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Abstract
The increasing incidence of obesity worldwide and 
its related cardiometabolic complications is an urgent 
public health problem. While weight gain results from a 
negative balance between the energy expenditure and 
calorie intake, recent research has demonstrated that 
several small organic molecules containing a four-carbon 

backbone can modulate this balance by favoring energy 
expenditure, and alleviating endoplasmic reticulum stress 
and oxidative stress. Such small molecules include the 
bacterially produced short chain fatty acid butyric acid, 
its chemically produced derivative 4-phenylbutyric acid, 
the main ketone body D-β-hydroxybutyrate - synthesized 
by the liver - and the recently discovered myokine 
β-aminoisobutyric acid. Conversely, another butyrate-
related molecule, α-hydroxybutyrate, has been found to 
be an early predictor of insulin resistance and glucose 
intolerance. In this minireview, we summarize recent 
advances in the understanding of the mechanism of action 
of these molecules, and discuss their use as therapeutics 
to improve metabolic homeostasis or their detection as 
early biomarkers of incipient insulin resistance.
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Core tip: Recent research demonstrated that the 
four-carbon molecule butyrate, and butyrate-related 
molecules (4-phenylbutyric acid, D-β-hydroxybutyrate 
and β-aminoisobutyric acid), act as modulators of 
metabolism, favoring energy expenditure. Conversely, 
another butyrate-related molecule, α-hydroxybutyrate, 
is an early predictor of insulin resistance and glucose 
intolerance. In this minireview, we summarize the 
recent progress in the understanding of the mechanism 
of action of these molecules and discuss their possible 
therapeutic use to improve metabolic homeostasis 
and their usefulness as early biomarkers for insulin 
resistance.
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INTRODUCTION
Accordingly to World Health Organisation figures, the 
increased incidence of overweight and obesity worldwide 
constitutes a major risk factor for global deaths in 
both developing and industrialized countries[1]. Obesity 
predisposes individuals to the development of several 
non-communicable diseases, including cardiovascular 
disease, dyslipidemia, insulin resistance and type 2 
diabetes (T2D), and certain cancers[2]. Furthermore, 
obesity engenders psychological consequences in 
affected individuals, especially in the young[3], and 
recent research indicates that a predisposition to 
metabolic disease linked to obesity can be transmitted 
trans-generationally through epigenetic mechanisms[4].

Obesity is the most straightforward consequence 
of an energy imbalance. Indeed, body weight results 
from the difference in energy intake, determined 
by food consumption, and total energy expenditure 
required to sustain vital functions, including basal 
metabolism, thermoregulation, and exercise. If the 
balance is negative, stored fat is mobilized to provide 
calories, resulting in weight loss. Reciprocally, excessive 
food intake results in fat accumulation, and ultimately 
obesity.

Lifestyle interventions, including changes in diet 
and increased physical activity, are the simplest way 
to control body weight. Yet, these interventions are 
often limited by social and economic constraints, such 
as restricted access to healthy food and environments 
conducive to physical activity, especially for people 
already obese or overweight[5]. Consequently, extensive 
research has been conducted to discover therapeutic 
agents that might diminish or reverse the negative 
consequences of the western diet on body weight and 
associated health effects.

Interestingly, short chain fatty acids (SCFAs) and 
molecules related to the 4-carbon SCFA butyric acid 
(Figure 1) have been shown to exert beneficial effects 
on the control of body weight and metabolism. Here 
we summarize the current knowledge about these 
molecules, their biological source of production and 
physiological mode of action.

BUTYRIC ACID AND SHORT CHAIN 
FATTY ACIDS
SCFAs, also known as volatile fatty acids, are carboxylic 
acids containing up to 6 carbons in their aliphatic chain. 
Accordingly to the number of carbons, SCFAs include 
acetic (C2), propionic (C3), butyric (C4), valeric (C5) 
and caproic (C6) acids. SCFAs are mainly produced by 
the gut microbiota using dietary fibers as the major 
substrate. Therefore, the amount of SCFAs produced is 

affected by environmental, dietary and microbiological 
factors[6], with a plant-based diet favoring the production 
of acetate and butyrate[7].

