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a b s t r a c t 

Individuals suffering from severe obesity but not presenting the typical metabolic alterations, are included in 

a subclass of obesity defined Metabolically Healthy Obesity (MHO). The physiological factors underlying what 

seems a protective and favourable metabolic profile remain unclear. MHO individuals are more insulin-sensitive, 

have relatively lower visceral/ectopic fat accumulation and reduced levels of chronic low-grade inflammation, 

compared to obese subjects with co-morbidities. The study of MHO subjects represents a great opportunity for 

the recognition of the mechanisms that lead to the vascular and metabolic complications in obesity. Finding the 

differences among the metabolic profile of visceral adipose tissue between metabolically healthy and unhealthy 

obesity may lead to future personalized and stratified therapies.This review article summarizes the pathomech- 

anisms and metabolic changes in MHO and metabolically unhealthy obesity (MUO), reviews clinical studies on 

the subject, and discusses preventive and therapeutic options. 
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Obesity is classified by body mass index (BMI, kg/m 

2 ) and is defined

s the excessive accumulation or abnormal distribution of body fat (BF)

hich affects health ( Bray, 2003 , Tesauro et al., 2011 ). Obesity has be-

ome a worldwide increasing public health problem, with numbers al-

ost tripled compared to 1975 (WHO 2020). It has been established

hat abdominal obesity, assessed by waist circumference (WC), can help

o evaluate obesity-related health risk ( Clinical guidelines on the iden-

ification 1998 Nov , Zhu et al., 2002 Oct ). Important evidence suggests

hat WC coupled with BMI predicts cardiovascular and metabolic risk

etter than BMI alone ( Rexrode et al., 1998 , Janssen et al., 2002 ). In

he last 20 years our research group has demonstrated the presence

f endothelial dysfunction, accelerated atherosclerosis and increase in

ardiovascular disease, in patients with obesity and metabolic disor-

ers related thereof ( Tesauro et al., 2007 , Tesauro et al., 2008 , Tesauro

t al., 2010 , Tesauro et al., 2013 , Schinzari et al., 2017 , Schinzari et

l., 2017 ). Apart from vascular calcification, hypertension and stroke,

besity is often complicated by other medical condition such as dys-
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ipidemia, type 2 diabetes mellitus (T2DM), hepatic steatosis, gallstone

ormation, osteoarthritis, sleep apnea and various forms of solid can-

ers (endometrial, breast, ovary, prostate, liver, gallbladder, kidney and

olon cancer) ( Purnamasari et al., 2011 , Sileri et al., 2004 , Marafini et

l., 2015 , Tesauro et al., 2017 , Schinzari et al., 2019 , Schinzari et al.,

020 , Iyengar et al., 2016 ). 

Nevertheless, it has been noted that some severely obese individ-

als, do not present the typical metabolic alterations of the so-called

etabolic syndrome and they seems not to be affected by the same high

evel of comorbidity. To distinguish this type of obesity, it was coined

metabolically healthy obesity (MHO) ( Candi et al., 2018 , Schinzari et

l., 2017 ). Data relating to the real difference in cardiovascular events

nd mortality of this population compared to lean and metabolically

ealthy individuals are controversial. Unlike in earlier studies, in re-

ent studies, the absence of metabolic syndrome was not associated

ith a reduced risk of cardiovascular disease, ( Kramer et al., 2013 ,

ell et al., 2014 , Chang et al., 2014 , Arnlöv et al., 2010 , Hamer and

tamatakis, 2012 ). For this review article, A selective search of two

atabases (PubMed and the Cochrane Library) between 2000 and 2020
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ecember 2020 
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Table 1 

Determinants of MHO and MUO. 

Metabolic Unhealthy Obese (MUO) Metabolic Healthy Obese (MHO) 

Men Women 

Insulin Resistance Preserved Insulin Sensitivity 

Arterial Hypertension Normotension 

Dyslipidemia Normal Lipid Profile 

Chronic Low-Grade Inflammation Lower Inflammatory Activity 

Altered Liver Function Normal Liver Function 

Older Younger 

Higher Visceral/Ectopic Fat Accumulation Lower Visceral/Ectopic Fat Accumulation 

Poor Nutritional Status Physically Active 
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as conducted to investigate the heterogeneous links and differences

mong the metabolic profile of visceral adipose tissue between metabol-

cally healthy and unhealthy obesity, resulting in the selection of the

ost commonly reported subtypes of obesity. 

