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Introduction

Cardiometabolic diseases are among the leading morbidity
and mortality causes in both developed and developing
countries. In 2016, more than 1900 million adults, >18 years
old, were overweight (39%). Of these over 650 million were
obese (13%) [1]. The prevalence of type 2 diabetes mellitus
(T2DM) was estimated in 500 million people worldwide [2],
around 60 million in Europe [3]. Cardiovascular (CV) dis-
eases (CVDs) are the number one cause of death globally,
taking an estimated 17.9 million lives each year. CVDs are a
group of disorders of the heart and blood vessels and
include coronary heart disease (CHD), cerebrovascular dis-
ease, rheumatic heart disease, and other conditions. Four
out of 5 CVD deaths are due to heart attacks and strokes,
and one-third of these deaths occur prematurely in people
under 70 years of age [4].

There is a quite large amount of literature addressing
the topic about the causes and consequences of a “bad
metabolic health” on different endpoints for a plentiful of
diseases, including CVDs, obesity, T2DM, nonalcoholic
fatty liver disease (NAFLD), sleep apnea, hypertension,
stroke, and cancer among others. However, there is scarce
scientific evidence about what we can consider a “normal
metabolic health status” in a convincing way that can be
assumed without discussion by the scientific community.
The insulin resistance (IR) classification has been one of
the main drivers around which an attempt was made to
build a definition of a healthy metabolic status in humans.
The absence of IR or low subclinical inflammation (usually
determined by C-reactive protein (CRP) levels) in combi-
nation with the presence of fewer than 2 parameters
associated with metabolic syndrome (MetSyn) are claimed
as the gold standard for a metabolically healthy (MH)
status in a wide number of studies [5,6]. However, esti-
mation of IR and subclinical inflammation are usually ab-
sent or roughly defined in most of the studies, and more
importantly, there are no studies awarding the same
pathophysiological mechanisms for the risk factors in lean
people than in obese population in terms of metabolic
derangements.

In a recent report trying to define the phenotypes to
identify the people at risk of having a “bad metabolic
health” the authors claim about the existence of a
lipodystrophy-like phenotype in the general population. In
order to unify criteria to define a MH status, Stefan et al.
(2017) proposed cut-off values for the most frequent
criteria associated with metabolic disturbances, suggesting
that fewer than two should be given to define subject as
MH [7]. In the opposite side of the spectrum, we found the
MH obese (MHO) subjects who despite the presence of
obesity appear to be in a MH status. The main concern of
this scenario is the absence of a clear definition of this
condition, including more than 30 different criteria used to
identify these subjects. This led to a high variability in the
prevalence of MHO in the literature ranging from 10 to 45%
[8,9].

Early risk identification has been a priority for clinicians
and researchers for a long time. Kylin already described

what we call now MetSyn in 1923 [10]. MetSyn is an
artificial construction defined by the most frequent asso-
ciation of pathology that is accompanied by greater CV
morbidity and a higher prevalence in the onset of T2DM. In
fact, its definition is not considered based on a particular
pathophysiological mechanism, but rather a pragmatic
approach to obtain a final clinical benefit, trying to
improve its components based on a healthy lifestyle and a
healthy improvement in the variables associated with it.

IR was initially proposed as the common driver in the
components of MetSyn (high blood pressure, obesity,
dyslipidemia, and hyperglycemia), even when it does not
represent a pathology itself. On the contrary, WHO and
EGIR include IR among the MetSyn criteria [11].

Scientific societies (International Diabetes Foundation
(IDF), National Cholesterol Education Program-Adult
Treatment Panel Il (NCEP-ATPIII), American Heart Asso-
ciation (AHA), World Heart Organization (WHO), etc.) have
taken part in the matter and agreed on criteria for defining
MetSyn (obesity, high triglyceride (TG) levels, low HDLc,
hypertension, IR/hyperglycemia), but without strong evi-
dence on the weight of each of them over the rest [11].
Very interesting is the view that Reaven offers on MetSyn
and the determinants that are considered part of it [12].
The American Diabetes Association (ADA) and the Euro-
pean Association for the Study of Diabetes (EASD) did the
same in a joint communication [13]. Independently of
disagreements, it is a fact that they all agree on the
markers but mainly disagree on the cut-off values for
increased risk or the combination of those.

However, it is known that other determinants, such as
chronic inflammation, may have a predictive capacity like
that of IR or to the components of MetSyn themselves, in
the onset of both T2DM and CV events [14]. While as is
often the case, not all studies link these markers with
increased risk of MetSyn and/or CV events [15,16].

It is a fact that currently there seems to be more pre-
dictable factors for cardiometabolic-related diseases than
those included in the MetSyn definitions. Therefore, the
aims of this review were: a) to analyze the relationship of
known and emerging biomarkers/indicators for early risk
identification of cardiometabolic health risk; b) to identify
early risk marker that could be used in both clinical and
nonclinical settings; c) to propose a new definition of early
risk identification in terms of pre-metabolic syndrome
(PreMetSyn).

Methods
Literature search

A systematic-similar approach considering PRISMA in-
dications was followed. Pubmed/Medline, Web of Science,
Embase, and Cochrane were searched for Systematic Re-
views and Meta-analysis according to the following Med-
ical Subject Headings (MeSH) terms: >Prehypertension OR
Diastolic blood pressure OR Systolic blood pressure OR
Heart rate OR Insulin resistance OR Hyperglycemia OR
Impaired glucose tolerance OR Impaired fasting glucose OR



Early identification of metabolic syndrome risk

2559

Glucose intolerance/Glucose tolerance OR Prediabetes OR
Hyperinsulinism OR Waist circumference (WC) OR Waist-
to-hip ratio (WHR) OR Body mass index (BMI) OR Over-
weight OR Abdominal obesity OR Abdominal fat OR
Adiposity OR Thinness OR Hypertriglyceridemia OR High
low-density lipoprotein cholesterol (HDL-c) OR Low high-
density lipoprotein cholesterol (LDL-c) OR Triglycerides
(TG) OR Physical fitness OR Cardiorespiratory fitness OR
Strength OR Physical function and performance>>. Selected
titles and abstracts were reviewed at least by two re-
searchers and selected articles were agreed among all
authors.

Additional suitable studies and other relevant reviews
were included from the reference lists of selected papers.

Inclusion and exclusion criteria

Inclusion criteria are as follows: systematic reviews and
meta-analysis published between 2012 and 2020 including
European data; adults aged 20 to 45.

Analysis of each study was performed by one
researcher, and final data included in the table in annex
followed an analysis and consensus of the research group.
Data in this Table are focused on the new biomarkers
related to Pre-MetSyn found and their relationship with
the already known components of MetSyn. The linkage to
PreMetSyn is commented, as well as the type of study and
the supporting references.

First search

N=9866

Results and discussion
Search results

From the first search, 9866 studies were obtained and 298
were initially selected, and finally, 95 systematic reviews
and meta-analysis were included (Fig. 1). Those systematic
reviews that fitted better the aims of our research are
analyzed in the table in Appendix. In the RESULTS and
Discussion section only those with at least evidence are
commented.

