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			ABSTRACT

		

		
			Sirt1/AMPK and Akt/mTOR axes regulate cellular energy homeostasis and metabolism. Sodium butyrate (NaB) is a product of healthy gut microbiota and a histone deacetylase inhibitor. Recent studies have shown that NaB activates the intracellular pathways involving key metabolic regulator molecules. However, the effect of NaB on Sirt1/AMPK and Akt/mTOR axes is not reported. We compared genetic expression of Sirt1, AMPK, Akt, and mTOR in adipose tissue from mice treated with NaB versus placebo. Four groups of mice (n=27) mice were administered oral NaB, intraperitoneal (i.p) NaB, oral placebo or i.p placebo for 16 days. RNA was isolated from the epididymal fat pads and relative genetic expression of AMPK, Sirt1, mTOR and Akt was measured using real time PCR. Oral NaB group showed decreased genetic expression of AMPK (0.04 fold, p<0.001), mTOR (0.30 fold, p=0.04), Akt (0.29 fold, p=0.67) and Sirt1 (0.83 fold, p=0.18). In the I/P group AMPK (2.26 fold, p=0.33), Akt (1.3 fold, p=0.59) and Sirt1 (1.69, p=0.45) were increased while mTOR was unchanged (0.99 fold, p=0.81). Our study for the first time reports on change in genetic expression of Sirt1/AMPK and Akt/mTOR axes in adipose tissue of mice given oral and intraperitoneal NaB treatment.
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			Introduction

			

			Cellular energy metabolism and proliferation are interdependent physiological processes. A delicate balance between the two is key for cellular homeostasis. Cells have developed signaling axes to coordinate their growth with nutrient availability. AMPK/Sirt1 axis is the key nutrient sensing axis which is activated with energy stress and nutrient depletion. It activates downstream catabolic pathways aimed at replenishing energy status. Akt/mTOR axis, on the other hand, regulates cellular proliferation in addition to metabolism. It is primarily activated by external growth factors and insulin as well as energy and nutrient availability (Yuan et al., 2013). 

			The Sitr1/AMPK axis includes two serine threonine kinases silent information regulator 1 (Sirt1) and AMP-activated protein kinase (AMPK). Both these molecules affect similar biological process and it has also been discovered that Sirt1 phosphorylates LKB1, the upstream kinase of AMPK and AMPK activated Sirt1 though Nampt (Cetrullo et al., 2015) AMPK is a serine threonine kinase which acts as a metabolic fuel gauge. It senses intracellular AMP/ATP ratio (Cantó et al., 2009). Typically AMPK is activated when intracellular concentration of ADP, AMP, or calcium increase as occurs in starvation, physical exercise, and hypoxia. Once activated it enhances the catabolic pathways and inhibits the anabolic pathways of glucose, lipid and protein metabolism. It replenishes depleted ATP stores by promotes cellular glucose and fatty acid uptake and then simulates their catabolism to generate ATP. In addition it activates mitochondrial biogenesis as well as mitophagy. Sirt1, the other key metabolic regulator of the Sirt1/AMPK axis, is the best studied of seven orthologs of sirtuins Sirt1 becomes active in response to rise in intracellular NAD+ levels as they occur during exercise and caloric restriction. The exact mechanisms have yet to be discovered. Once activated however, it stimulates a cascade of downstream metabolic pathways similar to AMPK. This axis is predominantly aimed at replenish body’s energy stores (Cantó and Auwerx, 2012).

