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Metabolic Syndrome and Its Associated Early-Life Factors among Chinese and Spanish 
Adolescents: A Pilot Study
Reprinted from: Nutrients 2019, 11, 1568, doi:10.3390/nu11071568 . . . . . . . . . . . . . . . . . . 9

Jacopo Troisi, Federica Belmonte, Antonella Bisogno, Luca Pierri, Angelo Colucci, 
Giovanni Scala, Pierpaolo Cavallo, Claudia Mandato, Antonella Di Nuzzi, 
Laura Di Michele, Anna Pia Delli Bovi, Salvatore Guercio Nuzio and Pietro Vajro

Metabolomic Salivary Signature of Pediatric Obesity Related Liver Disease and 
Metabolic Syndrome
Reprinted from: Nutrients 2019, 11, 274, doi:10.3390/nu11020274 . . . . . . . . . . . . . . . . . . . 23

Luigi Barrea, Giuseppe Annunziata, Giovanna Muscogiuri, Carolina Di Somma, 
Daniela Laudisio, Maria Maisto, Giulia de Alteriis, Gian Carlo Tenore, Annamaria Colao 
and Silvia Savastano

Trimethylamine-N-oxide (TMAO) as Novel Potential Biomarker of Early Predictors of 
Metabolic Syndrome
Reprinted from: Nutrients 2018, 10, 1971, doi:10.3390/nu10121971 . . . . . . . . . . . . . . . . . . 41

Kaiser Wani, Sobhy M. Yakout, Mohammed Ghouse Ahmed Ansari, Shaun Sabico, 
Syed Danish Hussain, Majed S. Alokail, Eman Sheshah, Naji J. Aljohani, 
Yousef Al-Saleh, Jean-Yves Reginster and Nasser M. Al-Daghri

Metabolic Syndrome in Arab Adults with Low Bone Mineral Density
Reprinted from: Nutrients 2019, 11, 1405, doi:10.3390/nu11061405 . . . . . . . . . . . . . . . . . . 61

Vasanti S. Malik and Frank B. Hu

Sugar-Sweetened Beverages and Cardiometabolic Health: An Update of the Evidence
Reprinted from: Nutrients 2019, 11, 1840, doi:10.3390/nu11081840 . . . . . . . . . . . . . . . . . . 75

Marja-Riitta Taskinen, Chris J Packard and Jan Borén

Dietary Fructose and the Metabolic Syndrome
Reprinted from: Nutrients 2019, 11, 1987, doi:10.3390/nu11091987 . . . . . . . . . . . . . . . . . . 93
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in 2018), and Scientific Director of the International Chair on Cardiometabolic (since 2005). He is one 
of the most cited researchers in the world in his field (752 scientific articles and 60 book chapters with 
over 145,000 Google Scholar citations; h-index: 153) and is currently the most cited active scientist at 
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1. Syndrome X: A Tribute to a Pioneer, Gerald M. Reaven

Most clinicians and health professionals have heard or read about metabolic syndrome.
For instance, as of October 2020, entering “metabolic syndrome” in a PubMed search generated more
than 57,000 publications since the introduction of the concept by Grundy and colleagues in 2001 [1].
Although many health professionals are familiar with the five criteria proposed by the National
Cholesterol Education Program-Adult Treatment Panel III for its diagnosis (waist circumference,
triglycerides, high-density lipoprotein (HDL) cholesterol, blood pressure and glucose), how these
variables were selected and the rationale used for the identification of cut-offs remain unclear for many
people. In addition, the conceptual definition of metabolic syndrome is often confused with the tools
(the five criteria) that have been proposed to make its diagnosis [2,3].

In the seminal paper of his American Diabetes Association 1988 Banting award lecture, Reaven put
forward the notion that insulin resistance was not only a fundamental defect increasing the risk of
type 2 diabetes, but he also proposed that it was a prevalent cause of cardiovascular disease [4].
The latter point was a paradigm shift as cardiovascular medicine had, at that time, a legitimate focus on
cholesterol in risk assessment and management. Reaven was therefore the first to propose that insulin
resistance was a central component of a cluster of abnormalities which included hyperinsulinemia,
dysglycemia, high triglycerides, low HDL cholesterol and elevated blood pressure. Under his theory,
this constellation of abnormalities would not only increase the risk of type 2 diabetes but would also be a
complex risk factor for cardiovascular outcomes, even in the absence of type 2 diabetes. Reaven initially
referred to this condition as syndrome X. However, as there is also a syndrome X in cardiology [5,6]
and because insulin resistance is a core component of Reaven’s syndrome, insulin resistance syndrome
was a term that then gained popularity in the literature [7,8].

As measuring insulin resistance or circulating insulin levels was not considered as feasible on a
large scale in clinical practice, a group of experts then examined whether it could be possible to identify
insulin-resistant individuals with common clinical tools widely used in primary care [1]. Because of the
strong link between abdominal obesity and insulin resistance, the panel thus agreed on the use of waist
circumference as a crude index of abdominal adiposity and then proposed sex-specific waist cut-off
values [1]. However, these waist circumference thresholds were based on the relationship between
waist circumference and body mass index (BMI) values defining obesity (men: 102 cm = 30 kg/m2 and
women: 88 cm = 30 kg/m2) [9]. Thus, waist circumference thresholds were simply determined from
BMI values defining obesity and, most importantly, were not based on clinical outcomes. In addition,
because waist circumference and BMI are correlated [10], an elevated waist girth, observed in isolation,
cannot properly assess abdominal fat accumulation [11]. For instance, a waist circumference of 104 cm
in a middle-aged man with a BMI of 26 kg/m2 is not the same adiposity phenotype as an age-matched
man with the same waist girth but with a BMI of 32 kg/m2. In this specific example, the man with a
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BMI of 26 kg/m2 is clearly abdominally obese (high-risk form of obesity) whereas the man with a BMI
of 32 kg/m2 is mostly characterized by overall obesity. This is why a recent consensus paper on the
use of waist circumference in clinical practice has proposed that waist circumference should not be
measured as a single adiposity index but rather interpreted along with the BMI in order to properly
discriminate abdominally obese (higher risk) from overall obese (lower risk) persons [11].

Regarding simple metabolic markers of insulin resistance and other indices of metabolic syndrome,
triglycerides, HDL cholesterol levels and blood glucose are easily obtained from routine clinical
biochemistry laboratories, whereas blood pressure is measured in primary care. On that basis, it was
proposed that individuals showing any combination of any three out of these five simple clinical
criteria were likely to be characterized by insulin resistance. Prospective analyses have also shown
that any combination of these factors was predictive of an increased risk of both type 2 diabetes and
cardiovascular disease [12–17].

As it had also been suggested that the waist cut-offs initially proposed were probably too high,
their values were thereafter lowered in harmonized criteria proposed by other organizations [18].
Studies have shown that subgroups of individuals meeting or not meeting the clinical criteria of
metabolic syndrome (harmonized or not) were quite distinct from each other in terms of risk of type 2
diabetes and cardiovascular disease [12–17]. Of course, using different waist circumference cut-off
values generated different prevalence values but the subgroups identified were nevertheless found to
show different levels of risk.

2. From Syndrome X, Insulin Resistance/Metabolic Syndrome to Excess Visceral Adiposity

Because Reaven could find nonobese individuals with insulin resistance and individuals with
obesity who were insulin sensitive, he did not include obesity in his initial definition of syndrome X.
In that regard, early imaging studies measuring adiposity with the use of computed tomography initially
conducted by Matsuzawa and colleagues and by ourselves suggested that there was a remarkable
heterogeneity in abdominal fat accumulation (visceral vs. subcutaneous) [19,20]. Additionally,
subgroup analyses revealed that there was substantial variation in glucose tolerance as well as in
plasma insulin and lipoprotein levels among equally overweight or obese individuals characterized
by low or high levels of visceral adipose tissue [21–24]. Since then, many large cardiometabolic
imaging studies have shown that an excess accumulation of visceral adipose tissue (and not of
subcutaneous fat) was a key correlate of the features of insulin resistance, explaining why Reaven
could not find a robust association between total body fatness and his syndrome X: it was all about
body fat distribution [2,3,25–31].

3. Liver Fat: A Key Partner in Crime in Visceral Obesity

More recently, with the availability of magnetic resonance spectroscopy, it has become possible
to noninvasively measure with great accuracy liver fat accumulation. With the use of this technique,
excess liver fat has been found to be associated with essentially the same clustering metabolic
abnormalities as those observed in visceral obesity [32–34]. It is important, however, to point out
that excess liver fat in isolation (in the absence of excess visceral adipose tissue) is a relatively rare
phenomenon as its most frequent form is accompanied by high levels of visceral adipose tissue [35–37].
Thus, it has recently become obvious that the most dangerous adiposity phenotype includes excessive
amounts of both visceral adipose tissue and liver fat, which is by far the most prevalent form of
insulin resistance or metabolic syndrome [31]. On that basis, we have proposed that the clustering
abnormalities of excess visceral adiposity/liver fat for which insulin resistance is a key feature should
be called Reaven syndrome [3,38].

4. This Issue

Despite the progress made in our understanding of the constellation of atherogenic and
diabetogenic abnormalities found in the subgroup of individuals with excess levels of visceral
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adipose tissue and liver fat, many questions remain regarding their etiology and the most efficient
approaches to prevent or to manage it.

Some of these questions are examined in this special issue of Nutrients. The reader will find a mix
of narrative reviews and communications written by well-published investigators, top international
experts in the field. We are very grateful to these experts who have agreed to contribute to this
issue [39–49]. Original papers that are relevant to our theme are also included [50–59].

As expected from the topics covered in Nutrients, this issue deals mostly with dietary factors,
although some other important lifestyle features, such as physical activity/exercise and sleeping habits,
are addressed. Both individual- and population-based solutions are discussed. For instance, the link
between dietary fat as well as dietary fructose and sugar-sweetened beverages and some chronic
diseases is reviewed. Considering the importance of physical activity/exercise and cardiorespiratory
fitness in the prevention and treatment of features of metabolic syndrome, some papers review the
literature relevant to these topics. Moreover, other papers deal with the assessment of metabolic
syndrome in various age and ethnic groups. Finally, other highly relevant themes are explored,
such as sleep habits, sleep apnea and the development of metabolic syndrome and lifestyle habits,
the endocannabinoidome and features of metabolic syndrome.

5. The Future

Of course, it was not possible to cover all topics relevant to the assessment, prevention and
management of such a complex modifiable risk factor which results from the interaction of genetic
and environmental/lifestyle factors. The established relationship between the presence of metabolic
syndrome and the development of type 2 diabetes and cardiovascular disease has been amply
demonstrated, but the interest around metabolic syndrome and visceral obesity is renewed as it has
also been related to other chronic diseases, such as brain health and some types of cancer [60,61].
Numerous studies are currently under way to confirm these relationships, to elucidate the underlying
mechanisms or even to examine whether lifestyle intervention habits could prevent these diseases
and improve their treatment. As we are going through a major epidemic of chronic lifestyle diseases,
metabolic syndrome, although criticized as a concept, has been helpful as a screening approach to better
identify a subgroup of high-risk individuals who would benefit from clinical and population-based
approaches targeting their lifestyle habits. Finally, with the relatively new concept of precision lifestyle
medicine, which consists of simultaneously taking into account the individual’s genetic profile as well
as his/her living environments and lifestyle habits [62], we propose that the multiplex modifiable risk
factor that represents metabolic syndrome will require concerted efforts between clinical approaches
and public health solutions if we want to reduce the burden associated with this condition. We hope
that the content of this Special Issue will be found useful.

Author Contributions: I.L. and J.-P.D. wrote the paper together. All authors have read and agreed to the published
version of the manuscript.

Funding: J.-P.D. is the Scientific Director of the International Chair on Cardiometabolic Risk supported by the
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Abstract: Metabolic syndrome (MetS) is a growing problem worldwide in adolescents. This study
compared two sample populations of young people in Spain and China, and analyzed the association
of birth weight and breastfeeding duration with MetS. A cross-sectional study was conducted in
adolescents (10–15 years old); 1150 Chinese and 976 Spanish adolescents. The variables analyzed
were anthropometric characteristics, biochemical markers, and demographic characteristics using
the same methodology and data collection protocol. Also, birth weight and breastfeeding were
retrospectively analyzed during the first year of life. The results showed statistically significant
differences between the two groups in reference to body mass index (BMI), blood pressure, triglyceride,
glucose, and high-density lipoprotein cholesterol (HDL-C) levels. The MetS prevalence was higher in
Spanish adolescents (2.5%) than in the Chinese group (0.5%). Breastfeeding duration was inversely
associated with hypertriglyceridemia, low HDL-C, and MetS, whereas higher birth weight was
associated with hyperglycemia, low HDL-C, hypertriglyceridemia, and abdominal obesity. Spanish
adolescents showed more altered MetS components, and consequently, a higher MetS prevalence
than the Chinese adolescents. This made them more vulnerable to cardiometabolic risk. Our results
highlight the need for interventions designed by health professionals, which would encourage
pregnant women to breastfeed their children.

Keywords: metabolic syndrome; adolescents; breastfeeding duration; birth weight

1. Introduction

Metabolic syndrome (MetS) involves a cluster of risk factors. Subjects with MetS typically
have at least three of the following conditions; abdominal obesity, hyperglycemia, hypertension,
hypertriglyceridemia, and low HDL-cholesterol (HDL-C) levels [1]. MetS has been found to be strongly
associated with a higher risk of cardiovascular disease in adults [2,3]. Unfortunately, there is a lack of
data regarding MetS and its associated factors in childhood and adolescence. This is particularly the
case in emerging countries such as China [4].

The prevalence of MetS in adolescents is currently increasing throughout the world [5]. In a
Spanish population of 976 adolescents, 10–15 years of age, González-Jiménez et al. [6] observed a
MetS prevalence of 3.9% in girls and 5.4% in boys. In contrast, Xu et al. [7] obtained a prevalence
of 0.8% in Chinese adolescents over 10 years old. Similarly, in a study of 1770 Chinese adolescents
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by Wang et al. [8], the overall prevalence was 1.1%, though boys were more affected by MetS than
girls. In these three studies, MetS was defined following to the criteria proposed by the International
Diabetes Federation (IDF) for children and adolescents. According to these studies carried out in China
and Spain it might be expected that MetS would be less frequent in Chinese adolescents. However,
to date there has been no comparative study of MetS in sample populations in Spain and China.

It is crucial to identify the risk factors leading to the development of MetS in young people so
that this disorder can be rapidly detected and prevented [9]. Accordingly, it has been suggested that a
higher birth weight may be associated with an early development of insulin resistance and MetS [10].
An excessively short period (or absence) of breastfeeding during the first year of childhood seems to
be another risk factor for MetS [11]. In González-Jiménez et al. [6] and Wang et al. [8], a high birth
weight was significantly associated with MetS, whereas breastfeeding for longer than six months was
inversely associated with the syndrome. Nevertheless, there is no consensus of opinion on this issue
since the absence of conclusive results in Western and Chinese populations [12] has generated a certain
controversy regarding the influence of these variables [13].

The initial hypothesis of this research was that the difference in MetS prevalence in China and
Spain was probably related to differences in birth weight and breastfeeding duration. To confirm this
hypothesis, our objectives were to compare the prevalence of MetS in Chinese and Spanish adolescents,
and then analyze the associations of MetS with birth weight and breastfeeding duration (first year of life).

2. Materials and Methods

2.1. Study Design and Participants

Accordingly, we decided to conduct a comparative analysis of two cross-sectional studies. The first
study was of a sample of Chinese adolescents, and the second study was of a sample of Spanish
adolescents. In China, the research was carried out in the city of Guangzhou (southern China).
Four districts were randomly selected, which comprised a total of ten schools. A letter of invitation
was sent to the school principals along with an information sheet and an explanation of the research
methodology and objectives. All parents, tutors, and legal guardians of the minors gave their written
informed consent. The study had been previously approved by the Ethics Committee of the School of
Public Health in Sun Yat-sen University.

In each of the ten schools, two classes per course were randomly selected and invited to participate
in the study. A total of 1150 adolescents (554 boys and 596 girls), 10–15 years of age, were finally recruited
for the study. All participants had a medium socioeconomic status and the response rate was 87%.

In Spain, the study was conducted in the province of Granada (southeastern Spain), a total of
eighteen schools throughout the province were randomly selected. The study had been previously
approved by the Board of Education of the Andalusian Regional Government (Granada Delegation),
and authorized by the school directors. It had also been approved by the Ethics Committee of the
University of Granada. All parents, tutors, and guardians had explicitly authorized the participation
of their children.

In each of the schools, two classes per course were randomly selected and invited to participate in
the study. Finally, a total of 976 adolescents, (457 boys and 519 girls), 10–15 years of age, were recruited.
All of the subjects were Spanish and had a medium socioeconomic status.

Both in the Chinese and Spanish groups, adolescents with serious physical handicaps or
psychological conditions (e.g., congenital disorder and cognitive dysfunction) were excluded from the
study. The flow diagram (Figure 1) describes the selection process followed in both countries.

All procedures used in this study were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards.
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Figure 1. Flow diagram of the recruitment progress.

2.2. Data Collection and Measurements

The instrument used for data collection was a standard questionnaire elaborated ad hoc.
The questionnaire was filled out during a face-to-face interview with one of the parents or guardians.
The average questionnaire completion time was 20–25 min.

Questionnaire items focused on the collection of demographic data and information regarding
birth weight and breastfeeding during the subjects’ first year of life. All of this information was
collected retrospectively. Furthermore, in order to guarantee the accuracy of the answers, parents were
asked to bring the Child Health Record of their son/daughter. This document had been previously
filled out by health professionals and contained accurate birth-weight and breastfeeding information.
The completed questionnaires were reviewed by trained staff and uploaded into the database.

All participants underwent a complete anthropometric evaluation in accordance with the
guidelines of the International Society for the Advancement of Kinanthropometry [14]. The variables
assessed were weight, height, waist circumference (WC), hip circumference (HC), and BMI (weight
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(kg)/height (m)2). In the Chinese sample, fasting body weight was measured to the nearest 0.1 kg on
a double ruler scale (RGT-140, Wujin Hengqi Co. Ltd, Changzhou, China). During this assessment,
participants were wearing light clothing and no shoes. In the Spanish sample, the subjects (also in
light clothing and no shoes) were weighed on a self-calibrating Seca 861 Class (III) Digital Floor Scale
(Hamburg, Germany) with a precision of up to 0.1 kg.

In the Chinese sample, height was measured to an accuracy of 1mm with a freestanding stadiometer
mounted on a rigid tripod (GMCS-I; Xindong Huateng Sports Equipment Co. Ltd, Beijing, China) by
trained interviewers following a standardized protocol. Participants were asked to stand erect with their
back, buttocks, and heels in continuous contact with the vertical height rod of the stadiometer and their
head orientated in the Frankfurt plane. The horizontal headpiece was then placed on top of their head
to measure their height. The height of the Spanish children was measured with a Seca 214* portable
stadiometer (seca gmbh & co., Hamburg, Germany), following the same procedure as in the Chinese study.

WC was measured with a Seca automatic roll-up measuring tape (precision of 1 mm) using the
horizontal plane midway between the lowest rib and the upper border of the iliac crest at the end of a
normal inspiration/expiration. HC was measured at the maximum extension of the buttocks as viewed
from the right side. The average of two consecutive measurements was the value used in the analyses.
In both samples, waist-to-height ratio was calculated as WC (cm) divided by height (cm), whereas
waist-to-hip ratio was calculated by dividing WC by HC. The corresponding intraobserver technical
error (reliability) of the measurements was 0.95%.

In the Chinese sample, blood pressure levels were calculated with a previously calibrated aneroid
sphygmomanometer and a Littmann® stethoscope (3M Health Care, Saint Paul, MI, USA) after each
participant had rested for at least 15 min in a sitting position, according to the BP measurement guidelines
of the Subcommittee of Professional and Public Education of the American Heart Association Council
on High Blood Pressure Research [15]. Diastolic pressure was defined as the point of disappearance
of the Korotkoff sounds (fifth phase). Blood pressure was taken twice on the right arm with an
appropriately sized cuff. The average of two readings obtained at a minimum interval of 5 min was
recorded. In the Spanish sample, blood pressure levels were calculated with the same equipment and
following the same procedure as the research team in China.

2.3. Serum Biochemical Examination

The biochemical variables analyzed were fasting glucose (FG), HDL-C, and triglycerides (TG).
At 8 a.m., after a 12 h overnight fast, 10 mL of blood was extracted by venipuncture from the antecubital
fossa of the right arm with a disposable vacuum blood collection tube. In the 4 hours after extraction,
all samples were centrifuged at 3500 rpm for 15 min (Z400 K, Hermle, Wehingen, Germany). Red blood
cells were separated and serum was finally frozen at −80 ◦C for its subsequent analysis. FG was
measured with a colorimetric enzymatic method (GOD-PAP Method, Human Diagnostics, Germany).
HDL-C and TG were also calculated by means of a colorimetric enzymatic method with an Olympus
analyzer (GmbH company, Hamburg, Germany). The techniques and equipment employed in the
biochemical analysis were the same in both samples. The precision performance of these assays
was within the manufacturer’s specifications. In both populations, blood samples were taken at the
educational center in a classroom especially designated for this purpose and on different days in order
to guarantee the fasting of the participants.

2.4. Diagnostic Criteria of Metabolic Syndrome according to the International Diabetes Federation, IDF

The definition of MetS was based on the criteria of the IDF, adapted for children and adolescents.
These criteria were abdominal obesity (defined by WC adult ethnicity-specific cutoffs: ≥94 cm in men
and ≥80 cm in women for the Spanish and ≥90 cm in men and ≥80 cm in women for the Chinese) and
the presence of two or more clinical features, including TG ≥1.7 mmol/L, HDL-C <1.03 mmol/L, systolic
blood pressure (SBP) ≥130 mmHg and/or diastolic blood pressure (DBP) ≥85 mmHg, and serum FG
≥5.6 mmol/L [16].
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2.5. Statistical Analysis

Descriptive statistics were calculated for all of the variables, including continuous variables
(reported as mean and standard deviation) and categorical variables (reported as number and
percentage). A p-value of 0.05 and a power of 80% were used to determine sample sizes. The differences
between sexes, ages, and countries for the variables studied were evaluated using Student’s t-test,
ANOVA, nonparametric test, or the χ2 test, as appropriate. Pearson/Spearman’s correlation coefficients
between MetS components and their associated factors were also calculated. In the total sample and
separated sample, multivariable logistic regression analyses (Enter method) were employed to identify
the relationship between MetS and its features in the form of outcomes (abdominal obesity, low HDL-C,
hyperglycemia, hypertriglyceridemia, hypertension), and associated factors. The multivariable logistic
analysis in the country of origin (China), breastfeeding duration (months), and birth weight (100 g)
was sex-adjusted and age-adjusted to control the influence of puberty. The prevalence odds ratios
and the corresponding 95% confidence intervals were calculated as well. All statistical analyses were
performed with the statistical software package SPSS version 21.0 (IBM, Armonk, NY, USA). In this
study, p-values of less than 0.05 were regarded as statistically significant.

3. Results

Table 1. shows the data collected from the participants, including demographic information,
anthropometry, MetS features, and early-life factors. It was observed that Spanish children had higher mean
values for height, weight, BMI, WC, TG, and SBP than Chinese children. Generally speaking, the Spanish
sample had also been breastfed for a longer period of time in their first year of life (9 months on average).

Table 1. Demographic and clinical characteristics of Chinese and Spanish adolescents.

Variable Chinese Adolescents Spanish Adolescents p-Value

Demographic information
n 1150 976
Boys (%) 554 (48.2) 457 (45.7) 0.28
Age (years) 12.9 ± 1.8 13.1 ± 1.2 0.09

Anthropometry
Height (m) 1.55 ± 0.14 1.59 ± 0.10 <0.01 **
Weight (kg) 46.28 ± 14.01 54.77 ± 12.71 <0.01 **
BMI (kg/m2) 19.24 ± 7.25 21.22 ± 3.79 <0.01 **
HC (cm) 81.06 ± 16.91 83.82 ± 9.35 0.21
WHR 0.84 ± 0.09 0.87 ± 0.16 <0.01 **
WHtR 0.44 ± 0.07 0.45 ± 0.07 0.01 *

Metabolic syndrome features
WC (cm) 66.7 ± 10.6 72.3 ± 10.8 <0.01 **
FG (mmol/L) 4.62 ± 0.49 4.77 ± 1.68 0.01 *
HDL-C (mmol/L) 1.4 ± 0.3 1.0 ± 0.1 <0.01 **
TG (mmol/L) 0.97 ± 0.51 1.43 ± 0.60 <0.01 **
SBP (mmHg) 99.9 ± 23.2 118.0 ± 15.5 <0.01 **
DBP (mmHg) 63.6 ± 15.7 64.1 ± 9.0 0.35

Information of early-life factors
Breastfeeding duration (month) 4.2 ± 3.7 9.2 ± 2.7 <0.01 **
Breastfeeding duration range (month) 0~13 0~13
Birth weight (kg) 3.23 ± 0.47 3.20 ± 0.50 0.09
Birth weight range (kg) 1.4~4.9 2.0~5.7

Notes: BMI, body mass index; HC, hip circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio; WC, waist
circumference; FG, fasting glucose; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride; SBP, systolic blood
pressure; DBP, diastolic blood pressure. Values are expressed as mean ± SD. The p-value was calculated by chi-square
test for category variables and two-sample t-test for continuous variables. * p < 0.05, ** p < 0.01.
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Regarding the prevalence of MetS and its components, Table 2 shows statistically significant
differences between the two cohorts. As can be observed, the Spanish adolescents had a higher
prevalence of abdominal obesity, hyperglycemia, and hypertension. In contrast, Chinese adolescents
were more prone to hypertriglyceridemia though TG mean values were higher in the Spanish cohort.
Consequently, the prevalence of MetS was 2.5% in the Spanish adolescents in comparison to 0.5% in
the Chinese group.

Table 2. Prevalence of metabolic syndrome and its components in Chinese and Spanish adolescents.

Characteristics
Chinese Adolescents

(n = 1150)
Spanish Adolescents

(n = 976)

Abdominal obesity 65 (5.5) 128 (13.1) **
Hypertension 11 (1.0) 256 (26.2) **

Hyperglycemia 23 (2.0) 65 (6.7) **
Low HDL-C 160 (13.9) 176 (18.0) *

Hypertriglyceridemia 84 (7.3) 32 (3.3) **
Pattern of risk factors clustering

0 Component 886 (77.0) 568 (58.2) **
1 Component 193 (16.8) 234 (24.0) **
2 Components 61 (5.6) 120 (12.3) **
≥3 Components 7 (0.6) 54 (5.5) **

MetS 6 (0.5) 24 (2.5) **

Notes: HDL-C, high-density lipoprotein cholesterol; MetS, metabolic syndrome. Values are expressed as numbers
of individuals (%). p-value was calculated by chi-square; * p < 0.05, ** p < 0.01.

Generally, the correlations of breastfeeding duration or birth weight with MetS and its components
(Table 3) differed in Chinese and Spanish individuals. In Chinese adolescents correlations were weak.
In the case of the Spaniards, the duration of breastfeeding correlated positively with HDL-C (0.81) and
negatively with FG (−0.89) and TG (−0.64). In contrast, birth weight correlated negatively with HDL-C
(−0.58) and positively with FG (0.65) and TG (0.48). In the Chinese cohort, birth weight was found to
be positively associated with WC (0.15), SBP (0.08), and DBP (0.07).

Table 3. The association of metabolic syndrome features and early-life factors in Chinese and
Spanish adolescents.

Chinese Adolescents (n = 1150) Spanish Adolescents (n = 976)

Breastfeeding Duration Birth Weight Breastfeeding Duration Birth Weight

WC −0.04 0.15 ** 0.05 0.10 **

FG 0.03 0.01 −0.89 ** 0.65 **

HDL-C −0.04 −0.01 0.81 ** −0.58 **

TG 0.09 ** −0.04 −0.64 ** 0.48 **

SBP 0.03 0.08 * −0.03 0.06

DBP −0.02 0.07 * −0.02 0.07 *

Notes: WC, waist circumference; FG, fasting glucose; HDL-C, high-density lipoprotein cholesterol; TG, triglyceride;
SBP, systolic blood pressure; DBP, diastolic blood pressure; MetS, metabolic syndrome. Data are presented as
Pearson/Spearman’s correlation coefficients. * p < 0.05 ** p < 0.01.

Table 4 shows the adjusted associations of Mets features with early life factors including
breastfeeding duration and birth weight in Chinese and Spanish adolescents. In the Spanish adolescents,
breastfeeding duration had stronger associations with low HDL-C (OR 0.18), hyperglycemia (OR
0.17), hypertriglyceridemia (OR 0.52), and MetS (0.62) than in the Chinese adolescents. However,
birth weight had closer associations with abdominal obesity (OR 1.09) in Chinese subjects and closer
associations with hyperglycemia (OR 6.65) in Spanish subjects.
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Table 4. Risk of MetS features based on associated factors from multivariable logistic regression in
two sample.

Chinese Adolescents (n = 1150) Spanish Adolescents (n = 976)

Breastfeeding
Duration (month)

Birth Weight
(100 g)

Breastfeeding
Duration (month)

Birth Weight
(100 g)

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Abdominal obesity 0.95 (0.88, 1.02) 1.09 (1.03, 1.16) 0.98 (0.90, 1.07) 1.04 (0.99, 1.10)

Low HDL-C 1.03 (0.98, 1.08) 1.17 (0.98, 1.06) 0.18 (0.13, 0.26) 1.06 (0.93, 1.21)

Hyperglycemia 0.96 (0.86, 1.08) 0.96 (0.88, 1.05) 0.17 (0.04, 0.72) 6.65 (1.83, 24.19)

Hypertriglyceridemia 1.03 (0.97, 1.10) 0.99 (0.94, 1.04) 0.52 (0.40, 0.70) 1.09 (0.93, 1.27)

Hypertension 1.10 (0.91, 1.32) 1.07 (0.92, 1.23) 0.96 (0.90, 1.03) 1.02 (0.99, 1.07)

MetS 1.07 (0.87, 1.32) 0.93 (0.80, 1.08) 0.62 (0.51, 0.76) 0.98 (0.86, 1.12)

Note: Age and gender were adjusted in all above models.

Furthermore, the combined multivariable analysis of MetS and its components showed that girls
were more likely to develop abdominal obesity than boys (Table 5). In addition, there was a strong
association of MetS and its components with the participants’ country of origin. In general, Spanish
participants were at greater risk of MetS or of the alteration of certain MetS components. In this regard,
the Spaniards had a higher risk of hypertension (OR 45.05), hyperglycemia (OR 26.85), and MetS (OR 13.6)
than the Chinese adolescents. For the early-life factors, breastfeeding duration was negatively associated
with hypertriglyceridemia (OR 0.87), low HDL-C (OR 0.81), hyperglycemia (OR 0.60), and MetS (OR 0.74),
whereas higher birth weight was positively associated with MetS components such as hyperglycemia
(OR 1.96) and abdominal obesity (OR 1.15) in the total sample. We also performed analyses to assess
the interaction of breastfeeding duration and the country of origin and birth weight with the country
of origin, using China as reference. When the interaction of breastfeeding duration and the country
of origin was assessed, we observed that the effect was significant for low HDL-C, hyperglycemia
and hypertriglyceridemia. In contrast, the interaction of birth weight with the country of origin was
significant only for hyperglycemia. The results of the sensitivity analysis showed that breastfeeding
duration (longer than 6 months) was a protective factor for MetS (Supplementary Table S1).
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4. Discussion

The results obtained showed that there were significant differences in the Chinese and Spanish
samples in regard to most of the clinical features analyzed, whether anthropometric or metabolic.
More specifically, Spanish adolescents were found to have considerably higher levels of TG and SBP in
comparison to Chinese adolescents. In contrast, the children in the Chinese sample had lower BMI,
WHR, and WC values. Generally speaking, these results suggest that the Chinese subjects were healthier
than their Spanish counterparts, who had higher values for most of the clinical features [17,18]. This may
be partially explained by the ethnic difference and different living environments. This evidently
placed their health at risk and made them more vulnerable to cardiometabolic disorders [19]. These
results indicate the need for an in-depth study of the lifestyle, and environmental factors affecting the
population in China and Spain. Any or all of these could be factors that would explain the differences
found between adolescents in the two countries.

Our results also showed differences between the Chinese and Spanish samples regarding MetS
components. As in previous studies of the Spanish population [20] and based on the definition of MetS
used, Spanish children and adolescents had higher levels of abdominal obesity, hyperglycemia, as well
as a higher rate of hypertension when compared to the Chinese group. Nevertheless, the prevalence of
MetS was still lower than that reported by Holst-Schumacher et al. [21] for adolescents in Costa Rica
(5.6%) or that described by Alvarez et al. [22] for adolescents in Brazil (6%). The only variable that
was higher in Chinese cohort was the value for hypertriglyceridemia, which was in agreement with
Liang et al. [23] who studied another population of 976 Chinese adolescents.

Breastfeeding duration and birth weight correlated closely with the components of MetS. In this
regard, Spanish schoolchildren had been breastfed for a longer time. This correlated positively with
HDL-C levels and negatively with other variables such as FG, TG, and MetS. These findings suggest the
potentially positive effect of breastfeeding as a way to prevent the development of metabolic disorders
in young subjects. These results contrasted with Yakubov et al. [24], who found no association between
breastfeeding duration and the development of MetS and/or impairments of its components. However,
this lack of association could be explained by factors such as the small size of the sample, a possible
selection bias of the subjects or the range of breastfeeding duration.

In contrast, other studies did find a correlation between breastfeeding duration and a reduced
incidence of MetS later in life [25,26]. Yet, it could be argued that since in the present study
Spanish adolescents were breastfed for a longer time and had a higher prevalence of MetS compared
to the Chinese group, breastfeeding would increase, rather than decrease, the risk of developing
MetS. However, this assumption can not be made directly, due to the multifactorial nature of the
metabolic syndrome. The inverse association between breastfeeding duration and MetS in childhood
and adolescence has been observed elsewhere [12,27]. Indeed, in a previous study, we found a
higher prevalence of MetS in young subjects that had not been breastfed as babies [6]. Moreover,
Ekelund et al. [28] stated that the most important benefits of maternal breastfeeding in terms of MetS
prevention were for those subjects who had been breastfed for more than 6 months.

In the present study, breastfeeding duration was the main factor affecting the differences observed
in the risk of MetS features between Chinese and Spanish adolescents. In fact, the interaction between
breastfeeding duration and country for MetS and its components resulted strongly significant. Chinese
mother breastfed their infants for less than half of the time than did Spanish mothers but no differences
were on served for the range (0–13 months). A survey carried out in the city of Guangzhou (the same
city of origin of our study), revealed that Chinese mothers tend to stop breastfeeding early before the
six months. The reasons given for breastfeeding cessation were, among others, insufficient milk supply,
medical reasons, lactational factors, and return to work [29]. Regardless of their antenatal intention,
women with higher BMI have a higher risk of early cessation of exclusive breastfeeding [30], which has
been associated to anatomical and physiological issues, medical conditions, and sociocultural and
psychological factors [31]. Unfortunately, we do not have data on the prevalence of overweight mothers
at the time of pregnancy. In our study, birth weight correlated positively with FG, TG, and MetS in
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Spanish subjects, as well as with WC in Chinese subjects. These findings do not coincide with those
in Dos Santos et al. [32], who studied a population of 172 adolescents in Brazil and found that birth
weight was not a risk factor in the development of MetS during adolescence. This result was probably
conditioned by the small size of the Brazilian cohort, a possible bias in the selection of participants,
or methodological differences in the evaluation of adiposity. Nonetheless, Yuan et al. [33] did find an
association between birth weight and disorders such as adolescent obesity and MetS. Their population
sample was much larger and was composed of 16,580 Chinese children and adolescents, 7–17 years
of age, which is consistent with the Chinese sample in our study. Strikingly, the results obtained
by Yuan et al. [33] were more in consonance with the Spanish results in our study than with the
Chinese ones.

The results of the multivariable analysis of early MetS predictors with MetS and MetS components
showed that girls had a higher risk of abdominal obesity, which agrees with previous research [34,35].
The high prevalence of central obesity in Spanish and Chinese girls is a matter of concern, since according
to Lee et al. [36], it increases the risk of morbidity and mortality at early ages. Additionally, MetS
and its components showed a strong association with the participants’ country of origin. In other
words, Spanish adolescents had a greater risk of MetS or the alteration of any of its components (e.g.,
hypertension or hyperglycemia) than the Chinese adolescents.

These results also contrast with those of Haldar et al. [37], who reported that Asian adults who
emigrated and lived in European countries were more apt to become obese than Caucasians, regardless
of the degree of adiposity. However, this may very well be due to changes in their dietary habits.
To explain the discrepancies between the Chinese and Spanish populations, it could be argued that
Spaniards are not typical Caucasians in regard to metabolic disorders. In comparison to young people
in other European countries, children and adolescents in Spain are more prone to be overweight,
which means greater metabolic risk. Accordingly, the prevalence of MetS in Spanish adolescents is
higher than the MetS prevalence in other European countries, such as Finland (2.1%), Greece (0.7%) [38],
Denmark, Estonia, and Portugal (1.4%) [28]. Other studies also highlight differences between ethnic
groups in the distribution of body fat, which signifies that they are at greater risk of developing
cardiovascular and metabolic pathologies [39,40].

Interestingly, our study found that hypertriglyceridemia was strongly affected by the duration of
breastfeeding (OR 0.87), regardless of the participants’ gender or country of origin. The association
between breastfeeding in infancy and triglyceride concentrations later in life is still a matter of debate.
The absence of an association was reported by Victoria et al. [41] in a Brazilian population of 18-year-old
boys and by Lawlor et al. [42] in Estonian and Danish children and adolescents. In Lawlor et al. [42],
BMI and TG values were similar to those obtained for the Chinese sample in our study, but lower
than those for the Spanish group. More recently, Ramirez-Silva et al. [43] observed that children who
had not been breastfed had higher TG levels at the age of 4, compared with those who had been
partially or exclusively breastfed. There is a lack of consensus regarding the influence of birth weight
on hyperglycemia.

This research has a number of strengths as well as certain limitations. Without a doubt, one of its
strengths is its pioneering nature. Our study focused on two populations of adolescents with very
different cultural backgrounds and analyzed not only the prevalence of MetS, but also the association
between MetS and early predictors such as breastfeeding duration (first year of life) and birth weight.
Yet another strength is the size of the sample, which enhances the validity of the results and assures
comparability in future studies. Nonetheless, an evident limitation of the study is its cross-sectional
nature and the lack of information about the eating habits and physical activity of both populations.
Finally, no data regarding pubertal status were collected or taken into account but two subjects were
excluded as outliers with extremely high triglyceride levels. This may have been a factor in the
differences between the two countries. The results should thus be interpreted with caution.
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5. Conclusions

In conclusion, our initial hypothesis was confirmed since Spanish adolescents showed a higher
number of altered MetS components, and consequently a higher prevalence of MetS than Chinese
adolescents. In addition, in the Spanish sample, breastfeeding duration and birth weight strongly
correlated with MetS components in comparison to the Chinese group, where this was not the case.
The Spanish adolescents also had a higher risk for hyperglycemia, hypertension, hypertriglyceridemia,
and abdominal obesity.

The results of this study should have an impact on clinical practice. It is advisable for healthcare
professionals to have an in-depth understanding of all of the factors associated with MetS. This knowledge
and awareness are crucial to the prevention of this disease in adolescents. Likewise, as reflected in our
results, it is important for healthcare professionals to encourage pregnant women to breastfeed their
babies. This would improve the metabolic status of the mothers and at the same time make their children
less vulnerable to obesity, diabetes mellitus type 2, and MetS. This is especially true for Spain, as we
found important differences in the prevalence of MetS and its components between Chinese and Spanish
adolescents, which were importantly affected by differences in breastfeeding duration in both countries.
For this reason, a clear priority for health professionals should be to encourage breastfeeding.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1568/s1,
Supplementary Table S1: Risk of MetS features based on associated factors from multivariable logistic regression
(categorical variables).
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Abstract: Pediatric obesity-related metabolic syndrome (MetS) and nonalcoholic fatty liver disease
(NAFLD) are increasingly frequent conditions with a still-elusive diagnosis and low-efficacy treatment
and monitoring options. In this study, we investigated the salivary metabolomic signature, which
has been uncharacterized to date. In this pilot-nested case-control study over a transversal design,
41 subjects (23 obese patients and 18 normal weight (NW) healthy controls), characterized based on
medical history, clinical, anthropometric, and laboratory data, were recruited. Liver involvement,
defined according to ultrasonographic liver brightness, allowed for the allocation of the patients into
four groups: obese with hepatic steatosis ([St+], n = 15) and without hepatic steatosis ([St–], n = 8),
and with (n = 10) and without (n = 13) MetS. A partial least squares discriminant analysis (PLS-DA)
model was devised to classify the patients’ classes based on their salivary metabolomic signature.
Pediatric obesity and its related liver disease and metabolic syndrome appear to have distinct salivary
metabolomic signatures. The difference is notable in metabolites involved in energy, amino and
organic acid metabolism, as well as in intestinal bacteria metabolism, possibly reflecting diet, fatty
acid synthase pathways, and the strict interaction between microbiota and intestinal mucins. This
information expands the current understanding of NAFLD pathogenesis, potentially translating into
better targeted monitoring and/or treatment strategies in the future.

Keywords: pediatric obesity; nonalcoholic fatty liver disease; metabolic syndrome; saliva; metabolomics;
gas-chromatography mass spectrometry

1. Introduction

The incidence of obesity and its related conditions, including metabolic syndrome (MetS) and
non-alcoholic fatty liver disease (NAFLD), has dramatically increased worldwide in all age groups
including pediatrics [1]. Pediatric obesity definitely is an early risk factor for adult morbidity and
mortality [2,3]. Due to the existence of a well-established tracking phenomenon, the early detection
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and treatment of MetS and fatty liver in childhood represents a valuable tool to prevent further
health complications and to minimize the global socioeconomic burden of hepato-metabolic and
cardiovascular obesity-associated complications in adulthood [4]. Although the exact definition of
MetS is still debated regarding the pediatric population, most researchers agree (a) that it includes
hypertension, hyperglycemia, dyslipidemia together with visceral obesity, and (b) that NAFLD has to
be considered its hepatic component.

Metabolomics has recently started to pave the way to a better pathomechanistic understanding
of these hepatometabolic complications, leading to a more efficient diagnosis and better therapeutic
approaches. In this regard, studies have shown that high urinary/blood levels of aromatic (AAA) ±
branched chain (BCAA) amino acids are known to be associated with insulin resistance (IR) and the
risk of obesity-related MetS [5–8].

Lipid metabolism, tyrosine [9], alanine and the urea cycle [5], acylcarnitine catabolism ± changes
in nucleotides, lysolipids, and inflammation markers [10], and several other components [11–13] also
appear to be implicated in obesity and its related disorders.

We have recently shown a complex network of urinary molecules prevalently represented by
intestinally-derived bacterial products [14] which are correlated with the clinical phenotype and can
differentiate between normal weight and obese children, distinguishing between those with and
without liver involvement, based also on the characteristics of their gut-liver axis (GLA) function [15].

To identify an even more easily accessible and readily obtained biofluid for possible minimally
invasive disease recognition [16], few studies have shown saliva suitability for investigations of
individual metabolites of oxidative stress in obesity [17] and obesity-related MetS/NAFLD [4,18].
We showed that salivary testing of uric acid, glucose, insulin and HOMA together with selected
anthropometric parameters may help to identify noninvasively obese children with hepatic steatosis
and/or having MetS components [4]. However, salivary metabolomics studies in this respect
are lacking.

Based on these and a few other urine-and/or plasma-based metabolomic studies of pediatric
obesity and MetS [15,19–21], we hypothesized that differences in the metabolite profiling of lean and
obese children with and without NAFLD/MetS might also be evident in saliva, which might be ideal to
screen noninvasively obese children at a higher risk of hepatometabolic complications. Prospectively,
better delineation of individual or clusters of specific metabolites could serve as diagnostic biomarkers
to be further investigated in future studies appraising even early stages of these comorbidities.

2. Materials and Methods

2.1. Population and Study Design

Among 46 consecutive subjects (aged 7–15 years) seen at our obesity clinic or planned for only
minor surgery, 41 with verified good oral health and not taking medications were enrolled in a
nested case-control study over a transversal design. Eighteen had a normal weight (NW; body
mass index (BMI) < 85th percentile) and 23 were obese (BMI > 95th percentile). The patients
were characterized based on clinical, anthropometric (blood pressure, BMI, waist circumference
(WC), and neck circumference (NC)), laboratory (serum alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total and high-density lipoprotein (HDL) cholesterol, triglycerides, uric acid
(UA), glucose, and insulin) parameters. An ultrasound (US) was used to determine the presence [St+]
or absence [St–] of hepatic steatosis [22,23]. Blood tests were performed using a standard laboratory
analyzer (Abbott Diagnostics, Santa Clara, CA, USA).

ALT upper normal values referred either to the customary normal range cut-off value of 40 IU/L
or more precise SAFETY study cut-off pediatric values of 25.8 and 22.0 IU/L for boys and girls,
respectively [24].

Patients with hepatic steatosis and/or transaminases >1.5 times the upper customary normal
values were screened for celiac disease, Wilson disease, autoimmune hepatitis, and major and minor
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hepatotropic viruses [25]. According to the International Diabetes Foundation (IDF), MetS was defined
as the presence of at least three of the following parameters: WC >95th percentile; triglycerides
>150 mg/dL; blood glucose >100 mg/dL; systolic blood pressure (SBP) >95th percentile; and HDL
cholesterol <40 mg/dL [26].

2.2. Saliva Samples

Each subject was asked to refrain from eating, drinking and brush tooting procedures for at least
1 h before saliva collection. Then he/she underwent a morning, whole saliva sampling using a saliva
cotton roll commercial collection device (Salivette®; Sarstedt, Nümbrecht, Germany). As recommended
by the manufacturer, to stimulate salivation patients, patients were asked to roll and gently chew
the cotton swab in their mouth for 60–90 s. Then the swab was spitted in the collection tube of the
kit and centrifuged within 1 h at 2000× g for 2 min. The collected clear, fluid saliva sample was
aliquoted without any further processing and frozen at −80 ◦C until samples’ analysis, as previously
described [4].

2.3. Ethical Approval

The study complied with the terms of the Declaration of Helsinki of 1975 (as revised in 2013) [27]
for the investigation of human subjects, with written informed consent from patients and their families.
All participants agreed to participate in this study and contribute saliva samples for metabolomic
analysis. All samples were collected in accordance with the ethical guidelines mandated by and
approved by our institutional Health Research Ethics Board. The study protocol was approved by the
Ethics Review Committee of the University Hospital S. Giovanni di Dio e Ruggi d’Aragona of Salerno
(Prot. No 18.02.2013/98).

2.4. Untargeted Metabolomics Analysis

2.4.1. Metabolites Extraction and Derivatization

Metabolome extraction, purification and derivatization were carried out using the MetboPrep GC
kit (Theoreo srl, Montecorvino Pugliano (SA), Italy) according to the manufacturer’s instructions.

2.4.2. GC-MS Analysis

GC-MS analysis was performed on the derivatized extracted metabolome according to
Troisi et al. [15] with a few minor changes. Briefly, 2 μL of the sample solution was injected into
the GC-MS system (GC-2010 Plus gas chromatograph coupled to a 2010 Plus single quadrupole mass
spectrometer; Shimadzu Corp., Kyoto, Japan) equipped with a 30-m, 0.25-mm ID CP-Sil 8 CB fused
silica capillary GC column with 1.00-μm film thickness from Agilent (Agilent, J&W Scientific, Folsom,
CA, USA), using He as a carrier gas. The initial oven temperature of 100 ◦C was maintained for 1 min
and then raised by 6 ◦C/min to 320 ◦C with a further 2.33 min of hold time. The gas flow was set
to obtain a constant linear velocity of 39 cm/s, and injections were performed in the splitless mode.
The mass spectrometer was operated in electron impact (70 eV) in the full-scan mode in the interval of
35–600 m/z with a scan velocity of 3333 amu/s and a solvent cut-off time of 4.5 min. The complete
GC analysis duration was 40 min. Untargeted metabolites were identified by comparing the mass
spectrum of each peak with the NIST library collection (NIST, Gaithersburg, MD, USA).

2.4.3. Metabolites Identification

Of the over 240 signals per sample produced by GC-MS analysis, only 222 were investigated
further because they were consistently found in at least 85% of samples.

To identify metabolites under the peaks, the Kovats’ index [28] difference max tolerance was
set at 10, while the minimum matching for the NIST library search was set at 85%. The results were
summarized in a comma-separate matrix file and loaded in the appropriate software for statistical
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manipulation. The chromatographic data for PLS-DA analysis were tabulated with one sample per
row and one variable (metabolite) per column. The normalization procedures consisted of data
transformation and scaling. Data transformation was made by generalized log transformation and
data scaling by autoscaling (mean-centered and divided by standard deviation of each variable) [29].
Relevant metabolites selected using statistical analysis were further confirmed with an analytical
standard purchased from Sigma-Aldrich (Milan, Italy) as indicated in the Metabolomic Standard
Initiative reports [30].

2.5. Statistical Analysis

2.5.1. Demographical and Clinical Data

Statistical analysis was performed using Statistica software (StatSoft, Tulsa, OK, USA) and
Minitab (Minitab Inc., State College, PA, USA). The normal distribution of data was verified using
the Shapiro–Wilks test. Because the data were normally distributed, we used one-way ANOVA
with Tukey’s post-hoc test for intergroup comparisons. A result with p < 0.05 was considered
statistically significant.

2.5.2. Metabolomics Univariate Data Analysis

Metabolite concentration differences among the classes (NW, OB[St+] and OB[St−]) were
evaluated in terms of fold change (FC) and p-value (assessed using Student’s t-test because the
metabolite amount was previously normalized).

The volcano plot representation was used to encounter both criteria. Metabolites with high FC
(>1 or <−1) and lower p-value (<0.05) were selected as the most relevant.

