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Abstract: Diabetes is a public health problem that affects life quality. Exercise training (ET) and
controlled dietary habits improve metabolic diseases such as diabetes. The mechanisms by which
exercise training ameliorate metabolic diseases are not fully clear. We designed the current study to
evaluate the combination of ERRa suppression and ET effects on the expression of LXR-0, PDK4, and
PPARa in healthy and STZ-induced diabetic rats. Fifty-six male Wistar rats were divided into 8 groups
(n=7) as follows; control, diabetic control (a single dose of 45 mg/kg of STZ), ERRa inhibition group
(received 0.48 mg/kg of XCT790), endurance training, diabetic rats which received XCT790, diabetic
rats which performed endurance training, rats which received XCT790 and performed endurance
training, and diabetic rats which received XCT790 and also performed endurance training. Expression
of the target gene and protein was carried out on the liver tissue. Our results showed that ET significantly
increased PDK4, PPAR0, and ERRa expression. ERRa suppression significantly increased LXR-o and
PDK4 expression in healthy rats compared to the healthy control group. In the diabetic group with
ERRa suppression, LXR-a expression significantly upregulated. The combination of ET and ERRa
suppression did not change LXR-a expression compared to healthy and diabetic groups (CTL/ERR),
but the expression of PDK4, PPARa, and ERRa was significantly upregulated.
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1. Introduction

The changes in lifestyle, including exercise training and improved dietary habits, can
attenuate metabolic diseases such as diabetes, obesity, and insulin resistance [1]. Diabetes is a
metabolic disease characterized by insulin deficiency or resistance and elevated blood glucose
levels. Diabetes worldwide prevalence is increasing, and this was estimated that it would affect
about 5% of the total population by the year 2025. Therefore, proper management should be
considered out to improve and/or treat diabetes and its deleterious consequences [2, 3].

The system capacity to adjust fatty acid (FA) and glucose oxidation are defined as
metabolic flexibility. There is a competition between glucose and FA for oxidation, and this
competition occurs at PDC (Pyruvate Dehydrogenase Complex) level. PDC catalyzes pyruvate
oxidation to acetyl Co-A. The evidence from previous researches has suggested that PDC is
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precisely regulated by 4 kinase isozymes that designated as Pyruvate dehydrogenase kinases
(PDKSs) 1-4, and 2 phosphatases, including pyruvate dehydrogenase phosphatase 1 and 2 (PDP)
[4-6]. The PDC phosphorylation and inactivation conducted by PDKs that caused fuel switch,
and the metabolism goes toward FASs beta-oxidation and spares glucose oxidation. On the other
hand, PDPs reverse PDKs inhibitory effect on PDC [4-6].

Estrogen-Related Receptors (ERRs) are a group of orphan receptors and transcriptional
regulators of fuel (glucose and FAs) oxidation in mitochondria. Two ERR isoforms are ERRa
and ERR, and their expression is tissue-specific [7-9]. ERRa expressed ubiquitously and
expressed specifically in muscle, heart, brain, and liver [10]. ERRa regulates fatty acid
oxidation (FAO), mitochondrial biogenesis and metabolism, and also reduces gluconeogenesis
in the liver, modulates cell differentiation, and metabolic syndrome [11, 12]. ERRa deletion
(knockout) impaired mitochondrial gene expression pattern, but the basal state was not affected
[10]. ERRa knockout mice showed increased Pepck (Phosphoenolpyruvate carboxykinase; a
gluconeogenic enzyme) activity in the liver that demonstrating ERRa suppressive role on
gluconeogenesis. On the other hand, ERRa inhibition reduced metabolic pathways and
oxidative gene expression in mitochondria [12]. ERRa is considered as a therapeutic target for
diabetes treatment; it reduced hepatic glucose production and elevated muscle oxidative
capacity [13].

