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Abstract

ACKGROUND: Metabolism impairment in

obese condition usually initially triggered by

inflammation and insulin signaling impairment.
The involvement of metabolites, including lipids, amino
acids, and ketone bodies, in altering insulin sensitivity has
been revealed after massive data sets were provided by the
studies regarding metabolomics and lipidomics.

CONTENT: Metabolites were now understood to serve
more than just the metabolism products, but also as active
signaling moleculesincluding in insulin and immunological
actions. Different lipid metabolites can serve as signaling
moleculesto induce insulin resistance of sensitivity through
a similar pathway, and impact on the inflammation status.
Branched Chain Amino Acids (BCAA) and many amino
acids have been correlated with mitochondrial dysfunction

and insulin impairment. Ketogenic diet, supplementation
and microbiotatransplantation becomethe current strategies
to set a preferable metabolites composition to modulate
insulin sensitivity.

SUMMARY: Thousands of metabolites can now be
measured using technical and bioinformatics devel opments.
Different types of amino acids, fatty acids, and bile acids
are being studied in relation to altered metabolic states,
particularly obesity and type 2 diabetes mellitus. A thorough
knowledge of the metabolic changes that contribute to
insulin resistance might lead to the discovery of new targets
for enhancing insulin sensitivity and preventing and treating
many metabolic disorders.

KEYWORDS: metabolites, insulin resistance,
amino acids, ketone bodies

lipids,
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Introduction

Metabolism of nutrients is essential for al organisms
survival, growth, and development, with a coordinated
control of several metabolic processes. Thecanonical insulin
signaling cascade, which includesthe Insulin Receptor (IR),
Insulin Receptor Substrate (IRS) proteins, Phosphoinositide
3-Kinase (PI3K), and AKT, controls glucose, lipid, and
protein metabolism. Insulin resistance, which is defined
as poor signal transduction and physiologic responses
to insulin stimulation, is a key factor in the development
of Type 2 Diabetes Méellitus (T2DM). T2DM develops

when insulin secretion is no longer able to compensate
for insulin resistance. Integration of functional genomics,
transcriptomics, proteomics, metabolomics, and lipidomics
in the post-genomic age has increased our knowledge of the
molecular pathways behind insulin resistance and T2DM.
The technology for evaluating metabolomics and lipidomic
data sets is quickly improving, alowing usto discover new
metabolites that control insulin sensitivity as well as new
functions for existing metabolitesin this process.(1)
Human metabolic flexibility can simply defined as the
capacity to respond or adapt its metabolism according to
changes in metabolic or energy demand in many different
levels of nutrients availability especialy glucose and
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fatty acids, including nocturnal and diurnal fasted and
fed conditions, exercise and environmental changes in
the habitat. Thus, metabolism impairment which can be a
consequence of or are interrelated with insulin resistance
and obesity can be explained as metabolic inflexibility.
(2) Insulin resistance is a mgjor contributor to metabolic
inflexibility in a variety of tissues and organs.(3) Impaired
mitochondrial fatty acid oxidation and excess buildup of
lipid metabolites such as diacylglycerol and ceramides have
been highlighted as important processes driving insulin
resistance in the liver and skeletal muscle.

Years before clinically manifested, usually metabolic
diseases has already existed. For example, before T2DM
was diagnosed as hyperglycemia, or even before insulin
deficiency appears, actually pancreatic beta cell impairment
has already developed.(4) Current clinical and laboratory
predictors of diabetesrisk, such asBody Mass Index (BMI),
Waist Circumferences (WC), or fasting glucose, can be
useful in predicting diabetesrisk (5), but they often provide
little insight into pathophysiologic mechanisms and the risk
progression have been closed enough to the disease. Early
identification was needed to deal with earlier prevention or
delaying the disease to be started.(6-9)

Recent studies found variations in blood metabolite
profiles before and after glucose loading (10-12) as well
as in obese compared with lean individuals (13). What
have been noticed from those studies is the differences in
the quantity of some small molecules such as C3 and C5
acylcarnitines, glutamine and glutamate, and extra amino
acids in both groups, suggest that individual risk and onset
of T2DM can be predicted by the alteration of those plasma
metabolite concentrations.(14) Metabolites can be defined
as endogenous organic and inorganic compounds as results
of anabolism or catabolism process. They indeed serve as
signaling molecules and activate particular receptors to
govern hormone production, immunological responses,
insulin action, and brain function. Furthermore, determining
the functional ramifications of metabolite or lipid change
of protein structure and cell membrane dynamics, the sheer
number of these metabolites, as well as the interaction
between their metabolic pathways and their propensity
to change inter-tissue communication will be critical
for understanding metabolic illness and developing new
treatments for T2DM. (1)

We provide this narrative review to give the current
view on the importance of metabolites in insulin signaling
process. We hope further studies can be made to find
any regiments of diet or supplements to improve insulin
sensitivity thus recover metabolism impairment.
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Mechanisms of
Insulin Receptor Signaling

Insulin and Insulin-like Growth Factor (IGF)-1 signaling
act on two closely related tyrosine kinase receptors
to maintains glucose, lipid, and energy homeostasis in
the liver, skeletal muscle, and adipose tissue. Activation
of receptors triggers a chain of phosphorylation events to
activate enzymes that regulate many aspects of metabolism
and growth. Many different points of regulation or critical
nodes controls insulin/IGF-1 signaling either positively or
negatively to ensure proper signal duration and intensity.
Disruption in these signaling pathways can cause insulin
resistance.(15)

IRS is found in almost al mammalian cells, and so
most of all mammalian cells react to insulin, makes the
insulin signaling become very complex. Insulin performs
many rolesin our body (Figure 1), such as promotes glucose
uptake and protein synthesis in muscle, promotes energy
storage in adipose tissue, enhance glucose utilization and
triglyceridesynthesisintheliver, and promotes anorexigenic
andlocomotor signal sinthebrain. Macrophages, endothelial
cells, and insulin-producing pancreatic-cells are other
insulin target cells having a metabolic role. Furthermore,
insulin also activate some key insulin signaling mediators
resulting in a cascade of interconnected signaling pathways
(Figure 1) (16), including PI3K and AKT, some growth
factor receptors, and some mitogenic pathways, such as
Growth Factor Receptor-bound Protein 2 (GRB2) and
Extracellular Signal-regulated Kinase (ERK) (17). The
insulin signaling cascade is made up of reversible enzyme
reactions. As aresult, there are many phosphatases that stop
the action of each kinase triggered by insulin. The distinct
post-translational changes of the same target protein might
have a variety of biological consequences. These pathways
are just as crucial as signaling initiation, but due to their
redundancy, they have proven more difficult to study using
cellular and genetic methods.(18)

Tyrosine phosphorylation activates IR and IRS
proteins, while serine/threonine phosphorylation inactivates
them.(15,19) The effects are site-dependent in granular
level, but serine/threonine phosphorylation is afundamental
method for fine-tuning, antagonizing, or terminating IR
signaling. IRS is phosphorylated by Mammalian Target
of Rapamycin (MTOR) and S6 Kinase (S6K) at severd
residues.(19) Knocking down S6K1 in rats decreases
weight gain and improves insulin sensitivity, which is
consistent with this theory and suggested that the processes
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Figure 1. Insulin activates some key insulin signaling mediators. Insulin binding to its receptor activates tyrosine phosphorylation,
allow the lipid kinase PI3K binding and synthesize Ptdins, also AKT phosphorylation. Activated AKT goes on to phosphorylate a number
of substrates at Ser/Thr residues (FOXO, TSC2, GSK3p, and TBC1D4), which finally affect almost all cells in human body.(16) (Adapted
with permission from Springer Nature). PIP,: phosphatidylinositol (3,4,5)-trisphosphate (Ptding(3,4,5)P3); PDK: phosphoinositide-
dependent kinase; FOXO: forkhead box O; TSC2: tuberous sclerosis complex 2; GSK3f: glycogen synthase kinase-3 f3; TBC1D4: TBC1
domain family member 4; mTORC1: mammalian target of rapamycin complex 1; SREBPIc: sterol regulatory element-binding protein 1.

connecting MTOR—-S6K signaling to insulin resistance may
be independent of IRS.(17) The significance of IRS serine/
threonine phosphorylation in these phenotypes, aswell asin
insulin action in general, then become questioned.

Many factors can disrupt insulin signaling including
hormones, inflammatory cytokines, and lipotoxicity,
inducing a condition known as insulin resistance. Hormone
can be the most essential negative regulator of its own
signaling. As insulin levels rise, cell surface receptor
downregulation reduces insulin signaling, contributing to its
termination. Like other receptor tyrosine kinases, with help
of a 12-amino-acid motif on the intracellular region of the
IR juxta membrane domain, IR undergoes ligand-induced
internalization, lysosomal destruction, or recycling back
to the cell surface.(16,20) This provides a solid suggestion
that insulin resistance associated with hyperinsulinemia.
Because this process is solely dependent on plasma insulin
concentrations, it is quickly reversed when insulin levels
decrease, asin fasting.(21)

Inflammatory cytokines start a second pathway that
leadstoinhibitory phosphorylation (22), thiscan betriggered
when macrophages infiltrate adipose tissue such as in obesity
(23,24). Macrophages release pro-inflammatory cytokines
such as Tumor Necrosis Factor (TNF)-a., Interleukin (IL)-1,
and IL-6, and activate serine kinases in adipocytes such as
IB Kinase (IKK), c-Jun N-terminal Kinase (INK), S6K, and
MTOR in a paracrine way.(25) These kinases phosphorylate
IRS1 in an inhibitory manner, inducing insulin resistancein
adipocytes. Activation of inflammatory pathways has been
shown to impair glucose metabolism and create systemic
insulin resistance.(25,26)

Lipotoxicity is another mechanism that causes
IR antagonism. By phosphorylating Thr1160 in IR35's
activation loop, diacylglycerol-dependent activation of
Protein Kinase C (PKC) hinders IR autophosphorylation.
Mutant animals with this phosphorylation site mutation are
protected against diet-induced insulin action impairment in
the liver (27) but not in the muscle, where diacylglycerol
effects may instead be mediated by PKC36 (28,29).
Ceramide buildup can affect AKT function by boosting
the activity of PKC, which modifies AKT membrane
location, and Protein Phosphatase 2A (PP2A), in addition to
diacylglycerol.(30,31)

PI3K regulates the plasma membrane concentrations
of thelipid second messenger Ptdins-3,4,5-P3 not just during
synthesis but also during localization and degradation. Lipid
phosphatases|ike Phosphatase and Tensin Homol og Del eted
on Chromosome 10 (PTEN) and Src Homol ogy 2-containing
Inositol 5-Phosphatase 2 (SHIP2) inhibits insulin signaling
by dephosphorylate Ptdins-3,4,5-P3 (32), while Protein
Tyrosine Phosphatase 1B (PTP1B) dephosphorylating
tyrosine residues on IR and IRS proteins. Animals ablated
with PTP1B have higher insulin sensitivity.(33-35) PTP1B
phosphorylation on IR and IRS seems to give major effect
on the central nervous system (36-38) compareto peripheral
tissue (39-41). PTP1B inhibitsleptin signaling by interacting
with Janus Kinase 2 (JAK2). PTP1B has the potential to
be an integrative node in signal transduction underpinning
common biological effects between the two hormones since
the activities of leptin and insulin partially overlap.

