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Abstract

Insulin resistance has emerged as the key metabolic defect that orchestrates a cluster of metabolic disorders such as hypergly-
cemia, hypertension, dyslipidemia, hyperuricemia and obesity. However, despite the extensive studies on the relationship between
insulin resistance and metabolic syndrome clusters, there is a lack of literature review on current knowledge about the mechanistic
links between insulin resistance and clusters of these metabolic aberrations.

The aim of this review was to synthesize, analyze and provide current information based on recently published articles that high-
lighted the relationship between insulin resistance and metabolic syndrome clusters.

Literature search was performed using Google scholar, PubMed, Medline and Embase search engines to identify English language
articles published up to November 2018 that explored the relationship between insulin resistance and dysmetabolic syndrome
clusters.

Empirical data provide insight into the intricate mechanisms of insulin resistance induced metabolic disorders, including insulin
resistance-induced depletion of nitric oxide, nicotinamide adenine dinucleotide phosphate hydrogen oxidase leading to increase
reactive oxygen species, increased renal tubular sodium re-absorption, impaired renal uric acid clearance, alteration in trans-mem-

brane ion transport, activation of sympathetic nervous system, upregulation of angiotensin II receptor, and impairment of adipose

tissue lipoprotein lipase activity etc.

This review confirms the co-existence of insulin resistance and metabolic syndrome clusters as a cost-effect relationship
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Introduction

Central in the etiology of many metabolic disorders is insulin
resistance (IR), a state of cellular non-responsiveness to insulin
stimulation. Insulin actions promote energy utilization and storage
in addition to the operation of other signaling pathways. Under the
influence of an IR state, the body “starves in the midst of plenty”
With a continuous production of insulin with little or no utiliza-
tion, the body is saturated with a condition of insulin and glucose
excess (hyperinsulinemia and hyperglycemia, respectively) in the
presence of excess fatty acids [1]. The interaction between the hy-
perinsulinemia, IR, and compensatory hyperinsulinemia has been
described in the literature [2]. It is known that glucose is generated
from dietary carbohydrates following the digestive action of differ-
ent gastrointestinal enzymes. As a follow-up, the glucose molecules

are rapidly absorbed and plasma glucose is elevated. The resulting

postprandial hyperglycemia is associated with the increase in glu-
cose-dependent insulin-like polypeptide and glucagon-like poly-
peptide-1 secreted from the gut, which stimulates pancreatic insu-
lin secretion resulting in an acute plasma insulin tide [3]. However
the determinants for the degree of the acute postprandial hyper-
glycemic and hyperinsulinemic response to dietary carbohydrate
are the glycemic load [4] and glycemic index of the carbohydrate
ingested. If a mixed meal consisting of protein and fats along with
carbohydrate is consumed, there will be a lowering in the total
glycemic and subsequent insulinemic responses [5]. Interestingly,
when the skeletal muscle (principally), liver, adipose tissue, and
endothelial tissue develop resistance to insulin-mediated glucose
uptake, a condition described as IR develops [6]. IR is an important
worldwide health issue, and many propositions have been made

regarding the molecular basis of peripheral IR [7]. Even when pe-
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ripheral tissues are resistant to insulin-mediated glucose-lowering
effects in plasma, the pancreas still secretes additional insulin,
which can prevent the long-term glucose concentration from rising
in a pathological pattern. Compensatory hyperinsulinemia, there-
fore, is the maintenance of normal blood glucose via an elevated
plasma insulin concentration. The onset of impaired glucose toler-
ance/type 2 diabetes mellitus (T2DM) indicates that stage in which
the pancreas fails to maintain compensatory hyperinsulinemia,
which is the fundamental metabolic disturbance underlying the

metabolic syndrome (MetS) [7].

The hyperinsulinemic state in association with the IR state or-
chestrates a symphony of metabolic disorders, namely elevated
triglycerides (TGs) [8], low HDL [9], high blood pressure, coronary
arterial diseases, T2DM and obesity [10].

Methods

Literature search was conducted using Google Scholar, PubMed,
MEDLINE and Embase search engines to identify English language
articles published up to November 2018 that explored the relation-
ship between IR and metabolic syndrome clusters. A pre-specified
search string including search terms on the relationship between
IR and hyperglycemia, hypertension, obesity, dyslipidemia and hy-
peruricemia was used for PubMed, MEDLINE, Embase and Google
Scholar.

For each article selected, the mechanistic links between IR and
metabolic disorders were considered. These included the deple-
tion of nitric oxide (NO), and nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH) oxidase and leading to increase
reactive oxygen species (ROS). IR-induced renal tubular sodium
(Na+) re-absorption, impaired uric acid (UA) clearance, alteration
in transmembrane ion transport, activation of sympathetic nervous
system, upregulation of angiotensin II receptor and impairment of

adipose tissue lipoprotein lipase activity were also considered.