Indicators related to anthropometric and clinical
variables

There are some anthropometrical measurements useful in
determining some MetSyn components [17,18]. Bellou
et al. (2018) performed an umbrella-review about risk
factors for T2DM, finding that high BMI, waist circumfer-
ence (WC), waist-to-hip ratio, waist-to-height ratio, and
low hip circumference were associated with high risk of
T2DM, supported by a highly suggestive evidence [19].
Waist-to-height ratio seems to be also a good tool in
assessing adiposity and obesity in the elderly [20]. Neck
circumference is an easy-to-obtain measurement, and it
has shown positive associations with some MetSyn-
related parameters such as WC, blood pressure, fasting
glucose, BMI, total cholesterol (TC), and LDLc, and negative

Initial selection

N=298

/ Out of scope N=20 \

No Caucasian N=5

Other language than
English or Spanish N=3

\ Full text not found N=3 /

Included articles

Articles selected in
a second round

N=95

T Meta-analysis
and systematic

N=121

v

review N=66

Review articles
N=15

Studies N=14

—

Figure 1 Flow diagram.
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with  high-density lipoprotein cholesterol (HDLc).
Although there is a large heterogeneity between studies,
the triglyceride-glucose index (TyG index) (a novel
parameter leading to predict MetSyn) is related to great
risk of T2DM [21]. Sanchez-Garcia et al. (2020) found that
the TyG index had moderate to low evidence to detect the
presence of IR [22]. People presenting high neck circum-
ference showed two-fold risk of hypertriglyceridemia [23].

Handgrip strength is a good predictor for CHD. In pre-
hypertensive men, medium and high levels of muscular
strength reduced the risk of hypertension. Individuals
presenting lower muscular fitness may gain more age-
related weight and adiposity. Contrasting, muscular
strength showed no benefits on lipid profile [24]. Muscle
strength seems to be a sensitive indicator of MetSyn,
considering each component individually and/or combi-
nations of MetSyn components [25].

Some clinical variables are also related to MetSyn
components. For instance, there have been described as-
sociations of high systolic blood pressure or resting heart
rate (RHR) with higher risk of T2DM [19,26] and low in-
sulin sensitivity. Cardiorespiratory fitness (CRF) improve-
ment can prevent T2DM, thus for each metabolic
equivalent (MET) higher CRF, the risk of T2DM decreases
by 8% [27]. Accordingly, Lee et al. (2020) observed that
obesity increases the risk of MetSyn even in people with
high CRF compared with those with normal weight. They
also showed that a minimum of CRF level of 8.39 METs is
necessary to have low risk of MetSyn [28]. Regarding
muscle strength, there is an inverse association with the
risk of T2DM [29]. In line with this, Tarp et al. (2019) found
that for each standard deviation (SD) increase in muscular
strength, the risk of T2DM decreased by 13% [27].

Risk of MetSyn can be estimated using some of the
above-mentioned indicators. Thus, there is a linear rela-
tionship between RHR and risk of MetSyn, where for each
10-bpm increase, there is a 28% higher risk of MetSyn [26].
Moreover, the carotid intima-media thickness has shown
higher values in MetSyn [30]. There is an inverse associ-
ation between MetS risk and muscular strength, and a
protective effect of CRF and muscular strength has been
found among overweight and obese men. Muscular
strength is inversely associated with MetSyn in low and
moderate CRF but not in high CRF men [24].

Indicators related to physiological processes

There are some physiological processes that have been
associated with metabolic health such as sleep, meno-
pause, or stress among others. Sleep quality, quantity, or
complaints are associated with MetSyn. Thus, the risk of
MetSyn increases with the bad quality of sleep, with dif-
ficulties in falling asleep and in maintaining sleep, but
there is no association with early morning awaking or
awaking during the night [31]. Regarding the sleep quan-
tity, there is a dose—response relationship between short
sleep duration and MetSyn risk, being the odds of MetSyn

1.5 for <5h sleep [32]. In South Korea, the findings about
the sleep duration in women have shown that comparing
>8 h/d with <6 h/d, there was a 2.13-fold increased
prevalence of MetSyn. A sleep duration of more than 10 h/
d compared with <6 h/d in females showed a higher odds
ratio (OR) for MetSyn (1.4), and some of its components
(higher WC (1.14), increased TG (1.41), lower HDLc (1.24)
and higher fasting glucose (1.39)) [32].

Postmenopausal women are more prone to develop
MetSyn than premenopausal ones; they become physically
inactive and are more likely to be overweight and develop
CVD and T2DM [33]. Thus, they have higher odds for high
fasting glucose and TG levels, blood pressure and WC, and
for lower HDLc [34].

Sarcopenia is linked to aging when a skeletal muscle
mass loss occurs. Sarcopenia increases the risk of MetSyn,
thus prevalence of MetSyn among sarcopenic was 22.8%
among middle-aged adults [35], while prevalence of sar-
copenia among obese was >40% [36]. Even when there are
few longitudinal studies about the effects of sarcopenic
obesity in health, Khadra et al. (2019) found that sarco-
penic obesity increased the risk of T2DM in 38% [36].

Tenk et al. (2018) studied the relationship between
perceived stress and different MetSyn components, finding
positive correlations between perceived stress and WC,
BMI, TG and diastolic blood pressure, and negative corre-
lation with HDLc [37]. These results show that perceived
stress could be considered as a MetSyn predictor.

Indicators related to associated diseases/syndromes

There are some diseases that may have potential utility in
predicting the future risk of developing MetSyn in patients
who suffer from them. Some authors suggest that NAFLD
can be considered the hepatic manifestation of the Met-
Syn. However, the liver affects the pathogenesis of the
MetSyn and its complications [38]. The meta-analysis
performed by Ballestri et al. (2016) suggested that NAFLD
significantly increases the risk of incident T2DM and
MetSyn over a median 5-year follow-up [39].

People suffering psoriasis disease have higher risk of
T2DM, independently of BMI, while IR relates to psoriasis
severity [19]. There is a positive and strong correlation
between psoriasis and MetSyn (pooled OR: 2,14) [40,41]
and in Latin American population it is nearly 3-fold higher
[40]. Those patients who were recently diagnosed showed
a lower risk of MetSyn than those with chronic disease
(pooled OR: 1.5). The association between MetSyn and
psoriasis was stronger in studies performed using the
ATPIII criteria than in those using the IDF criteria (pooled
OR: 3.97) [40]. Likewise, a recent meta-analysis observed
that the incidence of CVD is greater in people with psori-
asis as well as with single components of the MetSyn
including hypertension disease associated with psoriasis
[42].

Although numerous studies have indicated arelationship
between Obstructive Sleep Apnea (OSA) and MetSyn, a
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systematic review failed to find causality between these two
factors [43]. Recently, Peres et al. (2019) have shown that
some circulating biomarkers such as inflammatory markers,
adhesion molecules, and vascular proteins are associated
with the presence of cardiometabolic disease in patients
with OSA but this finding does not support enough the
possibility of OSA being an indicator for MetSyn [44].

Periodontitis (PD) has also been proposed as a comor-
bidity associated with MetSyn. Indeed, a meta-analysis
revealed a positive association between MetSyn and PD
and suggested that individuals with MetSyn are 38% more
likely to have PD than individuals without MetSyn [45,46].
Accordingly, Mufioz-Aguilera et al. (2020) observed a
positive association between hypertension and periodon-
titis leading to an increase in the risk of high systolic and
diastolic blood pressure and hypertension [47]. This
finding has recently been confirmed by a case—control
study [48]. Therefore, the conclusion could be that PD is
more frequent in MetSyn patients, but that PD is not an
indicator of MetSyn by itself.

Rosacea is cutaneous chronic inflammation affecting
adults [49]. Li et al. (2020) observed that is not associ-
ated with CVD [49]; however, Cheng et al. (2020) found
that rosacea is associated with hypertension and high
levels of LDL and low HDL [50]. Furthermore, people
presenting lichen planus (LP), which is an idiopathic
inflammatory dermatosis, are more likely to be affected
by MetSyn [51].

