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Abstract
Short chain fatty acids (SCFAs) are metabolites produced from the fermentation of dietary fibre by the gut microbiota. High fibre diets have been associated with lower weight gain and a number of reports have therefore investigated if these positive effects of a dietary fibre on body weight can be replicated through the direct administration of SCFAs. Many of these studies have reported that SCFAs can prevent or attenuate long-term body weight gain by increasing energy expenditure through increased lipid oxidation. The aim of the present review is to therefore evaluate the current evidence for an effect of SCFAs on whole-body energy expenditure and to assess the potential underlying mechanisms. The available data highlights that SCFAs can exert multiple effects at various organ and tissue sites that would cumulatively raise energy expenditure via a promotion of lipid oxidation. In conclusion, the present review proposes that dietary interventions and other therapies that augment gut-derived SCFAs and systemic availability may present an effective strategy to improve long-term energy balance and body weight management.  










[bookmark: _GoBack]The prevalence of obesity has more than tripled since 1975 with ~650 million adults in the global population now classified as obese (a body mass index (BMI) >30kg/m2). Many studies have identified that obesity is associated with a multitude of non-communicable diseases, such as cardiovascular disease, renal diseases, hypertension and type 2 diabetes (Whitlock, et al. 2009). Although the causes of obesity are multifactorial, it is the result of a chronic positive energy balance where daily energy intake exceeds energy expenditure (Caballero 2007; Hill and Peters 1998). Based on the average weight gain observed in early- and middle aged adults (~0.5 kg/year) (Hebden, et al. 2012; Williamson, et al. 1990) it is estimated that obesity can develop from a minor habitual positive energy balance (~50 kcal/day) (Hill, et al. 2003). Theoretically, interventions to prevent this small positive energy balance, and thus incremental weight gain, need only promote a relatively small reduction in daily energy intake and/or enhancement in energy expenditure.     

Long-term body weight management could be improved by an increased intake of dietary fibre, as prospective cohort studies have shown that high fibre diets are associated with lower weight gain (Reynolds, et al. 2019). For example, a study including 74,091 US females showed that during the 12-year follow-up period, a 12g/day increase in dietary fibre intake per 1000 kcal/ day, was associated with ~3.5 kg less weight gain (Liu, et al. 2003) . Similarly, intervention studies such as the Finish Diabetes Prevention study, which included 500 overweight middle-aged men and women with impaired glucose tolerance, showed that the treatment group who followed a high fibre diet had sustained weight reduction (>5%) after 3 years in comparison to the control group. Moreover, weight reduction was associated with fibre density in a dose dependent manner where individuals who had ingested <10g/1000 kcal of fibre per day had a mean weight loss of 0.4 kg after three years in comparison to 3.0 kg in those who consumed >15 g/1000 kcal of fibre per day (Lindström, et al. 2006). Most countries recommend an average daily fibre intake of 25-35g/d, however the majority of individuals fail to reach this level. In the UK, for instance, average daily fibre intake is 13.6g/day, which is almost half of the recommended 30g/day for adults (Stephen, et al. 2017). 

A growing body of evidence suggests that the positive effects of dietary fibre on body weight gain may be due to the metabolites produced from microbial fermentation in the gut.  The human gastrointestinal tract is host to around 1013 –1014 bacteria with ~2000 different species that contribute >1 kg of our total body weight (Almeida, et al. 2019). Short chain fatty acids (SCFAs) are the major metabolic end-products of gut microbial fermentation of dietary fibre with acetate, propionate and butyrate, generated in an approximate molar ratio of 60:20:20. Whilst acetate is synthesised in the liver following a prolonged fast or alcohol consumption, systemic SCFAs arise principally in mammals from the fermentation of dietary fibre in the gut   (Scheppach, et al. 1991). Acetate (C2H3O2) is mainly generated via CO2 reductive methylation. Propionate (C3H5O2) is produced through both acrylate and dicarboxylic pathways, depending on the type of propionic bacteria. Butyrate (C4H7O2) is produced by the condensation and subsequent reduction of two molecules of acetyl CoA molecules (Schönfeld and Wojtczak 2016). Increasing dietary fibre intake has therefore been shown to promote production of SCFAs (Byrne, et al. 2015; Tilg, et al. 2009)and these gut-derived metabolites have been demonstrated to modulate metabolic pathways and receptor-mediated mechanisms at various tissue and organ sites (den Besten, et al. 2015; Gao, et al. 2009; Li, et al. 2018). Specifically, SCFAs act as ligands for G-protein-coupled receptors (GPR) free fatty acid receptor 2 (FFAR2), FFAR3 and GPR109a which are expressed throughout the body and have been shown to regulate energy homeostasis (Kasubuchi, et al. 2015). A number of research groups have therefore investigated the impact of administering SCFAs on weight gain to determine if the effects of a high fibre diet can be replicated. Many of these studies have reported that administration of SCFAs promote improvements to long-term body weight by enhancing whole-body energy expenditure (Canfora, et al. 2017; Chambers, et al. 2018; den Besten et al. 2015; Gao et al. 2009; Hattori, et al. 2010). For energy expenditure to increase these would need to be a corresponding elevation in substrate oxidation; principally an increased contribution of lipid and/or carbohydrate oxidation to ‘fuel’ the enhanced energy demands.    
