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Abstract: This review aims to show, by an analysis of the literature on the topic, that hyperinsulinemia
associated with insulin resistance (IR) is a multiple risk factor for type 2 diabetes, cardiovascular diseases,
cellular senescence and cancer, and neurodegenerative diseases. This condition is progressively increasing
worldwide, and its prevalence has now exceeded 50% of the general population. Since it is asymptomatic or
poorly symptomatic, it can last for many years before manifesting itself as diabetes, cardiovascular disease,
neoplasm, cognitive deficit or dementia, therefore determining enormous social and health care costs. For these
reasons, we strongly believe that a screening plan for this pathology would be implemented for the purpose of
identifying IR people and promptly start them on preventive treatment.
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1. Background

Despite the notable and continuous scientific advances made in the prevention and treatment of
cardiovascular pathologies and tumors, they are still today the main causes of hospital admissions
and deaths [1]. Furthermore, the aging of the population appears to be associated with a notable
increase in neurodegenerative diseases. This entails significant social and health care costs. We must
therefore ask ourselves a question: "We accidentally overlooked something?". Well, the answer is
certainly “Yes”! Increased levels of circulating insulin (hyperinsulinemia, Hyperin) secondary to
Insulin resistance (IR) represent a condition that predisposes to many diseases. This determines a
silent pandemic, producing enormous healthcare costs, and an increase in hospitalizations and
deaths.

Unfortunately, IR/Hyperin is a condition rapidly growing worldwide and its prevalence has
now exceeded 50% in the general population and is continuously growing [2,3].

This review of the literature on the topic aims to demonstrate how Hyperin associated with IR,
if neglected, can cause serious and, often, irreversible damage to our body. The manuscripts used for
the review were searched on medical literature databases such as PubMed, Scopus, Web of Science,
etc, using these keywords: Insulin resistance, hyperinsulinemia, type 2 diabetes, treatments, adverse
effects, risk factor, cardiovascular disease, cellular senescence, cancer, neurodegenerative disease.

2. Definition and Causes of IR

IR can be defined as a condition in which a given quantity of insulin produces a reduced
metabolic result, in terms of glycemic control, compared to that expected [3]. For this reason, in order
to maintain normal glycemic values, the pancreas of subjects affected by IR is forced to secrete greater
quantities of insulin, with the result that Hyperin turns out to be a constant and fundamental
characteristic of IR. The mechanisms through which IR can develop in our body, and those linked to
Hyperin damage of some organs are very complex and, still today, not completely clarified. There
may be a defect at the receptor or, more likely, post- receptor level. However, there are also some
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certainties. We know well enough two of the pathways triggered by the binding of insulin to its
receptors, their mechanisms and what happens to these pathways at the post-receptor level in case
of IR. They are the phosphoinositide 3 kinase (PI3K) and the mitogen-activated protein kinase
(MAPK) pathways.

Insulin determines its multiple metabolic and non-metabolic actions through binding to its
transmembrane receptors located on the target cells of its action. The intracellular domain of the
insulin receptor belongs to the tyrosine kinase receptor protein family. The interaction of insulin and
its receptors determines the activation of numerous protein kinases and gene transcription factors.
Among these, the most important and best known, as already mentioned, are the PI3K pathway,
which mainly regulates metabolic effects and the secretion of nitric oxide (NO), and the MAPK
pathway, responsible, instead, for gene expression effects, cell growth and differentiation, and the
production of endothelin-1 (ET-1) at vascular level [4].

In the presence of an IR condition, we have mostly a malfunction at the PI3K post receptor level
which mainly regulates the metabolic actions and the formation of NO, while the functioning of
MAPK is little or not altered at all, so that the non-metabolic actions of insulin and, in particular, the
stimulating action on cell proliferation and on the secretion of ET-1 are exalted due to the chronic
effects of Hyperin. Therefore, the different behavior of these two pathways, resulting from IR,
determines, over time, very important alterations in the target organs of insulin [3].

There are many causes that can produce IR, although probably not all of them are known. There
are certainly genetic causes but they are the minority. Among these, type A IR syndrome is a rare
genetic disorder characterized by severe IR. In affected women, the main features of the condition
appear during adolescence. Many affected women do not start menstruating by age 16 (primary
amenorrhea) or their cycles are scanty and irregular. They develop ovarian cysts and excessive
growth of body hair (hirsutism). Acanthosis nigricans is also often present. Unlike most people with
IR, these individuals are generally not overweight. The characteristics of type A IR syndrome are
more subtle in males. Some of them have only low blood sugar as the only initial sign, others may
also have acanthosis nigricans. In most cases, males with this condition reach medical attention only
in adulthood, when diabetes appears. IR syndrome type A is estimated to affect 1 in 100,000 people
worldwide. Because women have more evident health problems associated with this condition, it is
diagnosed more often in women than in men [5].