IR/IRS, PI3K, and AKT signaling nodes meet the
requirements to be referred as ‘critical nodes (Figure 2).
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The insulin-signaling network is awell model of important
nodes, because the molecular interactions between many of
its components have been verified in vitro and in vivo using
genetic and biochemical techniques. Those studies show
the fundamental characteristics of a critical node. Critical
nodes are essential for ligand's biological activities and
crosstalk sites with other signaling systems. They consist of
numerous molecular isoformsthat areinvolved in divergent
signaling in a strong regulated way, either positively or
negatively.(42)

Insulin Resistance as The Risk of
Metabolic Disorders

A wel coordination between glucose production
(glycogenolysis and gluconeogenesis) in the liver and
disposal (via glycogen synthesis and glucose metabolism)
in skeletal muscle manage the homeostasis of glucose.
Insulin resistance is defined as a reduction in a target
cell's metabolic response towards insulin, or a diminished
lowering impact of circulating or injected insulin on blood
glucose levels at the whole-organism level.(43) It's now
recognized that insulin signaling impairment is a hallmark
prior to many metabolic disorders and their comorbidities
include kidney failure, neuropathy, retinopathy, vascular
morbidities, and ischemic heart disease.(44)
Insulinwasproduced by thepancreas -cellsat feeding
to reduce hepatic glucose production while boosting glucose
absorption into muscle and adipose tissue. The insulin-
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Figure 2. Critical nodes in the
insulin-signaling network.
(42) (Adapted with permission
from Springer Nature). TNFR:
tumor necrosis factor receptor;
IGF1R: |IGF1-receptor; CAP:
c-Chl associated protein;
CDC42: cel division control
protein 42 homolog; GSKS3:
glycogen synthase kinase-3;
STAT: signal transducer and
activator  of  transcription;
SOCSL,3: suppressor of cytokine
signaling 1,3.

sensitive Glucose Transporter (GLUT)4 mediates glucose
absorption in muscle and fat, while the glucose transporter
GLUT?2 releases glucose in the liver. The important protein
kinase AKT is activated by the principal canonical insulin
signaling cascade, which is needed for maintaining blood
glucose concentrations (15) and control glucose homeostasis
such as glucose transport in adipocytes and muscle (37,38),
inhibition of hepatic gluconeogenesis (45,46), and cell-
autonomous activation of hepatic lipogenesis (45,47).

A coordinated tyrosine phosphorylation and
dephosphorylation was activated when insulin bind with the
IR in liver or muscle. In skeletal muscle, this bind causes
IRS1 to be phosphorylated. IRS1 binds to and activates
PI3K, which stimulates GLUT4 translocation to the plasma
membrane and glucose absorption into skeletal muscle
through signaling intermediates. In humans (48) and rodents
(49,50), lipidinfusionimpairsIRS1 tyrosine phosphorylation
and PI3K activation in muscle, suggest an intracellular fatty
acid-derived signal (49,51) can defect insulin signaling and
glucose transport. The impairment of insulin function also
involved the transcription factor FOXOL activation in the
liver which increases gluconeogenesis.(52)

Obese with high levels of triglyceride (TAG) do
not appear to associate with insulin resistance, but with
Diacylglycerol (DAG) by activating PKC isoforms.(53,54)
Traditional PKCs (cPKCs: PKC, PKCI, PKCII, and PKC),
which require DAG and C&* for activation, novel PKCs
(nPKCs: PKC, PKC, PKC, and PKC), which require
DAG for activation, and atypical PKCs (aPKCs. PKC and
PKC), which do not require DAG or Ca* for enzymatic
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activity. One study showed that transient increases in
muscle DAG content can induce PKC and promotes insulin
signaling inhibition via serine-threonine kinase cascade.
(55,56) Furthermore, mice lacing with PKCO (57), and
mice carrying Ser—Ala mutations in key IRSI residues
prevent serine hyperphosphorylation of IRS1; both types of
mice were protected from lipid-induced insulin resistance
in muscle. IRS1 at Ser 1101 is a target of PKC8, which
suppresses insulin signaling, according to further in vitro
investigations.(58)

Insulin resistance can happen in muscle and liver, even
in the absence of peripheral and visceral adiposity. Ectopic
intracellular lipid accumulation cause by the spillover of
exceeded level of energy intake caninduceinsulin resistance
in muscleand theliver (Figure 3). The excessof intracellular
energy in the form of DAGs, the lipid-derived metabolites,
causes PKCeg activation in muscle and PKC activation in
the liver, as well as insulin signaling suppression in both
organs. Muscle cell lipid content indicates a net balance
between fatty acid intake and mitochondrial fat oxidation
rates. Acquired mitochondrial dysfunction become a
significant predisposing factor for ectopic fat accumulation
and insulin resistance in the elderly in this matter. This
theory might explain the insulin resistance linked to obesity,
age, lipodystrophy, prediabetes, and T2DM, as well as the
reversal of insulin resistance and diabetes following weight
reduction and thiazolidinedione medication.(59)

Exercise, weight reduction, and thiazolidinediones
have al been shown to enhance insulin action in this
paradigm. Furthermore, boosting mitochondrial uncoupling

Figure 3. Mechanismsof I ncreased Ectopic Lipid Deposition in
the Liver and Skeletal Muscle (Adapted with permission from
M assachusetts M edical Society, 2014).(59)
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to increase hepatic energy expenditure might be a unique
method for treating the associated epi demics of nonal coholic
fatty liver disease, metabolic syndrome, and T2DM. Insulin
resistance raises the risk of cancer and promotes glucose
intolerance and T2DM with related comorbidities.(60) The
etiology of insulin resistance, on the other hand, is complex
and multidimensional, including both cell-autonomous
pathways and inter-organ communication. Though the Akt
pathway is often impacted, systemic insulin resistance often
occur downstream or independently of insulin signaling to
the protein kinase Akt, so further studies were needed to find
one solid agreement between different results.(61-66)

Metabolomics and Metabolic Diseases

Metabolomics is the large-scale study focus on the
quantification of thousands of different metabolites in a
biological system, using advanced instrument technology
such as mass spectrometres coupled with liquid or gas
chromatographies. Today's most modern nontargeted
metabolomics techniques (also known as "shotgun"
metabolomics) can identify up to 10,000 distinct spectrum
characteristics in a single biological material.(67-69) As a
result of these advancements, many metabolic diseases can
be “mapped”’. Metabolomics have some advantages over
other "-omics" technologies, since humans are currently
thought to have around 6,500 distinct small molecule
metabolites(70), and more sensitive new measuring methods
areincreasingly revealing more number of chemical species
over time (67).

We understood about the cardiometabolic disorders
link, where disturbed lipid homeostasis contribute the
risk for cardiovascular diseases. Metabolomic testing
measure specific lipid metabolites widely tested in clinical
laboratories, such as triglycerides, cholesterol, and total
Non-Esterified Fatty Acids (NEFAs) for more specific risk
prediction. Targeted metabolomics aso found that a set
of metabolites in body fluids including BCAAs, aromatic
amino acids (Phe and Tyr), Glu/GIn, Met, and C3 and
C5 acylcarnitines have a strong correlation with insulin
resistance.(13) These too contribute to cardiometabolic
diseases.(71-73) Additionally, during follow-up, the cohort
participants who transitioned from prediabetes to diabetes
had an increase in BCAAs and a decrease in glycine.(74)
Importantly, these findings have been verified using large
cross-sectional populations and metabolomics.

Early detection even before the onset of disease will
be very helpful for diabetic individual, since preventive
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strategies have been established and the end-stage
comorbidities can be avoided. Although established risk
indicators like BMI and fasting glucose can help predict
future diabetes risk, not all obese develop into diabetes.
However, diabetes genetic polymorphism currently add a
little amount to risk assessment.(75-77) A panel of more
than 60 amino acids metabolites were measured once while
fasting, and the results were compared to conventional risk
variables(such asBMI, dietary patternsand fasting glucose).
The result showed that branched-chain and aromatic amino
acids appeared as predictors of future diabetes development.
Further research isneeded to seeif plasmaamino acid levels
may assist select candidates for diabetes risk reduction
therapies and to understand the molecular processes by
which particular amino acids might cause T2DM.(14)

Lipid Metabolites in Metabolic Disorders

More than seven decades ago fatty acids were first discovered
to Signal Protein-Coupled Receptors (GPCRs) (78,79), and
induce various intracellular signals. Later, more lipids such
as fatty acids, DAG, sphingolipids, and fatty acid esters of
hydroxy fatty acids found to impact on insulin signaling
thus affecting the metabolism (Figure 4).

Saturated fatty acids (SFAS) impair insulin sensitivity
in animals and cell culture.(80-83) SFA-induced insulin
resistance in animals and cultured cells viamany pathways.
SFAs drive downstream pro-inflammatory processes by
activating Toll-Like Receptors (TLRs), particularly TLR4,
which is found on immune cells, in White Adipose Tissue
(WAT), and in the liver.(80-84) SFA-induced insulin
resistance is assumed to be directly mediated through
TLR4-mediated activation of the inhibitor of Nuclear
Factor-kappaB (NF-kB) IKK-B and JNK pathways, most
likely viaMYD88.

SFA can induce insulin resistance when SFAs
affect the membrane distribution of the proto-oncogene
tyrosine-protein kinase SRC, resulting in its activation and
stimulation of JNK signaling, which suppresses AKT in
the insulin cascade.(85) The protein NLR Family Pyrin
Domain Containing 3 (NLRP3) inflammasome pathway
contained in NACHT, LRR, and PYD domains can be
activated by palmitic acid to result in 5’-AMP-activated
Protein Kinase (AMPK) inactivation and reduce insulin
sengitivity, as well as impaired autophagy and the
generation of mitochondrial Reactive Oxygen Species
(ROS).(86) Ceramides, DAGs, and phospholipids are al
substrates for SFAs, which may disrupt insulin action as
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well, demonstrating that SFA s can reduce insulin sensitivity
in various ways.

Polyunsaturated Fatty Acids (PUFAS), particularly the
important long-chain omega-3 PUFAs Eicosapentaenoic
Acid (EPA) and DocosahexaenoicAcid (DHA), wereknown
to improve insulin sensitivity in animals (87-89), but till
debatable in human (87,90). Plant-based oil consumption,
particularly thosefound in olive oil, hasbeen linked to lower
cardiovascular mortality and increased insulin sensitivity
because they contains Monounsaturated Fatty Acids
(MUFAS).(91-94) High Fat Diet (HFD)-fed mice with oleic
acid showed insulin sensitivity improvement by increasing
IL-1, suppressing JNK and NF-xB.(95) This is because
oleic acid act as an endogenous ligand of the Peroxisome
Proliferator-Activated Receptor-a (PPAR-).(96,97)

Another lipid metabolite is palmitoleate, can be
found from animal fat or plant seed oils, but it may also be
made from scratch using de novo lipogenesis. Palmitoleate
activates AMPK and G-Protein Coupled Receptor 120
(GPR120) but not PPAR-a (98-100), reverse macrophage
polarization into M2, although these results were still
contradictive in different studies.(101-103) Fatty Acyl
Esters of Hydroxy Fatty Acids (FAHFAS) are structuraly
unique lipids produced by humans, animals, and plants that
have favorable metabolic and anti-inflammatory properties.
(104) More than 1,000 FAHFAs and more than 20 FAHFA
families are estimated to exist in nature.(104-106) Each
family can be differed by its ester link position between acyl
chains.(106)

Palmitic Acid Esters of Hydroxy Stearic Acids
(PAHSAYS) are found in the greatest concentrations in white
and brown adipose tissue in mice, compared to other tissues;
adipose tissue has eight PAHSA isomers, whereas other
tissues include at least three, and mouse and human serum
contain six.(104) Insulin-resistant mice and humans have
lower amounts of PAHSA in their serum and subcutaneous
WAT, and serum PAHSA levels correspond with insulin
sensitivity in.(104) In chow-fed mice that are glucose
intolerant due to age or insulin-resistant mice on an HFD,
a single oral dosage of 5-PAHSA or 9-PAHSA improves
glucose tolerance. PAHSAS increase glucose-stimulated
insulin and Glucagon-Like Peptide 1 (GLP1) secretion in
elderly mice on a chow diet, but same secretory effects are
not detected in HFD-fed animals. GLPL increases insulin
production, which lowers blood sugar levels.