In general, MHO individuals are more insulin-sensitive and have rel-

tively less abdominal fat (both visceral and subcutaneous) than their

isease-prone counterparts ( Karelis, 2008 , Samocha-Bonet et al., 2012 ).

iet and exercise can decrease both insulin resistance and inflammation

n such obese patients. Environmental factors such as unhealthy diet,

ack of physical exercise, ultra-processed foods or fast food, microbiome

nd chemical contaminants, seems to alters gene expression and lead to

 shift toward metabolically unhealthy obese (MUO). Long-term studies

ave indeed shown that the prevalence of MHO in a population of obese

ubjects gradually decreased over time ( Soriguer et al., 2013 ) and that

oth severity and duration of obesity were associated with the incidence

f the metabolic syndrome during the observation period ( Hwang et al.,

015 , Mongraw-Chaffin et al., 2016 ). 

efinition of MHO and MUO 

More than 30 different definitions of MHO have been used in clinical

tudies. MHO could be defined by the absence of any metabolic disorder

nd cardiovascular disease, including type 2 diabetes, dyslipidaemia,

rterial hypertension, and atherosclerotic cardiovascular disease (AS-

VD) such as coronary artery disease in a person with obesity (BMI ≥ 30

g/m 

2) ( Rey-López et al., 2014 , Iacobini et al., 2019 ). MHO is more

ften observed in young, physically active persons with a better nutri-

ional status and low levels of ectopic and visceral fat storage. Recently,

avie and colleagues ( Lavie et al., 2018 ) proposed a definition of MHO

n obese adults meeting all of the following criteria: serum triglycerides

 1.7 mmol/l ( ≤ 150 mg/dl), HDL-cholesterol serum concentrations > 1.0

 > 40 mg/dl) (in men) or > 1.3 mmol/l ( > 50 mg/dl) (in women), systolic

lood pressure (SBP) ≤ 130 mmHg, diastolic blood pressure ≤ 85 mmHg,

o antihypertensive treatment as an alternative indicator, fasting blood

lucose ≤ 5.6 mmol/l ( ≤ 100 mg/dl), and no drug treatment with glucose

owering agents. Conversely, MUO is characterized by the presence of

igh liver fat content, less adipose tissue on the lower extremities, lower

ardiorespiratory fitness and physical activity, insulin resistance, higher

arkers of inflammation, and adipose tissue dysfunction ( Table 1 ). A

roinflammatory, diabetogenic and atherogenic secretion pattern may

ontribute to the development of MUO. So far, data supports models

or the development of MUO ( Blüher, 2009 , Ghaben and Scherer, 2019 )

n which ectopic fat and impaired adipose tissue function may lead to

ystemic insulin resistance, lipotoxicity, and a proinflammatory state.

heoretically, this condition might play a causal role in the transition

rom MHO to MUO, but whether circulating parameters can predict the

onversions, it is still a matter of debate and it remains an open question

hat needs to be addressed in prospective epidemiological studies. 

revalence of MHO and MUO 

The prevalence of MHO is not very reliable and show a large varia-

ion due to lack of standardized definitions of this phenotype. MHO has
2 
een shown to range between 4.2% and 13.6% in a random sample from

 Chinese adult population ( Liu et al., 2019 ). A recent meta-analysis

rom 12 cohort and 7 intervention studies, found a 35% prevalence of

HO with significant regional differences ( Lin et al., 2017 ). In general,

HO seems to be more prevalent in women than in men and decreases

ith age ( Table 1 ) . The greatest gender difference has been found in

he United Kingdom National Child Development Study (NCDS), with

HO prevalence of 9% in men compared to 28.4% in women, whereas

HO prevalence was similar in men (19%) and women (21.1%) in a

ohort from Italy ( Van Vliet-Ostaptchouk et al., 2014 ). MHO has also

een found in Asian and African populations (depending on diagnos-

ic criteria and based on a BMI ≥ 25 kg/m2 cutoff for obesity), rang-

ng from 4.2% in a cohort from China with an obesity prevalence of

4.3%, to 13.3% among Asian Indians with a 28.1% obesity prevalence,

nd 28.5% in African Americans ( Geetha et al., 2011 , Cherqaoui et al.,

012 ). MHO may be a more frequently observed condition in children

nd adolescents. In a cross-sectional study from Canada, which included

irls and boys aged 8–17 years with a BMI ≥ 85th percentile, prevalence

f MHO was 21.5% when cardiometabolic risk factors were considered,

nd 31.5% if insulin resistance parameters were applied to define MHO.

n children and adolescents of the Korea National Health and Nutrition

xamination Survey, MHO prevalence was between 36.8% and 68.8%

 Prince et al., 2014 , Yoon et al., 2017 ). The risk of transitioning from

HO to MUO is greater in those with a higher BMI, older age, evi-

ence of more severe metabolic dysfunction (i.e., number of abnormal

etabolic criteria and values that are closer to the upper limit of the

ormal range, and the presence of hepatic steatosis), a poor lifestyle in-

ex (a composite of type of diet, leisure time and physical activity) and

eight gain during the observation period ( Chen et al., 2019 , Lallukka

nd Yki-Järvinen, 2016 ). 