Peroxisome proliferator-activated receptor (PPAR) family of transcription factors
regulating glucose and lipid metabolism, inflammation, apoptosis, cell proliferation, and
differentiation [14]. There are three isoforms of PPARSs, including PPARa, PPARPB/S, and
PPARy. PPARa and PPAR regulate FAO, but the latter is involved in the differentiation of
adipocytes. PPARa mainly expressed in tissues such as the liver, intestine, kidney, skeletal
muscle, and heart and plays an important role in lipid metabolism and FAO, oxidative stress,
and also inflammatory response modulation [10, 14]. PPARa is located in the center of energy
balance, which makes PPARa a vital receptor affecting disease development that is related to
obesity, including diabetes, insulin resistance, and metabolic syndrome [10, 14].

Liver X Receptors (LXRs) are DNA-binding and ligand-activated transcription factors,
previously considered as orphan nuclear receptors, that have been discovered that activated by
oxysterols. LXRs are implicated in carbohydrate, cholesterol, and triacylglycerol (TG)
metabolism. There are two members of LXR subfamily that have high similarity to each other
(78%) and designated as LXR-o and LXR-p [15]. LXR-a expressed in tissues including; liver,
kidney, adipose tissue, and adrenals, whereas LXR-f is ubiquitously expressed. Multiple lines
of evidence suggest that LXRs are involved in bile acids production, hepatic lipogenesis, and
cholesterol homeostasis [15-18]. LXR-a causes reverse cholesterol transport (RCT) and
lipogenesis in the liver by up-regulation of ATP-binding cassette A1 (ABCA1) and Sterol
response element-binding protein-1c (SREBP-1c), respectively [15].

Endurance training (ET) is considered as a beneficial form of exercise that showed
valuable properties including reduced body weight, attenuated plasma glucose concentrations,
and ameliorated lipid profile and insulin resistance (IR) in diabetes [19-21]. The adaptations in
skeletal muscle as a result of ET involve an increase in the capacity for aerobic metabolism
made possible by an adaptive increase in mitochondrial content as well as a number of other
enzymatic adaptations that may contribute to the altered metabolic response to exercise in the
trained state [22].

Skovgaard et al. (2016) showed that PDK4 mRNA increases with endurance exercise
training [23]. It has been reported that prolonged low-intensity and short-term high-intensity
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exercise lead to remarkable PDK4 gene expression. Eight weeks of exercise upregulated PDK4
expression and inhibited PDC activity and, therefore, glucose oxidation [6]. It was reported
that ET increased PDK4 protein expression and activity and finally decreased lipogenesis [5].
Exercise training and ERRa regulate PPARa expression [24]. Tunstall et al. did not find a
significant change of PPARa expression after ET [25]. But, Horowitz and colleagues reported
that ET significantly increased PPARa expression [26]. PPARa activation induces PDK4 up-
regulation [27]. Also, this was showed that exercise training affects LXR-a and PPARa
expression [21,26,28,29]. PPARa increased FAO, and LXR-a promotes lipogenesis and down-
regulates FAO. Also, PDK4 activation favors FAO and reduces glucose oxidation [14]. on the
other hand, it has been well documented that disturbed FAO in mitochondria and elevated Non-
esterified fatty acid (NEFA) uptake increase pro-inflammatory lipids (fatty acyl-CoA and
ceramide) and TG accumulation that inactivate insulin signaling which finally results in insulin
resistance [30]. Therefore, PPARa and PDK4 dysregulations lead to defects in FAO oxidation,
which finally disturbed insulin signaling and deteriorate diabetes state.

The mechanisms by which exercise training ameliorate metabolic diseases are not fully
clear. On the other hand, ET enhanced glucose and FA utilization, and understanding the
mechanisms mediating these effects may be important for the treatment of type 2 diabetes.
ERRo has also attracted attention as a potentially important intervention for diabetes
management. In the current study, we aimed to evaluate the combination of ERRa inhibition
and ET effects on the expression of LXR-o and PDK4 in healthy and STZ-induced diabetic
rats.