One study from Pal et al. (2018) regarding the relative
risk (RR) of progression from mild cognitive impairment
(MCI) to dementia in people with and without MetSyn or
T2DM, concluded that diabetes and MetSyn were both
associated with an increased incidence of dementia when
co-existing with MCI. Indeed, an intensive CV risk reduc-
tion and lifestyle changes for patients are presenting MCI
and diabetes, prediabetes or MetSyn may be important in
reducing the incidence of dementia in this high-risk pop-
ulation [52]. Therefore, similarly to what happens with PD,
the conclusion is that there is increased incidence of de-
mentia in patients with MetSyn but dementia is not an
indicator of MetSyn. In reference to migraines, which are
considered a risk factor for dementia, they have not been
associated with MetSyn [53].

Regarding hormonal disorders, Fazleen et al. (2018)
performed a systematic review and meta-analysis in ado-
lescents with polycystic ovarian syndrome (PCOS), sup-
porting that the risk of MetSyn is greater in adolescents with
PCOS than in normal population [54]. More recently, Mis-
itzis et al. (2019) reviewed the relationships of sex hor-
mones with components of MetSyn, such as IR and
dyslipidemia, in pre- and postmenopausal women. High
testosterone, low sex hormone-binding globulin (SHBG),
and low estrogen levels increase the risks of MetSyn and
T2DM in women. In this study, several diseases mediated by
sex hormones, including PCOS, acanthosis nigricans, acne
vulgaris, and pattern alopecia, were associated with IR and
increased risk for MetSyn [55]. Furthermore, Weeker et al.

(2020) found that females with PCOS could be affected by
higher risk of cardiometabolic syndrome [56].

In view of the evidence commented above, the best and
reliable “disease associated marker” to be considered as a
good predictive biomarker of MetSyn is the existence of
PCOS.

Indicators related to blood biomarkers

There are a huge number of serum biomarkers that have
been explored as potential predictors of a “bad metabolic
health”, and in turn, associated with components of Met-
Syn or with MetSyn itself.

Uric acid is formed when purines break down. It is a
normal body waste product; high circulating levels can
lead to gout and has also been associated with several
components of MetSyn. There is a large body of evidence
suggesting that higher circulating uric acid levels lead to
an increased risk of MetSyn regardless of the study char-
acteristics, with a linear dose—response relationship. A RR
of 1.3 is reported by Yuan et al. (2015) [57]. Furthermore,
increased levels of uric acid have been associated with a
high prevalence of NAFLD and T2DM (but not causal as-
sociation) [11,19,58].

Vitamin D promotes calcium absorption in the gut and
maintains adequate serum calcium and phosphate levels.
Furthermore, Vitamin D is involved in cell growth, im-
mune function, and modulation of inflammation. Low
levels of Vitamin D have been associated with a higher
prevalence of NAFLD [59,60], PCOS [61,62], prediabetes
[63], T2DM [62,64] and higher BMI, WC, abdominal obesity
[65], and blood pressure [62] but no evidence has been
provided of increased risk of MetSyn and hypertension in
Caucasian population. In addition, Zhang et al. (2020) did
not also observe an association between hypertension and
Vitamin D supplementation [66]. Observational, and pro-
spective studies suggest an increased risk for MetSyn
components in Asian population, although different results
were observed for abdominal obesity and Vitamin D in
Asian compared to other races [65].

Alanine amino transferase (ALT), Gamma glutamyl
transferase (GGT), and bilirubin. ALT and GGT are liver
enzymes measured clinically as part of liver functionality
and integrity. ALT is considered the most specific indicator
of hepatic damage in NAFLD [19], but GGT was a better
predictor of MetSyn. RR for MetSyn in the pooled analysis
for GGT levels comparing individuals in the top vs bottom
thirds of baseline GGT levels was 1.88 (95% confidence
interval (CI): 1.49-2.38) [67].

For bilirubin, a meta-analysis of nine cross-sectional
studies, analyzing the pooled OR for MetSyn according to
extreme tertiles of serum bilirrubin showed a protective
effect (0.70—95% CI: 0.62—0.78); however, in prospective
studies this association was not confirmed. T2DM was also
associated with decreased levels of bilirubin [68].

Inflammatory/anti-inflammatory and pro and anti-
oxidant parameters (CRP, PAI-1, IL-6, TNFa, OXLDL, IL-10,
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PON-1, and lutein). The evidence of the association be-
tween high levels of circulating inflammatory/pro-oxidant
parameters is mainly based on literature reviews but not
on formal meta-analysis considering MetSyn or any of its
components. In general, it is accepted that inflammatory
parameters are increased, and anti-inflammatory ones are
decreased [11]. Higher serum lutein was associated with a
lower risk of MetSyn (pooled RR: 0.75; 95% CI: 0.60, 0.92)
for the highest compared with the lowest tertile. However,
lutein might be beneficial for atherosclerosis and inflam-
matory markers, but there were inconsistent associations
with blood pressure, adiposity, IR, and blood lipids [69].

Adipokines (resistin, leptin, and adiponectin). Resistin
circulating levels show a wide variability in the associative
observational studies with some components of MetSyn
such as blood pressure, TG, and HDLc. No final conclusions
can be drawn. Adiponectin can improve glucose and lipid
metabolism, and it has been suggested that high levels of
circulating adiponectin can protect against atherosclerosis
[70]. Leptin and adiponectin go in an opposite sense, and
some works include the leptin/adiponectin ratio (LAR) as a
marker of MetSyn. Higher LAR is a better biomarker for
MetSyn diagnosis criteria than leptin and adiponectin
separately. High molecular weight adiponectin (<2.5 pg/ml)
can be the most reliable biomarker for MetSyn diagnosis
criteria. The results are based on observational studies, not
in meta-analysis data [11,71].

Ferritin is a protein that stores iron and serves as a
buffer against iron deficiency and iron overload and can be
used as an indirect marker of the total amount of iron
stored in the body. Furthermore, it is a biomarker of iron-
dependent oxidation, which is involved in dyslipidemia,
impaired metabolism of glucose and hypertension [33].
High circulating levels have been associated with
increased risk of MetSyn with an OR around 1.7. Among
MetSyn components, high TG (OR 1.96) and high glucose
levels (OR 1.60) were the stronger associated variables
with increased ferritin [72].

Magnesium is essential for the energy cellular pro-
duction and plays a role in the active transport of calcium
and potassium ions across cell membranes, being neces-
sary for maintaining a proper function of the neurologic
and CV systems. We have identified two meta-analyses in
which there is consensus about an inverse association
between magnesium levels and MetSyn with an OR near
0.7 [73,74]. But more prospective studies controlling for
other nutrient factors are highly recommended.

Fibroblast growth factor 21 (FGF21) is a signaling
protein involved in cell differentiation, morphogenesis,
proliferation, and metabolism. In a meta-analysis of 28
studies, the risk of MetSyn was increased (Hazard Ratio
(HR): 1.70; 95%Cl: 1.35—-2.15; P < 0.0001 12 = 24%) and
circulating levels predicted T2DM incidence or progression
(HR: 1.35; 95% CI: 1.06—1.72, P < 0.05, 12 = 69%) [75].

Osteocalcin is a protein secreted by the fibroblasts and
has the capacity to stimulate adiponectin in fat cells and
promotes energy availability and utilization in muscle. The
risk estimates comparing individuals in the higher vs
lower quartile of circulating levels of serum total

osteocalcin were 0.39 (95% CI 0.27—0.56; P < 0.001) for
MetSyn from cross-sectional evidence. Both cross-
sectional and cohort studies support inverse associations
of serum total osteocalcin with the risk of adverse meta-
bolic outcomes [67]. A recent meta-analysis suggest that
low concentration of osteocalcin is associated with low
BMI and fat mass [76].