Hamer et al. ( Hamer et al., 2015 Nov ) have characterized MHO as

ossibly transitional stage before the onset of metabolic dysfunction.

e examined the behavioral and biological characteristics of healthy

bese adults that progressed to an unhealthy state over 8 years follow-

p. They analyzed 2422 men and women (44.2% men) from the En-

lish Longitudinal Study of Ageing and over 8 years follow-up, 44.5%

f healthy obese subjects had transitioned into an unhealthy state, com-

ared to only 16.6 and 26.2% of healthy normal-weight and overweight

dults respectively. The Authors concluded that MHO is a relatively

nstable phenotype that was not attributable to self-reported lifestyle

ehaviors, but they observed greater increases in waist circumference

hat is likely to be reflective of adverse changes in visceral adiposity.

mportant features of instability were also development of low-grade

ystemic inflammation, impaired glycemic control, and reduction in

DL-cholesterol. It is also known that estrogens are important regu-

ators of fat distribution, body weight, inflammation, and metabolic

isk. The upper body fat accumulation, decreased peripheral fat de-

osition, and ectopic fat accumulation are examples of altered body

omposition during the transition to menopause; these alterations could

e considered the main mediator of cardiometabolic related morbidity

nd mortality, and are likely menopause-related. The menopausal sta-

us is one of the factors contributing to the conversion of MHO status

o MUO status in the women. The findings that the degree of conver-
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2  
ion from MHO to MUO in women with higher visceral adipose tissue

as less pronounced than in men may be due to this substantial ef-

ect of menopause on body fat distribution ( Mongraw-Chaffin et al.,

018 ). Kaba ( Kabat et al., 2017 Jan ) and colleagues, in a multivari-

ble analysis, demonstrated several predictor variables, showing signif-

cant associations with specific transitions: these investigators enrolled

512 women, followed-up for an average of 6 years to examine the

requency of different metabolic obesity phenotypes at baseline, the 6-

ear transition probabilities to other states, and predictors of the risk of

ifferent transitions. Six phenotypes were defined by cross-tabulating

MI (18.5– o 25.0, 25.0– o 30.0, ⩾ 30.0 kg m2) by "metabolic syn-

rome". A continuous-time Markov model was used to estimate 6-year

ransition probabilities from one state to another. Over the 6 years of

ollow-up, one-third of women with the healthy obese phenotype tran-

itioned to the metabolically unhealthy obese (MUO) phenotype. Over-

ll, there was a marked tendency toward increased metabolic deteri-

ration with increasing BMI and toward metabolic improvement with

ower BMI. Among MHO women, the 6-year probability of becoming

UO was 34%, whereas among unhealthy normal-weight women, the

robability of ‘regressing’ to the metabolically healthy normal- weight

henotype was 52% ( Kabat et al., 2017 Jan ). These results indicate that

etabolic obesity phenotypes are susceptible to change and that there is

 strong interplay between body weight and metabolic health. Metabol-

cally unhealthy normal weight (MUNW) women had the highest rates

f metabolic improvement, whereas MHO women had the highest rates

f metabolic deterioration ( Kabat et al., 2017 Jan ). 

ain Clinical Differences between MHO and MUO 

The heterogeneous definitions of MHO represent an important lim-

tation for the interpretation of studies reporting a wide range of asso-

iations between MHO, cardiovascular disease, overall mortality, and

he risk for metabolic diseases ( Mongraw-Chaffin et al., 2018 ). MHO is

haracterized by three main clinical features: a reduced accumulation of

isceral adipose tissue (VAT) and ectopic fat for equal total adiposity,

reserved insulin sensitivity, and a lower degree of systemic and adi-

ose tissue inflammation ( Iacobini et al., 2019 ). How much and where

at is stored, is controlled by a number of factors. The main predictors of

ody fat distribution are age, sex, and total body fat content. However,

ubstantial evidence indicates that fat distribution for a given BMI is reg-

lated also by genetic factors, Moreover, in a large BMI-stratified cohort,

tefan and al ( Stefan et al., 2018 ), linked high liver fat content and pre-

ominantly abdominal and visceral adiposity to MUO, whereas greater

nsulin sensitivity, better insulin secretion, cardiorespiratory fitness, and

ower body subcutaneous fat mass, were associated with an MHO phe-

otype. Moreover, epidemiological studies have demonstrated that, for

 given amount of total fat, greater fat accumulation in the lower body’s

ubcutaneous adipose tissue (SAT) is a determinant of MHO and is as-

ociated with lower risk of cardiovascular disease (CVD). Conversely, in

qually obese individuals, prevalent fat accumulation in VAT, as deter-

ined by computed tomography, is associated with a MUO phenotype,

haracterized by hyperinsulinemia, glucose intolerance and atherogenic

yslipidemia ( Iacobini et al., 2019 ) ( Fig. 1 ). Among these features, mul-

iorgan insulin resistance is considered the most important factor re-

ponsible for the development of CVD. Insulin sensitivity is greater in

eople with MHO than in those with MUO, and many individuals diag-

osed with MHO are more insulin resistant than those who are metabol-

cally healthy and lean (MHL), manifested by higher fasting plasma in-

ulin concentrations and blood glucose concentrations following an oral

lucose tolerance test ( Bell et al., 2015 ). The factors responsible for the

reater preservation of insulin action in people with MHO than in those

ith MUO are not clear, but could be related to differences in potentially

odifiable lifestyle factors and alterations in adipose tissue biology ( Sun

t al., 2011 ). 

