J Physiol Sci (2018) 68:493-501
https://doi.org/10.1007/s12576-017-0559-3

CrossMark

@

ORIGINAL PAPER

Physical exercise reduces pyruvate carboxylase (PCB)
and contributes to hyperglycemia reduction in obese mice

Vitor Rosetto Muiioz' - Rafael Calais Gaspar' - Barbara Moreira Crisol" «

Guilherme Pedron Formigari’ - Marcella Ramos Sant’Ana’ - José Diego Botezelli' -
Rodrigo Stellzer Gaspar' - Adelino S. R. da Silva®>* - Dennys Esper Cintra®® -
Leandro Pereira de Moura'>® - Eduardo Rochete Ropelle™® - José Rodrigo Pauli’>¢

Received: 24 March 2017/ Accepted: 25 June 2017 /Published online: 14 July 2017

© The Physiological Society of Japan and Springer Japan KK 2017

Abstract The present study evaluated the effects of exer-
cise training on pyruvate carboxylase protein (PCB) levels
in hepatic tissue and glucose homeostasis control in obese
mice. Swiss mice were distributed into three groups: con-
trol mice (CTL), fed a standard rodent chow; diet-induced
obesity (DIO), fed an obesity-inducing diet; and a third
group, which also received an obesity-inducing diet, but
was subjected to an exercise training protocol
(DIO + EXE). Protocol training was carried out for 1 h/d,
5 d/wk, for 8 weeks, performed at an intensity of 60% of
exhaustion velocity. An insulin tolerance test (ITT) was
performed in the last experimental week. Twenty-four -
hours after the last physical exercise session, the animals
were euthanized and the liver was harvested for molecular
analysis. Firstly, DIO mice showed increased epididymal
fat and serum glucose and these results were accompanied
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by increased PCB and decreased p-Akt in hepatic tissue.
On the other hand, physical exercise was able to increase
the performance of the mice and attenuate PCB levels and
hyperglycemia in DIO + EXE mice. The above findings
show that physical exercise seems to be able to regulate
hyperglycemia in obese mice, suggesting the participation
of PCB, which was enhanced in the obese condition and
attenuated after a treadmill running protocol. This is the
first study to be aimed at the role of exercise training in
hepatic PCB levels, which may be a novel mechanism that
can collaborate to reduce the development of hyper-
glycemia and type 2 diabetes in DIO mice.

Keywords Obesity - Type 2 diabetes - Physical exercise -
PCB - Hyperglycemia

Introduction

Obesity is a global public health problem directly associ-
ated with different metabolic disorders. In obese individ-
uals, an obesogenic environment leads to adipose tissue
accumulation and a chronic, low-grade inflammatory state,
impairing intracellular insulin signaling. All of these fac-
tors result in insulin resistance and the development of type
2 diabetes (DM2) [1-3].

Insulin resistance is directly related to disturbances in
glucose homeostasis, which contribute to increased blood
glucose in the fasting and fed states, mainly through
increased gluconeogenesis [4, 5]. The enzymes involved in
this process, phosphoenolpyruvate carboxykinase (PEPCK)
(EC 4.1.1.32) and glucose-6-phosphatase (G6Pase) (EC
3.1.3.9), are regulated by transcription factors, but recent
rodent studies have shown that during fasting, these
enzymes are not associated with hyperglycemia as strongly
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as is pyruvate carboxylase protein (PCB) (EC 6.4.1.1) in
models of DM2 [6-8].

PCB acts on the first step of the gluconeogenic path-
way, converting pyruvate to oxaloacetate inside mito-
chondria and also responding to acetyl-CoA levels [9].
The relevance of PCB protein to glucose homeostasis
control has been proven through its inhibition, wherein
animals showed a decrease in blood glucose, attenuated
hepatic glucose production and reduced development of
hepatic steatosis, even after being fed a high-fat diet [6].
Moreover, PCB inhibition with antisense oligonucleotide
(ASO) is also associated with improved insulin sensitiv-
ity, contributing to suppression of hepatic glucose
production.