In all, 170 articles were selected and after applying the exclu-
sion criteria such as articles with obvious methodology flaws, un-
adjusted confounders and duplicated data. Eighty-two (82) articles
were finally included in the review. Each article was evaluated for

the type of study and the study design.

Insulin resistance and Dyslipidemia

Many studies suggest that IR could be implicated in the etiology
of dyslipidemia [11]. In fact, listed among the characteristic lipo-

protein abnormalities associated with IR are high very-low-densi-

100
ty lipoprotein (VLDL) levels, low high-density lipoprotein (HDL)-
cholesterol and apolipoprotein A-1 (apoA-1) levels, and, most
commonly, hypertriglyceridemia [11]. In fact, further investigation
has shown that a ratio of high TG to HDL-cholesterol is the single
most distinctive feature of the IR syndrome, even more highly pre-

dictive of IR than the presence of abdominal obesity [12].

Evidently, insulin has profound effects on HDL metabolism, and
low HDL-cholesterol and apoA-1levels and a high ratio of total cho-
lesterol to HDL-cholesterol are strongly related to IR, especially in
insulin-dependent DM (IDDM) [13]. Insulin has a profound influ-
ence on VLDL metabolism but less influence on LDL metabolism
[14]. A reduced effect of insulin in subjects with IR may result in
excessive adipose tissue lipoprotein lipase (LPL) and elevated he-
patic TG lipase activity; in turn, this diminished LPL activity in IR
subjects is postulated to reduce VLDL catabolism and further miti-
gate hypertriglyceridemia [11,12]. Additionally, the reduction in
LPL activity in IR states may also affect hydrolysis of chylomicron
TGs; particularly if excessive hepatic VLDL production saturates all
available LPL binding sites [11,12]. This invariably leads to exces-
sive mobilization of TGs from the TG rich chylomicrons and VLDL
particles in lieu of HDL particles derived from cholesterol esters,
thus resulting in low HDL-cholesterol levels [11]. Aside from the
reduction in LPL activity, reduced HDL levels in the IR state are
associated with reduced lecithin cholesterol acyltransferase and

cholesterol ester transfer protein activity [13].

In summary, in the review by Rashid,, et al. [12], it was pro-
posed that the TG-rich HDL particles formed are also cleared more
rapidly from the circulation than non-TG-rich HDL owing to one or
more of the following three mechanisms: 1) TG-rich, cholesterol-
depleted HDL particles have been shown to be thermodynamically
instable, having their apoA-I in a more loosely bound form; 2) TG-
rich HDLs are more readily lipolyzed by hepatic lipase, thereby re-
ducing HDL size, and resulting in free apoA-I or lipid-poor pre-1
particles (containing apoA-I together with a small amount of lipid)
being shed from the particles 3) the HDL remnant particles that
have been reduced in size may themselves be more readily cleared
from the circulation. The above processes may then enhance the
HDL apoA-I fractional catabolic rate. The end result is a lowering

of HDL-C and apoA-I levels in plasma.

Insulin resistance and Hypertension
The relationship existing between IR and hypertension has
been the subject of many empirical studies conducted in both hu-

man and animal models. However, it is disputable whether high
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blood pressure or hypertension is the product of the IR state or vice
versa. Evidently, IR and hypertension are both components of the
MetS and often coexist in individuals [15]. In comparison, approxi-
mately 50% of hypertensive individuals also present with hyperin-
sulinemia or glucose intolerance, whereas approximately 80% of
T2DM patients are also hypertensive [16]. In addition to its effects
on body metabolism and the energy cycle, insulin contributes to
blood pressure regulation by stimulating the production of nitric
oxide (NO) in endothelium, which induces vasorelaxation [17] and
regulates sodium homeostasis by enhancing sodium reabsorption
in the kidney [18]. It has been shown that insulin can regulate epi-
thelial sodium channels and the Na+/H+ exchanger, therefore in-

creasing renal tubular sodium re-absorption [19].

Because IR has been shown to enhance the blood pressure re-
sponse to sodium intake, reduction in sodium intake may be es-
pecially beneficial in reducing blood pressure in patients who are
prone to IR and the MetS [15].

In many studies, an association between hyperinsulinemia and
IR has been found in hypertensive patients [20]. Patients with un-
treated essential hypertension often present with classical features
of IR and a compensatory hyperinsulinemia. The coexistence of IR
and hypertension can be viewed as a cause-effect relationship (in
which IR serves as a cause of hypertension or vice versa) or as a
no causal association [21]. IR is believed to increase blood pres-
sure via several mechanisms: increased renal sodium reabsorption,
alteration of transmembrane ion transport, hypertrophy of resis-
tance vessels, and activation of the sympathetic nervous system
and up-regulation of angiotensin Il receptors by a post-translation-

al mechanism [21,22].