2.5.3. Metabolomic Multivariate Data Analysis

Partial least squares discriminant analysis (PLS-DA) was performed on the internal standard peak
area [31] normalized chromatogram using R (Foundation for Statistical Computing, Vienna, Austria).
Mean centering and unit variance scaling were applied for all analyses. Class separation was archived
by PLS-DA, which is a supervised method that uses multivariate regression techniques to extract, via
linear combinations of original variables (X), the information that can predict class membership
(Y). PLS regression was performed using the plsr function included in the R pls package [32].
Classification and cross-validation were performed using the wrapper function included in the caret
package [33]. A permutation test was performed to assess the significance of class discrimination.
In each permutation, a PLS-DA model was built between the data (X) and permuted class labels (Y)
using the optimal number of components determined by cross validation for the model based on
the original class assignment. Two types of test statistics were used to measure class discrimination.
The first is based on prediction accuracy during training. The second used separation distance based
on the ratio of the between groups sum of the squares and the within group sum of squares (B/W-ratio).
If the observed test statistics were part of the distribution based on the permuted class assignments,
class discrimination cannot be considered significant from a statistical point of view [34]. Variable
importance in projection (VIP) scores were calculated for each component. A VIP score is a weighted
sum of squares of the PLS loadings, considering the amount of explained Y-variation in each dimension.

The metabolic pathway was constructed using the MetScape application [35] of the software
Cytoscape [36].

3. Results

The demographic and clinical laboratory characteristics of the case and control subjects are reported
in Table 1. None of the NW controls had either biochemical or US hepato-metabolic abnormalities.
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Table 1. Characteristics of the study population.

Anthropometric and
Laboratory Parameters

Controls (n = 18)
Obese with

Steatosis (n = 15)
Obese without
Steatosis (n = 8)

All Obese (n = 23)

Gender (M/F) 13/5 10/5 4/4 14/9
Age (years) 10.53 ± 2.57 12.48 ± 2.77 * 12.51 ± 2.79 * 12.49 ± 2.71 *
Weight (kg) 37.42 ± 11.26 79.99 ± 28.76 * 71.9 ± 17.31 * 77.18 ± 25.24 *
Height (cm) 140.17 ± 15.17 153.41 ± 19.27 * 157.45 ± 11.97 * 154.52 ± 16.88 *

BMI (kg/cm2) 18.52 ± 2.92 32.80 ± 6.94 * 28.93 ± 5.58 * 31.45 ± 6.65 *
BMI percentile 23.75 ± 34.25 95.14 ± 0.53 * 95.67 ± 1.03 * 95.40 ± 1.05 *

Waist circumference (cm) 61.14 ± 7.11 93.27 ± 12.68 * 86.00 ± 14.53 * 90.74 ± 13.49 *
WC percentile 65.85 ± 24.58 94.98 ± 0.97 * 94.38 ± 1.77 * 94.78 ± 1.04 *

Cm WC > 95th percentile 0 21.03 ± 10.57 * 14.00 ± 10.99 * 18.59 ± 11.01 *
WtHR 0.43 ± 0.03 0.61 ± 0.05 * 0.55 ± 0.08 * 0.59 ± 0.07 *

Neck circumference (cm) 27.67 ± 2.41 36.05 ± 4.33 * 34.69 ± 4.08 * 35.58 ± 4.20 *
NC percentile 44.12 ± 33.22 95.57 ± 5.35 * 92.61 ± 3.15 94.09 ± 4.26 *

Cm NC > 95th percentile 0 3.71 ± 2.77 * 2.41 ± 2.75 * 3.26 ± 2.77 *
SBP (mmHg) 95.98 ± 11.95 127.47 ± 8.95 * 125.63 ± 20.23 * 126.83 ± 13.49 *

SBP percentile 50.00 ± 0 86.93 ± 19.36 * 83.50 ± 20.96 * 85.74 ± 19.52 *
DBP (mmHg) 55.00 ± 10.77 61.53 ± 10.42 * 60.75 ± 11.70 * 61.26 ± 10.62 *

DBP percentile 50.00 ± 0 56.00 ± 15.83 * 55.00 ± 14.14 * 55.65 ± 14.95 *
ALT (U/L) 17.33 ± 4.31 50.17 ± 28.75 * 34.50 ± 37.74 * 44.72 ± 32.21 *
AST (U/L) 24.72 ± 4.87 46.19 ± 28.58 * 19.75 ± 5.85 37.00 ± 26.39 *

Total cholesterol (mg/dL) 148.78 ± 16.38 158.17 ± 21.91 * 162.00 ± 24.20 * 159.50 ± 22.26 *
HDL (mg/dL) 56.94 ± 14.45 45.07 ± 10.21 * 48.00 ± 5.50 * 46.09 ± 8.83 *

Triglyceride (mg/dL) Not available 90.59 ± 26.97 138.63 ± 91.90 107.30 ± 60.80
Blood glucose (mg/dL) 83.17 ± 6.61 88.59 ± 10.36 * 90.00 ± 10.34 * 89.08 ± 10.14 *
Salivary glucose (μM) 3338.36 ± 1274.73 3167.86 ± 1192.75 2647.09 ± 1227.77 2986.70 ± 1203.86
Blood insulin (U/L) 10.27 ± 5.22 24.24 ± 10.95 * 19.60 ± 6.63 * 22.62 ± 9.77 *

Salivary insulin (nM) 5.79 ± 2.85 20.89 ± 8.69 * 17.26 ± 6.37 * 19.60 ± 8.00 *
Blood HOMA-IR 2.01 ± 1.16 5.34 ± 2.60 * 4.11 ± 2.16 * 4.91 ± 2.48 *

Salivary HOMA-IR 119.7 ± 73.99 401.81 ± 231.17 * 278.79 ± 162.48 * 358.20 ± 215.35 *
Blood uric acid (mg/dL) 4.04 ± 0.76 5.06 ± 1.23 * 4.42 ± 0.92 * 4.84 ± 1.15 *
Salivary uric acid (μM) 143.46 ± 4.53 157.29 ± 13.04 * 156.45 ± 15.31 * 157.00 ± 13.53 *

Abbreviations = ALT: alanine transaminase; AST: aspartate transaminase; BMI: Body Mass Index; DBP: diastolic
blood pressure; HDL: high density lipoproteins; HOMA-IR: Homeostasis Assessment Model—Insulin Resistance
WC: waist circumference; NC: neck circumference; SBP: systolic blood pressure; WtHR: Waist to Height Ratio;
* p value < 0.05 compared to controls.

More than 50% of obese children (n = 15) had ultrasonographic (US) signs of NAFLD and
hypertransaminasemia not due to the most common causes of liver diseases, as well as significantly
higher values of systolic blood pressure (127 ± 9 vs. 96 ± 11 mm Hg, p = 0.0003) and glycemia
(88.6 ± 10.4 vs. 83.2 ± 6.6 mg/dL, p = 0.002) compared with NW subjects. Twenty-one patients had no
component of MetS, 7 had at least one component, 10 had two or three components, and only 3 had
more than three components (Table 2).

As shown in Figure 1, the PLS-DA score plots clearly differentiated between obese (OB) and
normal weight (NW) children (Figure 1A1) and between OB with and without steatosis and NW
controls (Figure 1B1). Twelve and 13 metabolites with a VIP-score > 2 separated NW/OB and
NW/OB[St+]/OB[St–], respectively (Figure 1A2,B2). A third PLS-DA model (Figure 1C1) separated
children according to MetS via five metabolites that had a VIP-score >2 (Figure 1C2).

As shown in Figure 1 and Table 3, compared with NW subjects, the saliva of obese children had
higher levels of palmitic acid, myristic acid, urea, N-acetyl galactosamine, maltose, gluconic acid and
isoleucine and lower levels of hydroxy butyric acid and malic acid, which were prevalent in those
without steatosis and lauric acid, maltose and methyl maleic acid, which were prevalent in those
with steatosis.
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Table 2. Metabolic Syndrome components in obese patients with and without hepatic steatosis.

Number (%) of Obese
Patients with

Hepatic Steatosis

Number (%) of Obese
Patients without
Hepatic Steatosis

Total (%)

Sample size 15(65%) 8(35%) 23(100%)
Waist circumference >90th percentile 15(65%) 7(30%) 22(95%)
Glucose blood levels >100 mg/dL 4(17%) 2(9%) 6(26%)
Blood pressure >95th percentile 10(43%) 4(17%) 14(60%)
HDL <40 mg/dL 3(13%) 0(0%) 3(13%)
TG >150 mg/dL 2(9%) 3(13%) 5(22%)
HOMA-IR > 3 13(57%) 5(22%) 18(79%)
Numbers of patients fulfilling MetS
Criteria: (WC > 90th percentile and
more than two out of four other criteria)

7(30%) 3(13%) 10(43%)

Abbreviations = HDL: high density lipoproteins; HOMA-IR: Homeostasis Assessment Model – Insulin Resistance;
MetS: Metabolic Syndrome; TG: Triglycerides; WC: waist circumference

Table 3. Variables important in projection (VIP) metabolites fold changes in patients versus controls’ saliva.

VIP
NW

(n = 18) a
OB[St−]
(n = 15)

OB[St+]
(n = 8)

p-Value b MetS−
(n = 38) a

MetS+
(n = 3)

p-Value c

Hydroxy butyric acid 0.00697 −0.14 −0.62 * NS 0.00622 −1.02 NS
Palmitic acid d 0.00088 4.46 *** 8.06 ** NS 0.00398 −0.74 NS
Myristic acid 0.00092 3.71 ** 7.58 * NS 0.00375 −0.66 NS
Lauric acid 0.00061 −7.21 ** −3.35 NS 0.00267 0.73 NS

Urea 0.00093 4.15 ** 7.65 ** NS 0.00404 −0.71 NS
N-acetyl galactosamine 0.00088 3.72 ** 7.60 * NS 0.00375 −0.66 NS

Malic acid 0.17825 −0.98 −0.98 NS 0.09066 0.96 NS
Methyl maleic acid 0.01375 −0.72 −0.24 NS 0.01164 0.81 NS

Maltose 0.07047 −0.54 −0.25 NS 0.05846 0.24 NS
Xylose 0.00864 −0.62 −0.34 NS 0.00681 0.27 NS

Butanediol 0.00070 −6.16 ** −2.79 NS 0.00272 0.34 NS
Proline 0.00999 −0.56 −0.25 NS 0.00752 −1.02 NS

Tartaric acid 0.06401 0.52 0.40 NS 0.04729 −0.40 NS

* indicates a p-value < 0.05 compared to NW, ** indicates a p-value < 0.01 compared to NW, *** indicates a p-value
< 0.001 compared to NW, NS indicates a p-value > 0.05. a Normalized chromatographic peak area; b p-values of
OB[St+]/OB[St−] comparison; c p-values of MetS−/MetS+ comparison; d Metabolite selected by both PLS-DA
models. Abbreviations: MetS−: No metabolic syndrome diagnosis; MetS+: Diagnosis of metabolic syndrome; NW:
Normal Weight; OB[St+]: Obese without steatosis; OB[St+]: Obese with Steatosis; PLS-DA: Partial Least Squares
Discriminant Analysis; VIP: Variable Important in Projections

The volcano plot representation and histogram of the metabolites selected using volcano plot
analysis (FC > 1 or < −1, p < 0.05) of the OB patients compared with NW (Figure S1-A1) and of the
OB[St+] patients compared with the OB[St−] patients (Figure S1-A2) is reported in supplementary
Figure S1.

The levels of valine, mannose, acetopyruvic acid, palmitic acid, triethylene glycol, gluconic
acid, citric acid, scyllo-inositol, deoxyglucose, psicopyranose, myo-inositol and cycloserine were
higher in OB patients (Figure 2B1). Conversely, the levels of 1,2,3-butanetriol, 2-oxovaleric acid,
2-palmitoylglycerol, Di-n-octyl phthalate, itaconic acid, methyl galactoside, stearic acid, 2-piperidinone,
maltose, 2-deoxy-D-ribose, pentane dioic acid, glycerol, pentitol, glyceric acid, methyl maleic acid,
2-deoxypentofuranose, β-hydroxy pyruvic acid, 2-hydroxy- methylcyclopentanol, and L-serine were
higher in NW patients (Figure S1-B1). OB[St+] patients had higher levels of D-glucuronic acid
γ-lactone, 2′-deoxyribolactone, 2-hydroxyisocaproic acid, pyroglutamic acid, and propanoic acid.
Instead, OB[St−] patients had higher levels of butanoic acid, maltose, thiamine, glucopyranose,
2-hydroxybutyric acid, and mannose (Figure S1-B).
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Figure 1. Partial least square discriminant analysis (PLS-DA) models to discriminate children according
to Body Mass Index (BMI) (A1) and Non Alcoholic Fatty Liver Disease (NAFLD) (B1), as unique
parameters investigated. The explained variance of each component is shown in parenthesis on the
corresponding axis. In panel A1, the green ellipse contains normal weight children, while the red one
contains the obese children. In panel B1, the purple circles represent the obese children with NAFLD
(OB[St+]), the pink circles represent obese children without NAFLD (OB[St−]), while green circles
represent the normal weight controls (NW). In panel C1, the blue circles represent the children with a
diagnosis of metabolic syndrome (MetS), while the yellow ones represent the children without MetS
diagnosis. The first 12, 13 and 5 variables important in projection (VIP) identified by the corresponding
PLS-DA are shown in Panels A2, B2 and C2 respectively. The number of VIPs was established by
setting the VIP-score ≥ 2 as a cut off value. In all cases, the colored boxes on the right indicate the
relative amount of the corresponding metabolite in each group under study.
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Figure 2. Partial least squares discriminant analysis (PLS-DA) model to discriminate obese children
according to the number of Metabolic Syndrome (MetS) components. The explained variance of each
component is shown on the corresponding axis. In panels A and B, the color darkness progression
denotes the MetS components increase. The seven metabolites with a variable important in projection
score (VIP-score) higher than 2 are shown in Panel C.

Figure 2 represents the PLS-DA model regarding the aggregation of saliva samples by the number
of MetS components.

A clear-cut class separation was achieved, following the increase in the number of MetS
components (Figure 2A,B). The metabolites with a VIP-score > 2 were as follows: arabinoic, butanoic,
pentendioic, lactic, malonic and citric acid and mannose (Figure 2C).

Obese patients were also aggregated considering the serum ALT concentration. Figure 3A
reports on the PLS-DA model when the serum ALT level higher than 40 mg/mL was considered
hypertransaminasemia. Nine metabolites (butentriol, methyl valeric acid, pentanedioic acid, valine,
hydroxy butanoic acid, mannose, di-n-octyl-phthalate and stearic and glyceric acid) showed a VIP-score
higher than 2 (Figure 3C).
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Figure 3. Partial least squares discriminant analysis (PLS-DA) model to discriminate children according
to the presence/absence of hypertransaminasemia. Panel A: Serum Alanine transaminase (ALT) >
40 U/L was considered as hypertransaminasemia for both boys and girls. The explained variance
of each component is shown on the corresponding axis. Panel B. Serum ALT > 25.8 U/L for boys
and 22.1 U/L for girls was considered as hypertransaminasemia. In panels A and B, the cyan ellipse
contains children with ALT > cut off values, while gray circles represent the children with serum
ALT lower than cut off values. The nine metabolites with a VIP-score higher than 2 are shown in
Panel C. PLS-DA shown in Panels D/E cumulates information on the status of both hepatic steatosis
and transaminases values with respective variable important in projection scores (VIP-scores) shown
in Panel F.
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When the serum ALT level >25.8U/L for boys and 22.1 U/L for girls were considered
hypertransaminasemia [24], the PLS-DA model remained discriminant (panel 3B), and the metabolites
showing a VIP score >2 remained unchanged (panel 3C). PLS-DA shown in Panel 3D/E cumulates
information on the status of both hepatic steatosis and transaminase values with respective VIP-scores
shown in Panel F.

Figure 4 illustrates the UpSet [37] representation summarizing the selected metabolites in several
classifications and the relationships between sets.

Figure 4. UpSet representation of the metabolites selected in the different classification models.
H-ALT: Hypertransaminasemia; MetS: Metabolic Syndrome; NW: normal weight, OB: obese, [St]:
hepatic steatosis.

Overall, as shown in the metabolic systemic map (Figure 5), there is a definite interplay of
several pathways involving the following processes: de novo fatty acid biosynthesis; saturated
fatty acid beta-oxidation; butanoate metabolism; glycolysis and gluconeogenesis; tricarboxylic
acid cycle; urea cycle and metabolism of proline, glutamate, aspartate and asparagine; valine,
leucine and isoleucine (BCCA) degradation; amino sugar metabolism; purine metabolism;
and glycerophospholipid metabolism.
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Figure 5. Metabolic systems map summarizing the shortest route that may explain the interactions
among the metabolites with a variable important in projection scores higher than 2. There is a
clear interplay of several pathways involving: de novo fatty acid biosynthesis; saturated fatty
acid beta-oxidation; butanoate metabolism; glycolysis and gluconeogenesis; tricarboxylic acid
cycle (TCA); urea cycle and metabolism of proline, glutamate, aspartate and asparagine; valine,
and isoleucine (branched chain amino acids) degradation; aminosugars metabolism; purine metabolism;
glycerophospholipid metabolism.
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4. Discussion

As in a few other conditions (pediatric celiac disease [38], mild cognitive impairment [2], sport
performance/fatigue [3,39], T2D [5,40]/T1D [41], and some neurological conditions [42]), our study
shows that salivary metabolomics may represent a useful tool to obtain additional pathomechanistic
information and serve as a possible clue to individuate novel disease diagnostic biomarkers data
also in pediatric obesity. From our results, overall it appears that several salivary metabolites
and metabolic pathways contribute to a complex metabolic fingerprint of obesity, obesity-related
NAFLD and obesity-related MetS. Some of these metabolites were easily predictable based on obesity
pathophysiology whereas others were not.

In line with blood and urinary metabolomic results obtained by others [43–45], the BCAAs valine
and isoleucine were among the AAs more prevalently involved in the obesity-deranged pathways,
but they did not appear to accurately reflect specific hepatic [43] or metabolic [44,45] involvement.
The network of salivary molecules separating the lean and obese groups in obese individuals
(independently from having or not MetS/NAFLD comorbidities) was also notably characterized
by higher levels of two saturated fatty acids, palmitic acid and myristic acid, which tended to be
prevalent in those with steatosis. Interestingly, this finding is in line with recently reported data
suggesting that elevated total serum ceramide, as well as specific concentrations of myristic, palmitic,
palmitoleic, stearic, oleic, behenic and lignoceric ceramide, with insulin resistance and play a potential
role in the development of NAFLD in obese children [46]. The correlation of the lipid profile with
glucose and insulin levels has been reported to probably mirror a still preserved ability to adapt to
a caloric challenge compared with metabolically unhealthy individuals [47,48], in line with recent
suggestions that propose a fatty acid profile is a useful tool to explain part of the heterogeneity between
abdominal obesity and MetS [11,48,49]. Others have reported that, in addition to palmitic and stearic
acid, other FAs are deranged and that increased activity of C16 Δ9-desaturase and C18 Δ9-desaturase
in parallel with decreased Δ5-desaturase activity may be a causative factor in disturbed fatty acid
metabolism [50]. In line with recent mouse model studies [51] where chronic oral administration of
myristic acid improved hyperglycemia by decreasing insulin-responsive glucose levels and reducing
body weight, myristic acid in our enrichment pathway is a fatty acid that appears to be associated with
obesity but not with MetS. Finally, patients with fatty liver had higher levels of salivary pyroglutamic
acid, a metabolite that has recently been proposed as a possible diagnostic biomarker for more severe
liver disease [52].

Even more interestingly, as seen also by others in blood [12], PLS-DA showed that the salivary
metabolic profiles could correctly identify children with a fewer number of MetS criteria than those
who displayed more. This suggests that metabolic profiles can stratify MetS subpopulations, therefore,
paving the way for their utilization for both early disease diagnosis and monitoring in those with
MetS. This appears particularly relevant as in a recent Clinical Report, the American Academy of
Pediatrics (AAP) Committee on Nutrition [53] acknowledged that although several attempts have been
made to define MetS in the pediatric population, the construct at this age is difficult to define and has
unclear implications for clinical care. For this reason, the Committee focused on the importance of (a)
screening for and treating each individual risk factor component of MetS and (b) increasing awareness
of comorbid conditions including NAFLD to be addressed and referred to specialists, as needed.

Study Limitations and Strengths

Our findings should be considered in the context of several study limitations, including a relatively
small sample size, methodological flaws, and the lack of liver biopsy and prospective data during
follow-up. First, our sample size was somewhat limited, and we may have had insufficient power to
detect significant associations, particularly for stratified analyses. Larger series with patient follow-up
are needed to confirm the preliminary results of our pilot study. Second, our findings related to
VIP metabolites should be interpreted with caution given that these were obtained on only one
saliva sample for each of the participant children. Although saliva was revealed to be a reliable
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biofluid for metabolomics studies [17], neurological disorder [42], and T1D [41], the likely risks
of poor reproducibility persist. In fact, possible, differences among unstimulated, stimulated (e.g.,
obtained with oral movements such as gentle mastication), and pure parotid saliva exist [54,55].
Third, ultrasound may be insensitive compared with biopsy or magnetic resonance imaging (MRI).
Nevertheless, it is the reference test for use in pediatric clinical practice. Furthermore, liver biopsy
cannot be considered a screening procedure because it is invasive, not riskless and not exempt
from possible sampling errors. As a non-invasive alternative to assess hepatic steatosis, US is
repeatable because it does not require sedation or the delivery of ionizing radiation [1,56]. Although
it is the less robust of the numerous imaging options [57], methodological progress has shown
good diagnostic specificity and sensitivity, especially if the steatosis involves at least 20% of the
hepatocytes [58]. Overall, these limitations do not allow us to draw definite conclusions but strongly
suggest the viability of such an approach. These limitations, however, are balanced by several
important strengths, including a full auxological and biochemical characterization of our subjects’
cohort that allowed us to build several classification models on the same group of patients and
delineate the metabolite/metabolic pathways. Moreover, this represents the first study to show the
potential usefulness of saliva to define a metabolomic signature of pediatric obesity and related
hepato-metabolic comorbidities.

5. Conclusions

Using the saliva of children affected by obesity, we showed a definite interplay of several metabolic
pathways with possible specific patterns capable of sorting fatty liver and MetS. The involved metabolic
processes include the following: de novo fatty acid biosynthesis; saturated fatty acid beta-oxidation;
butanoate metabolism; glycolysis and gluconeogenesis; tricarboxylic acid cycle; urea cycle; metabolism
of proline, glutamate, aspartate and asparagine; valine, leucine and isoleucine (BCAA) degradation;
aminosugar metabolism; purine metabolism; and glycerophospholipid metabolism. Overall, this
information, along with that of other recent progress regarding the study of salivary simple analytes [4],
trace elements [59], major adipocytokines [60,61], and specific microRNAs [62], reinforces the idea
that saliva will soon represent a useful tool for deepening pathomechanismistic aspects, noninvasive
diagnosis and monitoring of pediatric and adult individuals with obesity. The early and non-invasive
detection of incipient MetS/fatty liver in childhood through salivary metabolomics as described
here, therefore, appears as a promising helpful tool to prevent further health hepato-metabolic and
cardiovascular complications in adulthood, and ultimately serves to minimize their related global
socioeconomic burden.
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Abstract: There is a mechanistic link between the gut-derived metabolite trimethylamine-N-oxide
(TMAO) and obesity-related diseases, suggesting that the TMAO pathway may also be linked to the
pathogenesis of obesity. The Visceral Adiposity Index (VAI), a gender-specific indicator of adipose
dysfunction, and the Fatty Liver Index (FLI), a predictor of non-alcoholic fatty liver disease (NAFLD),
are early predictors of metabolic syndrome (MetS). In this cross-sectional observational study, we
investigated TMAO levels in adults stratified according to Body Mass Index (BMI) and the association
of TMAO with VAI and FLI. One hundred and thirty-seven adult subjects (59 males; 21–56 years) were
enrolled. TMAO levels were detected using HPLC/MS analysis. Homeostatic Model Assessment
of Insulin Resistance (HoMA-IR), VAI and FLI were included as cardio-metabolic indices. TMAO
levels increased along with BMI and were positively associated with VAI and FLI, independently,
on common potential covariates. The most sensitive and specific cut-offs for circulating levels of
TMAO to predict the presence of NAFLD-FLI and MetS were ≥8.02 μM and ≥8.74 μM, respectively.
These findings allow us to hypothesize a role of TMAO as an early biomarker of adipose dysfunction
and NAFLD-FLI in all borderline conditions in which overt MetS is not present, and suggest that a
specific cut-off of TMAO might help in identifying subjects at high risk of NAFLD.

Keywords: trimethylamine N-oxide (TMAO); obesity; visceral adiposity index (VAI); fatty liver index
(FLI); metabolic syndrome (MetS)

1. Introduction

TMAO is a small, organic, gut microbiota-derived metabolite, which is emerging as a
new potentially important cause of increased atherosclerosis and cardiovascular risk [1–3].
Circulating levels of TMAO increase after the gut microbial metabolism of dietary L-carnitine and
phosphatidylcholine-rich foods, including red meat, eggs, dairy products, which are common nutrients
of the Western diet. Very recently we reported a novel association between circulating levels of TMAO
and the Mediterranean diet in healthy normal-weight adults, with a clear gender difference in this
association [4]. The metabolic pathway of TMAO includes the digestion of these amines from gut
microbiota with the production of trimethylamine (TMA), which is then converted to TMAO via
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flavin-monooxygenase-3 (FMO3) in the liver [5,6]. The interplay between dietary composition, gut
microbiota and microbe-generated metabolites has been intensely investigated [7,8].

Several studies have shown a mechanistic link between TMAO, inflammatory pathways [9]
atherosclerosis, type 2 diabetes mellitus (T2DM), and cardiovascular diseases (CVD) [1–3,6,10,11].
Namely, circulating levels of TMAO and its metabolites (choline and betaine) are associated with
atherosclerosis risks in both humans and mice [1]. Among the pro-atherosclerotic mechanisms
proposed for TMAO there are the inhibition of the reverse cholesterol transport, although this effect
was reported in animal studies only [6], and the enhancement of human platelet hyperresponsiveness
and thrombosis potential [10]. A systematic review and meta-analysis by Schiattarella et al. [2]
demonstrated that in humans there is a positive dose-dependent association between circulating levels
of TMAO and increased cardiovascular risk and mortality [2]. Nevertheless, in this metanalysis, the
population samples were not divided according the BMI classes. More recently, Kanitsoraphan et al. [3]
reported that in patients with T2DM higher circulating levels of TMAO were significantly associated
with higher overall mortality by 2.07- to 2.7-fold, also after adjustment for BMI [3]. Recently, the strong
association between gut microbiota and either obesity and obesity-related diseases in humans on the
one hand, and the association between the TMAO pathway and cardio-metabolic diseases on the other,
suggested that the TMAO pathway may be also mechanistically linked to the pathogenesis of obesity.
Schugar et al. [11] reported that plasma TMAO levels were linked to with obesity traits in the different
inbred strains of mice receiving a high-fat diet and suggested that the TMAO-generating pathway is
linked to obesity and energy metabolism [11], although scientific evidence to support this association
in humans has not yet been provided. Only Randrianarisoa et al. [12] reported that TMAO correlated
positively with BMI, insulin resistance, visceral fat mass, and liver fat content [12]. In addition, Chen et
al. [13] showed positive associations of the circulating TMAO levels and two of its nutrient precursors,
choline, and betaine, with the presence and severity of NAFLD, the hepatic manifestation of the
MetS [14], in a large sample of hospital- and community-based Chinese adults [13].

Nevertheless, controversy remains over the exact role of TMAO in the pathogenesis of MetS,
a constellation of cardio-metabolic risk factors, including central obesity, hypertriglyceridemia,
low high-density lipoprotein (HDL) cholesterol, hyperglycemia, and hypertension [15], which
predispose T2DM and CVD [16], according to the definition of nascent MetS [17]. Very recently,
a clinical study investigating several biogenic amines in urine, including TMAO in a sample of
patients with MetS showed that these subjects presented higher levels of TMAO compared with their
counterparts without MetS [18]. In addition, a further study investigating unselected white patients
undergoing coronary angiography for the evaluation of suspected coronary artery disease showed a
positive correlation between TMAO and MetS [19]. However, this association was lost after adjusting
for impaired kidney function and poor metabolic control in this population sample.

On the other hand, this association was not found in a sample of patients with nascent MetS
(without CVD or T2DM), but not with the commonly used surrogate index of insulin resistance, i.e.,
the HoMA-IR [9]. Again, in these recent studies, the population samples were not divided according
to BMI classes.

The VAI, a gender-specific indicator of adipose distribution and dysfunction [20], and the FLI, an
accurate predictor of the NAFLD [21], are two surrogate indices of cardio-metabolic risk and are linked
to the inflammatory pathways [22,23]. Both indices are based on simple anthropometric and metabolic
parameters, and are strictly correlated with MetS, representing early predictors of MetS [20,24]. VAI
has been counted as an effective marker to assess insulin resistance and metabolic disturbances that
contribute to CVD in primary-care non-obese subjects, with specific cut-off values depending on the
population of interest [20]. Also, FLI has been proposed as a marker of insulin resistance [21] and
recently the clinical utility of FLI as a predictor of incident T2DM has been reported [25]. As three
of the variables making up VAI (waist circumference (WC), plasma triglycerides (TG), and HDL
cholesterol) and FLI (BMI, WC, and TG) are used as continuous variables, and while they are
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dichotomically expressed in the criteria for MetS, VAI and FLI might represent useful indicators
of early cardio-metabolic risk in all borderline conditions in which overt MetS is not present [22].

Considering the lack of evidence in humans of a progressive increase of TMAO levels across BMI
classes and to gain further insight into the levels of TMAO in the setting of obesity, in this study we
aimed to investigate the circulating levels of TMAO in a sample of the adult population stratified
according to BMI. In addition, considering the still controversial role of TMAO in the pathogenesis of
MetS and the predictive value of VAI and FLI as easy and early indicators of MetS, we investigated the
association of circulating levels of TMAO with VAI and FLI and hypothesized that this association could
serve as a biological marker of early metabolic derangement in subjects with overweight and obesity.

2. Materials and Methods

2.1. Design and Setting

This is a cross-sectional observational study carried out at the Department of Clinical Medicine and
Surgery, Unit of Endocrinology, University Federico II, Naples (Italy), from January 2017 to August 2018.
The work has been carried out in accordance with the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans, and it has been approved by the Ethical
Committee of the University of Naples “Federico II” Medical School (n. 173/16). The purpose of the
protocol was explained to all the study participants, and written informed consent was obtained. This
trial was registered at http://register.clinicaltrials.gov/. Unique identifier: NCT03060811.

2.2. Population Study

Recruitment strategies included a sample of 330 adult Caucasians subjects (20–63 years) of
both genders consecutively enrolled among patients of our outpatient clinic, hospital volunteers,
and employees from the same geographical area around Naples, Italy). All female subjects were
non-pregnant and non-lactating. A full medical history, including drug use, was collected.

To increase the homogeneity of the subject sample, we included only adults of both genders with
the following criteria of exclusion:

• Impaired renal function (normal values: estimated glomerular filtration rate ≥ 90 mL/min/1.73 m2

calculated by chronic kidney disease epidemiology collaboration equation; CKD EPI) (15 patients)
• Presence of T2DM (defined by criteria of the American Diabetes Association as follows: basal

plasma glucose level ≥ 126 mg/dL on two occasions, or glycated hemoglobin (HbA1c) ≥ 6.5%
(≥48 mmol/mol) on two occasions, or both at the same time (35 patients). Participants on
antidiabetic medication were considered to have T2DM [26].

• Clinical atherosclerosis (coronary artery disease, peripheral vascular disease, CVD) (41 patients)
• Current therapy with anti-inflammatory drugs, statins and other hypolipidemic agents

(34 patients);
• User of antibiotics or probiotics within 2 months of recruitment (19 subjects);
• Specific nutritional regimens, including vegan or vegetarian diets (eight subjects);
• Vitamin/mineral or antioxidant supplementation (34 subjects);
• Alcohol abuse according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-V

diagnostic criteria (eleven subjects);

The flow chart of the study subjects is shown in Figure 1.
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Figure 1. Flow chart of the studied subjects.

2.3. Lifestyle Habits

Lifestyle habits, including smoking and physical activity level, have been investigated as follows:
subjects smoking at least one cigarette per day were considered current smokers, while former smokers
were the subjects who stopped smoking at least one year before the interview. Remaining participants
were defined as non-smokers. Physical activity levels were expressed according to whether the
participant habitually engaged at least 30 min/day of aerobic exercise (YES/NO).

2.4. Anthropometric Measurements and Blood Pressure

Measurements were performed between 8 and 12 a.m. All subjects were measured after an
overnight fast. The measurements were made in a standard way by the same operator (a nutritionist
experienced in providing nutritional assessment and body composition). At the beginning of the study,
all anthropometric measurements were taken with subjects wearing only light clothes and without
shoes. In each subject, weight and height were measured to calculate the BMI [weight (kg) divided
by height squared (m2), kg/m2]. Height was measured to the nearest 0.5 cm using a wall-mounted
stadiometer (Seca 711; Seca, Hamburg, Germany). Body weight was determined to the nearest 0.1
kg using a calibrated balance beam scale (Seca 711; Seca, Hamburg, Germany). BMI was classified
according to the World Health Organization (WHO)’s criteria with normal weight: 18.5–24.9 kg/m2;
overweight, 25.0–29.9 kg/m2; grade I obesity, 30.0–34.9 kg/m2; grade II obesity, 35.0–39.9 kg/m2;
grade III obesity ≥ 40.0 kg/m2 [27]. WC was measured to the closest 0.1 cm using a non-stretchable
measuring tape at the natural indentation or at a midway level between the lower edge of the rib cage
and the iliac crest if no natural indentation was visible, as per the National Center for Health Statistics
(NCHS) [28]. In all subjects Systolic Blood Pressure (SBP) and Diastolic Blood Pressure (DBP) were
measured three times, two min apart, with a random zero sphygmomanometer (Gelman Hawksley
Ltd., Sussex, UK) after the subject had been sitting for at least 10 min. The average of the second and
third reading was recorded.
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2.5. Determination of Circulating Levels of TMAO

TMAO serum levels were measured in samples stored at −80 ◦C. A previous study indicated
that, under these conditions, TMAO is stable for several years [29]. The quantification of circulating
TMAO levels has been performed using the method described by Beale and Airs [30], and reported
in our previous study [4], with slight modifications. Briefly, serum proteins were precipitated with
methanol (serum:methanol, 1:2, v/v); samples were vortex-mixed for 2 min, centrifuged at 14,000 g
for 10 min (4 ◦C) [31] and supernatants were collected and analyzed by High-Performance Liquid
Chromatography-Mass Spectrometry (HPLC-MS) method. Both HPLC-MS conditions and method
optimization were performed in accordance with Beale and Airs [30]. The HPLC system Jasco Extrema
LC-4000 system (Jasco Inc., Easton, MD, USA) was coupled to a single quadrupole mass spectrometer
(Advion ExpressIonL CMS, Advion Inc., Ithaca, NY, USA) equipped with an Electrospray ionization
(ESI) source, operating in positive ion mode. The chromatographic separation was performed with a
Luna HILIC column (150 × 3 mm, 5 μm particles) in combination with a guard column (HILIC), both
supplied by Phenomenex (Torrance, CA, USA).

2.6. Assay Methods

Samples were collected in the morning between 8 and 10 a.m., after an overnight fast of at least 8 h
and stored at −80 ◦C until being processed. All biochemical analyses including fasting plasma glucose,
total cholesterol, fasting plasma TG, Alanine Transaminase (ALT), Aspartate Aminotransferase (AST),
and γ-Glutamyltransferase (γGT) were performed with a Roche Modular Analytics System in the
Central Biochemistry Laboratory of our Institution. Low-Density Lipoprotein (LDL) cholesterol and
HDL cholesterol were determined by a direct method (homogeneous enzymatic assay for the direct
quantitative determination of LDL and HDL cholesterol). Fasting insulin levels were measured by a
solid-phase chemiluminescent enzyme immunoassay using commercially available kits (Immunolite
Diagnostic Products Co., Los Angeles, CA, USA). The intra-assay coefficients of variations (CV) was
<5.5%, as already widely reported in our previous studies [32–36].

2.7. Cardio-Metabolic Indices

HoMA-IR was calculated according to Matthews et al. [37]. A value of HoMA-IR >2.5 was used
as cut-off of insulin resistance. VAI score has been calculated by the following sex-specific formula,
with TG levels expressed in mmol/L and HDL levels expressed in mmol/L:

Males: VAI = [WC/39.68 + (1.88 × BMI)] × (TG/1.03) × (1.31/HDL), (1)

Females: VAI = [WC/36.58 + (1.89 × BMI)] × (TG/0.81) × (1.52/HDL), (2)

Age-specific VAI cut-off values were used according to Amato et al. [22,38]. In detail, cut-offs in
subjects aged ≤30, 31–42, 43–52, and 53–66 years old were 2.52, 2.23, 1.92, 1.93, respectively [22,38].

FLI was calculated with the formula:

[FLI = eL/(1 + eL) × 100, L = 0.953 × loge triglycerides + 0.139 × BMI
+ 0.718 × logeγGT + 0.053 × WC−15.745].

(3)

FLI of 30 was considered as the cut-off value based on Bedogni’s criterion [21].

2.8. Criteria to Define MetS

According to the National Cholesterol Education Program Adult Treatment Panel (NCEP ATP) III
definition, MetS is present if three or more of the following five criteria are met: WC ≥ 102 cm (men)
or 88 cm (women), blood pressure ≥ 130/85 mmHg, fasting TG level ≥ 150 mg/dL, fasting HDL
cholesterol level ≤ 40 mg/dL (men) or ≤50 mg/dL (women), and fasting glucose ≥ 100 mg/dL [39].
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2.9. Dietary Assessment

As has been already widely reported in the literature [34–36,40], data were obtained during
a face-to-face interview between the patient and a qualified nutritionist. Specifically, the dietary
interview allowed the quantification of foods and drinks by using a photographic food atlas (≈1000
photographs) of known portion sizes to ensure accurate completion of the records [41]. On day
1, the diary nutritionists were trained to standardized protocols and provided participants with
instructions on how to complete the diary at the health check, and asked participants to recall the
previous day’s intake. Participants prospectively completed the remaining 6 days and returned the
records to the nutritionist [42]. Data were processed using a commercial software (Terapia Alimentare
Dietosystem® DS-Medica, http://www.dsmedica.info). Considering quantities of foods consumed,
the software can calculate the total energy intake, expressed in kilocalories (kcal).

2.10. Statistical Analysis

The data distribution was evaluated by Kolmogorov-Smirnov test and the abnormal data were
normalized by logarithm. Skewed variables were back-transformed for presentation in tables and
figures. Results are expressed as mean ± standard deviation (SD). The chi square (χ2) test was used to
determine the significance of differences in frequency distribution of smoking habit, physical activity,
and presence/absence of MetS. Differences according to gender, lifestyle habits, cardio-metabolic
indices, and MetS were analyzed by Student’s unpaired t-test, while the differences among the classes
of BMI were analyzed by ANOVA followed by the Bonferroni post-hoc test. The correlations between
study variables were performed using Pearson r correlation coefficients and were estimated after
adjusting for gender, BMI, smoking, physical activity, and total energy intake. Proportional Odds
Ratio (OR) models, 95% Interval Confidence (IC), and R2 were performed to assess the association
between gender, lifestyle habits, classes of BMI, cardio-metabolic indices, and MetS. In addition,
two multiple linear regression analysis models (stepwise method), expressed as R2, Beta (β), and t,
with circulating levels of TMAO as dependent variables were used to estimate the predictive value
of: (a) cardio-metabolic indices; and (b) FLI and MetS. Receiver operator characteristic (ROC) curve
analysis was performed to determine sensitivity and specificity, area under the curve (AUC), and
IC, as well as cut-off values of circulating levels of TMAO in detecting FLI and MetS. Test AUC for
ROC analysis was also performed. We wanted to show that AUC being 0.943 for a particular test
is significant from the null hypothesis value 0.5 (meaning no discriminating power), so we entered
0.943 for AUC ROC and 0.5 for null hypothesis values. For α level we selected 0.05 type I error and
for β level we selected 0.20 type II error. In these analyses, we entered only those variables that had
a p-value < 0.05 in the univariate analysis (partial correlation). To avoid multicollinearity, variables
with a variance inflation factor (VIF) >10 were excluded. Values ≤0.05% were considered statistically
significant. Data were stored and analyzed using the MedCalc® package (Version 12.3.0 1993–2012
MedCalc Software bvba—MedCalc Software, Mariakerke, Belgium).

3. Results

The study population consisted of 137 participants, 59 males and 78 females, aged 21–56 years.
Current smokers were 49.6% (68 subjects). A moderate-intensity aerobic activity at least 5 days per
week was reported in 42.3% (58 subjects). BMIs ranged from 19.6 to 58.8 kg/m2. Median values of
HoMA-IR, VAI and FLI were 1.95 (0.1–15.16), 1.89 (0.60–13.85) and 75.30 (3.40–100.0), respectively. In
particular, 64 subjects (46.7%) had HoMA-IR values higher than the cut-off. VAI was higher than sex-
and age-specific cut-offs in 43.8% (60 subjects) and 59.9% (82 subjects) presented FLI values above the
cut-off. MetS was present in 53 participants (38.7%).

In Table 1 we report the lifestyle habits, anthropometric measurements, blood pressure, metabolic
profile, and cardio-metabolic indices in the total population grouped based on BMI categories. As
shown in Table 1, no differences were observed in age (p = 0.292), while subjects with overweight
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and obesity exhibited statistical differences in all parameters compared with normal-weight subjects
(p < 0.001). In particular, circulating levels of TMAO increased with the BMI classes, with the highest
TMAO values in the class III obesity.

Table 1. Lifestyle habits, anthropometric characteristics, blood pressure, metabolic profile,
cardio-metabolic indices, and total energy intake of participants grouped based on BMI categories.

Parameters
Normal Weight

n = 34; 24.8%
Over Weight
n = 29; 21.2%

Grade I Obesity
n = 21; 15.3%

Grade II
Obesity

n = 15; 10.9%

Grade III
Obesity

n = 38; 27.7%
p-value

Lifestyle Habits
Age (years) 35.71 ± 8.48 38.14 ± 7.58 38.24 ± 5.89 35.80 ± 8.20 35.00 ± 6.82 0.292

Smoking (yes) 16, 47.1% 19, 65.5% 4, 19.0% 2, 13.3% 22, 10.5% χ2 = 19.21,
p < 0.001

Physical activity (yes) 22, 64.7% 11, 37.9% 3, 14.3% 5, 33.3% 4, 10.5% χ2 = 27.85,
p < 0.001

Anthropometric
measurement
BMI (kg/m2) 23.01 ± 1.49 27.32 ± 1.43 32.41 ± 1.37 37.48 ± 1.56 46.99 ± 5.16 <0.001

WC (cm) 85.12 ± 10.13 94.30 ± 12.38 109.65 ± 8.14 118.81 ± 13.40 139.47 ± 15.15 <0.001
Blood pressure
SBP (mmHg) 115.44 ± 8.01 121.21 ± 10.90 129.52 ± 10.83 131.00 ± 16.38 133.68 ± 11.79 <0.001
DBP (mmHg) 71.33 ± 6.07 75.68 ± 7.41 81.67 ± 6.77 86.33 ± 11.25 89.61 ± 9.25 <0.001

Metabolic profile
Circulating levels of

TMAO (μM) 3.62 ± 2.37 8.23 ± 0.67 9.03 ± 0.97 9.89 ± 0.85 11.53 ± 0.96 <0.001

Fasting Glucose (mg/dL) 83.65 ± 10.25 93.17 ± 13.10 96.47 ± 12.11 97.73 ± 11.00 121.87 ± 10.91 <0.001
Insulin (μU/mL) 2.66 ± 1.23 7.01 ± 5.35 10.69 ± 5.83 14.85 ± 9.65 31.29 ± 8.87 <0.001

Total cholesterol (mg/dL) 146.8 ± 20.28 176.69 ± 29.17 170.76 ± 20.85 206.87 ± 39.57 221.37 ± 33.58 <0.001
HDL cholesterol (mg/dL) 57.59 ± 7.53 50.21 ± 8.19 41.95 ± 13.28 39.60 ± 10.60 37.05 ± 9.42 <0.001
LDL cholesterol (mg/dL) 69.92 ± 23.15 101.43 ± 30.05 103.37 ± 16.67 134.49 ± 41.49 150.17 ± 38.54 <0.001

Triglycerides (mg/dL) 96.71 ± 26.96 125.24 ± 28.30 155.52 ± 65.23 163.87 ± 33.78 170.74 ± 70.88 <0.001
ALT (U/L) 23.26 ± 6.87 24.89 ± 9.06 38.14 ± 12.16 40.73 ± 17.87 41.39 ± 22.49 <0.001
AST (U/L) 20.44 ± 5.57 26.58 ± 6.67 36.83 ± 18.25 39.07 ± 14.10 41.00 ± 20.12 <0.001
γGT (U/L) 25.64 ± 6.62 26.52 ± 12.48 42.42 ± 19.71 44.47 ± 19.65 49.53 ± 27.20 <0.001

Cardio-metabolic indices
HoMA-IR 0.55 ± 0.28 1.49 ± 0.96 2.51 ± 1.32 3.55 ± 2.31 9.52 ± 3.13 <0.001

VAI 1.28 ± 0.54 2.09 ± 1.27 3.42 ± 2.91 3.55 ± 1.97 3.77 ± 2.18 <0.001
FLI 19.89 ± 12.37 43.70 ± 21.36 79.39 ± 10.26 90.98 ± 6.97 98.36 ± 2.30 <0.001

Metabolic Syndrome
MetS (number parameter) 0.18 ± 0.52 1.24 ± 1.02 2.33 ± 1.06 2.67 ± 1.40 3.68 ± 1.07 <0.001

MetS (presence) 0, 0 4, 13.8% 9, 42.9% 9, 60% 31, 81.6% χ2 = 61.53,
p < 0.001

Nutritional parameters
Total energy intake (kcal) 2084.79 ± 304.05 2249.14 ± 433.86 2423.33 ± 211.27 2658.67 ± 244.80 2966.45 ± 365.69 <0.001

A p-value in bold type denotes a significant difference (p < 0.05).

Circulating levels of TMAO according to gender, lifestyle habits, and cut-off of the
cardio-metabolic indices are reported in Table 2. As reported in Table 2, circulating levels of TMAO
were significantly higher in males (p = 0.015), among current smokers or physically inactive individuals
(p < 0.001), and in subjects with cardio-metabolic indices higher than cut-offs (p < 0.001). In addition,
circulating levels of TMAO were significantly higher in presence of MetS (p < 0.001).
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Table 2. Circulating levels of TMAO in the study population according to gender, lifestyle habits,
cardio-metabolic indices, and MetS.

Parameters
Circulating Levels of

TMAO (μM)
p-value

Gender Males (n 59) 9.11 ± 3.09 0.015
Females (n 78) 7.70 ± 3.28

Smoking Yes (n 68) 9.38 ± 2.63 <0.001
No (n 69) 7.24 ± 3.49

Physical activity Yes (n 58) 6.41 ± 3.52 <0.001
No (n 79) 9.69 ± 2.21

HoMA-IR > cut-off (n 64) 10.53 ± 1.62 <0.001
< cut-off (n 73) 6.36 ± 3.01

VAI > cut-off (n 60) 10.08 ± 2.13 <0.001
< cut-off (n 77) 6.92 ± 3.33

FLI > cut-off (n 82) 10.24 ± 1.56 <0.001
< cut-off (n 55) 5.42 ± 3.00

MetS (parameters)
WC Yes (n 87) 9.88 ± 2.06 <0.001

No (n 50) 5.56 ± 3.18
SBP/DBP Yes (n 37) 10.49 ± 1.72 <0.001

No (n 100) 7.50 ± 3.33
Fasting Glucose Yes (n 43) 11.29 ± 1.22 <0.001

No (n 94) 6.94 ± 2.98
HDL cholesterol Yes (n 59) 10.13 ± 2.09 <0.001

No (n 78) 6.93 ± 3.33
Triglycerides Yes (n 45) 10.28 ± 2.20 <0.001

No (n 92) 7.34 ± 3.27
MetS (presence/absence) Yes (n 53) 10.65 ± 1.62 <0.001

No (n 84) 6.82 ± 3.17

A p-value in bold type denotes a significant difference (p < 0.05).

Correlation Analysis

The correlations between circulating levels of TMAO, age, components of the MetS, metabolic
profile, cardio-metabolic indices, are summarized in Table 3. Apart from the age, circulating levels of
TMAO show significant correlations with all metabolic parameters. After adjusting for gender, BMI,
smoking, physical activity, and total energy intake, correlations with almost all the components of
MetS and cardio-metabolic indices were still evident, as shown in Table 3.
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Table 3. Correlations among circulating levels of TMAO with age, anthropometric characteristics,
blood pressure, metabolic profile, cardio-metabolic indices, and nutritional parameter.

Parameters
Circulating Levels of TMAO (μM) Circulating Levels of TMAO (μM)

Simple Correlation After Adjusting
r p-value r p-value

Age (years) 0.103 0.232 0.169 0.054
Anthropometric
measurements
BMI (kg/m2) 0.737 <0.001 - -

WC (cm) 0.670 <0.001 −0.055 0.538
Blood pressure
SBP (mmHg) 0.600 <0.001 0.273 0.002
DBP (mmHg) 0.532 <0.001 0.149 0.091

Metabolic profile
Fasting Glucose (mg/dL) 0.656 <0.001 0.034 0.700

Insulin (μU/mL) 0.668 <0.001 0.202 0.021
Total cholesterol (mg/dL) 0.628 <0.001 0.236 0.007
HDL cholesterol (mg/dL) −0.568 <0.001 −0.180 0.041
LDL cholesterol (mg/dL) 0.663 <0.001 0.356 <0.001

Triglycerides (mg/dL) 0.535 <0.001 0.224 0.010
ALT (U/L) 0.376 0.001 0.065 0.461
AST (U/L) 0.506 <0.001 0.176 0.046
γGT (U/L) 0.396 0.001 0.086 0.333

Cardio-metabolic indices
HoMA-IR 0.699 <0.001 0.211 0.016

VAI 0.549 <0.001 0.255 0.003
FLI 0.820 <0.001 0.604 <0.001

Nutritional parameter
Total energy intake (kcal) 0.592 <0.001 - -

A p-value in bold type denotes a significant difference (p < 0.05).

