: 4x17 min swim with a 3 min rest in between bouts

Day 8: 5x17 min swim with a 3 min rest in between bouts

Following the final exercise session and in between each bouts

rats were gently towel dried and placed in their cages.

ere dissected out for analysis

ﬁays 15-19: Exercise + KN93 group were injected with
5mg/Kg of KN93 and control and exercise group were
injected with DMSO. The rats were returned to cages for 30
min. Followed by 5x17 min swim with 3 min rest in between
bouts. This was repeated for once per day for 5 days. The

rats were anaesthetized after 6 hr post exercise and muscle

Days 9-14: Rats

_ were rested in

cages

Fig. 1. Diagrammatic flow chart of the swimming protocol used to exercise the rats.

Western blot

Gastrocnemius muscle was homogenized with
liquid nitrogen and transferred to 850 ul of RIPA buffer
(1 M Tris HCL, 2.5 M NaCl, 0.5 mM EDTA, 10 % SDS,
0.1 M Na,P,0,, 0.5 M NaF, 100 uM okadaic acid, 2 M
Na;VO,, 25 xRoche complete protease inhibitor and
100 % Triton X100). Thereafter, sample was sonicated
for 3s at 33 % maximum sonicator intensity on ice,
centrifuged at 3,600 rpm for 5 min at 4 °C. Resultant
supernatant was collected and protein concentration
measured by using Bradford assay method. Protein
extract was then added into reducing sample buffer
(0.5 M Tris HCI pH 6.8, 2 % glycerol, 10 % SDS, +5 %

mercaptol-ethanol and 0.01 % bromophenol blue), heated
at 95 °C for 5 min and proteins were separated by 7.5 %
gel by SDS PAGE. Proteins from SDS PAGE were then
to a PVDF (polyvinyldiene diflouride)
membrane for 55 mA overnight at 4 °C. Membrane was
then blocked for 1 h at room temperature (RT) with 5 %
bovine serum albumin containing 1 X Tris buffered
saline, 0.1% Tween 20 (TBS-T) (20 mM Tris-base, 8 %
NaCl, 1 M HCI, 0.1 % Tween 20). Thereafter, membrane
was incubated with antibodies against CPT-1 (Sigma,
Anti-Cpt-1 1:1000 dilution in TBST) and ACC-I1
(Cell Signalling, Anti-ACC-1 1:1000 dilution in TBST)
at 4 °C overnight. Thereafter, the membrane was washed

transferred



972 Joseph et al.

Vol. 66

for 3 x 5 min in TBS-T and incubated with appropriate
HRP conjugated secondary antibody (Anti-rabbit IgG
antibody) for 1 h at RT. Membrane was then incubated
for 5min with enhanced chemiluminescence solution
containing 1 ml of peroxidase and 1ml substrate
(Amersham, South Africa). Proteins were visualized
under Chemi Doc system TM XRS system (Biorad) and
analyzed by using image lab software. Protein expression

was normalized with alpha tubulin.

Fatty acid analysis (GCxGC-TOFMS)

In order to assess AA and LA from the muscle in
response to exercise, lipids were isolated from
Gastrocnemius muscle using the modified method of
Folch et al. (1957). One gram of ground muscle was
homogenized with chloroform : methanol (2:1) to a final
volume of 20 times the weight of sample (1 g in 20 ml of
solvent mixture). The sample was then vortexed and
sonicated at 33 % maximal speed for 30 min on ice. After
sonication, the sample was kept at RT on an orbital
shaker for 20 min and was then filtered and washed with
4 ml of water. Thereafter, the sample was vortexed for
few seconds, centrifuged at low speed (2,000 rpm), and
the upper phase was removed. The sample was then dried
using a rotary evaporator at 62 °C. The weight of the
sample checked, dissolved in chloroform (8 mg/ml), and
dried again using rotary evaporator. To identify the fatty
acids methyl esters by GC-MS, derivatization was done
by using 3 M methanolic HCI; this was added to sample
at ratio 1:2 (v/v). The samples were then heated at 60 °C
for 1 h in a water bath. The derivatised product was then
left to cool down at RT and 1 ml of distilled water was
added for phase separation. Lipophilic extractives were
then recovered 2-times with 1 ml of n-hexane. Thereafter,
the solvent was evaporated by using a rotary evaporator
at 69 °C and then re-dissolved in 300 pl of HPLC grade
n-hexane for analysis (Ichihara et al 1996). Before
injection, the samples were filtered with 0.2 um PTFE
syringe filter.