The gut microbiota is acquired postnatally and 
its composition is affected by both host genetics and 
dietary habits. For example, in mice, a high fat and 
high sugar diet administered to different inbred strains 
induced a strain-specific propensity to obesity and 
strain-specific effect on the composition of their gut 
microbial communities[8].

The dynamic composition of the gut microbiota 
is a reflection of the host’s physiological status[9]. 
A metabolic diseases like T2D, resulting from both 
genetic predisposition and environmental factors, is 
a good example of the interplay between the disease 
and the microbiota, as gut bacterial dysbiosis was 
observed in type 2 diabetic patients, with a decline in 
butyrate-producing bacteria[9,10].

It has been suggested that diets that favor the 
production of SCFAs by the microbiota may have 
multiple positive effects on host metabolic regulation. 
For example, the intake of dietary fibers, which 
contains indigestible and fermentable carbohydrates, 
exerts a positive action on the central regulation of 
satiety and appetite, leading to reduced weight gain 
and adiposity[11-13]. Some dietary fibers have been 
found to have a positive effect by decreasing weight 
gain and energy intake in mice when supplemented 
to a high fat diet[13], preventing insulin resistance and 
the development of T2D[14], and improving immune 
responses.

The interplay between SCFAs and the immune system
It has been shown that SCFA act on T cells to enhance 
the generation of Th1 and Th17 cell populations, 
boosting immunity to fight pathogens. At the same 
time SCFAs induce T cell production of IL-10 and 
favour the expansion of FOXP3-positive regulatory T 
cells, helping preventing inflammatory responses[15]. 
The intestinal epithelium, which separates the exterior 
environment from the inner organism, is constantly 
exposed to extrinsic pathogens: viruses, bacteria and 
their products, that interact with the host’s immune 
system[16]. The gut microbiota interacts with the immune 
system and, depending on its composition, promotes 
or limits inflammatory responses in the intestine. In 
fact, a mixture of Clostridia strains orally administered 
in a mouse model of colitis, was shown to induce 
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Figure 1  Molecular structures of (A) butyric acid, (B) D-β-hydroxybutyric 
acid, (C) 4-phenylbutyric acid and (D) β-aminoisobutyric acid. 



T-regulatory (Treg) cells and promote the production of 
anti-inflammatory molecules including interleukin-10 
(IL-10) and inducible T-cell co-stimulator (ICOS) in Treg 
cells[17]. The interplay between microbiota and immune 
system is mediated by bacterially produced metabo
lites, especially butyrate and other SCFAs. Indeed, 
SCFAs increase the number of Treg cells through the 
potentiation of their extrathymic differentiation[18]. 
Also, butyrate’s histone deacetylase (HDAC) inhibitor 
properties induce histone H3 acetylation on the Foxp3 
promoter in Treg cells resulting in Foxp3 transcriptional 
upregulation and alleviation of inflammation in the 
intestine[18,19]. Another SCFA, propionate, exerts the 
same actions of butyrate on Treg cells, also through 
HDAC inhibition[18].

Inflammation and the development of obesity: 
The existence of a correlation between obesity and a 
sub-clinical inflammatory state is widely accepted[20]. 
The chronic inflammation observed in adipose tissue 
in the obese is attributed to the infiltration of immune 
cells, mainly monocytes - which subsequently dif
ferentiate into resident macrophages - but also T cells. 
Such immune cell infiltration results in a sustained local 
production of pro-inflammatory cytokines, secreted by 
the infiltrating immune cells, but also by adipocytes[21]. 
The establishment of a pro-inflammatory environment, 
in turn, renders the adipocyte insulin-resistant, pre
disposing the individual to development of T2D in the 
long term.

Biological actions of butyric acid: Butyric acid is 
one of the most well-studied SCFAs due to its presence 
in dairy products such as cheese and butter[12], and its 
endogenous production in the human gut, mainly by 
butyric bacteria[22]. Indeed, plasma butyrate results 
from its production in the gut, which is favored by 
foods high in fermentable fiber[23], and impaired with 
high fat diets[24].