The results of bivariate proportional OR model performed to assess the association of circulating
levels of TMAO with quantitative variables are reported in Table 4. The highest circulating levels
of TMAO are significantly associated with the severity of obesity (OR 9.59; p < 0.001), and insulin
resistance (OR 2.82; p < 0.001). Moreover, the highest levels of TMAO are associated with the highest
levels of VAI (OR 1.58; p < 0.001) and FLI (OR 4.31; p < 0.001), presence of MetS (OR 2.36; p < 0.001)
and of all components of the MetS.
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Table 4. Bivariate proportional odds ratio model to assess the association between circulating levels of
TMAO and gender, lifestyle habits, cardio-metabolic indices, and MetS.

Parameters Circulating Levels of TMAO (μM)

OR p-value 95% IC R2

Gender 1.15 0.015 1.029–1.295 0.047
Smoking 1.26 0.001 1.110–1.423 0.108

Physical activity 0.67 <0.001 0.576–0.788 0.240
BMI categories

Normal weight 0.05 0.001 0.009–0.297 0.604
Overweight 0.27 <0.001 0.011–1.121 0.209

Grade I obesity 0.18 <0.001 0.010–0.099 0.237
Grade II obesity 1.25 <0.001 0.995–1.565 0.033
Grade III obesity 9.59 <0.001 3.946–23.344 0.561

HoMA-IR 2.82 <0.001 1.937–4.116 0.458
VAI 1.58 <0.001 1.308–1.912 0.248
FLI 4.31 <0.001 2.353–7.874 0.536
MetS (single parameters)

WC 1.88 <0.001 1.490–2.375 0.378
SBP/DBP 1.64 <0.001 1.304–2.065 0.201

Fasting Glucose 5.84 <0.001 3.161–10.804 0.538
HDL cholesterol 1.61 <0.001 1.320–1.953 0.254

Triglycerides 1.57 0.001 1.278–1.919 0.205
MetS (presence/absence) 2.36 <0.001 1.727–3.227 0.389

A p-value in bold type denotes a significant difference (p < 0.05).

To compare the relative predictive power of the cardio-metabolic indices associated with the
circulating levels of TMAO, we performed a multiple linear regression analysis using a model that
included as HoMA-IR, VAI, and FLI. Using this model, FLI entered at the first step (p < 0.001), while
HoMA-IR, VAI were excluded. To compare the relative predictive power of FLI and number of
components of MetS associated with the circulating levels of TMAO, we performed a second multiple
linear regression analysis model. Using this second model, FLI entered at the first step (p < 0.001),
while the number of components of MetS were excluded. Results were reported in Table 5.

Table 5. Multiple regression analysis models (stepwise method) with the circulating levels of TMAO as
dependent variable to estimate the predictive value of: (a) cardio-metabolic indices; (b) FLI and MetS.

Parameters Multiple Regression Analysis

Model 1 R2 β t p-value
FLI 0.672 0.820 16.63 <0.001

Variables excluded: HoMA-IR and VAI
Model 2

FLI 0.469 0.685 9.2 <0.001
Variables excluded: MetS

A p-value in bold type denotes a significant difference (p < 0.05).

A ROC analysis was then performed to determine the cut-off values of circulating levels of TMAO
predictive of MetS and FLI. In particular, circulating levels of TMAO ≥8.74 μM (p < 0.001, AUC 0.876,
standard error 0.029, 95% CI 0.808 to 0.926; Figure 2a), and circulating levels of TMAO ≥8.02 μM
(p < 0.001, AUC 0.943, standard error 0.018, 95% CI 0.890 to 0.975; Figure 2b), could serve as thresholds
for significantly increased risk of the presence of MetS and NAFLD, respectively.
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Figure 2. ROC for predictive values of circulating levels of TMAO in detecting FLI (a) and MetS (b).
A p-value in bold type denotes a significant difference (p < 0.05).

4. Discussion

In this cross-sectional observational study, we evaluated the circulating levels of TMAO in a
sample of adult population stratified according to categories of BMI. In addition, we investigated the
association among circulating levels of TMAO and cardio-metabolic indices. The classification of the
study population according to the BMI demonstrated that circulating levels of TMAO increased along
with BMI. To the best of our knowledge, this is the first study that reported statistical differences in the
circulating levels of TMAO across classes of BMI. Moreover, we confirmed the presence of a positive
association of circulating levels of TMAO with MetS, the increasing number of its components, and
HoMA-IR. Finally, a novel association was also reported among the circulating levels of TMAO and
VAI and FLI, two surrogate indices of cardio-metabolic risk and early indicators of MetS, independently
on common potential covariates.

There is a paucity of literature that has studied the relationship between TMAO and adiposity.
A recent experimental study reported that both antisense oligonucleotide-mediated knockdown and
genetic deletion of the TMAO-producing enzyme FMO3 protected mice against high-fat diet-induced
obesity, thus highlighting a role of the gut microbe-driven TMA/FMO3/TMAO pathway in affecting
specific transcriptional reprogramming in white adipocytes [11]. Of interest, in this study circulating
levels of TMAO were positively associated with body weight, fat mass, mesenteric adiposity, and
subcutaneous adiposity across the different mice-inbred strains; in addition, in cohorts of overweight
or obese subjects with metabolic traits and different ethnicity the expression of FMO3 in liver biopsies
was positively correlated with BMI and waist-to-hip ratio, and negatively correlated with the Matsuda
Index, a measure of insulin sensitivity [11]. Consistent with these data, the findings of the present study
show that there is a clear positive association of circulating TMAO levels and classes of BMI. Thus,
besides its role as a risk factor for CVD and adverse event in risks subjects, emerging evidence suggests
that gut microbiota-derived TMAO might represent per se a key environmental factor contributing to
obesity and obesity-associated disorders.

VAI is a surrogate of adipocyte dysfunction independently correlated with insulin sensitivity, and
cardio-metabolic risk in primary-care non-obese subjects [20]. In particular, VAI was proposed as a
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useful tool for the early detection of a condition of insulin resistance and cardio-metabolic risk before it
develops into an overt MetS [38]. FLI is a surrogate marker of a fatty liver considered a screening tool
to identify NAFLD, recognized as the liver manifestation of MetS, in subjects with insulin resistance
and cardio-metabolic risk factors where ultrasound is unavailable [43]. In our population sample
there was a positive association between circulating levels of TMAO and both indices. Of interest,
the association of the circulating levels of TMAO with VAI and FLI was also shown independently
on potential covariates, such as gender, BMI, smoking status, physical activity, and energy intake. In
addition, among the cardio-metabolic indices included in this study, FLI, which incorporates BMI, WC,
TG, and liver function, was a better predictor of TMAO variability than MetS per se. This finding was
in line with the putative role of FLI as early predictor of MetS and likely reflects that the main site of
expression of FMO3, the enzyme that metabolizes gut microbe-derived TMA to produce TMAO, is the
liver. Based on ROC curve analysis, the most sensitive and specific cut-offs for circulating levels of
TMAO to predict the presence of NAFLD-FLI and MetS were ≥8.02 μM and ≥8.74 μM, respectively.
Experimental studies in mice fed with a high-fat diet showed that a high urinary excretion of TMAO
was associated with insulin resistance and NAFLD in mice (129S6) prone to these diseases [44].
Miao et al. [45] found that liver insulin receptor knockout mice, characterized by a selective hepatic
insulin resistance, have increased circulating TMAO levels associated with a strong up-regulation of the
TMAO-producing enzyme FMO3 in the liver [45]. According to the proposed mechanism, TMAO may
block the hepatic insulin signaling pathway, thereby exacerbating the impaired glucose tolerance, and
promoting the development of fatty liver [46]. Turning to human studies, the above-mentioned study
by Randrianarisoa et al. [12] reported a positive correlation between TMAO and liver fat content [12].
In addition, in a large sample of hospital and community-based Chinese adults, Chen et al. [13] showed
positive associations of the circulating TMAO levels and two of its nutrient precursors, choline and
betaine, with the presence and severity of NAFLD [13]. Choline can be oxidized to betaine, and
betaine is generally regarded as safe for dietary ingestion due to its sparing effects on choline, a basic
component for the synthesis of phosphatidylcholine, which in turn is necessary for promoting lipid
exportation from the liver [47]. In this study, the authors suggested that TMAO may represent a
possible risk factor for NAFLD due to its effect in altering the synthesis and transport of bile acids, with
subsequent effects on lipid metabolism, intrahepatic triglycerides levels and glucose homeostasis [6].
More recently, Ntzouvani et al. [18] reported a strong positive association between liver function and a
pattern of amino acids, which included TMAO, in a sample of Greek adult males with MetS [18].

The results of this study lend support to the evidence that circulating levels of TMAO were
positively associated with body weight, thus concurring with an increased risk of developing MetS,
through insulin resistance, adipocyte dysfunction, and fatty liver. In this context, it is tempting to
hypothesize that circulating levels of TMAO could have a role of a biological marker of early metabolic
derangement in subjects with overweight and obesity. Thus, it allows speculation on the possible
beneficial and cost-effective effects to early address specific nutrition interventions aimed to reduce
the excessive intake of TMAO precursors in subjects at risk of MetS and NAFLD.

Despite these very interesting results, the main limitation of this study is that the cross-sectional
design does not allow identification of any causal association between the variables included. Thus,
it is not possible to clearly determine the prognostic value of circulating levels of TMAO for predicting
the early metabolic derangement in subjects with overweight and obesity. Second, although it is
well known that the gut-derived origin of TMAO and dietary intake are important determinants of
TMAO levels, we did not include in this study the gut microbiota and single-nutrient analysis. In
particular, Kühn et al. [48] reported also that both dietary habits and the composition of the intestinal
microbiota may be prone to changes, despite a certain stability of both factors during adulthood. On
the other hand, Krüger et al. [49] reported that the large inter-individual variations TMAO levels
have been mainly attributed to intestinal microbiota differences, while the influence of diet on fasting
TMAO concentrations, albeit statistically significant, could be considered rather moderate. However,
there is a large consensus that the study of gut microbiota is burdened by a high intra-individual
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variability that might hinder the interpretation of the results [48,50–52]. Third, we did not include the
evaluation of markers of inflammation, such as C-reactive protein, or metabolic precursor of TMAO
such as choline, betaine or carnitine, and liver expression of FMO3. However, several studies have
shown that the associations between plasma TMAO and disease outcomes were independent of TMAO
precursors [53–55]. In addition, the adverse effects of FMO3 on metabolic disease may be driven by
factors other than TMAO, and the expression of the FMO3 or markers of inflammation encompassed
the design of the present study. Fourth, we are aware that the liver biopsy is the gold-standard
technique for identifying NAFLD. Liver biopsy is an invasive and costly procedure burdened with
rare but potentially life-threatening complications. On the contrary, FLI has proved to represent an
easy screening tool to identify NAFLD in patients with cardio-metabolic risk factors where ultrasound
is unavailable [21,56,57], which is associated with reduced insulin sensitivity, and increased risk of
T2DM, atherosclerosis, and cardiovascular disease [43]. Nevertheless, a major strength of this study is
the good characterization of our sample population across BMI classes, with the exclusion of impaired
renal function and T2DM known factors that can affect TMA metabolism, and likely with similar
nutrient availability and food consumption pattern, as they were living in the same geographical
area. Furthermore, we included of a variety of potential covariates, such as the total energy intake, to
minimize the effect of confounding factors on the association of TMAO with adiposity. However, since
complete understanding of TMAO biology is still lacking, the potential translation application of the
results of this study to the clinical practice requires large-scale data investigating the beneficial and
cost-effective effects of specific nutrition intervention aimed to avoid the excessive intake of TMAO
precursors in subjects at risk of MetS and NAFLD. The main results of our study, compared to the
results of the general literature, is reported in Table 6.
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5. Conclusions

In conclusion, this study in a sample of adult subjects stratified according to their BMI: (i) reported
a positive association between adiposity and circulating levels of TMAO; (ii) confirmed the positive
association between circulating levels of TMAO and MetS; and (iii) further expanded the knowledge
of the relationship of TMAO and MetS, as we reported novel associations between circulating levels
of TMAO and two early indicators of MetS. In particular, in this study we demonstrated that FLI is
more tightly associated with TMAO levels than the presence of MetS per se. These associations let us
to hypothesize a role of TMAO as an early biomarker of NAFLD-FLI in all borderline conditions in
which overt MetS is not present. Moreover, given the current performance of therapies for MetS, we
suggest that a specific cut-off of TMAO might help in identifying subjects at high risk of NAFLD, who
will require specific nutrition intervention strategies. Appropriate cross-validation studies in larger
patient population samples are mandatory to validate the cut-off of TMAO for the identification of
subjects at high risk of NAFLD-FLI.
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TG Triglycerides
SBP Systolic Blood Pressure
DBP Diastolic Blood Pressure
ALT Alanine Transaminase
AST Aspartate Aminotransferase
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LDL Low-Density Lipoprotein
SD Standard Deviation
OR Odds Ratio
IC Interval Confidence
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Abstract: There are discrepancies in the reports on the association of metabolic syndrome (MetS) and
its components with bone mineral density (BMD) and hence more population-based studies on this
subject are needed. In this context, this observational study was aimed to investigate the association
between T-scores of BMD at lumbar L1–L4 and full MetS and its individual components. A total of
1587 participants (84.7% females), >35 years and with risk factors associated with bone loss were
recruited from February 2013 to August 2016. BMD was done at L1–L4 using dual-energy X-ray
absorptiometry (DXA). T-Scores were calculated. Fasting blood samples and anthropometrics were
done at recruitment. Fasting lipid profile and glucose were measured. Screening for full MetS and its
components was done according to the National Cholesterol Education Programme Adult Treatment
Panel III (NCEP ATP III) criteria. Logistic regression analysis revealed that the odds of having full
MetS increased significantly from the lowest T-score tertile to the highest one in both sexes (OR, odd
ratio (95% CI, confidence interval) of tertile 2 and 3 at 1.49 (0.8 to 2.8) and 2.46 (1.3 to 4.7), p = 0.02 in
males and 1.35 (1.0 to 1.7) and 1.45 (1.1 to1.9), p < 0.01 in females). The odds remained significant
even after adjustments with age, body mass index (BMI), and other risk factors associated with bone
loss. Among the components of MetS, only central obesity showed a significant positive association
with T-score. The study suggests a significant positive association of T-score (spine) with full MetS
irrespective of sex, and among the components of MetS this positive association was seen specifically
with central obesity.

Keywords: metabolic syndrome; bone mineral density; obesity; insulin resistance; bone health;
osteoporosis

1. Introduction

Metabolic syndrome (MetS), a syndrome consisting of several disorders like abdominal obesity,
dyslipidemia, increased blood pressure and impaired glucose regulation, represents characteristics
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such as low-grade inflammation and increased oxidative stress [1,2]. The increased prevalence of MetS
in Saudi Arabia in recent years is blamed on rapid economic growth and Westernization of lifestyle [3,4].
The clinical impact of MetS is immense, considering its vascular harm and its predisposition to the
progression of cardiovascular diseases and metabolic complications like type 2 diabetes mellitus
(T2DM) [5,6].

The National Cholesterol Education Programme Adult Treatment Panel III (NCEP ATP III) [7]
definition for full MetS requires the presence of at least three out of five components namely
central obesity, hyperglycemia, low high-density cholesterol, hypertriglyceridemia and hypertension.
The NCEP-ATPIII definition of MetS is the most commonly used definition for epidemiologic studies in
the region since it does not require a pre-requisite risk factor (e.g., obesity for the International Diabetes
Federation (IDF), hyperglycemia for the World Health Organization (WHO)) to reach a diagnosis.
Interestingly, these components of MetS may also affect the bone mineral density (BMD) and bone
metabolism through several mechanisms, one of which is the reduced blood flow to bone mass due to
micro-vascular complications associated with impaired glucose regulation [8]. The other proposed
mechanism is hypercalciuria induced by higher glucose levels and elevated blood pressure [9]. In spite
of the associations, the overall relationship of MetS components, bone health and BMD remains
blurred. For instance, although individuals with T2DM are at an increased risk for fractures [10],
higher BMDs are seen in T2DM individuals [11,12]. However, a recent meta-analysis conducted on
eight epidemiologic studies involving 39,938 participants suggested no explicit effect of MetS on
bone fractures [13]. Apart from this, there are discrepancies in the reports on the association of MetS
components and bone health in different sexes [14,15].

Clearly, more population-based studies are needed to decipher the relationship between MetS
and its components on bone health. The authors’ hypothesize a statistically significant association
between different components of MetS and full MetS with the BMD at lumbar L1–L4 bone site. In this
context, this observational study was aimed to investigate the association between T-scores of BMD
at lumbar L1–L4 and full MetS and its individual components in Saudi Arab adults with risk factors
associated with bone loss. Both sexes were included in this study to investigate the sexual disparity,
if any, in these associations.

2. Materials and Methods

This observation study is part of a larger study dedicated to finding the biomarkers associated
with bone health (titled: Osteoporosis Disease Registry); it was approved by the Ethics Committee at
College of Science, King Saud University (KSU), Saudi Arabia (# H-01-R-012).

2.1. Study Design and Participants

The study was conducted in several hospitals around Riyadh city; the most prominent of them
being King Fahad Medical City (KFMC), King Khalid University Hospital (KKUH) and King Salman
Hospital (KSH), where the bulk of the recruitment was done. The study began in early 2013 and the
recruitment ended in August 2016. The inclusion criteria were consenting males and females, >35
years old, who in their general physician visits had been advised of a bone mineral density (BMD)
scan owing to their being at a risk associated with bone loss. There were no specific exclusion criteria
except being ≤35 years of age or participants with malignancy, cardiac or lung diseases, etc. that
required immediate medical attention. A total of 1587 participants (84.7% females and 15.3% males)
were recruited during the period.

2.2. Bone Mineral Density (BMD) Scan and T-Score

A dual-energy X-ray absorptiometry (DXA) machine (Hologic Inc., Marlborough, MA, USA) was
utilized to measure the bone mineral density (BMD) at lumbar vertebrae L1–L4 and the average scores
were used to calculate sex-specific T-scores by the software installed in the machine which shows how
much the measured bone density is higher or lower than the bone density of a healthy 30-year-old same
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sex individual. The machine was calibrated using a standard phantom provided by the manufacturer
and the test was performed by a certified bone densitometry technologist. The results of the bone
density scan were printed and transported to the Chair for Biomarkers in Chronic Diseases (CBCD) at
KSU for data entry.

2.3. Anthropometry, Blood Collection and Sample Analysis

The study participants were invited for a fasting blood withdrawal procedure and administration
of a standard questionnaire on the risk factors associated with the bone loss. Anthropometry
measurements included height, weight, waist and hip circumference, and systolic/diastolic blood
pressure, measured by trained nurses using standard procedures. Weight (Kg) was recorded using
an international standard scale (Digital Pearson scale, ADAM Equipment Inc., Oxford, CT, USA).
Height and waist and hip circumference (to the nearest 0.5 cm) were measured utilizing a standardized
measuring tape. Body mass index (BMI) was calculated as weight in Kgs divided by height in square
meters. Blood pressure (mmHG) was recorded by a trained nurse twice after 10 minutes rest using
a conventional mercurial sphygmomanometer and the average was noted. A one-on-one interview
was conducted by trained research associates where the participants were informed about the study
and reported risk factors associated with bone loss through a 12-point questionnaire. The risk factors
included whether or not the subject had T2DM, thyroid dysfunction, family history of diabetes,
osteoporosis, arthritis, etc., whether they had a barium test, presence of scoliosis or kyphosis, loss of
height in the last two years and history of fractures in the last five years.

Collected fasting blood samples were transported to CBCD laboratory for biochemical analysis
which included lipid profile as well as glucose, calcium and albumin analysis quantified using an
automated biochemical analyzer (Konelab 20, Thermo-Fischer Scientific, Espoo, Finland). The reagents
were purchased from Thermo Fischer (catalogue# 981379 for glucose, 981812 for total cholesterol,
981823 for high density lipoprotein (HDL)-cholesterol, 981301 for triglyceride, 981367 for calcium and
981766 for albumin). Glucose kit employed the routine glucose-oxidase, peroxidase method; total
cholesterol test employed cholesterol-esterase, oxidase method; HDL-cholesterol test employed the
two-step polyethylene glycol modified cholesterol esterase and oxidase methodology; triglyceride kit
employed enzymes like lipoprotein lipase and oxidase; calcium kit employed Arsenazo III methodology
while albumin kit employed bromocresol purple method. The imprecision calculated as the total
coefficient of variation (CV) was ≤5%, ≤3.5%, ≤4%, ≤4%, ≤4.5% and ≤3% for these tests, respectively.
Insulin was also measured in these samples using Luminex multiplex (Luminexcorp, Austin, TX, USA)
with fluorescent microbead technology.

2.4. T-Score Tertiles and MetS Components

Data for both males and females were divided into T-score tertiles with tertile 1 having the lowest
T-score (spine) and tertile 3 having the highest T-score. The status of full MetS and its five components
was assessed as present/absent (dichotomous data) using the criteria set in the National Cholesterol
Education Programme Adult Treatment Panel III (NCEP-ATP III) [16] which states MetS being present
if at least three of the following five components are present.

1. Central obesity: waist circumference >102 cm (males), >88 cm (females).
2. Hyperglycemia: fasting glucose >5.6 mmol/l or pharmacologic treatment for hyperglycemia

(both sexes).
3. Hypertriglyceridemia: serum triglycerides ≥1.7 mmol/l (both sexes).
4. Low HDL-cholesterol: serum HDL-cholesterol <1.03 mmol/l (males), <1.30 mmol/l (females).
5. Hypertension: systolic blood pressure >130 mmHg and/or diastolic blood pressure >85 mmHg

or current use of antihypertensive medications.
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2.5. Data Analysis

SPSS (Version 23.0, SPSS Inc., Chicago, IL, USA) was used to analyze the data. Kolmogorov–Smirnov
test was employed to assess the normal distribution of the preliminary data. Continuous normally
distributed variables were presented as mean ± standard deviation while median (25th and 75th
percentile) was used for continuous non-normal variables. Categorical variables like status of full
MetS and its individual components; and data obtained from the bone loss risk factor questionnaires
were presented as percentages. Chi-squared test (3 × 2 contingency table) was used for checking the
differences in prevalence of MetS and its components in the three tertiles of T-scores. Multinomial
logistic regression was performed using the T-score tertile as a dependent variable (with lowest tertile
as reference) and full MetS or its individual components (present vs. absent) as independent variables.
Data was presented as odds ratio 95% confidence interval (OR (95% CI)) and respective p-values
represented odds of having different components of MetS at higher tertiles of T-score compared to the
lowest. Different models were employed with model “a” as univariate, and all other models were
adjusted accordingly for + age (model “b”), + BMI (model “c”), + other components of MetS (model
“d”) and + risk factors associated with bone loss like T2DM, thyroid dysfunction, etc.; family history
of diabetes, osteoporosis, arthritis, etc.; barium test done previously; scoliosis or kyphosis of spine;
loss of height reported; history of broken bones (model “e”). The analysis was conducted at 95%
confidence level and a p-value < 0.05 was considered statistically significant. MS excel 2010 was used
to prepare figures.

3. Results

3.1. General and Biochemical Characteristics of the Study Participants

Table 1 show the general and biochemical characteristics of the study participants. A total of 1587
participants were recruited for the study, out of which 84.7% (N = 1344) were females. Participants
who were older than 35 years with risk factors associated with bone loss were recruited. The mean age
for females and males were 56 and 58 years, respectively. It was determined that 87.3% of females
and 79.4% of males were either overweight or obese (BMI >25 kg/m2) with an average BMI in females
at 32.93 kg/m2 and males at 29.86 kg/m2. Among the risk factors associated with bone loss, the most
prominent in the participants were age greater than 50 years (77% in females and 79.8% in males);
family history of diabetes (58.6% in females and 74.5% in males); and those diagnosed with T2DM
(51.4% in females and 70.8% in males). The other risk factors like family history of osteoporosis and
arthritis were moderately found in both males and females. The percentage of females who reported
having thyroid disease, done a barium test (last two weeks of recruitment), and had scoliosis of the
spine was 9.2%, 10.7% and 8.9%, respectively, while these risk factors were negligibly found in males.
Additionally, 10% and 11.7% of the females reported loss of height in the last two years and a history
of broken bones in the last five years of recruitment, respectively. The median (Q1, Q3) values for
T-score at spine (L1–L4) for females and males were –1.70 (−2.5, −0.8) and −0.91 (−1.7, 0.1), respectively.
The table also shows the biochemical characteristics of the participants, like lipid profile and fasting
glucose, that were analyzed to assess different components of MetS.

3.2. Prevalence of Different MetS Components in T-Score Tertiles

Table 2 shows the prevalence of the five components of MetS and full MetS in participants with
tertiles according to the T-score (L1-L4 spine). The lowest T-score (least BMD) in both groups represents
the tertile 1 and the highest T-score represents the tertile 3. Among the five components of MetS,
the prevalence of central obesity was significantly different in the three T-score tertiles in all participants
as well as in males and females. It increased from 66.9% in tertile 1 to 82.7% in tertile 3 (p < 0.01).
A similar trend was followed in males where it increased from 38.3% in tertile 1 to 71.6% in tertile
3 (p < 0.01), and in females where it increased from 72.1% in tertile 1 to 84.7% in tertile 3 (p < 0.01).
The prevalence of other four components (hyperglycemia, low HDL-cholesterol, hypertriglyceridemia
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and hypertension) was more or less similar in different tertiles of T-score and this was seen in both
males and females except for hypertriglyceridemia in all participants where it increased from 40.3% in
tertile 1 to 47.7% in tertile 3 (p = 0.04). The prevalence of full MetS, however, increased significantly
from the lowest T-score tertile to the highest and this was seen in all participants as well as when data
was divided according to sexes (56.1% in tertile 1 to 67.7% in tertile 3, p < 0.01 in all participants as well
as in males where full Mets was 50.6% in tertile 1 and 71.6% in tertile 3, p = 0.02; and females where it
increased from 57.1% to 65.8%, p = 0.003).

Table 1. General and biochemical characteristics of participants.

Overall Males Females

N 1587 243 1344

Anthropometrics
Age (years) 56.7 ± 8.2 58.1 ± 9.4 56.4 ± 7.9
BMI (kg/m2) 32.4 ± 6.4 29.9 ± 5.2 32.93 ± 6.4
Waist (cm) 100.3 ± 14.1 103.7 ± 14.2 99.7 ± 14
Hips (cm) 107.9 ± 12.9 104.4 ± 12 108.6 ± 13

Systolic BP (mmHg) 126.2 ± 16.4 131.1 ± 13.1 125.4 ± 16.8
Diastolic BP (mmHg) 76.8 ± 9.9 79.5 ± 8.2 76.3 ± 10.1

Risk Factors
Age (>50 years) $ 77.4 79.8 77.0

Family History
Diabetes Mellitus $ 61.0 74.5 58.6

Osteoporosis $ 9.8 9.9 9.7
Arthritis $ 6.2 4.9 6.5

Subject History
Diabetes Mellitus $ 54.4 70.8 51.4
Thyroid Disease $ 8.1 2.5 9.2

Barium Test (last 2 weeks) $ 9.4 2.1 10.7
Scoliosis of Spine $ 7.8 1.6 8.9

Kyphosis $ 3.5 0.8 4.0
Lost Height (2 years) $ 8.8 1.6 10.0
Fracture (last 5 years) $ 10.7 5.3 11.7
T-Score (L1–L4 Spine) –1.49 ± 1.3 –0.84 ± 1.3 –1.60 ± 1.3

Biochemical Characteristics
Glucose (mmol/l) # 6.7 (5.5, 9.9) 9.2 (6.5–14.1) 6.5 (5.4–9.3)
Insulin (μU/ml) # 10.4 (5.9, 18.4) 21.6 (10.7, 33.6) 9.4 (5.4, 15.6)

Total Cholesterol (mmol/l) 5.0 ± 1.1 4.9 ± 1.3 5.08 ± 1.1
Triglycerides (mmol/l) # 1.6 (1.2, 2.2) 1.9 (1.4, 2.8) 1.55 (1.1, 2.2)
HDL-Cholesterol (mol/l) 1.2 ± 0.4 1.1 ± 0.3 1.17 ± 0.4

Calcium (mmol/l) 2.3 ± 0.3 2.3 ± 0.2 2.3 ± 0.3
Albumin (g/l) 38.7 ± 6.7 40.2 ± 5.8 38.4 ± 6.8

Note: Data presented as mean ± standard deviation for normal variables; median (Q1, Q3) for non-normal variables
(#) and as frequency (%) for categorical variables ($). BMI, body mass index; BP, blood pressure.

Table 2. Prevalence of metabolic syndrome (MetS) components in tertiles of T-score (spine) according
to sex.

All (N = 1587) Males (N = 243) Females (N = 1344)

T-Score (L1–L4 Spine) T1 T2 T3 p T1 T2 T3 p T1 T2 T3 p

Central Obesity 66.9 79.8 82.7 <0.01 38.3 60.5 71.6 <0.01 72.1 83.4 84.7 <0.01
Hyperglycemia 69.9 73.8 74.0 0.25 86.4 80.2 91.4 0.12 66.9 72.7 70.8 0.16

Low HDL-Cholesterol 63.0 64.6 68.5 0.17 40.7 45.7 42.0 0.80 67.1 68.1 73.3 0.09
Hypertriglyceridemia 40.3 46.2 47.7 0.04 54.3 58.0 64.2 0.43 37.7 44.0 44.6 0.07

Hypertension 29.3 32.5 34.4 0.20 38.3 35.8 39.5 0.88 27.6 31.9 33.5 0.15
Full MetS 56.1 63.3 67.6 <0.01 50.6 60.5 71.6 0.02 57.1 64.4 65.8 0.003

Note: Data presented as frequency (%) for the components of MetS and full MetS. T1, T2 and T3 are the three tertiles
of T-score (spine) whose respective values as median (Q1, Q3) are −2.70 (−3.1, −2.4), −1.65 (−1.9, −1.3) and –0.30
(−0.7, 0.4) for all participants; −2.20 (−2.7, −1.7), 0.80 (−1.2, −0.5) and 0.55 (0.1, 1.1) for males; –2.80 (−3.2, −2.5),
–1.70 (−2.0, −1.5) and –0.40 (−0.8, 0.2) for females. Chi-squared test was used to check the differences of frequencies
in different tertiles of T-score. p < 0.05 was considered significant. HDL, high density lipoprotein.
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Figure 1 shows the average T-score (spine) in individuals with one or more MetS components in
males and females. A statistically significant trend was observed in both sexes with average T-score values
increasing with increasing MetS components and this remained so even after multiple adjustments.

 

Figure 1. Increasing T-score (spine) values with increasing MetS components according to sex. Note:
The figure shows the average T-score (spine) in participants with 1 or more MetS components. The data
was generated by univariate analysis by taking T-score (spine) values as dependent variables and
“number of components” as factors. The values were adjusted for age, BMI and other risk factors
associated with bone loss. p < 0.05 was considered as significant.

3.3. Association of T-score with Different Components of MetS and Full MetS.

Table 3 shows the results of a multinomial regression analysis done using T-score (spine) tertiles
as dependent variables (with lowest tertile as reference) and different components of MetS as factors.
The results are shown as odds ratio (95% confidence interval) and respective p-values representing
odds of having different components of metabolic syndrome with different tertiles of T-score. The odds
of having full MetS increased significantly from lowest tertile to the highest tertile of T-score in all
participants (OR (95% CI) of tertile 2 and 3 at 1.55 (1.2 to 2.0) and 1.57 (1.2 to 2.0), p (trend) < 0.01
as well as in both males and females (1.49 (0.8 to 2.8) and 2.46 (1.3 to 4.7), p (trend) = 0.02 in males
and 1.35 (1.0 to 1.7) and 1.45 (1.1 to 1.9), p < 0.01 in females) and the odds ratio remained statistically
significant even after multiple adjustments with age, BMI and other risk factors associated with bone
loss. Among the components of MetS, the odds of hyperglycemia and hypertriglyceridemia increased
significantly with T-score tertiles when unadjusted only in all participants, however, the association
lost significance after adjusting with confounders. This association was not significant when the data
was divided according to sexes. Only the odds of central obesity as a component of MetS increased
significantly with T-score tertiles in univariate as well as adjusted models, and this trend was seen
when investigated in all participants as well as when the data were divided into different sexes.
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Figure 2 shows the odds ratio and its associated 95% confidence interval of different components
of MetS in higher tertiles of T-score (spine) compared with the lowest tertile.

 
Figure 2. Odds of having full MetS and its components in individuals with higher tertiles of T-score
(spine) compared with lowest tertile. Note: The figure shows the odds ratio (OR) and 95% confidence
interval representing odds of having different components of metabolic syndrome at higher tertiles
of T-score (spine) compared to the lowest tertile. The data was generated by multinomial regression
taking T-score tertiles as dependent variables and MetS and its components (present versus absent) as
factors. Unadjusted OR; and OR adjusted for age, BMI and risk factors associated with bone loss like
family history of diabetes, osteoporosis, arthritis, whether or not suffering from T2DM, thyroid disease,
history of broken bones, etc., are represented here.

4. Discussion

The current population-based study aimed to investigate the relationship between MetS and its
components with the BMD of the spine. The main novelty of the study is that it is the first large-scale
investigation on the association of MetS and BMD in a homogenous Arab ethnic group. This is
clinically relevant since it is well established that bone health and risk for certain chronic conditions
are influenced by genetics and environment. Several inconsistencies in associations have been found
in other studies and one of the main reasons is the differences in population. The study fills this gap as
it has never been investigated in this region; a well-structured logistic regression model with multiple
adjustments for risk factors associated with bone loss differentiates this study from others on a similar
topic. In this study, the authors found a significant positive association of full MetS with BMD spine
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and this association was independent of sex. The odds ratio of having full MetS, as revealed by logistic
regression analysis, increased significantly from the lowest T-score tertile to the highest one and the
odds remained significant even after adjustment with multiple confounders and the trend revealed
similar association across both sexes. This significant positive association of MetS with BMD seemed
to be driven by central obesity as all other components of MetS showed little or no association with
increasing tertiles of T-score.

Many recent studies in varied populations were conducted to investigate the associations between
MetS, BMD, osteoporosis and fractures. In these studies, the difference in MetS selection criteria,
difference in the bone site used to calculate BMD like femoral neck, lumbar spine etc., or the difference
in osteoporotic fractures and non-vertebral fractures, played a role in these associations, yet the
overall picture of the relationship remains blurred. In one of the earliest studies by Muhlen et al. [17],
significantly lower BMD at total hip was associated with MetS in age-adjusted models. Also, in a
report by Hwang et al. [18], vertebral BMD was found to be significantly lower in women with MetS
compared to non-MetS. Similarly, Jeon et al. [19] suggested higher BMD at the lumbar spine and
femoral neck in post-menopausal women with MetS. The results from these studies are in conflict
with the present study where a significant positive association was seen between MetS and lumbar
BMD. The difference might be because of the lower prevalence of MetS in these studies [17–19] (20.9%,
20.7% and 9.0%, respectively) than the present study (62.3%), suggesting that the participants recruited
in these studies were healthier than the current study group. Also, the study participants used by
Muhlen et al. were much older than our study (mean age of 74.2 and 74.4 years in men and women,
respectively, compared to 58.1 and 56.4 years in this study). The results in the current study are in line
with some of the earlier reports [20–22] which suggest women with MetS have a significantly higher
BMD than those without MetS. A meta-analysis of a total of 11 studies including 13,122 participants [23]
revealed a significant overall association between MetS and increased BMD of spine, in concordance
with the present study results.

The present study results of the positive association of full MetS with BMD spine seem to be
driven by the component of central obesity as only this component predominantly follows the same
pattern in its relationship with BMD spine as the full MetS (Table 3). A positive association of central
obesity with BMD at all sites was reported first by Edelstein et al. [24] and since then BMI has been
reported as a protective factor against bone loss as concluded by a meta-analysis of 12 studies including
60,000 participants [9]. However, as a flipside to this story, some studies advocate that increased
obesity is correlated to low bone mass [25,26]. This paradox in the nature of this relationship of obesity
with bone health may be explained by the heterogeneous role of obesity. On one hand higher waist
circumference used to calculate central obesity as a component of MetS is associated with higher 17
beta-estradiol levels which may protect bone [27], while on the other hand, intra-abdominal fat or
visceral fat may lead to increased bone resorption and hence lower BMD because of its association
with pro-inflammatory cytokines [28,29]. Heavy weight is indeed one of the consequences since it is
well-established that increased mechanical loading conferred by body weight (e.g., increased BMI or
being overweight/obese) has a positive effect on bone formation, regardless of other consequences
such as increased risk for other chronic health disorders [30].

The association of other components of MetS with BMD, like full MetS, as reported by many
studies in the recent past is also inconclusive. In our study, in all participants, hyperglycemia increased
significantly with increasing tertiles of T-score in an unadjusted model but lost significance after
adjustment with multiple confounders (Table 3). This observation is supported by some of the earlier
reports [31,32] which suggest an indirect effect of hyperglycemia through associated hyperinsulinemia
on bone formation, as interaction between insulin, insulin like growth factor-1 and parathyroid
hormone has been proposed to have an anabolic effect on bone cells [33]. At the same time, however,
long-term diabetes has consistently been shown to be detrimental for bone health and associated
fractures [10,34]. A direct effect of hyperglycemia and hyperinsulinemia on bone health and associated
fractures would be interesting to investigate. Also, hypertriglyceridemia in our study increased,
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in all participants, with increased tertiles of T-score in an unadjusted model but lost significance after
adjustment. Elevated triglycerides have been suggested to contribute to the overall improvement of
qualitative properties of bone by forming a layer between collagen fibers and mineral crystals [35].
We did not observe a significant relationship between other components of MetS and T-score spine,
but the results of some other studies present a conflicting picture [36,37].

In our study, no sexual disparity was observed as far as the relationship of MetS and T-score spine
was concerned. In both sexes, a positive correlation was found in this relationship and the odds of
having MetS increased significantly with higher tertiles of T-score spine even after multiple adjustments.
This relationship seems to be driven by the central obesity component in both sexes. Similar to our
observations, a meta-analysis conducted on participants showed no gender differences [23]. In contrast,
some studies suggest gender disparity in the relationship between MetS and BMI-adjusted BMD,
showing a less beneficial effect in men than women [15]. It is difficult to explain this disparity in different
studies; however, an explanation might be in the age group of the study participants (e.g., the study
that suggests gender differences in the relationship between MetS and BMD was conducted in much
younger participants than ours (mean age 56.7 years) and it has been shown that BMD overall decreases
as age progresses and the rate of decline in the BMD differs according to sex) [38].

The heterogeneity of the complex relationship between MetS and BMD as seen in various studies
before may be explained on the basis of various study-level variables like ethnicity, DXA scanner
manufacturer and MetS definition [23]. MetS in Asians may be more influenced by visceral adiposity
as compared to Caucasians [39] and hence may explain the positive relationship of MetS and BMD
seen in Caucasians rather than Asians. The choice of the DXA scanner used may also play a role in the
relationship as the absolute values of BMD differ between instruments from different manufacturers [40].
Also, the differences in the definition of the MetS used in various such studies add to the heterogeneous
relationship between MetS and BMD. Abdominal obesity is a necessary factor for the International
Diabetes Federation (IDF) criteria of MetS whereas NCEP-ATP III criteria categorizes MetS by having
any three of the five components. This difference in MetS definition may dictate the observable positive
association of MetS defined by NCEP-ATP III as seen in many studies before including ours rather
than when MetS was defined by IDF criteria.

Higher waist circumference (central obesity), is associated with higher 17 β-estradiol levels which
is known to improve bone density by inhibiting bone resorption and stimulating bone formation [27].
On the other hand, triglycerides affect osteoblast and osteoclast differentiation, with lower levels
associated with osteoporotic bone tissue [41]. Lastly, hyperglycemia and hyperinsulinemia have been
demonstrated to exert an anabolic effect on bone cells by interacting insulin-growth factor (IGF)-1
receptors which are known to increase BMD by promoting osteoblast differentiation [42]. It is worthy
to note that higher BMD alone cannot account for improved fracture risk since patients with T2DM and
those who are obese are still at an increased risk for fragility fractures and associated mortality [43,44].
MetS being a constellation of interconnected physiological, biochemical, clinical and metabolic factors
has in itself two contrasting factors: one of which is abdominal obesity known to be protective against
osteoporosis and may lead to higher BMD levels [45,46] while at the same time intra-abdominal obesity,
hyperglycemia and insulin resistance leads to a low-grade inflammatory state that activates bone
resorption [28,47]. This might explain this heterogeneous complex relationship, however, more such
studies need to be conducted in different populations to fully elucidate the pathophysiology behind
this complexity.

There are several strengths of the current study. First, the sizable study sample of 1587 participants
gives this study an edge over many other studies with fewer participants. Secondly, the multi-center
recruitment of the study participants used in this study provides a proper representation of a population.
Thirdly, this is the first study to report the relationship of MetS with BMD spine in a population with
high prevalence of MetS as well as osteoporosis. Apart from these, the use of the most recent definition
of MetS, well-calibrated DXA scans performed by a certified bone densitometry technologist and a
well-structured logistic regression model analysis adjusted by multiple confounders gave reliable
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results. The authors, however, acknowledge certain limitations. The cross-sectional nature of this
study limits its applicability outside cause and effect of the proposed relationship. A longitudinal
study in this population would be interesting to investigate. Some of the biochemical markers that may
influence BMD like 25(OH) vitamin D, serum estradiol, follicle stimulating hormone, etc. were not
measured in this study. Also, the BMD was measured only at lumbar L–L4 site and hence the proposed
relationship with MetS may not hold true for other anatomic sites like femoral neck, total hip, etc.

5. Conclusions

The results of the logistic regression analysis with multiple adjustments conducted in this study
suggest a sex-irrespective positive association between MetS and lumbar BMD. The results also suggest
that the positive relationship between MetS and lumbar BMD is predominantly driven by the central
obesity component of MetS as the rest of the components show little or no association with lumbar
BMD, irrespective of sex.
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Abstract: Sugar-sweetened beverages (SSBs) have little nutritional value and a robust body of
evidence has linked the intake of SSBs to weight gain and risk of type 2 diabetes (T2D), cardiovascular
disease (CVD), and some cancers. Metabolic Syndrome (MetSyn) is a clustering of risk factors that
precedes the development of T2D and CVD; however, evidence linking SSBs to MetSyn is not clear.
To make informed recommendations about SSBs, new evidence needs to be considered against
existing literature. This review provides an update on the evidence linking SSBs and cardiometabolic
outcomes including MetSyn. Findings from prospective cohort studies support a strong positive
association between SSBs and weight gain and risk of T2D and coronary heart disease (CHD),
independent of adiposity. Associations with MetSyn are less consistent, and there appears to be a sex
difference with stroke with greater risk in women. Findings from short-term trials on metabolic risk
factors provide mechanistic support for associations with T2D and CHD. Conclusive evidence from
cohort studies and trials on risk factors support an etiologic role of SSB in relation to weight gain and
risk of T2D and CHD. Continued efforts to reduce intake of SSB should be encouraged to improve the
cardiometabolic health of individuals and populations.

Keywords: sugar-sweetened beverages; metabolic syndrome; weight gain; type 2 diabetes;
cardiovascular disease; cardiometabolic risk

1. Introduction

Metabolic syndrome (MetSyn) is known as a clustering of interrelated risk factors for type 2
diabetes (T2D) and cardiovascular disease (CVD) that occur together more often than by chance
alone. Although there is some confusion regarding the clinical definition of MetSyn and whether
it is a unique syndrome or a mixture of unrelated phenotypes, the most widespread consensus for
a diagnosis is the presence of at least three of five risk factors including hyperglycemia, raised blood
pressure, elevated triglyceride levels, low high-density lipoprotein cholesterol levels, and central
adiposity [1]. Given the complexity of the definition, the prevalence of MetSyn is difficult to estimate;
however, data on individual risk factors suggest that MetSyn is rising across the globe in parallel
with obesity trends. It was estimated that 23% of adults in the United States (US) (~50 million) have
MetSyn [2,3]. This figure was relatively constant over recent years despite population-level increases
in hyperglycemia and waist circumference because of decreases in hypertriglyceridemia and elevated
blood pressure corresponding to medication use [4]. However, the burden of MetSyn remains high
in the US and is rising in low- and middle-income countries (LMICs) [3]. This is of great concern,
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since individuals with MetSyn are at twice the risk of developing CVD and have a five-fold higher risk
of developing T2D over the next 5–10 years [1]. Preventing or reversing MetSyn could, therefore, be an
effective way to stem the rising tide of T2D and CVD.

Sugar-sweetened beverages (SSBs) are the largest source of added sugar in the diet. They include
carbonated and non-carbonated soft drinks, fruit drinks, and sports drinks that contain added caloric
sweeteners, and they are low in nutritional quality. To date, a large body of evidence supports a strong
link between intake of SSBs and weight gain [5] and risk of T2D [6], which is the basis of many dietary
guidelines and policies targeting SSBs [7]. Emerging evidence suggests that SSBs are also an important
risk factor for cardiovascular diseases and related risk factors [8–12]. However, evidence linking
SSBs to MetSyn is not clear. For clinicians and policy-makers to make informed recommendations
about SSBs and cardiometabolic health, new evidence needs to be considered alongside existing
literature. In this review, we provide an overview of global SSB intake trends and an updated
summary on the evidence from prospective cohort studies and trials linking SSBs to weight gain and
related cardiometabolic conditions including MetSyn. Findings from cross-sectional or case-control
studies were not considered since these designs are more prone to confounding and other biases.
Biological mechanisms, alternative beverage options, and policy strategies to limit SSB consumption
are also discussed.

2. SSB Intake Trends

Consumption of SSBs has decreased modestly in the US since around 2002 [13]; however,
intake levels are still high and, in some groups, nearly exceed the Dietary Guidelines for Americans’ [14]
and World Health Organization’s (WHO) [7] recommendation for no more than 10% of daily calories
from all added sugar. National Health and Nutrition Examination Survey (NHANES) data show that
US adults consumed an average of 145 kcal/day from SSB, corresponding to 6.5% of total calories,
between 2011 and 2014 with higher intake levels reported among younger age groups and among
non-Hispanic black and Hispanic men and women [15].

In contrast to the US and other high-income countries where consumption of SSBs is either
declining or plateauing, intake of SSBs is increasing in many LMICs as a consequence of widespread
urbanization and beverage marketing. A report based on survey data from adults in 187 countries
found that SSB consumption was higher in upper–middle-income countries and lower–middle-income
countries compared to high-income or low-income countries [16]. Of the 21 world regions evaluated,
SSB consumption was highest in the Caribbean and lowest in East Asia [16]. Another study among
adolescents in 53 LMICs found that soda intake was most frequent in Central and South America,
and least frequent in Southeast Asia. Across all populations surveyed, 54% consumed soda at least
once a day, and one in five adolescents in Central and South America consumed soda three or more
times per day [17]. These trends are supported by another study that reported that per capita sales of
SSB (in daily calories per person) increased in most LMICs, while sales declined in some high-income
regions, indicative of consumption patterns [18]. Chile was identified as having the highest per capita
sales of SSB in 2014, followed by Mexico, the US, Argentina, and Saudi Arabia [18]. The fastest growth
in sales of SSB between 2009 and 2014 was seen in Chile, along with China, Thailand, and Brazil [18]
(Figure 1). For some regions, disparities in SSB intake tend to track with disparities in obesity and T2D
prevalence. For example, in the US, lower socioeconomic status (SES) groups tend to have higher SSB
intake levels, and these groups also tend to have a higher risk for developing obesity and T2D.
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Figure 1. Sales of sugar-sweetened beverages (SSBs) in kcal per person per day by beverage type in
2009–2014 in selected countries. Data from Euromonitor Passport International, which were obtained
from nutrition fact panels and websites of sugar-sweetened beverage companies; kcal= kilocalories [18].

3. Weight Gain and Obesity

Many observational studies have evaluated the relationship between consumption of SSBs and
weight gain or obesity. The majority [5,19–23] of systematic reviews and meta-analyses on this
topic found positive associations between SSBs and weight gain or risk of overweight or obesity.
However, others reported null associations [24]. Our previous meta-analysis, the most comprehensive
to date, found that a one-serving-per-day increase in SSB was associated with an additional weight
gain of 0.12 kg over one year [5]. In this analysis, we included estimates that were not adjusted for total
energy intake since the association between SSBs and weight gain is likely mediated through calories.
In addition, all of the studies included in the meta-analysis had repeated measurements of diet and
weight, and evaluated weight change in relation to change in SSB intake. This type of analysis strategy
has some of the features of a quasi-experimental design, although it lacks the element of randomization.
An advantage of this design is the generalizability to a real-world setting, because participants are
able to change their diet and lifestyle without investigator-driven intervention. Although the results
of the meta-analysis seem modest, adult weight gain in the general population is a gradual process,
occurring over decades and averaging about one pound (0.45 kg) per year [25]; thus, small gains in
weight from SSBs could be substantial over many years.

The association between SSBs and obesity is strengthened by our previous analysis of gene–SSB
interactions [26]. Based on data from three large cohorts, we found that individuals who consumed
one or more servings of SSB per day had genetic effects on body mass index (BMI) and obesity risk that
were twice as large as those who consumed SSBs less than once per month. These data suggest that
regular consumers of SSB may be more susceptible to genetic effects on obesity, or that persons with
a greater genetic predisposition to obesity may be more susceptible to the deleterious effects of SSBs
on BMI.

Compared to observational studies, most trials have evaluated short-term effects on weight change
rather than long-term patterns. In our previous meta-analysis of five trials, we found that adding
SSBs to the diet significantly increased body weight [5]. Another meta-analysis of seven randomized
controlled trials (RCTs) also found a significant increase in body weight when SSBs were added to the
diet [24]. However, in their meta-analysis of eight trials attempting to reduce SSB intake, no overall
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effect on BMI was observed, but a significant benefit on weight loss/less weight gain was observed
among individuals who were overweight at baseline [24]. Of note, this meta-analysis included two of
the largest and most rigorously conducted RCTs in children and adolescents [27,28] to date.