Thus, the aim of the present review is to i) evaluate the impact of direct administration of SCFAs on energy expenditure and substrate oxidation in rodent and human studies and ii) to assess the potential underlying mechanisms linking SCFAs with a regulatory role on energy expenditure and substrate oxidation.
SCFAs administration increases whole-body energy expenditure and increases lipid oxidation in rodents
Several studies have measured whole-body energy expenditure and substrate oxidation following acute and chronic oral supplementation of SCFAs in rodents.  Hattori et al showed that an acute oral administration of acetate acid (1.5% 10 ml/kg of body weight (BW)) in mice increased energy expenditure and lipid oxidation in comparison to distilled water (Hattori et al. 2010). There were no differences in carbohydrate oxidation rates. Chronic daily oral injections of acetate are reported to have similar effects, as Yamashita et al. found that acetate treatment (5.2mg/kg BW) in comparison to distilled water  reduced body weight at the end of 6 months and increased rates of whole-body oxygen consumption (Yamashita, et al. 2009). Substrate oxidation rates were not described. 
Other studies have observed that SCFAs promote similar chronic effects when incorporated into the diet. Gao et al, highlighted that supplementing butyrate (5% w/w) to a high fat diet (HFD) for 16 weeks in mice prevented diet induced obesity. The authors explained that this may be through an increase in energy expenditure via enhanced  lipid oxidation, indicated by the  lower respiratory exchange ratio (RER) (Gao et al. 2009). Similarly, den Besten et al reported that a HFD supplemented with acetate, propionate or butyrate (5% w/w) for 12 weeks, protected the mice from diet induced obesity via increases in energy expenditure and a shift from carbohydrate oxidation to lipid oxidation, as seen by the lower RER (den Besten et al. 2015). Recently, Li et al highlighted that after 1-week of butyrate supplementation (5% w/w) energy expenditure was unaffected, yet rates of lipid oxidation were elevated and carbohydrate oxidation lowered (Li et al. 2018).
In addition, other rodent studies have examined the impact of SCFAs administration on energy metabolism following intraperitoneal infusion. In the acute term, Kimura et al has shown that propionate can increase oxygen consumption in comparison to control when given intraperitoneally at a rate of 1 g/kg BW(Kimura, et al. 2011). Substrate oxidation rates were not reported. Sahuri-Arisolyu et al observed that when acetate was administered intraperitoneally to mice fed a HFD for a period of six weeks, there was a significant decrease in whole-body adiposity.  The acetate administered mice showed no differences in food intake, but had an elevated heat production, which would indicate increased energy expenditure (Sahuri-Arisoylu, et al. 2016).
In summary, the majority of evidence highlights that acute and chronic provision of SCFAs in rodents promotes energy expenditure whether administered orally or via intraperitoneal infusion. Where measured, the increase in energy expenditure is accompanied by an elevation in rates of lipid oxidation. 