2. Materials and Methods
2.1. Materials.

XCT790 (Sigma, No: X4753), STZ (Sigma, No: S0130), Total RNA isolation kit
(BioBasic; BS414), cDNA synthesis kit (TAKARA; RR037A), SYBR Green (Ampligon;
A325402), and the antibodies which used in this study were including LXRa/p (sc-271064)
and B-actin (sc-47778) from Santacruz biotechnologies and PDK4 antibody (PAB5916)
obtained from Abnova Corporation. Polyvinylidene Difluoride membrane (Amersham Hybond
P 0.45 PVDF, 15289894) and Enhanced Chemiluminescence substrate (ECL Plus Western
Blotting Substrate, 32106) were obtained from GE Healthcare and Thermo Scientific,
respectively.

2.2. Ethical Approval.

All animal procedures were conducted in accordance with the requirements of the
Declaration of Helsinki (http://www.wma.net/e/policy/pdf/17c.pdf). Also, this study was
approved by the ethics committee of Kerman Medical University (IR.KMU.REC.1394.633).

2.3. Methods.
2.3.1. ERRa disruption.

ERRa suppression was performed by daily XCT790 (0.48 mg/kg) intraperitoneal
injections for 28 days [11, 31].
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2.3.2. Diabetes induction.

We used a single intraperitoneal injection of STZ (45 mg/kg prepared in 0.1 M citrate
buffer, pH 4.5) for diabetes induction in this study. In order to confirm diabetes in animals, 72
h after STZ injection in overnight fasted animals, the blood glucose was quantified by
glucometer (Accu-Check, Germany) and rats with FBG (Fasting Blood Glucose) higher than
250 mg/dl were considered as diabetic and entered to the study.

2.3.3. Endurance training (ET) protocol.

The animals in this study performed ET for 4 weeks (5 days per week). The trained
groups were familiarized with treadmill running protocol at low speeds (15- 20 m/min) for 20
min/day for the first 5 days of the study. Then, the duration increased gradually over the 4 week
period, and the animals were running for 50 min/day at 27 m/min in the last 2 weeks [32].

2.3.4. Animal study.

Fifty-six male Wistar rats were used in the present study. The animals were maintained
at a controlled condition, light/dark cycle, 24+2°C, and free access to food and water. There
was an acclimatization period for a week, and after that, the animals were divided into 8 groups
(n = 7) as follows; Control untreated group that received no treatments (group 1), Diabetic
control group that received a single dose of 45 mg/kg of STZ (group 2), ERRa disrupted group
that received 0.48 mg/kg of XCT790 (group 3), ET group (group 4), diabetic rats which
received XCT790 (group 5), diabetic rats that performed ET (group 6), rats that received
XCT790 and performed ET (group 7) and diabetic rats that received XCT790 and also
performed ET (group 8). At the end of the study, the animals were sacrificed, and liver tissue
was dissected and washed with cold saline. Finally, the liver was freeze by liquid nitrogen and
stored at -80°C until real-time PCR and western blotting measurements.

2.3.5. RNA extraction and real-time PCR.

Liver tissue (50 mg) was dissected and homogenized at lysis buffer by sonicator
(Heilscher H200, Germany). Total RNA was extracted according to the kit protocol. Then,
complementary DNA (cDNA) was synthesized from extracted RNA (500 ng) by cDNA
synthesis kit according to its procedure. Real-time PCR was performed by a specific primer
(Table 1). The real-time PCR reaction was contained 10 ul SYBR green, 1 pl of forwarding
and 1 pl of Reverse primers, 100 ng of synthesized cDNA, and finally, the reaction volume
reached to 20 pl by dH20. The annealing temperatures were according to each primer’s Tm.
Generally, the thermal protocol was as follows; 95°C (5min), 95°C (15 sec), annealing
temperature (45 sec), 40 cycles, and after cycles were done, the melt curve analysis was
performed. We used 18S rRNA as a housekeeping gene. The relative expression of genes was

determined by 224¢ method [33].
Table 1. Primers sequence which used in for real-time PCR gene expression measurement.