In this context, recent studies have shown a significant
link between the benefits of physical exercise to hepatic
metabolism and health in obesity models, but these
mechanisms are not fully understood [10-16]. Physical
exercise is able to act on molecular interactions either
acutely or chronically, improving liver insulin sensitivity in
both animal models and obese humans [10-13]. Thus,
obese nondiabetic subjects showed defects in the regulation
of hepatic glucose production; however, 7 days of cycling
physical exercise at 70% VOjpeax improved insulin sensi-
tivity in obese individuals [17, 18]. Moreover, in response
to exercise the improvement in insulin sensitivity could
culminate in a reduction of hepatic glucose production.
Although these studies demonstrate exercise efficacy on
liver insulin resistance and glucose homeostasis control, it
is necessary to understand how this strategy can modulate
PCB levels. For this reason, we investigated how exercise
can modulate hepatic PCB protein and glycemic control in
obese insulin resistant mice subjected to an exercise
training program.

Methods
Experimental animals

Male, 4-week-old Swiss mice (Mus musculus) (15-20 g),
were allowed access to a standard rodent chow diet and
a high-fat diet (HFD) for 8 weeks. After obesity induc-
tion, these animals were distributed into three experi-
mental groups for an additional 8 weeks: lean sedentary
mice fed with standard rodent chow diet (CTL, n = 7),
high-fat diet-induced obese sedentary mice (DIO,
n = 10) and DIO mice subjected to exercise training
(DIO-EXE, n = 10). The standard commercial diet
(Presence®) contained approximately 5% fat from soy-
bean oil and provided 3.4 kcal/g. The high-fat diet
(PragSolucdes®) contained approximately 36% fat from
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Table 1 Composition of experimental diets (g/100 g)

Commercial chow High-fat diet

Fat® 5.0 35.8
Protein 22.0 23.0
Carbohydrate 51.5 34.5
Total kcal 339 552.2

4 Commercial chow was composed of only soybean oil, and the high-
fat diet was composed of 2.5% soybean oil and 33.35% coconut oil

coconut oil and provided 5.5 kcal/g (Table 1). The mice
were housed in individual cages at 21 = 2 °C, on a 12-h
light/dark cycle, and the body weights of the experi-
mental groups were registered weekly. At the end of the
experimental period, animals were anesthetized (chloro-
hydrate of ketamine, 50 mg/kg, ketamine, Parke-Davis,
Ann Arbor, MI and xylazine, 20 mg/kg, Rompun, Bayer,
Leverkusen) and euthanized by decapitation. The exper-
imental procedures were approved by the Ethics Com-
mittee on Animal Use, Campinas University State —
UNICAMP (no. 2805-1).

Incremental load test

First, mice were adapted to the exercise on a motor
treadmill (AVS Projetos®, Séao Carlos, Sao Paulo, Brazil).
After 2 days, the animals were subjected to an incremental
load test. The initial test intensity was 6 m/min at a 0%
grade, with increments of 3 m/min every 3 min until
exhaustion. Exhaustion occurred after the animals reached
the end of the treadmill 5 times. The exhaustion velocity
(EV) was measured at the exhaustion point of the test and
60% of EV was determined as the exercise training
intensity [19].

Exercise training

The exercise training lasted 8 weeks. However, it was
divided into two phases: phase 1 (Phl) consisted of
4 weeks during which the physical exercise volume was
gradually increased; during phase 2 (Ph2), the physical
exercise volume from the last week (Phl) was used for the
next 4 weeks. Each experimental week consisted of 5
consecutive days of physical exercise training and 2 days
of rest. The exercise training began after induction of
obesity using a high-fat diet. In total, the experiment lasted
16 weeks. To compensate for the performance gain during
the physical exercise protocol, the incremental load test
was performed at the beginning of Phl, at the beginning of
Ph2 and at the end of Ph2, adjusting the EV percentage for
the 8 weeks (Fig. 1).
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Fig. 1 Experimental protocol representation of the treatments, physiological tests and molecular analysis 24 h after exercise