SCFAs administration increases whole-body energy expenditure and increases lipid oxidation in humans
Only one human study has investigated the acute effect of oral administration of SCFAs on whole-body resting energy expenditure and substrate oxidation. Recently, Chambers et al. showed that acute oral sodium propionate ingestion (6.8g) increased both resting energy expenditure and lipid oxidation in eighteen healthy male (n=9) and female (n=9) volunteers compared to a sodium chloride control (Chambers et al. 2018). A single study has also examined the chronic effect of oral SCFAs supplementation in humans on energy expenditure. Bouter et al report in a pilot study of nine healthy lean males and ten obese males with metabolic syndrome that oral sodium butyrate supplementation (4g/day) for 4 weeks had no significant effect on resting energy expenditure (Bouter, et al. 2018). The potential impact on substrate oxidation was not reported.
Human trials have shown comparable results with rodent studies when SCFAs are administered via direct infusion to the gut. In a randomized double- blind cross-over trial, Van der Beek et al. demonstrated that an infusion of sodium acetate to the distal colon (180 mM) in overnight fasted overweight and obese men increased lipid oxidation in comparison to a sodium chloride placebo. There were no observed changes in rates of resting energy expenditure (van der Beek, et al. 2016). Also, Canfora et al demonstrated in twelve overnight fasted normoglycemic men that rectally infused mixtures of physiological quantities of SCFAs (200 mM) stimulate lipid oxidation and decreased carbohydrate oxidation, while high-acetate (sodium acetate (60%), sodium propionate (20%), sodium butyrate (20%)) and high-propionate infusions (sodium acetate (45%), sodium propionate (35%), sodium butyrate (20%)) enhanced resting energy expenditure in comparison to the sodium chloride placebo. However, no significant differences between interventions were found in energy expenditure or substrate oxidation in the postprandial state following ingestion of standard oral glucose tolerance test (Canfora et al. 2017). 
In summary, although most human studies show similarities with rodent investigations that SCFAs can increase energy expenditure via increases in lipid oxidation, it is noteworthy that human trials are presently scarce, and more interventional studies are needed to confirm the impact of acute and chronic SCFAs administration on whole-body energy expenditure and substrate oxidation. 

SCFAs bioavailability and contribution to energy requirements
When assessing potential mechanisms linking SCFAs with a regulatory role on energy expenditure and substrate oxidation it is important to consider the bioavailabilities of gut-derived SCFAs at different organ sites and their contribution to energy metabolism. 
Total concentration of SCFAs in the human colon is ~200 mM with the greatest amount present in the cecum (Cummings, et al. 1987). Butyrate is preferentially oxidised by colonocytes as an energy substrate (Clausen and Mortensen 1995). Acetate and propionate may also be metabolised by colonocytes, but to a much smaller extent. The SCFAs not metabolised by the gut are absorbed into the portal vein with those SCFAs not extracted by the liver entering the hepatic vein and peripheral circulation. Marked differences in SCFAs concentrations are seen between the portal and hepatic vein, with ~80% of propionate and butyrate in the portal vein taken-up by the liver compared with ~40% acetate (Bloemen, et al. 2009; Cummings et al. 1987; Neis, et al. 2019). Consequently, acetate is the only gut-derived SCFAs present in appreciable amounts (>50µmol) in peripheral blood (Bloemen et al. 2009; Cummings et al. 1987; Neis et al. 2019), which is imperative when assessing the potential effects of SCFAs on metabolic regulation at different organ sites.   
In mammalian species all three SCFAs are available as precursors for lipid or carbohydrate synthesis or can be oxidised in the TCA (tricarboxylic acid cycle) cycle. Acetate and butyrate enter the TCA cycle as acetyl-CoA (acetyl coenzyme A), which may also be used as a substrate for de novo lipogenesis. Propionate enters the TCA cycle as succinyl-CoA, which can be used as a precursor for hepatic gluconeogenesis. The maximum ATP (adenosine triphosphate) yield from complete oxidation of acetate, propionate and butyrate is 10, 18 and 27 ATP/M, equivalent to 73, 131.4 and 197.1 kcal/M, respectively (Baldwin 1995). Gut-derived SCFAs are therefore considered important substrates for energy metabolism and are estimated to contribute ~5-10% of human daily energy requirements (Bergman 1990). In the rodent and human studies reporting an increase in energy expenditure and lipid oxidation rates following SCFAs administration, the SCFAs-intervention has not been compared against an energy-matched control. It has been proposed in these studies that the increase in energy expenditure and lipid oxidation is due to SCFAs stimulating the utilisation of endogenous energy sources (Canfora et al. 2017; Chambers et al. 2018; den Besten et al. 2015; Gao et al. 2009; Hattori et al. 2010). However, it is plausible that a proportion of the recorded increase in whole-body energy expenditure could be attributed to the oxidation of the exogenous SCFAs and/or the energy cost of utilising the SCFAs for lipid or carbohydrate synthesis. Future work is therefore needed to differentiate the contribution of the administered SCFAs and endogenous energy sources to the increase in energy expenditure and lipid oxidation rates observed following SCFAs supplementation.         