Conversely, hypertension can cause IR by altering the delivery
of insulin and glucose to skeletal muscle cells, resulting in impaired
glucose uptake. The common pathogenetic mechanism for both IR
and hypertension is believed to be the activation of the sympathetic

nervous system [21].

In an acute phase, insulin has been shown to stimulate sym-
pathetic nervous system activity and transmembrane electrolyte
transport, to promote sodium retention, and to cause vascular wall
changes, including increased cholesterol biosynthesis and smooth
muscle proliferation. In a chronic condition, the continuous expo-
sure to elevated plasma insulin levels may play a pathogenetic role
in the development of high blood pressure and also predispose
patients with hypertension toward atherosclerosis [20]. In fact,
chronically, hyperinsulinemia may promote cardiovascular muscle
cell proliferation and atherogenesis, whereas IR may be associated
with certain transmembrane cation transporters, leading to an

increase in cytosolic Ca?* [22]. The roles of both IR and hyperin-
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sulinemia in hypertension are believed to involve a slow pressor

mechanism [22].

Insulin resistance, Obesity, and Hyperglycemia

The obese state has been shown to be associated with increased
risk of IR and T2DM in various experimental studies in both hu-
mans and animals [23]. In fact, obesity is regarded as the most com-
mon cause of IR [24]. Consequently, many propositions have been
put forth to validate the links between obesity, T2DM, and IR as

summarized in this section.

The mechanism underlying the increased adipose tissue mass-
induced reduction in insulin sensitivity in adipose tissue and in
other tissues including liver and skeletal muscle has become better
understood. In obese individuals, adipose tissue has-been shown
to release a number of factors (non-esterified fatty acids, glycerol,
hormones and neurotransmitters such as cortisol and norepineph-
rine, and inflammatory cytokines) in increased amounts that are

involved in the development of IR [25].

In the review by Quatanani and Lazar [25], it was further ex-
plained how these factors link obesity to IR,1) The obesity-asso-
ciated increase in fatty acids can trigger IR through intracellular
metabolites that activate protein kinase C, leading to the activation
of serine/threonine kinases that inhibit insulin signaling [26]. Fur-
thermore, fatty acids are said to cause a defect in glucose transport
by inhibiting insulin-stimulated tyrosine phosphorylation of IRS-
1 and [RS-1-associated phosphatidyl activity. It could be said that
the increase in fat delivery to muscle and liver as a consequence of
either excess energy consumption resulting from a defective adi-
pocyte fat metabolism or an acquired defect in mitochondrial fatty
acids oxidation is among the different metabolic abnormalities that
may increase intramyocellular/intrahepatic fatty acids metabolites
[27]. 2) An obesity-associated increase in adipose mass could lead
to pathological changes in adiposity hormones (adipokines) that
regulate insulin sensitivity [25]. 3) An obesity-associated increase
in the accumulation of inflammatory factors such as adipose tissue
macrophages, which increase the adipose tissue production of in-
flammatory cytokines, inhibits insulin signaling [28]. 4) Endocrine
and inflammatory mediators converging on serine/threonine ki-
nases also inhibit insulin signaling. 5) Activation of NFxB heightens
inflammatory responses that exacerbate IR [30]. 6) Suppressors of
cytokine signaling family proteins, induced by adipokines, induce
IR either by interfering with IRS-1 and IRS-2 tyrosine phosphoryla-
tion or by targeting IRS-1 and IRS-2 for proteasomal degradation
[31]. 7) Free fatty acids also trigger IR by direct activation of Toll-
like receptor 4 and the innate immune response [32]. 8) An obesi-
ty-related alteration in the central response to hormonal and nu-

trient signals alters peripheral insulin sensitivity. It is opined that
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decreasing hypothalamic insulin receptors causes hyperphagia and
IR in rats [25].

Furthermore, increased accumulation of TGs and other lipids
characterizing obesity leads to ectopic fat storage [25]. This in turn
results in an increase in the circulation of fatty acid metabolite, dia-
cylglycerol, and long-chain fatty acyl-coenzyme A, whose activities
inhibit insulin signaling through the allosteric activation of PKCs
(PKC-B, -6, and -6) in liver and muscle [27]. Excess accumulation
of lipids could also trigger an increase in reactive oxygen species
(ROS) generated by mitochondrial oxidation [23]. An excess in ROS
leads to activation of several serine/threonine kinases (such as
JNK, IKK, (IkB kinase) and p38 MAPK) that inhibit insulin signal-
ing either directly through IRS-1 or IRS-2 serine phosphorylation
or indirectly through a series of transcriptional events mediated by
NF«xB [33]. Specifically, ROS are shown to stimulate pro-inflamma-
tory signaling by the activation of IKKf, which then phosphorylates
IRS-1 at the serine residue [23]. Furthermore, obesity leads to the
activation of cellular endoplasmic reticulum stress responses that
suppress insulin signaling through the activation of JNK or through
a potential increase in ROS production [34]. Endoplasmic reticulum
stress is another mechanism that could also contribute to IR via
serine kinase activation. However, JNK activation, as a consequence
of endoplasmic reticulum stress, increases serine phosphorylation
of IRS proteins [23]. Hence, it could be substantially inferred that
inflammation could also link IR with obesity and T2DM [35].