Intraperitoneal insulin tolerance test (ITTip)
and serum analyses

To evaluate whole body insulin sensitivity, the test was
performed before and after treatment with specific diets
and exercise training. Thus, after 24 h of the last exercise
training session and 6 h of fasting, a set of control (lean),
DIO, and DIO-EXE mice was submitted to an ITTip
(1.5 U/kg body weight™" of insulin) (n = 7-10 per group).
The insulin was injected intraperitoneally (i.p.) and blood
samples were collected at 0, 5, 10, 15, 20, 25 and 30 min
from the tail for serum glucose determination. The rate
constant for plasma glucose disappearance (kITT) was
calculated using the formula 0.693/biological half-life
(t12). The plasma glucose t1,, was calculated from the
slope of least square analysis of the plasma glucose con-
centration during the linear phase of decline.

The serum analyses were performed 24 h after the last
exercise training session and 6 h of fasting (n = 7-10 per
group). Fasting glucose was determined in blood samples
from tails using a glucometer (Accu-Chek; Roche Diag-
nostics) to determine glucose concentration. From blood
samples, plasma was separated by centrifugation at
1100 g for 15 min at 4 °C and stored at —80 °C for sub-
sequent analysis. To measure fasting insulin, radioim-
munoassay (RIA) was performed according to previous
studies [20]. Next, serum free fatty acid (FFA) levels were
analyzed by the colorimetric method, using a commercial
kit (Laborlab®, Sao Paulo, Brazil).

Liver extractions and immunoblotting analysis

After the physiological tests all animals were submitted to
another day of treadmill exercise and they were anes-
thetized with intraperitoneal injection of chlorohydrate of
ketamine (50 mg/kg, ketamine, Parke-Davis, Ann Arbor,
MI) and xylazine (20 mg/kg, Rompun, Bayer, Lev-
erkusen). After this, the corneal reflexes were verified and
assured. Thereafter, the mice were injected with human
insulin (10 U/kg body wt Humulin R; Lilly, Indianapolis,
IN) or saline intraperitoneally, and 10 min later the liver

was rapidly removed and snap-frozen in liquid nitrogen
and stored at —80 °C until analysis. The tissue was
homogenized in extraction buffer (1% Triton-X 100,
100 mM Tris (pH 7.4), 100 mM sodium pyrophosphate,
100 mM sodium fluoride, 10 mM EDTA, 10 mM sodium
vanadate, 2 mM PMSF and 0.1 mg of aprotinin/ml) at
4 °C with a Bead Ruptor 12 Homogenizer (OMNI®)
operated at maximum speed for 60 s. The lysates were
centrifuged  (Eppendorf®  5804R) at 11,000 rpm
(12,851 g) at 4 °C for 15 min to remove insoluble
material, and the supernatant was used for the assay. The
protein content was determined according to the bicin-
choninic acid method [21]. The samples were applied to a
polyacrylamide gel for separation by SDS-PAGE and
transferred to nitrocellulose membranes. The blots were
blocked with 5% dry milk at room temperature for 1 h
and then incubated with primary antibodies against anti-
PCB (sc-271493), anti-phospho-Akt [ser 473] (sc-33437),
anti-Akt (sc-8312), anti-PEPCK (sc-271204), anti-G6Pase
(sc-398155), anti-GAPDH (sc-25778), and anti-B-actin
(sc-47778) from Santa Cruz Biotechnology, Inc., Santa
Cruz, CA. Thereafter, a specific secondary antibody was
used, according to the primary antibody. The specific
bands were labeled by chemiluminescence and visual-
ization was performed by exposure of the membranes to
RX-films (Kodak®). The bands were quantified by their
areas using optical densitometry. The images of protein
bands were acquired by the C-DiGit™Blot Scanner (LI-
CORR, Lincoln, Nebraska, USA) and quantified using the
software UN-SCAN-IT gel 6.1.