Fatty acid analysis was performed in Pegasus®
4D GCxGC-TOFMS using Stabilwax-DA

(30 m, 0.25 mm ID, 25 pm) and helium as a carrier gas.

column

The temperature of the injector was set at 250 °C; the
column oven temperature was programmed from 35 °C
(held for 2 min) to 240 °C at a ramp-up rate of 10 °C/min
and held for 2 min. The column flow rate was 1 ml/min.
Fatty acids were identified by comparison of the mass
spectra with those in National Institute of Standards and
Technology (NIST) libraries by mass fragmentation.

Quantitative real time PCR (qPCR)

Total RNA was isolated and purified from
approximately 100 mg frozen Gastrocnemius muscle
using QIAzol lysis reagent (QIAGEN Sciences, USA)
and RNA clean and Concentrator-25 (Inqaba Biotech,
SA). Double stranded cDNA was synthesized from
approximately 3 pg of total RNA wusing Superscript
Reverse Transcriptase III (Invitrogen, USA). Quantitative
real time PCR were set up using Sensi Mix SYBER
No-ROX one-step kit (Bioline, UK) and were cycled
according to the Sensi Mix kit instructions in Rotor
Gene-3000 (QIAGEN Sciences, USA) qPCR machine. In
brief, RNA concentrations were estimated by measuring
absorbance at 260 nm, and purity was assessed by
260 nm/280 nm absorbance ratio. Total RNA was added
to the following oligo dT, random hexamer and dNTP
and denatured at 65 °C for 5 min, incubated on ice and
reverse transcribed by adding 0.1 M DTT, Superscript
Reverse Transcriptase III and 5 x First strand buffer (200
mM NacCl, 50 mM Tris-HCI, 25 mM MgSO, and 0.05 %
gelatine) followed by incubated at 25 °C for 5 min and
55 °C for 60 min. The reaction was inactivated by heat at
70 °C for 15 min. Real time PCR was performed in
triplicate using Rotor Gene-3000 Thermo cycler PCR
machine, Sensi Mix SYBER green PCR reagent and
primers (Integrated DNA Technologies, US) were used to
amplify the region of Cpt-1 and Acc-1. The primers are,
Cpt-1 forward 5 CGG TTC AAG AAT GGC ATC ATC
3’; Cpt-1 reverse 5 TCA CAC CCA CCA CCACGA T
3’ and Acc-1 forward 5° TAC AAC GCA GGC ATC
AGA AG3’; Acc-1 reverse 5° TGT GCT GCA GGA
AGA TTG AC 3°. Amplification was occurred in
a three-step cycle: denaturation at 95°C for 5,
annealing at 62 °C for 10 s and extension at 72 °C for
15s. Relative mRNA expression were normalized to
Actin and GAPDH reference genes (Actin forward primer
3’ GAC GAG GCC CAG AGC AAG AGA 5’; reverse
primer 3° GGG TGT TGA AGG TCT CAA ACA 5’;
GAPDH forward primer 3° GAA CAT CAT CCC TGC
ATC C 5’ reverse primer 3> CCT GCT TCA CCA CCT
TCT T 5°). Expression ratio was calculated according to
relative standard method.

Statistical analysis

Results are presented as means + SD. Statistical
analysis was performed by one-way ANOVA followed
Tukey’s post hoc test. All statistical analyses were
performed using GraphPad InStat 3 software.
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Fig. 2. Phosphorylation of CaMKII in response to exercise in rat
skeletal muscle. The graph showed the protein expression of
pCaMKII relative to total CaMKII and Western blot of pCaMKII
and total CaMKII. The protein size is 36 kDa. ** P<0.01 exercise
+ KNO93 vs. exercise.
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I
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Fig. 3. Effects of CaMKII activation on linoleic acid levels in rat
skeletal muscle. Gastrocnemius muscles were isolated from rats 6 h
post exercise. It showed the fold changes in control, exercise, and
exercise + KN93 groups. ** P<0.01 exercise + KN93 vs. exercise.