			The Akt/mTOR axes is mainly involved in cell growth and proliferation. It’s main players are protein kinase B (Akt) and the mechanistic target of rapamycin (mTOR). mTOR is made of two large protein complexes called mTOR complex 1 and mTOR complex 2 (mTORC1 and mTORC2). mTOR is a well-known signaling node that integrates environmental nutrients, growth factors, cellular energy status, and other cellular cues into a variety of anabolic processes, cytoskeleton dynamics, and autophagy (Cai et al., 2016). mTORC1 is the better known of the two mTOR complexes with diverse upstream signals. These include growth factors, energy status, stress, oxygen, as well as amino acids. Typically a growth factor or insulin attaches to its receptor tyrosine kinase leading to activation of phosphatidylinositide 3-kinase (PI3K) which results in phosphatidylinositol (3,4,5)-tris phosphate (PIP3) formation. PIP3 stimulkates Akt which in turn activates mTORC1 (Sengupta et al., 2010). The principal downstream effect of this pathway is increased protein synthesis at the levels of translation, through phosphorylation of S6 kinase 1 (S6K1) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1). It also promotes lipid synthesis and glycolysis. The main functions of mTORC2 are cytoskeletal organization and promotion of cell survival. It also activates Akt, thereby enhancing mTORC1 functions. Akt also affects glucose uptake and glycolysis independent of mTOR. Together this axis functions to provide the machinery for cellular proliferation along with metabolic changes required to promote this proliferation (Cetrullo et al., 2015).

			There is significant cross talk between these two metabolic axes. Most importantly 4E-BP1 and s6k are downstream targets of both AMPK and mTOR, AMPK is an upstream inhibitor of mTOR and Akt’s effects on energy metabolism tends to reduce AMP which indirectly inhibit AMPK (Xu et al., 2012).

			NaB is a short chain fatty acid produced primarily by the microbiota of the gut (Tan et al., 2014). It mediates energy homeostasis of the body (Hardie et al., 2016; Lage et al., 2008), improves insulin sensitivity (Ruderman et al., 2013) and is hypothesized to control obesity (O’Neill et al., 2013). NaB alters genetic expression of various molecules by modification of histones, transcription factors and various non-euchromatic targets (Rada-Iglesias et al., 2007). The exact effect on genetic expression is however differential. In some studies upregulation of certain genes has been reported while in other cases downregulation has been shown (Kyrylenko et al., 2003; Li et al., 2012; Yan and Ajuwon, 2015). Although scarce, but there is some evidence that NaB may affect metabolism and cell growth in cells other than adipose tissue, by interacting with key metabolic regulators under investigation in this study (Kyrylenko et al., 2003; Pant et al., 2017; Peng et al., 2009).

			Adipose tissue has a central role in regulating metabolism and its dysfunction underlies obesity and related disorders (Lee and Lee, 2014; Lee et al., 2013). At the same time obesity and deregulated adipose tissue metabolism is increasingly being linked to cancer. Despite its importance in pathophysiology of metabolic disease and cancer, there is paucity of data regarding effect of butyrate on adipose tissue (Booth et al., 2015; Crujeiras et al., 2013; Nieman et al., 2013). There is thus a need to study the key regulatory molecules in adipose tissue and the changes in genetic expression which may be brought about by NaB treatment. We, therefore, designed an animal randomized control trial using sodium butyrate to compare genetic expression of AMPK, SIRT1, mTOR and Akt in adipose tissue from mice treated with NaB versus placebo. Percentage weight loss, changes in serum lipids in these groups have already been reported in our previous publication (Masud et al., 2016). 

			

			Table I.- Randomized animal groups, treatments and doses.

			

			
				
					
					
					
				
				
					
							
							Treatment group #

						
							
							Dose per day

						
							
							No: of mice

						
					

					
							
							Oral NaBa

						
							
							1g/kg body weight

						
							
							11

						
					

					
							
							i.pb NaB

						
							
							500 mg/kg body weight

						
							
							8

						
					

					
							
							Oral Placebo (PBSc) 

						
							
							100 μL

						
							
							4

						
					

					
							
							i.p Placebo (PBS)

						
							
							100 μL

						
							
							4

						
					

				
			

			

			a Sodium butyrate; b Intraperitoneal; c Phosphate saline buffer.

			

			Materials and methods

			