When supplemented to mice diets, particularly 
in the context of a high fat diet, butyrate was shown 
to counteract the development of obesity[25], insulin 
resistance and the emergence of T2D. The mode of 
action of butyrate was attributed to a rise in energy 
expenditure. In skeletal muscle, butyrate caused 
an increase in type Ⅰ muscle fibers along with an 
augmentation of ATP consumption. This effect seems 
to be associated with butyrate being an HDAC inhibitor 
and the fact that it favored type Ⅰ oxidative muscle 
fibers and mitochondrial biogenesis[14]. Whether the 
beneficial actions of butyrate are due to a direct action 
on tissue metabolism will require further investigation, 
as a clinical study investigating the effects of perfusion 
of short-chain fatty acids - including butyrate - on 
glucose metabolism in healthy men failed to show 
beneficial changes of glucose metabolism[26]. On the 
other hand, a decreased population of gut butyric 
bacteria has been demonstrated in type 2 diabetic 
patients[9,10], indicating the prominent role of butyrate 

in the maintenance of a healthy metabolism.
Butyrate has been shown to act as an histone 

deacetylase (HDAC) inhibitor[27]. In fact, its presence 
leads to increased histone acetylation, giving butyrate 
a possible action on proliferation, differentiation and 
regulation of metabolism[27,28].

Recent research has suggested a link between 
inhibition of class Ⅰ/Ⅱ HDAC by butyrate and other 
SCFAs[29,30], and improved metabolic responses. In 
liver, class Ⅱa HDACs dephosphorylate and activate 
FOXO, favouring the expression of gluconeogenic 
FOXO target genes. Thus, HDACs inhibition may 
provide a potential therapeutic approach to alleviate 
insulin resistance by decreasing gluconeogenesis[31].

Interestingly, butyric acid inhibits class Ⅰ and class 
Ⅱ HDACs in a competitive fashion[32], and dietary 
administration of sodium butyrate has been shown to 
improve systemic insulin sensitivity and increase energy 
expenditure in mice via up regulation of mitochondrial 
function in skeletal muscle and brown fat, through 
PGC-1α (peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha) induction and elevation 
of AMPK (adenosine monophosphate-activated protein 
kinase) activity[14]. A further mechanism accounting 
for the beneficial metabolic effects of butyrate is the 
induction of hepatocyte- and adipocyte- produced 
fibroblast growth factor 21 (FGF-21), a hormone 
promoting fatty acid oxidation in mice. Increased 
FGF-21 production depends on acetylated and active 
PPARα (peroxisome proliferator-activated receptor 
alpha), and inhibition of the PPARα-deacetylating 
enzyme HDAC3 contributes to maintaining PPARα in its 
active state[33].

4-PHENYLBUTYRIC ACID
4-phenylbutyric acid (4-PBA) is a chemically produced 
derivative of butyric acid; 4-PBA is obtained by the 
reaction of benzene with butyrolactone in the presence 
of aluminum chloride, followed by neutralization 
with a base (Burzynsky SR and Musial L, US patent 
US6372938 B1, 2002). 4-PBA was first used in 
therapies for urea cycle enzyme deficiencies, due to its 
ability to act as a chaperone for other enzymes[34,35]. 
4-PBA has also been shown to have wider therapeutic 
indications including alleviation of endoplasmic re
ticulum stress and associated pathological conditions 
such as inflammation, hypertension and diabetes[36-40]. 
The chaperone activity of 4-PBA prevents protein 
conformational abnormalities and protein aggregation 
occurring in neurodegenerative diseases[41,42] and 
in insulin resistance/T2D - as demonstrated by the 
capability of 4-PBA to restore glucose homeostasis in 
type 2 diabetic rodent models[43]. Recent preclinical 
research in zebrafish and mouse models demonstrated 
that 4-PBA is a PDK (pyruvate dehydrogenase kinase) 
inhibitor[44]. PDK, inhibits the pyruvate dehydrogenase 
complex (PDHC) catalytic activity via inhibitory 
phosphorylation and has been used to alleviate lactic 
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marker of oxidative stress, and increased α-HB circulating 
levels have been shown to be early biomarkers of insulin 
resistance in a non-diabetic population[56]. Therefore, 
α-hydroxybutyrate in the blood might be a predictive 
sign of incipient metabolic disease[57,58], and β pancreatic 
cells damage[59], thus representing an ideal biomarker for 
early detection of predisposition to insulin resistance and 
T2D.