The study of MHO subjects can represent an important model for

he recognition of the mechanisms underlying vascular and metabolic
3 
amage in obesity. In fact, obesity alone is capable of leading to vascular

ysfunctions even in the absence of other metabolic alterations. Already

n 2006, Van Guilder and colleagues, demonstrated the presence of en-

othelial dependent dysfunction in obese subjects who did not have ar-

erial hypertension and type 2 diabetes ( Van Guilder et al., 2006 ). In ad-

ition, it was demonstrated that NO-mediated, endothelium-dependent

asodilation is altered in overweight / obese subjects compared to

ealthy lean people ( Weil et al., 2011 ). In a study carried out by our

esearch group we have shown that obese subjects – in addition to pre-

enting an altered endothelium-dependent vasodilation mediated by ni-

ric oxide, also have NO-independent response due to an altered re-

ponsiveness of vascular smooth muscle cells to the action of nitric

xide ( Schinzari et al., 2015 Nov 1 ). We could further characterize

bese subjects as MUO as they presented at least an alteration of the

ipid and carbohydrate parameters typical of the metabolic syndrome

 Schinzari et al., 2015 Nov 1 ). Our results demonstrated a reduction in

he endothelium-dependent but not endothelium-independent respon-

ees compared to MHO subjects, suggesting that metabolic alterations

end to worsen the reduced endothelium-dependent vascular function

lready present in obesity ( Schinzari et al., 2015 Nov 1 , Mather et al.,

004 ). This observation suggests that coexistence of metabolic changes

ums further endothelial impairment to the vascular dysfunction in-

uced by obesity in itself. Another relevant feature of the obesity-related

asculopathy is the enhancement of the vasoconstrictor tone, related

redominantly to increased activity of the endothelin ( Campia et al.,

014 , Schinzari et al., 2013 , Schinzari et al., 2018 ) . The first evidence

n this regard reported the interactions between the ET-1 and NO sys-

ems in the vasculature of obese or type 2 diabetic individuals ( Mather

t al., 2004 ). The investigators observed that antagonism of ET-1 ac-

iion by use of BQ-123, a selective blocker of ETA receptors, is able

o correct the defect in endothelium-dependent vasodilation seen in

hese patients. Weil et al, who have observed improved endothelium-

ependent vasodilation following blockade of ET-1 receptors in over-

eight / obese patients, have subsequently reported similar findings

 Weil et al., 2011 ). We have confirmed these data and showed that ET-1-

ependent vasoconstriction was greater in obese subjects with metabolic

lterations compared to MHO ( Schinzari et al., 2015 Nov 1 ). Further-

ore, Kan et al. in a recent trial enrolled 2,204 Korean subjects with

he MHO phenotype, and showed how MHO phenotype might be a tran-

ient state before their progression to MUO state, approximately a half

f the MHO subjects converted to the MUO phenotype after the median

ollow-up of 41.1 months ( Kang et al., 2017 Jun 23 ). The authors ap-

lied a novel mathematical model which estimates visceral adiposity

ased on anthropometric and lipid profiles. They found that a so-called

visceral adiposity index" (VAI) correlated well with the incidence of

onversion to the MUO phenotype and multiple factors that might con-

ribute to this “shift ”. The most frequently reported key characteristics

f the MHO phenotype are reduced accumulation of visceral and ec-

opic fat and higher insulin sensitivity. Conversely, visceral fat accu-

ulation with adipose tissue fibrosis and lower insulin sensitivity pre-

icted the conversion of MHO subjects to MUO. Moreover, adipose tis-

ue macrophage content is greater in visceral adipose tissue in people

ith MUO than in those with MHO, Moreover, plasma concentrations

f markers of inflammation, primarily C-reactive protein, plasminogen

ctivator inhibitor-1 (PAI-1), IL-6, and TNF- 𝛼, are higher in MUO com-

ared to MHO. These data corroborate the hypothesis that the pres-

nce of metabolic alterations tends to worsen endothelial and adipose

ysfunction. 

he Risk of Adverse Outcomes in MHO versus MUO 

The prognostic value of MHO has recently been challenged by a

tudy showing that MHO individuals are still at higher risk of coronary

eart disease, cerebrovascular disease, and heart failure compared to

ormal weight metabolically healthy individuals ( Caleyachetty et al.,

017 ). In addition, in MHO, cardiovascular risks may be reduced fol-
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Fig. 1. Expantion of visceral adipose tissue leading 

to cardiometabolic abnormalities and increased car- 

diovascular events and mortality. 