			The details of the animal study have been reported previously (Masud et al., 2016). Briefly twenty seven (n=27) Swiss Webster albino mice aged 15-18 weeks were housed in the animal facility of the School of Biological Sciences, University of the Punjab, Lahore, Pakistan. They were divided into four groups and administered oral (1 g/kg body weight) or i.p (500mg/kg body weight) NaB and oral or i.p phosphate saline buffer as placebo, respectively, for 16 days as shown in Table I. Body weights were recorded daily. The animals were sacrificed in fasting state after 16 days, epididymal fat pads were dissected out and flash frozen in liquid nitrogen immediately. The adipose tissue samples were stored at -80 °C till RNA extraction. RNA was extracted using RNeasy Lipid Tissue Mini Kit (Qiagen, K1621). RNA was quantified using Picodrop P200 UV/Vis Spectrophotometer. A260/280 and A260/230 ratios showed adequate yield and purity of RNA. Genomic DNA was removed from the RNA sample by DNase I, RNase-free (Thermo Scientific#EN0521). The purified RNA (1 μg) was used to reverse transcribe cDNA using Thermo Scientific Maxima H Minus First Strand cDNA Synthesis Kit (#K1652). 10 μl real time polymerase reaction ( qPCR) was prepared using Maxima SYBR Green/ROX qPCR master mix- 2X (Thermo Scientific, #K0222) and 20 times diluted cDNA. Target gene expression was normalized to β actin using following primers (β actin Forward 5-GACCTCTATGCCAACACA-3,Reverse 5-TCAGTAACAGTCCGCCTA-3 (Li et al., 2011); AMPK forward 5′-AGAGGGCCGCAATAAAAGAT-3′, reverse 5′-TGTTGTACAGGCAGCTGAGG-3) Akt Forward 5’-CTTCCGTCCACTCTTCTCTTTC-3’ reverse 5’-ATCCCCTCAACAACTTCTCAGT-3’ (Bellaver et al., 2016); Sirt1 forward 5’-GCAGATTAGTAAGCGGCTTGAGG-3’ reverse 5’-AGCACATTCGGGCCTCTCCGTA-3’ (Bellaver et al., 2016); mTOR forward 5’-GAGAACCAGCCCATAAGA-3’; reverse 5’-ACCAGCCAATGTAGCACT-3’). The reaction conditions for the qPCR were as follows: 95°C for 10 min, then 40 cycles of denaturation at 95°C for 15 seconds and annealing of primers at 60°C for 1 min, followed by extension at 72°C for 2 min. The reaction was set up in PikoReal™ Real-Time PCR System (ThermoScientific). Each treatment group was run with its own placebo group. All reactions were done in triplicate. The amplification efficiencies of all the primer pairs were similar. Data Analysis was carried out as follows. Fold change in genetic expression was calculate by Livak method (Schmittgen and Livak, 2008). Mean delta Cq values were compared between treatment and placebo groups using 2 sided student’s t-test. Pearson’s correlation test was applied to detect any link between gene expression and degree of weight loss.

			

			Results

			

			Sirt1/AMPK axis expression was over all reduced with oral NaB treatment but increased when it was administered i.p (Fig. 1). In mice treated with oral NaB, genetic expression of AMPK was 96% reduced (p<0.001) whereas Sirt1 expression was reduced by 17% (p=0.18). In case of the mice administered i.p NaB, genetic expression of AMPK was increased 125% (p=0.41) while Sirt1 expression was raised 69% (p=0.45). 

			Akt/mTOR axis showed a similar trend decreased expression in oral NaB group while there was neglibigle change in i.p group. In oral NaB group genetic expression of mTOR was reduced by 70% (p=0.04) while that of Akt was reduced by 71% (p=0.67). In case of mice give i.p NaB, mTOR expression was reduced only 1% reduced (p=0.81) while that of Akt was increased 30% (p=0.59).

			All the genes showed highly statistically positive correlation with each other in their expression (Table II).

			As we previously reported (Masud et al., 2016) NaB produced significant weight loss when it orally administered (4.57±3.49% compared to placebo 1.81±2.89% at p=0.04) but not when given i.p (4.08±2.65% versus 4.78±2.23% in placebo at p=0.85). There was no significant correlation between genetic expression and weight change in any group.
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			Fig. 1. Relative genetic expression and weight change in mice treated with oral and intraperitoneal sodium buyrate.

			

			Table II.- Relative genetic expressiona in mice given oral and intra peritoneal sodium butyrate.