Ceramides are precursors of the cell's most important
sphingolipids, such as sphingomyelin and gangliosides.
Some

inflammation-induced insulin

via NLRP3

studies showed

resistance by ceramide inflammasome
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Figure 4. Lipid metabolites as signaling molecules that regulate metabolism, induce insulin sensitivity or insulin resistance. A:
Insulin sensitivity induced by lipid metabolites; B: Insulin resistanceinduced by lipid metabolites.(1) (Adapted with permission from

Springer Nature).

activation, and can also lead to pancreatic injury.(107-109)
Fibroblast Growth Factor (FGF)21, like adiponectin, causes
a slew of hypermetabolic reactions that boost glucose and
fat consumption.(110) The Scherer group has postulated
that this favorable metabolic state is driven by a FGF21—
adiponectin—ceramidase axis.(111) FGF21 was discovered
to reduce ceramide levels while concurrently promoting
adiponectin expression. Adiponectin deficiency rendered
mice resistant to FGF21-mediated metabolic stimulation
and ceramide reduction.(30,112)

The link of dyslipidaemia to obesity that leads to
poor clinical outcomes is complicated and involves a vast
number of lipid species, whose homeostasis is regulated
by a variety of metabolic pathways. Many sphingolipid
and phospholipid metabolites have been identified as
important factors in the development of insulin resistance,
type 2 diabetes, and cardiovascular disease. Lipidomics, a
relatively recent area, has aided in the definition of these
interactions and has revealed new research and treatment
options.(113)

Amino Acid Metabolites and
Insulin Resistance

More than four decades ago, a link between high blood
amino acid levels and obesity and insulin resistance was
observed.(114) The development of metabolomics analysis
and mass spectrometry-based isotope labeling techniques
has reignited interest in this field. A panel of lipid metabolites
and amino acids can beuseful in predicting insulinresistance
earlier. BCAASs (leucing, isoleucine, and valine) is the most
studied amino acids metabolites associated with insulin
resistance.(13,14,115)

BCAA actually have benefit in nutrient signaling
effects, but since many studies found the increase level
of BCAAs in obesity and metabolic syndrome, then some
paradox opinions raised if BCAA roles as the cause, or just
themarker of thisimpairment.(116) Under normal conditions
of energy homeostasis, BCAAs may promote improved
glucose uptake/insulin sensitivity. On the other side, when
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there is excess energy and abundance metabolitesincluding
BCAAs, cells lose the optimum ability to degrade those
metabolites, and those metabolites became accumulated
(Figure 5).(117) Thus, higher level of BCAAs might be a
biomarker for the onset of metabolic syndrome.(118)

Alternatively, some theories also raised that persistent
high level of BCAAs become toxic and contribute
impairing insulin signaling. Leucine, isoleucine, and valine
are involved to stimulate mTOR leading to enhanced
protein synthesis, and increased levels of BCAAS results
in uncoupling of insulin signaling at an early stage.
BCAAs are closely connected to lipid metabolism, and
the accumulation of mitotoxic metabolites causes an
increase in acylcarnitine buildup in muscle (13), potentially
exacerbating mitochondrial dysfunction (119).

Another plasma amino acids associated with obesity
and insulin resistance were Aromatic Amino Acids (AAAS),
methionine, carnitine, choline and betaine.(14,118) Subjects
who performed gastric bypass surgery showed better
metabolic features when they have lower AAAs.(120)
However, further studies were needed to confirm if AAA
levels connected to insulin resistance. Methionine serves as
amethyl donor for DNA, histones, and other proteins.(121-
124). Methionine restriction in mice decreases adiposity
and improves insulin sensitivity and fatty liver, while in
humans, restricting methionine consumption results in
weight loss despite increasing calorie intake, with a 58
percent drop in serum methionine.(125) Within the first 12
hours of methionine restriction, FGF21 levels in plasma
and liver increase tenfold, and lasts for several weeks.
(122) However, FGF21 induction may be required for the
effects of methionine restriction on energy expenditure but
not on weight 10ss.(123) Methionine restriction can induce
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adiponectin secretion and improved insulin sensitivity
indirectly.(126)

Carnitineisatiny water-soluble vitamin-like molecule
that plays a variety of important roles in intermediate
metabolism. The principal physiological role is associated
to cellular energy production activities viaL ong Chain Fatty
Acids(LCFA) transfer fromthecytosol intothemitochondria,
where they are degraded by B-oxidation. This function is
important since neither free LCFA nor their Coenzyme-A
esters can traverse the inner mitochondrial membrane on
their own, but only can betransported in carnitine ester form.
(127) L-carnitine have anti-inflammatory and antioxidant
properties (128-130), improving insulin sensitivity, protein
nutrition, dyslipidemia, and membrane integrity (131).
L-carnitine level in plasma and tissue are relatively low,
and tightly regulated by carrier-mediated gastrointestinal
absorption, endogenous biosynthesis, extensive rend
tubular reabsorption, and compartmentalization via carrier-
mediated transport between plasma and tissue.(132)

Choline and betaine are quaternary ammonium
compounds which synthesized de novo in our body or
obtained from food like eggs, beef, pig, liver, soybean,
and wheat germ for choline, because they provide the
most methyl groups in the diet, whereas wheat bran,
wheat germ, and spinach have the most betaine.(133-
134) A S-adenosylmethionine-dependent methylation
process  catalyzed by phosphatidylethanolamine
N-methyltransferase forms phosphatidylcholine (lecithin),
the most common choline molecule, endogenously from
phosphatidylethanolamine. This is a significant source of
choline when compared to food consumption, particularly
in premenopausal women.(135) Choline is an epigenetic
regulator of gene expression, vital for lipid metabolism,

Figure 5. Increased levels of branched-chain amino
acids are associated with insulin resistance.(1)
(Adapted with permission from Springer Nature).
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cell membrane integrity, and nerve function (136) and a
precursor of lipoproteins, membrane phospholipids, and the
neurotransmitter acetylcholine (133).

Choline oxidation, performed by the mitochondrial
enzyme choline dehydrogenase, produces betaine in the
kidney and liver.(133,137,138) In humans, betaine serves
two purposes. It's an organic osmolyte that builds up in
a number of cells, including renal medullary cells, in of
hypertonicity body.(139) Betaine acts as amethyl donor for
homocysteine remethylation into methioninein the Betaine-
Homocysteine Methyltransferase (BHMT)7 reaction.(140)
This explains why betaine supplementation reduces plasma
Total Homocysteine (tHcy) levels (141) and is inversely
linked to plasma betaine levels (142,143). Choline and
betaine were shown to have opposite associations with
essential metabolic syndrome components, indicating a
disturbance of the mitochondrial choline dehydrogenase
pathway.(144)

Keton Bodies, A Ketogenic Diet and
Insulin Sensitivity

Knowing the roles of metabolites in modulating insulin
sensitivity, some strategies have been devel oped to optimize
the metabolites composition in human bodies, including
ketogenic diet, supplementation rich in intermediate
metabolites and cofactors, and probiotics.

Some condition including starvation, CR, high-
intensity exercise, and the low-carbohydrate ketogenic diet
can raise the ketone bodies B-hydroxybutyrate (BHB) levels.
(145,146) Ketones are produced in the liver during periods
of nutritional scarcity and replace the energy for important
organs such as brain and heart, and TCA cycleintermediates
are prioritized utilized for gluconeogenesis.(46) When liver
3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 (HMGCS?2)
was knocked down, ketogenesis didn’t happen and acetyl-
CoA was accumulated, leads to mitochondrial pyruvate
carboxylase and gluconeogenesis. In mice with HMGCS2
knockout, HFD result in severe Non-Alcoholic Fatty Liver
Disease (NAFLD) and Non-Alcoholic Steatohepatitis
(NASH).(147)

Metabolomics profiling, both targeted and nontargeted,
hasimproved our understanding of the metabolic alterations
that occur during the transition from Norma Glucose
Tolerance (NGT) to T2DM.(148). A variety of metabolite
biomarkers have been discovered that potentially predict
the onset of diabetes. BCAAS (149), aromatic amino acids
(14,150), dlycine (151), a-hydroxybutyric acid (a-HB)
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(152), and Linoleoyl-Hlycerophosphocholine (L-GPC)
(150,153) are only a few of them. Ketogenic diets, which
contain more than 70% fat calories and less than 10%
carbohydrate calories, boost energy expenditure, decrease
obesity, and improveinsulin sensitivity in mice and humans.
(64,154) Although ketogenic diets are helpful for weight
reduction, some may find it difficult to stick to them. As a
result, unraveling the processes underlying ketogenic diet-
induced weight reduction, including metabolite changes,
might lead to new targets for obesity therapy.

Microbiota-generated Metabolites

Dietary fiber is categorized into soluble and insoluble. Gut
microbiota digest soluble fiber into short-chain fatty acids
(SCFAY) acetate, propionate, and butyrate.(155) In both lean
(156,157) and obese diabetic individuals (158,159), fiber-
rich diets increase insulin sensitivity and glucose tolerance.
SCFAs are thought to be involved in the positive benefits
of soluble fiber via regulating whole-body energy balance.
(160) SCFAs are aso signaling molecules that operate as
endogenous ligands for the G-protein-coupled receptors
Free Fatty Acid Receptor (FFAR)3 and FFAR2, as well as
modulators of the epigenome through histone acetylation.
(161) Numerous effects are mediated by signaling through
these receptors, including the creation of glucagon-like
peptide 1 in enteroendocrine cells(162), control of adiposity,
and alterationsin intestinal transit time (163).