Mean Platelet Volume (MPV) is a measurement of the
average size of the platelets. It has been associated with
some inflammatory diseases. The study is related with
NAFLD and standardized mean difference in MPV between
NAFLD and controls was 0.457 (95%Cl: 0.348—0.565,
P < 0.001) using fixed effects model and 0.612 (95%CI:
0.286—0.938, P < 0.001) using random effects model. No
references to MetSyn were analyzed [77].

Sodium. A meta-analysis showed that participants with
highest dietary/urinary or serum sodium levels had 37%
higher chance of developing MetSyn when compared with
participants with the lowest sodium levels (OR = 1.37;
95%Cl: 1.31-1.42; 12 = 86.9) [78].

Triglycerides. Elevated TG levels are already included
as a component of the definition of MetSyn. There are also
evidences about the value of fasting TG as a biomarker of
CVD [79,80]. Nonfasting TG has been explored as a marker
for increased CV risk. The Copenhagen City Heart Study
demonstrated that stepwise increasing levels of nonfasting
TC and nonfasting TG were similarly associated with
stepwise increasing risk of myocardial infarction (MI),
ischemic heart disease, and death in men and women. The
best predictor of MI in women was nonfasting TG, while in
men was nonfasting TC. Only increasing levels of non-
fasting TG were associated with total mortality, whereas
increasing TC levels were not [81,82].

Circulating amino acids (AA): According to a meta-
analysis on 20 circulating AA, 12 circulating AA, namely,
Ala, Val, Lys, Glu, Pro, Ile, Leu, Tyr, Phe, Trp, His, and Met,
were significantly higher while 4 circulating AA, namely,
Ser, Gly, GIn, and Asn were significantly lower in MetSyn
patients than in non-MetSyn subjects [83]. Ahola-Olli also
found a higher risk of T2DM associated with both
branched-chain and aromatic AA [84].

Androgens (Testosterone) and SHBG: Men with low
concentrations of total testosterone (TT), SHBG, or free
testosterone (FT) were more likely to have prevalent
MetSyn (ORs per quartile decrease were 1.69 (95%Cl:
1.60—1.77), 1.73 (95%Cl: 1.62—1.85), and 1.46 (95%Cl:
1.36—1.57) for TT, SHBG, and FT, respectively) and incident
MetSyn [85]. This association was also observed in women
(not in a meta-analysis) [55]. In perimenopausal and
postmenopausal women, androgenic markers (testos-
terone and SHBG) are more important than estrogens in
the assessment of MetSyn. FT is positively correlated with
BMI and WC in postmenopausal women [33].

Cortisol: Pooled results showed no significant difference
in basal cortisol levels between subjects with and without
MetSyn (standardized mean difference [SMD] =
0.02, 95%Cl = —0.11-0.14) [86].

n-3 polyunsaturated fatty acids (PUFAs): A higher
plasma/serum n-3 PUFAs was associated with a lower
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MetSyn risk (pooled OR = 0.63; 95%ClI: 0.49—0.81). The
plasma/serum n-3 PUFAs in controls was significantly
higher than that in cases (weighted mean difference
(WMD): 0.24; 95% CI: 0.04—0.43), especially docosa-
pentaenoic acid (DPA) and docosahexaenoic acid (DHA).
However, no significant association was found between
dietary intake of n-3 PUFAs or fish and MetSyn risk [87].

Glutamate as a product of the catabolism of branched-
chain amino acids is positively correlated with visceral
adipose tissue accumulation and WC. There is only one
observational study that cannot be considered a strong
evidence to consider glutamate a good biomarker of
metabolic risk [88].

Microbiota: Gut microbiota is an emerging new field of
research in many metabolic diseases including obesity,
T2DM, NAFLD, and MetSyn [89,90]. However, up to now,
there is no evidence for a strong association between a
specific microbiome signature and the increased prevalence
of MetSyn [91]. Several systematic reviews support that
there is a wide heterogeneity, and the variability between
studies and microbiota is difficult to assess with different
ways to analyze (by urine, feces, or serum samples) [92—94].

Pre-metabolic syndrome approach

There is no well-established definition of PreMetSyn and a
few studies have used different criteria to identify this
entity. Considering that MetSyn is the combination of
three or more CV risk factors, all these studies have
defined PreMetSyn as having less than the required
numbers of components of MetSyn, with or without one
mandatory component required, such as BMI [95—97]. Yin
et al. (2013) defined PreMetSyn as having no less than two
components of MetSyn but did not meet the criteria for
the diagnosis of MetSyn [98].

The authors propose to define PreMetSyn in the sense
of cardiometabolic risk. Therefore, instead of considering
the number of components of MetSyn that are present, our
proposal is to take into account how close subjects are of
getting to the cut-off point of the variables already
included in the definition of MetSyn and the emerging
indicators proposed by our review.

Conclusion

This review has addressed indicators and how they are
linked to PreMetSyn. Some of them have low evidence to
be a robust biomarker for MetSyn. They are markers for an
inflammatory/pro-inflammatory status that is usually
accompanying the “low grade chronic inflammation” that
takes place in MetSyn or in its individual components.

High TG in serum and WC are variables already included in
the definition of MetSyn, and therefore, a good biomarker
to be considered. Uric acid serum levels have a constant
and quite good consistence in many studies as a predictive
biomarker of MetSyn and have been linked in an associa-
tive manner with NAFLD and T2DM. NAFLD emerges as an
early risk indicator of PreMetSyn by itself. Finally, muscle
strength should be also included as an early risk marker of
cardiometabolic health.

After this review, new indicators could be considered
to create a new risk score specifically meant for Pre-
MetSyn in European population. A clear definition of
PreMetsyn would help to establish public health policies
in order to reduce the incidence of MetSyn in European
population.
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Appendix

New biomarkers related to Pre-MetSyn found and their relationship with the already known components of MetSyn.

Biomarker

Indicator of MetSyn

Linkage to PreMetSyn

Comments/strengths

Supporting
References

Anthropometric/clinical variables

Body mass index (BMI)

Waist circumference (WC)
Hip circumference (HC)
Waist-to-hip ratio

Waist-to height ratio (WHtR)

Systolic blood pressure (SBP)

Resting heart rate (RHR)

Neck circumference (NC)

Carotid intima-media
thickness

Cardiorespiratory fitness
(CRF)

Risk of type 2 diabetes

mellitus (T2DM)

Obesity

Risk of T2DM

Metabolic syndrome
(MetSyn)

Risk of T2DM

WC

Triglycerides (TG)

Diastolic blood pressure

(DBP)
Fasting glucose

High density lipoprotein

cholesterol (HDLc)
BMI
Total cholesterol (TC)

Low density lipoprotein

cholesterol (LDLc)
Hypertension

SBP

MetSyn

Risk of T2DM

Cardiovascular disease

(CVD)
MetSyn

1 BMI associated with 1 risk of T2DM. (Obese vs lean, overweight vs
lean and per 1SD increase)

1 WC associated with 1 risk of T2DM.

| HC associated with 1 risk of T2DM.

1 waist to hip ratio associated with 1 risk of T2DM.

1 WHIR associated with 1 risk of T2DM.

WHIR very useful in assessing adiposity in the elderly. Findings
ranking WHtR as the best index with good discriminatory power.