HDL: High density lipoprotein, CVD: cardiovascu- 

lar disease, Apo-B: Apolipotprotein B, TNF: tumor 

necrosis factor alpha. 
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owing weight loss intervention; therefore the clinical priority should

e to encourage and facilitate weight loss. However, metabolic and car-

iovascular complications are not the solely detrimental aspects of obe-

ity as respiratory problems, sleep apnea and musculoskeletal disorders

especially osteoarthritis), as well as several types of cancers, are all es-

ablished obesity-related disease complications ( Iacobini et al., 2019 ).

he normal decline in metabolic health associated with increasing age,

he metabolic insult of prolonged excess adiposity, and the tendency

o gain weight throughout middle age, likely influence the stability of

HO. The data from longitudinal studies suggest that approximately

0% to 50% of people with MHO convert to MUO after 4 up to 20 years

f follow-up ( Kang et al., 2017 Jun 23 , Bell et al., 2015 ). The major fac-

ors determining the conversion of MHO to MUO are a decline in insulin

ensitivity and an increase in fasting blood glucose ( Bell et al., 2015 ).

he risk of transitioning from MHO to MUO is greater in those with a

igh BMI, older age, evidence of more severe metabolic dysfunction (i.e.,

umber of abnormal metabolic criteria and values that are closer to the

pper limit of the normal range, and the presence of hepatic steatosis)

 Moussa et al., 2019 ), a poor lifestyle index (a composite of diet compo-

ition, leisure time physical activity, and cigarette smoking) ( Schröder

t al., 2014 ), and weight gain during the observational period ( Cui et

l., 2015 , Espinosa De Ycaza et al., 2018 ). In general, the risks of type 2

iabetes (T2D), CVD, and all-cause mortality are greater in people with

UO than in those with MHO and greater in those with MHO than in

hose who are metabolically healthy and lean (MHL) ( Zheng et al., 2016 ,

amer and Stamatakis, 2012 ). Moreover, the risks of these adverse out-

omes are directly related to the number and severity of metabolic ab-

ormalities ( Caleyachetty et al., 2017 , Kuk et al., 2018 ). The risk of de-

eloping T2D is much lower in those with MHO than MUO, but the risk

s still about 4-fold greater than in those who are MHL and is directly

elated to the number of metabolic abnormalities at baseline ( Twig et

l., 2014 , Guo and Garvey, 2015 ). The risk of CVD events is lower in

eople with MHO than in those with MUO, but is still higher in people

ith MHO than in those who are MHL ( Eckel et al., 2016 ). A meta-

nalysis that used pooled data from 18 studies followed over a median

f 10 years found that the risk of CVD events was about 50% greater in

eople with MHO at baseline than in people who were MHL ( Zheng et

l., 2016 ). The risk of all-cause mortality in people with MHO relative

o those who are MHL depends on the number and severity of metabolic

bnormalities and the stability of metabolic health. The combined data

rom five large cohort studies that followed participants for an average

f 13 years found that people with MHO and no metabolic syndrome

omponents (excluding waist circumference) did not have an increased

isk of all-cause mortality compared with the MHL group; however, the

isk of all-cause mortality was greater in participants with MHO versus

HL, when participants with one abnormal metabolic risk factor (ex-
4 
luding waist circumference) were included in the MHO group ( Kuk et

l., 2018 ). 

 Pathophysiological Role for Visceral Adipose Tissue 

Visceral adipose tissue is a hormonally active cellular compartment

hich possesses unique biochemical characteristics influencing several

hysiological and pathophysiological process ( Fig. 1 ). White adipose tis-

ue (WAT) is responsible for storage and release of the energy surplus

nd brown adipose tissue (BAT) is specialized in energy expenditure

ia beta-oxidation coupled to thermogenesis. WAT depots can be di-

ided into subcutaneous adipose tissue (SAT) and visceral adipose tissue

VAT). The main factor that influences the storage of fat is the plasticity

f SAT ( Bala et al., 2016 ). Regarding the type of fat, while white adipose

issue is involved in the pathogenesis of obesity-related metabolic dis-

rders, the energy-burning potential of brown adipose tissue confers to

his type of fat a potential protective role for metabolic and cardiovas-

ular health ( Bartelt and Heeren, 2014 ). SAT may not be a risk factor

or metabolic diseases, whereas VAT and ectopic fat accumulation in

r around the liver, heart and muscles is causally related to insulin re-

istance, impaired glucose homeostasis and CVD ( Gaggini et al., 2013 ).