Another meta-analysis evaluating the effects of dietary sugars on body weight found that, in trials
of adults with ad libitum diets, reducing intake of free sugar or SSB was associated with a decrease
in body weight, while increasing intake was associated with a comparable weight increase [23].
Because isoenergetic exchange of dietary sugars with other carbohydrates showed no change in body
weight, it seems likely that the change in body weight that occurs with modifying intakes of SSBs
is mediated via changes in calories [23]. The majority of studies on SSBs and body weight focused
on prevention of weight gain rather than weight loss, which is an important distinguishing factor.
From a public health point of view, identifying determinants of weight gain is more impactful than
short-term weight loss in reducing obesity prevalence [29]. This is because, once an individual develops
obesity, it is difficult to achieve and maintain weight loss. For this reason, fewer studies have evaluated
the impact of SSB restriction on weight loss.

4. Metabolic Syndrome and Risk Factors

Few prospective studies have examined intake of SSBs in relation to the development of MetSyn,
most likely due to challenges in outcome assessment. However, these along with studies of individual
risk factors generally show adverse associations that are consistent with studies linking SSBs to weight
gain and risk of T2D. Our previous meta-analysis of three cohort studies found a higher risk of about
20% (relative risk (RR), 1.20; 95% confidence interval (CI), 1.02–1.42) comparing highest to lowest
categories of SSB intake [6]. However, a recent meta-analysis of three cohort studies by Narain et al.
found a marginal positive association between intake of SSB and risk of MetSyn [30]. The discrepancy
may be due to inclusion of different studies. The more recent meta-analysis included a new study
among children and adolescents [31], which was combined with studies in adults and excluded a study
from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort [32], which we included. We also
included the cohort-wide estimate from the Framingham Heart study that combined diet and regular
soft drinks, while Narain et al. used an estimate from a sub-group with regular soft drink consumption
but limited power [33]. Recent studies not included in these meta-analyses have also found positive
associations. A study in the Prevención con Dieta Mediterránea (PREDIMED) trial found a positive
association between SSBs and fruit juice with MetSyn among participants at high risk for CVD,
but cautioned that associations should be interpreted conservatively due to low intake levels [34].
In a cohort of healthy Korean adults, a positive association between SSB and MetSyn was observed in
women but not men [35]. According to the authors, the sex difference could be due to the action of sex
hormones. Some studies of MetSyn found marginal associations with SSBs; however, because they
adjusted for total energy intake, the results may have been underestimated [32,36].

Studies examining individual risk factors rather than MetSyn tend to be more consistent. In the
Coronary Artery Risk Development in Young Adults (CARDIA) study, higher SSB consumption was
associated with a number of cardiometabolic outcomes: high waist circumference (RR: 1.09; 95% CI 1.04,
1.14), high low-density lipoprotein (LDL) cholesterol (RR: 1.18; 95% CI 1.02, 1.35), high triglycerides
(RR: 1.06; 95% CI 1.01, 1.13), and hypertension (RR: 1.06; 95% CI 1.01, 1.12) [37]. Although central
adiposity is a risk factor for CVD independent of body weight, few cohort studies have examined this
relationship with SSBs, likely due to challenges in measurement. In the Mexican Teacher’s cohort,
compared to no change, increasing soda consumption by one serving per day was associated with
a ~1-cm increase in waist circumference (0.9 cm; 95% CI = 0.5, 1.4) over two years [38]. Similar findings
were observed in a Spanish cohort [39]. Both of these studies used waist circumference as a proxy
for central adiposity. However, waist circumference does not distinguish between different types of
abdominal fat accumulation, e.g., visceral vs. subcutaneous adipose tissues, which may be differently
associated with cardiometabolic risk. In the Framingham Third Generation cohort, Ma and colleagues
found that SSB intake was associated with a long-term adverse change in visceral adiposity as measured
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by abdominal computed tomography scan (i.e., increased visceral adipose tissue (VAT) volume and
decrease in VAT attenuation), independent of weight gain [40].

In a systematic review including five prospective cohort studies examining SSB intake in
relation to vascular risk factors, positive associations were observed for blood pressure, triglycerides,
LDL cholesterol, and blood glucose, and an inverse association was observed for high-density
lipoprotein (HDL) cholesterol [12]. These findings were supported by cross-sectional analyses in the
Health Professionals Follow-up Study (HPFS) and Nurses’ Health Study (NHS) cohorts that found
associations between SSB and higher plasma triglycerides, along with inflammatory cytokines and
other cardiometabolic risk factors [9,41]. Accumulating evidence also suggests a role of SSBs in the
development of hypertension [42–44]. A meta-analysis of six cohort studies found that a one serving/day
increase in SSB intake was associated with ~8% higher risk of hypertension (RR: 1.08, 95% CI: 1.06,
1.11) [42]. Similar results were reported in two previous meta-analyses [43,44]. Regular consumption
of SSBs was also associated with hyperuricemia and with gout [45,46].

Findings from short-term trials and experimental studies also provide important evidence linking
SSBs with cardiometabolic risk factors, and they provide mechanistic support for the epidemiologic
evidence linking intake of SSBs to higher risk of T2D and coronary heart disease (CHD). Many of
these studies explored the effects of sugars used to flavor SSBs such as high-fructose corn syrup
(HFCS) (~42–55% fructose, glucose and water) or sucrose (50% fructose and glucose) in liquid form.
A meta-analysis of 39 RCTs found that higher compared to lower intakes of dietary sugars or SSB
significantly raised triglyceride concentrations (mean difference (MD): 0.11 mmol/L; 95% CI: 0.07, 0.15),
total cholesterol (MD: 0.16 mmol/L; 95% CI: 0.10, 0.24), LDL cholesterol (MD: 0.12 mmol/L; 95% CI:
0.05, 0.19), and HDL cholesterol (MD: 0.02 mmol/L; 95% CI: 0.00, 0.03) [47]. The most pronounced
effects were noted in studies that ensured energy balance and when no difference in weight change
was reported, suggesting that the effects of SSBs on lipids are independent of body weight [47].
This meta-analysis also found a significant blood-pressure-raising effect of sugars, particularly in
studies ≥8 weeks in duration (MD 6.9 mm Hg (95% CI: 3.4, 10.3) for systolic blood pressure, and 5.6 mm
Hg (95% CI: 2.5, 8.8) for diastolic blood pressure) [47].

In a two-week parallel-arm trial, Stanhope and colleagues showed that consuming beverages
containing 10%, 17.5%, or 25% of energy requirements from HFCS produced a significant linear
dose–response increase in postprandial triglycerides, fasting LDL cholesterol, and 24-h mean uric
acid concentrations [48]. In another study, uric acid was found to increase after six months
of consuming 1 L/day of sucrose-sweetened cola compared to isocaloric consumption of milk,
water, or diet beverages [49]. The change in uric acid correlated with changes in liver fat
(p = 0.005), triglycerides (p = 0.02), and insulin (p = 0.002) [49] In a 10-week trial among overweight
healthy participants, consuming a sucrose-rich diet compared to a diet rich in artificial sweeteners,
significant increases in postprandial glycemia, insulinemia, and lipidemia were observed [50].
A randomized crossover trial among normal-weight healthy men found that, after three weeks,
SSBs consumed in small to moderate quantities resulted in impaired glucose and lipid metabolism and
promoted inflammation [51]. Other trials have found inconsistent results on markers of inflammation,
which may be due to differences in study duration. [52,53].

5. Diabetes and CVD

Although experimental evidence from RCTs is lacking due to high cost and other feasibility
considerations, findings from prospective cohort studies have shown strong and consistent associations
in well-powered studies. A meta-analysis of 17 prospective cohort studies evaluating SSB consumption
and risk of T2D found that a one-serving-per-day increment in SSB was associated with an 18%
higher risk of T2D (95% CI: 9% to 28%) among studies that did not adjust for adiposity [54]
(Figure 2). Among studies that adjusted for adiposity, the estimate was attenuated to 13% (6%
to 21%), suggesting a partial mediating role of adiposity in this association. Positive yet weaker
associations were also noted for juice and artificially sweetened beverages (ASB). This study also
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estimated the population attributable fraction for T2D from consumption of SSB in the US and United
Kingdom (UK). Based on their estimates, 8.7% (95% CI, 3.9% to 12.9%) of T2D cases in the US and 3.6%
(95% CI, 1.7% to 5.6%) in the UK would be attributable to the consumption of SSBs [54]. These results,
which are consistent with previous meta-analyses [6,55,56], confirm that the consumption of SSBs is
associated with increased risk of T2D independently of adiposity and suggests that the consumption
of SSBs over many years could be related to a substantial number of new cases. Recent studies in the
Mexican Teacher’s cohort [57] and Northern Manhattan study [58], a multi ethnic urban cohort in
New York City, provide additional support linking intake of SSBs to risk of T2D, and have expanded
the generalizability of the findings across different populations.

 

Figure 2. Prospective associations for an incremental increase in beverage consumption with incident
type 2 diabetes (T2D): random effects meta-analysis. * Unadjusted for adiposity; † adjusted for adiposity;
‡ adjusted for adiposity and within person variation [54].

Emerging evidence linking intake of SSBs to CVD is strengthened by consistent associations of
SSBs with cardiometabolic risk factors, in addition to weight gain and risk of T2D. A meta-analysis of
nine prospective cohort studies found that a one-serving-per-day increase in SSB was associated with
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a 13% higher risk of stroke (RR: 1.13, 95% CI: 1.02, 1.24) based on one study, and 22% higher risk of
myocardial infarction (MI) (RR: 1.22, 95% CI: 1.14, 1.30) based on two studies [10]. In the categorical
analysis comparing high vs. low SSB intake, there was a 19% higher risk of MI (RR: 1.19, 95% CI: 1.09,
1.31) based on three studies, but no significant association was observed for stroke (three studies) [10].
For the association with stroke, moderate heterogeneity was evident. After stratification by sex and
stroke type, the pooled results suggested that women who consume SSBs have a higher risk of ischemic
stroke (RR: 1.33, 95% CI: 1.07, 1.66), while no differences were noted for men or for men and women
with hemorrhagic stroke [10]. These findings are consistent with a previous meta-analysis of four
prospective cohort studies, which found a 17% higher risk of CHD (95% CI: 7% to 28%) comparing
extreme SSB intake categories and a 16% higher risk of CHD per one-serving-per-day increment (10%
to 23%) [11]. Similar to studies of T2D, when estimates that did not adjust for BMI or energy intake
were included in the meta-analysis, the magnitude of the association increased (RR: 1.26, 95% CI:
1.16, 1.37), suggesting these factors as partial mediators of the association. A systematic review by
Keller et al. also reported positive associations between SSB and CHD but noted that associations
were only apparent in large studies with long durations of follow-up [12]. This review also found
that, among studies that evaluated SSB intake in relation to risk of stroke, positive associations were
observed only among women.

Building on the clinical evidence, a few studies have also shown a link between SSB intake and
risk of all-cause or CVD mortality. We recently found that, among over 118,000 women and men from
the NHS and HPFS, intake of SSBs was positively associated with risk of death from any cause in
a dose-dependent manner [59]. Compared with drinking SSBs less than once per month, drinking one
to four per month was linked with a 1% higher risk, two to six per week with a 6% higher risk,
one to two per day with a 14% higher risk, and two or more per day with a 21% higher risk [59].
The higher risk of death associated with SSBs was more pronounced among women than men and
was driven by CVD mortality. Compared with infrequent SSB consumers, those who consumed two
or more per day had a 31% higher risk of death from CVD [59]. These findings are consistent with
a previous study conducted in a prospective analysis of NHANES, which found a 29% higher risk of
CVD mortality (RR: 1.29, 95% CI: 1.04, 1.60) comparing participants who consumed seven or more
servings of SSBs per week to those who consumed one serving per week or less [60]. It was also
estimated in NHANES that 7.4% of all cardiometabolic deaths in the US could be attributed to intake
of SSBs in 2012 [61]. More recently, in the US-based Reasons for Geographic and Racial Differences
in Stroke (REGARDS) study, each additional 12-oz serving/day of SSBs was associated with an 11%
higher risk of all-cause mortality [62]. However, no association was observed for risk of death from
CHD, which may have been due to a limited number of cases. In contrast, results from a cohort of
Chinese adults in Singapore [63] and an elderly population in the US [64], both with very low intake
levels, found no significant association between SSBs and mortality.

6. Biological Mechanisms

SSBs contribute to weight gain through decreased satiety and an incomplete compensatory
reduction in energy intake at subsequent meals following ingestion of liquid calories [20]. A typical
12-oz (360 mL) serving of soda contains ~140–150 calories and ~35–37.5 g of sugar. If these calories are
added to the diet without compensating for the additional calories, one can of soda per day could in
theory lead to a weight gain of five pounds in one year [65]. Short-term feeding trials that show greater
energy intake [66] and weight gain [50,66–69] from consuming SSBs compared to ASBs indirectly
illustrate this point. While few studies have evaluated this mechanism, some evidence supporting
incomplete compensation for liquid calories has been provided by studies showing greater energy
intake and weight gain after isocaloric consumption of beverages compared to solid food [70–72].
These studies suggest that calories from sugar in liquid beverages may not suppress intake of solid
foods to the level needed to maintain energy balance; however, the mechanisms responsible for this
response are largely unknown.
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SSBs contribute to the development of T2D and cardiometabolic risk in part through their ability
to induce weight gain, but also independently through metabolic effects of constituent sugars (Figure 3).
Consumption of SSBs has been shown to induce rapid spikes in blood glucose and insulin levels [73,74].
As such, these beverages have moderate-to-high glycemic index (GI) values [75], which, in combination
with the large quantities consumed, contribute to a high dietary glycemic load (GL). High-GL diets
can promote insulin resistance [76], exacerbate inflammatory biomarkers [77], and are associated with
higher risk of T2D [78,79] and CHD [80]. Consuming fructose from SSBs as a component of sucrose or
HFCS may further impact cardiometabolic risk. Fructose alone is poorly absorbed but is enhanced by
glucose in the gut, thus accounting for the rapid and complete absorption of both fructose and glucose
when ingested as sucrose or HFCS. Fructose, when consumed in moderate amounts, is metabolized
in the liver where it is converted to glucose, lactate, and fatty acids to serve as metabolic substrates
for other cells in the body [81]. When consumed in excess, this can lead to increased hepatic de novo
lipogenesis, atherogenic dyslipidemia, and insulin resistance. The increase in hepatic lipid promotes
production and secretion of very-low-density lipoproteins (VLDLs) leading to increased concentrations
of postprandial triglycerides. Consumption of fructose-containing sugars is associated with production
of small dense LDL cholesterol, which may be due to increased levels of VLDL-induced lipoprotein
remodeling [48,82]. Fructose was also shown to promote the accumulation of VAT and the deposition
of ectopic fat [83–86], processes indicative of cardiometabolic risk. Accumulating evidence suggests
that the metabolic effects of fructose may be modified by physical activity level with more adverse
effects observed under conditions of high fructose intake and low levels of physical activity [87].
According to this model, the adverse metabolic effects of fructose would occur when fructose intake
chronically exceeds the capacity of the liver to release lactate and glucose for muscle, i.e., when there is
a mismatch between fructose intake and energy output in the muscle. Fructose is the only sugar known
to increase production of uric acid [87]. The production of uric acid in the liver has been shown to
reduce endothelial nitric oxide, which may be implicated in the association between SSBs and CHD [88].
Hyperuricemia often precedes development of obesity and T2D, and clinical evidence suggests that
hyperuricemia may mediate the association between SSB consumption and hypertension through
the development of renal disease, endothelial dysfunction, and activation of the renin–angiotensin
system [88]. In addition, hyperuricemia is associated with the development of gout [45,46], and gout
and hyperuricemia are associated with hypertension, T2D, MetSyn, kidney disease, and CVD [88,89].
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Figure 3. Biological mechanisms linking intake of sugar-sweetened beverages (SSB) to the
development of obesity, metabolic syndrome (Met Syn), diabetes, and cardiovascular disease (CVD).
Incomplete compensation for liquid calories leads to obesity, which is a risk factor for cardiometabolic
outcomes. Increased diabetes, MetSyn, and CVD risk also occur independent of weight through
development of risk factors precipitated by adverse glycemic effects and increased fructose metabolism
in the liver. Excess fructose ingestion promotes hepatic uric acid production, de novo lipogenesis,
and accumulation of visceral and ectopic fat, and also leads to gout. HFCS = high-fructose corn syrup.

7. Alternative Beverages

Several beverages have been suggested as alternatives to SSBs including water, 100% fruit juice,
coffee, tea, and ASBs. Unlike SSBs, water does not contain liquid calories and, for most people with
access to safe drinking water, it is the optimal calorie-free beverage. We found that replacement of
one serving per day of SSBs with one serving of water was associated with less weight gain [90] and
a lower risk of T2D [91]. With more consumers opting for water, several types of sparkling and flavored
waters have emerged on the market, which may make switching to water more feasible for habitual
SSB consumers.

Although 100% fruit juice might be perceived as a healthy choice since juice contains some
vitamins and nutrients, they also contain a relatively high number of calories from natural sugars.
Previous cohort studies have found positive associations between consumption of fruit juice and
weight gain [92] and T2D [93], while the opposite has been shown for whole fruit [25,94]. Sugars in
juice are absorbed more quickly than those in fruit and vegetables, which are absorbed more slowly due
in part to their fiber content [95,96]. The rapid absorption of liquid fructose (from juice) compared to
solid forms is more likely to result in higher concentrations of fructose in the liver and increase the rate
of hepatic extraction of fructose, de novo lipogenesis, and production of lipids [97,98]. A recent study
in the REGARDS cohort found that fruit juice intake was associated with a higher risk of all-cause
mortality [62]. However, other studies have shown benefits of juice on cardiometabolic markers [92,99].
This suggests a need for further research that can evaluate different types of juice, since the nutrient
profile and sugar content across various juices may differ. Nonetheless, based on the current evidence,
it is recommended that daily intake of fruit juice be limited to 8 oz for adults.
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Numerous studies have shown that regular consumption of coffee (decaffeinated or regular) and
tea can have favorable effects on T2D and CVD risk [100,101], possibly due to their high polyphenol
content. These beverages can thus be considered healthful alternatives to SSBs for individuals without
contraindications, provided that caloric sweeteners and creamers are used sparingly, and that intake
does not exceed the guidelines for caffeine. We found that substituting one serving per day of SSBs
with one cup of coffee was associated with a 17% lower risk of T2D [102].

ASBs provide few to no calories but retain a sweet flavor, making them an attractive alternative to
SSBs. Paradoxically, some cohort studies have reported positive associations between ASB consumption
and weight gain and risk of T2D and CVD [32,36]. These findings may be due in part to residual
confounding by unmeasured or poorly measured lifestyle factors or reverse causation, since individuals
with obesity or metabolic risk may switch to ASBs for health reasons, which can result in spurious
associations between ASBs and cardiometabolic outcomes. Studies with repeated measurements of
diet, which are less prone to reverse causation, have shown only marginal nonsignificant associations
with ASBs [8,9,25,59,102]. Cohort-based substitution analysis has also shown inverse associations with
weight gain, T2D and mortality with replacement of SSBs with ASBs [59,90,91]. In addition, short-term
trials that assessed ASBs as a replacement for SSBs reported modest benefits on body weight and
metabolic risk factors [5,103]. On the other hand, some mechanisms have been proposed linking ASBs
to adverse cardiometabolic health such as the intense sweetness of artificial sweeteners conditioning
toward a preference for sweets or stimulating a cephalic insulin response, and more recently through
alterations in gut microflora linked to insulin resistance [104]. However, these mechanisms are not
well understood, and different types of artificial sweeteners may have different metabolic effects.

Consumption of ASBs in place of SSBs could be a helpful strategy to reduce cardiometabolic risk
among heavy SSB consumers with the ultimate goal of switching to water or other healthful beverages.
Further studies are needed to evaluate potential metabolic consequences of consuming ASBs over the
life course and better understand underlying biological mechanisms. Understanding potential health
impacts of ASB consumption is especially important in the context of sugar reduction policies such as
taxation and labeling, which may lead to product reformulation and more ASBs in the food supply.

8. Policy Considerations

In response to the strong evidence linking consumption of SSBs to weight gain and risk of T2D
and CVD, national and international organizations are already calling for reductions in intake of
these beverages to help curb obesity and improve cardiometabolic health [105]. Both the WHO and
2015–2020 US Dietary Guidelines recommend an upper limit of 10% of total energy from added
sugar, and numerous associations specifically recommend limiting intake of SSBs. In addition to
widespread public health recommendations, public policies are needed to change consumption
pattern at the population level (Box 1). The most common actions implemented to reduce SSB
consumption include taxation, reduction of availability in schools, restrictions on marketing to children,
public awareness campaigns, and front-of-package labelling [18,106]. Several cities in the US and
globally have implemented excise taxes on SSBs as a strategy to reduce intake levels and generate
revenue to support various public efforts. The most rigorously evaluated SSB tax to date is in Mexico,
where a nationwide excise tax of 10% (one peso per liter) was implemented in 2014. Two years after
the tax was implemented, a net decrease of 7.6% in sales of sugary drinks was observed, while sales
of untaxed beverages such as water increased by 2.1% [107]. It was estimated that, between 2013
to 2022, the tax alone will prevent nearly 200,000 cases of obesity and save $980 million in direct
healthcare costs, with the majority of benefits in young adults [108]. In Berkeley, California, the first
US city to levy a penny-per-ounce excise tax on SSBs, sales of SSBs fell 9.6%, while sales of untaxed
beverages, such as water and milk, increased 3.5%, comparing pre-tax to one-year-post-implementation
trends [109]. Whether these early benefits of the tax will continue over the long term and translate
into improvements in health will be important factors to monitor over time. In the US, the recently
revised nutrition facts label will now require manufacturers (compliance by 1 January2020 to 1 July
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2021, depending on annual food sales) to disclose the added sugar content of products, and will
be accompanied by a percent daily value, with a goal of helping consumers make healthier choices.
To achieve meaningful changes in beverage consumption patterns, a combination of multiple strategies
will be needed, together with consumer education, and will serve as important steps in changing social
norms surrounding beverage habits. Implementing and evaluating these policy actions in relation to
behavior changes in the short term and clinical outcomes in the long term should remain a priority for
scientists and policy-makers.

Box 1. Policy strategies to reduce consumption of sugar-sweetened beverages (SSBs).

• Governments should impose financial incentives such as taxation of SSBs of at 1east a 10% price increase,
and implement limits for use of Supplemental Nutrition Assistance Program (SNAP) benefits for SSBs or
subsidizing SNAP purchases of healthier foods, to encourage healthier beverages choices.

• Regulations are needed to reduce exposure to marketing of unhealthy foods and beverages in the media
and at sports events or other activities, particularly in relation to children.

• Front-of-package labelling or other nutrition labeling strategies should be implemented to help guide
consumers to make healthy food and beverage choices. These changes should be accompanied by concurrent
public health awareness campaigns.

• Policies should be adopted to reduce the availability of SSBs in the workplace, healthcare facilities,
government institutions, and other public spaces, and ensure access to safe water and healthy alternatives.
Policies that make healthful beverages the default choice should also be adopted.

• Educational campaigns about the health risks associated with overconsumption of SSBs should be aimed at
healthcare professionals and clinical populations.

• National and international campaigns targeting obesity and chronic disease prevention should include the
health risks associated with overconsumption of SSBs.

• National and international dietary recommendations should include specific guidelines for healthy
beverage consumption.

9. Conclusions

Intake of SSBs remains high in the US and is rising in many parts of the world. Based on findings
from prospective cohort studies and short-term experimental trials of cardiometabolic risk factors,
there is strong evidence for an etiological relationship between intake of SSBs and weight gain and
risk of T2D and CHD. The evidence for a link with stroke is less clear and warrants further research,
including the potential sex difference. Few studies have investigated intake of SSBs in relation to
MetSyn, and this may be due to challenges in assessment and controversy about its clinical utility.
However, findings on individual risk factors suggest a link. Since development of MetSyn often
precedes onset of T2D and CHD, preventing or reversing MetSyn could be an effective way to curtail
rising T2D and CHD rates.

SSBs are thought to promote weight gain through incomplete compensation for liquid calories
at subsequent meals. These beverages may increase T2D and CHD in part through weight gain and
independently through metabolic effects of constituent sugars. A mechanistic area that warrants future
research is exploring the health effects of sugar consumed in solid form compared to SSB, and further
elucidating compensatory effects of liquid vs. solid sugars. With the strength of evidence sufficient
to call for reductions in intake of SSB for optimal cardiometabolic health, important research gaps
exist regarding suitable alternative beverages, including the long-term health effects of consuming
ASBs. Continued evaluation of SSB policies that are already in place is needed, as are more and
higher-quality RCTs to identify effective strategies to reduce intake of SSBs at the individual and
population level. SSBs present a clear target for health policy; however, chronic disease prevention
should focus on improving overall diet quality by consuming more healthful foods and limiting
unhealthy ones. Given the high levels of intake across the globe, reducing consumption of SSBs is an
important step in improving diet quality that could have a measurable impact on weight control and
improving cardiometabolic health.

85



Nutrients 2019, 11, 1840

Author Contributions: Original draft preparation, V.S.M.; critical review and editing, F.B.H. Both authors
approved the submitted version and take responsibility for the accuracy and integrity of the work.

Funding: This research received no external funding.

Acknowledgments: This research was supported by NIH grants P30 DK46200 and HL607.

Conflicts of Interest: V.S.M. is on a pro bono retainer for expert support for the Center for Science in the Public
Interest in litigation related to sugar-sweetened beverages, and served as a consultant for the City of San Francisco
for a case related to health warning labels on soda. There are no other financial or personal conflicts of interest to
disclose that are related to the contents of this paper.

References

1. Alberti, K.G.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.C.; James, W.P.;
Loria, C.M.; Smith, S.C., Jr.; et al. Harmonizing the metabolic syndrome: A joint interim statement of
the International Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung,
and Blood Institute; American Heart Association; World Heart Federation; International Atherosclerosis
Society; and International Association for the Study of Obesity. Circulation 2009, 120, 1640–1645. [PubMed]

2. Beltran-Sanchez, H.; Harhay, M.O.; Harhay, M.M.; McElligott, S. Prevalence and trends of metabolic syndrome
in the adult U.S. population, 1999–2010. J. Am. Coll. Cardiol. 2013, 62, 697–703. [CrossRef] [PubMed]

3. Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12.
[CrossRef] [PubMed]

4. Palmer, M.K.; Toth, P.P. Trends in Lipids, Obesity, Metabolic Syndrome, and Diabetes Mellitus in the United
States: An NHANES Analysis (2003–2004 to 2013–2014). Obesity 2019, 27, 309–314. [CrossRef] [PubMed]

5. Malik, V.S.; Pan, A.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and weight gain in children and
adults: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2013, 98, 1084–1102. [CrossRef] [PubMed]

6. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and risk
of metabolic syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483. [CrossRef]
[PubMed]

7. Guideline: Sugar Intake for Adults and Children; World Health Organization: Geneva, Switzerland, 2015.
8. Fung, T.T.; Malik, V.; Rexrode, K.M.; Manson, J.E.; Willett, W.C.; Hu, F.B. Sweetened beverage consumption

and risk of coronary heart disease in women. Am. J. Clin. Nutr. 2009, 89, 1037–1042. [CrossRef]
9. De Koning, L.; Malik, V.S.; Kellogg, M.D.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Sweetened beverage consumption,

incident coronary heart disease, and biomarkers of risk in men. Circulation 2012, 125, 1735–1741. [CrossRef]
10. Narain, A.; Kwok, C.S.; Mamas, M.A. Soft drinks and sweetened beverages and the risk of cardiovascular

disease and mortality: A systematic review and meta-analysis. Int. J. Clin. Pract. 2016, 70, 791–805.
[CrossRef]

11. Huang, C.; Huang, J.; Tian, Y.; Yang, X.; Gu, D. Sugar sweetened beverages consumption and risk of coronary
heart disease: A meta-analysis of prospective studies. Atherosclerosis 2014, 234, 11–16. [CrossRef]

12. Keller, A.; Heitmann, B.L.; Olsen, N. Sugar-sweetened beverages, vascular risk factors and events:
A systematic literature review. Public Health Nutr. 2015, 18, 1145–1154. [CrossRef] [PubMed]

13. Welsh, J.A.; Sharma, A.J.; Grellinger, L.; Vos, M.B. Consumption of added sugars is decreasing in the
United States. Am. J. Clin. Nutr. 2011, 94, 726–734. [CrossRef] [PubMed]

14. Dietary Guidelines for Americans 2015–2020. Available online: http://health.gov/dietaryguidelines/2015/
guidelines/ (accessed on 7 August 2019).

15. Rosinger, A.; Herrick, K.; Gahche, J.; Park, S. Sugar-sweetened Beverage Consumption Among U.S. Adults,
2011–2014. NCHS Data Brief 2017, 270, 1–8.

16. Singh, G.M.; Micha, R.; Khatibzadeh, S.; Shi, P.; Lim, S.; Andrews, K.G.; Engell, R.E.; Ezzati, M.; Mozaffarian, D.;
Global Burden of Diseases Nutrition and Chronic Diseases Expert Group (NutriCoDE). Global, Regional,
and National Consumption of Sugar-Sweetened Beverages, Fruit Juices, and Milk: A Systematic Assessment
of Beverage Intake in 187 Countries. PLoS ONE 2015, 10, e0124845. [CrossRef] [PubMed]

17. Yang, L.; Bovet, P.; Liu, Y.; Zhao, M.; Ma, C.; Liang, Y.; Xi, B. Consumption of Carbonated Soft Drinks Among
Young Adolescents Aged 12 to 15 Years in 53 Low- and Middle-Income Countries. Am. J. Public Health
2017, 107, 1095–1100. [CrossRef] [PubMed]

86



Nutrients 2019, 11, 1840

18. Popkin, B.M.; Hawkes, C. Sweetening of the global diet, particularly beverages: Patterns, trends, and policy
responses. Lancet Diabetes Endocrinol. 2016, 4, 174–186. [CrossRef]

19. Hu, F.B.; Malik, V.S. Sugar-sweetened beverages and risk of obesity and type 2 diabetes:
Epidemiologic evidence. Physiol. Behav. 2010, 100, 47–54. [CrossRef]

20. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Hu, F.B. Sugar-sweetened beverages, obesity, type 2
diabetes mellitus, and cardiovascular disease risk. Circulation 2010, 121, 1356–1364. [CrossRef]

21. Malik, V.S.; Schulze, M.B.; Hu, F.B. Intake of sugar-sweetened beverages and weight gain: A systematic
review. Am. J. Clin. Nutr. 2006, 84, 274–288. [CrossRef]

22. Vartanian, L.R.; Schwartz, M.B.; Brownell, K.D. Effects of soft drink consumption on nutrition and health:
A systematic review and meta-analysis. Am. J. Public Health 2007, 97, 667–675. [CrossRef]

23. Te Morenga, L.; Mallard, S.; Mann, J. Dietary sugars and body weight: Systematic review and meta-analyses
of randomised controlled trials and cohort studies. BMJ 2013, 346, e7492. [CrossRef] [PubMed]

24. Kaiser, K.A.; Shikany, J.M.; Keating, K.D.; Allison, D.B. Will reducing sugar-sweetened beverage consumption
reduce obesity? Evidence supporting conjecture is strong, but evidence when testing effect is weak. Obes. Rev.
2013, 14, 620–633. [CrossRef] [PubMed]

25. Mozaffarian, D.; Hao, T.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Changes in diet and lifestyle and long-term
weight gain in women and men. N. Engl. J. Med. 2011, 364, 2392–2404. [CrossRef] [PubMed]

26. Qi, Q.; Chu, A.Y.; Kang, J.H.; Jensen, M.K.; Curhan, G.C.; Pasquale, L.R.; Ridker, P.M.; Hunter, D.J.;
Willett, W.C.; Rimm, E.B.; et al. Sugar-sweetened beverages and genetic risk of obesity. N. Engl. J. Med.
2012, 367, 1387–1396. [CrossRef] [PubMed]

27. Ebbeling, C.B.; Feldman, H.A.; Chomitz, V.R.; Antonelli, T.A.; Gortmaker, S.L.; Osganian, S.K.; Ludwig, D. A
randomized trial of sugar-sweetened beverages and adolescent body weight. N. Engl. J. Med. 2012, 367, 1407–1416.
[CrossRef] [PubMed]

28. De Ruyter, J.C.; Olthof, M.R.; Seidell, J.C.; Katan, M.B. A trial of sugar-free or sugar-sweetened beverages
and body weight in children. N. Engl. J. Med. 2012, 367, 1397–1406. [CrossRef] [PubMed]

29. Hu, F.B. Resolved: There is sufficient scientific evidence that decreasing sugar-sweetened beverage consumption will
reduce the prevalence of obesity and obesity-related diseases. Obes. Rev. 2013, 14, 606–619. [CrossRef]

30. Narain, A.; Kwok, C.S.; Mamas, M.A. Soft drink intake and the risk of metabolic syndrome: A systematic
review and meta-analysis. Int. J. Clin. Pract. 2017, 71, e12927. [CrossRef]

31. Mirmiran, P.; Yuzbashian, E.; Asghari, G.; Hosseinpour-Niazi, S.; Azizi, F. Consumption of sugar sweetened
beverage is associated with incidence of metabolic syndrome in Tehranian children and adolescents.
Nutr. Metab. 2015, 12, 25. [CrossRef]

32. Nettleton, J.A.; Lutsey, P.L.; Wang, Y.; Lima, J.A.; Michos, E.D.; Jacobs, D.R., Jr. Diet soda intake and risk
of incident metabolic syndrome and type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis (MESA).
Diabetes Care 2009, 32, 688–694. [CrossRef]

33. Dhingra, R.; Sullivan, L.; Jacques, P.F.; Wang, T.J.; Fox, C.S.; Meigs, J.B.; D’Agostino, R.B.; Gaziano, J.M.;
Vasan, R.S. Soft drink consumption and risk of developing cardiometabolic risk factors and the metabolic
syndrome in middle-aged adults in the community. Circulation 2007, 116, 480–488. [CrossRef] [PubMed]

34. Ferreira-Pego, C.; Babio, N.; Bes-Rastrollo, M.; Corella, D.; Estruch, R.; Ros, E.; Fitó, M.; Serra-Majem, L.;
Arós, F.; Fiol, M.; et al. Frequent Consumption of Sugar- and Artificially Sweetened Beverages and Natural
and Bottled Fruit Juices Is Associated with an Increased Risk of Metabolic Syndrome in a Mediterranean
Population at High Cardiovascular Disease Risk. J. Nutr. 2016, 146, 1528–1536. [PubMed]

35. Kang, Y.; Kim, J. Soft drink consumption is associated with increased incidence of the metabolic syndrome
only in women. Br. J. Nutr. 2017, 117, 315–324. [CrossRef] [PubMed]

36. Lutsey, P.L.; Steffen, L.M.; Stevens, J. Dietary intake and the development of the metabolic syndrome:
The Atherosclerosis Risk in Communities study. Circulation 2008, 117, 754–761. [CrossRef] [PubMed]

37. Duffey, K.J.; Gordon-Larsen, P.; Steffen, L.M.; Jacobs, D.R., Jr.; Popkin, B.M. Drinking caloric beverages
increases the risk of adverse cardiometabolic outcomes in the Coronary Artery Risk Development in Young
Adults (CARDIA) Study. Am. J. Clin. Nutr. 2010, 92, 954–959. [CrossRef] [PubMed]

38. Stern, D.; Middaugh, N.; Rice, M.S.; Laden, F.; Lopez-Ridaura, R.; Rosner, B.; Willett, W.; Lajous, M. Changes
in Sugar-Sweetened Soda Consumption, Weight, and Waist Circumference: 2-Year Cohort of Mexican
Women. Am. J. Public Health 2017, 107, 1801–1808. [CrossRef]

87



Nutrients 2019, 11, 1840

39. Funtikova, A.N.; Subirana, I.; Gomez, S.F.; Fito, M.; Elosua, R.; Benitez-Arciniega, A.A.; Schröder, H. Soft
drink consumption is positively associated with increased waist circumference and 10-year incidence of
abdominal obesity in Spanish adults. J. Nutr. 2015, 145, 328–334. [CrossRef]

40. Ma, J.; McKeown, N.M.; Hwang, S.J.; Hoffmann, U.; Jacques, P.F.; Fox, C.S. Sugar-Sweetened Beverage
Consumption Is Associated With Change of Visceral Adipose Tissue Over 6 Years of Follow-Up. Circulation
2016, 133, 370–377. [CrossRef]

41. Yu, Z.; Ley, S.H.; Sun, Q.; Hu, F.B.; Malik, V.S. Cross-sectional association between sugar-sweetened beverage
intake and cardiometabolic biomarkers in US women. Br. J. Nutr. 2018, 119, 570–580. [CrossRef]

42. Kim, Y.; Je, Y. Prospective association of sugar-sweetened and artificially sweetened beverage intake with
risk of hypertension. Arch. Cardiovasc. Dis. 2016, 109, 242–253. [CrossRef]

43. Jayalath, V.H.; de Souza, R.J.; Ha, V.; Mirrahimi, A.; Blanco-Mejia, S.; Di Buono, M.; Jenkins, A.L.; Leiter, L.A.;
Wolever, T.; Beyene, J.; et al. Sugar-sweetened beverage consumption and incident hypertension: A systematic
review and meta-analysis of prospective cohorts. Am. J. Clin. Nutr. 2015, 102, 914–921. [CrossRef] [PubMed]

44. Xi, B.; Huang, Y.; Reilly, K.H.; Li, S.; Zheng, R.; Barrio-Lopez, M.T.; Martinez-Gonzalez, M.A.; Zhou, D.
Sugar-sweetened beverages and risk of hypertension and CVD: A dose-response meta-analysis. Br. J. Nutr.
2015, 113, 709–717. [CrossRef] [PubMed]

45. Choi, H.K.; Curhan, G. Soft drinks, fructose consumption, and the risk of gout in men: Prospective cohort
study. BMJ 2008, 336, 309–312. [CrossRef] [PubMed]

46. Choi, H.K.; Willett, W.; Curhan, G. Fructose-rich beverages and risk of gout in women. JAMA 2010, 304, 2270–2278.
[CrossRef] [PubMed]

47. Te Morenga, L.A.; Howatson, A.J.; Jones, R.M.; Mann, J. Dietary sugars and cardiometabolic risk: Systematic
review and meta-analyses of randomized controlled trials of the effects on blood pressure and lipids. Am. J.
Clin. Nutr. 2014, 100, 65–79. [CrossRef] [PubMed]

48. Stanhope, K.L.; Medici, V.; Bremer, A.A.; Lee, V.; Lam, H.D.; Nunez, M.V.; Chen, G.X.; Keim, N.L.; Havel, P.J.
A dose-response study of consuming high-fructose corn syrup-sweetened beverages on lipid/lipoprotein
risk factors for cardiovascular disease in young adults. Am. J. Clin. Nutr. 2015, 101, 1144–1154. [CrossRef]

49. Bruun, J.M.; Maersk, M.; Belza, A.; Astrup, A.; Richelsen, B. Consumption of sucrose-sweetened soft drinks
increases plasma levels of uric acid in overweight and obese subjects: A 6-month randomised controlled
trial. Eur. J. Clin. Nutr. 2015, 69, 949–953. [CrossRef]

50. Raben, A.; Moller, B.K.; Flint, A.; Vasilaris, T.H.; Christina Moller, A.; Juul Holst, J.; Astrup, A. Increased
postprandial glycaemia, insulinemia, and lipidemia after 10 weeks’ sucrose-rich diet compared to an
artificially sweetened diet: A Randomised controlled trial. Food Nutr. Res. 2011, 55, 5961. [CrossRef]

51. Aeberli, I.; Gerber, P.A.; Hochuli, M.; Kohler, S.; Haile, S.R.; Gouni-Berthold, I.; Berthold, H.K.; Spinas, G.A.; Berneis, K.
Low to moderate sugar-sweetened beverage consumption impairs glucose and lipid metabolism and promotes
inflammation in healthy young men: A randomized controlled trial. Am. J. Clin. Nutr. 2011, 94, 479–485. [CrossRef]

52. Sorensen, L.B.; Raben, A.; Stender, S.; Astrup, A. Effect of sucrose on inflammatory markers in overweight
humans. Am. J. Clin. Nutr. 2005, 82, 421–427. [CrossRef]

53. Kuzma, J.N.; Cromer, G.; Hagman, D.K.; Breymeyer, K.L.; Roth, C.L.; Foster-Schubert, K.E.; Holte, S.E.;
Weigle, D.S.; Kratz, M. No differential effect of beverages sweetened with fructose, high-fructose corn syrup,
or glucose on systemic or adipose tissue inflammation in normal-weight to obese adults: A randomized
controlled trial. Am. J. Clin. Nutr. 2016, 104, 306–314. [CrossRef] [PubMed]

54. Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption of
sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2 diabetes:
Systematic review, meta-analysis, and estimation of population attributable fraction. Br. J. Sports Med.
2016, 50, 496–504. [CrossRef] [PubMed]

55. Fagherazzi, G.; Vilier, A.; Saes Sartorelli, D.; Lajous, M.; Balkau, B.; Clavel-Chapelon, F. Consumption of
artificially and sugar-sweetened beverages and incident type 2 diabetes in the Etude Epidemiologique aupres
des femmes de la Mutuelle Generale de l’Education Nationale-European Prospective Investigation into
Cancer and Nutrition cohort. Am. J. Clin. Nutr. 2013, 97, 517–523. [PubMed]

56. Consumption of sweet beverages and type 2 diabetes incidence in European adults: Results from
EPIC-InterAct. Diabetologia 2013, 56, 1520–1530. [CrossRef] [PubMed]

57. Stern, D.; Mazariegos, M.; Ortiz-Panozo, E.; Campos, H.; Malik, V.S.; Lajous, M.; López-Ridaura, R. Sugar-Sweetened
Soda Consumption Increases Diabetes Risk Among Mexican Women. J. Nutr. 2019, 149, 795–803. [CrossRef] [PubMed]

88



Nutrients 2019, 11, 1840

58. Gardener, H.; Moon, Y.P.; Rundek, T.; Elkind, M.S.V.; Sacco, R.L. Diet Soda and Sugar-Sweetened Soda Consumption
in Relation to Incident Diabetes in the Northern Manhattan Study. Curr. Dev. Nutr. 2018, 2, nzy008. [CrossRef]
[PubMed]

59. Malik, V.S.; Li, Y.; Pan, A.; De Koning, L.; Schernhammer, E.; Willett, W.C.; Hu, F.B. Long-Term Consumption
of Sugar-Sweetened and Artificially Sweetened Beverages and Risk of Mortality in US Adults. Circulation
2019, 139, 2113–2125. [CrossRef] [PubMed]

60. Yang, Q.; Zhang, Z.; Gregg, E.W.; Flanders, W.D.; Merritt, R.; Hu, F.B. Added Sugar Intake and Cardiovascular
Diseases Mortality Among US Adults. JAMA Intern Med. 2014, 174, 516–524. [CrossRef] [PubMed]

61. Micha, R.; Penalvo, J.L.; Cudhea, F.; Imamura, F.; Rehm, C.D.; Mozaffarian, D. Association Between Dietary Factors
and Mortality From Heart Disease, Stroke, and Type 2 Diabetes in the United States. JAMA 2017, 317, 912–924.
[CrossRef] [PubMed]

62. Collin, L.J.; Judd, S.; Safford, M.; Vaccarino, V.; Welsh, J.A. Association of Sugary Beverage Consumption With
Mortality Risk in US Adults: A Secondary Analysis of Data from the REGARDS Study. JAMA Netw. Open
2019, 2, e193121. [CrossRef] [PubMed]

63. Odegaard, A.O.; Koh, W.P.; Yuan, J.M.; Pereira, M.A. Beverage habits and mortality in Chinese adults. J. Nutr.
2015, 145, 595–604. [CrossRef] [PubMed]

64. Paganini-Hill, A.; Kawas, C.H.; Corrada, M.M. Non-alcoholic beverage and caffeine consumption and
mortality: The Leisure World Cohort Study. Prev. Med. 2007, 44, 305–310. [CrossRef] [PubMed]

65. Malik, V.S.; Hu, F.B. Sweeteners and Risk of Obesity and Type 2 Diabetes: The Role of Sugar-Sweetened
Beverages. Curr. Diab. Rep. 2012, 12, 195–203. [CrossRef] [PubMed]

66. DellaValle, D.M.; Roe, L.S.; Rolls, B.J. Does the consumption of caloric and non-caloric beverages with a meal
affect energy intake? Appetite 2005, 44, 187–193. [CrossRef] [PubMed]

67. Raben, A.; Vasilaras, T.H.; Moller, A.C.; Astrup, A. Sucrose compared with artificial sweeteners:
Different effects on ad libitum food intake and body weight after 10 wk of supplementation in overweight
subjects. Am. J. Clin. Nutr. 2002, 76, 721–729. [CrossRef] [PubMed]

68. Tordoff, M.G.; Alleva, A.M. Effect of drinking soda sweetened with aspartame or high-fructose corn syrup
on food intake and body weight. Am. J. Clin. Nutr. 1990, 51, 963–969. [CrossRef] [PubMed]

69. Reid, M.; Hammersley, R.; Hill, A.J.; Skidmore, P. Long-term dietary compensation for added sugar: Effects of
supplementary sucrose drinks over a 4-week period. Br. J. Nutr. 2007, 97, 193–203. [CrossRef]

70. DiMeglio, D.P.; Mattes, R.D. Liquid versus solid carbohydrate: Effects on food intake and body weight. Int. J.
Obes. Relat. Metab. Disord. 2000, 24, 794–800. [CrossRef]

71. Pan, A.; Hu, F.B. Effects of carbohydrates on satiety: Differences between liquid and solid food. Curr. Opin.
Clin. Nutr. Metab. Care 2011, 14, 385–390. [CrossRef]

72. Mourao, D.M.; Bressan, J.; Campbell, W.W.; Mattes, R.D. Effects of food form on appetite and energy intake
in lean and obese young adults. Int. J. Obes. 2007, 31, 1688–1695. [CrossRef]

73. Tey, S.L.; Salleh, N.B.; Henry, J.; Forde, C.G. Effects of aspartame-, monk fruit-, stevia- and sucrose-sweetened
beverages on postprandial glucose, insulin and energy intake. Int. J. Obes. 2017, 41, 450–457. [CrossRef]
[PubMed]

74. Solomi, L.; Rees, G.A.; Redfern, K.M. The acute effects of the non-nutritive sweeteners aspartame and
acesulfame-K in UK diet cola on glycaemic response. Int. J. Food Sci. Nutr. 2019, 1–7. [CrossRef] [PubMed]

75. Atkinson, F.S.; Foster-Powell, K.; Brand-Miller, J.C. International tables of glycemic index and glycemic load
values: 2008. Diabetes Care 2008, 31, 2281–2283. [CrossRef] [PubMed]

76. Ludwig, D.S. The glycemic index: Physiological mechanisms relating to obesity, diabetes, and cardiovascular
disease. JAMA 2002, 287, 2414–2423. [CrossRef] [PubMed]

77. Liu, S.; Manson, J.E.; Buring, J.E.; Stampfer, M.J.; Willett, W.C.; Ridker, P.M. Relation between a diet with
a high glycemic load and plasma concentrations of high-sensitivity C-reactive protein in middle-aged women.
Am. J. Clin. Nutr. 2002, 75, 492–498. [CrossRef] [PubMed]

78. Bhupathiraju, S.N.; Tobias, D.K.; Malik, V.S.; Pan, A.; Hruby, A.; Manson, J.E.; Willett, W.C.; Hu, F.B.
Glycemic index, glycemic load, and risk of type 2 diabetes: Results from 3 large US cohorts and an updated
meta-analysis. Am. J. Clin. Nutr. 2014, 100, 218–232. [CrossRef] [PubMed]

89



Nutrients 2019, 11, 1840

79. Livesey, G.; Taylor, R.; Livesey, H.F.; Buyken, A.E.; Jenkins, D.J.A.; Augustin, L.S.A.; Sievenpiper, J.L.;
Barclay, A.W.; Liu, S.; Wolever, T.M.S.; et al. Dietary Glycemic Index and Load and the Risk of Type 2 Diabetes:
A Systematic Review and Updated Meta-Analyses of Prospective Cohort Studies. Nutrients 2019, 11, 1280.
[CrossRef]

80. Livesey, G.; Livesey, H. Coronary Heart Disease and Dietary Carbohydrate, Glycemic Index, and Glycemic
Load: Dose-Response Meta-analyses of Prospective Cohort Studies. Mayo Clin. Proc. Innov. Qual. Outcomes
2019, 3, 52–69. [CrossRef]

81. Sun, S.Z.; Empie, M.W. Fructose metabolism in humans—What isotopic tracer studies tell us.
Nutr. Metab. (London) 2012, 9, 89. [CrossRef]

82. Goran, M.I.; Tappy, L.; Lê, K.A. Dietary Sugars and Health; CRC Press, Taylor & Francis Group: Boca Raton,
FL, USA, 2015.