1 SBP associated with 1 risk of T2DM.
Linear 1 risk of MetSyn with 1 RHR (28% 1 per 10 bpm 1)

RHR independently associated with 1 risk of T2DM

Positive association (r = 0.85; 95%: 0.75, 0.95)

1 NC have 2x risk for hypertriglyceridemia. Positive association (OR:
1.87)

Positive association (r: 0.20, 95%CI: 0.16, 0.23)

Positive association (r: 0.20, 95%CI: 0.16, 0.24)
Negative association (r:-0.21; 95% CI: —0.26, —0.15)

Positive association (r:0.88; 95%Cl: 0.74, 0.91)
Positive association (r:0.14; 95%CI: 0.05)
Positive association (r: 0.18; 95%CI: 0.07, 0.29)

positive association (OR: 1.94)

positive association (r: 0.21, 95%CI: 0.19, 0.23)

Greater in MetSyn vs without it (788 + 47 um vs 727 + 44 pm), SD =
0.28 + 0.06 (p = 0.00003)

1 MET higher CRF| 8% RR for T2DM

1 MET higher CRF, RR of T2DM = 0.95 (95% CI: 0.93, 0.98; p = 0.003)
HR for T2DM per 1-MET higher CRF = 0.93 (95%Cl: 0.84, 1.02; p =
0.109)

Each 1-MET 1 in CRF was associated with a 5% | in diabetes events.
Each 1-MET 1 in CRF was associated with a 15% | in CVD events (95%
Cl: 12, 18).

Obesity 1 the risk of MetSyn even in people with high CRF compared
with normal weight = 4.87 (95% CI: 2,92—8,14; p < 0.01)

Low CRF + obesity, higher risk of MetSyn than high CRF + normal
weight = 7.17 (95% CI: 4.32—11.90; p < 0.01).

Review of meta-analysis. Supported by highly

suggestive evidence.

10/16 studies concluded WHtR is a valid
anthropometric measure to diagnose obesity in the

elderly

Review of meta-analysis. Supported by highly

suggestive evidence.
Meta-analysis

2/17 European, 14/17 Asian. RHR a new target of
clinical intervention. No publication bias.
Systematic review of 19 articles. Included studies
that examined the association of NC with risk of
MetSyn, or at minimum, one of its components as

outcomes

8 studies. Carotid intima-media thickness
paralleled by a higher prevalence of plaques
Meta-analysis. 22 studies CRF, 13 studies strength.
4—21% new T2DM cases in people aged 45-64 y
could be prevented by changing CRF.
Meta-analysis 8 prospective studies

Mean age: 53 y.

High heterogeneity, small sample, CRF only at

baseline.

8 observational Studies: 1 European, 3 Asian, 2 USA

Bellou et al. (2018)
[19]

Corréa et al. (2016)
[20]

Bellou et al. (2018)
[19]
Liu et al. (2017) [26]

Namazi et al. (2018)
[23]

Cuspidi et al. (2018)
[30]
Tarp et al. (2019) [27]

Zaccardi et al. (2015)
[99]

Lee J et al. (2020) [28]
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Muscle strength

Physiological processes
Sarcopenia (skeletal muscle
mass index)

Menopause

Sleep quality

Sleep complains

Sleep quantity

Perceived stress

CVD (Coronary heart
disease, (CHD))

Hypertension
Obesity

MetSyn

Dyslipidemia
T2DM

MetSyn

Obesity

Hypertension

MetSyn

MetSyn

WC
BMI
TG
HDLc
DBP

Handgrip strength best predictor for CHD.

Knee extension strength best predictor for intracerebral and
subarachnoid hemorrhage.

Middle and high levels of muscular strength reduced the

hypertension risk in prehypertensive but not in normotensive men.
Age-related weight and adiposity gain may be higher among

individuals with lower muscular fitness

Inverse association between MetSyn risk and muscular strength in
men and women. Protective effect of muscular strength and CRF
among overweight and obese men. Muscular strength inversely
associated with MetSyn in low and moderate CRF but not in high CRF

in men.
No benefits of muscular strength on TC, TG, LDLc, HDLc.

Inverse association between T2DM and grip strength. 1 muscle mass

and strength may be related to | T2DM risk.
1 SD higher muscular strength | 13% RR for T2DM

Prevalence MetSyn among sarcopenic was 36,45%. (22,81% in middle-

aged). Sarcopenia 1 risk of MetSyn (OR = 2,01). Association
sarcopenia and MetSyn. Non obese.

Prevalence of sarcopenia among obese > 40%. Sarcopenic obesity (SO)

indicates 1 risk for T2DM of 38% vs those without SO

No association in the sub analysis of Euroepean studies and
sarcopenia

MetSyn 1 in postmenopausal women and > premenopausal women.
1 fasting glucose (OR 3.51), | HDLc (OR 1.45), Hypertension (OR 3.95),
1 TG (OR 3.2), and 1 WC (OR 2.75) were all postmenopausal >

premenopausal women.

Bad quality associated with 1 risk of MetSyn (1.37 (1.15—1.64))

Difficulty in falling sleep t in MetSyn (1.18 (1.05—1.33))

Difficulty in maintaining sleep 1 in MetSyn (1.15 (1.02—1.30))
No association with early morning awakening or awakening during

the night

Short sleep 1 MetSyn

<7 h sleep OR = 1.23;

<5hOR = 1,51;

5—-6 h OR = 1,28;

6—7 h OR = 1.16.

Sleep duration <5 h had 1.5 higher odds of MetSyn
Positive correlation (Effect Size 1.84 (95% CI 0.79, 2.89)
Positive correlation (Effect Size 0.65 (95% CI 0.16,1.14)
Positive correlation (Effect Size 7.52 (95% CI 0.07,14.96)
Negative correlation (Effect Size —0.83 (95% CI -2.13, 0.46)
Positive correlation (ES 1.04 mmHg with 95% CI 0.18, 1.89)

1 Study (>1 mill participants during 24 y)

1 study (19 y follow-up, >4000 men)

2 studies (>500 participants during 20 y; >3500
participants 8 y)
4 studies

1 study (>6500 participants)
SNP analysis. European population

Systematic review and meta-analisis. 12 studies in
adults (>50y) (1 North America, 11 Asia). No
publication bias; small cohorts; difficult to
establish with DXA; includes handgrip; MetSyn -
ATP III and IDF. The only study with handgrip - no
clear association

Systematic review and meta-analysis. 11 studies, 6
in elderly (>60 y), 5 in young adults (<60 y).
Higher prevalence of sarcopenia reported in
studies that accounted BMI.

Lack of evidence if so may lead to T2DM as there
are few longitudinal studies about the effects of SO
on health.

Sarcopenia was associated with hypertension, but
no correlation was found between handgrip
strength and hypertension in older adults.
Prevalence of MetSyn varied according to the
criteria. Individual components were 1 in all
studies. Systematic review and meta-analysis. Few
studies in European countries and no one when
comparing individual components of MetSyn
Systematic review and meta-analysis of
observational studies. Different criteria to define
sleep quality.

Meta-analysis. 14 cross-sectional studies. Different
MetSyn definitions.

Dose—response relationship between short sleep
duration and MetSyn

Systematic review of 17 studies. Stress level
assessed by stress scales (such as Perceived Stress
Scale (PSS)

Artero et al. (2012)
[24]

Yeung et al. (2019)
[29]
Tarp et al. (2019) [27]

Zhang et al. (2018)
[35]

Khadra et al. (2019)
[36]

Bai et al. (2020) [100]
Hallajzadeh et al.