Statistical analysis

All results were presented as the mean + standard error
of the mean (SEM). The Gaussian distribution of the data
was assessed using a Shapiro-Wilk W test, and analyzed
by Student’s r-test for parametric data, then the Mann—
Whitney test for non-parametric data. Two-way ANOVA
(with repeated measures when appropriate), with Tukey’s
correction for multiple comparison, was used for
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Fig. 2 Performance gain during 8 weeks of physical exercise training
in the DIO-EXE group. a Table showing the individual 60% load of
exhaustion velocity (EV) of each animal (in m/min) after the three
incremental tests. b Incremental load test speed reached in the Ist,

parametric data and Kruskal-Wallis followed by Dunn’s
multiple correction test for non-parametric data. The level
of statistical significance used was p < 0.05. The con-
struction of the graphics and the statistical analysis were
performed using GraphPad Prism 5.0%.

Results

Performance during the 8-week exercise training
protocol

During the 8 weeks of exercise training, it was expected
that performance would increase. Therefore, three incre-
mental load tests were performed to adjust the workload to
60% of EV after 4 and 8 weeks of treadmill exercise. The
first test was performed before the beginning of the phys-
ical exercise protocol, the second after 4 weeks of running
at 60% of EV (with increasing volume) and the third at the
end of 8 weeks of running at 60% of EV (60 min duration).
The table in Fig. 2a represents the individual change at
60% EV of each animal during the three steps. Figure 2b, ¢
show the EV and total distance run in the same three
incremental load tests performed during the physical
exercise protocol. The highest speed and total distance are
significantly higher in the last test, demonstrating a per-
formance gain after 8 weeks of the physical exercise
protocol.

Body mass and epididymal fat variation

Mice fed a high-fat diet showed an increase in body weight
and epididymal fat when compared with the control group
(Fig. 3a—c). These results demonstrate the effectiveness of
the high-fat diet at inducing obesity. On the other hand,
obese mice subjected to exercise training (DIO + EXE)
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2nd and 3rd incremental load tests. ¢ Total distance reached at the
same three incremental load tests. Bars represent mean and SEM of
DIO-EXE mice (n = 7) in each test. *p < 0.05 versus 1st test

showed a significant reduction in body weight compared
with the control obese group (DIO). In addition, exercise
training was able to reduce epididymal fat compared with
the DIO group (Fig. 3a—c).
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Fig. 3 Physiological parameters of control (CTL), obese (DIO) and
trained obese (DIO-EXE) groups. a Body weight curve during
16 weeks. b Final body weight at the end of 16 weeks. ¢ Epididymal
weight. Bars represent means and SEM of CTL, DIO and DIO-EXE
mice (n = 7-10). *p < 0.05 for CTL versus DIO group; *p < 0.05 for
CTL versus DIO-EXE group; *p < 0.05 for DIO versus DIO-EXE

group
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Insulin sensitivity, serum FFAs, fasting glycemia
and insulinemia

At the end of the experiment the insulin tolerance test was
performed. The DIO group showed decreased whole body
insulin sensitivity, through kITT, when it was compared to
the CTL group. Meanwhile, the DIO-EXE group did not
have statistically significant reduction in kITT (versus
CTL), indicating a protective effect of physical exercise
(Fig. 4a, b). Further, evaluation of fasting FFAs, glycemia
and insulinemia indicated these variables increase in
response to high-fat diet treatment (DIO group), while
physical exercise attenuates such changes (DIO-EXE)
(Fig. 4a—e).