Gene Forward Sequence Reverse Sequence

1| LXRa | CCTGATGTTTCTCCTGACTC TGACTCCAACCCTATCCTTA
2 | ERRa | AAGCCCTGATGGACACCTC GAAGCCTGGGATGCTCTTG
3 | PDK4 | AAGCCCTGATGGACACCTC GAAGCCTGGGATGCTCTTG
4 | PPARa | GATACCACTATGGAGTCCACGCA | GCCGAAAGAAGCCCTTGC

5| 18S GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
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2.3.6. Western Blotting.

In order to liver tissue homogenization and protein extraction, we utilized RIPA buffer
(Contained Protease Inhibitor, Phenylmethylsulfonyl Fluoride, and Sodium Orthovanadate [1
mM of each one], pH 7.4). Forty mg of each liver sample was obtained and homogenized on
ice-cold RIPA buffer by Ultrasonic Processor (Hielscher, UP200H, Germany). The obtained
homogenate was centrifuged (At 4 °C, 20000 rpm, for 20 min), and then the supernatants were
collected for further study. Bradford method was performed to quantify the protein
concentration in obtained supernatant. An equal volume of each sample supernatant and 2X
sample buffer incubated at 95°C for 5 minutes and then 80 micrograms of protein was loaded
into wells, and SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) on a
12.5 % gel was conducted under controlled condition (120 V, 80 min, Tris-Glycine running
buffer pH 8.3). After protein separation in gel, proteins were transferred to a PVDF membrane
(P 0.45 PVDF) that was activated by methanol. Transfer performed at a constant current 220
mA in cold transfer buffer for 90 min. Then after, the PVDF membrane was incubated with 5
% skim milk in tris-buffered saline and Tween 20 (TBST) as blocking buffer on a shaker for 2
hours, and then it washed 4 times with TBST (for 5 min each time). Incubation with primary
antibody was 1 hour, and after washing (4 times each 5 min), final incubation with secondary
antibody 1 hour followed by 4 times washing was performed. The membrane was incubated
with Enhanced Chemiluminescence substrate (ECL Plus Substrate) for about 90 seconds and
an antigen-antibody complex detected by ECL detection film in a dark room. The ImagelJ
software was used to analyze the protein bands densities; also, the B-Actin protein was used as
housekeeping control [33].

2.4. Statistical Analysis.

The data were analyzed by two-way analysis of variance (Two-Way ANOVA) test, and
Tukey’s method was used to pairwise comparisons of the studied groups. The analysis in this
study was performed by SPSS (version 22) and Sigma Plot (version 12) soft wares. Data are
expressed as Mean+SEM. The p values <0.05 were considered significant.

3. Results and Discussion

Our results showed that ET significantly reduced LXR-a gene expression in the diabetic
group compared to diabetic control rats (p=0.002) (Figure 1). On the other hand, ET increased
PDK4, PPARa (p<0.001), and ERRa (p=0.031) expression in healthy and diabetic rats
compared to their control counterparts (CTL), significantly (Figures. 2-4).

ERRa suppression (CTL/ERR) significantly increased LXR-o (p<0.001) and PDK4
(p=0.011) expression in healthy rats compared to the healthy control group (CTL) (Figures. 1
and 2). In the diabetic group with ERRa suppression, the LXR-o expression significantly
upregulated (p<0.001) compared to the diabetic control group (CTL) (Figure 1).

The combination of ET and ERRa suppression (ET/ERR) did not change LXR-a
expression compared to healthy and diabetic groups (CTL/ERR), but the expression of PDK4,
PPARa and ERRa were significantly upregulated (Figures. 2-4).