he role of adipose tissue in the up-take and the utilization of glucose

s an important piece in the puzzle of metabolic abnormalities observed

n obese patients. Insulin produces a postprandial disposal of glucose,

ncreasing its up-take in adipocytes through GLUT4 mobilization, the

ain transporter of glucose into the adipose cell. Experimental studies

n mice, showed that the mutation of GLUT4 gene decreases the ex-

ression of this transporter in adipose tissue and skeletal muscle. This

ecrease did not result in obesity, but led to hypertension and diabetes,

hus being a good animal model for the study of diabetes without com-

lications induced by obesity ( Stenbit et al., 1997 ). The role of BAT and

AT in the storage and the utilization of energy is different. Mice with

elective genetic deficiency of the insulin receptor in brown adipocytes

how an age-dependent loss of interscapular brown fat and develop an

nsulin-secretion defect resulting in a progressive glucose intolerance,

ut do not developt insulin resistance. This model provides a direct evi-

ence for the role of the insulin receptors in brown fat adipogenesis and

uggests the role of brown adipose tissue in the regulation of insulin se-

retion and glucose homeostasis ( Gaggini et al., 2013 ). The MHO phe-

otype is characterized by an improved insulin-sensitivity compared to

heir counterparts with MUO. The accumulation of abdominal, visceral

nd ectopic fat will induce insulin resistance and metabolic unhealthy

rofile ( Blüher, 2010 , Schinzari et al., 2010 ). A recently published study

howed that individuals with either liver or muscle insulin-resistance

xhibit an abdominal visceral fat area similar to the one of the insulin-

ensitive individuals; those with insulin resistance at the both levels
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ad a significantly higher visceral fat area than those insulin- sensitive