			

			
				
					
					
					
				
				
					
							
							

						
							
							Oral NaB b  

						
							
							I/P NaB

						
					

					
							
							mTOR

						
							
							0.30 c

						
							
							0.99 

						
					

					
							
							Akt 

						
							
							0.29 

						
							
							1.3 

						
					

					
							
							AMPK

						
							
							0.04 c

						
							
							2.26 

						
					

					
							
							Sirt1

						
							
							0.83 (0.18)

						
							
							1.69 

						
					

					
							
							% Weight change at end of treatment

						
							
							-4.77±3.49c d

						
							
							-4.08±2.65 d

						
					

					
							
							% Weight change compared to placebo

						
							
							-2.76% c d

						
							
							+0.70% e

						
					

					
							
							Changes in serum triglycerides 

						
							
							54% more than placeboc

						
							
							Not significant

						
					

				
			

			

			aGenetic relative expression measured by comparing expression of gene of interest with housekeeping gene. As it is a ratio, it has no units (2-ΔΔCq/Livak Method); b Intraperitoneal route; c means p<0.05; d  negative value implies weight loss; e positive value means weight gain.

			

			Discussion

			

			Our results show an overall reduced genetic expression both the signaling axes in mice treated with oral butyrate along with significant weight loss. The decrease in genetic expressions of mTOR (70% reduction at p=0.04) and AMPK (96% at p=0.02) were statistically significant. In sharp contrast to the oral group, the mice given intraperitoneal NaB, did not experience significant weight loss, the expression of mTOR remain unchanged and that of AMPK, Akt and Sirt1 increased. 

			Previous studies have reported both increase and decrease in genetic expression of different molecules after NaB treatment. Gao et al. (2009) showed that skeletal muscles of mice given oral butyrate showed increased genetic expression of CPT1b and COX-I (cytochrome c oxidase). The results were confirmed in rat myoblast cell lines. Along the same lines Li et al. (2012) showed that butyrate induced fibroblast growth factor 21 (FGF21) in the serum, and increased its gene expression in liver. Other studies, however, report decrease in genetic expression by NaB. For instance, Kyrylenko et al. (2003) reported decreased genetic expression of Sirt1 in cultured neuronal cells treated with butyrate. Recently it was reported that butyrate treatment of porcine stromovascular cells undergoing adipogenic differentiation led to differential effect on mRNA expression of different molecules involved in metabolism. There was an increase in the expression of acyl-CoA oxidase I (ACO), Sterol regulatory element binding protein 1c (SREBP-1c), glucose transporter (GLUT) type 4 (GLUT4), and adiponectin, but decreased carnitine palmitoyl transferase 1-alpha (CPT1α) and fatty acid synthase (FAS) expression (Yan and Ajuwon, 2015). Butyrate is a potent epigenetic factor (Canani et al., 2012). The effect of butyrate on gene expression is due to its ability to inhibit the activity of many histone deacetylases, leading to hyperacetylation of histones (Canani et al., 2011). Histone acetylation promotes transcription by unwinding the chromatin structure, allowing the binding of transcription factors and polymerases (Biancotto et al., 2010). Research that NaB regulates the expression not only genes involved with metabolic pathways, inflammation, cell proliferation but also caused significant changes in vivo in the expression of genes related to epigenetic regulatory mechanisms such as hdac11, ehmt2, and dicer1 (Terova et al., 2016).

			There is very little data regarding the effect of butyrate on genetic expression of the molecules under question in this study. Butyrate was shown to increase activated AMPK protein in colon cell cultures (Peng et al., 2009). It was reported that genetic expression of Sirt1 is decreased in cultured neuronal cells (Kyrylenko et al., 2003). Pant et al have recently reported that butyrate incubation of hepatoma cells inhibited phosphorylation of Akt and mTOR, by increasing intra cellular ROS levels (Pant et al., 2017). Furthermore, to best of the author’s knowledge, no data exists on the effects of NaB on genetic expression of molecules of Sirt1/AMPK and AKT/mTOR axes in adipose tissue. 