The impact of SCFAs on hepatic energy metabolism
As previously stated, a considerable proportion of the three principal SCFAs absorbed from the gut are extracted and metabolised by the liver (Bloemen et al. 2009; Cummings et al. 1987; Neis et al. 2019). It would therefore be logical that the increase in whole-body energy expenditure recorded following SCFAs administration would be due to alterations in hepatic metabolic processes. 
Den Besten et al showed that mice were protected from hepatic steatosis by dietary supplementation of SCFAs over a period of 12 weeks. One of the possible underlying mechanisms was the decrease in peroxisome proliferator–activated receptor- (PPAR) activity in the liver. PPAR increases energy expenditure and serves as a metabolic switch from lipid synthesis to oxidation by increasing the AMP (adenosine monophosphate):ATP ratio and mitochondrial uncoupling protein 2 (UCP2) expression via AMPK (5’ adenosine monophosphate-activated protein kinase). Indeed, by using liver-specific PPAR- knockout (KO) mice, the SCFAs mediated increase in hepatic lipid oxidation and decrease in hepatic steatosis were abolished, thus confirming the proposed mechanism (den Besten et al. 2015). 
Gao et al also showed that butyrate can stimulate energy expenditure in mice fed a HFD by modulating liver metabolism. Liver culture cells of butyrate-treated mice had increased phosphorylation of AMPK and p38 and expression of PGC-1 (peroxisome proliferator-activated receptor gamma coactivator 1-alpha), which would supress hepatic lipid storage in favour of oxidation (Gao et al. 2009). 
In addition, Sahuri-Arisoylu showed that acetate administration can decrease intrahepatocellular lipid accumulation and improve liver function in rodents via different mechanisms. Acetate supressed the expression of several genes in the liver involved with de novo lipogenesis such as sterol regulatory element-binding protein 1 (SREBP1), fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC), thereby decreasing lipid accumulation. Furthermore, acetate increased the expression of complexes III, IV and V in the electron transport chain of hepatic mitochondria, which would improve mitochondrial efficiency and elevate ATP generating capacity (Sahuri-Arisoylu et al. 2016). 
Finally, Kondo et al. also showed that acetate can protect against diet induced obesity in mice and promote lipid oxidation via changes in liver metabolism. The acetate-treated rodents had higher mRNA expression of peroxisome-proliferator-activated receptor  (PPAR) via activation of 2 AMPK in hepatocytes. This metabolic response increased fatty acid oxidation enzymes such as acyl-CoA oxidase(ACO) and carnitine palmitoyl transferase-1 (CPT-1), as well as  the thermogenic UCP2 (Kondo, et al. 2009).
In summary, studies have reported that SCFAs promote metabolic changes in the liver that would upregulate lipid oxidation and energy expenditure. 

The impact of SCFAs on adipose tissue energy metabolism
SCFAs have also been shown to induce profound changes in adipose tissue metabolism that would explain the changes in energy expenditure and lipid oxidation observed following SCFAs supplementation. 
In white adipose tissue (WAT), den Besten et al showed that mice were protected from HFD induced obesity and its associated metabolic abnormalities via downregulation of PPAR and the subsequent increase in UCP2 expression and fatty acid oxidation, similar to that found in hepatic tissue. To confirm this mechanism, adipose tissue-specific PPAR-KO mice and wild-type mice were compared, and indeed, the effects of SCFAs on body weight gain, WAT mass and adipose specific lipid oxidation were eliminated in the KO mice, thus confirming the role of PPAR in mediating these effects (den Besten et al. 2015).