The combination of ET and ERRa suppression (ET/ERR) in the healthy group increased
PDK4 and PPARa expression (p<0.001) compared to the healthy group with ERRa inhibition
(Health-CTL/ERR) (Figures. 2 and 3).
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Figure 1. Relative LXR-a gene expression quantified by Real-Time PCR method in liver of studied groups. The
groups were as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals
which ERRa expression was inhibited by XCT (CTL/ERR); Health/Diabetic animals which ERRa was inhibited
by XCT and performed ET (ET/ERR). * statistically significant to health control group, # statistically significant
to diabetic control group, ¢ statistically significant to ET in healthy rats, y statistically significant to ET in diabetic
rats. Data are expressed as MeanSEM. (p<0.05 was considered as significant).
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Figure 2. Relative PDK4 gene expression quantified by Real-Time PCR method in liver of studied groups. The
groups were as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals
which ERRa expression was inhibited by XCT (CTL/ERR); Health/Diabetic animals which ERRa was inhibited
by XCT and performed ET (ET/ERR). * statistically significant to health control group, # statistically significant
to diabetic control group, ¢ statistically significant to ET in healthy rats, ¥ statistically significant to health
CTL/ERR (Healthy animals which ERRa was inhibited), v statistically significant to ET in diabetic rats,
statistically significant to diabetic CTL/ERR (Diabetic animals which ERRa was inhibited). Data are expressed
as Mean+SEM. (p<0.05 was considered as significant).
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Figure 3. Relative PPARa gene expression quantified by Real-Time PCR method in liver of studied groups. The
groups were as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals
which ERRa expression was inhibited by XCT (CTL/ERR); Health/Diabetic animals which ERRa was inhibited
by XCT and performed ET (ET/ERR). * statistically significant to health control group, # statistically significant
to diabetic control group, ¢ statistically significant to ET in healthy rats, ¥ statistically significant to health
CTL/ERR (Healthy animals which ERRa was inhibited), y statistically significant to ET in diabetic rats,
statistically significant to diabetic CTL/ERR (Diabetic animals which ERRa was inhibited). Data are expressed
as Mean+SEM. (p<0.05 was considered as significant).
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Figure 4. Relative ERRa gene expression quantified by Real-Time PCR method in liver of studied groups. The
groups were as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals
which ERRa expression was inhibited by XCT (CTL/ERR); Health/Diabetic animals which ERRa was inhibited
by XCT and performed ET (ET/ERR). * statistically significant to health control group, # statistically significant
to diabetic control group, I statistically significant to diabetic CTL/ERR (Diabetic animals which ERRa was
inhibited). Data are expressed as Mean+SEM. (p<0.05 was considered as significant).
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Figure 5. LXR-a protein expression measured by western blotting in liver of the studied groups; The groups were
as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals which ERRa
expression was inhibited by XCT790 (CTL/ERR); Health/Diabetic animals which ERRa was inhibited by
XCT790 and performed ET (ET/ERR). * statistically significant to health control group, ¢ statistically significant
to ET in healthy rats, v statistically significant to ET in diabetic rats, i statistically significant to diabetic
CTL/ERR (Diabetic animals which ERRa was inhibited), € statistically significant to healthy rat with ET and
ERRa suppression (ET/ERR), £ statistically significant to diabetic rat with ET and ERRa suppression (ET/ERR).
Data are expressed as Mean+SEM. (p<0.05 was considered as significant).
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Figure 6. PDK4 protein expression measured by western blotting in liver of the studied groups; The groups were
as follows; Untreated Control (CTL); Endurance training (ET); Health/Diabetic Control animals which ERRa
expression was inhibited by XCT790 (CTL/ERR); Health/Diabetic animals which ERRa was inhibited by
XCT790 and performed ET (ET/ERR). * statistically significant to health control group, # statistically significant
to diabetic control group, ¥ statistically significant to health CTL/ERR (Healthy animals which ERRa was
inhibited), ¢ statistically significant to ET in healthy rats, y statistically significant to ET in diabetic rats, §
statistically significant to diabetic CTL/ERR (Diabetic animals which ERRa was inhibited). Data are expressed
as Mean=SEM. (p<0.05 was considered as significant).
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Also, the combination of ET and ERRa suppression (ET/ERR) in the diabetic group
significantly increased PDK4, ERRa (p<0.001) and PPARa (p=0.021) expression compared to
the diabetic group with ERRa inhibition (Diabetic-CTL/ERR).