Although it is not yet perfectly clear whether the chicken or the egg came first, i.e. whether the
IR appears first and then the hyperinsulinemia (as one might think), these two conditions are, in the
vast majority of cases, chronically associated, and they are rapidly and constantly growing
throughout the world. Furthermore, since it is asymptomatic or poorly symptomatic, it lasts
unrecognized for years, constituting what could be defined as a silent pandemic [3]. Over the
centuries, there has been a notable change in our lifestyle, characterized by a progressive increase in
caloric intake in favor of foods rich in carbohydrates and highly processed, with a simultaneous
reduction in physical activity, and this already begins in children and persists into adulthood. This
notable change in lifestyle, also associated with the increased stress and competitiveness of modern
life, which, as is known, stimulates the secretion of diabetogenic hormones (above all cortisol and
GH), has produced a progressive increase and spread of IR and Hyperin [6].

3. Diagnosis

The euglycemic-hyperinsulinemic clamp technique gives us the diagnostic certainty of IR, but it
is not imaginable that it should be employed for mass screening purpose, so it is used almost
exclusively for scientific research purposes [7]. However, there are many surrogate indices of IR that
can be used for this purpose. Although they are many and all useful, I have chosen 3 indices that I
believe are simple to obtain and reliable, [Table 1] namely: the homeostatic model assessment index
(HOMA-IR), which is calculated through the simultaneous fasting measurement of glycemia and
insulinemia, with a cut-off of 2.5 in adults and 3.6 in children; the triglyceride-glucose index (TyG),
which is obtained by simultaneously measuring triglycerides and fasting blood sugar, with a cut-off
value of 8; the ratio between triglycerides and HDLc with a cut-off of 2.75 in men and 1.65 in women.
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These 3 surrogate indices of IR have also been shown to be excellent independent markers of adverse
cardiovascular events [7-9].

Table 1. Table 1 shows the formulas to obtain the three indices: HOMA:IR, TyG, and
Triglycerides/HDLc, and their respective normal values.

HOMA-IR= fasting blood glucose (mg/dl) x fasting insulin (mU/L) / 405, n.v. 0.23-2.5

TyG= Ln [fasting triglycerides(mg/dL) x fasting blood glucose (mg/dL)] /2, n.v.<8.0

Triglycerides/HDLc =fasting triglycerides (mg/dL): fasting HDL cholesterol (mg/dL), n.v. <2.75 for men;
<1.65 for women.

4. Effects of Hyperinsulinemia Associated with Insulin Resistance

4.1. Cardiovascular Effects

Hyperinsulinemia associated with IR determines an alteration of circulatory homeostasis
defined as endothelial dysfunction. It is caused by the prevailing synthesis and secretion of ET-1,
compared to a reduced availability of NO, by the cells of the wall of the arteries and arterioles
[Figurel]. This causes vasoconstriction with reduction of circulatory flows to the tissues.
Furthermore, hyperinsulinemia, acting as a growth stimulus, determines increase in vascular
thickness and parietal stiffening, a phenomenon which is prodromal of development and worsening
of atherosclerosis [10,11].

Insulin resistance/hyperinsulinemia
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Figure 1. Insulin resistance with associated hyperinsulinemia increases ET-1 secretion and decreases
NO availability, therefore producing vasoconstriction, reduced district blood flow and endothelial
dysfunction.

In addition to this, which is already very important in itself, in IR conditions there is solid
evidence of the fact that Hyperin is an important cause of arterial hypertension.

Hyperin produces reabsorption of sodium and water at the renal level. Both endogenous and
exogenous Hyperin have been found to be associated with blood pressure enhancement. Insulin
receptors are located in the renal tubules, and it has been seen that their stimulation by insulin
determines increased Na+ and water reabsorption. In addition to this, a close relationship has been
demonstrated between the increased levels of circulating insulin and the enhanced activity of
sympathetic nervous system. Arterial hypertension resulted associated with both increased insulin
levels and the enhanced sympathetic activity, with a relationship demonstrated both in the whole
population and after correction for BMI and body fat. Furthermore, it has been assessed that, by
lowering insulin levels in obese subjects, it can be obtained decreases in plasma norepinephrine and
blood pressure values [12,13].