83. Teff, K.L.; Grudziak, J.; Townsend, R.R.; Dunn, T.N.; Grant, R.W.; Adams, S.H.; Keim, N.L.; Cummings, B.P.;
Stanhope, K.L.; Havel, P.J. Endocrine and metabolic effects of consuming fructose- and glucose-sweetened
beverages with meals in obese men and women: Influence of insulin resistance on plasma triglyceride
responses. J. Clin. Endocrinol. Metab. 2009, 94, 1562–1569. [CrossRef]

84. Stanhope, K.L.; Schwarz, J.M.; Keim, N.L.; Griffen, S.C.; Bremer, A.A.; Graham, J.L.; Hatcher, B.; Cox, C.L.;
Dyachenko, A.; Zhang, W.; et al. Consuming fructose-sweetened, not glucose-sweetened, beverages increases
visceral adiposity and lipids and decreases insulin sensitivity in overweight/obese humans. J. Clin. Investig.
2009, 119, 1322–1334. [CrossRef] [PubMed]

85. Stanhope, K.L.; Griffen, S.C.; Bair, B.R.; Swarbrick, M.M.; Keim, N.L.; Havel, P.J. Twenty-four-hour
endocrine and metabolic profiles following consumption of high-fructose corn syrup-, sucrose-, fructose-,
and glucose-sweetened beverages with meals. Am. J. Clin. Nutr. 2008, 87, 1194–1203. [CrossRef] [PubMed]

86. Stanhope, K.L.; Havel, P.J. Endocrine and metabolic effects of consuming beverages sweetened with fructose,
glucose, sucrose, or high-fructose corn syrup. Am. J. Clin. Nutr. 2008, 88, 1733S–1737S. [CrossRef] [PubMed]

87. Tappy, L.; Rosset, R. Health outcomes of a high fructose intake: The importance of physical activity. J. Physiol.
2019, 597, 3561–3571. [CrossRef] [PubMed]

88. Richette, P.; Bardin, T. Gout. Lancet 2009. [CrossRef]
89. Nakagawa, T.; Tuttle, K.R.; Short, R.A.; Johnson, R.J. Hypothesis: Fructose-induced hyperuricemia as a causal

mechanism for the epidemic of the metabolic syndrome. Nat. Clin. Pract. Nephrol. 2005, 1, 80–86. [CrossRef]
[PubMed]

90. Pan, A.; Malik, V.S.; Hao, T.; Willett, W.C.; Mozaffarian, D.; Hu, F.B. Changes in water and beverage intake
and long-term weight changes: Results from three prospective cohort studies. Int. J. Obes. 2013, 37, 1378.
[CrossRef] [PubMed]

91. Pan, A.; Malik, V.S.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Plain-water intake and risk of type 2
diabetes in young and middle-aged women. Am. J. Clin. Nutr. 2012, 95, 1454–1460. [CrossRef] [PubMed]

92. Schulze, M.B.; Manson, J.E.; Ludwig, D.S.; Colditz, G.A.; Stampfer, M.J.; Willett, W.C.; Hu, F.B.
Sugar-sweetened beverages, weight gain, and incidence of type 2 diabetes in young and middle-aged
women. JAMA 2004, 292, 927–934. [CrossRef]

93. Bazzano, L.A.; Li, T.Y.; Joshipura, K.J.; Hu, F.B. Intake of fruit, vegetables, and fruit juices and risk of diabetes
in women. Diabetes Care 2008, 31, 1311–1317. [CrossRef]

94. Muraki, I.; Imamura, F.; Manson, J.E.; Hu, F.B.; Willett, W.C.; van Dam, R.M.; Sun, Q. Fruit consumption and
risk of type 2 diabetes: Results from three prospective longitudinal cohort studies. BMJ 2013, 347, f5001.
[CrossRef] [PubMed]

95. Ravn-Haren, G.; Dragsted, L.O.; Buch-Andersen, T.; Jensen, E.N.; Jensen, R.I.; Nemeth-Balogh, M.;
Paulovicsová, B.; Bergström, A.; Wilcks, A.; Licht, T.R.; et al. Intake of whole apples or clear apple
juice has contrasting effects on plasma lipids in healthy volunteers. Eur. J. Nutr. 2013, 52, 1875–1889.
[CrossRef] [PubMed]

96. Pepin, A.; Stanhope, K.L.; Imbeault, P. Are Fruit Juices Healthier Than Sugar-Sweetened Beverages? A Review.
Nutrients 2019, 11, 1006. [CrossRef] [PubMed]

97. Sundborn, G.; Thornley, S.; Merriman, T.R.; Lang, B.; King, C.; Lanaspa, M.A.; Johnson, R.J. Are Liquid
Sugars Different from Solid Sugar in Their Ability to Cause Metabolic Syndrome? Obesity 2019, 27, 879–887.
[CrossRef] [PubMed]

90



Nutrients 2019, 11, 1840

98. Lanaspa, M.A.; Sanchez-Lozada, L.G.; Choi, Y.J.; Cicerchi, C.; Kanbay, M.; Roncal-Jimenez, C.A.; Schreiner, G.
Uric acid induces hepatic steatosis by generation of mitochondrial oxidative stress: Potential role in
fructose-dependent and -independent fatty liver. J. Biol. Chem. 2012, 287, 40732–40744. [CrossRef] [PubMed]

99. Ghanim, H.; Mohanty, P.; Pathak, R.; Chaudhuri, A.; Sia, C.L.; Dandona, P. Orange juice or fructose intake does
not induce oxidative and inflammatory response. Diabetes Care 2007, 30, 1406–1411. [CrossRef] [PubMed]

100. Van Dam, R.M. Coffee consumption and risk of type 2 diabetes, cardiovascular diseases, and cancer.
Appl. Physiol. Nutr. Metab. 2008, 33, 1269–1283. [CrossRef]

101. Bhupathiraju, S.N.; Pan, A.; Malik, V.S.; Manson, J.E.; Willett, W.C.; van Dam, R.M.; Hu, F.B. Caffeinated and
caffeine-free beverages and risk of type 2 diabetes. Am. J. Clin. Nutr. 2013, 97, 155–166. [CrossRef]

102. De Koning, L.; Malik, V.S.; Rimm, E.B.; Willett, W.C.; Hu, F.B. Sugar-sweetened and artificially sweetened
beverage consumption and risk of type 2 diabetes in men. Am. J. Clin. Nutr. 2011, 93, 1321–1327. [CrossRef]

103. Malik, V.S. Non-sugar sweeteners and health. BMJ 2019, 364, k5005. [CrossRef]
104. Swithers, S.E. Not so Sweet Revenge: Unanticipated Consequences of High-Intensity Sweeteners. Behav. Anal.

2015, 38, 1–17. [CrossRef] [PubMed]
105. Yale Rudd Center for Food Policy and Obesity. SUgar-Sweetened Beverage Taxes and Sugar Intake: Policy

Statements, Endorsements, and Recommendations. Available online: http://www.yaleruddcenter.org/
resources/upload/docs/what/policy/SSBtaxes/SSBTaxStatements.pdf (accessed on 10 January 2013).

106. Muth, N.D.; Dietz, W.H.; Magge, S.N.; Johnson, R.K.; American Academy Of Pediatrics; Section On Obesity;
Committee On Nutrition; American Heart Association. Public Policies to Reduce Sugary Drink Consumption
in Children and Adolescents. Pediatrics 2019, 143, e20190282. [CrossRef] [PubMed]

107. Colchero, M.A.; Rivera-Dommarco, J.; Popkin, B.M.; Ng, S.W. In Mexico, Evidence Of Sustained Consumer
Response Two Years After Implementing A Sugar-Sweetened Beverage Tax. Health Aff. 2017, 36, 564–571.
[CrossRef] [PubMed]

108. Sanchez-Romero, L.M.; Penko, J.; Coxson, P.G.; Fernandez, A.; Mason, A.; Moran, A.E.; Ávila-Burgos, L.;
Odden, M.; Barquera, S.; Bibbins-Domingo, K. Projected Impact of Mexico’s Sugar-Sweetened Beverage Tax
Policy on Diabetes and Cardiovascular Disease: A Modeling Study. PLoS Med. 2016, 13, e1002158. [CrossRef]
[PubMed]

109. Silver, L.D.; Ng, S.W.; Ryan-Ibarra, S.; Taillie, L.S.; Induni, M.; Miles, D.R.; Poti, J.M.; Popkin, B.M. Changes
in prices, sales, consumer spending, and beverage consumption one year after a tax on sugar-sweetened
beverages in Berkeley, California, US: A before-and-after study. PLoS Med. 2017, 14, e1002283. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

91





nutrients

Communication

Dietary Fructose and the Metabolic Syndrome

Marja-Riitta Taskinen 1, Chris J Packard 2 and Jan Borén 3,*

1 Research Program for Clinical and Molecular Medicine Unit, Diabetes and Obesity, University of Helsinki,
00029 Helsinki, Finland

2 Institute of Cardiovascular and Medical Sciences, University of Glasgow, Glasgow G12 8QQ, UK
3 Department of Molecular and Clinical Medicine, University of Gothenburg and Sahlgrenska University

Hospital, 41345 Gothenburg, Sweden
* Correspondence: jan.boren@wlab.gu.se; Tel.: +46-733-764264

Received: 4 July 2019; Accepted: 8 August 2019; Published: 22 August 2019

Abstract: Consumption of fructose, the sweetest of all naturally occurring carbohydrates, has
increased dramatically in the last 40 years and is today commonly used commercially in soft drinks,
juice, and baked goods. These products comprise a large proportion of the modern diet, in particular in
children, adolescents, and young adults. A large body of evidence associate consumption of fructose
and other sugar-sweetened beverages with insulin resistance, intrahepatic lipid accumulation, and
hypertriglyceridemia. In the long term, these risk factors may contribute to the development of type
2 diabetes and cardiovascular diseases. Fructose is absorbed in the small intestine and metabolized in
the liver where it stimulates fructolysis, glycolysis, lipogenesis, and glucose production. This may
result in hypertriglyceridemia and fatty liver. Therefore, understanding the mechanisms underlying
intestinal and hepatic fructose metabolism is important. Here we review recent evidence linking
excessive fructose consumption to health risk markers and development of components of the
Metabolic Syndrome.

Keywords: fructose; metabolic syndrome; hypertriglyceridemia; metabolism

1. Introduction

Food patterns and diet have greatly changed during the last decades in both industrialized
and developing countries together with sedentary lifestyle resulting in dramatic increases of obesity,
Metabolic Syndrome (MetS), non-alcoholic fatty liver disease (NAFLD), and type 2 diabetes [1–4].
Importantly, the rapid increase in pediatric NAFLD has become the major concern globally [5,6].
As obesity is a driving force for NAFLD and type 2 diabetes, it is not surprising that the prevalence of
the MetS is high in both disorders.

The main component of dietary changes is not only lack of physical activity in face of extra calories,
but in particular increases of added sugar mainly in sugar sweetened beverages (SSBs). The common
sweeteners are sucrose (containing 50% saccharose and 50% fructose) and high fructose corn syrup
(containing up to 55% fructose). The consumption of SSBs, comprising fruit-flavored drinks and sport
and energy drinks, is the main source of added sugar. It accounts for about 15–17% of the total daily
energy intake in Western diets. Thus, it exceeds the recommended limit of 5% of added sugar (World
Health Organization’s guidelines 2018) [7]. Consequently, excess sugar consumption has become a
major public health problem particularly in children and teen-age populations globally. This menace
has initiated the call for the restriction of sugar consumptions [8].

There is substantial and consistent data evidence that exposure to excess fructose intake has
detrimental effects on multiple cardiometabolic risk factors [9–13]. In fact, fructose consumption is
considered to be a culprit in the MetS as a lipogenic compound that associates with excess ectopic
fat accumulation, particularly in the liver. This review will focus on the links between fructose
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consumption and the MetS, highlighting specifically effects of fructose on hepatic lipid homeostasis
and metabolism.

2. Metabolic Effects of Fructose Consumption

2.1. Fructose Metabolism in Enterocytes

Although fructose and glucose are both monosaccharides with closely similar formulas, their
metabolism pathways are divergent in both enterocytes and in hepatocytes [14–17]. Fructose absorption
is mainly mediated by glucose transporter 5 (GLUT-5), a fructose transporter expressed on the apical
border of enterocytes in the small intestine across the lumen in enterocytes (Figure 1) [17,18]. Fructose
trafficking from the enterocytes into the portal vein is partly also mediated by GLUT-2. Notably, a part
of fructose is metabolized in the cytosol by fructokinase, an enzyme that catalyzes the transfer of a
high-energy phosphate group to d-fructose. Notably, high flux of fructose into enterocytes induces
GLUT-5 expression. This mechanism may respond to excess chronic fructose intake by increasing the
capacity of the intestine for fructose absorption and transport to the liver. Thus, GLUT-5 activity is the
key regulator of fructose concentration in the portal vein.

Figure 1. Metabolism of fructose in the intestine and liver. Fructose is in the small intestine metabolized
by ketohexokinase (KHK) into fructose-1-phosphate (F-1-P) [19]. F-1-P is then cleaved by aldolase B
into dihydroxyacetone phosphate and glyceraldehyde. Glyceraldehyde is phosphorylated by triokinase
generating glyceraldehyde 3-phosphate (GAP). GAP and other triose phosphates are resynthesized
into glucose via gluconeogenesis or metabolized into lactate or acetyl-CoA, which are oxidized or
used for lipogenesis. In the liver, fructose activates the transcription factors carbohydrate-responsive
element-binding protein (ChREBP) and sterol regulatory element-binding transcription factor 1c
(SREBP1c) and their coactivator peroxisome proliferator-activated receptor-β (PGC1β) [16]. This results
in upregulation of pathways that stimulate fructolysis, glycolysis, lipogenesis, and glucose production.
Collectively, this results in increased hepatic glucose production, generation of lipid intermediates
that may affect hepatic insulin sensitivity, increased expression of APOC3 and increased secretion
of triglyceride-rich very-low density lipoproteins (VLDL). The increased APOC3 expression induces
increased plasma apoC-III, an inhibitor of lipoprotein lipase and hepatic clearance of lipoprotein
remnants [20]. This results in hypertriglyceridemia and accumulation of atherogenic triglyceride-rich
lipoprotein (TRL) remnants.
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Carbohydrate response element binding protein (ChREBP), a transcription factor responding to
sugar intake, is recognized to be a key regulator of hepatic carbohydrate and lipid metabolism [21,22].
Recent data highlight the role of ChREBP in enterocytes as a regulator of intestinal GLUT-5
expression [19,23]. Interestingly, chronic fructose feeding in hamsters enhances lipid synthesis in
enterocytes, resulting in increased synthesis of apoB48 and release of intestinal-derived chylomicrons,
likely by activation of ChREBP and GLUT-5 [24]. In contrast, ChREBP-deficient mice fed a high
fructose diet are reported to be fructose intolerant due to impaired fructose absorption and decreased
expression of GLUT-5 [19]. These data highlight the role of intestinal ChREBP for fructose-induced
impaired metabolism.

The liver is considered to be the major organ for fructose metabolism [16,25–27]. Plasma concentration
of fructose are increased only trivially after fructose intake in humans as first pass metabolism by liver
covers about 80–90% of the fructose load. Recently, this concept has been challenged by studies in mice
utilizing isotope tracers and mass spectrometry [28]. The key finding suggests that the small intestine
may be the major site for dietary fructose metabolism instead of the liver. Notably, the intestinal
fructose metabolism seems to be a saturable process that allows high doses of dietary fructose to
pass to the liver. The handling of dietary fructose in humans may be different due to the relatively
smaller gut in humans than in mice [29]. This is supported by studies in healthy volunteers with
stable isotope-labelled fructose to study the initial metabolism of ingested fructose [30]. The amount
of dietary fructose escaping the splanchnic extraction averaged only about 14.5% and the first-pass
extraction was 85.5%.

A study in healthy males (n = 7) demonstrated that fructose combined with Intralipid infusion
(consisting of 10% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin, and water) resulted
in increased apoB48 production rate without any altered catabolism of chylomicrons [31]. Recently,
we reported that in abdominally obese men, fructose consumption (75 g/per day served as fructose
sweetened beverage) for 12 weeks increased postprandial responses of both plasma triglycerides and
apoB48 to a fat rich meal [32]. How changes in fructose absorption and metabolism in enterocyte
influence intestinal lipogenesis, reflected in handling of dietary fats and postprandial lipemia, remains
to be established in future kinetic studies in humans as direct extrapolation from animal studies may
be misleading.

2.2. Fructose Metabolism in the Liver

Hepatic fructose and glucose metabolism occurs via divergent pathways with consequences on
hepatic lipid handling and insulin sensitivity reflected in metabolic diseases [15,27,33]. Fructose uptake
from portal circulation into liver is mediated by GLUT2 via first pass metabolism by phosphorylation
of fructose to fructose-1-phosphate, that is further metabolized to dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate. Notably only a small part of ingested fructose ends up in the circulation
in contrast to glucose. These initial steps in fructose metabolism seem to be unregulated and bypass
the hormonal control in contrast to the strictly regulated glucose uptake and glycolysis in the liver
where insulin plays a central role. Glyceraldehyde 3-phosphate and other triose phosphate compounds
derived from fructolysis are directed to the formation of pyruvate and acetyl-CoA and to lipogenesis.
Consequently, fructose has effects on both glucose homeostasis and lipogenesis the partitioning
depending on cellular energy needs [34].

2.3. Evidence Linking Fructose Intake to Non-Alcoholic Fatty Liver Disease (NAFLD) and to Increased
Cardiometabolic Risk

The heterogeneity of obesity and its consequences on cardiometabolic risk has been addressed in
several outstanding recent reviews that have recognized the importance of body fat distribution, in
particular the ectopic fat in the liver as the critical link to cardiometabolic health [25,35–40]. The central
role of non-alcoholic fatty liver disease (NAFLD) as the source for multiple cardiometabolic risk factors
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has raised the questions how the liver can handle extra influx of lipids and the consequences on
lipoprotein metabolism and ultimately vascular health [9,10,13,41].

2.4. Effects of Fructose on Hepatic De Novo Lipogenesis

The hallmark of NAFLD is hepatic triglyceride accumulation. The disease develops when the
influx of lipid into the liver (from circulating non-esterified fatty acids, diet-derived chylomicrons, and
hepatic de novo lipogenesis(DNL)) exceeds hepatic lipid disposal (via β-oxidation in mitochondria and
triglyceride secretion as lipoprotein particles) [42]. In the past decade, we have seen a remarkable
increase in NAFLD [43–45]. It is already the most common cause of chronic liver disease in Western
countries and may soon achieve this status in the rest of the world.

Accumulating evidence indicates that increased hepatic DNL is a significant pathway contributing
to the development of NAFLD [6,46]. Dietary carbohydrates, in particular, fructose, have been shown
to stimulate DNL and increase liver fat, although it is still debated whether this is due to excess energy
or fructose per se [46]. Studies in humans are lacking but a comparison between fructose and glucose
supplementation in rats for two months showed that, although total caloric consumption was higher
in glucose-supplemented rats, fructose caused worse metabolic responses [47].

DNL is a highly regulated pathway, dependent upon several steps, in which key enzymes involved
are upregulated in NAFLD [48–50]. Importantly, dietary fructose further increases levels of enzymes
involved in DNL as fructose is absorbed via portal vein and delivered to the liver in much higher
concentrations as compared to other tissues. Interestingly, in contrast to metabolism of glucose, the
breakdown of fructose leads to the generation of metabolites that stimulate hepatic DNL [51–53].

Fructose drives lipogenesis in the setting of insulin resistance as fructose does not require
insulin for its metabolism, and it directly stimulates sterol regulatory element-binding protein 1
(SREBP-1c), a major transcriptional regulator of DNL (Figure 1) [54]. Fructose also promotes hepatic
DNL and lipid accumulation by suppressing hepatic β-oxidation and by inducing promotes ER
stress and uric acid formation (see below). High-fructose feeding has also been shown to increase
hepatic expression of ChREBP, a lipogenic transcription factor of carbohydrate metabolism and DNL.
ChREBP regulates fructose-induced glucose production independently of insulin signaling [22], and the
fructose-induced increases in circulating fibroblast growth factor 21 (FGF21) [55]. The fructose-induced
FGF21 feeds back on the liver to enhance further ChREBP activity and hepatic DNL and VLDL
secretion [55]. Consequently, circulating FGF21 levels correlate with rates of de novo lipogenesis in
human subjects [55]. FGF21 has also been implemented in a signaling axis regulating carbohydrate
consumption [11,16,27,33,46,56].

Despite convincing evidence in animals, whether fructose consumption increases DNL in humans
to the extent that it induces metabolic disturbances has been more controversial [57]. However,
Stanhope et al. reported that 10 weeks overfeeding of fructose (but not glucose), increased DNL (from
11% to 17%) [58]. Other studies have reported that a high fructose diet increased fasting DNL from 2%
to 9% [59], and that fructose (75 g/day), served with their habitual diet over 12 weeks to abdominally
obese men resulted in significant increases in DNL in both the fasting state (12.3% to 16.5%) and 4 to
8 h postprandially [32,60]. In line, 9 days of isocaloric fructose restriction in the context of an otherwise
normal diet led to significant decreased DNL in 37 out of 40 children with obesity [61].

2.5. Clinical Evidence That Fructose Consumption Is Leading to Non-Alcoholic Fatty Liver Disease (NAFLD)

As fructose is recognized to be a lipogenic sugar, its contribution to the pathogenesis of NAFLD
has been the focus of intensive research for more than a decade [16,27,33,54,58,62]. The ongoing interest
is stimulated by the huge global burden of NAFLD as the potential driver of CVD and its clinical
manifestations [11,15,16,63–65].

Although accumulated evidence has demonstrated a strong link between fructose consumption
and NAFLD it is still unclear if the association is caused by fructose consumption per se, or by the
increased energy intake [66]. An important reason for this is the technological problems associated with
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measuring liver fat content. Accurate non-invasively measurements of liver fat content require advanced
equipment like magnetic resonance imaging and spectroscopy [66–69]. Notably, these technologies
allow both quantitation and characterization of hepatic lipids [69,70]. NAFLD is commonly define as
>5.5% hepatic fat fraction as determined by MRI [71].

Mot studies focusing on the association between fructose or saccharose overfeeding and liver
fat steatosis (quantitated by MRI), have been performed in healthy or obese men [58,72–79]. Many of
these studies have been positive [58,72–79]. For example, daily intake of one liter regular cola for
6 months in overweight subjects (n = 10) was shown to associate with significant increases of liver
fat measured by MRI, but without significant changes of BMI or total fat mass [80]. However, many
studies have also been negative [81–83].

Reasons for the different outcome from these earlier studies are the relatively smaller study
cohorts, variable and short-duration less than 7 days) study designs, and differing doses of fructose.
Despite these weaknesses, many studies seem to indicate that hypercaloric fructose feeding increases
liver fat content and that this response is aggravated in obese subjects. For example, Ma et al. reported
that the regular consumption of SSBs in overweight and obese subjects from the Framingham cohort
(n = 2634) was associated with increases of liver fat content quantitated by computed tomography [84].

In line, we recently reported that fructose consumption (75 g/day as fructose sweetened beverage)
for 12 weeks in abdominally obese men with cardiometabolic risk factors, significantly increased liver
fat content measured by MRI despite relative low increases in weight and waist circumferences [32].
The study subjects were served their habitual diet with add on fructose feeding resulting in hypercaloric
set up that also occurs in the real world with SSB intake [32].

Despite this study design, the average increase of liver fat content was modest (10%) in face of no
significant change in visceral or subcutaneous fat depots and there was high variation in the response
liver fat content. To better understand this variation, we genotyped all individuals for carrier status of
the major risk alleles for hepatic steatosis; PNPLA3, TN6SF2, and MBOAT7. Results showed that the
number of risk alleles associated with increased liver fat at the baseline. However, individuals without
and with risk allele did not have differences in the response of liver fat during fructose feeding. In line
with this, two other studies have confirmed increases of liver fat content during carbohydrate (simple
sugars) overfeeding on hypercaloric diet for 3 weeks in overweight and obese subjects [85,86].

The key metabolic and mechanistic issues of fructose consumption has been studied during a
nine days isocaloric feeding study (fructose restriction to less than 4% of calories) in obese children
(n = 40) with MetS and a high habitual sugar consumption (>50 g/day) [61,87,88]. The metabolic
assessment was extensive utilizing magnetic resonance imaging and stable isotope technology for DNL
in addition to extensive biomarker platform. The first important message is that the dietary fructose
restriction was associated with significant reductions of liver (from 7.2% to 3.8%, p < 0.001) and visceral
fat content (from 123 cm3 to 110 cm3, p < 0.001). Notably, the reduction of liver fat content was not
related to the baseline liver fat content. The diet intervention was also associated with a significant
decrease of DNL and an improved lipoprotein profile. In addition, significant improvements were
observed in biomarkers of insulin resistance and glucose metabolism. The authors also elucidated the
impact of the diet intervention on the methylglyoxal (MG) pathway [15,63,89–91], and surprisingly
found that fructose restriction associated with marked reduction of D-lactate, a biomarker of MG
metabolism. This change of D-lactate correlated with reduction of liver fat content and DNL [88].
These observations open a new perspective of the adverse metabolic effects of excess fructose intake.

Thus, accumulating evidence supports the fact that fructose is an important mediator for the
development of NAFLD and a main driver for DNL [64]. Indeed, this concept is supported by a recent
meta-analysis including 6326 participants and 1361 cases with NAFLD [92]. However, it is still debated
whether fructose, when consumed in isocaloric amounts, causes more liver fat accumulation than other
energy-dense nutrients [93].

Kirk et al. investigated the effects of acute and chronic calorie restriction with either a low-fat,
high-carbohydrate (>180 g/day) diet or a low-carbohydrate (<50 g/day) diet on hepatic and skeletal
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muscle insulin sensitivity in 22 obese subjects [94]. Interestingly, the low-carbohydrate diet lowered
the hepatic lipids within 48 h by 30% (compared to ~10% in the low-fat, high-carbohydrate group).
The mechanism for the rapid clearance of liver fat was not elucidated. After approximately 11 weeks
(7% weight loss) a similar marked reduction of liver fat content was seen in both groups (38% vs. 44%).
These results show that liver fat content is highly dynamic in response to energy balance and sugar
intake. However, it is still debated whether a low-carbohydrate hypocaloric diet is more efficient than
a low-fat hypocaloric diet in reducing intrahepatic lipid accumulation.

Haufe et al. compared the 6 months responses of a low-carbohydrate hypocaloric or a low-fat
hypocaloric diet on intrahepatic lipid accumulation in overweight/obese subjects (n = 84 to 86 in
each group) [95]. Results showed that both diets had the same beneficial effects on intrahepatic lipid
accumulation, weight loss and insulin resistance. The decrease in intrahepatic fat was independent
of visceral fat loss and not associated with changes in whole body insulin sensitivity. Interestingly,
subjects with high baseline intrahepatic lipids (>5.6%) lost ≈ 7-fold more liver fat compared with those
with low baseline values irrespective of the prolonged hypocaloric diet.

2.6. Effects of Fructose on Uric Acid Metabolism and MG (Methyl Glyoxal) Pathways

The role of fructose as a potential source of uric acid was recognized decades ago [96]. The rapid
phosphorylation of fructose to fructose-1-phospate not only increases the fluxes of trioses for lipogenesis,
but also depletes ATP stores leading to the degradation of AMP, resulting in increased generation
of uric acid via purine pathway. Importantly, fructose seems to be the only carbohydrate that can
generate uric acid. Cellular depletion of ATP has several adverse consequences on energy metabolism
including increased ER stress and mitochondrial dysfunction [64]. ER stress has been linked to many
metabolic diseases including NAFLD [97] and can be induced by a range of condition such as high
protein demand, viral infection, mutant protein expression, hypoxia, energy deprivation, or exposure
to excessive oxidative stress including ATP depletion [97–99]. The ER stress triggers an adaptive
signaling pathway known as the Unfolded Protein Response (UPR) to restore normal ER function.
If the UPR fail to restore normal ER function, the UPR aims towards apoptosis [97–99]. A sustained
chronic UPR response may worsen the pathophysiological condition by inducing lipotoxicity, insulin
resistance, inflammation, and apoptotic cell death [97–99].

ER stress activates the transcription factor X-box binding protein 1 (XBP1s), a key regulator of
the unfolded protein response. Interestingly, XBP1 also regulates hepatic fatty acid synthesis [100].
Mitochondrial oxidative stress results in enhanced generation of citrate and acetyl coenzyme A
AcCoA [101–103], two metabolites that stimulate lipogenesis. This may explain why fructose is
lipogenic [16,104]. An additional nexus is that increased triose flux enhance the generation of methyl
glyoxal (MG) and dicarbonyl stress. A key crossroad step is the inactivation of AMPK by MG and
consequences on energy metabolism. This is a novel pathway linked to excess fructose intake and
its metabolic relevance remains to be clarified [15]. In summary, fructose seems to influence multiple
metabolic pathways in the liver that results in enhanced lipogenesis, generation of uric acid, ER stress,
and inflammation. The association between uric acid and insulin resistance [105], raised the interest
of uric acid as a potential biomarker in the Metabolic Syndrome [105]. Indeed, several studies have
established that serum uric acid is a risk factor for the Metabolic Syndrome [106–113].

Substantial evidence suggest that uric acid also associates with NAFLD [114–117]. Several studies
have reported that serum uric acid levels are higher in subjects with NAFLD than in those without
NAFLD [64,118,119]. Importantly, hyperuricemia seems to associate with NAFLD independently of
other features of the MetS and these associations are independent on body weight [120]. Thus, uric
acid belongs to the cluster of biomarkers in Metabolic Syndrome and NAFLD.

Can excess intake of fructose and SSBs result in the elevation of plasma uric acid concentrations?
Indeed, numerous studies have found an association between fructose/SSBs intake and uric acid
levels [27,54,64,118,121,122]. For example, two large prospective cohort studies including American
men (n = 46,393) or American women (n = 78,906) showed strong associations between consumption
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of SBBs and hyperuricemia [123,124]. Similar positive associations between SSBs intake and serum
uric acid concentrations have been observed in Korean, Mexican, and Brazilian populations [125–127].
Likewise, in an adolescents cohort (n = 4867 aged 12 to 18 years) consumption of SSBs associated with
higher serum uric acid and also higher systolic blood pressure [128].

So far, data from RCTs on fructose feeding trials have remained limited. Fructose feeding associated
with increased uric acid in three smaller intervention studies [72,129,130]. Weaknesses of the study
protocol are that the design and duration of feeding trials, as well as study cohorts, are highly variable.
Unfortunately, data from available meta-analyses are not consistent. One meta-analysis reported
that fructose intake as an apart of isocaloric diet did not raise uric acid levels but signaled that the
hypercaloric intake of fructose may raise uric acid [131]. Although hyperuricemia is highly prevalent
in patients with NAFLD and Met Syndrome, its clinical relevance remains debated. Recent French
recommendations for sugar intake concluded that long-term consequences of potential small increases
of uric acid by fructose/sugar intake remain insufficient [132], likewise critical analysis of the available
data left open the casual link between fructose intake and hyperuricemia [133,134].

2.7. Consequences of Increased Lipid Synthesis to Very Low-Density Lipoproteins (VLDL) Metabolism and
Release—Effects on Plasma Lipids, Lipoproteins, and Apolipoproteins

The association of blood lipid levels and consumption of added sugars was studied in the adult
population in the National Health and Nutrition Examination Survey (NHANES) (n = 6113) [135].
In this American cross-sectional study higher fructose consumers had more unfavorable lipid levels,
namely significantly lower HDL cholesterol, higher triglycerides, and a high ratio of triglycerides
to high density lipoproteins (HDL), whereas women also had higher low-density lipoprotein (LDL)
cholesterol levels. Likewise, in the Framingham study, daily soft drink consumers had higher incidence
of elevated triglycerides and low HDL cholesterol than non-consumers (relative risk: 1.22 and 1.22,
respectively) [136].

Several studies have consistently reported increased responses of fasting and postprandial
triglyceride levels and 24 h. profiles to short term feeding of fructose as compared to glucose in both
lean and obese subjects [8,53]. These perturbations directly lead to other lipid abnormalities including
elevation of apoB levels, accumulation of small dense LDL, and increased remnant lipoproteins,
combined with reduced HDL cholesterol which all are components of the atherogenic lipid triad,
a strong risk factor for CVD. Interestingly, the deleterious effect of fructose on lipid metabolism is directly
linked to the daily intake; a fructose intake >50 g/day is associated with postprandial hyperlipemia
whereas intake above 100 g/day also results in elevation of fasting serum triglycerides [137]. Collectively,
these results clearly show that fructose intake is directly linked to an atherogenic dyslipidemia.

The recent increased focus on plasma triglycerides and postprandial hyperlipidemia not only as
markers but also as causal drivers of CVD has partly been driven by improved understanding of the
biology and genetics of triglyceride heritability. Of particular interest is APOC3, which has emerged as
a novel therapeutic target to reduce dyslipidemia and CVD risk [20,138–140]. Interestingly, fructose
feeding is linked to a significant rise of plasma apoC-III levels (Figure 1) [32,141].

2.8. Interactions between Fructose Consumption and Changes in Gut Microbiota

High consumption of fructose, artificial sweeteners, and sugar alcohols have been shown to affect
host-gastrointestinal microbe interactions and possibly contribute to the development of metabolic
disorders and obesity. Multiple studies have also reported fructose as a critical factor contributing
to NAFLD progression by modulating intestinal microbiota (see review [142]). Gut microbiota
interacts with its host, and influences both the energy homeostasis and the immunity of the host [142].
Shifts in this composition can result in alterations of the symbiotic relationship, which can promote
metabolic diseases [143]. Indeed, the microbial composition have been shown to differ between healthy
individuals and NAFLD patients [144], and a diet enriched in fructose not only induced NAFLD
but also negatively affected the gut barrier and the microbiota composition, leading to impaired
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microbiota [145]. The underlying mechanisms are complex and still unclear, but Oh et al. recently
showed that dietary fructose activates the Ack-pathway, involved in generating acetic acid, which in
turn triggers the bacterial stress response that promotes phage production [146]. Thus, prophages in
a gut symbiont can be induced by diet and metabolites affected by diet, which provides a potential
mechanistic explanation for the effects of diet on the intestinal phage community [147].

The complex interaction between dietary carbohydrates and gut microbiota was recently
demonstrated in a two-week intervention with an isocaloric low-carbohydrate diet in obese subjects
with NAFLD [148]. The authors observed rapid and marked reductions of liver fat paralleled by
marked decreases in hepatic DNL and increases in hepatic β-oxidation. Interestingly, the marked
reduction in cardiometabolic risk factors paralleled with rapid increases in the folate-producing gut
microbiota Streptococcus, serum folate concentrations, and hepatic one-carbon metabolism.

3. Conclusions

Consistent data evidence that excess fructose intake as a central component of unhealthy lifestyle
has detrimental effects on multiple cardiovascular risk factors. Consequently, it is not surprising that
links between fructose consumption with MetS and NAFLD are strong. Fructose is a lipogenic sugar
as it increases hepatic de novo lipogenesis in the liver through several metabolic pathways resulting
in a vicious circle that further aggravates DNL. Increased DNL favors excess fat accumulation in the
liver, being a driving force for increased secretion of VLDL particles leading to the atherogenic lipid
profile and other metabolic derangements associated with CVD risk. The global health burden of MetS
together with NAFLD is growing rapidly, sweeping across the world. It is clear that added sugars
have become a threat to cardiometabolic health. These facts call for the restriction of dietary sugars,
especially SSB consumption to limit fructose intake to achieve better cardiometabolic health.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. GBD 2015 Obesity Collaborators; Afshin, A.; Forouzanfar, M.H.; Reitsma, M.B.; Sur, P.; Estep, K.; Lee, A.;
Marczak, L.; Mokdad, A.H.; Moradi-Lakeh, M.; et al. Health Effects of Overweight and Obesity in 195
Countries over 25 Years. N. Engl. J. Med. 2017, 377, 13–27. [CrossRef] [PubMed]

2. Bluher, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288–298.
[CrossRef] [PubMed]

3. Malik, V.S.; Li, Y.; Pan, A.; De Koning, L.; Schernhammer, E.; Willett, W.C.; Hu, F.B. Long-Term Consumption
of Sugar-Sweetened and Artificially Sweetened Beverages and Risk of Mortality in US Adults. Circulation
2019. [CrossRef] [PubMed]

4. Younossi, Z.M. Non-alcoholic fatty liver disease—A global public health perspective. J. Hepatol. 2019, 70,
531–544. [CrossRef] [PubMed]

5. Vos, M.B.; Abrams, S.H.; Barlow, S.E.; Caprio, S.; Daniels, S.R.; Kohli, R.; Mouzaki, M.; Sathya, P.;
Schwimmer, J.B.; Sundaram, S.S.; et al. NASPGHAN Clinical Practice Guideline for the Diagnosis and
Treatment of Nonalcoholic Fatty Liver Disease in Children: Recommendations from the Expert Committee on
NAFLD (ECON) and the North American Society of Pediatric Gastroenterology, Hepatology and Nutrition
(NASPGHAN). J. Pediatr. Gastroenterol. Nutr. 2017, 64, 319–334. [CrossRef] [PubMed]

6. Younossi, Z.; Tacke, F.; Arrese, M.; Chander Sharma, B.; Mostafa, I.; Bugianesi, E.; Wai-Sun Wong, V.;
Yilmaz, Y.; George, J.; Fan, J.; et al. Global Perspectives on Nonalcoholic Fatty Liver Disease and Nonalcoholic
Steatohepatitis. Hepatology 2019, 69, 2672–2682. [CrossRef] [PubMed]

7. Powell, E.S.; Smith-Taillie, L.P.; Popkin, B.M. Added Sugars Intake Across the Distribution of US Children
and Adult Consumers: 1977–2012. J. Acad. Nutr. Diet. 2016, 116, 1543–1550. [CrossRef] [PubMed]

8. Johnson, R.K.; Lichtenstein, A.H.; Anderson, C.A.M.; Carson, J.A.; Despres, J.P.; Hu, F.B.; Kris-Etherton, P.M.;
Otten, J.J.; Towfighi, A.; Wylie-Rosett, J.; et al. Low-Calorie Sweetened Beverages and Cardiometabolic Health:
A Science Advisory From the American Heart Association. Circulation 2018, 138, e126–e140. [CrossRef] [PubMed]

100



Nutrients 2019, 11, 1987

9. Lim, S.; Taskinen, M.R.; Boren, J. Crosstalk between nonalcoholic fatty liver disease and cardiometabolic
syndrome. Obes. Rev. 2019, 20, 599–611. [CrossRef]

10. Santos, R.D.; Valenti, L.; Romeo, S. Does nonalcoholic fatty liver disease cause cardiovascular disease?
Current knowledge and gaps. Atherosclerosis 2019, 282, 110–120. [CrossRef]

11. Mirtschink, P.; Jang, C.; Arany, Z.; Krek, W. Fructose metabolism, cardiometabolic risk, and the epidemic of
coronary artery disease. Eur. Heart J. 2018, 39, 2497–2505. [CrossRef] [PubMed]

12. Stanhope, K.L.; Goran, M.I.; Bosy-Westphal, A.; King, J.C.; Schmidt, L.A.; Schwarz, J.M.; Stice, E.;
Sylvetsky, A.C.; Turnbaugh, P.J.; Bray, G.A.; et al. Pathways and mechanisms linking dietary components to
cardiometabolic disease: Thinking beyond calories. Obes. Rev. 2018, 19, 1205–1235. [CrossRef] [PubMed]

13. Stahl, E.P.; Dhindsa, D.S.; Lee, S.K.; Sandesara, P.B.; Chalasani, N.P.; Sperling, L.S. Nonalcoholic Fatty Liver
Disease and the Heart: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 948–963. [CrossRef]
[PubMed]

14. Ferraris, R.P.; Choe, J.Y.; Patel, C.R. Intestinal Absorption of Fructose. Annu. Rev. Nutr. 2018, 38, 41–67.
[CrossRef] [PubMed]

15. Mortera, R.R.; Bains, Y.; Gugliucci, A. Fructose at the crossroads of the metabolic syndrome and obesity
epidemics. Front. Biosci. (Landmark Ed.) 2019, 24, 186–211.

16. Hannou, S.A.; Haslam, D.E.; McKeown, N.M.; Herman, M.A. Fructose metabolism and metabolic disease.
J. Clin. Investig. 2018, 128, 545–555. [CrossRef]

17. Hoffman, S.; Alvares, D.; Adeli, K. Intestinal lipogenesis: How carbs turn on triglyceride production in the
gut. Curr. Opin. Clin. Nutr. Metab. Care 2019, 22, 284–288. [CrossRef]

18. Patel, C.; Douard, V.; Yu, S.; Gao, N.; Ferraris, R.P. Transport, metabolism, and endosomal trafficking-dependent
regulation of intestinal fructose absorption. FASEB J. 2015, 29, 4046–4058. [CrossRef]

19. Lee, H.J.; Cha, J.Y. Recent insights into the role of ChREBP in intestinal fructose absorption and metabolism.
BMB Rep. 2018, 51, 429–436. [CrossRef]

20. Taskinen, M.R.; Packard, C.J.; Boren, J. Emerging Evidence that ApoC-III Inhibitors Provide Novel Options
to Reduce the Residual CVD. Curr. Atheroscler. Rep. 2019, 21, 27. [CrossRef]

21. Abdul-Wahed, A.; Guilmeau, S.; Postic, C. Sweet Sixteenth for ChREBP: Established Roles and Future Goals.
Cell Metab. 2017, 26, 324–341. [CrossRef] [PubMed]

22. Kim, M.S.; Krawczyk, S.A.; Doridot, L.; Fowler, A.J.; Wang, J.X.; Trauger, S.A.; Noh, H.L.; Kang, H.J.;
Meissen, J.K.; Blatnik, M.; et al. ChREBP regulates fructose-induced glucose production independently of
insulin signaling. J. Clin. Investig. 2016, 126, 4372–4386. [CrossRef] [PubMed]

23. Kim, M.; Astapova, I.I.; Flier, S.N.; Hannou, S.A.; Doridot, L.; Sargsyan, A.; Kou, H.H.; Fowler, A.J.; Liang, G.;
Herman, M.A. Intestinal, but not hepatic, ChREBP is required for fructose tolerance. JCI Insight 2017, 2.
[CrossRef] [PubMed]

24. Haidari, M.; Leung, N.; Mahbub, F.; Uffelman, K.D.; Kohen-Avramoglu, R.; Lewis, G.F.; Adeli, K. Fasting and
postprandial overproduction of intestinally derived lipoproteins in an animal model of insulin resistance.
Evidence that chronic fructose feeding in the hamster is accompanied by enhanced intestinal de novo
lipogenesis and ApoB48-containing lipoprotein overproduction. J. Biol. Chem. 2002, 277, 31646–31655.
[CrossRef] [PubMed]

25. Stanhope, K.L. Sugar consumption, metabolic disease and obesity: The state of the controversy. Crit. Rev.
Clin. Lab. Sci. 2016, 53, 52–67. [CrossRef] [PubMed]

26. Sun, S.Z.; Empie, M.W. Fructose metabolism in humans—What isotopic tracer studies tell us. Nutr. Metab.
(Lond.) 2012, 9, 89. [CrossRef] [PubMed]

27. Softic, S.; Cohen, D.E.; Kahn, C.R. Role of Dietary Fructose and Hepatic De Novo Lipogenesis in Fatty Liver
Disease. Dig. Dis. Sci. 2016, 61, 1282–1293. [CrossRef] [PubMed]

28. Jang, C.; Hui, S.; Lu, W.; Cowan, A.J.; Morscher, R.J.; Lee, G.; Liu, W.; Tesz, G.J.; Birnbaum, M.J.; Rabinowitz, J.D.
The Small Intestine Converts Dietary Fructose into Glucose and Organic Acids. Cell Metab. 2018, 27, 351–361.
[CrossRef] [PubMed]

29. Gonzalez, J.T.; Betts, J.A. Dietary Fructose Metabolism By Splanchnic Organs: Size Matters. Cell Metab. 2018,
27, 483–485. [CrossRef]

30. Francey, C.; Cros, J.; Rosset, R.; Creze, C.; Rey, V.; Stefanoni, N.; Schneiter, P.; Tappy, L.; Seyssel, K.
The extra-splanchnic fructose escape after ingestion of a fructose-glucose drink: An exploratory study in
healthy humans using a dual fructose isotope method. Clin. Nutr. ESPEN 2019, 29, 125–132. [CrossRef]

101



Nutrients 2019, 11, 1987

31. Xiao, C.; Dash, S.; Morgantini, C.; Lewis, G.F. Novel role of enteral monosaccharides in intestinal lipoprotein
production in healthy humans. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1056–1062. [CrossRef] [PubMed]

32. Taskinen, M.R.; Soderlund, S.; Bogl, L.H.; Hakkarainen, A.; Matikainen, N.; Pietilainen, K.H.; Rasanen, S.;
Lundbom, N.; Bjornson, E.; Eliasson, B.; et al. Adverse effects of fructose on cardiometabolic risk factors and
hepatic lipid metabolism in subjects with abdominal obesity. J. Intern. Med. 2017, 282, 187–201. [CrossRef]
[PubMed]

33. Herman, M.A.; Samuel, V.T. The Sweet Path to Metabolic Demise: Fructose and Lipid Synthesis. Trends
Endocrinol. Metab. 2016, 27, 719–730. [CrossRef] [PubMed]

34. Tappy, L. Fructose-containing caloric sweeteners as a cause of obesity and metabolic disorders. J. Exp. Biol.
2018, 221. [CrossRef] [PubMed]

35. Spalding, K.L.; Bernard, S.; Naslund, E.; Salehpour, M.; Possnert, G.; Appelsved, L.; Fu, K.Y.; Alkass, K.;
Druid, H.; Thorell, A.; et al. Impact of fat mass and distribution on lipid turnover in human adipose tissue.
Nat. Commun. 2017, 8, 15253. [CrossRef] [PubMed]

36. Kim, S.H.; Despres, J.P.; Koh, K.K. Obesity and cardiovascular disease: Friend or foe? Eur. Heart J. 2016, 37,
3560–3568. [CrossRef] [PubMed]

37. Karpe, F.; Pinnick, K.E. Biology of upper-body and lower-body adipose tissue—Link to whole-body
phenotypes. Nat. Rev. Endocrinol. 2015, 11, 90–100. [CrossRef] [PubMed]

38. Schulze, M.B. Metabolic health in normal-weight and obese individuals. Diabetologia 2019, 62, 558–566.
[CrossRef] [PubMed]

39. Neeland, I.J.; Poirier, P.; Despres, J.P. Cardiovascular and Metabolic Heterogeneity of Obesity: Clinical
Challenges and Implications for Management. Circulation 2018, 137, 1391–1406. [CrossRef]

40. Piche, M.E.; Vasan, S.K.; Hodson, L.; Karpe, F. Relevance of human fat distribution on lipid and lipoprotein
metabolism and cardiovascular disease risk. Curr. Opin. Lipidol. 2018, 29, 285–292. [CrossRef]

41. Stefan, N.; Haring, H.U.; Cusi, K. Non-alcoholic fatty liver disease: Causes, diagnosis, cardiometabolic
consequences, and treatment strategies. Lancet Diabetes Endocrinol. 2019, 7, 313–324. [CrossRef]

42. Stefan, N.; Kantartzis, K.; Haring, H.U. Causes and metabolic consequences of Fatty liver. Endocr. Rev. 2008,
29, 939–960. [CrossRef] [PubMed]

43. Vernon, G.; Baranova, A.; Younossi, Z.M. Systematic review: The epidemiology and natural history of
non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in adults. Aliment. Pharmacol. Ther. 2011,
34, 274–285. [CrossRef] [PubMed]

44. Bellentani, S.; Scaglioni, F.; Marino, M.; Bedogni, G. Epidemiology of non-alcoholic fatty liver disease.
Dig. Dis. 2010, 28, 155–161. [CrossRef] [PubMed]

45. Estes, C.; Anstee, Q.M.; Arias-Loste, M.T.; Bantel, H.; Bellentani, S.; Caballeria, J.; Colombo, M.; Craxi, A.;
Crespo, J.; Day, C.P.; et al. Modeling NAFLD disease burden in China, France, Germany, Italy, Japan, Spain,
United Kingdom, and United States for the period 2016–2030. J. Hepatol. 2018, 69, 896–904. [CrossRef]

46. Chiu, S.; Mulligan, K.; Schwarz, J.M. Dietary carbohydrates and fatty liver disease: De novo lipogenesis.
Curr. Opin. Clin. Nutr. Metab. Care 2018, 21, 277–282. [CrossRef]

47. Sanguesa, G.; Shaligram, S.; Akther, F.; Roglans, N.; Laguna, J.C.; Rahimian, R.; Alegret, M. Type of
supplemented simple sugar, not merely calorie intake, determines adverse effects on metabolism and aortic
function in female rats. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H289–H304. [CrossRef]

48. Dorn, C.; Riener, M.O.; Kirovski, G.; Saugspier, M.; Steib, K.; Weiss, T.S.; Gabele, E.; Kristiansen, G.;
Hartmann, A.; Hellerbrand, C. Expression of fatty acid synthase in nonalcoholic fatty liver disease. Int. J.
Clin. Exp. Pathol. 2010, 3, 505–514.