The recently discovered link between gut microbiota
makeup and obesity and related illnesses has reignited
interest in SCFAs.(155) Obese people's microbiota may
have alarger capacity to convert food into energy, than lean
people's microbiota (164,165), and many studies have found
that HFD have a significant impact on the gut microbiota
composition in rats (165-168). Furthermore, a recent study
in obese people found that certain microbiome compositions
are linked to impaired glucose control.(169,170)

In humans and animals, obesity and insulin resistance
are linked to shifting in gut microbial composition. The
Firmicutes/Bacteroidetes ratio is commonly used as
a marker for obesity dysbiosis. Bacteroidetes mainly
produce acetate and propionate, while Firmicutes produce
more butyrate, the health-promoting molecule that increase
insulin sensitivity, exert anti-inflammatory activities,
regulate energy metabolism, and improve leptin gene
expression.(171)

Fecal transplanting the microbiota from obese mice
or people into germ-free animals changes the amounts of
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SCFAs and promotes obesity.(172,173) SCFAs (especialy
propionate) have also been shown to reduce glucose levels
because SCFA can activate intestinal gluconeogenesis and
sensitizing systemic insulin.(170) While acetate, may pass
the blood-brain barrier in both rats and humans (174,175),
and send their anorexigenic effects by brain GPCR activation
viathe periportal neural system. SCFAs aso inhibit hunger
by increasing the production of leptin from WAT (176,177)
and peptide YY (PYY) and GLP1 from the stomach
(162,178-180). Therefore, lean, healthy human donors
transplantation enhance insulin sensitivity and increase the
number of butyrate-producing bacteria in obese people.
(181) Figure 6 shows how SCFA can improved metabolism
viainsulin sensitization and hunger inhibition.

Altered gut microbiotain rodents can increase acetate
production and stimulate parasympathetic activity which
increase glucose-stimulated insulin secretion, ghrelin
secretion, hyperphagia, thus promotes obesity. Hence,
increased acetate synthesis as a result of a nutrient—gut
microbiota interaction can be a potential treatment for
obesity.(182)

In mice models, dietary supplementation of butyrate
can prevent and cure diet-induced obesity and insulin
resistance in similar mechanism to CR (183,184), which is
linked to increased energy expenditure and mitochondrial
function induction. Butyrate activity may be mediated by
stimulation of PPAR-y Coactivator (PGC)-1a. activity to
activate AMPK and suppress the histone deacetylases.
Butyrate and its derivatives might be useful in the prevention
and treatment of metabolic syndrome in people.(185)

Protein Acetylation in Metabolism

Post-translational modification of proteins is used by
organisms ranging from yeast to humans to change the
structure and function of proteins, result in metabolites
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Figure 6. SCFAsimproved metabolism via
insulin sensitization and hunger inhibition.
(created with Biorender.com).

level changes. These metabolites, in turn, serve as direct
substrates for post-translational modifications such as
phosphorylation, ADP-ribosylation, and acetylation of
proteins.(186-188) The protein function and cellular
metabolism can be synchronized due to the direct
relationship between metabolites and post-translational
modification, and this leads to a better understanding of
how they affect protein activity and metabolic signaling
pathways with the identification of novel signaling roles for
intermediary metabolites and cofactors formerly thought to
be only co-enzymes, such as NAD* and acetyl-CoA.(189)
The dynamic function of NAD* in sirtuin activity regulation
propose a hypothesis about NAD regulation on protein
deacetylation.(190)

Acetylation is a reversible process mediated by
lysine acetyltransferases (KATS) and deacetylases (DACs)
that affects protein activity.(189,191) KATs and DACs
may modulate the acetylation of proteins in the insulin
signaling cascade as well as other proteins involved in
glucose and fat metabolism to affect insulin sensitivity.
General Control Non-depressible 5 (GCN5) is a histone
acetyltransferase that may regulate hepatic gluconeogenesis
in two ways. GCN5 acetylates PGC-1 to suppress its
activity in the fed state, resulting in decreased expression
of gluconeogenic enzymes and decreased glucose synthesis.
(192,193) A comprehensive overview of the role of protein
O-GlcNAcylation in insulin signaling, fat and glucose
metabolism due to glucosamine-6-phosphate acetylation
have been published.(194) Overall, protein acetylation is
a key regulator of insulin sensitivity and metabolism, and
studies with sirtuins showed prospective results.

Sirtuins (SIRT), particularly SIRT1, can reverse p300-
mediated protein acetylation, which is linked to enhanced
insulin sensitivity.(195) Mice with SIRT1 heterozygous
knockout exhibit hepatic steatosis and impaired energy
balance, while overexpression of SIRT1 improve insulin
sensitivity and hepatic steatosis.(196-200) SIRT1 in WAT
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and liver, but not muscle, modulates insulin sensitivity and
glucose metabolism.(196-200) SIRT1 deacetylating PPAR-y
in WAT and turn it into BAT for higher thermogenesis,
insulin sensitivity, and glucose metabolism.(201) It also
deacetylates PGC-lo, and activate FOXOI to promote
hepatic  gluconeogenesis.(193,202-204) Under some
circumstances, the effect of SIRT1-mediated deacetylation
on Farnesoid X Receptor (FXR) and CREB-Regulated
Transcription Coactivator 2 (CRTC2) counteract its effect
on PGC-1 and FOXO1.(205-307)

Metabolites  like and B-hydroxybutyrate,
which control acetylation and/or deacetylation directly or
indirectly, can also regulate metabolism. A meta-analysis
found that zinc supplementation improved glycemic control
and lipid metabolism in individuals with T1 or 2 diabetes
(208), indicating that there is a relationship between
zinc availability and cellular metabolism. Similarly,
diets that cause the liver to produce ketones, which give
B-hydroxybutyrate, have a variety of positive effects on
metabolic and degenerative processes, some of which may
be linked to B-hydroxybutyrate's capacity to suppress class
| KDACs (209) and activate SIRT1 expression (210). The
‘omicsresearch hasclearly opened the door to the acetylome,
and makes acetylation in regards of insulin signaling and
glucose metabolism issue grows. It's tempting to deduce
functional results (in this case, insulin action) from changes
in protein and enzyme acetylation, and we indeed still need
further studies.

zinc

Conclusion

Identification of novel molecules that both inducing and
interfering insulin signaling will be useful for preventing
and treating many metabolic diseases and related disorders.
Metabolites can serve as signaling molecules and activate
particular receptors to govern hormone production,
immunological responses, insulin action, and brain
function. Metabolites panel, as well as the interaction
between their metabolic pathways and their propensity to
change inter-tissue communication, make this a fascinating
area for understanding metabolic illness and developing
new treatments.

Authors Contribution

AM drafted and wrote the manuscript, NMD edited the
manuscript, AW proposed the manuscript topic, supervised,
and edited the manuscript.

Metabolites as Regulator of Insulin Sensitivity (Meiliana A, et al.)
Indones Biomed J. 2022; 14(3): 226-42

References

10.

11

12.

13.

14.

15.

16.

Yang Q, Vijayakumar A, Kahn BB. Metabolites as regulators of
insulin sensitivity and metabolism. Nat Rev Mol Cell Biol. 2018;
19(10): 654-72.

Goodpaster BH, Sparks LM. Metabolic flexibility in health and
disease. Cell Metab. 2017; 25(5): 1027-36.

Shulman GI. Unraveling the cellular mechanism of insulin resistance
in humans: new insights from magnetic resonance spectroscopy.
Physiology (Bethesda). 2004; 19: 183-90.

Tabdk AG, Jokela M, Akbaraly TN, Brunner EJ, Kivimaki M, Witte
DR. Trajectories of glycaemia, insulin sensitivity, and insulin
secretion before diagnosis of type 2 diabetes: an analysis from the
Whitehall |1 study. Lancet. 2009; 373(9682): 2215-21.

Wilson PWF, Meigs JB, Sullivan L, Fox CS, Nathan DM, D’ Agostino
RB. Prediction of incident diabetes mellitus in middle-aged adults:
the Framingham Offspring Study. Arch Intern Med. 2007; 167(10):
1068-74.

Meiliana A, Dewi NM, Wijaya A. Adipose tissue, inflammation
(meta-inflammation) and obesity management. Indones Biomed J.
2015; 7(3): 129-46.

Hamuaty RB, Sukmawati IR, Sandra F. Relationship between sSRAGE
and hsCRP as markers of cardiovascular disease risk factors in
diabetic and non-diabetic men with central obesity. Mol Cell
Biomed Sci. 2017; 1(2): 70-4.

Diabetes Prevention Program Research Group. Reduction in the
incidence of type 2 diabeteswith lifestyleintervention or metformin.
N Engl J Med. 2002; 346(6): 393-403.

DREAM (Diabetes REduction Assessment with ramipril and
rosiglitazone Medication) Tria Investigators, Gerstein HC, Yusuf
S, Bosch J, Pogue J, Sheridan P, et al. Effect of rosiglitazone on the
frequency of diabetes in patients with impaired glucose tolerance
or impaired fasting glucose: a randomised controlled trial. Lancet.
2006; 368(9541): 1096-105.

Shaham O, Wei R, Wang TJ, Ricciardi C, LewisGD, Vasan RS, et al.
Metabolic profiling of the human response to a glucose challenge
reveals distinct axes of insulin sensitivity. Mol Syst Biol. 2008; 4:
214. doi: 10.1038/msb.2008.50.

Wopereis S, Rubingh CM, Erk MJ van, Verheij ER, Vliet T van,
Cnubben NHP, et al. Metabolic profiling of the response to an oral
glucose tolerance test detects subtle metabolic changes. PloS One.
2009; 4(2): e4525. doi: 10.1371/journal .pone.0004525.

Zhao X, Peter A, Fritsche J, Elcnerova M, Fritsche A, Héaring HU,
et al. Changes of the plasma metabolome during an ora glucose
tolerance test: is there more than glucose to look at? Am J Physiol
Endocrinol Metab. 2009; 296(2): E384-93.

Newgard CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF,
et al. A branched-chain amino acid-related metabolic signature that
differentiates obese and lean humans and contributes to insulin
resistance. Cell Metab. 2009; 9(4): 311-26.

Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabeE, et al.
Metabolite profiles and the risk of developing diabetes. Nat Med.
2011; 17(4): 448-53.

Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in
normal and insulin-resistant states. Cold Spring Harb Perspect Biol.
2014; 6(1): 2009191. doi: 10.1101/cshperspect.a009191.

Backer JM, Kahn CR, Cahill DA, Ullrich A, White MF. Receptor-
mediated internalization of insulin requires a 12-amino acid
sequence in the juxtamembrane region of the insulin receptor beta-
subunit. JBiol Chem. 1990; 265(27): 16450-4.

236



The Indonesian Biomedical Journal, Vol.14, No.3, September 2022, p.226-328

17.

18.

10.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32

33.

35.

36.

237

Um SH, Frigerio F, Watanabe M, Picard F, Joaquin M, Sticker M, et
al. Absence of S6K1 protects against age- and diet-induced obesity
while enhancing insulin sensitivity. Nature. 2004; 431(7005): 200-
5.

Haeusler RA, McGraw TE, Accili D. Biochemical and cellular
properties of insulin receptor signaling. Nat Rev Mol Cell Biol.
2018; 19(1): 31-44.

Copps KD, White MF. Regulation of insulin sensitivity by serine/
threonine phosphorylation of insulin receptor substrate proteins
IRS1 and IRS2. Diabetologia. 2012; 55(10): 2565-82.

Gavin JR, Roth J, Neville DM, de Meyts P, Buell DN. Insulin-
dependent regulation of insulin receptor concentrations. a direct
demonstration in cell culture. Proc Natl Acad Sci USA. 1974; 71(1):
84-8.