D-β-hydroxybutyrate, which is present in the 
serum in the micromolar concentration range under 
postprandial or short-term fasting conditions, can 
increase up to millimolar concentrations in case of 
fasting or intense exercise and becomes the major 
energy source for the brain and muscles[60,61]. D-β-
hydroxybutyrate is a central metabolic intermediate 
that is associated to decreased free fatty acids 
blood concentrations and at the same time prevents 
from the exhaustion of fat stocks during prolonged 
starvation[58,61] and might also regulate the aging 
process, as administration of D-β-hydroxybutyrate to 
Caenorhabditis elegans has been shown to increase 
the worm’s lifespan[62].

Recent research has demonstrated that the bio
logical action of the ketone body D-β-hydroxybutyrate 
extends beyond its role as metabolite. Indeed, D-β-
hydroxybutyrate has been shown to act both as a 
signaling molecule by activating G-protein coupled 
receptors (GPCRs), and as a transcriptional regulator by 
acting as a HDAC inhibitor.

Related to its properties as signaling intermediate, 
D-β-hydroxybutyrate has been shown to be an 
agonist for two GPCRs, PUMA-G (also named HCAR2, 
hydroxycarboxylic acid receptor 2, or Gpr109)[63] and 
the free fatty acids receptor 3 (FFA3, or Grp41)[64].

A novel and exciting research field has finally recently 
emerged with the discovery that D-β-hydroxybutyrate 
can be a key regulator of gene expression by acting as 
an endogenous HDACs inhibitor[60]. The HDACs inhibitory 
activity of D-β-hydroxybutyrate brings changes in 
histone acetylation and gene expression that seem to 
protect cells from oxidative stress[65].

b-AMINOISOBUTYRIC ACID
β-aminoisobutyric acid (BAIBA) was first identified 
as a catabolite derived from the breakdown of 
pyrimidines[66] and branched chain amino acids[67]. 
More recent research has demonstrated that BAIBA 
can act to prevent weight gain in several ways. 
Through an action on lipid metabolism, BAIBA reduces 
plasma and liver triglycerides by increasing both liver 
fatty acid oxidation and ketogenesis, especially by 
inducing β-D-hydroxybutyrate synthesis[68]. A further 
mode of action of BAIBA may involve the action of 
leptin. Leptin is an adipokine expressed by adipose 
tissue which contributes to the central hypothalamic 
regulation of food intake and energy expenditure, 
therefore favoring weight loss[69]. Interestingly, ob/ob 
leptin deficient mice were not responsive to BAIBA, 

acidosis caused by PDHC deficiency by restoring 
the conversion of glycolitic pyruvate into acetylCoA. 
Another use of 4-PBA is as an HDAC inhibitor, mostly 
in cancer studies[45-47]. Both 4-PBAs HDAC inhibitor 
activity and its chaperone-like activity might constitute 
upstream targets to regulate gene expression. Indeed, 
in metabolic diseases like insulin resistance, 4-PBA 
positively modulates energy expenditure by favoring 
the expression of key metabolic genes, including 
GLUT4[48]. Furthermore, in 3T3-L1 pre-adipocytes, 
administration of 4-PBA was shown to inhibit adi
pogenesis through the inhibition of the unfolded 
protein response, and nutritional supplementation of 
4-PBA to mice lowered fat pad weight and resulted 
in smaller adipocytes in this tissue[49]. Considering 
its multiple modes of action, and in particular its 
activity as chemical chaperone, 4-PBA constitutes a 
very promising molecule to target metabolic states 
related to endoplasmic reticulum stress such as insulin 
resistance and fat over-accumulation in the adipose 
tissue[50]. Taken together, these studies suggest that 
4-PBA favors the glycolytic utilization of glucose, while 
inhibiting adipogenesis and, by extension, fatty acid 
oxidation.