49. Mitsuyoshi, H.; Yasui, K.; Harano, Y.; Endo, M.; Tsuji, K.; Minami, M.; Itoh, Y.; Okanoue, T.; Yoshikawa, T.
Analysis of hepatic genes involved in the metabolism of fatty acids and iron in nonalcoholic fatty liver
disease. Hepatol. Res. 2009, 39, 366–373. [CrossRef]

50. Paglialunga, S.; Dehn, C.A. Clinical assessment of hepatic de novo lipogenesis in non-alcoholic fatty liver
disease. Lipids Health Dis. 2016, 15, 159. [CrossRef]

51. Tappy, L.; Le, K.A. Metabolic effects of fructose and the worldwide increase in obesity. Physiol. Rev. 2010, 90,
23–46. [CrossRef]

52. Rutledge, A.C.; Adeli, K. Fructose and the metabolic syndrome: Pathophysiology and molecular mechanisms.
Nutr. Rev. 2007, 65, S13–S23. [CrossRef]

102



Nutrients 2019, 11, 1987

53. Stanhope, K.L.; Havel, P.J. Fructose consumption: recent results and their potential implications. Ann. N. Y.
Acad. Sci. 2010, 1190, 15–24. [CrossRef]

54. Malik, V.S.; Hu, F.B. Fructose and Cardiometabolic Health: What the Evidence From Sugar-Sweetened
Beverages Tells Us. J. Am. Coll. Cardiol. 2015, 66, 1615–1624. [CrossRef]

55. Fisher, F.M.; Kim, M.; Doridot, L.; Cunniff, J.C.; Parker, T.S.; Levine, D.M.; Hellerstein, M.K.; Hudgins, L.C.;
Maratos-Flier, E.; Herman, M.A. A critical role for ChREBP-mediated FGF21 secretion in hepatic fructose
metabolism. Mol. Metab. 2017, 6, 14–21. [CrossRef]

56. Solinas, G.; Boren, J.; Dulloo, A.G. De novo lipogenesis in metabolic homeostasis: More friend than foe?
Mol. Metab. 2015, 4, 367–377. [CrossRef]

57. Stanhope, K.L. Role of fructose-containing sugars in the epidemics of obesity and metabolic syndrome.
Annu. Rev. Med. 2012, 63, 329–343. [CrossRef]

58. Stanhope, K.L.; Schwarz, J.M.; Keim, N.L.; Griffen, S.C.; Bremer, A.A.; Graham, J.L.; Hatcher, B.; Cox, C.L.;
Dyachenko, A.; Zhang, W.; et al. Consuming fructose-sweetened, not glucose-sweetened, beverages increases
visceral adiposity and lipids and decreases insulin sensitivity in overweight/obese humans. J. Clin. Investig.
2009, 119, 1322–1334. [CrossRef]

59. Faeh, D.; Minehira, K.; Schwarz, J.M.; Periasamy, R.; Park, S.; Tappy, L. Effect of fructose overfeeding and fish
oil administration on hepatic de novo lipogenesis and insulin sensitivity in healthy men. Diabetes 2005, 54,
1907–1913. [CrossRef]

60. Stanhope, K.L. More pieces of the fructose puzzle. J. Intern. Med. 2017, 282, 202–204. [CrossRef]
61. Schwarz, J.M.; Noworolski, S.M.; Erkin-Cakmak, A.; Korn, N.J.; Wen, M.J.; Tai, V.W.; Jones, G.M.; Palii, S.P.;

Velasco-Alin, M.; Pan, K.; et al. Effects of Dietary Fructose Restriction on Liver Fat, De Novo Lipogenesis,
and Insulin Kinetics in Children With Obesity. Gastroenterology 2017, 153, 743–752. [CrossRef]

62. Vos, M.B.; Lavine, J.E. Dietary fructose in nonalcoholic fatty liver disease. Hepatology 2013, 57, 2525–2531.
[CrossRef]

63. Jegatheesan, P.; De Bandt, J.P. Fructose and NAFLD: The Multifaceted Aspects of Fructose Metabolism.
Nutrients 2017, 9, 230. [CrossRef]

64. Jensen, T.; Abdelmalek, M.F.; Sullivan, S.; Nadeau, K.J.; Green, M.; Roncal, C.; Nakagawa, T.; Kuwabara, M.;
Sato, Y.; Kang, D.H.; et al. Fructose and sugar: A major mediator of non-alcoholic fatty liver disease. J. Hepatol.
2018, 68, 1063–1075. [CrossRef]

65. Moore, J.B. From sugar to liver fat and public health: Systems biology driven studies in understanding
non-alcoholic fatty liver disease pathogenesis. Proc. Nutr. Soc. 2019. [CrossRef]

66. Alexander, M.; Loomis, A.K.; Fairburn-Beech, J.; van der Lei, J.; Duarte-Salles, T.; Prieto-Alhambra, D.;
Ansell, D.; Pasqua, A.; Lapi, F.; Rijnbeek, P.; et al. Real-world data reveal a diagnostic gap in non-alcoholic
fatty liver disease. BMC Med. 2018, 16, 130. [CrossRef]

67. Lee, S.S.; Park, S.H.; Kim, H.J.; Kim, S.Y.; Kim, M.Y.; Kim, D.Y.; Suh, D.J.; Kim, K.M.; Bae, M.H.;
Lee, J.Y.; et al. Non-invasive assessment of hepatic steatosis: Prospective comparison of the accuracy
of imaging examinations. J. Hepatol. 2010, 52, 579–585. [CrossRef]

68. Reeder, S.B.; Cruite, I.; Hamilton, G.; Sirlin, C.B. Quantitative assessment of liver fat with magnetic resonance
imaging and spectroscopy. J. Magn. Reson. Imaging 2011, 34, 729–749. [CrossRef]

69. Szczepaniak, L.S.; Nurenberg, P.; Leonard, D.; Browning, J.D.; Reingold, J.S.; Grundy, S.; Hobbs, H.H.;
Dobbins, R.L. Magnetic resonance spectroscopy to measure hepatic triglyceride content: Prevalence of hepatic
steatosis in the general population. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E462–E468. [CrossRef]

70. van de Weijer, T.; Schrauwen-Hinderling, V.B. Application of Magnetic Resonance Spectroscopy in metabolic
research. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 741–748. [CrossRef]

71. European Association for the Study of the Liver; European Association for the Study of Diabetes; European
Association for the Study of Obesity. EASL-EASD-EASO Clinical Practice Guidelines for the management of
non-alcoholic fatty liver disease. Diabetologia 2016, 59, 1121–1140. [CrossRef]

72. Le, K.A.; Ith, M.; Kreis, R.; Faeh, D.; Bortolotti, M.; Tran, C.; Boesch, C.; Tappy, L. Fructose overconsumption
causes dyslipidemia and ectopic lipid deposition in healthy subjects with and without a family history of
type 2 diabetes. Am. J. Clin. Nutr. 2009, 89, 1760–1765. [CrossRef]

73. Sobrecases, H.; Le, K.A.; Bortolotti, M.; Schneiter, P.; Ith, M.; Kreis, R.; Boesch, C.; Tappy, L. Effects of
short-term overfeeding with fructose, fat and fructose plus fat on plasma and hepatic lipids in healthy men.
Diabetes Metab. 2010, 36, 244–246. [CrossRef]

103



Nutrients 2019, 11, 1987

74. Lecoultre, V.; Egli, L.; Carrel, G.; Theytaz, F.; Kreis, R.; Schneiter, P.; Boss, A.; Zwygart, K.; Le, K.A.;
Bortolotti, M.; et al. Effects of fructose and glucose overfeeding on hepatic insulin sensitivity and intrahepatic
lipids in healthy humans. Obesity (Silver Spring) 2013, 21, 782–785. [CrossRef]

75. Theytaz, F.; Noguchi, Y.; Egli, L.; Campos, V.; Buehler, T.; Hodson, L.; Patterson, B.W.; Nishikata, N.;
Kreis, R.; Mittendorfer, B.; et al. Effects of supplementation with essential amino acids on intrahepatic lipid
concentrations during fructose overfeeding in humans. Am. J. Clin. Nutr. 2012, 96, 1008–1016. [CrossRef]

76. Johnston, R.D.; Stephenson, M.C.; Crossland, H.; Cordon, S.M.; Palcidi, E.; Cox, E.F.; Taylor, M.A.; Aithal, G.P.;
Macdonald, I.A. No difference between high-fructose and high-glucose diets on liver triacylglycerol or
biochemistry in healthy overweight men. Gastroenterology 2013, 145, 1016–1025. [CrossRef]

77. Surowska, A.; Jegatheesan, P.; Campos, V.; Marques, A.S.; Egli, L.; Cros, J.; Rosset, R.; Lecoultre, V.; Kreis, R.;
Boesch, C.; et al. Effects of Dietary Protein and Fat Content on Intrahepatocellular and Intramyocellular
Lipids during a 6-Day Hypercaloric, High Sucrose Diet: A Randomized Controlled Trial in Normal Weight
Healthy Subjects. Nutrients 2019, 11, 209. [CrossRef]

78. Schwarz, J.M.; Noworolski, S.M.; Wen, M.J.; Dyachenko, A.; Prior, J.L.; Weinberg, M.E.; Herraiz, L.A.;
Tai, V.W.; Bergeron, N.; Bersot, T.P.; et al. Effect of a High-Fructose Weight-Maintaining Diet on Lipogenesis
and Liver Fat. J. Clin. Endocrinol. Metab. 2015, 100, 2434–2442. [CrossRef]

79. Cox, C.L.; Stanhope, K.L.; Schwarz, J.M.; Graham, J.L.; Hatcher, B.; Griffen, S.C.; Bremer, A.A.; Berglund, L.;
McGahan, J.P.; Havel, P.J.; et al. Consumption of fructose-sweetened beverages for 10 weeks reduces net
fat oxidation and energy expenditure in overweight/obese men and women. Eur. J. Clin. Nutr. 2012, 66,
201–208. [CrossRef]

80. Maersk, M.; Belza, A.; Stodkilde-Jorgensen, H.; Ringgaard, S.; Chabanova, E.; Thomsen, H.; Pedersen, S.B.;
Astrup, A.; Richelsen, B. Sucrose-sweetened beverages increase fat storage in the liver, muscle, and visceral
fat depot: A 6-mo randomized intervention study. Am. J. Clin. Nutr. 2012, 95, 283–289. [CrossRef]

81. Silbernagel, G.; Machann, J.; Unmuth, S.; Schick, F.; Stefan, N.; Haring, H.U.; Fritsche, A. Effects of 4-week
very-high-fructose/glucose diets on insulin sensitivity, visceral fat and intrahepatic lipids: An exploratory
trial. Br. J. Nutr. 2011, 106, 79–86. [CrossRef]

82. Chung, M.; Ma, J.; Patel, K.; Berger, S.; Lau, J.; Lichtenstein, A.H. Fructose, high-fructose corn syrup, sucrose,
and nonalcoholic fatty liver disease or indexes of liver health: A systematic review and meta-analysis. Am. J.
Clin. Nutr. 2014, 100, 833–849. [CrossRef]

83. Chiu, S.; Sievenpiper, J.L.; de Souza, R.J.; Cozma, A.I.; Mirrahimi, A.; Carleton, A.J.; Ha, V.; Di Buono, M.;
Jenkins, A.L.; Leiter, L.A.; et al. Effect of fructose on markers of non-alcoholic fatty liver disease (NAFLD):
a systematic review and meta-analysis of controlled feeding trials. Eur. J. Clin. Nutr. 2014, 68, 416–423.
[CrossRef]

84. Ma, J.; Fox, C.S.; Jacques, P.F.; Speliotes, E.K.; Hoffmann, U.; Smith, C.E.; Saltzman, E.; McKeown, N.M.
Sugar-sweetened beverage, diet soda, and fatty liver disease in the Framingham Heart Study cohorts.
J. Hepatol. 2015, 63, 462–469. [CrossRef]

85. Sevastianova, K.; Santos, A.; Kotronen, A.; Hakkarainen, A.; Makkonen, J.; Silander, K.; Peltonen, M.;
Romeo, S.; Lundbom, J.; Lundbom, N.; et al. Effect of short-term carbohydrate overfeeding and long-term
weight loss on liver fat in overweight humans. Am. J. Clin. Nutr. 2012, 96, 727–734. [CrossRef]

86. Luukkonen, P.K.; Sadevirta, S.; Zhou, Y.; Kayser, B.; Ali, A.; Ahonen, L.; Lallukka, S.; Pelloux, V.; Gaggini, M.;
Jian, C.; et al. Saturated Fat Is More Metabolically Harmful for the Human Liver Than Unsaturated Fat or
Simple Sugars. Diabetes Care 2018, 41, 1732–1739. [CrossRef]

87. Gugliucci, A.; Lustig, R.H.; Caccavello, R.; Erkin-Cakmak, A.; Noworolski, S.M.; Tai, V.W.; Wen, M.J.;
Mulligan, K.; Schwarz, J.M. Short-term isocaloric fructose restriction lowers apoC-III levels and yields less
atherogenic lipoprotein profiles in children with obesity and metabolic syndrome. Atherosclerosis 2016, 253,
171–177. [CrossRef]

88. Erkin-Cakmak, A.; Bains, Y.; Caccavello, R.; Noworolski, S.M.; Schwarz, J.M.; Mulligan, K.; Lustig, R.H.;
Gugliucci, A. Isocaloric Fructose Restriction Reduces Serum d-Lactate Concentration in Children With
Obesity and Metabolic Syndrome. J. Clin. Endocrinol. Metab. 2019, 104, 3003–3011. [CrossRef]

89. Lee, O.; Bruce, W.R.; Dong, Q.; Bruce, J.; Mehta, R.; O’Brien, P.J. Fructose and carbonyl metabolites as
endogenous toxins. Chem. Biol. Interact. 2009, 178, 332–339. [CrossRef]

104



Nutrients 2019, 11, 1987

90. Pickens, M.K.; Yan, J.S.; Ng, R.K.; Ogata, H.; Grenert, J.P.; Beysen, C.; Turner, S.M.; Maher, J.J. Dietary sucrose
is essential to the development of liver injury in the methionine-choline-deficient model of steatohepatitis.
J. Lipid Res. 2009, 50, 2072–2082. [CrossRef]

91. Masania, J.; Malczewska-Malec, M.; Razny, U.; Goralska, J.; Zdzienicka, A.; Kiec-Wilk, B.; Gruca, A.;
Stancel-Mozwillo, J.; Dembinska-Kiec, A.; Rabbani, N.; et al. Dicarbonyl stress in clinical obesity. Glycoconj. J.
2016, 33, 581–589. [CrossRef] [PubMed]

92. Asgari-Taee, F.; Zerafati-Shoae, N.; Dehghani, M.; Sadeghi, M.; Baradaran, H.R.; Jazayeri, S. Association of
sugar sweetened beverages consumption with non-alcoholic fatty liver disease: A systematic review and
meta-analysis. Eur. J. Nutr. 2018. [CrossRef] [PubMed]

93. Ter Horst, K.W.; Serlie, M.J. Fructose Consumption, Lipogenesis, and Non-Alcoholic Fatty Liver Disease.
Nutrients 2017, 9, 981. [CrossRef] [PubMed]

94. Kirk, E.; Reeds, D.N.; Finck, B.N.; Mayurranjan, S.M.; Patterson, B.W.; Klein, S. Dietary fat and carbohydrates
differentially alter insulin sensitivity during caloric restriction. Gastroenterology 2009, 136, 1552–1560.
[CrossRef] [PubMed]

95. Haufe, S.; Engeli, S.; Kast, P.; Bohnke, J.; Utz, W.; Haas, V.; Hermsdorf, M.; Mahler, A.; Wiesner, S.;
Birkenfeld, A.L.; et al. Randomized comparison of reduced fat and reduced carbohydrate hypocaloric diets
on intrahepatic fat in overweight and obese human subjects. Hepatology 2011, 53, 1504–1514. [CrossRef]
[PubMed]

96. Perheentupa, J.; Raivio, K. Fructose-induced hyperuricaemia. Lancet 1967, 2, 528–531. [CrossRef]
97. Sozen, E.; Ozer, N.K. Impact of high cholesterol and endoplasmic reticulum stress on metabolic diseases:

An updated mini-review. Redox Biol. 2017, 12, 456–461. [CrossRef] [PubMed]
98. Lebeaupin, C.; Vallee, D.; Hazari, Y.; Hetz, C.; Chevet, E.; Bailly-Maitre, B. Endoplasmic reticulum stress

signalling and the pathogenesis of non-alcoholic fatty liver disease. J. Hepatol. 2018, 69, 927–947. [CrossRef]
99. Henkel, A.; Green, R.M. The unfolded protein response in fatty liver disease. Semin. Liver Dis. 2013, 33,

321–329. [CrossRef]
100. Lee, A.H.; Scapa, E.F.; Cohen, D.E.; Glimcher, L.H. Regulation of hepatic lipogenesis by the transcription

factor XBP1. Science 2008, 320, 1492–1496. [CrossRef]
101. Lanaspa, M.A.; Sanchez-Lozada, L.G.; Choi, Y.J.; Cicerchi, C.; Kanbay, M.; Roncal-Jimenez, C.A.; Ishimoto, T.;

Li, N.; Marek, G.; Duranay, M.; et al. Uric acid induces hepatic steatosis by generation of mitochondrial
oxidative stress: Potential role in fructose-dependent and -independent fatty liver. J. Biol. Chem. 2012, 287,
40732–40744. [CrossRef] [PubMed]

102. Abdelmalek, M.F.; Lazo, M.; Horska, A.; Bonekamp, S.; Lipkin, E.W.; Balasubramanyam, A.; Bantle, J.P.;
Johnson, R.J.; Diehl, A.M.; Clark, J.M.; et al. Higher dietary fructose is associated with impaired hepatic
adenosine triphosphate homeostasis in obese individuals with type 2 diabetes. Hepatology 2012, 56, 952–960.
[CrossRef] [PubMed]

103. Satapati, S.; Kucejova, B.; Duarte, J.A.; Fletcher, J.A.; Reynolds, L.; Sunny, N.E.; He, T.; Nair, L.A.;
Livingston, K.A.; Fu, X.; et al. Mitochondrial metabolism mediates oxidative stress and inflammation
in fatty liver. J. Clin. Investig. 2015, 125, 4447–4462. [CrossRef] [PubMed]

104. Softic, S.; Gupta, M.K.; Wang, G.X.; Fujisaka, S.; O’Neill, B.T.; Rao, T.N.; Willoughby, J.; Harbison, C.;
Fitzgerald, K.; Ilkayeva, O.; et al. Divergent effects of glucose and fructose on hepatic lipogenesis and insulin
signaling. J. Clin. Investig. 2017, 127, 4059–4074. [CrossRef] [PubMed]

105. Facchini, F.; Chen, Y.D.; Hollenbeck, C.B.; Reaven, G.M. Relationship between resistance to insulin-mediated
glucose uptake, urinary uric acid clearance, and plasma uric acid concentration. JAMA 1991, 266, 3008–3011.
[CrossRef] [PubMed]

106. Choi, H.K.; Ford, E.S. Prevalence of the metabolic syndrome in individuals with hyperuricemia. Am. J. Med.
2007, 120, 442–447. [CrossRef]

107. Yu, T.Y.; Jee, J.H.; Bae, J.C.; Jin, S.M.; Baek, J.H.; Lee, M.K.; Kim, J.H. Serum uric acid: A strong and
independent predictor of metabolic syndrome after adjusting for body composition. Metabolism 2016, 65,
432–440. [CrossRef]

108. Lee, Y.J.; Cho, S.; Kim, S.R. A possible role of serum uric acid as a marker of metabolic syndrome. Intern.
Med. J. 2014, 44, 1210–1216. [CrossRef]

109. Sun, H.L.; Pei, D.; Lue, K.H.; Chen, Y.L. Uric Acid Levels Can Predict Metabolic Syndrome and Hypertension
in Adolescents: A 10-Year Longitudinal Study. PLoS ONE 2015, 10, e0143786. [CrossRef]

105



Nutrients 2019, 11, 1987

110. Johnson, R.J.; Nakagawa, T.; Sanchez-Lozada, L.G.; Shafiu, M.; Sundaram, S.; Le, M.; Ishimoto, T.; Sautin, Y.Y.;
Lanaspa, M.A. Sugar, uric acid, and the etiology of diabetes and obesity. Diabetes 2013, 62, 3307–3315.
[CrossRef]

111. Zurlo, A.; Veronese, N.; Giantin, V.; Maselli, M.; Zambon, S.; Maggi, S.; Musacchio, E.; Toffanello, E.D.;
Sartori, L.; Perissinotto, E.; et al. High serum uric acid levels increase the risk of metabolic syndrome in
elderly women: The PRO.V.A study. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 27–35. [CrossRef] [PubMed]

112. Babio, N.; Martinez-Gonzalez, M.A.; Estruch, R.; Warnberg, J.; Recondo, J.; Ortega-Calvo, M.; Serra-Majem, L.;
Corella, D.; Fito, M.; Ros, E.; et al. Associations between serum uric acid concentrations and metabolic
syndrome and its components in the PREDIMED study. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 173–180.
[CrossRef] [PubMed]

113. Yuan, H.; Yu, C.; Li, X.; Sun, L.; Zhu, X.; Zhao, C.; Zhang, Z.; Yang, Z. Serum Uric Acid Levels and Risk of
Metabolic Syndrome: A Dose-Response Meta-Analysis of Prospective Studies. J. Clin. Endocrinol. Metab.
2015, 100, 4198–4207. [CrossRef] [PubMed]

114. Ouyang, X.; Cirillo, P.; Sautin, Y.; McCall, S.; Bruchette, J.L.; Diehl, A.M.; Johnson, R.J.; Abdelmalek, M.F.
Fructose consumption as a risk factor for non-alcoholic fatty liver disease. J. Hepatol. 2008, 48, 993–999.
[CrossRef] [PubMed]

115. Zhang, S.; Du, T.; Li, M.; Lu, H.; Lin, X.; Yu, X. Combined effect of obesity and uric acid on nonalcoholic fatty
liver disease and hypertriglyceridemia. Medicine (Baltimore) 2017, 96, e6381. [CrossRef] [PubMed]

116. Liu, Z.; Que, S.; Zhou, L.; Zheng, S. Dose-response Relationship of Serum Uric Acid with Metabolic Syndrome
and Non-alcoholic Fatty Liver Disease Incidence: A Meta-analysis of Prospective Studies. Sci. Rep. 2015, 5,
14325. [CrossRef] [PubMed]

117. Yang, C.; Yang, S.; Xu, W.; Zhang, J.; Fu, W.; Feng, C. Association between the hyperuricemia and nonalcoholic
fatty liver disease risk in a Chinese population: A retrospective cohort study. PLoS ONE 2017, 12, e0177249.
[CrossRef]

118. Lee, J.W.; Cho, Y.K.; Ryan, M.; Kim, H.; Lee, S.W.; Chang, E.; Joo, K.J.; Kim, J.T.; Kim, B.S.; Sung, K.C. Serum
uric Acid as a predictor for the development of nonalcoholic Fatty liver disease in apparently healthy subjects:
A 5-year retrospective cohort study. Gut Liver 2010, 4, 378–383. [CrossRef]

119. Lonardo, A.; Loria, P.; Leonardi, F.; Borsatti, A.; Neri, P.; Pulvirenti, M.; Verrone, A.M.; Bagni, A.; Bertolotti, M.;
Ganazzi, D.; et al. Fasting insulin and uric acid levels but not indices of iron metabolism are independent
predictors of non-alcoholic fatty liver disease. A case-control study. Dig. Liver Dis. 2002, 34, 204–211. [CrossRef]

120. Sirota, J.C.; McFann, K.; Targher, G.; Johnson, R.J.; Chonchol, M.; Jalal, D.I. Elevated serum uric acid levels are
associated with non-alcoholic fatty liver disease independently of metabolic syndrome features in the United
States: Liver ultrasound data from the National Health and Nutrition Examination Survey. Metabolism 2013,
62, 392–399. [CrossRef]

121. Li, Y.; Xu, C.; Yu, C.; Xu, L.; Miao, M. Association of serum uric acid level with non-alcoholic fatty liver
disease: A cross-sectional study. J. Hepatol. 2009, 50, 1029–1034. [CrossRef] [PubMed]

122. Xu, C.; Yu, C.; Xu, L.; Miao, M.; Li, Y. High serum uric acid increases the risk for nonalcoholic Fatty liver
disease: A prospective observational study. PLoS ONE 2010, 5, e11578. [CrossRef] [PubMed]

123. Choi, H.K.; Curhan, G. Soft drinks, fructose consumption, and the risk of gout in men: Prospective cohort
study. BMJ 2008, 336, 309–312. [CrossRef] [PubMed]

124. Choi, H.K.; Willett, W.; Curhan, G. Fructose-rich beverages and risk of gout in women. JAMA 2010, 304,
2270–2278. [CrossRef] [PubMed]

125. Bae, J.; Chun, B.Y.; Park, P.S.; Choi, B.Y.; Kim, M.K.; Shin, M.H.; Lee, Y.H.; Shin, D.H.; Kim, S.K. Higher consumption
of sugar-sweetened soft drinks increases the risk of hyperuricemia in Korean population: The Korean Multi-Rural
Communities Cohort Study. Semin. Arthritis Rheum. 2014, 43, 654–661. [CrossRef] [PubMed]

126. Meneses-Leon, J.; Denova-Gutierrez, E.; Castanon-Robles, S.; Granados-Garcia, V.; Talavera, J.O.;
Rivera-Paredez, B.; Huitron-Bravo, G.G.; Cervantes-Rodriguez, M.; Quiterio-Trenado, M.; Rudolph, S.E.; et al.
Sweetened beverage consumption and the risk of hyperuricemia in Mexican adults: A cross-sectional study.
BMC Public Health 2014, 14, 445. [CrossRef] [PubMed]

127. Siqueira, J.H.; Mill, J.G.; Velasquez-Melendez, G.; Moreira, A.D.; Barreto, S.M.; Bensenor, I.M.;
Molina, M. Sugar-Sweetened Soft Drinks and Fructose Consumption Are Associated with Hyperuricemia:
Cross-Sectional Analysis from the Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). Nutrients
2018, 10, 981. [CrossRef]

106



Nutrients 2019, 11, 1987

128. Nguyen, S.; Choi, H.K.; Lustig, R.H.; Hsu, C.Y. Sugar-sweetened beverages, serum uric acid, and blood
pressure in adolescents. J. Pediatr. 2009, 154, 807–813. [CrossRef]

129. Ngo Sock, E.T.; Le, K.A.; Ith, M.; Kreis, R.; Boesch, C.; Tappy, L. Effects of a short-term overfeeding with
fructose or glucose in healthy young males. Br. J. Nutr. 2010, 103, 939–943. [CrossRef]

130. Cox, C.L.; Stanhope, K.L.; Schwarz, J.M.; Graham, J.L.; Hatcher, B.; Griffen, S.C.; Bremer, A.A.; Berglund, L.;
McGahan, J.P.; Keim, N.L.; et al. Consumption of fructose- but not glucose-sweetened beverages for 10 weeks
increases circulating concentrations of uric acid, retinol binding protein-4, and gamma-glutamyl transferase
activity in overweight/obese humans. Nutr. Metab. (Lond.) 2012, 9, 68. [CrossRef]

131. Wang, D.D.; Sievenpiper, J.L.; de Souza, R.J.; Chiavaroli, L.; Ha, V.; Cozma, A.I.; Mirrahimi, A.; Yu, M.E.;
Carleton, A.J.; Di Buono, M.; et al. The effects of fructose intake on serum uric acid vary among controlled
dietary trials. J. Nutr. 2012, 142, 916–923. [CrossRef]

132. Tappy, L.; Morio, B.; Azzout-Marniche, D.; Champ, M.; Gerber, M.; Houdart, S.; Mas, E.; Rizkalla, S.; Slama, G.;
Mariotti, F.; et al. French Recommendations for Sugar Intake in Adults: A Novel Approach Chosen by
ANSES. Nutrients 2018, 10, 989. [CrossRef] [PubMed]

133. Caliceti, C.; Calabria, D.; Roda, A.; Cicero, A.F.G. Fructose Intake, Serum Uric Acid, and Cardiometabolic
Disorders: A Critical Review. Nutrients 2017, 9, 395. [CrossRef] [PubMed]

134. Kanbay, M.; Jensen, T.; Solak, Y.; Le, M.; Roncal-Jimenez, C.; Rivard, C.; Lanaspa, M.A.; Nakagawa, T.;
Johnson, R.J. Uric acid in metabolic syndrome: From an innocent bystander to a central player. Eur. J.
Intern. Med. 2016, 29, 3–8. [CrossRef] [PubMed]

135. Welsh, J.A.; Sharma, A.; Abramson, J.L.; Vaccarino, V.; Gillespie, C.; Vos, M.B. Caloric sweetener consumption
and dyslipidemia among US adults. JAMA 2010, 303, 1490–1497. [CrossRef] [PubMed]

136. Dhingra, R.; Sullivan, L.; Jacques, P.F.; Wang, T.J.; Fox, C.S.; Meigs, J.B.; D’Agostino, R.B.; Gaziano, J.M.;
Vasan, R.S. Soft drink consumption and risk of developing cardiometabolic risk factors and the metabolic
syndrome in middle-aged adults in the community. Circulation 2007, 116, 480–488. [CrossRef] [PubMed]

137. Livesey, G.; Taylor, R. Fructose consumption and consequences for glycation, plasma triacylglycerol, and
body weight: Meta-analyses and meta-regression models of intervention studies. Am. J. Clin. Nutr. 2008, 88,
1419–1437. [CrossRef] [PubMed]

138. Adiels, M.; Taskinen, M.R.; Bjornson, E.; Andersson, L.; Matikainen, N.; Soderlund, S.; Kahri, J.;
Hakkarainen, A.; Lundbom, N.; Sihlbom, C.; et al. Role of apolipoprotein C-III overproduction in diabetic
dyslipidaemia. Diabetes Obes. Metab. 2019. [CrossRef]

139. Taskinen, M.R.; Boren, J. Why Is Apolipoprotein CIII Emerging as a Novel Therapeutic Target to Reduce the
Burden of Cardiovascular Disease? Curr. Atheroscler. Rep. 2016, 18, 59. [CrossRef]

140. Borén, J.; Watts, G.F.; Adiels, M.; Söderlund, S.; Chan, D.C.; Hakkarainen, A.; Lundbom, N.; Matikainen, N.;
Kahri, J.; Vergès, B.; et al. Kinetic and Related Determinants of Plasma Triglyceride Concentration in
Abdominal Obesity. Multicenter Tracer Kinetic Study. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 2218–2224.
[CrossRef] [PubMed]

141. Stanhope, K.L.; Medici, V.; Bremer, A.A.; Lee, V.; Lam, H.D.; Nunez, M.V.; Chen, G.X.; Keim, N.L.; Havel, P.J.
A dose-response study of consuming high-fructose corn syrup-sweetened beverages on lipid/lipoprotein
risk factors for cardiovascular disease in young adults. Am. J. Clin. Nutr. 2015, 101, 1144–1154. [CrossRef]

142. Lambertz, J.; Weiskirchen, S.; Landert, S.; Weiskirchen, R. Fructose: A Dietary Sugar in Crosstalk with
Microbiota Contributing to the Development and Progression of Non-Alcoholic Liver Disease. Front. Immunol.
2017, 8, 1159. [CrossRef] [PubMed]

143. den Besten, G.; Lange, K.; Havinga, R.; van Dijk, T.H.; Gerding, A.; van Eunen, K.; Muller, M.; Groen, A.K.;
Hooiveld, G.J.; Bakker, B.M.; et al. Gut-derived short-chain fatty acids are vividly assimilated into host
carbohydrates and lipids. Am. J. Physiol Gastrointest. Liver Physiol. 2013, 305, G900–G910. [CrossRef]
[PubMed]

144. Mouzaki, M.; Comelli, E.M.; Arendt, B.M.; Bonengel, J.; Fung, S.K.; Fischer, S.E.; McGilvray, I.D.; Allard, J.P.
Intestinal microbiota in patients with nonalcoholic fatty liver disease. Hepatology 2013, 58, 120–127. [CrossRef]
[PubMed]

145. Jegatheesan, P.; Beutheu, S.; Ventura, G.; Sarfati, G.; Nubret, E.; Kapel, N.; Waligora-Dupriet, A.J.; Bergheim, I.;
Cynober, L.; De-Bandt, J.P. Effect of specific amino acids on hepatic lipid metabolism in fructose-induced
non-alcoholic fatty liver disease. Clin. Nutr. 2016, 35, 175–182. [CrossRef] [PubMed]

107



Nutrients 2019, 11, 1987

146. Oh, J.H.; Alexander, L.M.; Pan, M.; Schueler, K.L.; Keller, M.P.; Attie, A.D.; Walter, J.; van Pijkeren, J.P. Dietary
Fructose and Microbiota-Derived Short-Chain Fatty Acids Promote Bacteriophage Production in the Gut
Symbiont Lactobacillus reuteri. Cell Host Microbe 2019, 25, 273–284. [CrossRef] [PubMed]

147. Chatterjee, A.; Duerkop, B.A. Sugar and Fatty Acids Ack-celerate Prophage Induction. Cell Host Microbe
2019, 25, 175–176. [CrossRef]

148. Mardinoglu, A.; Wu, H.; Bjornson, E.; Zhang, C.; Hakkarainen, A.; Rasanen, S.M.; Lee, S.; Mancina, R.M.;
Bergentall, M.; Pietilainen, K.H.; et al. An Integrated Understanding of the Rapid Metabolic Benefits of a
Carbohydrate-Restricted Diet on Hepatic Steatosis in Humans. Cell Metab. 2018, 27, 559–571. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

108



nutrients

Article

Associations Between Dietary Protein Sources,
Plasma BCAA and Short-Chain Acylcarnitine Levels
in Adults

Michèle Rousseau 1,2, Frédéric Guénard 1,2, Véronique Garneau 1,2, Bénédicte Allam-Ndoul 1,2,

Simone Lemieux 1,2, Louis Pérusse 1,3 and Marie-Claude Vohl 1,2,*

1 Institute of Nutrition and Functional Foods (INAF), Laval University, Quebec City, QC G1V 0A6, Canada;
michele.rousseau.1@ulaval.ca (M.R.); frederic.guenard@fsaa.ulaval.ca (F.G.);
veronique.garneau@fsaa.ulaval.ca (V.G.); benedicte.allam-ndoul@criucpq.ulaval.ca (B.A.-N.);
simone.lemieux@fsaa.ulaval.ca (S.L.); louis.perusse@kin.ulaval.ca (L.P.)

2 School of Nutrition, Laval University, Quebec City, QC G1V 0A6, Canada
3 Department of Kinesiology, Laval University, Quebec City, QC G1V 0A6, Canada
* Correspondence: marie-claude.vohl@fsaa.ulaval.ca; Tel.: +1-418-656-2131 (ext. 4676)

Received: 27 November 2018; Accepted: 11 January 2019; Published: 15 January 2019

Abstract: Elevated plasma branched-chain amino acids (BCAA) and C3 and C5 acylcarnitines (AC)
levels observed in individuals with insulin resistance (IR) might be influenced by dietary protein
intakes. This study explores the associations between dietary protein sources, plasma BCAA levels
and C3 and C5 ACs in normal weight (NW) or overweight (OW) individuals with or without
metabolic syndrome (MS). Data from 199 men and women aged 18–55 years with complete metabolite
profile were analyzed. Associations between metabolic parameters, protein sources, plasma BCAA
and AC levels were tested. OW/MS+ consumed significantly more animal protein (p = 0.0388) and
had higher plasma BCAA levels (p < 0.0001) than OW/MS− or NW/MS− individuals. Plasma
BCAA levels were not associated with BCAA intakes in the whole cohort, while there was a trend
for an association between plasma BCAA levels and red meat or with animal protein in OW/MS+.
These associations were of weak magnitude. In NW/MS− individuals, the protein sources associated
with BCAA levels varied greatly with adjustment for confounders. Plasma C3 and C5 ACs were
associated with plasma BCAA levels in the whole cohort (p < 0.0001) and in subgroups based on OW
and MS status. These results suggest a modest association of meat or animal protein intakes and an
association of C3 and C5 ACs with plasma BCAA levels, obesity and MS.

Keywords: branched-chain amino acids; acylcarnitines; dietary protein sources; meat; metabolic
syndrome; metabolite profiling; diet

1. Introduction

Branched-chain amino acids (BCAA) are comprised of leucine, isoleucine and valine [1]. Their
plasma levels have been positively associated with features of the metabolic syndrome (MS), such as
insulin resistance (IR) and pre-diabetes [2,3], and thus with an increased risk of type 2 diabetes
(T2D) and cardiovascular diseases (CVD) [4–8]. Controversies still remain on whether an increase
in plasma BCAA levels is a cause or a consequence of IR. The latter is the most strongly supported
hypothesis [9,10], since plasma BCAAs elevation could be the result of an impaired metabolism caused
by the decreased gene expression of BCAA aminotransferase (BCAT) and branched-chain a-keto acid
dehydrogenase (BCKD), as seen in mice models [11].

Most dietary BCAAs are metabolized in the skeletal muscle after passing through systemic
circulation, whereas other amino acids (AA) are metabolized in the liver [12–15]. This reinforces
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the potential impact of BCAAs on circulating metabolites, hormones or nutrients [15]. Some studies
also relate the increase of plasma BCAAs to the amount or the type (animal or vegetal) of protein
ingested [16,17]. Moreover, diets high in red meat [18], animal protein or BCAAs [8,19,20] are
associated with an increased risk of T2D in contrast to diets high in vegetal protein, which appears
to be associated with a lower risk of T2D [19,20]. In addition, acylcarnitines (AC), a by-product of
incomplete mitochondrial fatty acid oxidation, are acyl esters of carnitine that can also result from the
degradation of other compounds, such as BCAAs into C3 and C5 ACs [21]. More specifically, isoleucine
and leucine catabolism generate 2-methylbutyryl-CoA and isovaleryl-CoA, which will transfer their
acyl group to carnitine to form C5 ACs. Isoleucine and valine catabolism will generate propionyl-CoA
to be incorporated into C3 ACs [22,23]. These short-chain ACs have previously been associated with
IR [21,22] along with western-type dietary habits [24], and are considered as a potential marker of
animal products and meat consumption [25].

Changes in plasma BCAA levels according to dietary profiles and dietary protein intakes
have been investigated. While higher BCAA intakes have been related to plasma BCAA levels
in some studies [16,26], others found no or an inverse association between these two factors [27–29].
One possible explanation for this discrepancy may be related to the source of protein, either animal or
vegetal [4]. Protein source might also influence the relationship between plasma BCAA levels and IR.
Accordingly, red meat, poultry, fish and whole milk were reported to be the main sources of dietary
BCAAs in the US [8] and UK [28] populations, two countries for which a positive association between
IR and plasma BCAAs has been reported. An association between IR and plasma BCAAs have also
been observed in population from Brazil where red meat, poultry, bread, rice and beans were the
principal dietary sources of BCAAs [30]. In contrast, cereal, potatoes and starches, followed by fish,
shellfish and finally meats were the main sources of BCAAs in a Japanese cohort where an inverse
relationship between BCAA intakes and T2D risk was observed, but only in women [29]. However,
up to now, no study has explored the associations between the principal dietary sources of protein and
plasma BCAAs, as well as its association with C3 and C5 AC levels in one single cohort.

As such, the main objective of this study was to investigate the relationship between dietary
protein source—either animal or vegetal—intakes and fasting plasma BCAA levels in adults with
diverse BMI and obesity-associated metabolic perturbations. The second objective was to describe the
association between plasma BCAA levels and C3 and C5 AC levels in the same subgroups according
to overweight (OW) MS status. We found plasma BCAA levels to be associated with animal protein
consumption, with red meat being the main source of proteins that correlates in OW/MS+ individuals.
C3 and C5 plasma concentrations were also associated with plasma BCAA levels in the whole cohort,
and by subgroups defined on the basis of BMI and the metabolic status.

2. Materials and Methods

2.1. Study Population

INFOGENE is a cross-sectional study investigating the familial history of obesity [31–33].
The recruitment took place in the Quebec City metropolitan area between May 2004 and March
2007 via advertisements in local newspaper and radio stations. Electronic group messages were also
sent to university and hospital employees. In the first period of recruitment, only normal weight (NW)
individuals were accepted while in the second phase, only OW individuals were recruited. No other
criteria of exclusion were applied. After a phone interview where a trained research assistant asked
the participants to report their weight and height, eligible individuals were given an appointment
at the clinical investigation unit. At this appointment, anthropometric measurements were taken,
and participants had to complete a food frequency questionnaire (FFQ), as well as other questionnaires
assessing socio-demographic level and lifestyle habits. Individuals who were homeless (1), pregnant
(1), older than 55 years (1), had acquired immune deficiency syndrome (AIDS) (1), total energy intakes
greater than 4 SD (4), fibre intakes greater than 4 SD (1) or who reported unreliable data (1), were
excluded. The final sample consisted of 664 adults—of which 245 men and 372 women—aged 18
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to 55 years who gave their written consent to participate. Of those individuals [34], 100 men and
100 women were randomly selected for metabolic profiling of their blood samples [35]. One individual
missing biochemical information was excluded from the following analyses. This study has been
approved by the Université Laval Ethics Committee.

2.2. Dietary Assessment and Food Grouping

Dietary intakes over the past month were assessed using a 91-item FFQ administered by a
registered dietitian. This FFQ was previously validated in French Canadian men and women, and was
structured to reflect nutritional habits of the Quebec population [36]. Nutritional intakes were
evaluated using the Nutrition Data System for Research (NDS-R) software version 4.03 (Nutrition
Coordination Center, Minneapolis, MN, USA). For each item in the FFQ, participants were asked to
report their consumption either in days, weeks or months. Many portion size examples were provided
for a better estimation of the consumption. Thirty-seven food groups were made, based on the nutrient
profile of each item or on its culinary usage. Some groups consisted of only one food (e.g., eggs or
beer) because of their particular composition. Twelve groups typically providing most of the dietary
proteins in Canada were kept for the current analysis [37]. These are red meat, processed meat, organ
meat, fish and other seafood, poultry, eggs, reduced or low-fat dairy products, regular or high-fat
dairy products, legumes, nuts, refined grain products and whole grains products. Total animal protein
and total vegetal protein (in grams) were also available from the database by calculating the sum of
each food sources and mixed dishes. Nutritional information from foods missing in the database was
derived from nutritional food labels and entered manually.

2.3. Anthropometric Measurements

Participants were asked to wear light indoor clothes on the day of their appointment.
All measurements were made by a trained research assistant. Weight and height were measured
using a beam scale with rod graduated in centimetres (Detecto, Webb City, MO USA). Weight was
measured to the nearest 0.1 kg and height was measured to the nearest 0.5 cm. Body mass index (BMI)
was computed as weight in kilograms divided by height in meters squared (kg/m2). OW was defined
as having BMI over 25 kg/m2 while individuals with a BMI below 25 kg/m2 were defined as having a
NW. Waist (WC) and hip circumferences were measured according to the procedures recommended
by the Airlie Conference [38]. For the measure of systolic (SBP) and diastolic blood pressure (DBP),
participants were asked to sit straight with arms and legs uncrossed. The measures were taken after a
5-minute rest.

2.4. Biochemical Parameters

Blood samples were collected from an antecubital vein into vacutainer tubes containing EDTA
after a 12-h overnight fast. Blood samples were immediately centrifuged. Total cholesterol (total-C)
and triglyceride (TG) concentrations were determined from plasma and lipoprotein fractions using the
Olympus AU400e system (Olympus America Inc., Melville, NY, USA). A precipitation of low-density
lipoprotein cholesterol (LDL-C) fraction in the infranatant with heparin-manganese chloride was
used to obtain the high-density lipoprotein cholesterol (HDL-C) fraction. LDL-C concentrations
were estimated using the Friedewald’s equation [39]. Radioimmunoassay with polyethylene glycol
separation was used to measure fasting insulin. Fasting glucose concentrations were enzymatically
measured. Homeostasis model assessment of IR (HOMA-IR) was obtained using (fasting glucose ×
fasting insulin)/22.5. MS was defined as having three or more of the following risk factors: WC >88 cm
for women and 102 cm for men, fasting plasma TG ≥1.7 mmol/L, HDL-C levels ≤1.29 mmol/L for
women and 1.03 mmol/L for men, glucose levels ≥5.6 mmol/L and resting SBP/DBP ≥130/85 mmHg.
Participants taking medication for lipidemia, diabetes or hypertension control were considered as
having abnormal values for their respective parameters.
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2.5. Metabolite Profiling

As previously described [35], the Absolute ID p180 Kit (Biocrates Life Sciences AG, Innsbruck,
Australia) for mass spectrometry was used for the metabolic profiling measurements for two-hundred
participants. Ninety-five metabolites were quantified. They include: 67 Glycerophospholipids (GPs),
12 AC, 10 Sphingolipids (SGs) and 6 AAs. For GPs, ACs and SGs x:y notation was used, x denoting the
number of carbons in the side chain and y the number of double bonds. All metabolite concentrations
are presented in μM. A metabolite would have been excluded if more than half of the values obtained
were below the limit of detection or with standard out of range.

2.6. Statistical Analyses

Variables not normally distributed were transformed using log10 (TG, HDL-C, insulin, animal
protein, processed meat, eggs, low-fat dairy), square root (legumes) or inverse transformation (nuts).
Organ meat intakes were still not normally distributed after transformation and were then used as a
categorical variable (eater or non-eater of organ meat). BCAA dietary intakes or plasma levels were
defined as the sum of valine, leucine and isoleucine respectively calculated in FFQ or following plasma
metabolite profiling. The General Linear Model (GLM) procedure with the type-III sum of squares was
used to assess the association between plasma BCAA levels and age, sex, BMI, WC, BCAA intakes,
energy from proteins and total energy intakes. Different models were computed to further assess the
associations between plasma BCAA levels, vegetal protein and animal protein and their constituents,
as well as to take into account adjustments for total daily energy intakes, age and sex. Associations
between different protein sources, as well as BCAA intakes and plasma BCAA levels, were tested
with and without adjustments for confounding factors. The associations between ACs levels and
plasma BCAA levels were finally assessed. The same models were tested when subdividing study
participants based on OW status and the absence/presence of MS (MS−/MS+). Four groups were
consequently created: NW/MS−, NW/MS+, OW/MS− and OW/MS+. The NW/MS+ group was
excluded from dietary, BCAAs and ACs analyses since this group was composed of only one woman
and one man. The GLM procedure was also used to compare mean intakes between groups. All data
analyses were performed using SAS statistical software University edition (SAS Institute Inc, Cary,
NC, USA). A p-value < 0.05 was considered as statistically significant.

3. Results

3.1. Study Population

Characteristics of study participants are presented in Table 1. Mean values for the four groups
are presented. Mean age of participants was 34.2 years and 49.7% of them were women. There were
significant differences between groups for all anthropometric and metabolic parameters except for
men/women proportions and LDL-C levels. OW individuals were older and had higher BMI, WC,
total-C, TG, insulin, SBP and DBP, as well as lower HDL-C than NW/MS− subjects.

3.2. Dietary Intakes

As shown in Table 2, mean daily protein intakes were 104.2 g, which represents 16.8% of total
daily energy intakes. Proteins were mainly provided by animal-based foods, with a mean intake of
70.5g versus 32.0g from plant-based sources. There were some differences between groups for total
energy (p = 0.0172), total carbohydrates (p = 0.0446), % of kcal from carbohydrates (p = 0.0340), total
protein (p = 0.0303), animal protein (p = 0.0086), BCAA intakes (0.0310), total fat (p = 0.0102), total
SFA (p = 0.0173), total monounsaturated fatty acids (MUFA) (p = 0.0131) and total polyunsaturated
fatty acids (PUFA) (p = 0.0347) intakes. These differences were no longer significant after adjustments
for age, sex and energy intake except for significantly greater animal protein intakes in both OW
groups (p = 0.0388). Table 3 presents mean intakes, expressed in portions/day, of the food subgroups
providing most dietary proteins. OW individuals either MS- or MS+ consumed less fish (p = 0.0106)
and more eggs (p = 0.0166) than NW/MS− individuals, but the difference in eggs consumption did
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not remain significant after adjustments for age, sex and total energy intake. OW/MS+ also consumed
more red meat (p = 0.0027) and this was still observed, but only as a trend, after adjustments for age,
sex and total energy intake (p = 0.0899). A detailed list of foods included in each category is provided
in Supplementary Table S1.

Table 1. Characteristics of participants.

Characteristics
Total Subjects

(n = 199)
NW/MS−

(n = 65)
NW/MS+

(n = 2)
OW/MS−

(n = 84)
OW/MS+
(n = 48)

p-Value

Women (%) 49.7 58.5 50.0 51.1 35.4 0.1130
Age (years) 34.2 ± 10.2 28.9 ± 7.4 a 39.1 ± 17.8 a 35.7 ± 10.4 b 38.4 ± 10.1 b,c <0.0001

BMI (kg/m2) 29.0 ± 6.2 22.2 ± 1.8 a 24.5 ± 0.66 a 31.4 ± 4.2 b 34.3 ± 4.8 c <0.0001

WC (cm) 92.7 ± 16.5 74.7 ± 5.7 a 83.1 ± 0.64 a 97.7 ± 10.7 b 109.0 ± 11.8 c <0.0001

Total-C (mmol) 4.49 ± 1.00 4.13 ± 0.67 a 3.58 ± 0.76 a,b 4.57 ± 1.0 b 4.88 ± 1.19 b 0.0003

TG (mmol) 1.29 ± 0.91 0.77 ± 0.31 a 0.88 ± 0.03 a,b 1.15 ± 0.56 b,c 2.23 ± 1.22 d <0.0001 *
HDL-C (mmol) 1.33 ± 0.41 1.60 ± 0.45c 1.07 ± 0.21 a,b 1.32 ± 0.30 b 0.99 ± 0.24 a <0.0001 *
LDL-C (mmol) 2.76 ± 0.94 2.52 ± 0.70 2.51 ± 0.55 2.81 ± 0.91 3.00 ± 1.21 0.0545

Fasting glycemia
(mmol/L) 5.65 ± 0.74 5.68 ± 0.74 a 6.90 ± 1.13 b 5.43 ± 0.52 c 5.94 ± 1.92 a,b 0.0001

Insulin (pM) 85.1 ± 60.6 48.7 ± 17.1 a 68.5 ± 21.9 a,b,c 86.1 ± 56.3 b 134.5 ± 72.2 c <0.0001 *
SBP (mmHg) 121.3 ± 11.1 115.9 ± 9.8 a 130.5 ± 4.9 b,c,d 119.9 ± 8.9 c 130.5 ± 10.6 d <0.0001

DBP (mmHg) 77.9 ± 9.5 74.0 ± 9.9 a 74.0 ± 5.7 a,b,c 77.7 ± 7.7 b 83.6 ± 9.4 c <0.0001

BCAAs (μM) 455.6 ± 92.3 413.8 ± 83.5 a 378.8 ± 83.3 a,b 460.0 ± 83.2 a,b 507.7 ± 92.3 b <0.0001

C3 ACs (μM) 0.325 ± 0.115 0.281 ± 0.104 a 0.181 ± 0.011 a,b 0.327 ± 0.100 b 0.387 ± 0.125 c <0.0001

C5 ACs (μM) 0.137 ±0.048 0.118±0.036 a 0.094± 0.005 a,b 0.137 ± 0.045 b 0.163 ± 0.056 c <0.0001

Values are means ± SD. Model p-values of comparisons between NW/MS−, NW/MS+, OW/MS− and MW/MS+
are shown. Between-groups comparisons were made using the LS means procedure. Results who do not share the
same letter (a,b,c,d) are significantly different (p < 0.05) from each other. * indicates that the p-value was obtained
with the transformed variables. Significant values (p < 0.05) are presented in bold. Abbreviations, NW, normal
weight; OW, overweight; MS, metabolic syndrome; BMI, body mass index; WC, waist circumference; Total-C, total
cholesterol; TG, triglycerides; HDL-C, high-density lipoproteins; LDL-C, low-density lipoproteins; SBP, systolic
blood pressure; DBP, diastolic blood pressure; BCAAs, branched-chain amino-acids; ACs, acylcarnitines; SD,
standard deviation.

Table 2. Daily dietary energy and macronutrients intakes of participants.