			Regarding the Sirt1/AMPK axis changes, we found a highly statistically significant (p<0.001) genetic suppression of AMPK in adipose tissue of mice given oral NaB. This seemingly contradicts the findings from previous researches which show an increase in the expression of activated AMPK in response to NaB (Canfora et al., 2015; Gao et al., 2009) in animal tissues other than adipose tissue. Moreover, being an inhibitor of the histone deacetylase activity it would be expected to up-regulate the expression of all four genes understudy (Legrand and Rioux, 2015). There are two possible explanations for this seeming disparity. First, recent studies have shown that butyrate causes de-acetylation of various promoters leading to down-regulation of genetic expression of certain genes (Rada-Iglesias et al., 2007). This could also partially explain the unexpected finding of reduced genetic expression of AMPK. Second, the genetic suppression of AMPK in adipose tissue of mice given oral NaB could also be secondary to the raised serum TGs (p=0.007) and VLDL (p=0.05) in these mice. These mice had lost significant body weight as compared to controls, and their serum lipids were raised possibly due to lipolysis (Masud et al., 2016). A recent study by Zhou et al. (2016) reports a similar scenario where lipolysis secondary to oral NaB treatment lead to raised serum lipids. Zhuo et al. (2016) gave NaB orally to pregnant rats, lipolytic enzyme expression was significantly increased in adipose tissue as compared to control group. They also showed that the raised fatty acids in serum secondary to the lipolysis, lead to increased fat deposition of fat in livers of the offspring (Zhou et al., 2016). These raised lipids could have secondarily caused inhibition of AMPK expression by a ‘feed- forward effect’ as mentioned in previous literature (Viollet et al., 2010; Wu et al., 2007).

			We also noticed slight decrease in change in genetic expression of Sirt1 with oral NaB treatment and an increase with intraperitoneal treatment. Previously NaB has been reported to decrease genetic expression of Sirt1 in cultured neuronal cells (Kyrylenko et al., 2003). However no literature is available on the effects on NaB on Sirt1 expression in adipose tissue. There is some evidence to suggest that AMPK 1 activation is dependent on Sirt1 (Price et al., 2012) and vice versa. Thus, the changes in AMPK expression could also have influenced Sirt1 expression. However further experimentation will be required to tests this hypothesis. 

			With references to the changes observed in Akt/mTOR axis, there is again paucity of data regarding the effect of butyrate on Akt/mTOR particularly in adipose tissue. Previous studies have shown conflicting results. While mTOR activity was enhanced by butyrate treatment in T cells (Park et al., 2015), it caused inhibition of mTOR in colorectal cell lines (Zhang et al., 2016). Our findings demonstrate inhibition of mTOR expression by oral butyrate treatment, which is more consistent with findings of Zhang et al. (2016). We also found that Akt expression was reduced in oral group. This is consistent with Chen et al. (2006), who showed that Akt mRNA was reduced in the HeLa cells treated with sodium butyrate. Decreased Akt activation and protein levels in cultured cells treated with NaB have also been reported by other investigators (Cantoni et al., 2013; Pulliam et al., 2016). It has also been shown that relative expression of p-Akt and p-AMPK is less in animals given NaB with high fat diet as compared to those given high fat diet alone (Mollica et al., 2017). While the above findings are consistent with our results, Khan and Jena (2016) have recently shown that expression of p-Akt is increase liver from rats given NaB as compared to diabetic rats but not when compared to controls. In our experiments we used healthy animals with standard diet and normal body weight which may explain the differences from study by Khan and Jena (2016).

			One intriguing finding of our study is the difference in genetic expression patterns with oral as compared to intraperitoneal administration of NaB. This seems to match weight loss patterns which we reported previously, even though we could not find a statistically significant correlation between weight loss and relative expression of any of the molecules under study (Masud et al., 2016). It may be that the orally administered drug affected the gut micro biota of the mice and the expression of microbiota metabolites which in turn could have mediated the changes in genetic expression. A simpler explanation could be the ‘stress’ of experiencing a painful intraperitoneal injection. Although the placebo group received similar injections of PBS as controls, NaB is more irritant than PBS according to its safety data report and could induce a greater stress response than the placebo injection. This stress might produce biochemical changes in the body leading to alterations of metabolic pathways resulting in different patterns of genetic expressions. These theories require further investigations. 

			There is limited data which is currently available on the effect of sodium butyrate on these metabolic regulators and most of what we know is based on cell culture studies. An animal study provides a more comprehensive and realistic model especially with relation to cross talk (El-Masry et al., 2015; Kauppinen et al., 2013; Li et al., 2011) between these molecules and the biochemical changes which take place in response to the weight loss. Consistent with previous studies reporting cross talk between these molecules our results show statistically significant correlations in their genetic expression levels. As Table III shows that not only was the general pattern of genetic changes following a common trend, but the degree of changes were also similar in all the four molecules (p≤0.009).