Arachidonic acid
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Fig. 4. Effects of CaMKII activation on arachidonic acid levels in
rat skeletal muscle. Gastrocnemius muscles were isolated from
rats 6 h post exercise. It shows the fold changes of control,
exercise, and exercise+KN93 groups. *** P<0.001 exercise +
KN93 vs. exercise.

Results

Exercise increased phosphorylation of CaMKII in rat
skeletal muscle

In order to confirm that exercise phosphorylated
CaMKII at Thr286, we assessed it together with total
CaMKII expression using Western blotting. Figure 2
showed that phospho CaMKII protein expression of the
exercise group was ~2.9 fold increase compared with the
control group. Administration of KN93 prior to exercise
prevented exercise-induced increase of CaMKII activation.
of CaMKII of the
exercise + KN93 group was reduced to levels relatively

However, expression levels
similar to those observed in the control group. Unlike
phospho CaMKII, expression of total CaMKII did not
change in response to exercise. This result confirms

exercise-induced CaMKII activation in rat skeletal muscle.

CaMKII activation by exercise decreased linoleic acid
levels in rat skeletal muscle

Linoleic acid is an omega 6 polyunsaturated
fatty acid and is a precursor of AA. The diet provided for
the rats contained 10 % fat as source of LA and rats were
not fed any animal-based foods. As shown in Figure 3,
levels of LA in the exercise group showed ~3.4 fold
decrease compared with the control group. However,
LA levels of the exercise + KN93 group were similar to
the levels of the control group. The results show that
exercise-induced CaMKII activation increased oxidation
of LA to their metabolites.

CaMKII activation by exercise increased arachidonic acid
and 11,14-eicosadienoic acid levels in rat skeletal muscle

The levels of AA were assessed by using
GC-MS. As shown in Figure 4, the AA levels of the
exercise group showed ~5.5 fold increase compared with
the non-exercise group. Inhibition of CaMKII using
KNO93 prior to exercise significantly reduced exercise-
induced increase of AA. The results show that CaMKII
was involved in arachidonic acid biosynthesis.

Moreover, 11,14-eicosadienoic acid (ED) was
assessed as an intermediate that is involved in the synthesis
of AA from LA. As shown in Figure 5, ED levels of the
exercise group showed ~3.2 fold increase compared with
the control group. Administration of KN93 before exercise
showed a significant decrease compared with the exercise
group. The exercise + KN93 group’s ED levels were
similar to those of the control group and not statistically
different from each other. The results indicate that
exercise-induced CaMKII activation increased ED levels.
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Fig. 5. Effects of CaMKII activation on 11,14-eicosadienoic acid
levels in rat skeletal muscle. Gastrocnemius muscles were
isolated from rats 6 h post exercise. It shows the fold changes of
control, exercise, and exercise+KN93 groups. ** P<0.01 control
vs. exercise, ** P<0.01 exercise + KN93 vs. exercise.

CaMKII activation by exercise increased CPT-1 gene
expression in rat skeletal muscle

CPT-1 is that
responsible for lipid oxidation. Cpt-1 gene expression of

an enzyme encodes gene
the exercise group showed ~7.8 fold increase compared
with the control group. Cpt-1 gene expression of the
exercise + KNO93 group showed significant decrease
compared with the exercise group. Cpt-1 gene expression
of the exercise + KN93 was similar to the control group
(Fig. 6). The results show that CaMKII activation

increased Cpt-1 gene expression in rat skeletal muscle.