(2018) [34]

Lian et al. (2019) [31]

Iftikhar et al. (2015)
[32]

Tenk et al. (2018) [37]

(continued on next page)
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(continued )

Biomarker

Indicator of MetSyn

Linkage to PreMetSyn

Comments/strengths

Supporting
References

Associated diseases/syndromes

Polycystic ovary syndrome

(PCOS)

Obstructive sleep apnea

(OSA)

Worms

Non-alcoholic fat liver
disease (NAFLD)

Psoriasis disease

Periodontitis (PD)

MetSyn

Hypertension
T2DM

Low HDLc
TG

MetSyn

MetSyn

T2DM

MetSyn
Risk of T2DM

MetSyn

Obesity

MetSyn

Hypertension

MetSyn

0dds for MetSyn in adolescents with PCOS > healthy adolescent
controls in population and non-population based onstudies (OR 4.7;
OR 6.1, respectively). In adults there were no differences in
population-based studies.

Increased risk 1.75 (1.42—2.15)
Increased risk 3.0 (2.56—3.51)
Increased risk with lower HDLc (—2.45 (—4.51 to —0.38)

No association

0OSA is shown to be associated with MetSyn, although causality is not

demonstrated.

Association with C reactive preotein (CRP), chitinase-3- like-1 (YKL-
40), glycated hemglobin (HbA1c), Resistin, HDLc, TG, Glucose
Association with CRP, YKL-40, Interleukin (IL)-8, Regulated on
Activation Normal T Expressed and Secreted protein (RANTES),
Tumour Necrosis Facror alpha (TNF-a), IL-1Ra, Soluble Intercellular
Adhesion Molecule (sICAM), soluble fms-like tyrosinkinase 1 (sFlt-1),
soluble endoglin (sEng), LDLc, Glucose

Protective association between previous helminth infections and
prevalence of MetSyn (OR:0.36)

NAFLD associated with 1 risk of incident T2DM. RR depends on the
diagnosis (Aspartate aminotransferase (AST), Alanine
aminotransferase (ALT), Gamma glutamyl transferase (GGT).

NAFLD associated with 1 risk of incident MetSyn. RR depends on the
diagnosis (AST, ALT, GGT)

1 risk of T2DM, independently of BMI. Insulin resistance (IR) relates

to psoriasis severity

Positive and strong correlation between psoriasis and MetSyn

(pooled OR: 2,14).

MetSyn risk psoriasis > general population (OR:1,42)

Association with WC in European studies

Association: 1.38 (1.26—1.51) in patients with partial and/or
complete periodontal examination, and for each Diagnostic criterion
of MetSyn. The weakest association, despite significant is with AACE
2003 criteria, and the strongest with IDF 2009

Moderate-severe PD

OR = 1.22; 95% CI: 1.10, 1.35] and severe PD (OR = 1.49; 95% CI: 1.09,
2.05) were associated with hypertension. Patients with PD exhibited
higher mean SBP [WMD of 4.49 mmHg; 95% CI: 2.88, 6.11] and DBP
(2.03 mmHg; 95% CI: 1.25, 2.81) when compared with non-PD.

Crude and adjusted ORs were 1.99 (95% CI: 1.75, 2.25) and 1.46 (95%

Cl: 1.31, 1.61).

Different criteria for PCOS diagnosis. Meta-
analysis. 44 full- text articles. Some studies used
various PCOS/MetSyn diagnostic criteria or
different age groups with various methods of

confounder control

Observational and retrospective studies. All
continents. More than half European. Different
diagnostic criteria for PCOS

Systematic review of 15 cross-sectional and 5 case
—control studies. Future cohort and randomized
controlled studies are needed

Systematic review 10 studies. Identify biomarkers
of cardiometabolic risk. Different criteria for

diagnosis OSA.

Small sample sizes, great heterogeneity.

Meta-analysis. 4 cross sectional studies. China,
Indonesia, Australia. 3 mechanisms proposed:
nutrition, gut microbiota, and immunomodulation.
Short sample. Selection bias.

Meta-analysis. NAFLD significantly 1 risk of
incident T2DM and MetSyn over a median 5-year

follow-up.

Review of meta-analyses.

Supported by highly suggestive evidence
Meta-analysis. 35 observational studies. OR for
MetSyn in psoriasis > general population.
Publication bias detected.

Meta-analysis. 14 studies. MetSyn risk in Middle
East (OR:1,76) > Europe (OR:1,40). Publication

bias.

Includes middle east, Asian and European studies

Systematic review: 26 studies included. Different
criteria for MetSyn diagnosis. Most cross-sectional.
Considers types of periodontal examination and
analyzes diagnostic criteria

All countries. 26 studies.

Moderate 1.22 (1.10—1,35); severe: 1.49 (1.09
—2.05); PD treatment and improvement of blood

pressure, inconclusive

All continents. 32 cross-sectional studies, 8 case
—control studies, and 3 cohort studies

Behboudi-Gandevani
et al. (2018) [101]

Weeker et al. (2020)
[56]

Xu et al. (2015) [43]

Peres et al. (2019)
[44]

Tracey et al. (2016)
[102]

Ballestri et al. (2016)
[39]

Bellou et al. (2018)
[19]
Singh et al. (2017)
[41]

Rodriguez-Ziiiiga &
Garcia-Perdomo.
(2017) [40].
Choudhary et al.
(2020) [42]

Dautd et al. (2018)
[45]

Mufioz-Aguilera et al.

(2020) [47]

Gobin et al. (2020)
[46]

996

‘e 39 0J131se9 J



Rosacea

Lichen planus

Helicobacter pylori

Migraine

Subclinical hypothyroidism

(SCH)

Serum biomarkers
Uric acid (SUA)

Vitamin D

Blood pressure/
Hypertension
Dyslipidemia
T2DM

Blood pressure/
Hypertension
Dyslipidemia
MetSyn

MetSyn

MetSyn

MetSyn

MetSyn

Central obesity
Hypertriglyceridemia

MetSyn

NAFLD

Risk of T2DM
Risk of T2DM

NAFLD

PCOS

Prediabetes

Obesity

Hypertension

RR 1.20 (1.08—1.32)

RR of dyslipidemia 1.32 (1.10—1.58); 1 TG, no differences in HDLc
Higher fasting glucose, but not higher prevalence of T2DM

OR = 1.17; 95%CI (1.02—1.35)

OR = 1.34; 95%CI (1—1.79)
OR = 1.72; 95%CI (1.09—2.72)
RR: 2.281 (1.79—4.41)

Significant association between H. pylori and MetSyn (pooled OR =
1.34). H. pylori associated with1 TG, fasting glucose, BMI,
Homeostatic model assessment for insulin resistance (HOMA-IR), SBP

and | HDLc.

Major gaps in knowledge and weaknesses in research were
identified. MetSyn incidence of 21.8% in migraineurs with aura, 16.8%
in migraineurs without aura and 14.5% in subjects without

headaches.