			

			Table III.- Correlations of relative genetic expression of mTOR, Akt, AMPK and Sirt1 in mice treated with oral and intraperitoneal sodium butyrate.

			

			
				
					
					
					
					
					
				
				
					
							
							

						
							
							AMPK

						
							
							MTOR

						
							
							Akt

						
							
							Sirt1

						
					

					
							
							AMPK

						
							
							1

						
							
							0.78**

						
							
							0.80**

						
							
							0.63*

						
					

					
							
							mTOR

						
							
							0.78**

						
							
							1

						
							
							0.95**

						
							
							0.97**

						
					

					
							
							Akt

						
							
							0.80**

						
							
							0.95**

						
							
							1

						
							
							0.99**

						
					

					
							
							Sirt1

						
							
							0.63*

						
							
							0.97**

						
							
							0.99**

						
							
							1

						
					

				
			

			

			* p=0.009; **p<0.001.

			

			There are several limitations to our study. First we were not able to measure NaB levels in sera to establish bioavailability of NaB through different routes. However, since our phenotypic (weight loss) and genetic expression changes were recorded after correcting for changes in placebo group, we are fairly confident that the administered drug was available to the tissues and produced its effects. Second, we do not have data on protein levels of these molecules. However, NaB is known to be a potent transcription modulator so the major effects are expected to be at RNA level. Future projects can study these changes at protein level as well.

			

			Conclusions

			

			Our study for the first time demonstrates effect of sodium butyrate on genetic expression of Sirt1/AMPK and Akt/mTOR axes in adipose tissue of mice. We further show that that the pattern of genetic expression change differs with oral and intra peritoneal route.
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interdependent physiological processes. A delicate
balance between the two is key for cellular homeostasis.
Cells have developed signaling axes to coordinate their
growth with nutrient availability. AMPK/Sirt] axis is the
key nutrient sensing axis which is activated with energy
stress and nutrient depletion. It activates downstream
catabolic pathways aimed at replenishing energy status.
Akt/mTOR axis, on the other hand, regulates cellular
proliferation in addition to metabolism. It is primarily
activated by external growth factors and insulin as well as
energy and nutrient availability (Yuan ef a/., 2013).

The Sitrl/AMPK axis includes two serine threonine
kinases silent information regulator 1 (Sirtl) and AMP-
activated protein kinase (AMPK). Both these molecules
affect similar biological process and it has also been
discovered that Sirtl phosphorylates LKB1, the upstream
kinase of AMPK and AMPK activated Sirt1 though Nampt
(Cetrullo et al., 2015) AMPK is a serine threonine kinase
which acts as a metabolic fuel gauge. It senses intracellular
AMP/ATP ratio (Cant6 ef al., 2009). Typically AMPK is
activated when intracellular concentration of ADP, AMP,

ia. Once activated it enhances the

of glucose, lipid and protein metabolism. It replenishes
depleted ATP stores by promotes cellular glucose and fatty
acid uptake and then simulates their catabolism to generate
ATP. In addition it activates mitochondrial biogenesis as
well as mitophagy. Sirt1, the other key metabolic regulator
of the Sirtl/AMPK axis, is the best studied of seven
orthologs of sirtuins Sirtl becomes active in response to
rise in intracellular NAD+ levels as they occur during
exercise and caloric restriction. The exact mechanisms
have yet to be discovered. Once activated however, it
stimulates a cascade of downstream metabolic pathways
similar to AMPK. This axis is predominantly aimed at
replenish body’s energy stores (Canté and Auwerx, 2012).

The Akt/mTOR axes is mainly involved in cell
growth and proliferation. It’s main players are protein
kinase B (Akt) and the mechanistic target of rapamycin
(mTOR). mTOR is made of two large protein complexes
called mTOR complex 1 and mTOR complex 2 (mTORC1
and mTORC2). mTOR is a well-known signaling node
that integrates environmental nutrients, growth factors,
cellular energy status, and other cellular cues into a
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