n both tissues ( Chen et al., 2015 ). More SAT and less VAT, as well

s lower fat accumulation in liver and skeletal muscle as compared to

UO subjects matched for BMI and fat mass characterize MHO individ-

als. Conversely, in equally obese individuals, prevalent fat accumula-

ion in VAT, as determined by computed tomography, is associated with

 MUO phenotype, characterized by hyperinsulinemia, glucose intoler-

nce and atherogenic dyslipidemia ( Tchernof and Després, 2013 ). Fi-

ally, it was demonstrated that obese individuals matched for VAT, had

omparable glucose tolerance irrespective of the amount of abdominal

AT, whereas those matched for SAT had different glucose tolerance,

epending on the magnitude of fat accumulation in VAT ( Ross et al.,

002 ). Therefore, the reason why MHO subjects are relatively protected

gainst cardiometabolic diseases may lie in part in the divergent regu-

atory functions of VAT and SAT depots. Consistently, previous studies

ave shown that, in the presence of positive calorie balance, SAT ex-

ansion prevents the risk of lipid overflow and fat deposition in the

bdominal VAT depot and in non-adipose tissue (i.e., ectopic) depots

 Virtue and Vidal-Puig, 2010 ). Thus, at the level of fat-specific depots,

he difference between MHO and MUO seems to be reflected by the

tness of SAT: that is, a “healthy SAT ” in the MHO versus a dysfunc-

ional SAT in the MUO. Adipose tissue expandability has been saw in

xperimental studies connecting the improved ability to increase total

at mass in response to overfeeding with metabolic improvement, and in

pidemiological studies linking increased SAT, but not VAT expansion,

ith protection from type 2 diabetes risk (i.e., MHO) ( Kim et al., 2007 ,

cLaughlin et al., 2011 ). Consistently, the limited expandability of SAT

as associated with insulin resistance ( Neeland et al., 2018 ). Adipocyte

ypertrophy in VAT appears to be more closely linked to insulin re-

istance than adipocyte hypertrophy in SAT. In fact, a positive corre-

ation was found between VAT adipocyte diameter and the degree of

nsulin resistance in obese women with metabolic syndrome, whereas a

eak, nonsignificant association was found between SAT adipocyte size

nd metabolic parameters ( Neeland et al., 2018 ). Another study demon-

trated that, though SAT adipocytes were larger than VAT adipocytes

n severe obesity, only the size of VAT adipocytes correlated positively

ith insulin levels, fasting glucose and insulin resistance ( Ledoux et al.,

010 ). These findings suggest that the different risk factor profiles for

etabolic abnormalities might be due to the different biological prop-

rties of adipocytes from SAT and VAT, rather than the location of the

at depot itself. VAT is considered a unique pathogenic depot that con-

ers risk beyond its contribution to overall adiposity, but also SAT vol-

me and quality, as assessed by computed tomography imaging, have

een associated with incident metabolic risk factors ( Abraham et al.,

015 ). Changes of fat depots reflect the functional and expansion ca-

acity of adipose tissue, which depends also on the ability to increase

he number (i.e., hyperplasia), not only the size (i.e., hypertrophy) of

dipocytes. Consistently, reduced adipose tissue expandability has been

inked to inability of adipocytes to differentiate properly ( McLaughlin

t al., 2007 ). The main pathophysiological features characterizing adi-

osopathy are impaired adipogenesis, reduced adipose tissue expand-

bility, adipocyte hypertrophy, altered lipid metabolism, and adipose

nflammation ( Goossens, 2017 , Pellegrinelli et al., 2016 ). Among these

eatures, increasing evidence suggests that defective adipogenesis may

e the upstream factor leading to adipose tissue dysfunction and re-

ated metabolic disorders. Human findings indicate that defective adi-

ogenesis may be involved in the development of obesity-related sys-

emic insulin resistance and inflammation, two major hallmarks of MUO

 McLaughlin et al., 2010 ). In obese individuals, systemic insulin resis-

ance is associated with an increased ratio of small-to-large adipocytes

nd decreased levels of adipogenic genes, which is suggestive of a re-

uced adipogenic potential of fat tissue. The metabolic health of obese

ndividuals may ultimately depend on their adipogenic potential. An

dequate adipogenic capacity would favor the energy-buffering activity

f adipose tissue, ensuring metabolic health protection furthermore an

mpaired adipogenesis would anticipate and accelerate these events by
5 
estraining adipose tissue expandability and favoring adipocyte hyper-

rophy, ectopic fat accumulation and adipose/systemic inflammation,

hich instigate insulin resistance and abnormal glucose regulation. In-

errogation of the biochemical profiles of human VAT originating from

HO and MUO with the aim of characterizing the altered metabolism

ssociated with the pathology of metabolic syndrome revealed limited

ifferences. Changes were detected in oxidative stress metabolites, ce-

amides, sphingolipids, and amino acid metabolism ( Candi et al., 2018 ,

iro and Tesauro, 2020 ). These studies suggest the need to combine

dditional matrices (e.g., patients’ plasma) and technologies (transcrip-

omic, proteomic) in order to fully understand the pathophysiology of

HO and MUO. 

revention and Therapy: Lifestyle changes 

Regular physical exercise reduces the risk of diseases such as diabetes

nd atherosclerosis, and is indubitably associated with improved well-

eing and longer live expectancy ( Barton, 2013 , Barton and Cardillo,

020 Jul 23 ). Exercise may be prescribed for primary prevention or ad-

unctive treatment for a variety of disorders, including obesity, type

 diabetes, dementia, cardiovascular diseases, and cancer. The best-

haracterized exercise change is the increase of catecholamines ( Von

uler and Hellner, 1952 ) thus, demonstrating that the three major

ranches of metabolism, which are energy metabolism, anabolism, and

atabolism, are profoundly changed in response to acute and chronic

hysical exercise. In addition, marked changes were observed associ-

ted with increased aerobic fitness in many other classes of metabolic

ubstrates, such as arginine metabolites, endocannabinoids, nucleotides,

arkers of proteolysis, products of fatty acids oxidation, microbiome-

erived metabolites, markers of oxidative stress, and substrates of co-

gulation ( Koay et al., 2021 ). One of the arginine metabolites, the

imethylguanidino valeric acid (DMGV), was able to track a maladap-

ive metabolic response to exercise ( Koay et al., 2021 ). The partici-

ants with greater post-exercise increment in plasma levels of DMGV

ad higher values of some variables associated with cardiovascular risk,

uch as body fat, total and LDL-cholesterol, and systolic blood pres-

ure. DMGV has also been previously identified as a strong, indepen-

ent biomarker of nonalcoholic fatty liver disease (NAFLD) by an in-

estigation in the offspring cohort of the Framingham Heart Study inte-

rating nontargeted metabolomics, genetics and detailed phenotyping

 O’Sullivan et al., 2017 ). Thus, DMGV circulating levels were signifi-

antly elevated in patients with biopsy-proven nonalcoholic steatohep-

titis, a condition that is highly interconnected to visceral adiposity and

ardiometabolic risk ( Porter et al., 2013 ). The potential prognostic sig-

ificance of DMGV, maintaining or achieving normal body weight in

ombination with a regular exercise remains the most important and

ost-effective intervention for primary and secondary prevention of ar-

erial hypertension, diabetes, cardiovascular disease, and dementia, in-

ibiting inflammatory activation and improving endothelial cell func-

ions ( Barton et al., 2016 , Barton and Cardillo, 2020 Jul 23 ). 