Significant association between SCH and 1 risk of MetSyn (pooled OR

=131)

No significant difference in MetSyn prevalence between SCH and

euthyroid individuals

Prevalence of central obesity significantly 1 in SCH than euthyroid

(OR = 1.43)

1 TG more prevalent in the female only SCH subgroup

1 1 mg/dl SUA associated with MetSyn risk (RR: 1.30)
MetSyn incidence in highest vs lowest SUA (pooled HR: 1.55). HR =

1.05 per 1 mg/dl SUA increase
1 1 mg/dLSUA, 1t NAFLD risk 21% (RR: 1.21)

Highest SUA 40% greater risk of NAFLD. Dose—response increment of

NAFLD = 1.03

1 levels associated (not causal) with 1 risk of T2DM
| levels associated (non-causal) with 1 risk of T2DM
VitaminD in NAFLD < Vitamin D in no-NAFLD (—16.8 nmol/L)
Vitamin D in NAFLD < Vitamin D in no-NAFLD (—0.36 ng/mL)

PCOS patients with Vitamin D deficiency (VDD) more prone to

dysglycemia vs without VDD.
Association between | Vitamin D and prediabetes

Inverse relationship with abdominal obesity; 1 25 nmol/L Vitamin D

is associated with 10% | risk of abdominal obesity

Between 75 and 130 nmol/L an 1 in 25 nmol/L Vitamin D is associated

with a RR 0.93 (0.89—0.98) of hypertension.
No improvement with vitamin D treatment

Most retrospective studies. 70% women. Only 3/13
studies from Europe. Most Asian (8 studies)

No association with CVD or T2DM. Only 2 of 10
European. High heterogeneity. Results not very
conclusive

12 studies, 2 European, 6 Asian, 4 African. No
publication bias.

Heterogeneity in the studies. Strong association
with IDF criteria

Meta-analysis. 6 observational studies.

Systematic literature review of observational
studies. Valid data to link migraine with MetSyn

Meta-analysis. 9 observational studies. Subgroup
analyses by countries (Asian vs non-Asian). IDF and
NCEP-ATPIII criteria

Meta-analysis. 8 studies. Only ATPIII criteria. No
publication biases.

Meta-analysis of prospective studies. Consistency
of the association.

Publication bias cannot be discarded.

SUA useful in screening metabolic disorders and
causal factor of NAFLD risk.

Review of meta-analyses. Supported by convincing
evidence

Review of meta-analyses. Supported by convincing
evidence

Meta-analysis. Randomized-control, cohort, cross-
sectional and case—control studies.

Meta-analysis. 17 studies included. Vitamin D in
Western NAFLD participants < Eastern NAFLD.
Meta-analysis. 30 studies.

Different criteria to diagnose VDD. Heterogeneous.
No association IR, T2DM

Cross-sectional studies, population based, different
criteria for abdominal obesity, a lot of
heterogeneity even when considered Asian and
non-Asian

Protection similar in Caucasian and non-Caucasian.
No differences by sex

Cheng et al. (2020)
[50]

Li et al. (2020) [49]

Ying et al. (2020) [51]

Upala et al. (2016)
[103]

Andreeva et al.
(2019) [53]

Yang et al. (2016)
[104]

Eftekharzadeh et al.
(2016) [105]

Yuan et al. (2015)
[57];

Liu et al. (2015) [58];
Srikanthan et al.
(2016) [11]

Bellou et al. (2018)
[19]

Bellou et al. (2018)
[19]

Akinyemi et al.
(2019) [59]

Eliades et al. (2013)
[60]

He et al. (2015) [61]

Yu et al. (2020) [63]
Hajhashemy et al.

(2020) [64]

Zhang et al. (2020)
[66]

(continued on next page)
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(continued )
Biomarker Indicator of MetSyn Linkage to PreMetSyn Comments/strengths Supporting
References
Vitamin C Blood pressure Inverse association between Vitamin C and blood pressure. Observational studies. No threshold points. Ran et al. (2020)
Treatment with antihypertensive drugs, show consistent low values. Includes patients with and without Vitamin C [106]
A large variability in the other groups supplementation, with and without
antihypertensive treatment. Difficult to assess in
our study
Amylase T2DM Mean difference compared to heatlthy individuals (—5.29 (—7.27 to Heterogeneity Ko et al. (2020) [107]
—3.32)); 3.1-fold | amylase
Obesity Mean difference compared to heatlthy individuals (—0.77 (—1.43 to No data on other diseases that may affect
-0.10) concentrations
MetSyn Mean difference compared to heatlthy individuals (—5.07 (-6 to
-4.13)
ALT Risk of T2DM 1 levels are associated with 1 risk of T2DM. Low-grade hepatic Review of meta-analysis. Supported by convincing Bellou et al. (2018)
inflammation evidence [19]
NAFLD Most specific indicator of hepatic pathology in NAFLD
CRP Risk of T2DM 1 CRP associated (not causal) with 1 risk of T2DM. (Highest vs lowest
category and per 1 log pm/mL)
Cortisol MetSyn No association between basal cortisol levels and MetSyn Systematic review and meta-analysis. Lower levels Garzez et al. (2018)
in saliva. No differences in serum/urine. [86]
Resisitin Hypertension 1 resistin in hypertension or positive correlation with blood presuure Strengths: literature review up to 2017; Mostafazadeh et al.
(11 studies)/No association or negative association (3 studies) heterogeneity of results; Review -Physiopathology (2018) [108]
HDLc 15 studies negative correlations/8 studies positive or no association
TG 14 studies positive correlation/5 studies negative or no association
Ferritin MetSyn 1 Ferritin associated with MetSyn. Meta-analysis. 27 studies (3 longitudinal/2 cross- Sudrez-Ortegén et al.
Glucose 1 Ferritin associated with 1 Glucose (OR = 1.60; 95%CI (1.40—1.82)) sectional and longitudinal/22 cross-sectional - (2018) [72]
TG 1 Ferritin associated with 1 TG (OR = 1.96; 95%CI (1.65—2.32)) discrepancy between text and figures). Ferritin
Hypertension 1 Ferritin associated with HBP (OR = 1.13; 95%CI (1.04—1.23)) levels >200 in all studies, but different thresholds
WwWC 1 Ferritin associated with 1 WC (OR = 1.51 95%CI(1.31—1.75)) in the studies.
HDLc 1 Ferritin associated with | HDLc (OR = 1.47 ;95%CI (1.30—1.66))
NAFLD Association with NAFLD 9/30 studies in Europe. Limited value in our study Pan etal.(2020)[109]
Magnesium (Mg) status MetSyn | Mg levels in MetSyn on the findings of observational studies. Meta-analisis: 9 cross-sectional and 4 case—control La et al. (2016) [73]

Fibroblast growth factor 21

(FGF-21)

Total bilirubin

Coronary artery disease
(CAD)

MetSyn

T2DM incidence or
progression

MetSyn

T2DM

Significant but heterogeneous inverse association between serum Mg

and MetSyn

1 FGF-21 levels predict the incidence of CAD (HR: 1.29)

HR: 1.43
HR: 1.35

Negative association (OR= 0.70 (95% CI: 0.62, 0.78))

Negative association. (OR: 0.77 (95% CI: 0.67, 0.87))

studies. Different MetSyn classification.

High heterogenicity. Mg levels in cases < controls
in West Asia and Latin America, but not in East Asia
or Europe/Oceania

Meta-analysis. 8 studies. The link between Mg
status and MetSyn should be confirmed.