A fairly recent study, performed in 88 hypertensive Sub-Saharan African patients with
myocardial hypertrophy, has shown that obesity and IR/Hyperin predicted the increase in left
ventricular mass. Therefore, the authors suggested that could be particularly important to correct the
obesity and IR/Hyperin to counteract the development of LVH in these patients [14]. Another study
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was performed in Japan: 210 normotensive subjects and 180 patients with mild or moderate
hypertension were studied by echocardiography and measurement of glycemic metabolic
parameters . The sum of glucose or Hb Alc levels in the whole group of subjects and the sum of
insulin levels (or insulin values 2 hours post load) in non-diabetic subjects were highly related to the
relative LV wall thickness values, independently of age, systolic blood pressure and BMI. Therefore,
the authors concluded that hyperglycemia and Hyperin could stimulate LV concentric remodeling
in normotensive subjects and in patients with mild or moderate hypertension. Concentric remodeling
of the LV is a recognized predictor of heart failure with preserved ejection fraction (HFpEF) [15]. In
a study by our Group performed by Doppler-echocardiography, 59 patients with IR/Hyperin showed
both increased LV mass and relative wall thickness, together with LV diastolic dysfunction [16]
[Figure 2].
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Figure 2. Insulin resistance with associated hyperinsulinemia, by producing endothelial dysfunction,
increased sympathetic tone and anti-natriuretic action, causes arterial hypertension, which, together
with the stimulation of myocardiocyte growth by insulin, produce pathologic concentric remodeling
of LV. LV: left ventricle; HFpEF: Heart failure with preserved ejection fraction.

4.2. Effects on Cellular Senescence and Cancer

Hyperinsulinemia associated with IR has many other negative actions. Among these, the action
on cellular senescence and the development of tumors should not be overlooked. Senescent cells are
characterized by the fact that they stop dividing and undergo specific changes, both in their
appearance and activity. They produce specific molecules, contributing to the aging state of the entire
organism. Cellular senescence is due to several factors, including, above all, the presence of DNA
damage. In particular, replicative senescence is linked to the so-called telomere attrition, a process
that leads to chromosomal instability and promotes the onset of tumors [17].

It should be noted that increased cellular senescence is present in adult obese subjects, type 2
diabetes and non-alcoholic fatty liver, regardless of age. In particular, IR/Hyperin stimulates cellular
senescence in metabolic target organs such as adipose tissue, muscle, liver and brain, in humans
[Figure 3].
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Figure 3. Hyperinsulinemia associated with IR causes cellular senescence in target organs of insulin
actions. Both increased circulating levels of insulin and cellular senescence stimulate cancer
development by upregulating p38MAPK and MAPK/ERK signaling. P38MAPK: P38 mitogen
activated protein kinases; MAPK: Mitogen activated protein kinase; ERK: Extracellular signal-
regulated kinase.

Among various published studies, one, carried out on cultured human hepatocytes under
chronic hyperinsulinemia and in knockout mice for insulin receptors in the liver (LIRKO mice)
demonstrating a direct relation between hyperinsulinemia and senescence of hepatocytes, is very
interesting. This study also demonstrated that the dangerous effects of chronic Hyperin on cellular
senescence of hepatocytes can be blocked by reducing the number of insulin receptors or by the
senolytic substances desatinib and quercetin [18-20].

Age predisposes to the development of many types of cancer and, in fact, the incidence of
numerous tumors increases with age, even if the underlying relation has not yet been fully clarified.
However, there is growing scientific demonstration that the increase in senescent cells in our body
contributes to the advancement of tumors [21-23]. Recently, it has been shown that senescence acts
as a tumor promoter and that stimulates skin cancer by upregulating p38MAPK and MAPK/ERK
signaling, on which the high insulin levels associated with IR also act [24]. Insulin binds not only to
its own receptors, but also to those of Insulin like growth factor-1 (IGF-1), thus acting as a growth
factor with pathologic consequences on the development of tumors. Diabetic patients and /or subjects
with metabolic syndrome have a doubled risk of developing cancer and cancer-related deaths [25-
27]. Furthermore, it has also been reported, in non-diabetic and non-obese subjects, that Hyperin itself
is related to increased cancer deaths and, therefore, the authors underline that a treatment to reduce
circulating insulin levels could be an important therapeutic approach to the prevention of cancer
[28,29].