Kolterman OG, Sackow M, Olefsky JM. The effects of acute and
chronic starvation on insulin binding to isolated human adipocytes.
JClin Endocrinol Metab. 1979; 48(5): 836-42.

Hotamidligil GS, Shargill NS, Spiegelman BM. Adipose expression
of tumor necrosis factor-alpha: direct role in obesity-linked insulin
resistance. Science. 1993; 259(5091): 87-91.

Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante AW. Obesity is associated with macrophage accumulation
in adipose tissue. J Clin Invest. 2003; 112(12): 1796-808.

Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, et al. Chronic
inflammation in fat plays a crucial role in the development of
obesity-related insulin resistance. J Clin Invest. 2003; 112(12):
1821-30.

Osborn O, Olefsky JM. The cellular and signaling networks linking
the immune system and metabolism in disease. Nat Med. 2012;
18(3): 363-74.

Olefsky JM, Glass CK. Macrophages, inflammation, and insulin
resistance. Annu Rev Physiol. 2010; 72: 219-46.

Petersen MC, Madirgju AK, Gassaway BM, Marcel M, Nasiri AR,
Butrico G, et al. Insulin receptor Thr1160 phosphorylation mediates
lipid-induced hepatic insulin resistance. J Clin Invest. 2016;
126(11): 4361-71.

Samuel VT, Shulman GI. Mechanismsfor insulin resistance: common
threads and missing links. Cell. 2012; 148(5): 852-71.

Samuel VT, Liu ZX, Wang A, Beddow SA, Geisler JG, Kahn M, et
al. Inhibition of protein kinase Cepsilon prevents hepatic insulin
resistance in nonalcoholic fatty liver disease. J Clin Invest. 2007;
117(3): 739-45.

Chaurasia B, Summers SA. CeramidesHipotoxic inducers of
metabolic disorders. Trends Endocrinol Metab. 2015; 26(10): 538-
50.

Xia JY, Morley TS, Scherer PE. The adipokine/ceramide axis. key
aspects of insulin sensitization. Biochimie. 2014; 96: 130-9.

Lazar DF, Sdtiel AR. Lipid phosphatases as drug discovery targets
for type 2 diabetes. Nat Rev Drug Discov. 2006; 5(4): 333-42.

Johnson TO, Ermolieff J, Jirousek MR. Protein tyrosine phosphatase
1B inhibitors for diabetes. Nat Rev Drug Discov. 2002; 1(9): 696-
709.

Ukkola O, Santaniemi M. Protein tyrosine phosphatase 1B: a new
target for the treatment of obesity and associated co-morbidities. J
Intern Med. 2002; 251(6): 467-75.

Feldhammer M, Uetani N, Miranda-Saavedra D, Tremblay ML.
PTP1B: a simple enzyme for a complex world. Crit Rev Biochem
Mol Biol. 2013; 48(5): 430-45.

Ninghayu C, Wijaya A, Asad S. Correlation between adiponectin,
tumor necrosis factor-alpha, insulin resistance and atherogenic
dyslipidemiain non diabetic central obese males. Indones Biomed
J. 2010; 2(1): 73-9.

37.

38.

39.

41.

42.

43.

47.

48.

49.

50.

51.

52.

53.

Print ISSN: 2085-3297, Online ISSN: 2355-9179

Cho H, Mu J, Kim JK, Thorvaldsen JL, Chu Q, Crenshaw EB, et
al. Insulin resistance and a diabetes mellitus-like syndrome in
mice lacking the protein kinase Akt2 (PKB beta). Science. 2001;
292(5522): 1728-31.

Jiang ZY, Zhou QL, Coleman KA, Chouinard M, Boese Q, Czech MP.
Insulin signaling through Akt/protein kinase B analyzed by small
interfering RNA-mediated gene silencing. Proc Natl Acad Sci USA.
2003; 100(13): 7569-74.

Delibegovic M, Zimmer D, Kauffman C, Rak K, Hong EG, Cho YR,
et al. Liver-specific deletion of protein-tyrosine phosphatase 1B
(PTP1B) improves metabolic syndrome and attenuates diet-induced
endoplasmic reticulum stress. Diabetes. 2009; 58(3): 590-9.

Delibegovic M, Bence KK, Mody N, Hong EG, Ko HJ, Kim JK, et
al. Improved glucose homeostasis in mice with muscle-specific
deletion of protein-tyrosine phosphatase 1B. Mol Cell Biol. 2007;
27(21): 7727-34.

Zinker BA, Rondinone CM, Trevillyan JM, Gum RJ, Clampit JE,
Waring JF, et al. PTP1B antisense oligonucleotide lowers PTP1B
protein, normalizes blood glucose, and improves insulin sensitivity
in diabetic mice. Proc Natl Acad Sci USA. 2002; 99(17): 11357-62.

Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in signalling
pathways: insightsinto insulin action. Nat Rev Mol Cell Biol. 2006;
7(2): 85-96.

Reaven GM. The insulin resistance syndrome: definition and dietary
approaches to treatment. Annu Rev Nutr. 2005; 25: 391-406.

US Centers for Disease Control and Prevention [Internet]. National
Diabetes Statistics Report, 2020 [cited 2020 Nov 24]. Available
from: https://www.cdc.gov/diabetes/data/stati stics-report/index.
html.

Titchenell PM, Quinn WJ, Lu M, Chu Q, LuW, Li C, et al. Direct
hepatocyte insulin signaling is required for lipogenesis but is
dispensable for the suppression of glucose production. Cell Metab.
2016; 23(6): 1154-66.

Perry RJ, Camporez JPG, Kursawe R, Titchenell PM, Zhang D, Perry
CJ, et al. Hepatic acetyl CoA links adipose tissue inflammation to
hepatic insulin resistance and type 2 diabetes. Cell. 2015; 160(4):
745-58.

Leavens KF, Easton RM, Shulman GI, Previs SF, Birnbaum MJ.
Akt2 isrequired for hepatic lipid accumulation in models of insulin
resistance. Cell Metab. 2009; 10(5): 405-18.

Dresner A, Laurent D, Marcucci M, Griffin ME, Dufour S, Cline GW,
et al. Effects of free fatty acids on glucose transport and IRS-1-
associated phosphatidylinositol 3-kinase activity. J Clin Invest.
1999; 103(2): 253-9.

Griffin ME, Marcucci MJ, Cline GW, Bell K, Barucci N, Lee D, et
al. Free fatty acid-induced insulin resistance is associated with
activation of protein kinase C theta and adterations in the insulin
signaling cascade. Diabetes. 1999; 48(6): 1270-4.

YuC, ChenY, ClineGW, Zhang D, Zong H, Wang Y, et al. Mechanism
by which fatty acids inhibit insulin activation of insulin receptor
substrate-1  (IRS-1)-associated phosphatidylinositol  3-kinase
activity in muscle. JBiol Chem. 2002; 277(52): 50230-6.

Powell ND, Sloan EK, Bailey MT, Arevalo JM, Miller GE, Chen E,
et al. Social stress up-regulates inflammatory gene expression in the
leukocyte transcriptome via B-adrenergic induction of myelopoiesis.
Proc Natl Acad Sci USA. 2013; 110(41): 16574-9.

KlotzL O, Sanchez-RamosC, Prieto-Arroyol, Urbanek P, Steinbrenner
H, Monsalve M. Redox regulation of FoxO transcription factors.
Redox Biology. 2015; 6: 51-72.

Erion DM, Shulman GI. Diacylglycerol-mediated insulin resistance.
Nat Med. 2010; 16(4): 400-2.

Samuel VT, Petersen KF, Shulman GI. Lipid-induced insulin



DOI: 10.18585/inabj.v14i3.1872

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

resistance: unravelling the mechanism. Lancet. 2010; 375(9733):
2267-77.

Roden M, Price TB, Perseghin G, Petersen KF, Rothman DL, Cline
GW, et al. Mechanism of free fatty acid-induced insulin resistance
in humans. J Clin Invest. 1996; 97(12): 2859-65.

Cline GW, Petersen KF, Krssak M, Shen J, Hundal RS, Trgjanoski
Z, et al. Impaired glucose transport as a cause of decreased insulin-
stimulated muscle glycogen synthesis in type 2 diabetes. N Engl J
Med. 1999; 341(4): 240-6.

Richardson DK, Czech MP. Primary role of decreased fatty acid
synthesisin insulin resistance of large rat adipocytes. Am J Physiol.
1978; 234(2): E182-89.

LiY, SoosTJ, Li X, Wu J, Degennaro M, Sun X, et al. Protein kinase
C Theta inhibits insulin signaling by phosphorylating IRS1 at
Ser(1101). J Biol Chem. 2004; 279(44): 45304-7.

Shulman GI. Ectopic fat in insulin resistance, dyslipidemia, and
cardiometabolic disease. N Engl JMed. 2014; 371(12): 1131-41.
Vigneri R, Goldfine ID, Frittitta L. Insulin, insulin receptors, and

cancer. J Endocrinol Invest. 2016; 39(12): 1365-76.

Turner N, Kowalski GM, Leslie SJ, Risis S, Yang C, Lee-Young RS,
et al. Distinct patterns of tissue-specific lipid accumulation during
the induction of insulin resistance in mice by high-fat feeding.
Diabetologia. 2013; 56(7): 1638-48.

Novianti |, WijayaA, Donosepoetro M. The relationship of fetuin-A,
adiponectin, retinol binding protein-4 (RBP-4) and high sensitivity
c-reactive protein (hsCRP) with insulin resistance (HOMA-IR) in
obese non diabetic men. Indones Biomed J. 2012; 4(1): 17-23.

Tan SX, Ng Y, Meoli CC, Kumar A, Khoo PS, Fazakerley DJ, et al.
Amplification and demultiplexing in insulin-regulated Akt protein
kinase pathway in adipocytes. J Biol Chem. 2012; 287(9): 6128-38.

Tan SX, Fisher-Wellman KH, Fazakerley DJ, Ng Y, Pant H, Li J, et
al. Selective insulin resistance in adipocytes. J Biol Chem. 2015;
290(18): 11337-48.

Kartika R, Wibowo H. Impaired function of regulatory T cellsin type
2 diabetes mellitus. Mol Cell Biomed Sci. 2020; 4(1): 1-9.

Guilherme A, Pedersen DJ, Henchey E, Henriques FS, Danal LV,
Shen'Y, et al. Adipocyte lipid synthesis coupled to neuronal control
of thermogenic programming. Mol Metab. 2017; 6(8): 781-96.

Zamboni N, Saghatelian A, Patti GJ. Defining the metabolome: size,
flux, and regulation. Mol Cell. 2015; 58(4): 699-706.

Petti GJ, Yanes O, Siuzdak G. Metabolomics: the apogee of the omic
triology. Nat Rev Mol Cell Biol. 2012; 13(4): 263-9.

Jin R, Banton S, Tran VT, Konomi JV, Li S, Jones DP, et al. Amino
acid metabolism is altered in adolescents with nonalcohoalic fatty
liver disease—An untargeted, high resolution metabolomics study.
J Pediatr. 2016; 172: 14-19.€5.

Wishart DS, Jewison T, Guo AC, Wilson M, Knox C, Liu Y, et al.
HMDB 3.0--The Human Metabolome Database in 2013. Nucleic
Acids Res. 2013; 41(Database issue): D801-7.