Review of 28 studies. Need to standardize the
measurement assay for FGF21 and its cut-off points

Randomized controlled trials, and cohort, case
—control and cross-sectional studies. Inverse
association between ORs of bilirubin levels and
MetSyn in fully adjusted models is suggested, but
no significant association with prospective
evidence. Large-scale prospective studies needed

Sarrafzadegan et al.
(2016) [74]

Lakhani et al. (2018)
[75]

Nano et al. (2016)
[68]
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Lutein CHD | risk of CHD (pooled RR: 0.88) for highest vs lowest tertile of lutein Meta-analysis. Trials and cohort, case—control, and Leermakers et al.
blood concentration cross-sectional studies. Lutein might be beneficial (2016) [69]
Risk of T2DM No significant association with T2DM (pooled RR: 0.97) for highest vs for atherosclerosis and inflammatory markers.
lowest tertile of lutein blood concentration Inconsistent associations with blood pressure,
MetSyn risk 1 lutein associated with | risk of MetSyn (pooled RR: 0.75) for adiposity, IR, and blood lipids
highest vs lowest tertile of lutein blood concentration
Osteocalcin T2DM Inverse association of serum total osteocalcin with risk of T2DM. Meta-analysis. 52 observational studies. Kunutsor et al. (2015)
[67]
Obesity Negative association with obesity and body fat mass Observational cross-sectional, stronger in Liy et al. (2020) [76]
Caucasians, no differences between sex.
Mean platelet volume (MPV) NAFLD MPV in NAFLD > without NAFLD Meta-analysis. 8 observational studies. Madan et al. (2016)
[77]
GGT MetSyn Baseline GGT positively and strongly associated with risk of MetSyn Meta-analysis. 10 prospective cohort studies. No  Kunustor et al. (2015)
in a nonlinear dose—response manner. publication bias. [67]
Risk of T2DM 1 GGT associated with 1 risk of T2DM. Review of meta-analysis. Supported by highly Bellou et al. (2018)
Low-grade hepatic inflammation. suggestive evidence. [19]
Leptin MetSyn Leptin 1 in MetSyn group Meta-analysis. 16 studies. Falahi et al. (2015)
Adiponectin Adiponectin | in MetSyn group (<4 pg/ml) 1 Leptin/Adiponectin ratio (LAR) is a better [71] Srikanthan et al.
High molecular weight HMW adiponectin (<2.5 pg/ml) can be the most reliable biomarker biomarker for MetSyn diagnosis criteria than leptin (2016) [11]
(HMW) adiponectin for MetSyn diagnosis criteria. and adiponectin separately
Circulating amino acids Obesity Val, Ile, Glu and Pro 1, while Gly| in all metabolic disorders. Meta-analysis. 46 case—control studies. No Okekunle et al. (2017)
profile T2DM publication bias. [83]
MetSyn
Sodium (Na) status MetSyn Na levels in MetSyn > healthy controls. Na level 1 with number of Meta-analysis. 17 cross-sectional publications. Soltani et al. (2019)
MetSyn components. Highest Na levels 37% higher chance of [78]
developing MetSyn vs lowest Na levels (OR:1.37).
Plasminogen activator All 1 in MetSyn Literature review Srikanthan et al.
inhibitor 1 (PAI-1) Correlated with number of components of MetSyn (2016) [11]
IL-6
TNF-o
Oxidized LDL
Ghrelin All | in MetSyn
IL-10
Paraoxonase 1 (PON-1)
Glutamate WC Potential biomarker of abdominal obesity. Good correlation. Study. Mechanism not clear. Easier measurement Maltais-Payette et al.
MetSyn Potential biomarker of metabolic risk. Good correlation with TG, of WC than circulating glutamate. (2019) [88]
HDLc, HOMA-IR
TG CVD Fasting TG associated with CVD and correlated well with non-fasting Review. Drugs and genetic studies. Sandesara et al.
TG (2019) [80]

Non-fasting TG recommended for CVD risk prediction
Non-fasting TG necessary to evaluate CHD in IR patients. Correlates Review. Important and residual risk factor when Nakamura et al.

with remnant cholesterol. Involved in endothelial dysfunction. LDLc is lowered. (2016) [79]
Triglyceride-glucose index =~ T2DM TyG index at risk values: increase T2DM RR: 3.12 (2.32—4.21) Observational, longitudinal studies men follow-up Da Silva et a. (2020)
(TyG) 1.4 and 12 y. Heterogeneity in the results. [21]
IR Poor association Low quality and evidence Sanchez-Garcia et al.
(2020) [22]

(continued on next page)
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(continued )

Biomarker

Indicator of MetSyn

Linkage to PreMetSyn

Comments/strengths

Supporting
References

Androgens (testosterone (T), Obesity

dehidroepiandrosterone

sulphate (DHEAS), sex

hormone binding globulin

(SHBG))

n-3 polyunsaturated fatty
acids (PUFAs)

Microbiota

MetSyn

Dysglycemia

CVD

T2DM

MetSyn risk

Obesity

IR
T2DM

Hyperandrogenism increased with BMI

MetSyn risk 1 in hyperandrogenic women (OR = 2.9)

1SHBG levels associated with | risk of MetSyn. Total and free levels of
Tare 1 in women with MetSyn. T/estradiol ratio and its rate of change
in menopause 1 incidence of MetSyn.

| T and SHBG associated with 1 prevalence of MetSyn. (ORs per
quartile decrease 1.69, 1.73 and 1.46 for TT, SHBG and free T (FT),
respectively) and incident MetSyn (HRs per quartile decrease 1.25,
1.44 and 1.14 for TT, SHBG and FT, respectively).

Dysglycemia risk 1 in hyperandrogenic women (OR = 2.7)

| SHBG associated with impaired glucose control

| SHBG and 1 free androgen index associated with CVD risk factors
| T/estrogens ratio associated with 1 risk of CVD in postmenopausal
women.

1 T in women 1 risk of T2DM.

| T associated with 1 risk of T2DM in young men (<40y)

1 circulating n-3 PUFAs associated with | MetSyn risk. Stable
biomarkers to predict MetSyn risk. No association with intake

Short chain fatty acids (SCFA) | appetite and/or alter energy
metabolism to promote healthy weight.

Propionate and butyrate induce leptin expression from adipocytes.
Fecal SCFA and propionate in obese > overweight and lean.
Nucleotide-binding oligomerization domain leucine-rich repeat with
caspase recruitment domain-2 protein (NLRC2) potentially beneficial
pattern recognition receptor in the obesity-associated dysbiosis.
Obese have lower bacterial diversity and higher Firmicutes/
Bacteroidetes (F/B) ratio than lean, reversible with weight loss.
Bifidobacterial abundance | in overweight.

The composition of microbiota in obesity can impact and/or predict
weight loss.

Urinary hippurate is | in obese but after weight loss approximated to
those of lean.

Gut microbiota has a role in the IR of obese humans.

The amount of 16s rRNA gene in the blood may be a novel biomarker
of T2DM risk. Gut dysbiosis characterized by 1 opportunistic
pathogens, 1 capacity for SO4- reduction and | SCFA producers is a
hallmark of T2DM. There are also | levels of butyrate-producing
bacteria.

Hyperandrogenic eumenorrheic vs PCOS women.
Low SHBG may be the primary predictor.
Review. Only females.

Meta-analysis. 20 observational studies. Largest
associations in non-overweight men: stronger
associations with hypertiglyceridemia, abdominal
obesity and hyperglycemia and weakest
associations for hypertension.

Hyperandrogenic eumenorrheic vs PCOS woman.
| SHBG may be the primary predictor.

Review. Only females.

Review.
Review. Only females.
Review

Meta-analysis - n-3 PUFAs levels and intake.
Considerable sample-size but low grade of
evidence.

Literature Review. Many studies in animal model.
It remains uncertain whether the F/B is a useful
biomarker for overweight or obesity. No consensus
on specific patterns of gut bacteria involved in the
etiology.

Torchen et al. (2020)
[110]

Misitzis et al. (2019)
[55]

Brand et al. (2014)
[85]

Torchen et al. (2020)
[110]

Misitzis et al. (2019)

[55]

Morselli et al. (2017)
[111]

Misitzis et al. (2019)

[55]

Morselli et al. (2017)
[111]

Guo et al. (2017) [87]

Shen et al. (2013)[91]
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