4.3. Effects on Brain

Another problem that should not be underestimated regarding the damage caused by
hyperinsulinemia associated with IR is the very close relationship that exists between it and
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neurodegenerative diseases, although the mechanisms that link the two pathologies are not yet fully
clarified. There are numerous pathophysiological hypotheses, partly also well supported by scientific
literature, which try to explain the intricate mechanisms that associate Hyperin/IR with brain damage
[30-32].

As regards the relationship between insulin and the brain, it must be remembered that, until a
few years ago, it was believed that the brain was an organ insensitive to insulin actions. Instead, over
the last 20 years, a considerable amount of scientific literature has accumulated which demonstrates
that insulin penetrates the brain crossing the blood-brain barrier, where it binds to its specific
receptors and regulates some important functions of the central nervous system such as the
stimulation of appetite, cognitive behavior and depression. By this way, it also controls some
important systemic functions such as the production of glucose by the liver, lipogenesis and lipolysis,
and the response of the sympathetic system to episodes of hypoglycemia [33]. Insulin binds to its
receptors localized in different regions of the brain and initiates a series of phosphorylation reactions
using two different receptor substrates (IRS-1 and -2) which, in turn, activate subsequent metabolic
pathways. PI3K and protein kinase B (Akt) are kinases activated at post-receptor level when insulin
binds to its receptors and, by this way, acts on neuronal plasticity and survival, and neurotransmitter
trafficking. Insulin activates also MAPK, which controls cell growth and proliferation. It should be
underlined that hippocampus, which is involved in cognitive function, and hypothalamus, which
controls peripheral metabolism, are characteristically rich in insulin receptors [34-37].

Let's try to understand what could happen at a brain level in the case of Iperin/IR. There are
numerous epidemiological studies that highlight how the prevalence of this condition is very high in
patients with cognitive deficits or Alzheimer's disease, reaching and exceeding the value of 81% of
cases, overall. Going into more detail regarding the close relationship between cognitive deficits, AD
and type 2 diabetes mellitus, it has been seen that these pathologies have in common multiple risk
factors, comorbidities and hypothetical pathophysiological mechanisms, so much so that,
provocatively, it has been proposed to call AD with the name of type 3 diabetes mellitus [38—41].
Studies based on post-mortem examinations of brains with cognitive deficits and Down syndrome
have highlighted clear signs of IR in them, such as a significant reduction in receptors for insulin in
the hippocampus, cortex and hypothalamus [42].

Furthermore, a very interesting study, carried out in Vervet monkeys, has shown that, going
from a state of health to a stage of prediabetes and, subsequently, to frank diabetes, the cerebral
metabolism is altered with an increase in glucose and a decrease in amino acids and acylcarnitine.
This alteration of metabolism determined a stimulation of the production and aggregation of amyloid
[ in a similar way in type 2 diabetes and AD, clarifying how some mechanisms present in diabetes
can lead to cognitive deficits and dementia [43].

4.4. Possibilities of Treatment

What therapeutic possibilities do we have for Hyperin/IR? First of all, we need to completely
change our approach compared to what we do now, because now we really do very little. We must
therefore move from an watch and wait approach to a more rapid preventive intervention, because,
by waiting, the least that can happen is that diabetes develops. In most cases, Hyperin associated
with IR precedes the development of the described events by several years, even up to 15, and this
can happen already in children [3]. For this reason, we must use a broad-based strategy, educating
and acting effectively. We must educate the general population, already as children, to a more correct
lifestyle, with a balanced and more adequate caloric intake, accompanied by moderate, but constant
over time, physical activity (walking at a normal pace 4000/5000 steps per day).

Unfortunately, this type of intervention may, in many cases, not be sufficient for various reasons,
including the fact that many people are unable to constantly correct their lifestyle. At this point,
therefore, we are forced to intervene by helping the patient with the administration of insulin
sensitizing substances. There are many substances to choose from, both drugs and natural substances,
depending on the tastes and characteristics of the patient.
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4.5. Drugs

One of the best known is certainly the biguanide metformin. It is used as oral anti-diabetic drug
for many years. It has to its credit many experimental and clinical studies which demonstrate its
effectiveness in reducing IR with secondary Hyperin. The mechanisms of metformin in improving
insulin sensitivity are several, different and, probably, not all of them are known yet. They include
increased insulin receptor tyrosine kinase activity, increased glycogen synthesis and, more
downstream end, increased GLUT4 recruitment and activity [44]. In addition, metformin can activate
adenosine 5-monophosphate-activated protein kinase (AMPK), a cellular energy sensor [45,46].