Newgard CB. Metabolomics and metabolic diseases: Where do we
stand? Cell Metab. 2017; 25(1): 43-56.

Budiyati R, Lukito W, Wijaya A. Correlation between visfatin,
insulin resistance (homeostasis model assesment of insulin
resistance), inflammation (high sensitivity c-reactive protein) and
HDL cholesterol concentration in individuals with visceral obesity.
Indones Biomed J. 2010; 2(1): 61-5.

Tai ES, Tan MLS, StevensRD, Low YL, Muehlbauer MJ, Goh DLM,
et al. Insulin resistance is associated with a metabolic profile of
atered protein metabolism in Chinese and Asian-Indian men.
Diabetologia. 2010; 53(4): 757-67.

Palmer ND, Stevens RD, Antinozzi PA, Anderson A, Bergman RN,
Wagenknecht LE, et al. Metabolomic profile associated with insulin

75.

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

9L

Metabolites as Regulator of Insulin Sensitivity (Meiliana A, et al.)
Indones Biomed J. 2022; 14(3): 226-42

resistance and conversion to diabetes in the insulin resistance
atherosclerosis study. JClin Endocrinol Metab. 2015; 100(3): E463-
8.

Glynn EL, Piner LW, Huffman KM, Slentz CA, Elliot-Penry L,
AbouAssi H, et al. Impact of combined resistance and aerobic
exercise training on branched-chain amino acid turnover, glycine
metabolism and insulin sensitivity in overweight humans.
Diabetologia. 2015; 58(10): 2324-35.

Meigs JB, Shrader P, Sullivan LM, McAteer JB, Fox CS, Dupuis J, et
al. Genotype score in addition to common risk factorsfor prediction
of type 2 diabetes. N Engl JMed. 2008; 359(21): 2208-19.

Lyssenko V, Jonsson A, Almgren P, Pulizzi N, Isomaa B, Tuomi T, et
al. Clinical risk factors, DNA variants, and the development of type
2 diabetes. N Engl JMed. 2008; 359(21): 2220-32.

Dennis EA, Norris PC. Eicosanoid storm in infection and
inflammation. Nat Rev Immunol. 2015; 15(8): 511-23.

Wymann MP, Schneiter R. Lipid signalling in disease. Nat Rev Mol
Cell Biol. 2008; 9(2): 162-76.

Chavez JA, Summers SA. Characterizing the effects of saturated
fatty acids on insulin signaling and ceramide and diacylglycerol
accumulation in 3T3-L1 adipocytes and C2C12 myotubes. Arch
Biochem Biophys. 2003; 419(2): 101-9.

Davis JE, Gabler NK, Walker-Daniels J, Spurlock ME. The c¢-Jun
N-terminal kinase mediates the induction of oxidative stress and
insulin resistance by palmitate and toll-like receptor 2 and 4 ligands
in 3T3-L1 adipocytes. Horm Metab Res. 2009; 41(7): 523-30.

Holland WL, Bikman BT, Wang LP, Yuguang G, Sargent KM,
Bulchand S, et al. Lipid-induced insulin resistance mediated by
the proinflammatory receptor TLR4 requires saturated fatty acid—
induced ceramide biosynthesisin mice. JClin Invest. 2011; 121(5):
1858-70.

Shi H, KokoevaMV, Inouye K, Tzameli |, YinH, Flier JS. TLR4 links
innate immunity and fatty acid-induced insulin resistance. J Clin
Invest. 2006; 116(11): 3015-25.

Tao C, Holland WL, Wang QA, Shao M, JiaL, Sun K, et al. Short-
term versus long-term effects of adipocyte toll-like receptor 4
activation on insulin resistance in male mice. Endocrinol. 2017,
158(5): 1260-70.

Holzer RG, Park EJ, Li N, Tran H, Chen M, Choi C, et al. Saturated
fatty acids induce c-Src clustering within membrane subdomains,
leading to INK activation. Cell. 2011; 147(1): 173-84.

Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MTH, et al. Fatty
acid-induced NLRP3-ASC inflammasome activation interferes with
insulin signaling. Nat Immunol. 2011; 12(5): 408-15.

Lalia AZ, Lanza IR. Insulin-sensitizing effects of omega-3 fatty
acids: Lost in translation? Nutrients. 2016; 8(6): 329. doi: 10.3390/
nu8060329.

Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al.
GPR120 is an omega-3 fatty acid receptor mediating potent anti-
inflammatory and insulin-sensitizing effects. Cell. 2010; 142(5):
687-98.

Storlien LH, Kraegen EW, Chisholm DJ, Ford GL, Bruce DG, Pascoe
WS. Fish ail preventsinsulin resistance induced by high-fat feeding
inrats. Science. 1987; 237(4817): 885-8.

ORIGIN Trid Investigators, Bosch J, Gerstein HC, Dagenais GR,
Diaz R, Dyal L, et al. n-3 fatty acids and cardiovascular outcomes
in patients with dysglycemia. N Engl JMed. 2012; 367(4): 309-18.

Imamura F, Micha R, Wu JHY, de Oliveira Otto MC, Otite FO,
Abioye Al, et al. Effects of saturated fat, polyunsaturated fat,
monounsaturated fat, and carbohydrate on glucose-insulin
homeostasis: a systematic review and meta-analysis of randomised
controlled feeding trials. PLoS Med. 2016; 13(7): €1002087. doi:

238



The Indonesian Biomedical Journal, Vol.14, No.3, September 2022, p.226-328

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

239

10.1371/journal .pmed.1002087.

Qian F, Korat AA, Malik V, Hu FB. Metabolic effects of
monounsaturated fatty acid—enriched diets compared with
carbohydrate or polyunsaturated fatty acid—enriched diets in
patients with type 2 diabetes: a systematic review and meta-analysis
of randomized controlled trials. Diabetes Care. 2016; 39(8): 1448-
57.

Schwingshackl L, Hoffmann G. Monounsaturated fatty acids, olive
oil and health status: a systematic review and meta-analysis of
cohort studies. Lipids Health Dis. 2014; 13: 154. doi: 10.1186/1476-
511X-13-154.

Perdomo L, Beneit N, Otero YF, Escribano O, Diaz-Castroverde S,
Gomez-Herndndez A, et al. Protective role of oleic acid against
cardiovascular insulin resistance and in the early and late cellular
atherosclerotic process. Cardiovasc Diabetol. 2015; 14: 75. doi:
10.1186/s12933-015-0237-9.

Finucane OM, Lyons CL, Murphy AM, Reynolds CM, Klinger R,
Healy NP, et al. Monounsaturated fatty acid-enriched high-fat diets
impede adipose NLRP3 inflammasome-mediated IL-1p secretion
and insulin resistance despite obesity. Diabetes. 2015; 64(6): 2116-
28.

Rodriguez de Fonseca F, Navarro M, Gomez R, Escuredo L, Nava F,
Fu J, et al. An anorexic lipid mediator regulated by feeding. Nature.
2001; 414(6860): 209-12.

Schwartz GJ, Fu J, Astarita G, Li X, Gaetani S, Campolongo P, et al.
The lipid messenger OEA links dietary fat intake to satiety. Cell
Metab. 2008; 8(4): 281-8.

Cao H, Gerhold K, Mayers JR, Wiest MM, Watkins SM, Hotamisligil
GS. Identification of a lipokine, a lipid hormone linking adipose
tissue to systemic metabolism. Cell. 2008; 134(6): 933-44.

Chan KL, Pillon NJ, Sivaloganathan DM, Costford SR, Liu Z, Théret
M, et al. Palmitoleate reverses high fat-induced proinflammatory
macrophage polarization via AMP-activated protein kinase
(AMPK). J Biol Chem. 2015; 290(27): 16979-88.

Souza CO, Teixeira AAS, Lima EA, Batatinha HAP, Gomes
LM, Carvaho-Silva M, et al. Paimitoleic acid (N-7) attenuates
the immunometabolic disturbances caused by a high-fat diet
independently of PPARa. Mediators Inflamm. 2014; 2014: 582197.
doi: 10.1155/2014/582197.

Nowak C, Sdihovic S, Ganna A, Brandmaier S, Tukiainen T,
Broeckling CD, et al. Effect of insulin resistance on monounsaturated
fatty acid levels: a multi-cohort non-targeted metabolomics and
mendelian randomization study. PLoS Genet. 2016; 12(10):
€1006379. doi: 10.1371/journal .pgen.1006379.

Mozaffarian D, Cao H, King IB, Lemaitre RN, Song X, Siscovick
DS, et al. Circulating pamitoleic acid and risk of metabolic
abnormalities and new-onset diabetes1234. Am J Clin Nutr. 2010;
92(6): 1350-8.

Nestel P, Clifton P, Noakes M. Effects of increasing dietary palmitoleic
acid compared with palmitic and oleic acids on plasma lipids of
hypercholesterolemic men. JLipid Res. 1994; 35(4): 656-62.

Yore MM, Syed |, Moraes-VieiraPM, Zhang T, Herman MA, Homan
E, et al. Discovery of aclass of endogenous mammalian lipids with
anti-diabetic and anti-inflammatory effects. Cell. 2014; 159(2): 318-
32.

MaY, Kind T, Vaniya A, Gennity |, Fahrmann JF, Fiehn O. An in
silico MS/MS library for automatic annotation of novel FAHFA
lipids. J Cheminform. 2015; 7: 53. doi: 10.1186/s13321-015-0104-
4.

Kuda O, BrezinovaM, Rombadova M, Slavikova B, Posta M, Beier
P, et al. Docosahexaenoic acid—derived fatty acid esters of hydroxy
fatty acids (FAHFAs) with anti-inflammatory Properties. Diabetes.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Print ISSN: 2085-3297, Online ISSN: 2355-9179

2016; 65(9): 2580-90.

Goldberg EL, Dixit VD. Drivers of age-related inflammation and
strategies for healthspan extension. Immunol Rev. 2015; 265(1):
63-74.

Vandanmagsar B, Youm YH, Ravussin A, Galgani JE, Stadler K,
Mynatt RL, et al. The NLRP3 inflammasome instigates obesity-
induced inflammation and insulin resistance. Nat Med. 2011; 17(2):
179-88.

Youm YH, Adijiang A, Vandanmagsar B, Burk D, Ravussin A, Dixit
VD. Elimination of the NLRP3-ASC inflammasome protects
against chronic obesity-induced pancreatic damage. Endocrinol.
2011; 152(11): 4039-45.

Kharitonenkov A, Larsen P. FGF21 reloaded: challenges of arapidly
growing field. Trends Endocrinol Metab. 2011; 22(3): 81-6.

Holland WL, Miller RA, Wang ZV, Sun K, Barth BM, Bui HH, et
al. Receptor-mediated activation of ceramidase activity initiates the
pleiotropic actions of adiponectin. Nat Med. 2011; 17(1): 55-63.

Holland WL, Adams AC, Brozinick JT, Bui HH, Miyauchi Y,
Kusminski CM, et al. An FGF21l-adiponectin-ceramide axis
controls energy expenditure and insulin action in mice. Cell Metab.
2013; 17(5): 790-7.

Meikle PJ, Summers SA. Sphingolipids and phospholipidsin insulin
resistance and related metabolic disorders. Nat Rev Endocrinal.
2017; 13(2): 79-91.