PCB levels, gluconeogenic enzymes and insulin
signaling in the liver

To evaluate the insulin resistant condition, the animals
received an intraperitoneal insulin injection, and we
quantified Akt phosphorylation in hepatic tissue. The DIO
group had higher levels of PCB (Fig. 5a). Moreover, the
DIO group had reduced Akt phosphorylation (Fig. 5d) and
PEPCK (Fig. 5b), with no changes in G6Pase protein levels
(Fig. 5¢). However, after performing 8 weeks of treadmill

exercise (Fig. 1: experimental protocol), the DIO-EXE
group presented reduced hepatic PCB levels (Fig. Se).
Furthermore, physical exercise did not change Go6Pase
protein content (Fig. 5g) nor phosphorylation of Akt
(Fig. 5h) in obese mice. Finally, obese trained mice had
reduced PEPCK levels (Fig. 5f).

Discussion

Hepatic glucose production is essential to the maintenance
of glycemic homeostasis as well as the direct action of
insulin in the liver, muscle, adipose tissue and central
nervous system [22, 23]. The action of insulin in hepatic
cells and inhibition of gluconeogenesis occur through the
exclusion of the transcription factor Forkhead Box (Foxol)
from the nucleus and consequent reduction of gluco-
neogenic enzymes (PEPCK and G6Pase) [24, 25]. How-
ever, recent studies related the importance of hepatic
glucose production suppression through PCB activity
[6, 26]. In contrast, it is well established that physical
training enhances insulin sensitivity and reduces hepatic
glucose production in obesity models [10, 13]. Therefore,
we hypothesized that physical training would reduce hep-
atic glucose production in obese and insulin-resistant mice
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Fig. 4 Metabolic parameters of control (CTL), obese (DIO) and
trained obese (DIO-EXE) groups. a Insulin tolerance test curve.
b Rate constant of plasma glucose disappearance (KITT) in the
insulin tolerance test curve. ¢ Serum free fatty acids after 6 h of
fasting. d Fasting glucose after 6 h of fasting collected from tail

blood. e Fasting Insulin after 6 h of fasting measured in plasma. Bars
represent means and SEM of CTL, DIO and DIO-EXE mice
(n = 7-10). *p < 0.05 for CTL versus DIO group; *p < 0.05 for
CTL versus DIO-EXE group; $p < 0.05 for DIO versus DIO-EXE
group
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Fig. 5 Hepatic PCB, gluconeogenic enzymes and Akt phosphoryla-
tion of control (CTL), obese (DIO) and trained obese (DIO-EXE)
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through reduction of hepatic PCB protein levels. To
examine this hypothesis, we induced obesity by a high-fat
diet and submitted these animals to an exercise training
protocol.

Initially, we analyzed the effects of obesity on body
weight, epididymal fat, insulin sensitivity, fasting FFAs,
fasting glycemia and fasting insulin. The high-fat diet
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(+) group (n = 5). f PEPCK levels of insulin-stimulated DIO (+)
(n = 5) and DIO-EXE (4) group (n = 5). g G6Pase levels of insulin-
stimulated DIO (+) (» = 5) and DIO-EXE (+) group (n = 5). h p-
Akt normalized to total Akt of insulin-stimulated DIO (+) (n = 5)
and DIO-EXE (+) group (n = 5). Basal = control group for drug
administration, used as mechanistic control for insulin injection, not
included for statistical analysis. Bars represent means and SEM of
4-5 mice. *p < 0.05 for CTL (+) versus DIO (+); *p < 0.05 for DIO
(+) versus DIO-EXE (+)

increased body weight and epididymal fat, and related to
physiological parameters, the DIO group presented higher
serum FFAs, fasting glucose and insulin levels. However,
exercise training reduced both body weight and epididymal
fat mass when compared with the DIO group. Moreover,
the deleterious effects of the high-fat diet were prevented in
the DIO-EXE group by insulin sensitivity, and decreasing
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serum FFAs, fasting glucose, and insulin. These data
indicate that our intervention was effective in the treatment
of diet-induced obesity.

In addition, it has been demonstrated that obesity
impairs hepatic insulin signaling, characterized by changes
in the activity of key proteins such as Akt [27-29]. Cor-
roborating these studies, the high-fat diet reduced Akt
phosphorylation, while PCB content in the liver was
increased when compared with the control group. This
result is in accordance with other findings in the literature
showing that obesity is associated with an increase in liver
PCB levels [6, 26].