There is, among others, a good review manuscript on the effects of metformin on all-cause
mortality and the incidence of aging diseases in diabetic subjects compared to the non-diabetic people
and to diabetic subjects in treatment with anti-diabetic drugs other than metformin. This study
showed that metformin significantly reduced mortality in diabetics, in comparison with the group of
non-diabetics and that of diabetic people treated with drugs other than metformin. Furthermore, it
was verified that the group of diabetic patients treated with metformin also had a reduction in
cancers, compared to the other two groups of subjects and a lower number of cardiovascular events
compared to diabetics who did not take this drug [47].

Metformin therapy showed its benefits also in patients with HFpEF. A recent meta regression
analysis of observational and randomized studies shows that metformin significantly reduces deaths
in patients with HFpEF [48]. Metformin has also been shown to be beneficial for the heart of
individuals with HF. In fact, it improves the energy state of the myocardium due to the modulation
of glucose and lipid metabolism, the reduction of oxidative stress and inflammation and the
improvement of concentric remodeling process of the LV. Another meta-analysis was recently
published showing that metformin treatment reduced LVM and improved EF, both in subjects with
and without pre-existing cardiopathy [49,50].

Other very interesting drugs, which have been on the market for the treatment of diabetes for a
relatively short time and which have an important action in reducing insulinemia and IR, are the
inhibitors of the sodium-glucose cotransporter 2 (SGLT2 I). These include canaglifozin, dapaglifozin
and empaglifozin. Vast scientific literature demonstrates that these drugs reduce the number of
hospitalizations, cardiovascular deaths and deaths from any cause in HF patients [51,52].

6263 patients aged >40 years with an EF >40%, were randomized to receive dapaglifozin 10 mg
daily or placebo in addition to standard HF therapy. The results of this study showed a significant
decrease in the risk of HF worsening and in cardiovascular deaths. Another recent large meta-
regression analysis, whose purpose was to establish the effects of these drugs on all-cause death,
demonstrated that SGLT?2 I significantly reduced this in randomized trials [53,54].

The exact mechanisms by which these drugs produce their beneficial effects are complex,
multiple and not entirely known. What is certain is that treatment with SGLT2 I in subjects with
IR/Hyperin causes a reduction in glycemic levels due to enhanced glucose excretion at the tubular
level of kidney. In consequence of this, the insulin required to maintain daily glycemic balance is
clearly reduced. Thus, SGLT2 I reduce circulating insulin levels and the consequent development
over the years of cardiovascular and non-cardiovascular damage [55,56].

Other very interesting drugs, not to be overlooked when dealing with this topic, are the
glucagon-like peptide 1 receptor agonists (GLP-1 a). These are a class of drugs that are in use for the
treatment of type 2 diabetes and obesity. They are administered subcutaneously, usually once a week,
and are quite expensive. They include semaglutide, dulaglutide, lixisenotide, liraglutide, xenatide,
and tirzepatide. They act through multiple complex mechanisms, including that of reducing body
weight and, above all, mechanisms involved in contrasting IR/Hyperin, such as the increase in the
expression of glucose transporters in target tissues, the anti-inflammatory and anti-oxidative stress
effect, and the modulation of lipid metabolism [57,58].

A meta-analysis of 54,092 patients from 7 randomized controlled trials on the use of GLP-1
agonists in patients with type 2 diabetes has been recently published. 16% of these patients had also
a history of HF. The results of the study nave shown that these drugs prevented the onset of HF in
the diabetic population, but that, in subjects with pre-existing HF, they did not decrease the number
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of episodes of worsening HF and the resulting hospitalizations, nor deaths [59]. A further meta-
analysis of randomized and controlled studies, performed to understand whether treatment with
these drugs in diabetic or non-diabetic subjects led to decrease in morbidity and deaths, also
demonstrated that this therapy does not lower the number of cardiovascular events, including
cardiovascular deaths, hospital admissions for HF, and does not improve HF grade or 6-minute
walking test [60].