Insulin resistance and Hyperuricemia

Hyperuricemia has been identified as an independent and sig-
nificant risk factor for IR in several epidemiological studies [36-
38]. In most of these studies, increasing serum uric acid (SUA)
level independently increased the risk for IR and vice versa. For
instance, in a 15-year follow-up study of 5,012 young adults in 4 US
cities, the authors reported that higher SUA level (hyperuricemia)
conferred higher risk for IR, diabetes and pre-diabetes on the par-
ticipants [39].

Vuorinen-Markkola and Yki-Jarinen [36] in a simple linear re-
gression analysis found that SUA concentration was inversely
correlated with insulin sensitivity, independent of BMI, age and
plasma glucose concentration. Multiple linear regression analysis
further confirmed the independent association of SUA level with in-
sulin sensitivity and triglyceride. Conen,, et al. [37] found the same

pattern, direct association of hyperuricemia with IR in Seychelles.

In some other studies the inverse association was influenced by
demographic variables (age and gender), or the presence of one or

more components of metabolic syndrome clusters (obesity, diabe-
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tes mellitus, hypertension and hyper-triglyceridemia) [40]. Accord-
ingly, Yoo., et al. [38] found that SUA was independently correlated

with IR, hypertension and risk factors for metabolic syndrome.

One study among hospitalized older men and women demon-
strated positive and significant association between hyperuricemia
and age, adiposity indices, blood pressure indices (systolic and dia-
stolic), HDL and TG [41] in both male and female participants. Also,
de-Miranda and Colleagues [42] reported similar pattern, a direct
but significant relationship between SUA level and IR in children

and adolescents with obesity.

In a multivariable adjusted for almost all potential covariates ex-
cept potential adiposity mediators, Mazidi and Colleague [43] dem-
onstrated a positive and significant relationship between SUA and
glucose/insulin homeostasis parameters (C-reactive protein, insu-
lin, HOMA-IR, HOMA-B, 2-h blood glucose and triglyceride). Inter-
estingly, these parameters were significantly and positively influ-
enced either partially or fully by the potential adiposity mediators.

Furthermore, in 2011, Abreu,, et al. [44] studied 1370 (852 men
and 518 women) Portuguese adults and found higher prevalence
of IR among hyperuricemic participants with men having higher
prevalence of IR than women. In a community based prospective
study among people aged > 40 years in Taiwan, Chen.,, et al. [45]
reported similar association between hyperuricemia and IR only in
older women but not in men. However, in men metabolic syndrome

was significantly associated with IR.

Although a number of studies documented a significant posi-
tive correlation between hyperuricemia and IR, controversies exist
about which one precedes the other. However, it is now postulated
that hyperuricemia probably precedes IR [39], while IR partially
mediates the effect of UA in the pathogenesis of metabolic syn-

drome clusters [46].

In a recent research, Han and Colleagues [46] demonstrated a
unidirectional relationship from uric acid to hepatic and peripheral
IR among hypertensive subjects in a study to elucidate the tempo-
ral sequence of hyperuricemia and IR in the pathogenesis of hyper-

tension.

In some other studies [47] lowering SUA levels decreased mark-
ers of IR including fasting insulin levels, further supporting the
sequence from hyperuricemia to IR. UA is postulated to induce
peripheral IR through 2 major mechanisms (1) depletion of nitric
oxide (NO) bio-availability and supply [48] and (2) activation of
NADPH oxidase and leading to increase ROS, oxidized lipids and

inflammatory markers in adipocytes. Robles-Cervantes and col-
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leagues [49] demonstrated positive relationship of SUA level with
the total phase of insulin secretion even in states prior to hyperuri-
cemia in patients with T2DM, suggesting the role of UA in beta cell

function.

Some other authors argued that IR precedes hyperuricemia in
view of the effect of IR on renal urate clearance and SUA levels. IR
inhibits renal UA excretion, and leading to hyperuricemia by in-
creasing renal tubular sodium re-absorption. Adiposity mediated
IR-induced hyperuricemia has also been implicated. In which di-
rection the association exist more is controversial, however factors
analysis implicates the effect of several other covariates in the as-
sociation. Nevertheless, there is a significant correlation between
SUA level and IR.

Conclusion
Literature evidence supports a cost-effect relationship between

IR and Mets clusters.
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