Nutrients
Total Subjects

(n = 197)
NW/MS−

(n = 65)
OW/MS−

(n = 84)
OW/MS+
(n = 48)

p-Value 1 p-Value 2

Total energy (kcal) 2474 ± 790 2412 ± 853 a 2364 ± 695 a 2754 ± 809 b 0.0172

Total carbohydrates (g) 297.5 ± 92.5 298.8 ± 95.7 a,c 281.7 ± 87.0 a,b 323.3 ± 93.5 c 0.0446 0.5447
Carbohydrates (%kcal) 46.7 ± 6.0 48.23 ± 6.54 a 45.9 ± 5.3 b 45.8 ± 6.1 b 0.0340 0.2229
Total dietary fiber (g) 23.5 ± 7.9 23.6 ± 8.7 22.8 ± 7.3 24.6 ± 7.7 0.4495 0.7690

Soluble dietary fibers (g) 7.8 ± 2.5 7.6 ± 2.6 7.5 ± 2.3 8.5 ± 2.7 0.0745 0.7736
Insoluble dietary fibers (g) 15.5 ± 5.5 15.7 ± 6.2 15.2 ± 5.2 15.9 ± 5.1 0.7463 0.5677

Total protein (g) 104.2 ± 37.1 99.9 ± 43.2 a 100.4 ± 29.9 a 116.4 ± 37.7 b 0.0303 0.6209
Protein (%kcal) 16.8 ± 2.4 16.4 ± 2.6 17.1 ± 2.0 17.0 ± 2.5 0.2580 0.3762

Vegetal protein (g) 32.0 ± 11.8 31.9 ± 12.5 31.0 ± 11.6 34.1 ± 11.1 0.3459 0.6093
Animal protein (g) 70.5 ± 30.3 66.2 ± 35.9 a 68.0 ± 23.7 a 80.7 ± 30.9 b 0.0086 * 0.0388 *
BCAA intakes (g) 18.5 ± 6.8 17.6 ± 7.8 a 17.9 ± 5.5 a 20.7 ± 7.0 b 0.0310 0.3789

Total fat (g) 93.4 ± 37.3 88.4 ± 39.9 a 89.2 ± 30.6 a 107.4 ± 41.3 b 0.0102 0.8410
Fat (%kcal) 33.6 ± 5.3 32.4 ± 5.7 33.8 ± 4.7 34.7 ± 5.6 0.0649 0.5095

Total SFA (g) 32.6 ± 14.7 30.6 ± 15.9 a 31.1 ± 12.3 a 37.8 ± 16.0 b 0.0173 0.8734
SFA (%kcal) 11.6 ± 2.6 11.1 ± 2.7 11.8 ± 2.6 12.1 ± 2.6 0.0902 0.4312

Total MUFA (g) 38.3 ± 15.7 36.3 ± 16.7 a 36.5 ± 12.5 a 44.0 ± 18.1 b 0.0131 0.9269
MUFA (%kcal) 13.8 ± 2.6 13.3 ± 2.9 13.9 ± 2.2 14.2 ± 2.8 0.2203 0.7753
Total PUFA (g) 15.2 ± 6.2 14.5 ± 6.3 a 14.7 ± 5.6 a 17.3 ± 6.9 b 0.0347 0.9148
PUFA (%kcal) 5.5 ± 1.4 5.4 ± 1.3 5.6 ± 1.3 5.6 ± 1.5 0.6765 0.9631

Total alcohol (g) 10.5 ± 12.1 9.8 ± 9.0 11.1 ± 13.0 10.5 ± 14.0 0.2968 * 0.1406 *
Alcohol (%kcal) 3.0 ± 2.9 2.9 ± 2.5 3.2 ± 3.2 2.5 ± 2.9 0.4770 0.3919

Values are means ± SD. %kcal from carbohydrates was calculated by difference. Model p-values of comparisons
between NW/MS−, OW/MS− and MW/MS+ are shown 1unadjusted and 2adjusted for age, sex and total energy
intakes. Between-groups comparisons were made using the LS means procedure. Results who do not share the
same letter (a,b,c) are significantly different (p < 0.05) from each other. * indicates that the p-value was obtained with
the transformed variables. Significant values (p < 0.05) are presented in bold. Abbreviations: NW, normal weight;
OW, overweight; MS, metabolic syndrome; BCAA, branched-chain amino-acids; SFA, saturated fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
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Table 3. Mean intakes (standard portions/day) of the principal food groups contributing to
protein intakes

Food Groups
Total Subjects

(n = 197)
NW/MS−

(n = 65)
OW/MS−

(n = 84)
OW/MS+
(n = 48)

p-Value 1 p-Value 2

Red meat 2.25 ± 1.78 1.93 ± 1.95 a 2.07 ± 1.40 a 3.01 ± 1.94 b 0.0027 0.0899
Processed meat 0.85 ± 0.95 0.78 ± 0.83 0.72 ± 0.60 1.16 ± 1.44 0.0660 * 0.4325 *

Organ meat 0.02 ± 0.09 0.01 ± 0.04 0.03 ± 0.10 0.04 ± 0.11 0.1009 * 0.2641 *
Fish 1.21 ± 1.19 1.56 ± 1.56 b 1.11 ± 0.97 a 0.92 ± 0.81 a 0.0106 0.0119

Poultry 1.17 ± 0.91 1.13 ± 0.94 1.23 ± 0.89 1.12 ± 0.90 0.7332 0.1337
Eggs 0.36 ± 0.30 0.28 ± 0.23 a 0.38 ± 0.29 b 0.43 ± 0.37 b 0.0166 0.1431

Low fat dairy 1.60 ± 1.34 1.42 ± 1.08 1.59 ± 1.24 1.86 ± 1.77 0.5081 * 0.5713 *
High fat dairy 1.80 ± 1.29 1.73 ± 1.27 1.77 ± 1.17 1.95 ± 1.51 0.6389 0.7883

Legumes 0.28 ± 0.49 0.28 ± 0.41 0.31 ± 0.62 0.21 ± 0.32 0.4132 * 0.2473 *
Nuts 0.97 ± 2.99 0.75 ± 0.81 0.80 ± 1.00 1.58 ± 5.84 0.9254 * 0.9691 *

Refined grain products 2.78 ± 1.95 2.72 ± 1.65 2.54 ± 1.83 3.28 ± 2.41 0.1028 0.7890
Whole grain products 2.43 ± 1.85 2.64 ± 2.13 2.34 ± 1.63 2.29 ± 1.82 0.5212 0.1007

Values are means ± SD. 1 p-value unadjusted, 2 p-value adjusted for age, sex and total energy intakes. Results who
do not share the same letter (a,b) are significantly different (p < 0.05) from each other. * indicates that the p-value was
obtained with the transformed variables. Significant values (p < 0.05) are presented in bold. Abbreviations: NW,
normal weight; OW, overweight; MS, metabolic syndrome.

3.3. Plasma BCAAs and Protein Intakes

The associations between total protein intake, total energy, BCAA intakes, age, sex and BMI with
plasma BCAA levels have also been investigated. Sex and BMI or WC contributed significantly to
the variance of plasma BCAA levels (p < 0.0001 for both), while total protein, total energy and BCAA
intakes and age did not. We also investigated plasma BCAA levels according to obesity and MS status.
As shown in Figure 1, there was an increase of plasma BCAA levels with obesity and the presence of
MS (p < 0.0001) that remained significant after adjustments for age, sex and energy intake (p < 0.0001).
A concomitant increase in BCAA intakes was also seen (p = 0.0310), with OW/MS+ consuming more
BCAAs than the other groups (Figure 1). However, the difference in BCAA intakes was no longer
significant after adjustments for confounding factors, including age, sex and energy intake (p = 0.3789).

Figure 1. Mean plasma and dietary BCAA levels between subgroups of NW/OW individuals with
or without MS. Plasma BCAA levels are shown in plain salmon; BCAA intakes calculated from food
frequency questionnaire are shown in lined brown. Whiskers represent standard error. Results who do
not share the same letter (a,b,c for plasma BCAA levels and y,z for dietary BCAA intakes) are significantly
different (p < 0.05) from each other. Values presented are unadjusted.

The association of each of the 12 principal protein sources (red meat, processed meat, fish, poultry,
eggs, legumes, nuts, high and low-fat dairy and whole and refined grain products) with plasma BCAA
levels was also tested in a GLM model. Considering all 197 study participants, the only trend observed
was with red meat (p = 0.0575). This trend was lost after adjustments for age, sex, BMI and total energy
intake (data not shown).

114



Nutrients 2019, 11, 173

When looking at food correlates of plasma BCAA levels in groups defined on the basis of
OW and MS status (Table 4), refined and whole grain products were positively associated with
plasma BCAA levels (β = 16.07, p = 0.0338 and β = 13.04, p = 0.0279, respectively) in NW/MS−
subjects. Their respective contribution to the variance of plasma BCAA levels was of 5.55% and
5.97%, respectively. None of the food group was significantly associated with plasma BCAA levels in
OW/MS+ subjects, but a positive trend was seen for red meat (β = 15.40, p = 0.0713). After adjustments
for age, sex and energy intake, a negative association between red meat consumption and plasma
BCAA levels (β = −26.15, p = 0.0013) was found in NW/MS, explaining 9.64% of its variance. When
looking at men and women separately, this negative association was only found in NW/MS− men
(β = −49.75.16, p = 0.0039) and not in NW/MS− women (β = −11.81, p = 0.4715). As for OW/MS+
individuals, red meat showed a trend toward a positive relationship (β = 16.16, p = 0.0548), and a
negative association was observed with eggs (β = −310.14, p = 0.0272).

Finally, in a model testing the association between total animal and vegetal protein intakes and
plasma BCAA levels, only animal protein intake was associated with plasma BCAA levels (p = 0.0002)
with a weak contribution of 6.89% to the variance of the trait (not shown). After adjustments for age,
sex and energy, the positive association between animal protein intakes and plasma BCAA levels
remained significant (R2 = 0.0193, p = 0.0297, not shown). When analysed by sex, this association was
significant in women (β = 177.16, p = 0.0164), but not in men (β = 98.12, p = 0.2908). In subgroups,
there was a positive association between total animal protein intakes and plasma BCAA levels for
NW/MS− (R2 = 0.0675, p = 0.0292), as well as a trend toward relationship for OW/MS+ (R2 = 0.0664,
p = 0.0786) individuals. After adjustments for age, sex and energy intake, the positive association
between animal protein intakes and plasma BCAA levels was significant in OW/MS+ (R2 = 0.0422,
p = 0.0422), but was lost in NW/MS− individuals (not shown).

As animal protein is the main nutritional correlate of plasma BCAA levels, we further tested the
association with its constituents, thus including red meat, processed and organ meats, fish, poultry,
eggs and low and high fat dairy in the model. Again, red meat was the single constituent significantly
and positively associated with plasma BCAA levels (p = 0.0388) while a positive trend was also
observed with poultry (p = 0.0801). These associations (with respective R2 of 0.0209 and 0.0150) were
no longer significant after adjustments for age, sex and total energy intake (data not shown).

3.4. Acylcarnitines

As shown in Figure 2, plasma concentrations of both C3 and C5 ACs increased in parallel to plasma
BCAA levels according to OW status and MS even after adjustments for age, sex and total energy intake
(p < 0.001) (not shown). The associations between plasma BCAA and plasma C3 and C5 AC levels were
also tested. With or without adjustments for age, sex and total energy intake, associations between
plasma BCAAs and C3 and C5 ACs were significant in the whole cohort (p < 0.0001 for all), and in
subgroups based on obesity and MS presence (p < 0.002 for all) (Table 5). After further adjustments
for dietary BCAAs, red meat and total protein intakes, only the association between plasma BCAAs
and C5 ACs in OW/MS+ was lost. The contribution of C3 and C5 ACs to the variance was weak to
moderate, with R2 values ranging from 0.0466 to 0.3817.
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Figure 2. Mean plasma concentrations of C3 and C5 ACs in relation with mean plasma BCAA levels
between subgroups of NW/OW individual with or without MS. Plasma BCAA levels are shown in
salmon; C3 ACs are shown in dotted light orange; C5 ACs are shown in striped medium orange.
Whiskers represent standard error. Values presented are unadjusted. All mean values are significantly
different (p < 0.05) between groups.

Table 5. Associations between plasma BCAA and C3 and C5 ACs plasma levels in the whole cohort and
by subgroups based on OW and MS status without and with adjustments for confounders. All lines
were computed individually.

Total cohort
(n = 197)

NW/MS−
(n = 65)

OW/MS−
(n = 84)

OW/MS+
(n = 48)

Parameters Model R2 p-value R2 p-value R2 p-value R2 p-value

C3 ACs
Unadjusted 0.3804 <0.0001 0.3529 <0.0001 0.3069 <0.0001 0.2812 0.0001

Adjusted 2 0.2080 <0.0001 0.0909 0.0020 0.2356 <0.0001 0.2181 0.0002

Adjusted 3 0.1932 <0.0001 0.0775 0.0047 0.2140 <0.0001 0.1488 0.0019

C5 ACs
Unadjusted 0.3817 <0.0001 0.3608 <0.0001 0.3822 <0.0001 0.2159 0.0009

Adjusted 2 0.1614 <0.0001 0.0866 0.0017 0.2212 <0.0001 0.2181 0.0002

Adjusted 3 0.1504 <0.0001 0.0901 0.0010 0.2026 <0.0001 0.0466 0.0847

2 Model adjusted for age, sex and total energy intakes, 3 Model adjusted for age, sex, total energy intakes and total
BCAA, animal protein and red meat intakes. Significant values (p < 0.05) are presented in bold. Abbreviations: NW,
normal weight; OW, overweight-obese; MS, metabolic syndrome; ACs, Acylcarnitines.

4. Discussion

It is not yet fully established if elevated plasma BCAA and AC levels are a cause or a consequence
of IR, and if protein intakes exert an influence on their plasma concentrations. To our knowledge,
we are the first to investigate the association between the individual food groups contributing the
most to daily protein intakes, fasting AC and BCAA levels in normal weight and overweight/obese
individuals with or without metabolic perturbations.

As expected, plasma BCAA levels were significantly greater in OW with or without MS than
in NW individuals, which is consistent with the literature [22,40–43]. Worth of mention, plasma
BCAAs appeared to be affected by sex, as previously reported in some studies [40–42]. However,
differences in BCAA intakes between groups were not present following adjustments for age, sex and
energy intake. This was expected since total protein intakes and % of energy from protein were also
not different between groups after adjustments. Still, the protein’s origin deserves further attention.
Considering all principal protein sources, red meat seems to be driving the positive association of
total animal protein intakes with plasma BCAAs since it was the only food group presenting a trend
towards significance for an association with plasma BCAAs. Associations with red meat were lost in
adjusted models on the whole sample, but animal protein intakes remained significant. This reflects
very well the intakes of our participants: OW/MS+ consumed significantly more animal protein than
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NW/MS− and OW/MS− individuals in non-adjusted and adjusted models, whereas red meat intakes
were no longer different between groups after adjustments for age, sex and energy. Considering
these observations, plasma BCAA levels potentially reflect the consumption of animal protein/red
meat. Greater red meat intakes would have been necessary to see an effect of this food on already
metabolically deteriorated individuals. These findings are concordant with recent papers reporting
BCAAs consumption—correlating with animal protein and/or meat intakes—associated or correlated
with plasma BCAA levels [8,17]. Still, because animal protein and red meat only explain a small
portion of plasma BCAAs variance, dietary intakes might not be the main variable affecting plasma
BCAA levels.

Testing the associations within the three subgroups of subjects revealed substantial differences.
In OW/MS+ individuals, the association between plasma BCAAs and animal protein presented
a trend toward significance that became significant after adjustments. In the model including all
12 principal protein sources, the tendency observed for red meat persisted after adjustments, but
reached significance when considering animal protein sources only (not shown). Similarly to what we
observed in the whole sample, red meat was the main animal protein source associated with plasma
BCAA levels in metabolically disturbed individuals although the small magnitude of the relationship
is probably an indicator that there are other important metabolic factors implicated in plasma BCAAs
elevation in this group.

As for OW/MS−, we surprisingly did not find any association of protein intakes with plasma
BCAA levels. Their intakes were more similar to NW than to OW/MS+ individuals regarding
macronutrients, but were no longer significantly different after adjustments for age, sex and energy
intake. Yet, compared to their MS+ counterparts, they consumed less red meat and less animal protein
overall. The hypothesis that elevated plasma BCAAs is consequent to IR could explain why their levels
are significantly higher than NW/MS− subjects, assuming that they are at a greater risk of developing
IR. At this point, we cannot rule out the possibility that the different dietary habits of OW/MS− exert
some kind of protection against elevated plasma BCAA levels. Unfortunately, the study design of the
INFOGENE study does not allow the verification of this hypothesis.

What has been observed in NW/MS− individuals is quite different. All models presented
different associations. In the unadjusted ones, grain products were the main protein sources positively
associated with plasma BCAA levels while total animal protein, but not vegetal protein intakes,
was also positively associated. This unexpected observation could rather be an indicator of a dietary
pattern rich in grain products, as well as in animal protein, explaining their associations with plasma
BCAAs in different models. Even more intriguing, after adjustments for confounders, red meat was
negatively associated with plasma BCAA levels. Sex appeared to be a moderator of this association
(p < 0.0001). BCAAs might be more strongly affected by sex (and other metabolic factors) than by
protein sources intakes in healthy individuals. This could explain why we found very different
associations depending on the model used and would corroborate with the small magnitude of the
associations found with the 12 principal protein food sources intakes. Of note, a decreased predictive
effect of the habitual diet on serum metabolites after sex and age adjustments was previously reported
by Floegel et al [44].

Plasma AC levels were another important aspect of the present study. It appears that the
association between plasma C3 and C5 ACs and plasma BCAA levels were influenced by sex but not
so much by other confounders, such as age, energy intakes, animal protein, red meat or BCAA intakes,
depending on the model used. Further adjustments for variables related to dietary protein intakes
did not change the associations between C3 or C5 ACs and plasma BCAA levels except for the loss
of the association for C5 ACs in OW/MS+. In that model, neither animal protein, red meat or BCAA
intakes were significant correlates to the variance. Thus, we cannot confirm if these variables modulate
the association between C5 ACs and plasma BCAA levels or if we lost the association because of a
lack of statistical power, but their contribution to the variance appears to be weak. C3 and C5 ACs
might be differentially associated with plasma BCAA, but literature does not report on their individual
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effect [25,44]. We found C3 and C5 ACs to be positively associated with plasma BCAAs as reported
in a comparable study where higher levels of short-chain ACs were observed in diabetic patients
compared to lean or obese individuals [45]. Since this association persisted with adjustments for
confounders and animal protein, BCAA and red meat intakes in our models, there appears to be a
relative independence of C3 and C5 ACs from the diet. Consequently, we propose that C3 and C5
ACs more likely represents the degree of plasma BCAAs elevation than meat consumption. For these
reasons, using these short-chain ACs as a biomarker of meat consumption should be done with caution
and with consideration of other metabolic markers. It would be interesting to further investigate these
association in fasting and non-fasting individuals since C3 and C5 levels could be lower in fasted
individuals [46].

Taken all together, these findings are in line with a study realized in a cohort of Asian Indians
living in the US and at risk of CVD [47]. The investigators reported a positive association between a
Western/non-vegetarian dietary pattern, characterized by higher intakes of red meat, poultry, fish,
eggs and vegetables, and a metabolite signature rich in BCAAs, as well as in aromatic AAs and
short-chain ACs. Participants scoring higher for that metabolite signature were also more insulin
resistant, had higher fasting and 2-h insulin concentrations and had lower adiponectin levels and
insulin sensitivity. Similarly, we found a metabolic signature, including BCAA leucine, C3 and C5 ACs
that was associated with a Western dietary pattern in French Canadians [24]. Red meat also appeared
to be an important positive loading factor for T2D risk [44]. As for our healthy volunteers, recent work
found meats, sausages, meat products and eggs to be included in dietary patterns explaining variation
among plasma BCAA levels in a healthy population [17]. These foods were highlighted in at least one
of our models.

The mechanisms underlying the association between BCAA intakes and IR development are
unclear for now and association studies reported opposite results [4,28]. The largest European
prospective study found total and mostly animal protein intakes to be associated with an elevated T2D
risk [48]. As observed in the present study, and in similar studies [17–20], plant-protein intakes were
not inversely associated with T2D risk. Interestingly, Okekunle et al., found that a pattern rich in meat
was associated with T2D risk, even if rice and wheaten foods were the main correlates of BCAAs in their
study cohort [49]. These findings, alongside the higher intakes of animal protein observed in OW/MS+
individuals herein, reiterate the importance of considering the composition of the foods BCAAs are
coming from. In fact, red meat does have high heme-iron content which was suggested to be associated
with T2D [50–54]. Other nutrients in meats may also have an impact on IR development, including
the pro-oxidant and pro-inflammatory advanced glycation end products formed by the reaction of
carbonyl groups of reducing sugars with the amine groups of proteins, lipids or nucleotides [55,56].
We also cannot exclude the role of the gut microbiota (GMB) in BCAAs metabolism. Accordingly,
intestinal bacteria impact AAs absorption that are used for growth or the synthesis of metabolic
compounds, such as short-chain fatty acids (SCFA), including branched-chain fatty acids (BCFA),
BCAA being involved in the later [57]. Finally, animal protein could have a different biodisponibility
or kinetics that could predispose to IR. A small study reported that vegan, who consumed less BCAAs
than omnivores at baseline, had a significant decrease in insulin sensitivity after three months of BCAA
supplementation [26]. Another study found a switch to fish and plant-based protein versus meat
lowered plasma BCAAs in a small sample of mainly overweight individuals [58]. Mechanisms of
actions need to be the subject of future studies.

All things considered, results of the present study and a literature review lead us to two different
hypotheses: First, that the protein quality has an impact on plasma BCAA levels and second, that
elevated BCAAs are the consequence of a disturbed metabolism in individuals having suboptimal
dietary habits. In both cases, ACs seems more likely to reflect BCAA concentrations in the plasma.
If BCAA levels induce IR, the most plausible hypothesis involves the mammalian target of rapamycin
(mTOR) [59,60]. BCAAs and especially leucine can activate mTORC1 through an alternative pathway
ending with insulin receptor degradation. Insulin-binding to its receptor being therefore compromised,

119



Nutrients 2019, 11, 173

a state of insulin resistance would occur [59–66]. BCAAs could also increase the activity of p65 subunit
of nuclear transcription factor Kb (NF-kβ), a pro-inflammatory pathway that could accelerate IR
progression [67]. Regardless of their potential, these mechanisms might not explain the rise of plasma
BCAA levels observed in our sample, granted that protein intakes and therefore amino acid pool, were
not greater in OW/MS− compared to NW/MS− group. If BCAAs elevation is rather the consequence
of a disturbed metabolism, it has been proposed that high fat diets, obesity, IR or insulin levels could
lead to a defect in BCKD activity and expression in the liver [11]. Circulating BCAAs are transaminated
into branched-chain keto acids (BCKA) by the branched-chain amino acid transferase, a reversible
step, before being further oxidized by BCKD to serve as substrates in the Krebs cycle [2,11,68]. Having
dysfunctional BCKD would therefore lead to BCKA and or BCAAs accumulation. BCKA being the
precursors of C3 and C5 ACs, this could explain ACs elevation in conjunction with IR [2].

The present study has some limitations. As mentioned earlier, elevated BCAAs is an early
predictor of IR. Individuals classified in the MS− group could be insulin resistant but without enough
metabolic impairments to make it into the MS+ group and therefore dilute IR impact on our results.
As previously hypothesized by Isanejad et al., the response to dietary protein might depend on
metabolic health, as well as on one’s degree of IR [19]. Classifying our population according to IR
only could help to isolate the impact of protein intakes on BCAAs at different stages of diabetes
development (healthy, insulin resistant and diabetic). Also, we considered the medication for diabetes,
dyslipidemia or hypertension to define our subgroups. But taking medications artificially improve
metabolic parameters, which could therefore ameliorate BCAAs metabolism and affect the associations
observed. Our sample was also too small for further investigation of the effect of sex on plasma
BCAA levels by subgroups based on BMI and MS presence. Finally, because we used data from a
cross-sectional study, we were not able to investigate in a prospective way the associations between
plasma BCAA levels and changes in consumption of plant or animal protein nor time variations in
ACs. It is important to note that correction for multiple testing was not applied to data. Because of
the exploratory design of this study, having applied too restrictive correction could have masked
potentially interesting associations in this relatively small sample of subjects. Notwithstanding,
this study has some strengths. Our decision to compare healthy and metabolically deteriorated
individuals was based on the fact that plasma BCAA levels are influenced by other components
of the metabolic syndrome than glycemia [2]. As such, the present work compares healthy and
metabolically deteriorated individuals within a single sample allowing comparisons between groups
and generalization of the results. To our knowledge, it is also the first study testing the association
of BCAAs with diet between subgroups of subjects with cardiometabolic perturbations as opposed
to only IR or CVD related risk factors. All measurements were standardized, including the dietary
questionnaire that has been validated for our population. Finally, the detailed FFQ allowed us to
explore the associations with specific subgroups of animal-derived protein sources in parallel with
ACs and BCAAs, which is unique to the present study.

5. Conclusions

In summary, we found a constant tendency toward significance between plasma BCAAs and
animal protein or red meat intakes in OW/MS+ individuals. In NW/MS− individuals, diverse
associations were observed between models. That being said, it is likely that BCAA or animal
protein/meat intakes are not the main or the sole correlate to their elevation in plasma prior to IR
considering their weak contribution to the variance. Plasma ACs concentrations were also found to
be associated with plasma BCAA levels. Our study cannot explain mechanisms by which plasma
BCAA levels and ACs are elevated in OW/MS+ individuals, but the impact of meat, its BCAA content,
the presence of other compounds in its matrix and its GMB metabolites should be further investigated.

120



Nutrients 2019, 11, 173

Supplementary Materials: The following is available online at http://www.mdpi.com/2072-6643/11/1/173/s1,
Table S1: Food grouping used in the dietary pattern analysis.

Author Contributions: Conceptualization and design of the experiments, L.P., S.L. and M.-C.V.; data analysis,
M.R., F.G., B.A.-N. and V.G.; formal analysis and writing, M.R.; supervision, M.-C.V.; review and editing,
all authors.

Funding: This research received no external funding.

Acknowledgments: The authors express gratitude to all participants for their much-appreciated collaboration.
We recognize the contribution of Marie-Eve Bouchard, Steve Amireault, Diane Drolet, and Dominique Beaulieu
for their involvement in the study coordination, recruitment of the subjects, and data collection. We would also
like to thank Chenomx Inc. (Edmonton, AB, Canada) who performed the mass spectrometry analyses to measure
plasma metabolite levels. Marie-Claude Vohl is Canada Research Chair in Genomics Applied to Nutrition and
Metabolic Health. Michèle Rousseau received a studentship from the INITIA foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gannon Nicholas, P.; Schnuck Jamie, K.; Vaughan Roger, A. BCAA Metabolism and Insulin
Sensitivity—Dysregulated by Metabolic Status? Mol. Nutr. Food Res. 2018, 62, 1700756. [CrossRef] [PubMed]

2. Gar, C.; Rottenkolber, M.; Prehn, C.; Adamski, J.; Seissler, J.; Lechner, A. Serum and plasma amino acids as
markers of prediabetes, insulin resistance, and incident diabetes. Crit. Rev. Clin. Lab. Sci. 2018, 55, 21–32.
[CrossRef]

3. Labonte, C.C.; Farsijani, S.; Marliss, E.B.; Gougeon, R.; Morais, J.A.; Pereira, S.; Bassil, M.; Winter, A.;
Murphy, J.; Combs, T.P.; et al. Plasma Amino Acids vs Conventional Predictors of Insulin Resistance
Measured by the Hyperinsulinemic Clamp. J. Endocr. Soc. 2017, 1, 861–873. [CrossRef] [PubMed]

4. Asghari, G.; Farhadnejad, H.; Teymoori, F.; Mirmiran, P.; Tohidi, M.; Azizi, F. High dietary intake of
branched-chain amino acids is associated with an increased risk of insulin resistance in adults. J. Diabetes
2018, 10, 357–364. [CrossRef] [PubMed]

5. Ruiz-Canela, M.; Toledo, E.; Clish, C.B.; Hruby, A.; Liang, L.; Salas-Salvadó, J.; Razquin, C.; Corella, D.;
Estruch, R.; Ros, E.; et al. Plasma branched-chain amino acids and incident cardiovascular disease in the
PREDIMED trial. Clin. Chem. 2016, 62, 582–592. [CrossRef] [PubMed]

6. Song, M.; Fung, T.T.; Hu, F.B.; Willett, W.C.; Longo, V.; Chan, A.T.; Giovannucci, E.L. Animal and plant
protein intake and all-cause and cause-specific mortality: Results from two prospective US cohort studies.
JAMA Intern. Med. 2016, 176, 1453. [CrossRef]

7. Wang, T.J.; Larson, M.G.; Vasan, R.S.; Cheng, S.; Rhee, E.P.; McCabe, E.; Lewis, G.D.; Fox, C.S.; Jacques, P.F.;
Fernandez, C.; et al. Metabolite profiles and the risk of developing diabetes. Nat. Med. 2011, 17, 448–453.
[CrossRef] [PubMed]

8. Zheng, Y.; Li, Y.; Qi, Q.; Hruby, A.; Manson, J.E.; Willett, W.C.; Wolpin, B.M.; Hu, F.B.; Qi, L. Cumulative
consumption of branched-chain amino acids and incidence of type 2 diabetes. Int. J. Epidemiol. 2016, 45,
1482–1492. [CrossRef]

9. Mahendran, Y.; Jonsson, A.; Have, C.T.; Allin, K.H.; Witte, D.R.; Jørgensen, M.E.; Grarup, N.; Pedersen, O.;
Kilpeläinen, T.O.; Hansen, T. Genetic evidence of a causal effect of insulin resistance on branched-chain
amino acid levels. Diabetologia 2017, 60, 873–878. [CrossRef]

10. Wang, Q.; Holmes, M.V.; Davey Smith, G.; Ala-Korpela, M. Genetic Support for a Causal Role of Insulin
Resistance on Circulating Branched-Chain Amino Acids and Inflammation. Diabetes Care 2017, 40, 1779–1786.
[CrossRef]

11. Shin, A.C.; Fasshauer, M.; Filatova, N.; Grundell, L.A.; Zielinski, E.; Zhou, J.-Y.; Scherer, T.; Lindtner, C.;
White, P.J.; Lapworth, A.L.; et al. Brain insulin lowers circulating BCAA levels by inducing hepatic BCAA
catabolism. Cell Metab. 2014, 20, 898. [CrossRef] [PubMed]

12. Lynch, C.J.; Adams, S.H. Branched-chain amino acids in metabolic signalling and insulin resistance. Nat. Rev.
Endocrinol. 2014, 10, 723–736. [CrossRef] [PubMed]

13. Fernstrom, J.D. Branched-Chain Amino Acids and Brain Function. J. Nutr. 2005, 135, 1539S–1546S. [CrossRef]
[PubMed]

14. Brosnan, J.T.; Brosnan, M.E. Branched-Chain Amino Acids: Enzyme and Substrate Regulation. J. Nutr. 2006,
136, 207S–211S. [CrossRef]

121



Nutrients 2019, 11, 173

15. Platell, C.; Kong, S.E.; McCauley, R.; Hall, J.C. Branched-chain amino acids. J. Gastroenterol. Hepatol. 2001, 15,
706–717. [CrossRef]

16. López, A.M.; Noriega, L.G.; Diaz, M.; Torres, N.; Tovar, A.R. Plasma branched-chain and aromatic amino
acid concentration after ingestion of an urban or rural diet in rural Mexican women. BMC Obes. 2015, 2, 8.
[CrossRef]

17. Merz, B.; Frommherz, L.; Rist, M.J.; Kulling, S.E.; Bub, A.; Watzl, B. Dietary Pattern and Plasma
BCAA-Variations in Healthy Men and Women—Results from the KarMeN Study. Nutrients 2018, 10, 623.
[CrossRef] [PubMed]

18. Pan, A.; Sun, Q.; Bernstein, A.M.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Red meat consumption
and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-analysis. Am. J. Clin. Nutr. 2011, 94,
1088–1096. [CrossRef]

19. Isanejad, M.; LaCroix, A.Z.; Thomson, C.A.; Tinker, L.; Larson, J.C.; Qi, Q.; Qi, L.; Cooper-DeHoff, R.M.;
Phillips, L.S.; Prentice, R.L.; et al. Branched-Chain Amino Acid, Meat Intake and Risk of Type 2 Diabetes
in the Women’s Health Initiative. Available online: /core/journals/british-journal-of-nutrition/article/
branchedchain-amino-acid-meat-intake-and-risk-of-type-2-diabetes-in-the-womens-health-initiative/
2706233DCEB0422B3DCCA9D9925CCB3F (accessed on 10 April 2018).

20. Malik, V.S.; Li, Y.; Tobias, D.K.; Pan, A.; Hu, F.B. Dietary Protein Intake and Risk of Type 2 Diabetes in US
Men and Women. Am. J. Epidemiol. 2016, 183, 715–728. [CrossRef] [PubMed]

21. Schooneman, M.G.; Vaz, F.M.; Houten, S.M.; Soeters, M.R. Acylcarnitines. Diabetes 2013, 62, 1–8. [CrossRef]
22. Newgard, C.B.; An, J.; Bain, J.R.; Muehlbauer, M.J.; Stevens, R.D.; Lien, L.F.; Haqq, A.M.; Shah, S.H.;

Arlotto, M.; Slentz, C.A.; et al. A Branched-Chain Amino Acid-Related Metabolic Signature that Differentiates
Obese and Lean Humans and Contributes to Insulin Resistance. Cell Metab. 2009, 9, 311–326. [CrossRef]

23. Roe, D.S.; Roe, C.R.; Brivet, M.; Sweetman, L. Evidence for a short-chain carnitine-acylcarnitine translocase
in mitochondria specifically related to the metabolism of branched-chain amino acids. Mol. Genet. Metab.
2000, 69, 69–75. [CrossRef]

24. Bouchard-Mercier, A.; Rudkowska, I.; Lemieux, S.; Couture, P.; Vohl, M.-C. The metabolic signature
associated with the Western dietary pattern: A cross-sectional study. Nutr. J. 2013, 12, 158. [CrossRef]

25. Cheung, W.; Keski-Rahkonen, P.; Assi, N.; Ferrari, P.; Freisling, H.; Rinaldi, S.; Slimani, N.; Zamora-Ros, R.;
Rundle, M.; Frost, G.; et al. A metabolomic study of biomarkers of meat and fish intake. Am. J. Clin. Nutr.
2017, 105, 600–608. [CrossRef]
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Abstract: Background: Metabolic Syndrome (MetS) is associated with higher rates of cardiovascular
disease (CVD), type 2 diabetes mellitus, and cancer worldwide. Objective: To assess fat intake in
older adults with or without MetS. Design: Cross-sectional nutritional survey in older adults living
in the Balearic Islands (n = 477, 48% women, 55–80 years old) with no previous CVD. Methods:
Assessment of fat (total fat, MUFA, PUFA, SFA, TFA, linoleic acid, α-linolenic acid, marine and
non-marine ω-3 FA, animal fat and vegetable fat, cholesterol) and macronutrient intake using a
validated food frequency questionnaire, and its comparison with recommendations of the US Institute
of Medicine (IOM) and the Spanish Society of Community Nutrition (SENC). Results: Participants
with MetS showed higher BMI, lower physical activity, higher total fat and MUFA intake, and lower
intake of energy, carbohydrates, and fiber than participants without MetS. Men and women with
MetS were below the Acceptable Macronutrient Distribution Range (AMDR) proposed by IOM for
carbohydrates and above the AMDR for total fat and MUFAs, and women were below the AMDR
proposed for α-linolenic acid (ALA) compared with participants without MetS. Conclusions: Subjects
with MetS were less likely to meet IOM and SENC recommendations for fat and macronutrient
intakes as compared to non-MetS subjects.

Keywords: older adults; macronutrient intake; dietary intake; fat intake; metabolic syndrome

1. Introduction

Metabolic syndrome (MetS) is a clinical condition characterized by several metabolic risk
factors [1,2] associated with higher prevalence of cardiovascular disease (CVD), type 2 diabetes
(T2DM), and cancer worldwide [3]. These factors involve abdominal obesity, blood pressure, glycaemia,
triglyceridemia (TG), and high-density lipoprotein cholesterol (HDL-c) [1].

The prevalence of MetS has been increasing over the years and is now reaching epidemic
proportions [4]. In Western countries, the prevalence of MetS is approximately one-fifth of the adult
population and increases with age. However, the prevalence of MetS will vary according to the
population studied, age, gender, race, and ethnicity, as well as the definition applied [5,6].

MetS is also influenced by nutrient intake, alcohol consumption, physical exercise, or smoking [3].
Unhealthy eating patterns and lifestyle, such as malnutrition and inactivity, can worsen the clinical
status, with accumulation of body fat and alteration of the parameters that characterize MetS [7].

As shown in the ANIBES study, the macronutrient distribution is worsening and somewhat
moving away from the recommendations and traditional Mediterranean dietary pattern, although
the negative changes are less pronounced as age increases [8]. Age, sex, lower levels of education,
economic status, smoking status, and alcohol intake predict lower dietary variety. There is evidence
that older Spanish adults with MetS had a high risk of inadequate nutrient intake [9].
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Eating patterns and their food and nutrient characteristics are the primary emphasis of the
recommendations of U.S. Dietary Guidelines 2015–2020 [10]. Accordingly, therehas been a focus on
the roles of macronutrients (carbohydrates, fat, and proteins) [11–17] and dietary patterns [7,18–20]
on MetS.

Therefore, taking into consideration the scientific evidence on nutrients in the development of
MetS, this study aimed to assess fat intake in older adults with or without MetS.

2. Materials and Methods

2.1. Design and Participants

The sample had477 participants (48% women; aged 55–80 years old)with no previously
documented CVD that were engaged in social and municipal clubs, health centers, and sport clubs
ofacross-sectional study conducted in the Balearic Islands. The age range was chosen since they
are at high risk of suffering non communicable disease, the association of MetS with CVD, and
because the increasing prevalence of MetS with age is known [21]. Exclusion criteria included being
institutionalized, suffering from a physical or mental illness thatlimited their participation in physical
fitness or their ability to respond to questionnaires, chronic alcoholism or drug addiction, and intake of
drugs for clinical research over the past year.

The study protocols followed the Declaration of Helsinki ethical standards, and were approved by
the Ethics Committee of Research of Balearic Islands (refs. CEIC-IB2251/14PI and CEIC-IB1295/09PI).
All participants provided informed written consent.

2.2. Anthropometric Measurements

Anthropometric variables were measured by trained personnel to minimize the inter-observer
coefficients of variation. Weight and height were measured with high-quality electronic calibrated scales
and a wall-mounted stadiometer, respectively. Height was determined using a mobile anthropometer
(Seca 213, SECA Deutschland, Hamburg, Germany) to the nearest millimeter, with the participant’s
head maintained in the Frankfort Horizontal Plane position. Body weight and body fat were determined
using a Segmental Body Composition Analyzer (Tanita BC-418, Tanita, Tokyo, Japan). The participants
were weighed in bare feet and light clothes (0.6 kg was subtracted for their clothing). Body mass
index (BMI) was calculated as weight in kilograms divided by the square of height in meters (kg/m2).
Waist circumference (WC) was measured half-way between the last rib and the iliac crest by using an
anthropometric tape. Blood pressure was measured using a validated semi-automatic oscillometer
(Omron HEM-705CP, Hoofddorp, The Netherlands) after 5 min of rest inbetween measurements while
the participant was in a seated position. All anthropometric variables were determined in duplicate,
except for blood pressure (in triplicate).

2.3. Blood Collection and Analysis

Blood samples were collected after an overnight fast and biochemical analyses were performed
on fasting plasma glucose, total cholesterol, HDL-c, and TG concentrations in local laboratories using
standard enzymatic methods. Participants were classified as “with MetS” (n = 333) and “without MetS”
(n = 144) according to the updated harmonized definition of the International Diabetes Federation and
the American Heart Association and National Heart, Lung, and Blood Institute [2].

2.4. Dietary Intake Assessment

Licensed dieticians administered a semiquantitative, 137-item food frequency questionnaire
(FFQ), repeatedly validated in Spain [22]. For each item, a typical portion size was included and
consumption frequencies were registered in 9 categories that ranged from “never or almost never”
to “≥6 times/day”. Energy and nutrient intakes were calculated as frequency multiplied by nutrient
composition of specified portion size for each food item, using a self-made computerized program
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based on available information in the Spanish food composition tables by Moreiras et al. [23]. When
foods in the Spanish food composition tables were not available, the BEDCA food database was
used in order to complete missing information [24]. Dietary intake of energy, carbohydrates (CHOs),
proteins, total fat, monounsaturated fatty acids (MUFAs), polyunsaturatedfatty acids (PUFAs) and
SFAs, trans-fatty acid (TFA), linoleic acid (LA), α-linolenic acid (ALA), marine and non-marine ω-3
fatty acid (ω-3 FA), animal fat and vegetable fat, cholesterol, and fiber were estimated. The vegetable
fat included vegetables, fruits, nuts, legumes, total cereals, olives, oils, cookies, fritters, cocoa powder,
mustard, ketchup, fried tomato, sugar, marmalade, and snacks. The animal fat included total dairy
products, total meat, total fish, pizza, butter, lard, bakery goods, nougat, ready-to-eat meals, salad
cream, and honey. The fat quality index (FQI) was also calculated as previously described [25]. Briefly,
the FQI was calculated using the ratio (MUFA + PUFA)/(SFA + TFA) as a continuous variable.

Macronutrients and different fat intakes were compared with Institute of Medicine (IOM) and
Spanish Society of Community Nutrition (SENC) recommendations. The dietary references intakes
(DRIs) values proposed by IOM [26] were used, which are quantitative estimates of nutrient intakes to
assess and plan diets for healthy people, including the Acceptable Macronutrient Distribution Range
(AMDR) values. The prevalence of inadequate macronutrient intake according to the 2020 Nutritional
Objectives for Spanish Population proposed by SENC [27] was used.

2.5. Socioeconomic and Lifestyle Determinants

Sociodemographic and lifestyle characteristics were collected from each participant. Educational
level was ranked into primary school, secondary school, and university. Physical activity was
measured using the validated Spanish version of the Minnesota Leisure Time Physical Activity
Questionnaire [28,29]; it was taken by interview with trained research assistants and measured
leisure time physical activities (LTPA), including household activities, over the previous 12 months.
The Minnesota questionnaire was used to estimate physical activity levels by using metabolic
equivalents of tasks (METs) [30]. METs are calculated by multiplying the intensity (showed by
the MET-score) and the duration spent on that activity (measured in minutes). The MET-score can
be derived from tables (the Compendium of Physical Activities) [31] that show the intensity of the
activity relative to resting (METhours/week) spent on physical activity refer to the energy that is spent
on activities, over and above existing levels of resting energy expenditure. Finally, information related
to individual medical history, current medication use, and smoking status were also obtained.

2.6. Statistical Analyses

Analyses were performed with the SPSS statistical software package version 25.0 (SPSS Inc.,
Chicago, IL, USA). All analyses were stratified by sex and MetS status. Data are shown as mean,
standard deviation (SD), or median and interquartile range (IQR). Normality of data was assessed
using Kolmogorov–Smirnov test. Difference in medians between two comparison groups were tested
by the Mann-Whitney U-test when variables were not normally distributed, and difference in means
between the two comparison groups were tested by unpaired Students’ t-test when variables were
normally distributed. Differences in prevalence of MetS or not among participants were examined
using χ2 (all p values are two-tailed). Logistic regression analyses with the calculation of corresponding
odds ratio (OR) and the 95% confidence interval (95% Confidence Interval, CI) were also used to assess
the association between pathological features of MetS and macronutrients, specific types of fat, and
dietary intake. Results were adjusted for sex, age (continuous variable), BMI (continuous variable),
energy intake (continuous variable), and total physical activity (continuous variable, expressed as
METmin/hour) to control for potential confounders. Results were considered statistically significant if
p-value (2 tailed) <0.05.
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3. Results

Comparison of socioeconomic and lifestyle characteristics between the two study groups stratified
by sex are shown in Table 1. Participants with MetS showed higher BMI and lower total physical
activity than participants without MetS. As expected, the groups differed in all MetS components,
except for blood pressure in women. A higher percentage of patients with MetS showed pathological
cut-off values than patients without MetS in all MetS components.

Male MetS patients with high blood pressure plus hyperglycemia plus high abdominal fat
comprised 64.5% of the total MetS population; those with high blood pressure plus hypertriglyceridemia
plus low HDL-c comprised 42.6% of the MetS population. Female MetS patients with high blood
pressure plus hyperglycemia plus high abdominal fat comprised 59.3% of the total MetS population;
those with high blood pressure plus hypertriglyceridemia plus low HDL-c comprised 38.7% of the
MetS population.

Comparisons of nutrient intakes and food consumption between the two study groups stratified
by sex are shown in Tables 2 and 3, respectively. Participants with MetS showed higher total fat
and MUFA intake but lower intake of energy, carbohydrates, and fiber than those without MetS
(p < 0.05). Participants with MetS also showed higher FQI than non-MetS participants. Women with
MetS reported higher intake of proteins but lower intake of TFA, ω-3 FA, LA, ALA, and marine and
non-marine ω-3 FA than women without MetS. Participants with MetS reported lower consumption of
fruits, potatoes, total cereals, whole grain bread, and rice and pasta than participants without MetS.
Men with MetS reported lower consumption of ready to-eat-meals than those without MetS. On the
other hand, women reported lower consumption of bakery goods and alcohol than those without MetS.

Table 4 shows that participants with MetS, for both men and women, were more likely to be below
the AMDR proposed by IOM for carbohydrates and ALA (except for men) and more likely to be above
the AMDR for total fat and MUFAs than participants without MetS. Similar results were obtained when
the 2020 Nutritional Objectives for the Spanish population were assessed (Table 5). Participants with
MetS were also more likely to be below the acceptable nutritional range for carbohydrates and more
likely to be above the acceptable nutritional range for total fat and MUFAs than participants without
MetS. Finally, participants with MetS were more likely to be below the 2020 Nutritional Objectives for
the Spanish population for TFA but also for total fiber, such as in fruits and vegetables.

Multivariate adjusted odds ratio (OR) for the association between pathological features of the
MetS components and dietary macronutrient intake in participants with and without MetS showed,
after adjustment for potential confounders (i.e., age, sex, BMI, energy and physical activity), that
hypertension (equal or higher pathological cut-off value was OR reference: 1.00) is related with
lower intake of PUFA (OR: 0.95; 95% CI: 0.91–0.98), SFA (OR: 0.95; 95% CI: 0.92–0.99), TFA (OR: 0.95;
95% CI: 0.91–0.99), LA (OR: 0.94; 95% CI: 0.90–0.98), and ALA (OR: 0.95; 95% CI: 0.91–0.99). However,
abdominal obesity (equal or higher pathological cut-off value was OR reference: 1.00) was associated
with high PUFA intake (OR: 1.10; 95% CI: 1.01–1.19), LA (OR: 0.12; 95% CI: 1.02–1.23) and vegetable
fat (OR: 1.05; 95% CI: 1.01–1.08). No other relationships were found between other pathological
components of MetS and dietary macronutrient intake.
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4. Discussion

Subjects with MetS and without MetS showed differences for energy and macronutrient intake, as
well as for intake of specific fat subtypes.

Energy and nutrient intake in MetS subjects revealed a diet lower in calories and carbohydrates,
but higher in total fat and MUFA than those without MetS. Carbohydrate intake of MetS subjects
was below the recommended limits (45–65% of total energy intake) and total fat intake of the same
subjects was above the recommended limits (20–35% of total energy intake). Women with MetS showed
more energy intake from protein than those without MetS (18% vs. 16.9%, respectively) (p < 0.01),
but both were within recommended ranges [26,27]. A similar nutrient distribution among Spanish
population with MetS [32] and healthy adults has been previously shown [8]. Differences were also
previously observed between subjects with and without MetS for total energy intake, sugar intake,
dietary glycemic load, percentage of dietary protein, PUFA, and fiber intake [33].

Despite women with MetS reporting lower consumption of bakery goods than those without
MetS, differences in sugary food intake (bakery goods, dairy desserts, beverages, fruit juices, breakfast
cereals, marmalade, ice creams, chocolate, and ready-to-eat meals) between subjects with and without
MetS were not found in our study when the 2020 Nutritional Objectives for the Spanish population
were assessed. Total sugar intake was also quantified in the ANIBES study: results were higher in
children (17.18%) and adolescents (16.33%) and markedly lower in adults (15.34%) and older adults
(12.97%) [8]. The inhabitants of Northern Spain, especially men, consumed more sugar and sweets than
adult from other Spanish areas [32]. Conversely, the World Health Organization (WHO) recommended
<10% of energy intake be provided by sugars [34], whereas <5% has been recommended in the United
Kingdom [35]. It is well known that simple sugar intake is associated with significantly higher risk
of developing MetS, including increased blood pressure, central obesity, and serum TG and glucose
levels [36–38]. Frequent consumption of sugar-containing foods can also increase the risk of dental
caries [39].

This study also demonstrated an association of gender and fat intake for MetS risk. Women
showed an inverse association between fat intake and MetS, irrespective of fatty acid type. Women
consumed less ω-3 and ω-6 FA, which could be related to the lower consumption of nuts observed
in this group. Previously, Bibiloni et al. [40] showed that nut consumers were less likely to be below
the estimated average requirement (EAR) for some nutrients and above the adequate intake (AI)
for others than non-nut consumers. Other studies showed that European Food Safety Authority
(EFSA) recommendations for intake of different types of ω-3 and ω-6 FA, such as LA, ALA, and
eicosapentaenoic acid (EPA) + DHA, were not met in around half, one-quarter, and three-quarters of
the European countries, respectively [41]. The most recent reviews also concluded that in half of the
countries worldwide, the reported average PUFA intake was lower than the recommended range of
6–11% of energy [42–44]. In addition, the ω-3 and ω-6 FA intake was inversely associated with MetS
prevalence in females [45]. In our study, total PUFA and specific types of PUFA (LA or ALA) intake
were inversely associated with high blood pressure and positively associated with abdominal obesity.
Evidence from observational and intervention studies supports the benefits of both ω-3 and ω-6 PUFA
in reducing MetS [37,46–49], although other studies showed conflicting results [49–51]. Particularly,
the adequate intake of MUFA and PUFAs in the PREvención con DIeta MEDiterránea (PREDIMED)
study, mainly due to a high consumption of nuts and olive oil, has been previously associated with
better adherence to the Mediterranean diet (MedDiet) [40] and to lower risk of CVD [52]. Moreover,
other dietary patterns (Dietary Approaches to Stop Hypertension (DASH), new Nordic and vegetarian
diets) have also been proposed as alternatives to the MedDiet for preventing MetS [5].