Unfortunately, on these drugs, in addition to positive scientific reports, there is literature
reporting serious adverse events, such as severe pancreatitis. Patients taking semaglutide or
liraglutide have been associated with nine-fold higher risk of pancreatitis, but also with high risk of
developing intestinal and, in some cases, gastroparetic obstruction. Furthermore, the doubt that this
class of drugs can stimulate thoughts of suicide and self-harm has not yet been completely dispelled
[61,62].

For all the reasons listed above, these drugs, even though they produced great progress in the
treatment of metabolic pathologies, should be mainly intended for diabetic patients with high degree
of obesity, at least until the doubts are completely clarified and their costs will not be reduced.

4.6. Natural Substances

A very interesting natural substance for its action to counteract IR, which has mechanisms of
action in part overlapping with those of metformin, is berberine. It is a plant alkaloid, used for over
2000 years in traditional Chinese medicine and Indian Ayurvedic medicine, which has shown, over
the years, many beneficial effects on human health. A large amount of scientific literature shows that
berberine improves IR, as well as other risk factors, such as hypercholesterolemia, hyperglycemia
and arterial hypertension. In a double-blind, randomized and placebo-controlled study lasting 4
months, 59 patients with metabolic syndrome were treated with nutraceutics, among which berberine
500 mg or placebo. The results showed that the berberine group had a significant reduction in
IR/Hyperin, as documented by a reduction in the HOMA-IR index and fasting insulin levels [16].
Furthermore, in these same patients, using Doppler-echocardiography, a significant decrease in LVM
and RWT was documented, accompanied by a lower LV diastolic dysfunction [63].

In another study, 145 patients with metabolic syndrome and LV hypertrophy (LVH), were
randomized to berberine 500 mg or placebo for 6 months. Echocardiography showed that treatment
with berberine reduced significantly the LVM. Therefore, the authors concluded that berberine could
represent an effective strategy to lower LVM, which is an important predictive factor of
cardiovascular events [64]. Another study, performed in 2 groups of patients with HF, also showed
very interesting results. One group of 79 patients was treated with berberine in addition to standard
therapy and the other of 76 patients was treated with standard therapy plus placebo. During a 2-year
follow-up, 7 patients died in the berberine group and 13 patients in the placebo group, demonstrating
that the addition of berberine to standard HF treatment significantly reduced mortality [65].

It has also recently been suggested that berberine could produce benefits in patients with
cognitive impairment and dementia. It has documented beneficial effects on neurotransmitters,
inflammation, oxidative stress, metabolism, and other pathways in the brain. However, the
mechanisms are numerous, complex and still not fully understood.

A rather recent study, carried out on human neurons, has demonstrated that berberine protects
these cells from the negative effects produced by (3 amyloid42. In fact, berberine, added to neuronal
cells, determined protection against the damage induced by (3 amyloid42 [66].

A further study, carried out in a transgenic mouse model of AD, demonstrated that treatment
with berberine in these mice, between 2 and 6 months of age, significantly improved cognitive
deficits, long-term spatial memory and the accumulation of amyloid plaques compared to vehicle-
only control mice. In particular, an inhibition of the activity of glycogen synthase kinase 3B was
observed [67,68]. Berberine has also demonstrated a positive action on the microbiota-intestine-brain
axis. The results of a very recent study show that treatment with berberine reduces the formation of
(-amyloid plaques, mitigates inflammatory processes and improves spatial memory dysfunction in
a mouse model with major features of AD. This occurred simultaneously with a reduction in
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inflammation and intestinal permeability, and an improvement in the composition of their intestinal
microbiota [69].

Another natural substance that is very interesting for its multiple beneficial actions is quercetin.
It is a flavonoid present in many edible vegetables, such as red onions, capers, broccoli, chicory,
lettuce, apples, etc. Among the various beneficial effects of quercetin on human health, much
scientific literature supports a significant IR reduction effect. Schematically it is possible to group the
effects of quercetin on IR as resulting from 3 different mechanisms: its antioxidant action, the
regulation of protein phosphorylation chains and its anti-inflammatory action [70].