Felig P Marliss E, Cahill GF. Plasma amino acid levels and insulin
secretion in obesity. N Engl JMed. 1969; 281(15): 811-6.

Newgard CB. Interplay between lipids and branched-chain amino
acidsin development of insulin resistance. Cell Metab. 2012; 15(5):
606-14.

Lynch CJ, Adams SH. Branched-chain amino acids in metabolic
signalling and insulin resistance. Nat Rev Endocrinol. 2014; 10(12):
723-36.

Gannon NP, Schnuck JK, Vaughan RA. BCAA metabolism and
insulin sengitivity — dysregulated by metabolic status? Mol Nutr
Food Res. 2018; 62(6): 1700756. doi: 10.1002/mnfr.201700756.

Wirtz P, Soininen P, KangasAJ, Rénnemaa T, Lehtimaki T, K&honen
M, et al. Branched-chain and aromatic amino acids are predictors
of insulin resistance in young adults. Diabetes Care. 2013; 36(3):
648-55.

Koves TR, Ussher JR, Noland RC, Slentz D, Mosedale M, Ilkayeva
O, et al. Mitochondria overload and incomplete fatty acid oxidation
contribute to skeletal muscle insulin resistance. Cell Metab. 2008;
7(1): 45-56.

Laferrere B, Rellly D, Arias S, Swerdlow N, Gorroochurn P, Bawa B,
et al. Differential metabolic impact of gastric bypass surgery versus
dietary intervention in obese diabetic subjects despite identical
weight loss. Sci Transl Med. 2011; 3(80): 80re2. doi: 10.1126/
scitransimed.3002043.

Malloy VL, Krajcik RA, Bailey SJ, Hristopoulos G, Plummer JD,
Orentreich N. Methionine restriction decreases visceral fat massand
preserves insulin action in aging male Fischer 344 rats independent
of energy restriction. Aging Cell. 2006; 5(4): 305-14.

Stone KB, Wanders D, Orgeron M, Cortez CC, Gettys TW.
Mechanisms of increased in vivo insulin sensitivity by dietary
methionine restriction in mice. Diabetes. 2014; 63(11): 3721-33.

Wanders D, Burk DH, Cortez CC, Van NT, Stone KP, Baker M,
et al. UCPI1 is an essential mediator of the effects of methionine
restriction on energy balance but not insulin sensitivity. FASEB J.
2015; 29(6): 2603-15.

Wanders D, Forney LA, Stone KP, Burk DH, Pierse A, Gettys TW.
FGF21 mediates the thermogenic and insulin-sensitizing effects
of dietary methionine restriction but not its effects on hepatic lipid



DOLI:

—

125.

126.

127.
128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

10.18585/inabj.v14i3.1872

metabolism. Diabetes. 2017; 66(4): 858-67.

Epner DE, Morrow S, Wilcox M, Houghton JL. Nutrient intake and
nutritional indexes in adults with metastatic cancer on a phase |
clinical trial of dietary methionine restriction. Nutr Cancer. 2002;
42(2): 158-66.

Stone KP, Wanders D, Calderon LF, Spurgin SB, Scherer PE, Gettys
TW. Compromised responses to dietary methionine restriction in
adipose tissue but not liver of ob/ob mice. Obesity. 2015; 23(9):
1836-44.

Bieber LL. Carnitine. Annu Rev Biochem. 1988; 57: 261-83.

Calo LA, Pagnin E, Davis PA, Semplicini A, Nicola R, Calvani
M, et al. Antioxidant effect of L-carnitine and its short chain
esters: relevance for the protection from oxidative stress related
cardiovascular damage. Int J Cardiol. 2006; 107(1): 54-60.

Duranay M, Akay H, Yilmaz FM, Senes M, Tekeli N, Yiicel D. Effects
of L-carnitine infusions on inflammatory and nutritional markers
in haemodialysis patients. Nephrol Dial Transplant. 2006; 21(11):
3211-4.

Komloési K, Havasi V, Bene J, Sile N, Pajor L, Nicolai R, et al.
Histopathologic abnormalities of the lymphoreticular tissues in
organic cation transporter 2 deficiency: evidence for impaired B cell
maturation. J Pediatr. 2007; 150(1): 109-111.e2.

Schreiber B. Levocarnitine and dialysis: a review. Nutr Clin Pract.
2005; 20(2): 218-43.

BeneJ, Hadzsiev K, Melegh B. Role of carnitine and its derivativesin
the devel opment and management of type 2 diabetes. Nutr Diabetes.
2018; 8(1): 8. doi: 10.1038/s41387-018-0017-1.

Zeisel SH, Blusztajn JK. Choline and human nutrition. Annu Rev
Nutr. 1994; 14: 269-96.

Zeisel SH, Mar MH, Howe JC, Holden JM. Concentrations of choline-
containing compounds and betaine in common foods. J Nutr. 2003;
133(5): 1302-7.

Zeisel SH. Choline: critical role during fetal development and dietary
requirements in adults. Annu Rev Nutr. 2006; 26: 229-50.

Niculescu MD, Craciunescu CN, Zeisel SH. Dietary choline
deficiency alters global and gene-specific DNA methylation in the
developing hippocampus of mouse fetal brains. FASEB J. 2006;
20(1): 43-9.

Chern MK, Pietruszko R. Evidence for mitochondrial localization
of betaine aldehyde dehydrogenase in rat liver: purification,
characterization, and comparison with human cytoplasmic E3
isozyme. Biochem Cell Biol. 1999; 77(3): 179-87.

Craig SAS. Betaine in human nutrition. Am J Clin Nutr. 2004; 80(3):
539-49.

Delgado-Reyes CV, Garrow TA. High sodium chloride intake
decreases betaine-homocysteine S-methyltransferase expression
in guinea pig liver and kidney. Am J Physiol Regul Integr Comp
Physiol. 2005; 288(1): R182-7.

Ueland PM, Holm PI, Hustad S. Betaine: a key modulator of one-
carbon metabolism and homocysteine status. Clin Chem Lab Med.
2005; 43(10): 1069-75.

Olthof MR, Verhoef P. Effects of betaine intake on plasma
homocysteine concentrations and consequences for health. Curr
Drug Metab. 2005; 6(1): 15-22.

Holm Pl, Bleie @, Ueland PM, Lien EA, Refsum H, Nordrehaug
JE, et al. Betaine as a determinant of postmethionine load total
plasma homocysteine before and after B-vitamin supplementation.
Arterioscler Thromb Vasc Biol. 2004; 24(2): 301-7.

Holm PI, Hustad S, Ueland PM, Vollset SE, Grotmol T, Schneede
J. Modulation of the homocysteine-betaine relationship by
methylenetetrahydrofolate reductase 677 C->t genotypes and
B-vitamin status in a large-scale epidemiological study. J Clin

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Metabolites as Regulator of Insulin Sensitivity (Meiliana A, et al.)
Indones Biomed J. 2022; 14(3): 226-42

Endocrinol Metab. 2007; 92(4): 1535-41.

Konstantinova SV, Tell GS, Vollset SE, Nygard O, Bleie @, Ueland
PM. Divergent associations of plasma choline and betaine with
components of metabolic syndrome in middle age and elderly men
and women. J Nutr. 2008; 138(5): 914-20.

Cotter DG, Schugar RC, Crawford PA. Ketone body metabolism and
cardiovascular disease. Am J Physiol Heart Circ Physiol. 2013;
304(8): H1060-76.

Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim
D, et al. The ketone metabolite B-hydroxybutyrate blocks NLRP3
inflammasome—mediated inflammatory disease. Nat Med. 2015;
21(3): 263-9.

Cotter DG, Ercal B, Huang X, Leid JM, d'Avignon DA, Graham
MJ, et al. Ketogenesis prevents diet-induced fatty liver injury and
hyperglycemia. J Clin Invest. 2014; 124(12): 5175-90.

Roberts LD, Koulman A, Griffin JL. Towards metabolic biomarkers
of insulin resistance and type 2 diabetes: progress from the
metabolome. Lancet Diabetes Endocrinol. 2014; 2(1): 65-75.

Ferrannini E, Natali A, Muscelli E, Nilsson PM, Golay A, Laakso
M, et al. Natura history and physiological determinants of changes
in glucose tolerance in a non-diabetic population: the RISC Study.
Diabetologia. 2011; 54(6): 1507-16.

Floegel A, Stefan N, Yu Z, Muhlenbruch K, Drogan D, Joost HG, et
al. Identification of serum metabolites associated with risk of type
2 diabetes using a targeted metabolomic approach. Diabetes. 2013;
62(2): 639-48.

Wang-Sattler R, Yu Z, Herder C, MessiasAC, Floegel A, HeY, et al.
Novel biomarkers for pre-diabetes identified by metabolomics. Mol
Syst Biol. 2012; 8: 615. doi: 10.1038/msh.2012.43.

Ferrannini E, Natali A, Camastra S, Nannipieri M, Mari A, Adam KP,
et al. Early metabolic markers of the development of dysglycemia
and type 2 diabetes and their physiological significance. Diabetes.
2013; 62(5): 1730-7.

Cobb J, Eckhart A, Motsinger-Reif A, Carr B, Groop L, Ferrannini
E. o-hydroxybutyric acid is a selective metabolite biomarker of
impaired glucose tolerance. Dia Care. 2016; 39(6): 988-95.

Foster GD, Wyatt HR, Hill JO, McGuckin BG, Brill C, Mohammed
BS, et al. A randomized tria of alow-carbohydrate diet for obesity.
N Engl J Med. 2003; 348(21): 2082—-90.

Flint HJ, Scott KP, Louis P, Duncan SH. Therole of the gut microbiota
in nutrition and health. Nat Rev Gastroenterol Hepatol. 2012; 9(10):
577-89.

Robertson MD, Currie IM, Morgan LM, Jewell DP, Frayn KN. Prior
short-term consumption of resistant starch enhances postprandial
insulin sensitivity in healthy subjects. Diabetologia. 2003; 46(5):
659-65.

Robertson DG, Lindon JC. Metabonomics in Toxicity Assessment.
Boca Raton: Taylor & Francis; 2005.

Mendeloff Al. Dietary fiber and human health. N Engl ] Med. 1977,
297(15): 811-4.

Ray TK, Mansell KM, Knight LC, Malmud LS, Owen OE, Boden G.
Long-term effects of dietary fiber on glucose tolerance and gastric
emptying in noninsulin-dependent diabetic patients. Am J Clin
Nutr. 1983; 37(3): 376-81.

Layden BT, Angueira AR, Brodsky M, Dura V, Lowe WL. Short
chain fatty acids and their receptors: new metabolic targets. Transl
Res. 2013; 161(3): 131-40.

Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L,
Daniels D, et al. The orphan G protein-coupled receptors GPR41
and GPR43 are activated by propionate and other short chain
carboxylic acids. JBiol Chem. 2003; 278(13): 11312-9.

Tolhurst G, Heffron H, Lam Y'S, Parker HE, Habib AM, Diakogiannaki

240



The Indonesian Biomedical Journal, Vol.14, No.3, September 2022, p.226-328

163.

164.

165.

166.

167.

168.

169.

170.

171

172.

173.

174.

175.

176.

177.

178.

241

E, et al. Short-chain fatty acids stimulate glucagon-like peptide-1
secretion via the G-protein-coupled receptor FFAR2. Diabetes.
2012; 61(2): 364-71.

Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK,
et al. Effects of the gut microbiota on host adiposity are modulated
by the short-chain fatty-acid binding G protein-coupled receptor,
Gpr4l. Proc Natl Acad Sci USA. 2008; 105(43): 16767-72.

Schwiertz A, Taras D, Schéfer K, Beijer S, Bos NA, Donus C, et
al. Microbiota and SCFA in lean and overweight healthy subjects.
Obesity. 2010; 18(1): 190-5.

Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI.
The effect of diet on the human gut microbiome: a metagenomic
analysis in humanized gnotobiotic mice. Sci Transd Med. 2009;
1(6): 6ral4. doi: 10.1126/scitransmed.3000322.

Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh
SA, Hamady M, Chen YY, et al. High-fat diet determines the
composition of the murine gut microbiome independently of
obesity. Gastroenterology. 2009; 137(5): 1716-1724.e1-2.

Parks BW, Nam E, Org E, Kostem E, Norheim F, Hui ST, et al.
Genetic control of obesity and gut microbiota composition in
response to high-fat, high-sucrose diet in mice. Cell Metab. 2013;
17(1): 141-52.

Turnbaugh PJ, Béckhed F, Fulton L, Gordon JI. Diet-induced obesity
islinked to marked but reversible alterationsin the mouse distal gut
microbiome. Cell Host Microbe. 2008; 3(4): 213-23.

Karlsson FH, Tremaroli V, Nookaew |, Bergstrom G, Behre CJ,
Fagerberg B, et al. Gut metagenome in European women with
normal, impared and diabetic glucose control. Nature. 2013;
498(7452): 99-103.

De Vadder F, Kovatcheva-Datchary P, Goncalves D, Vinera J, Zitoun
C, Duchampt A, et al. Microbiota-generated metabolites promote
metabolic benefits via gut-brain neural circuits. Cell. 2014; 156(1—
2): 84-96.

Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete
P, et al. The firmicutes/bacteroidetes ratio: a relevant marker of
gut dyshiosis in obese patients? Nutrients. 2020; 12(5): 1474. doi:
10.3390/nu12051474.

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER,
Gordon JI. An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature. 2006; 444(7122): 1027-31.

Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, et
al. Gut microbiota from twins discordant for obesity modulate
metabolism in mice. Science. 2013; 341(6150): 1241214. doi:
10.1126/science.1241214.

Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, Cerdan S, Brody
L, et al. The short-chain fatty acid acetate reduces appetite via a
central homeostatic mechanism. Nat Commun. 2014; 5: 3611. doi:
10.1038/ncomms4611.

Jiang L, Gulanski BI, De Feyter HM, Weinzimer SA, Pittman B,
GuidoneE, et al. Increased brain uptake and oxidation of acetatein
heavy drinkers. J Clin Invest. 2013; 123(4): 1605-14.

Al-Lahham SH, Roelofsen H, Priebe M, Weening D, Dijkstra M,
Hoek A, et al. Regulation of adipokine production in human adipose
tissue by propionic acid. Eur J Clin Invest. 2010; 40(5): 401-7.

XiongY, Miyamoto N, ShibataK, Valasek MA, Motoike T, Kedzierski
RM, et al. Short-chain fatty acids stimulate leptin production in
adipocytes through the G protein-coupled receptor GPR41. PNAS.
2004; 101(4): 1045-50.

Chambers ES, Viardot A, PsichasA, Morrison DJ, Murphy KG, Zac-
Varghese SEK, et al. Effects of targeted delivery of propionate to the
human colon on appetite regulation, body weight maintenance and
adiposity in overweight adults. Gut. 2015; 64(11): 1744-54.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Print ISSN: 2085-3297, Online ISSN: 2355-9179

Freeland KR, Wolever TMS. Acute effects of intravenous and rectal
acetate on glucagon-like peptide-1, peptide Y'Y, ghrelin, adiponectin
and tumour necrosis factor-alpha. Br J Nutr. 2010; 103(3): 460-6.

Psichas A, Sleeth ML, Murphy KG, Brooks L, Bewick GA,
Hanyaloglu AC, et al. The short chain fatty acid propionate
stimulates GLP-1 and PY'Y secretion via free fatty acid receptor 2
inrodents. Int J Obes. 2015; 39(3): 424-9.

Vrieze A, Van Nood E, Holleman F, Saojarvi J, Kootte RS,
Bartelsman JFWM, et al. Transfer of intestinal microbiotafrom lean
donors increases insulin sensitivity in individuals with metabolic
syndrome. Gastroenterology. 2012; 143(4): 913-916.€7.

Perry RJ, Peng L, Barry NA, Cline GW, Zhang D, Cardone RL, et
al. Acetate mediates a microbiome—brain—B-cell axis to promote
metabolic syndrome. Nature. 2016; 534(7606): 213-7.

Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C,
Daussin F, et al. Resveratrol improves mitochondrial function and
protects against metabolic disease by activating SIRT1 and PGC-
la. Cell. 2006; 127(6): 1109-22.

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, KalraA, et al.
Resveratrol improves health and survival of mice on a high-calorie
diet. Nature. 2006; 444(7117): 337-42.

Gao Z,YinJ, Zhang J, Ward RE, Martin RJ, Lefevre M, et al. Butyrate
Improves insulin sensitivity and increases energy expenditure in
mice. Diabetes. 2009; 58(7): 1509-17.

Choudhary C, Weinert BT, Nishida Y, Verdin E, Mann M. The
growing landscape of lysine acetylation links metabolism and cell
signalling. Nat Rev Mol Cell Biol. 2014; 15(8): 536-50.

Cant6 C, Sauve C, Bai P Crosstalk between poly(ADP-ribose)
polymerase and sirtuin enzymes. Mol Aspects Med. 2013; 34(6):
1168-201.

Beausolell SA, Jedrychowski M, Schwartz D, Elias JE, Villén
J, Li J, et al. Large-scale characterization of Hela cell nuclear
phosphoproteins. Proc Natl Acad Sci USA. 2004; 101(33): 12130-5.

Menzies KJ, Zhang H, Katsyuba E, Auwerx J. Protein acetylation
in metabolism — metabolites and cofactors. Nat Rev Endocrinal.
2016; 12(1): 43-60.

Imai S, Armstrong CM, Kaeberlein M, Guarente L. Transcriptional
silencing and longevity protein Sir2 is an NAD-dependent histone
deacetylase. Nature. 2000; 403(6771): 795-800.

Drazic A, Myklebust LM, Ree R, Arnesen T. The world of protein
acetylation. Biochim BiophysActa. 2016; 1864(10): 1372-401.

Lerin C, Rodgers JT, Kalume DE, Kim S hee, Pandey A, Puigserver
P. GCN5 acetyltransferase complex controls glucose metabolism
through transcriptional repression of PGC-lapha Cell Metab.
2006; 3(6): 429-38.

Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, Puigserver
P. Nutrient control of glucose homeostasis through a complex of
PGC-1lalphaand SIRT1. Nature. 2005; 434(7029): 113-8.

Yang X, Qian K. Protein O-GlcNAcylation: emerging mechanisms
and functions. Nat Rev Mol Cell Biol. 2017; 18(7): 452-65.

Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of
metabolism and healthspan. Nat Rev Mol Cell Biol. 2012; 13(4):
225-38.

Purushotham A, Xu Q, Li X. Systemic SIRT insufficiency results in
disruption of energy homeostasis and steroid hormone metabolism
upon high-fat-diet feeding. FASEB J. 2012; 26(2): 656-67.

Xu F, Gao Z, Zhang J, Rivera CA, Yin J, Weng J, et al. Lack of
SIRT1 (mammalian sirtuin 1) activity leads to liver steatosis in
the SIRT1+/— mice: a role of lipid mobilization and inflammation.
Endocrinal. 2010; 151(6): 2504-14.

Chalkiadaki A, Guarente L. High-fat diet triggers inflammation-
induced cleavage of SIRT1 in adipose tissue to promote metabolic



DOI

199

200

201

202

203

204

:10.18585/inabj.v14i3.1872

dysfunction. Cell Metab. 2012; 16(2): 180-8.

. Gillum MP, Kotas ME, Erion DM, Kursawe R, Chatterjee P, Nead
KT, et al. Sirt]l regulates adipose tissue inflammation. Diabetes.
2011; 60(12): 3235-45.

. White AT, McCurdy CE, Philp A, Hamilton DL, Johnson CD, Schenk
S. Skeletal muscle-specific overexpression of SIRTI does not
enhance whole-body energy expenditure or insulin sensitivity in
young mice. Diabetologia. 2013; 56(7): 1629-37.

. Qiang L, Wang L, Kon N, Zhao W, Lee S, Zhang Y, et al. Brown
remodeling of white adiposetissue by Sirt1-dependent deacetylation
of Ppary. Cell. 2012; 150(3): 620-32.

. Daitoku H, Hatta M, Matsuzaki H, Aratani S, Ohshima T, Miyagishi
M, et al. Silent information regulator 2 potentiates Foxol-mediated
transcription through its deacetylase activity. Proc Natl Acad Sci
USA. 2004; 101(27): 10042-7.

. Matsuzaki H, Daitoku H, Hatta M, Aoyama H, Yoshimochi K,
Fukamizu A. Acetylation of Foxol aters its DNA-binding ability
and sensitivity to phosphorylation. Proc Natl Acad Sci USA. 2005;
102(32): 11278-83.

. Rodgers JT, Puigserver P. Fasting-dependent glucose and lipid
metabolic response through hepatic sirtuin 1. Proc Natl Acad Sci
USA. 2007; 104(31): 12861-6.

205.

206.

207.

208.

209.

210.

Metabolites as Regulator of Insulin Sensitivity (Meiliana A, et al.)
Indones Biomed J. 2022; 14(3): 226-42

Fang S, Tsang S, Jones R, Ponugoti B, Yoon H, Wu SY, et al. The
p300 acetylase is critical for ligand-activated farnesoid X receptor
(FXR) induction of SHP. J Biol Chem. 2008; 283(50): 35086-
95.

Kemper JK, Xiao Z, Ponugoti B, Miao J, Fang S, Kanamaluru D, et
al. FXR acetylation is normally dynamically regulated by p300 and
SIRT1 but congtitutively elevated in metabolic disease states. Cell
Metab. 2009; 10(5): 392-404.

MaK, SahaPK, ChanL, Moore DD. Farnesoid X receptor is essential
for normal glucose homeostasis. J Clin Invest. 2006; 116(4): 1102-
9.

Jayawardena R, Ranasinghe P, Galappathy P, Malkanthi R,
Constantine G, Katulanda P. Effects of zinc supplementation on
diabetes mellitus: a systematic review and meta-analysis. Diabetol
Metab Syndr. 2012; 4(1): 13. doi: 10.1186/1758-5996-4-13.

Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan
N, et al. Suppression of oxidative stress by B-Hydroxybutyrate,
an endogenous histone deacetylase inhibitor. Science. 2013;
339(6116): 211-4.

Scheibye-Knudsen M, Fang EF, Croteau DL, Bohr VA. Contribution
of defective mitophagy to the neurodegeneration in DNA repair-
deficient disorders. Autophagy. 2014; 10(8): 1468-9.

242