SCFAs have also been shown to increase the lipid buffering capacity of WAT. In vitro, Jocken et al showed a decrease in intracellular lipolysis in human adipocytes using different physiological (1 µmol/L) and supraphysiological (1 mmol/L) concentrations of SCFAs mixtures. Moreover, acetate, which is the most abundant SCFAs in systemic circulation, appears to have the most profound effect via decreasing the phosphorylation of hormone-sensitive lipase. Further investigation revealed that this antilipolytic effect is mainly mediated by FFAR2 and/or FFAR3 expressed on WAT (Jocken, et al. 2018). 
Although SCFAs have been shown to reduce lipolysis and promote lipid oxidation in WAT, WAT in itself is not classified as a highly metabolic active tissue. Thus, it is questionable that the effects of SCFAs on energy expenditure or lipid metabolism are driven by metabolic changes in WAT. A more likely mechanism is potential effects of SCFAs on ‘metabolically active’ brown adipose tissue (BAT) or the beiging of WAT (Carpentier, et al. 2018).
Indeed, Lu et al demonstrated that via regulation of FFAR 2/3, SCFAs can protect against HFD induced obesity by promoting beiging of WAT, which would increase energy expenditure and fatty acid oxidation. Mice fed an HFD supplemented with SCFAs had higher expression of genes related to mitochondrial biogenesis, including PGC-1a, as well as specific gene markers for beige adipocytes involved in fat oxidation.  Also, the mRNA levels of rate limiting enzymes involved in fatty acid oxidation (cpt1a, cpt1c and cpt2) in WAT were increased in comparison to the HFD control mice (Lu, et al. 2016).
Sahuri-Arisoylu et al.  also showed that mice fed a HFD treated with acetate had increased heat production. This coincided with increased expression of UCP1 in subcutaneous WAT together with increases in PR domain containing 16 (PRDM16), which is  involved in the differentiation of brown-like adipocytes and thus increases the thermogenic potential via beiging of WAT (Sahuri-Arisoylu et al. 2016).
The effect of acetate on BAT activity and WAT beiging is supported by Yamashita et al (2009) who demonstrated that acetate administered mice had ~1.5 times higher transcript levels of lipolytic genes, such as LCACD (long-chain acyl-CoA dehydrogenase ), 3KACT (3-ketoacyl-CoA thiolase) and PPAR in BAT and WAT in comparison to water-administered mice.  Moreover, histological analysis revealed smaller lipid droplets in BAT and WAT after acetate administration, which reflects a higher thermogenic capacity (Yamashita et al. 2009).
Butyrate has been reported to have similar effects, as Gao et al also showed that butyrate treated mice having greater adaption to cold exposure in comparison to control mice. Indeed, this was related to enhanced thermogenesis by  BAT, where the mRNA of two prominent thermogenesis related genes PGC-1  and UCP-1 were increased (Gao et al. 2009). Also, Li et al recently showed that butyrate can have an effect on BAT thermogenic activity via an increase in sympathetic outflow to BAT, as mice fed an HFD supplemented with butyrate had increased levels of UCP-1 within BAT which significantly enhanced thermogenic capacity. However, butyrate administration did not induce beiging of WAT (Li et al. 2018).  
The impact of SCFAs on BAT activity and WAT beiging is an attractive mechanism to explain the effects of SCFAs on energy metabolism; however, these outcomes have yet to be demonstrated in humans. Indeed, oral butyrate administration was found to have no effects on BAT activity in human subjects (Bouter et al. 2018). Whilst the presence of BAT has been established in adult humans, the direct translation of findings from rodents to humans is a topic of debate, primarily due to species differences in the anatomical location of BAT, the relative amounts of BAT, and the existence of WAT beiging in humans  (Carpentier et al. 2018; Nedergaard, et al. 2007).
The impact of SCFAs on skeletal muscle energy metabolism.
Studies have also shown that SCFAs can modulate metabolic responses in skeletal muscle that would promote changes in energy expenditure and substrate oxidation. 
Yamashita et al reported that acetate treated mice had significantly higher transcription levels of myoglobin, GLUT4 (Glucose transporter type 4) and KLF15 (Kruppel Like Factor 15) and genes in skeletal muscle, which are all involved in regulating energy metabolism. Moreover, the ingested acetate increased the AMP:ATP ratio thereby promoting the phosphorylation of AMPK which regulates numerous enzymes involved with lipid metabolism  (Yamashita et al. 2009). A recent in vitro study supports the finding that acetate promotes the phosphorylation of AMPK and its downstream metabolic pathways in skeletal muscle (Maruta, et al. 2016). 