Bile duct closure is a surgical model performed in rodents to determine IR, it is a procedure
associated with increased oxidative stress and consequent liver fibrosis. The molecular mechanism
underlying this type of liver damage is also consequent to the activation of superoxide production
via NAPDH oxidase (NOX1). Quercetin treatment significantly reduced the liver damage caused by
bile duct ligation [71]. In the same model, the study by Khodarahami et al. demonstrated that the
antidiabetic effect of quercetin was associated with increased insulin receptor substrate 1 and
decreased expression of NADPH oxidase [72]. Furthermore, it has been seen that quercetin can inhibit
the expression or function of NAPDH oxidase also in a rat model with IR related to polycystic ovaries
and in the cardiomyocytes of rats with type 2 diabetes induced by a high calorie diet and streptozocin
[73,74].

Some studies have also shown that quercetin hinders IR through the activation of protein kinase
B (Akt), essential in many physiological processes but, in particular, in cellular metabolism, and of
AMP-dependent protein kinases (AMPK), which act as energy sensor of the cells. In addition to this,
quercetin stimulates the translocation of GLUT-4 to the cytoplasmic membrane, which, when
stimulated by insulin, determines the passage of glucose into the cells of the target organs [75].

Other authors have caused IR in cultured liver cells through the addition of palmitic acid and
verified that the addition of quercetin significantly increased glucose uptake in these cells and the
expression of glucose transporters GLUT-2 and -4. Another nice observation is that quercetin would
suppress the phosphorylation of insulin receptor substrate 1 at the level of Serine 612, which is a well-
known inhibitory signal and, instead, would promote that at the level of tyrosine, therefore,
increasing the expression of PI3K [76].

Another very interesting natural substance in the treatment of IR is silymarin. It is a flavonoid
extracted from milk thistle (cardus marianus), composed of several components, of which sililybin is
the most effective. Oral absorption is relatively poor, but improves significantly when administered
in the form of nanoparticles. Its peak plasma concentration is obtained 6 hours after intake and its
elimination occurs mainly via the liver. Silymarin was put on the market many years ago for its
effectiveness as a hepatoprotector, in particular to avoid the occurrence of non-alcoholic fatty liver
[77].

It is known, as already mentioned, that Hyperin associated with IR determines a state of chronic
inflammation of the organism which over time causes damage to various organs and districts. The
study by Guo et al., among others, demonstrated how silymarin determined a reduction in TNFa, IL-
6, and IL-1b in the serum of obese and insulin-resistant mice, compared to untreated control mice. At
the same time, the treatment significantly reduced IR in the treated group of mice, as demonstrated
by the significant reduction in fasting insulin levels and the improved insulin tolerance tests [78].

Another important mechanism through which silymarin determines its protective action against
Hyperin/IR is its anti-oxidant action. It increases the expression of Sirtuin-1 (SIRT-1). This latter plays
a key role counteracting the development of IR, in fact, it not only regulates glucose-dependent
insulin secretion, but also stimulates the insulin signaling pathway in target tissues. Furthermore, it
is known that adiponectin counteracts IR, and silymarin improves the secretion of adiponectin,
increasing the expression of genes that control its secretion by adipocytes [79,80].

Elgarf et al. demonstrated, through a randomized, controlled trial, that silymarin, added to
standard diabetes therapy, improved glycemic indices in diabetic patients. In fact, after 3 months of
treatment, fasting glycemia, HbAlc, fasting insulinemia and HOMA-IR index significantly lowered
in the group treated with silymarin. These results were subsequently confirmed by an Iranian group,
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which found that all glycemic indices evaluated significantly improved already after 45 days of
treatment with silymarin, compared to the control group. A more recent observational study, carried
out in 200 patients with new diagnosis of type 2 diabetes, confirmed that the addition of silymarin to
standard therapy for 3 months resulted in a significant reduction in fasting blood sugar, HbAlc,
HOMA-IR and fasting insulinemia [81-83].

Two recent meta-analysis studies were carried out to establish the effects of silymarin treatment
in randomized controlled trials carried out in subjects with type 2 diabetes. In the first, 7 studies
including 350 patients were analyzed, and it was seen that all glycemic indices, taken into
consideration, improved. In the second, larger, of 16 studies including 1358 patients, it was concluded
that the addition of silymarin to standard therapy reduced fasting blood sugar, HOMA-IR index,
HbA1c and lipid profile compared to the control group [84,85].