LXR-a protein expression significantly increased in STZ-induced diabetic rats (CTL)

compared to the other 3 groups with diabetes. The combination of ET and ERRa suppression
(ET/ERR) did not significantly change LXR-a protein expression compared to (CTL/ERRO in
healthy and diabetic groups (Figure 5). In STZ-induced diabetic rats, the PDK4 protein
expression was increased (Figure 6). ERRa inhibition (CTL/ERR) increased PDK4 protein
expression compared to the healthy control group (CTL) (p<0.001). The combination of ET
and ERRa suppression (ET/ERR) in the healthy group increased PDK4 protein expression
compared to healthy control (CTL), ET, and health CTL/ERR groups (p<0.001). In diabetic
rats, ET and a combination of ET and ERRa suppression (ET/ERR) significantly increased
PDK4 protein expression compared to the diabetic CTL/ERR group (p<0.001) (Figure 6).

In the present study, we examined ET and ERRa inhibition effects, alone and in
combination with LXR-a, PDK4, and PPARa expression in the liver of healthy and diabetic
rats. The beneficial effects of exercise training and especially ET on carbohydrate and lipid
metabolism, were reported by several studies [21,34,35]. ET maintains carbohydrate and lipid
homeostasis in such a way that ET increase FAO, spare glucose oxidation, improves insulin
sensitivity and considered a promising intervention to manage diabetes [21,34,35].

The PDC reversible phosphorylation by PDKs results in PDC inactivation and directing
the metabolism toward FAO [4,6]. There is a body of evidence that reported that PDK4
expression was upregulated in diabetes either in human or animal models [4-6,30]. Our finding
over PDK4 expression that was upregulated in STZ-induced diabetic rats in this study is in
accordance with previous studies [4,6,30]. There are several reports about exercise training
effects on PDK4 expression [4-6]. ET in this study increased PDK4 expression in healthy and
diabetic groups at gene and protein levels. Our results confirmed previous studies that reported
that training regulates PDK4 expression. Shortly, it has been reported that ET and high-
intensity exercise increased PDK4 expression in skeletal muscle [5]. Also, it was reported that
eight weeks of exercise increased PDK4 expression and therefore decreased PDC activity and
glucose oxidation [6]. Abreu and coworkers (2016) reported that ET increased PDK4 protein
and reduced ACC activity and, as a result, decreased lipogenesis [4].

It has been reported that ERRo promoted PDK4 gene transcription and therefore
increased PDK4 levels [4,36]. We found that ERRa suppression reduced PDK4 expression in
diabetic rats. Hence, these findings are along with ERRa, promoting effects on PDK4
expression [36]. But, the combination of ET with ERRa inhibition remarkably increased PDK4
expression in healthy and diabetic rats. These findings indicated that ET effect on PDK4
expression is probably independent of ERRa, where ERRa was neutralized, ET increased
PDK4 gene, and protein expression. The possible mechanism behind this finding may be
related to ERRy. It has been reported that when ERRa is knockout, ERRy showed a
compensatory response and take same responsibility as ERRo. But this thesis in this study
needs further examination and should be proved, especially; when we did not observe this
possible compensatory effect in a group that only ERRo was inhibited. In diabetes, PDK4
expression and activity will be upregulated, which results in decreased glucose oxidation in the
liver [4]. PDK4 up-regulation limits oxidation of glucose and activates FAO, which probably
helps to decrease NEFA in serum and improve insulin signaling in diabetes, which confirms
the beneficial effects of ET and ERRa inhibition together.
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Our findings indicated that ET in diabetic rats significantly reduced LXR-a gene and
protein expression compared to the diabetic control group. These findings are along with
exercise training effects where running increase FAO and reduce lipogenesis [35]. LXR-a is
involved in lipid synthesis by affecting SREBP-1c and cholesterol homeostasis by targeting
ABCA1 [15,16,18]. Therefore, ET improves lipid homeostasis in STZ-induced diabetic rats.
ERRa improves mitochondria oxidative pathway, induce FAO, and mitochondrial biogenesis
[13, 36].