Gao et al showed several changes in skeletal muscle tissue following butyrate supplementation. It was found that butyrate promoted the development of type 1 slow-twitch skeletal muscle fibres, which are characterised by enhanced mitochondrial density and capacity for lipid oxidation. This metabolic adaptation was associated with increased expression of PGC-1 target genes, such as CPT1b and COX-I (cytochrome c oxidase I) and PPAR- . Further analysis showed that these changes may be due to decreases in histone deacetylase which regulate gene transcription found in the butyrate treated group (Gao et al. 2009).
An investigation using C2C12 muscle cells has also highlighted that propionate was effective at increasing the gene and protein expression of UCP1, which would increase thermogenic capacity and energy expenditure in skeletal muscle cells (Murakami, et al. 2015). 

Other potential mechanisms.
Studies have reported an important role of the vagal and sympathetic nervous system mediating the positive effects of SCFAs on energy expenditure. For instance, Li et al showed that the butyrate-mediated effect on BAT was through a ‘gut-brain’ neural circuit since mice receiving subdiaphragmatic vagotomy no longer exhibited an increase in BAT thermogenic capacity following butyrate administration (Li et al. 2018). Furthermore, Kimura et al showed that propionate can directly induce sympathetic outflow via FFAR3 expressed at the level of the sympathetic ganglion. Moreover, they were able to demonstrate that propionate can increase oxygen consumption and thus energy expenditure via FFAR3, as this effect was abolished in FFAR3-KO mice (Kimura et al. 2011). This mechanism may partly explain the findings of Bellahcene et al who showed that male FFAR3-KO mice had a higher body fat content and decreased energy expenditure (Bellahcene, et al. 2013). 
Finally, De Vadder et al proposed that the beneficial effects of SCFAs on energy homeostasis are mediated through intestinal gluconeogenesis (IGN). In this investigation a propionate or butyrate enriched-diet (5% wt/wt) reduced body weight gain in rats after 10 days. This improvement in body weight was not associated with changes in energy intake, indicating that SCFAs treatment would have chronically enhanced energy expenditure. It was found that propionate can induce IGN via ‘gut-brain’ neural communication involving FFAR3 expressed in the portal vein. Butyrate was shown to enhance IGN by increasing cAMP, a potent activator of gluconeogenic genes, namely G6PC (glucose-6-phosphatase) and PCK1. Indeed, KO-mice for these intestinal gluconeogenic genes were no longer protected from diet induced obesity with SCFAs treatment (De Vadder, et al. 2014). 

Conclusions
The present review proposes that SCFAs exert multiple effects on various organ and tissue sites that would cumulatively promote lipid oxidation and energy expenditure. These proposed mechanisms are summarised in Figure 1. The majority of the available mechanistic evidence to support a role of SCFAs in energy metabolism has been obtained from in vitro experiments and rodent models. Furthermore, rodent models have commonly relied on RER to infer changes in substrate oxidation, rather than quantified rates of lipid and carbohydrate oxidation. Additional data from human studies to strengthen the proposed mechanisms are also warranted, as a direct translation of experimental outcomes from rodents may be limited. Should these metabolic effects be demonstrated in humans, it would support the design of dietary interventions and other therapies to augment SCFAs production and systemic availability as a strategy to improve long-term energy balance and weight management.
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Figure legend
Figure 1. An overview of the effect of SCFAs on energy metabolism and lipid oxidation at different organ sites.  SCFAs are produced in the gut from the fermentation of dietary fibre by the gut microbiota. Propionate and butyrate can induce intestinal gluconeogenesis, which enhances energy expenditure via gut-neural signalling. SCFAs are absorbed from the gut lumen and enter the portal vein where ~80% propionate and butyrate and ~40% of acetate are metabolized in the liver. In the liver, SCFAs promote lipid oxidation and reduce lipogenesis. The remaining SCFAs (predominantly acetate) enter the peripheral circulation. In WAT, SCFAs increase adipogenesis and fatty acid oxidation and reduce lipolysis. Beige adipogenesis of WAT is also upregulated. In BAT, SCFAs increase thermogenic activity. In skeletal muscle, SCFAs promote the development of type-1 muscle fibres and enhance capacity for lipid oxidation.
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