HYDROXYBUTYRATE 
Ketone bodies (KB) are the organism’s main source 
of energy in periods of fasting or prolonged physical 
exercise, when glucose availability is scarce[51]. KB are 
mainly derived from free fatty acids, although a small 
percentage of KB can originate from the metabolism of 
amino acids[52].

Essentially produced by the liver, the two main KB 
are acetoacetate (AcAc) and D-β-hydroxybutyrate. 
KB are metabolically equivalent to fat yet are water-
soluble and can be transported in blood to target 
tissues[53]. Once in the target tissues, KB are converted 
back to acetyl-coA, through the sequential action of 
D-β-hydroxybutyrate dehydrogenase, converting D-β-
hydroxybutyrate to acetoacetate; 3-ketoacyl-CoA 
transferase, which produces acetoacetylCoA from 
acetoacetate, which is finally converted to acetyl-coA 
by acetoacetyl-CoA thiolase. Importantly, 3-ketoacyl-
CoA transferase is only present in organs using KB, 
and not expressed in the liver. Thus, the flow of ketone 
bodies is unidirectional, from the liver to peripheral 
organs. For a long time the liver was thought to be the 
only organ to produce KB, but it appears the brain can 
also synthetize them to a certain extent for its own 
energetic needs[54].

α-hydroxybutyrate (α-HB), a D-β-hydroxybutyrate 
isomeric but metabolically unrelated molecule, is 
generated in the liver (1) in the cysteine formation 
pathway; (2) as a byproduct during the formation of 
α-ketobutyrate, - the final product of methionine and 
threonine catabolism[55]; and also (3) under increased 
oxidative stress, a physiological state associated to 
insulin resistance. Recently, α-HB has been proposed as a 
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showing neither weight loss nor increased fatty oxi
dation upon BAIBA administration[68]. BAIBA, like 
leptin, appears to favor lipid metabolism, and at the 
same time, can act indirectly by promoting leptin 
expression in white adipose tissue[70].

Moreover, recent research has shown that BAIBA 
is produced in muscles and BAIBA plasmatic con
centrations in rodents and humans are most likely 
representative of the amounts of BAIBA produced by 
skeletal muscle[71]. BAIBA derived from skeletal muscle 
can be considered as a myokine (e.g., a muscle-
secreted molecule with hormonal-like properties on 
target organs) that mediates the metabolic crosstalk 
between skeletal muscle and other metabolically 
active tissues. BAIBA production is regulated by PGC-
1a, which is a general co-activator overexpressed in 
response to exercise[71]. As a myokine, BAIBA is capable 
of inducing a transition in the adipose tissue from a 
white adipose tissue phenotype to a tissue endowed 
with brown adipose tissue characteristics, thereby 
favoring the expression of β-oxidation and thermogenic 
genes, including PPARα and its target mitochondrial 
uncoupling protein 1 (UCP1), rather than lipogenic and 
lipid-storage genes[71,72]. Although the direct mechanism 
of action of BAIBA upstream of PPARa has not yet been 
elucidated, it has been proposed that BAIBA could 
be a possible therapeutic molecule as an anti-obesity 
agent, by favoring a white fat to brown fat phenotypic 
transition[73].

CONCLUSION
Obesity and its metabolic consequences leading to 
increased morbidity and mortality can be currently 
considered as one of the major health burdens 
worldwide. Extensive preclinical and clinical research 
is thus necessary to identify novel agents that might 

be therapeutically useful - along with nutritional 
and physical activity approaches - to counteract this 
pandemic.

The four-carbon backbone chemicals described 
in this review, through their multiple mechanisms 
of actions summarized in Table 1, may provide a 
new class of potential pharmacologically effective 
candidates, to be used alone or in combination to 
effectively reverse or alleviate obesity and the insulin 
resistant state.
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