0 Cpt-1

kK

~N -] ©o
I

Control Exercise Exercise+KN93

Fig. 6. Effects of CaMKII activation on Cpt-1 gene expression in
rat skeletal muscle. Gastrocnemius muscles were extracted from
the control, exercise, and exercise + KN93 groups 6 h post
exercise. (pt-1 gene expression of the exercise group showed
~7.8 fold increase compared with the control group, whereas the
exercise + KN93 group showed ~5.5 fold decrease compared
with the exercise group. *** P<0.001 control vs. exercise,
*** P<0.001 exercise + KN93 vs. exercise.

CaMKII activation by exercise decreased ACC-1 gene
expression in rat skeletal muscle

ACC-1
responsible for lipid biosynthesis. Acc-/ gene expression

is an enzyme that encodes genes

was analyzed by using qPCR. As shown in Figure 7,
Acc-1 gene expression of the exercise group showed
~1.9 fold decrease compared with the control group and
the exercise + KN93 group showed significant increase
compared with the exercise group. These results showed
that exercise-induced CaMKII activation decreased Acc-1/
gene expression. These results are not surprising since
CPT-1 and ACC-1 work antagonistically.

Acc-1

[
L

Expression ratio (relative unit)

control Exercise Exercise+KN93

Fig. 7. Effects of CaMKII activation on Acc-1 gene expression in
rat skeletal muscle. Gastrocnemius muscles were extracted from
the control, exercise, and exercise + KN93 groups 6 h post
exercise. Acc-1 gene expression of the exercise group showed
~1.9 fold decrease compared with the control group, whereas
the exercise + KN93 group shows significant increase compared
with the exercise group. * P<0.05 control vs. exercise, * P<0.05
exercise + KN93 vs. exercise.

Discussion

KN-93 is a methoxybenzene sulfonyl derivative
that competitively inhibits calmodulin binding to CaM
kinase (Anderson et al. 1998). The effects of KN93 are
mediated through CaMKII inhibition rather than through
inhibiting any other enzyme activated by Ca*"/calmodulin
(Si and Collins 2008). The data presented in this study
showed increased levels of AA in response to CaMKII
activation. AA increase has been shown to alleviate the
features related to type 2 diabetes (Borkman et al. 1993).
Furthermore, it was observed that CaMKII activation by
exercise reduced the level of LA. This indicates that
exercise-induced CaMKII increase
synthesis of AA from LA and this could be as a result of
series of desaturation and elongation steps. Moreover, it

activation can
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was also found that CaMKII activation by exercise
increased the level of ED, which is an intermediate
involved in biosynthesis of AA. Therefore, exercise-
induced CaMKII activation could be beneficial to reduce
symptoms of type 2 diabetes, such as insulin resistance
through modulation of these fatty acids.

The activation of transcription factors by more
than one signal transduction pathway or mechanism by
exercise induced gene regulation in the skeletal muscle
has been reported (Wackerhage er al. 2002). However,
our study indicated that CaMKII activation by exercise
regulated lipid metabolism genes in rat skeletal muscle.
Studies have shown that exercise promotes lipid loss by
increasing energy expenditure, lipid oxidation and
increases the ability of skeletal muscle to use lipids
(De Glisezinski et al. 2003, Goodpaster et al. 2003,
Moro et al. 2005). The exact mechanism through which
improves lipid metabolism is not fully
understood. In this study, we assessed CPT-1 and ACC-1
expression, which are responsible for lipid oxidation and

exercise

synthesis. CPT-1 catalyzes the first step of mitochondrial
long chain fatty acid oxidation and inhibited by malonyl
CoA in skeletal muscle (McGarry et al. 1983) and
malonyl CoA synthesized by ACC-1 (Hardie 1989, Awan
and Saggerson 1993, Saha et al. 1995).

Exercise reduces level of malonyl CoA in
skeletal muscle, which may be due to decreased activity
of ACC (Winder and Hardie 1996). Therefore, reduction
of malyonyl CoA by ACC-1 can prevent inhibition of
CPT-1. Cpt-1 gene expression of exercise group showed
~7.8 fold increase compared to control group whereas
exercise + KN93 did not show any significant change
compared to control group. These results showed that
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metabolism. It further explains why exercise has always
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