In addition to the beneficial actions already described and the many that, for reasons of time and
in order not to make the discussion heavier, we have left out, silymarin is known to inhibit P-
glycoprotein at intestinal level. This is the best-known of a family of transport proteins called ABCs,
which use energy obtained from the hydrolysis of ATP to transport molecules across the cell
membrane. Berberine, which we talked about previously, unfortunately, is a substrate of P-
glycoprotein, so that its absorption at the intestinal level would be very variable and uncertain
without the intervention of silymarin. For this reason, in addition to the advantages of silymarin
already described, its association with berberine would lead to an increase and more constant
absorption of the latter at the intestinal level, making it possible not to have to increase the daily doses
of berberine to obtain an effective dose [86].

Another natural substance that is very interesting for its beneficial actions on human health and,
in particular, on IR is L-arginine. It is an amino acid defined as conditionally essential, because it is
essential for growth and for malnourished adults who suffer from serious illnesses or who have
suffered trauma or significant burns, but not for healthy adults. It can be synthesized by our body.
and a quantity between 3.5 and 5.0 grams is regularly assumed with the daily diet. In our body, L-
arginine is converted into NO by nitric oxide synthase, stimulating vasodilation and improving
district blood flow. Among other things, L-arginine has shown to improve insulin sensitivity and
endothelial dysfunction in obese and diabetic patients [87].

IR, as we have seen previously, is strongly associated with a reduction in NO availability and
endothelial dysfunction, a prodromal situation for the development of atherosclerosis. It has also
been demonstrated that NO administered externally, by inhalation, is able to stimulate the altered
transport of insulin, caused by an experimental IR, through endothelial cells. It has also been shown
that L-arginine supplementation in subjects fed with a high-fat diet resulted in a significant
improvement in insulin sensitivity, as demonstrated by lower circulating insulin levels and HOMA-
IR indices and this results, at least in part, was related to enhanced adiponectin concentration [88,89].

In another study, Luccotti et al. found that treatment with L-arginine for 21 days, together with
a low-calorie diet and exercise training in obese patients with type 2 diabetes, improved significantly
the anthropometric parameters and IR indices, such as lower fasting insulinemia and HOMA-IR.
Many other parameters improved too. In fact, increases in adiponectin and flow-mediated dilation,
which is a proven index of endothelial function, were shown [90]. Therefore, L-arginine, having many
beneficial effects on our body and, among these, also that of improving IR, should not be forgotten
when we want to implement a cardiovascular disease prevention plan.

Another natural substance that has recently come to the fore for its beneficial properties is
pyrolloquinoline quinone. This is an aromatic heterocyclic orthoquinone, discovered in 1964 by the
Norwegian biochemist Jens G. Houge in bacteria. However, only in 2003, the working group
coordinated by the Japanese neuroscientist Tadafumi Koto discovered that this substance was also
present in humans. It is physiologically contained in the mitochondria, near the site of free radical
formation, where it is able to intercept and inactivate them. Recent scientific studies have shown that,
precisely at the mitochondrial level, it would be able to carry out its main functions: improving
cellular energy processes and activating important mitochondrial DNA repair mechanisms. For these
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reasons, most scientists who deal intensively with these topics see an indication for this molecule in
preventive and anti-aging medicine [91].

AMP kinase (AMPK) is a key regulator of cellular energy. It plays a crucial role in maintaining
cellular energy homeostasis. In addition, for its effects on AMPK and mitochondrial function, PQQ
has considerable potential in the treatment of diabetes, non-alcoholic fatty liver disease, and chronic
kidney disease. Furthermore, PQQ influences insulin signaling through numerous pathways and
increases glucose uptake by stimulating glucose transporter translocation. In addition to this, some
clinical studies have documented the usefulness of PQQ against IR and type 2 diabetes [92,93].

5. Conclusions

From the analysis of the available literature, it is clear that Hyperin/IR is an important risk factor
for many pathologies. Therefore, we strongly believe that an early screening for IR in the general
population should be recommended by medical societies and national health authorities, in order to
identify individuals affected by this condition and promptly begin a preventive treatment with the
aim of improving IR and reduce hyperinsulinemia. Lifestyle interventions, through a balanced diet,
low in carbohydrates, and constant physical exercise, and, in case of insufficient results, the addition
of insulin sensitizing substances should be applied in the identified subjects in order to counteract
the high risk of diabetes, cardiovascular diseases, cellular senescence and neoplasms, and
neurodegenerative diseases.

Back in 2012, we provocatively published a manuscript entitled “Insulin resistance: Is it time for
primary prevention?”, in the hope of inducing medical societies and national health authorities to
take the problem into consideration [94]. But, since then, nothing has changed and little has been
done. Now we're trying again, because are obviously late!
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