Exercise seems to be an important non-pharmacological
intervention in the control of hepatic glucose production
and elevated blood glucose levels. A wide variety of
studies showed that physical exercise can regulate gluco-
neogenesis by reducing PEPCK and G6Pase protein con-
tent [10-13, 30]. Considering PCB plays an important role
in hepatic glucose production [6] and is still poorly
investigated, it would be interesting to evaluate whether
physical exercise could modulate this molecular parameter.
Herein, for the first time, we demonstrated that exercise
training reduced PCB levels in the livers of the DIO-EXE
group, thus producing an improved glycemic profile.
Considering other gluconeogenic enzymes, PEPCK was

Physical
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\I ﬁ Lipalysis
/

4 hcetyl-Con

Adiposse
Tissue

‘ ’ Liver

Pyruvate

Carboxylase

ﬁ Hepatln Eluunse
Prnduntmn O

Fig. 6 Role of exercise training in hepatic glucose production.
Pyruvate carboxylase protein has shown great importance in hepatic
glucose production, modulating the fasting glucose state. Moreover,
exercise training can reduce fat accumulation in adipocytes and
improve glucose homeostasis. One new mechanism shown in this
study is the hepatic PCB content reduction after the exercise training
protocol, resulting in better fasting glucose and fasting insulin in
obese insulin resistant mice

the only one that showed a statistically significant
difference.

We did not measure the hepatic glucose production
directly. However, the effects of PCB silencing on hepatic
glucose production of obese animals are known [6]. In
fact, after PCB inhibition, the DIO group improved the
following parameters: (1) pyruvate tolerance test; (2)
fasting glycemia and insulinemia; and (3) endogenous
glucose production during the hyperinsulinemic-eug-
lycemic clamp procedure. Interestingly, the hepatic levels
of PCB were increased during obesity induction. In the
same investigation, the authors demonstrated that among
all the key gluconeogenic enzymes [mitochondrial and
cytosolic PEPCK, fructose-1,6-bisphosphatase (FBP1),
and GO6Pase as well as PCB mRNA expression], the
hepatic PCB content best expresses the glycemia in
humans, which was assessed by both fasting plasma
glucose concentration and hemoglobin A;. (HbA,,).
Based on the data above, we suggest that the current
decrease of PCB levels in the liver of trained obese mice
probably contributes to the reduction of both hepatic
glucose production and glycemia.

Furthermore, a recent study showed that PCB activation
in the liver can result from increased lipolysis in white
adipose tissue (WAT) [26]. Increased free fatty-acid levels
induces higher hepatic acetyl-CoA concentrations,
enhancing PCB flux in the hepatocytes, reinforcing the link
between WAT and liver glucose production [31, 32].
Thereby, as noted in the literature, obesity impairs insulin
signaling, enhancing fatty acid levels in WAT and conse-
quently serum FFAs [33, 34]. In line with these findings,
we observed increased serum FFA levels in DIO group.
Physical exercise was able to reduce this parameter, but at
molecular levels had no effect on Akt phosphorylation
(p = 0.22), indicating PCB protein and FFA serum levels
have a major contribution in altering fasting glucose levels
[35]. These findings could explain why our animals pre-
sented a higher concentration of hepatic PCB protein.

In conclusion, considering our study limitations, our
findings support the previous hypothesis that exercise
training could reduce hyperglycemia, at least partially by
reduced PCB protein content, a key molecule in hepatic
glucose metabolism (Fig. 6). Exercise training effects on
hepatic PCB levels may be considered as a novel mecha-
nism for attenuating high-fat diet effects, such as hyper-
glycemia and type 2 diabetes, as observed in DIO mice.
Future studies could also evaluate molecular markers of
lipolysis in the WAT and possible interactions with PCB
levels in response to physical exercise.
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