It has been shown that ERRa knockout in mice results in reduced serum glucose levels
and improved insulin sensitivity. Our data showed that ERRa inhibition (CTL/ERR) in healthy
and diabetic groups increased LXR-a gene and protein expression and interestingly, ET did not
reduce LXR-o expression in groups with a combination of ET and ERRa suppression (ET/ERR
- healthy and diabetic group). It seems that ET reducing effects on LXR-a expression is
dependent on ERRa; therefore, in the group with a combination of ET and ERRa inhibition we
did not observe ET lowering effects on LXR-a expression compared to groups that performed
only ET.

ET in healthy and diabetic rats increased ERRa expression. ERRa inhibition by XCT790
did not show any significant effects on ERRa expression in healthy and diabetic groups. A
combination of ER with ERRa inhibition did not change ERRa expression in healthy rats but
on the contrary, caused a significant up-regulation of ERRa expression in the diabetic group
which confirmed that some beneficial effects of ET are carried out thorough ERRa.

PPARa is the main isoform in the liver and involved in lipid and oxidative metabolism
[10]. PPARa also affects proteins that play an important role in FA transport such as CD36
and CPT1 (carnitine palmitoyltransferase 1). CPT1 involved in the process of FA transport
into the mitochondria [14]. ET significantly upregulated PPARa gene expression compared to
control groups (healthy and diabetic controls). Tunstall et al. did not find a significant change
of PPARa expression after ET, which is in opposition to our data, but their study duration was
only 9 days [25]. On the other hand, Horowitz and colleagues and Russel et al. reported that
ET significantly increased PPARa expression that in along with our findings [21,26]. Hence,
ET by up-regulation of PPARa, improves FA transport and oxidation in mitochondria and
decreases NEFA and, therefore, improve insulin resistance in diabetes.

PPARa expression did not change significantly after ERRa inhibition compared to
control counterparts (healthy and diabetic groups). On the other hand, a combination of ET
with ERRa inhibition significantly increased PPARa expression in healthy and diabetic rats.
Our results are showing that ET effects are dominant over ERRa inhibition effects on PPAR«
gene expression in ET/ERR group. We also observed the same pattern of expression by PDK4
gene and protein expression, and therefore, it seems that ET by up-regulation of PPARa,
increases PDK4 expression. It has been proved that ET and ERRa regulate PPARa and increase
its expression [24]. Wu and coworkers have shown that PPARa activation results in PDK4
gene and protein up-regulation [27] that is in accordance with our findings. It has been shown
that ERRa up-regulation increased PPARa expression [24]. Therefore, ERRa suppression
alone reduces PPARa expression, which results in PDK4 down-regulation. But, the
combination of ET and ERRa inhibition dramatically increases PPARa expression, which
seems to affect PDK4 gene and protein expression in ET/ERR group. Hence, in tissue-like liver
in which PPARa and ERRa both are highly expressed, the ERRa dependent activation of
PPARa can act as a pivotal mechanism to modulate genes involved in energy metabolism [24].
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4. Conclusions

Exercise training programs provide a promising alternative to improve metabolic
conditions such as diabetes, atherosclerosis, and CVD. Exercise potential beneficial effects
conducted thorough regulation of molecular response in target tissues such as the liver and
skeletal muscle. Additionally, interventions such as ERRa modulations that have an important
role in regulation of liver homeostasis considered as an alternative for metabolic disease
management including diabetes. ERRa inhibits gluconeogenesis in the liver and improves
metabolic oxidation in the muscle that showing two-sided effects. We showed that ERRa
inhibition with ET has important beneficial effects compared to alone ERRa inhibition.
Therefore, this combination needs more focus and examination to clarify its beneficial effects
and further possible mechanisms in diabetic models.
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