revention and Therapy: Bariatric Surgery 

Ruitz and colleagues have demonstrated a moderate weight loss of

bout 10% may be sufficient to modify an obesity phenotype with car-

iometabolic abnormalities in MHO. Bariatric surgery (BS) has been

hown to be equally effective in MHO compared to MUO patients con-

erning cardiometabolic outcomes ( Lavie et al., 2018 ). BS might reverse

ype 2 diabetes and other components of the so-called "metabolic syn-

rome", including hypertension, dyslipidemia, and non-alcoholic steato-

is hepatitis (NASH), and may improve the metabolic profile in patients

iagnosed with polycystic ovary syndrome (PCOS); BS is,often the best

ossible treatment for asthma and gastroesophageal reflux disease, even

efore significant weight loss. BS reduces long-term mortality from coro-

ary heart disease and diminish the prevalence of solid tumors by more

han 70% within 5 years of surgery ( Julia Xu et al., 2013 , Ruiz et al.,
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013 ). Mechanical explanations for BS success such as limiting stomach

olume and intestinal malabsorption have given way to physiological

xplanations due to changes in gastrointestinal signals to other organs.

he two most commonly used bariatric procedures are the Roux-en-Y

astric bypass (RYGB) and sleeve gastrectomy (SG) ( Sica et al., 2011 ,

uroSurg 2016 ). RYGB leaves the patient with a small pouch in the

tomach under the esophagus and the anatomy of the intestine is reor-

anized so that the nutrients are diverted from the upper to the central

art of the small intestine ( Biancone et al., 2008 ). RYGB not only in-

uces significant weight loss, but also improves insulin resistance with

he remission of type 2 diabetes in many cases. SG is a surgical pro-

edure, generally laparoscopic, which consists in removing about 80%

f the stomach along the major curvature Alterations of the gastroin-

estinal anatomy have profound effects on physiology, including alter-

tions of intestinal hormone secretion important for the regulation of

utrition and metabolism. These metabolic changes, associated with

S may be related not only to the reduction of adipose tissue but also

o the different anatomical deposits of adipose tissue that are affected

 Frikke-Schmidt et al., 2016 ). The reduction of adipocyte hypertrophy is

 dominant feature of loss of fat mass. Adipocyte size affects intracellular

etabolic function because larger adipocytes are associated with type

 diabetes and metabolic diseases ( O’Connell et al., 2010 , Henninger

t al., 2014 ). However, it is clear that overall bariatric surgery reduces

oth the size of individual deposits and the adipocytes and reduces the

AT/SAT ratio. These changes are well-known for their beneficial im-

act on metabolic health and support a contributing role in the improve-

ent of fat metabolic function after bariatric surgery. This notion is

upported by clinical data after bariatric surgery showing that shorter

uration of type 2 diabetes and better hyperglycemic parameters are

he main determinants of diabetes remission and metabolic syndrome

eduction ( Blüher, 2020 , Marafini et al., 2015 ). 

uture Investigations 

While studying MHO and MUO, studies into genetic traits could bring

nsights into protective variants. In addition, the study of mechanisms

esulting in a reduction of chronic inflammation could reveal protective

atterns, possible to study by use of proteomics, while a better under-

tanding of the role of gastrointestinal microbiota and its interaction

ith dietary patterns could provide new perspectives. The role of the

fat and fit ” phenotype, with corresponding personality traits, should

e probably studied more, as this could modify the current simplified

essage of weight loss in all obese subjects in a uniform way, and could

uther elucidate the mechanisms underlying the health benefits of regu-

ar physical acitvity in obese patients ( Barton and Cardillo, 2020 Jul 23 ).

 Both observational studies on obesity and risk in different populations

nd ethnicities, as well as basic science studies are needed. Ideally, char-

cteristics of adipocytes from MHO subjects as well as the cardiovascular

henotype, including blood pressure regulation, could be investigated

urther. 

onclusion 

Visceral adipose tissue, in association with insulin sensitivity and

dipose tissue inflammation, plays a central role in patients affected by

HO. The mechanisms underlying the conversion from MHO to MUO

ave not been fully clarified. However, predisposing factors such sex,

ge and metabolic damage due to chronic excess of adipose tissue and

endency to increase body weight, seem to play an important role in the

echanisms underlying lack of metabolic stability of MHO. The absence

f a clear definition of MHO represents an important limitation for the

valuation of the various studies in which an attempt was made to cal-

ulate the cardiovascular and metabolic risk in these subjects compared

o MUO and MHNW. Individuals with MHO tend to have a reduced

isk of developing T2DM and CVD compared to MUO, but an increased

ardiovascular risk compared to healthy and lean subjects. This is in
6 
ine with our previous findings but also demonstrates impairment of

ndothelium-dependent regulation of arterial tone in MHO, confirming

hat obesity per se is associated with vascular alterations and that the

resence of the metabolic syndrome exerts additive detrimental effects

n the vascular endothelium. MHO should no longer be considered "be-

ign" as MHO carries and increased cardiovascular and metabolic risk.

he study of subjects with MHO represents a great opportunity for bet-

er recognition of the mechanisms underlying obesity-related vascular

nd metabolic complications, will help to identify new ways to improve

revention and may lead to personalized and stratified risk therapies in

he future. 
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