It is also worth noting that no differences were observed between subjects with and without MetS
for SFA and animal fat, although participants without MetS showed higher consumption of bakery
goods than those with MetS. Moreover, an association between pathological features of MetS and
dietary macronutrient intake showed that hypertensionwas inversely associated with SFA. Contrarily
to our results, a positive association between SFA intake and MetS components has been observed
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in most studies [46,50,53–56], although other studies pointed to a lack of association [49,57]. On the
other hand, increased vegetable fat intake was positively associated with abdominal obesity; certain
vegetable products may also have high saturated fat contents, such as coconut oil and palm kernel oil,
along withmany prepared foods [10,58]. Moreover, most of the countries reported an average higher
SFA intake than the recommended maximum of 10% of energy [42–44]. A prospective study with an
older adult population at high risk of cardiovascular disease also observed an average higher SFA
intake (10.3%) [59]. However, there is evidence that the intake of these fats is lower in the adults and
older adults in the Mediterranean population, who consume low amounts of processed food; olive oil
and meat ranked as the primary individual contributors [8].

Moreover, our findings show that women with MetS consumed more energy from TFA than those
without MetS (6.4% versus 7.8%, respectively) (p < 0.005). Accordingly, TFA intake was inversely
associated with hypertension. In a previous study, plasma TFA concentrations were significantly
associated with MetS prevalence and its individual components, except for blood pressure [60].
In another study, the reduction in TFA intake over 1 year was significantly associated with a reduction
in low-density lipoprotein particle number (LDL-P), a novel marker of CVD risk [61]. Actually, the
2015–2020 U.S. Dietary Guidelines for Americans and the IOM both recommend that individuals
should limit TFA intake as much as possible to avoid their adverse effects on health [62].

Otherwise, the current findings showed that participants with MetS consumed less dietary fiber
than the recommended dietary allowances (35 g for males and 25 g for females of this age group), which
may be linked to low consumption of fruits and vegetables in our population study. This outcome is
according tothe outcomes of a previous meta-analysis that provided a potential link between dietary
fiber consumption and MetS risk factors [63]. Previous studies also showed a protective effect of fruit
intake on MetS development [17,64–66], as well as a protective role on CVD development [67].

Finally, our results also show higher BMI and lower total physical activity in participants with
MetS (p < 0.001), which is in agreement with a previous study that also showed higher level of physical
activity in the control group compared to the MetS group, although this difference disappeared when
the subjects were separated by sex and adjusted for total energy intake [16]. Another previous study
showed that participants with lower levels of physical activity, being overweight and obese, were
associated with higher risk of CVD. Accordingly, the impact of physical activity on CVD might outweigh
that of BMI among middle-aged and elderly participants [68]. There is evidence that interventions
including regular physical activity practice in patients with MetS improves MetS risk factors [69–75],
indicating that maintaining a good physical condition would be essential for a healthy status.

Strengths and Limitations of the Study

This study has several strengths. First, to our knowledge our study provides data on the intake
of macronutrients and different types of fat in older adults with MetS or without it, which has been
scarcelyreported previously. Our research also provides information about dietary fat intake in
comparison to national and international recommendations, which may provide references for future
public policies.

Some methodological limitations should be acknowledged. First, the cross-sectional study nature;
thus, causal inferences cannot be drawn. Second, the relatively small sample size, specifically in the
non-MetS group; for this reason, these findings cannot be generalized to the broader community
based on this study alone. Third, the FFQ, the source of information to assess dietary fat intake, could
overestimate the intake of certain food groups, even thosethat have been validated. In our study,
a trained dietician conducted the interviews to collect the food frequency data; it is hoped that this
approach (as compared with self-administration) reduced any potential misclassification bias. Another
limitation of this study was that the used food composition databases showed missing or uncalculated
data forseveral fats and fatty acid contents; these missing data are lower than 5% of all analyzed foods
(for total fat, SFA, MUFA, PUFA, and cholesterol contents) and lower than 10% of foods (LA, ALA,
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trans-fat, EPA, DHA, and DPA are mainly from marine species and may change according to season,
source, such as wild or from a fish farm, and cooking method) [76].

5. Conclusions

Subjects with MetS were less likely to meet IOM and SENC recommendations for fat and
macronutrient intake as compared to non-MetS subjects. A healthy lifestyle is critical to prevent or
delay the onset of MetS in older adults and to prevent CVD in those with existing MetS. Thus, healthy
diet and lifestyle patternscan be recommended for all people with MetS and should emphasize the
consumption of a variety of legumes, cereals (whole grains), fruits, vegetables, fish, and nuts, which
have a high nutrient content and are more likely to meet dietary recommendations. This study also
raises the possibility that future recommendations and educational campaigns should be most effective
in preventing MetS via lifestyle changes.
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Abstract: Indices reflecting overall diet quality are used globally in research to predict the risk of
various diseases and metabolic disorders such as metabolic syndrome (MetS). Such indices are built
to measure adherence to current dietary guidelines or to best assess the diet–disease relationship.
Although mostly food-based, dietary guidelines often include recommendations to limit saturated
fatty acid (SFA) intake in order to prevent cardiovascular diseases. However, not all diet quality
indices consider SFA in their definition of diet quality. Additionally, the relationship between SFA
consumption and the development of MetS remains unclear. The purpose of this short review was to
explore the association between MetS and various diet quality indices and dietary patterns, with a
focus on how SFA contributes to these associations.

Keywords: saturated fatty acids; metabolic syndrome; diet quality; dietary guidelines;
cardiovascular disease

1. Introduction

Various scores and indices are available to assess overall diet quality in population-based or
interventional studies. These scores measure either adherence to certain dietary patterns, such as
the Mediterranean diet (MedDiet) or the Dietary Approach to Stop Hypertension (DASH), or to
country-specific dietary guidelines, such as Healthy Eating Indices (HEI). As discussed below, dietary
patterns and diet quality indices have been associated with the risk of various diseases, including the
metabolic syndrome (MetS), a collection of metabolic disorders that increase the risk of cardiovascular
diseases (CVD), stroke or type 2 diabetes [1]. The typical features of MetS are central obesity, insulin
resistance, dyslipidemia, hypertension, dysglycemia, and a pro-inflammatory/pro-thrombotic state [1].
The dyslipidemic features of the MetS are hypertriglyceridemia (fasting and postprandial) and low
high-density lipoprotein cholesterol (HDL-C). While an elevated low-density lipoprotein cholesterol
concentration (LDL-C) is not considered a typical feature of MetS, other features of LDL are. Specifically,
patients with MetS generally have smaller and denser LDL particles, which are more prone to oxidative
stress and are cleared less rapidly from the circulation than larger LDL particles [2].

Dietary patterns are a multidimensional representation of eating and, by definition, do not focus
on singled out nutrients or foods. This is also the case for dietary guidelines, which have shifted
from mostly nutrient-based to mostly food-based recommendations in recent years [3]. Nevertheless,
most dietary guidelines around the globe still include a recommendation to limit intakes of specific
nutrients of public health concern, including saturated fatty acids (SFAs). The recommendation to
limit the consumption of SFAs is based largely on their well-established cholesterol-raising effects [4,5].
Data from a number of randomized controlled trials (RCTs) have shown that replacing dietary SFA
with unsaturated fats reduces the risk of combined CVD events and are also at the basis of the
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recommendation to limit SFA intakes [5,6]. Replacing dietary SFA with carbohydrates from whole
grains foods may also yield cardiovascular benefits, unlike carbohydrates from refined grains [7–9].

Although SFAs have been considered a major nutritional risk factor of CVD for more than 50 years,
recent data have provided new challenging evidence suggesting that the SFA–CVD relationship may
not be as straightforward as originally thought [10]. For example, the meta-analysis that showed a
significant impact of SFA reduction on combined CVD events and showed no significant effect of
SFAs on the risk of fatal myocardial infarction (MI) or coronary heart disease (CHD) mortality [5].
The authors of this meta-analysis emphasized the lack of robust, high-quality data to reach definitive
conclusions on many of these associations. Others suggest that the recommendations on healthy
dietary patterns capture the inherent risk attributed to variations in SFA intake, implying that specific
recommendations on SFA intake are, in that context, redundant [11]. The fact that the increase in
LDL-C concentrations seen with higher intakes of SFA intake is generally paralleled by an increase
in the size of the LDL is another factor complexifying the association between dietary SFA and CVD
risk [11]. Finally, the heterogeneity in the health effects of individual types of SFAs (e.g., myristic,
lauric, etc.) [7,12] and the important interindividual variation in response to SFA reduction [13] are
additional considerations put forward by those against the specific recommendations on SFA [11].

Beyond its well-known LDL-raising effects, the impact of SFA consumption on cardiometabolic
health remains controversial. While data from a recent systematic review suggest that increased intake
of SFA is associated with an increased risk of MetS, this association appeared to be dependent on the
concurrent variations of other nutrients [9]. The purpose of this short review was therefore to explore
the association between MetS and various diet quality indices and dietary patterns, with a focus on
how SFA may contribute to these associations.

2. Diet Quality and Metabolic Syndrome

2.1. The HEI and MetS

The first HEI was developed in 1995 by the United States Department of Agriculture (USDA)
in order to measure adherence to the Dietary Guidelines for Americans (DGA) as well as the Food
Guide Pyramid. The HEI’s main goal was to serve as a “report card” of Americans’ diet, i.e., a measure
of overall diet quality. This first HEI had 10 components related to recommendations found in the
Food Guide Pyramid (Grains, Vegetables, Fruits, Milk, Meat, and “Other Foods”) and in the DGA
(Total fat, SFA, Cholesterol, Sodium, and Variety). The HEI-2015 is the most recent healthy eating
index in the USA and reflects adherence to the 2015–2020 DGA. It has 13 components, including both
adequacy and moderation components (Table 1). The moderation components of the HEI-2015 include
a fatty acids sub-score calculated as the ratio of unsaturated fat to SFAs, as well as an SFA sub-score.
According to the 2015–2020 DGA, SFA intake should not exceed 10%E per day (the SFA sub-score of
the HEI-2015) and should be replaced by unsaturated fats (the fatty acids sub-score of the HEI-2015).
As indicated above, those recommendations are based on many studies having shown that replacing
SFA with unsaturated fat (notably PUFA) reduces serum levels of total and LDL-cholesterol [4], as well
as the risk of CVD events [5]. The rationale for the SFA recommendation (<10% E) in the 2015–2020
DGA is not based on the upper limit instated by the Institute of Medicine. It is based on the notion
that in most instances, people with an SFA intake > 10% E cannot meet the recommended intake of all
food groups while maintaining an energy balance [3]. SFA intake in the calculation of the HEI-2015 is
also partially accounted for in the total protein foods adequacy component, higher fat protein foods
receiving fewer points than lower fat protein foods [14]. Finally, the adequacy dairy component of the
HEI-2015, which rewards a higher consumption of dairy products irrespective of fat content, as well
as the SFA moderation component, which sanctions higher SFA intakes, reflects the 2015–2020 DGA
recommendations to favor lower-fat or fat-free dairy products [3].

Surprisingly, very few studies have documented the association between HEIs (2010 or 2015
versions) and the risk of MetS. In a cross-sectional analysis of 1036 Iranian women, participants in the
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highest quartile of HEI-2010 had a 28% lower risk of MetS compared with those in the first quartile
(95% CI 0.50–0.96). Abdominal obesity, high blood pressure, high serum triacylglycerol and low serum
HDL-C also decreased across HEI-2010 quartiles [15]. Structural equation modeling analyses of data
from a sample of 188 healthy obese adults revealed that the HEI-2015 mediated the association between
age and several cardio-metabolic risk factors associated with MetS, including fat mass, fat free mass,
systolic blood pressure (SBP) and HDL-C. HEI-2015 scores also mediated the association between
gender and waist circumference, SBP, triglyceride and HDL-C [16].

Table 1. Components of different healthy eating indices.

HEI-2015 aHEI PNNS-GS2

Adequacy Adequacy

1. Total fruits
1. Fruits 1. Vegetables/Fruits2. Whole fruits

3. Total vegetables 2. Vegetables
4. Greens and Beans 3. Nuts/Legumes 2. Nuts

3. Legumes
5. Whole grains 4. Whole grains 4. Whole grain foods

6. Dairy products 5. Milk and dairy products
7. Total protein foods

8. Seafood and Plant protein 6. Fish and sea foods
9. Fatty acids (UFA/SFA ratio) 5. Trans fat 7. Added fat (prefer

vegetable sources)6. Long chain n3 fatty acids
7. PUFA

Moderation Moderation

8. Red/Processed meat 8. Red meat
9. Processed meat

10. Refined grains
11. Sodium 9. Sodium 10. Sodium

12. Added sugars 10. SSBs 11. Sweet tasting beverages
12. Sugary foods

13. SFA
11. Alcohol 13. Alcohol

HEI: Healthy Eating Index, PNNS-GS2: Programme National Nutrition Santé-Guideline Score updated to reflect the
2017 French dietary guidelines, UFA: Unsaturated fatty acids, SFA: Saturated fatty acids, PUFA: Polyunsaturated
fatty acids, SSBs: Sugar-sweetened beverages. Note: The aHEI does not use the adequacy/moderation classification
of its components.

The extent to which each of the HEI-2015 sub-scores, including those related to SFA intake,
contribute to modifying individual features of the MetS is a complex question. To the extent that high
LDL-C concentrations are not a typical feature of the MetS, adequacy or moderation components of
the HEI-2015 having an impact on LDL-C concentrations would not predict changes in the incidence of
MetS. However, replacing SFA with PUFA or MUFA slightly reduces HDL-C, total cholesterol, and
TG concentrations in healthy adults [4]. Furthermore, replacing SFA by PUFA from different oils
or foods reduced HDL-C concentrations in a recently published cross-over randomized controlled
trial (RCT) of 36 men and women at risk of CVD, while having no effect on serum TG and glucose
levels [17]. The substitution of SFA by PUFA, particularly PUFAs from walnuts, had a small but
significant lowering effect on blood pressure but no effect on arterial stiffness in the same RCT [17].
These results suggest that dietary SFA, because of opposing effects on many of the typical features of
MetS, cannot explain in and of themselves the favorable association between diet quality, as measured
by the HEI-2015, and MetS. On the other hand, consumption of other foods and nutrients accounted for
in the HEI-2015 has been more consistently associated with specific features of the MetS. For example,
high vs. low dairy consumption has been associated with a lower risk of abdominal obesity and of
being overweight [18]. The blood pressure lowering effect of a low sodium diet is well established [19].
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Data from observational studies indicate that consumption of fruits and vegetables is associated
with a lower risk of MetS [20]. Fruit consumption, independent of vegetable consumption, has also
been inversely associated with the incidence of hypertriglyceridemia [21]. Higher consumption of
sugar-sweetened beverages (SSBs), one of the main sources of added sugar in the North American diet,
has been associated with an increased risk of MetS [22]. Taken together, these results suggest that the
SFA component of the HEI-2015 per se cannot explain the favorable association between the HEI-2015
and the risk of MetS.

2.2. The aHEI and MetS

Unlike the HEI-2015, which is meant to measure adherence to dietary guidelines, the Alternate
HEI (aHEI) was developed not only as a measure of diet quality but also to entail the diet–disease
association. It was first developed in 2002 and included 9 components, including vegetables, fruits,
and cereal fiber [23]. While the first version of the aHEI included an SFA component, the updated
2010 version of the aHEI does not (Table 1) [24], reflecting to some extent the inconsistent association
between SFA consumption and CVD [11]. This is not to say that SFA is not indirectly accounted for in
the aHEI. Indeed, a high score resulting from a high consumption of vegetables and fruits, whole grains,
nuts and legumes, and PUFA, combined with a low consumption of SSBs, sodium, and red/processed
meat, reflects a healthy food pattern that is very likely to be low in SFA.

In a cross-sectional analysis of 12,406 US Hispanics and Latinos from the multicenter,
population-based Hispanic Community Health Study/Study of Latinos cohort, a higher aHEI was
associated with lower odds of MetS [25]. Interestingly, the association of the aHEI and cardiometabolic
factors varied by ethnic background. Specifically, the aHEI was inversely associated with waist
circumference, blood pressure, and glucose among Mexicans and Puerto Ricans and with TG
among Mexicans only, and was positively associated with HDL-C among Puerto Ricans and Central
Americans [25]. We have also shown a similar inverse association between the aHEI and the prevalence
of MetS in a cross-sectional analysis of 998 men and women from the province of Québec, in Canada [26].
In a cross-sectional analysis of 775 healthy women from the Nurses’ Health Study, the aHEI was
inversely associated with leptin and insulin concentrations but showed no association with other
cardiometabolic risk factors traditionally associated with MetS [27]. These associations were, however,
no longer present after adjusting for body mass index (BMI). Similar to the HEI-2015, this inverse
association between the aHEI and the MetS is unlikely to be explained by variations in dietary SFA
intake per se.

2.3. The Programme National Nutrition Santé Guideline Score (PNNSG-GS2) and MetS

The PNNS-GS2 is a score that reflects adherence to the 2017 French nutritional guidelines
(Table 1) [28]. Briefly, it includes 13 components, of which seven are considered as adequacy
recommendations and six refer to moderation recommendations. Similar to the aHEI, the PNNS-GS2
has no specific sub-score for SFA, but SFA intake is captured by the recommendation on added fat
(to favor vegetable sources of fat vs. animal sources of fat) and indirectly by the recommendation on
processed meats. Hence, individuals with a higher PNNS-GS2 consumed less SFA than individuals
with a lower score [28]. Cross-sectional data from the Nutrinet-Santé Study have shown that a higher
PNNS-GS2 was associated with a lower BMI, lower TG and glucose concentrations, lower systolic
and diastolic blood pressures, and with higher concentrations of HDL-C in both men and women [28].
Recent data also suggest that higher adherence to the French dietary guidelines is prospectively
associated with a lower risk of being overweight or obese [29]. These observations suggest that
the PNNS-GS2 is likely to be inversely associated with the risk of incident MetS, but this needs to
be formally confirmed with prospective data. The extent to which each of the components of the
PNNS-GS2 are associated with individual features of the MetS is also unknown.
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2.4. The Dietary Approaches to Stop Hypertension (DASH) Score and MetS

The Dietary Approaches to Stop Hypertension (DASH) score was created to measure adherence to
the DASH diet, a healthy eating pattern that has been repeatedly associated with lower blood pressure
and reduced CVD risk [30–35]. It was developed in the 1990s for the DASH trial, a randomized
controlled trial in which more than 400 participants were randomized to either the control “American”
diet, an “American” diet rich in fruits and vegetables or a DASH diet [36]. Most studies available at
the time of the trial had shown no clear association between dietary fat (including SFA) and blood
pressure [37]. However, it was argued that strict vegetarian diets (i.e., excluding dairy products) that
were low in fat and SFA were associated with lower blood pressure. The DASH eating plan as we
know it today promotes the consumption of fruits and vegetables, low-fat dairy products, whole
grains, legumes, fish, poultry, and nuts and recommends limited intakes of sweets, SSBs, and red
meats. Furthermore, individuals wanting to follow a DASH eating plan should choose foods that are
low in sodium, SFA and trans-fat and rich in potassium, calcium, magnesium, fiber, and protein [34].
To that extent, the typical DASH diet is also a healthy eating pattern that is low in SFA [34].

Multiple versions of the DASH diet score are available in the literature [35,38–40]. Most scores
include some of or all 8 food groups of the DASH eating plan, namely grains, meat/poultry/fish,
vegetables, fruits, low-fat dairy products, fats and oils, nuts/legumes, and sweets. Additionally,
most versions of the score include a component related to sodium intake. However, even if the
recommendation to choose foods low in SFA and to limit consumption of SFA is included in the typical
DASH eating plan, not all versions of the DASH score include a component directly related to SFA
intake. For example, the DASH score created by Fung et al. does not include a component pertaining
to SFA consumption based on the argument that it is already captured, at least partly, by the inclusion
of red and processed meat components of the score [35].

In general, a greater adherence to a DASH score is associated with a lower prevalence of
MetS [41,42]. Similar to the aHEI, the DASH score showed variable associations with the MetS and
its key features among diverse Hispanic/Latino populations [43]. In a cross-sectional analysis among
US women, higher adherence to the DASH eating plan was associated with lower TG concentrations,
independent of BMI [27]. In a meta-analysis of available RCTs, consumption of the DASH diet
over periods ranging from 2 to 24 weeks reduced systolic and diastolic blood pressure as well as
LDL-C concentrations, but had no significant effect on TG, HDL-C, and glucose concentrations [44].
Interestingly, the reduction in blood pressure with the DASH diet has been shown to be similar among
individuals with and without MetS [45]. Thus, when applied rigorously, the DASH diet is likely to
have an impact on MetS, primarily through its important blood pressure lowering effect. Considering
that the DASH diet is low in SFA by definition, it is unsurprising to find that adherence to this healthy
dietary pattern also reduces serum LDL-C concentration, but this cannot explain the association
between the DASH score and MetS.

2.5. The Mediterranean Diet and MetS

The concept of the MedDiet emerged from the Seven Countries Study in the 1950s, which unraveled
particularly low CVD mortality rates in countries around the Mediterranean Sea [46]. Such low CVD
rates were attributed, at least partly, to the intrinsically low SFA content of the diet of inhabitants around
the Mediterranean (<7% E) compared with inhabitants from northern countries such as Finland [47].
It is now recognized that a MedDiet such as the one recommended in dietary guidelines is not just
about SFA, although constitutively, a MedDiet is low in SFA. Typically, a MedDiet is characterized by
very high intakes of plant-based foods, such as fruits, vegetables, cereals, beans, nuts and seeds, low to
moderate intakes of fish and poultry and occasional consumption of eggs and red meat [48]. Olive oil
is often considered the main source of fat in the MedDiet. A low to moderate wine consumption is
also included in the MedDiet pattern, mostly consumed with meals [48]. The MedDiet is the most
documented and researched healthy eating pattern. It has been repeatedly and consistently associated
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with lower risks of CVD, type 2 diabetes, and some types of cancer as well as cognitive-related
diseases [49–52].

Several MedDiet scores have been created to measure adherence to a MedDiet. According to
D’Alessandro and De Pergola, there is a certain degree of variability in the different MedDiet scores
currently existing [53]. However, Galbete et al. found little differences in disease risk associations
when comparing different MedDiet scores [54]. This is not entirely surprising considering that several
core foods (fruit, vegetables, legumes, cereals, meat, dairy, fish, alcohol, and healthy fats) are found in
most MedDiet scores [53,54]. It must also be stressed that the MedDiet emphasizes consumption of
whole foods, with little if no focus on nutrients. Even if SFA is not part of most of the MedDiet scores
per se, this healthy eating pattern is intrinsically low in SFA, in part due to the fact that this pattern
focuses on fresh foods and because the recommendation to consume almost exclusively olive oil as a
source of fat restricts in and of itself SFA consumption.

The PREDIMED study has shown in subjects without MetS at baseline that consumption of a
MedDiet supplemented with either nuts or olive oil for five years had no impact on MetS incidence
compared with a control diet. However, reversion occurred in almost 3 out of 10 of participants who
had MetS at baseline in both groups consuming the MedDiet [55]. MedDiet participants supplemented
with olive oil showed significant reductions in abdominal obesity and in fasting glucose while MedDiet
participants supplemented with nuts showed a significant reduction in abdominal obesity only.
Interestingly, increases in the biomarkers of foods supplied to the Mediterranean diet groups, namely
oleic and α-linolenic acids, have been associated with the incidence, reversion, and prevalence of
MetS [56]. Similar to the DASH eating plan, higher adherence to the MedDiet has been associated with
lower TG concentrations among US women, independent of BMI [27]. Consumption of the MedDiet
has also been associated with improvements in several features of the MetS, including blood lipids,
blood pressure, glucose-insulin homeostasis, endothelial function, and inflammation markers [57].
Being nutrient-dense and having a low energy density, the MedDiet has often led to weight loss
in intervention studies [58], thus potentially amplifying the cardiometabolic changes seen with the
MedDiet [59]. Of note, the weight loss achieved with the MedDiet may be more important than with
low-fat diets, but similar to low-carbohydrate diets [60]. Others have suggested that consumption of a
MedDiet may also reduce central obesity, which in turn may contribute to reduced obesity-related and
MetS-related disease risk [61]. To that extent, the contribution of the low SFA content of the MedDiet
to its cardiometabolic benefits may be limited to LDL-C and not to features of the MetS.

3. Conclusions

Deciphering the impact of individual foods and nutrients on cardiometabolic risk factors such as
those associated with MetS is very challenging because of the numerous food–nutrient interactions
found within complex food patterns. This is certainly the case with SFA. In this short narrative review,
we have shown that diet quality indices reflecting adherence to dietary guidelines (HEIs) or healthy
dietary patterns (DASH, MedDiet) are quite consistently associated with a reduced risk of MetS. Data
reviewed here provide indirect evidence that SFA in and of itself may play a rather limited role in the
development of MetS. Indeed, while increased SFA intake in place of PUFA is unarguably associated
with raised LDL-C concentrations, high LDL-C is not a typical feature of MetS. Moreover, the extent
to which variations in SFA intake contribute to the cardiometabolic benefits associated with healthy
eating patterns is likely to be diluted within the effects of numerous other nutrients and foods that
constitute these patterns and which have been quite consistently associated with features of MetS.
However, this may be of little concern since healthy eating scores that do not account for SFA intake
per se inevitably capture this component through other components of the scores.
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Abstract: Excess visceral adiposity is a primary cause of metabolic syndrome and often results from
excess caloric intake and a lack of physical activity. Beyond these well-known etiologic factors,
however, sleep habits and sleep apnea also seem to contribute to abdominal obesity and metabolic
syndrome: Evidence suggests that sleep deprivation and behaviors linked to evening chronotype and
social jetlag affect eating behaviors like meal preferences and eating times. When circadian rest and
activity rhythms are disrupted, hormonal and metabolic regulations also become desynchronized, and
this is known to contribute to the development of metabolic syndrome. The metabolic consequences
of obstructive sleep apnea syndrome (OSAS) also contribute to incident metabolic syndrome. These
observations, along with the first sleep intervention studies, have demonstrated that sleep is a relevant
lifestyle factor that needs to be addressed along with diet and physical activity. Personalized lifestyle
interventions should be tested in subjects with metabolic syndrome, based on their specific diet
and physical activity habits, but also according to their circadian preference. The present review
therefore focuses (i) on the role of sleep habits in the development of metabolic syndrome, (ii) on the
reciprocal relationship between sleep apnea and metabolic syndrome, and (iii) on the results of sleep
intervention studies.

Keywords: metabolic syndrome; sleep; sleep apnea; sleep habit; sleep duration; chronotype;
social jetlag

1. Introduction

Metabolic syndrome defines a group of risk factors underlying cardiovascular and metabolic
diseases: abdominal obesity, atherogenic dyslipidemia, elevated blood pressure, and fasting plasma
glucose [1]. The combined criteria used to define this syndrome identify a phenotype which is related
to a greatest risk of developing cardiovascular and metabolic diseases than the simple addition of risks
associated with each criterion [2].

Excess visceral adipose tissue is believed to be a primary driver of the cardiometabolic
complications of metabolic syndrome [3]. An increase in visceral adiposity is thought to reflect
the relative inability of the subcutaneous adipose tissue depot to sufficiently metabolize and store
excess calories [2]. The specific characteristics of visceral adiposity, as opposed to subcutaneous
adiposity elsewhere in the body, drive altered glucose homeostasis, proinflammatory adipocytokine
release, and endothelial dysfunction that are the primary causes of metabolic syndrome [3].

Excess visceral fat is a modifiable risk factor that is usually associated with both excess caloric
intake and a lack of physical activity [4]. Beyond these well-known, lifestyle-related etiologies, it also
seems reasonable to assume that sleep habits could also contribute to abdominal obesity and, thus,
metabolic syndrome. In addition, sleep apnea has been shown to increase the risk of cardiometabolic
disease, and patients with metabolic syndrome are prone to develop sleep apnea [5].
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The present narrative review focuses (i) on the role of sleep habits in the development of metabolic
syndrome and (ii) on the reciprocal relationship between sleep apnea and metabolic syndrome. Finally,
emerging evidence is reviewed regarding sleep intervention studies and how targeting of one specific
lifestyle habits may impact other behaviors.

2. Sleep Habits and Metabolic Syndrome

2.1. Definitions

Metabolic syndrome: In 1998, the World Health Organization (WHO) became the first
organization to introduce the term metabolic syndrome, with a primary focus on insulin resistance and
hyperglycemia [3]. In 2001, the National Cholesterol Education Program’s Adult Treatment Panel III
(NCEP-ATP III) released its own definition, adding abdominal adiposity, specifically an increased waist
circumference, as a major component of the syndrome [4]. Several definitions followed, issued from
different societies, which mainly diverged on the clinical evaluation of abdominal adiposity. In 2009,
the International Diabetes Federation Task Force on Epidemiology and Prevention; the National
Heart, Lung, and Blood Institute; the American Heart Association; the World Heart Federation; and
the International Atherosclerosis Society joined to release a statement harmonizing the criteria for
defining the metabolic syndrome. This is the definition that is in use today, and it takes into account
population-specific cutoffs for waist circumference [5]. Metabolic syndrome is defined by three of five
criteria, with dyslipidemia being two criteria among: Fasting glucose ≥ 100 mg/dL or antidiabetic
therapy, increased waist circumference, TG ≥ 150 mg/dl, and/or HDL-C < 40/50 in men/women or
antilipidic therapy, ≥130/85 mmHg or therapy.

Sleep characteristics: Recent research has indicated that people’s sleep habits are changing. In this
paper, we use the following definitions for terms commonly used in this field [6,7]:

‘Sleep duration’ is the time between falling asleep and waking up.
‘Sleep debt’ is a value calculated as the weekend sleep duration (i.e., Friday and Saturday nights)

minus the sleep duration during the rest of the week.
‘Chronotype’ defines an individual’s circadian preference: ‘early’ or ‘morning’ people tend to go

to bed and wake up early, whereas ‘late’ or ‘evening’ people go to bed and wake up late [8,9]. The
chronotype is calculated as follows [10]:

Chronotype =Mid-sleep time on free days (MSF) − 0.5 × sleep debt

MSF represents the ‘mid sleep time’ that is calculated as the mid-point between sleep onset and
wake time on free days, i.e., days when people do not have to get up for work.

Whether people are a ‘night owl’ or an ‘early bird’ can also be assessed using the
Morningness–Eveningness Questionnaire, a 19-item scale validated by Horne and Östberg that
addresses the timing preference for different daily activities [11].

‘Social jetlag’ refers to a misalignment of sleep timing between work and free days. Work, school,
and other schedules often interfere with an individual’s sleep preferences. Evening people, for example,
are more likely to accumulate a sleep debt during the workdays which will be recovered during
work-free days. This is calculated as the absolute difference between mid-sleep time on free days (MSF)
and week days (MSW) i.e., social jetlag = |MSF −MSW| [12].

2.2. Epidemiological Evidence Related to Metabolic Syndrome

A normal amount of sleep is considered to be 7 to 8 h per night. Fewer than 6 h per night is classed
as sleep deprivation and more than 9 h per night is considered as oversleeping. Sleep duration has
decreased over the last 50 years in industrialized countries: In the USA, the percentage of those who
self-reported that they did not sleep enough increased during this period from about 15% to 30% [13].
In France, it is estimated that average sleep duration has shown a 1 h 30 min reduction in the last
50 years (https://www.inserm.fr/en/health-information/health-and-research-from-z/sleep). In a 2017
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telephone survey to investigate public health in France called the “Baromètre de Santé publique France
2017” (Public health barometer France 2017), 12,637 men and women aged between 18 and 75 years
answered questions about their sleeping habits; 36% reported sleeping fewer than 6 h per night.

Several epidemiological studies and their meta-analysis have revealed sleep restriction to be
associated with an increased prevalence of obesity [14]. Children seem particularly vulnerable: Reviews
of child and adolescent data demonstrated an increased incidence of obesity in groups sleeping less
than the time recommended for their age group [15]; this association was not so clearly marked in
adults [16].

Regarding the specific association between sleep deprivation and metabolic syndrome, numerous
studies have reported an association between a short sleep duration and an increased prevalence of
metabolic syndrome. Some, but not all, research has also reported a similar association with long sleep
duration. Eighteen such cross-sectional studies were included in a recent meta-analysis into (sleep)
dose–(metabolic) response association [16]. A total of 75,657 adults were included, 51% of whom were
men, and the age range was 18–96 years. Most studies reported odds ratios (OR) adjusted for age,
sex, smoking, and alcohol intake. Short sleep was associated with metabolic syndrome, with a pooled
estimate of the OR of 1.23 (95% CI, 1.11–1.37; p < 0.001; I2, 71%). Thus, there was a significantly higher
proportion of metabolic syndrome in those who had short sleep durations, with low heterogeneity
between studies. In addition, a dose–response relationship was found for durations of sleep <5 h,
5–6 h, and 6–7 h: Pooled ORs for having metabolic syndrome for these sleep groups were 1.51 (95% CI,
1.10–2.08; p = 0.01; I2, 88%), 1.28 (95% CI, 1.11–1.48; p < 0.001; I2, 67%), and 1.16 (95% CI, 1.02–1.31;
p = 0.02; I2, 81%), respectively. There was no significant association with long sleep durations (pooled
OR of 15 studies = 1.13, 95% CI, 0.97–1.32; p = 0.10; I2, 89%). These results were consistent with a
previous meta-analysis [17].

In children, sleep deprivation has also been associated with an increase in cardiometabolic risk.
This pattern has been seen in cross-sectional analyses based on both self-reported sleeping habits [18]
and objective, actimetry-measured sleep patterns [19].

Although these relationships found in cross-sectional studies appear to be robust, there is less
evidence for longitudinal associations. A large-scale prospective study into the risk of developing
metabolic syndrome used data collected from 162,121 adults aged 20–80 years (men 47.4%) who had
participated in a medical screening program in Taiwan [20]. At the start of the screening, no participant
was either obese or had any characteristic of metabolic syndrome. Follow-up data were available
annually from 98% of participants, and the number of visits made by each participant ranged from 2 to
19. Of these, 18.6% of people were short sleepers (<6 h/day), 72.8% were regular sleepers (6–8 h/day,
control values) and 8.6% were long sleepers (>8 h/day). More than half of the participants (57.6%)
reported that they had insomnia symptoms. Compared to regular sleep data, short sleep duration
was associated with a 12% (adjusted HR 1.12 [1.07–1.17]) increase in risk of becoming centrally obese
during the follow-up period. Short sleepers were also more likely to develop metabolic syndrome
(adjusted HR 1.09 [1.05–1.13]) compared to regular sleepers (p < 001). By contrast, long sleep was
associated with a decreased risk of metabolic syndrome (adjusted HR 0.93 [0.88–0.99]). Similar results
were found in two other longitudinal studies [21,22].

It is also interesting to note that in 1344 participants of the Penn State Adult Cohort, the
cardiovascular mortality associated with metabolic syndrome showed an interaction with sleep
duration as measured in a single polysomnography. In this sample, the mean age was 48.8 (14.2) years,
and 57.8% were women and 9.5% black. The initial prevalence of metabolic syndrome was 39.2%.
Overall, those with metabolic syndrome had a higher crude mortality rate than those without (32.7%
versus 15.1%); p < 0.01) after 16.6 (4.2) years of follow-up. The mean sleep duration for the entire sample
was 5.9 (1.3) h. There was a significant interaction between metabolic syndrome and objective sleep
duration for mortality risk. The risk of cardiovascular mortality associated with metabolic syndrome
as a function of objective short sleep duration was 1.49 (95% CI = 0.75–2.97) for subjects who slept
≥6 h/night and 2.10 (95% CI = 1.39–3.16) for those who slept <6 h per night [23].
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The impact of work on sleep quality has been shown as a major contributor on occupational
health disparities. For instance, the 2011–2012 US National Health and Nutrition Examination Survey
(NHANES) compared the metabolic health of 260 long-haul truck drivers from North Carolina with
the general population. The results showed that more years of driving and poorer quality sleep
were statistically significant predictors for the higher cardiometabolic risk that was observed in the
drivers [24]. In 39,182 male employees in Japan that were followed up for up to seven years, it was also
found that short sleep duration and shift work were independently associated with the development
of metabolic syndrome [25].

Numerous studies have also found that subjects with late chronotypes tend to have poorer
metabolic health as compared with those with early chronotypes: They present more often with
obesity [26–28], central repartition of adiposity [29,30], and with metabolic syndrome [19,30,31]. Indeed,
in the Obesity, Nutrigenetics, Timing, and Mediterranean (ONTIME) study of 404 men and 1722
women, all of whom were overweight or obese, those with late chronotypes had higher BMI scores,
higher triglycerides, lower HDL-cholesterol, higher levels of homeostasis model assessment for insulin
resistance (HOMA-IR), and higher total metabolic syndrome scores [31].

In 1620 subjects derived from the Ansan cohort of the Korean Genome Epidemiology Study(KoGES),
metabolic characteristics, body composition assessed by Dual-energy X-ray absorptiometry (DEXA),
and visceral adiposity measured by computed tomography were collected and compared according
to “morningness/eveningness” preference (Horne-Ostberg Morningness-Eveningness Questionnaire).
In men, eveningness was associated with higher triglycerides levels but surprisingly lower systolic blood
pressure. Anthropometrics measurements found less muscle mass in men with evening preference.
In women, eveningness was associated with lower HDL-cholesterol and higher triglycerides and C-
reactive protein (CRP) levels. Anthropometrics showed more visceral fat in women with evening
preference [30].

Social jetlag, which is of greater amplitude in subjects with late chronotype, has also been
independently linked with obesity [12,29] and metabolic disturbances [7]. However, few studies did
not find such an association [32,33]. For instance, chronotype and social jetlag, objectively measured
by wrist actimetry in 390 healthy young adults (21–35 years old), did not show any association with
excess body weight, nor with elevated blood pressure [32].

2.3. Mechanisms of Action

Environmental cues, or “natural zeitgebers”, like the alternation between day and night or cycles
in external temperatures, usually synchronize circadian rhythms including patterns of rest and activity,
food intake, and daily variations in metabolic fluxes and levels of hormones [34]. The timing of such
patterns also varies with a normal distribution according to individuals’ circadian preferences or
chronotype. This normal distribution is in part dependent on genetic variations. In a twin study
that measured circadian variations by wrist temperature, the results showed that between 46% and
70% of the observed circadian variance in temperatures could be attributed to genetic factors [35].
Three genome wide association studies (GWAS) performed in participants of European descent
using data from the UK Biobank and the US genetics company 23andMe have also reported several
single-nucleotide polymorphisms (SNPs) that are associated with chronotype [36–38]. Variations in
other sleep characteristics, including sleep duration, have also been linked with polymorphisms at
other loci [39].

However, sleep timing is also dependent upon extrinsic or “social zeitgebers” which may be
related to work or leisure activities whose schedules conflict with intrinsic factors. A typical example
of this conflict is found in shift workers: The work activities, food intake, and exposure to artificial
lights at night cause a loss of internal synchrony and, in consequence, adverse effects on body weight
and metabolism [40].

It has been shown that subjects with late chronotype have a tendency to eat less in the morning,
while in the evening, they have higher global energy intakes and also higher intakes in sucrose, fat,
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and saturated fatty acids than subjects with morning chronotypes [41]. A daily caloric distribution
with larger evening meals has been associated with a higher risk of obesity, particularly in those with
evening chronotypes [42]. In patients with type 2 diabetes, late chronotypes have been associated
with higher levels of glycated hemoglobin compared to early chronotypes and also with behaviors
such as more frequently skipping breakfast [43]. Furthermore, food addiction, defined as an addictive
behavior towards palatable foods, seems to be more frequent in subjects with late chronotype and is
reported to be mediated by a higher frequency of insomnia and impulsivity [44]. Multiple studies
have shown that an evening chronotype is associated with unhealthier diets and behaviors, such as
smoking or drinking more alcohol [45–47]. People who are evening chronotypes are also more likely
to be less physically active and to have more sedentary activities [45,47–49].

The role of gene variants that are associated with a latter chronotype to explain higher BMI
and unfavorable metabolic traits has been evaluated in the GWAS based on UK-biobank data [37].
A reciprocal Mendelian randomization analysis, using a genetic risk score based on the 13 known
variants of chronotype-linked genes, found no consistent evidence that early or late chronotypes led to
higher BMI. This contrasts with another study that showed that a genetic risk score (GRS) for longer
sleep duration was negatively associated with obesity [50].

The ONTIME study, reported by Vera et al. [31], addressed the question of the respective role gene
versus behaviors to explain the deleterious metabolic profile of subjects with late chonotype. Firstly,
the study showed that the GRS related to late chronotype, derived from GWAS studies, provided a
reliable indication of subjects’ circadian preferences. Second, the study identified that people with
late chronotype had a higher metabolic risk score than people with an early chronotype. The analyses
then showed that lifestyle factors, not chronotype GRS, underlay the relationship between evening
chronotypes and metabolic alterations. Late chronotypes ate all three main meals later in the day,
were more likely to have larger portion sizes, second helpings, to choose energy-dense foods, and to
have a higher emotional eating score. However, evening types did not have a higher caloric intake,
but they were less physically active and spent longer sitting down each day. These data therefore
suggest that while the GRS can capture late chronotype, it does not associate with their metabolic risks.
Metabolic alterations in people with late chronotype seem linked to unhealthy behaviors rather than to
genetic predisposition.

Therefore, based on current knowledge, it seems that extrinsic factors linked to circadian preference,
rather than intrinsic factors, are implicated in the cardiometabolic risk profile of an individual (Figure 1).

Intrinsic factors associated
with evening chronotype

Extrinsic factors associated
with evening chronotype

Higher risk of 
metabolic syndrome

Natural 
zeitgebers

Social 
zeitgebers

Chronotype
genetic risk score

Unfavourable
lifestyle 

behaviors

Figure 1. Schema showing the roles of intrinsic and extrinsic factors associated with evening chronotype
in the risk of developing metabolic syndrome.

However, there are several data that suggest a gene–environment interaction between genetic traits
that underlie our sleep characteristics and the risk of developing metabolic diseases under exposition
to unhealthy food or physical inactivity. For instance, in the PREVIMED study, a significant association
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between the CLOCK-rs4580704 SNP and the risk of developing type 2 diabetes was observed after 4.8
years of follow-up. A gene–diet effect was found since only patients in the intervention group had a
protective effect of the G variant for type 2 diabetes incidence and not the control group [51].

Dashti et al. [52] performed cross-sectional meta-analyses of population-based cohorts using
data from the CHARGE (Cohorts for Heart and Aging Research in Genomic Epidemiology)
Consortium. They studied whether dietary intake and sleep duration modified associations between five
common circadian-related gene variants (CLOCK-rs1801260, CRY2-rs11605924, MTNR1B-rs1387153,
MTNR1Brs10830963, and NR1D1-rs2314339) and glycemic traits, anthropometrics, and HDL-c levels.
They found that higher intakes of carbohydrates and lower intakes of fat were linked to lower fasting
glucose and HOMA-IR levels. Both short and long sleep durations were associated with higher fasting
glucose levels, increased BMI, and greater waist circumference. Accordingly, known associations of
selected SNPs on cardiometabolic traits were essentially replicated, but no diet–gene or sleep–gene
interactions were found at the prespecified Bonferroni-corrected significance level of p < 0.003.

Thus, some evidence argues for a gene–environment interaction with circadian-related genes.
It suggests a different metabolic answer to unhealthy behaviors as well as a different benefit from
lifestyle interventions according to circadian genetic traits. If confirmed in further studies, such
interactions will allow personalized risk prediction and personalized lifestyle intervention.

3. Obstructive Sleep Apnea and Metabolic Syndrome

3.1. Definition

Obstructive sleep apnea syndrome (OSAS) is caused by the complete or partial collapse of
the pharynx repeatedly during sleep. These repeated collapses have four main consequences:
desaturation–reoxygenation sequences, transitory episodes of hypercapnia, increased respiratory
effort, and repeated micro-awakenings that end the respiratory event. Central obesity predisposes
individuals to OSAS due to an infiltration of fat in the neck that causes upper airway collapse and
increases abdominal pressure, leading to a reduction in lung volume. It has also been suggested that
adipose tissue accumulation alters the neuromechanical control of the upper airway via the effects of
leptin on central respiratory drive [5,53].

OSAS is defined as the presence of apnea (a 10-second interruption in airflow) and/or hypopnea
(a ≤30% decrease in respiratory airflow with an associated oxygen desaturation >3% and/or
micro-arousals). It is considered as mild if the Apnea–Hypopnea Index (AHI: the sum of the
number of apnea and hypopnea events per hour) is between 5 and 14.9, as moderate if the score is
between 15 and 29.9, and severe if the score is >30 events per hour. Clinical signs of OSAS include
daytime fatigue and sleepiness, severe and daily snoring, reported sensations of choking or suffocation
during sleep, nycturia, and morning headaches. The associated daytime loss of vigilance can be
dangerous due to the risk of falling asleep while driving or at work [54,55]. It also causes cognitive
disorders as a result of loss of attention, memory, and concentration [56].

3.2. Epidemiological Evidence Relating OSAS to Metabolic Syndrome

Metabolic syndrome and OSAS share a common risk factor, abdominal obesity, and 50%–60%
of people with metabolic syndrome also have OSAS [57,58]. However, studies have also shown
an association, independent of obesity, between OSAS and cardiometabolic risk factors, including
hypertension [59], insulin resistance [60], and type 2 diabetes [61]. OSAS has been found to be associated
with metabolic syndrome in several case-control and cross-sectional studies: A meta-analysis of 13
studies (n = 7934 subjects) reported an increased risk of metabolic syndrome in patients with OSAS
with a pooled odds ratio (OR) of 1.72 (95% CI: 1.31–2.26, p < 0.001) and with a BMI-adjusted pooled
OR of 1.97 (95% CI: 1.34–2.88, p < 0.001) [62].

A recent cohort study evaluated the influence of OSAS on the incidence of metabolic syndrome
in a multiethnic sample of 1853 people from two population-based samples (Episono in Brazil and
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HypnoLaus in Switzerland) [63]. Participants included in the analysis were mainly female (56%) and
Caucasian (88%), with an average age of 51.9 (±13.1) years and a BMI of 24.9 (±3.7) kg/m2. The mean
follow-up duration was 5.9 (±1.3) years, and 17.2% developed a metabolic syndrome during this
time. The OR for developing metabolic syndrome when having moderate-to-severe OSAS was 2.245
(95%CI: 1.214 - 4.149), p = 0.010) after adjustments for cohort, age, BMI, and the number of metabolic
syndrome components present at baseline. Of note, to assess whether the relationship between OSAS
and metabolic syndrome could be bidirectional, a subset analysis was performed on 547 participants
free of OSAS at baseline from the Episono cohort. After adjustment for sex, age, and baseline AHI and
BMI, metabolic syndrome was not found a significant predictor of incident OSAS.

3.3. Mechanism of Action

The immediate consequences of OSAS-related respiratory events are intermittent hypoxia and
fragmented sleep. These intermittent hypoxic respiratory events lead to the development of chronic
adaptative mechanisms.

Studies in animals and humans have shown that intermittent exposure to hypoxia leads to
sympathetic hyperactivity [64,65], to systemic and vascular inflammation via NFkB [66–69], to oxidative
stress [70], and to pro-inflammatory stimulation of the adipose tissue via hypoxia and hypoxia inducible
factor 1 (HIF-1) [71,72]. Sleep fragmentation also disrupts the nychthemeral cycle of cortisol secretion
and the somatotropic axis, leading to an increase in nocturnal cortisol and a decrease in IGF-1 [73–76].

These mechanisms are involved in the development of insulin resistance, endothelial dysfunction,
and vascular remodeling that is characterized by increased arterial rigidity. OSAS also alters
the nictemeral cycle of arterial pressure: Patients lose the normal nocturnal reduction in arterial
pressure of 10%–20% in comparison to daytime pressure, and this is responsible for the so-called
‘non-dipper’ or ‘reverse dipper’ blood pressure profile [49–51] which can evolve toward permanent,
24 h hypertension [54–56].

The above mechanisms may, at least in part, explain the development of cardiometabolic
abnormalities in patients with OSAS. Nevertheless, the relationship between the two disorders is
bidirectional (Figure 2): Visceral adiposity is strongly associated with development of OSAS. Central
obesity, as described above, is associated with an increase in neck fat infiltration that reduces upper
airway volume. Excess intraabdominal fat accumulation increases abdominal pressure, leading to lung
volume reduction [5]. In addition to these mechanical effects, visceral adiposity generates low-grade
inflammation [77]. Visceral fat adipocytes secrete low levels of TNF-alpha, which then stimulates
preadipocytes and surrounding endothelial cells to produce monocyte chemoattract protein-1 (MCP-1).
MCP-1, in turn, promotes macrophage recruitment and adhesion to endothelial cells [78] where they
secrete proinflammatory cytokines like TNF-alpha, IL-6, and IL-1b, which results in increased plasma
C-reactive protein (CRP).

It has been shown that anti-inflammatory therapy can modestly reduce OSAS severity in the
absence of other treatments: A placebo-controlled, double-blind study of eight men with obesity and
severe OSAS found that a three-week trial of the TNF-alpha antagonist etanercept significantly reduced
AHI, IL-6 levels, and objectively measured daytime sleepiness [79]. These data therefore suggest
systemic inflammation plays a role in the pathogenesis of OSAS.
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Figure 2. Bidirectional relationship between obstructive sleep apnea syndrome and metabolic syndrome.
ROS, reactive oxygen species; IGF-1, insulin-like growth factor 1.

4. Sleep as a Component of a Comprehensive Lifestyle Intervention

4.1. First Steps of Chronotherapy as a Lifestyle Intervention

With regard to the timing of food intake, people with an evening chronotype have a later intake
of all three main meals. The timing and daily distribution of this energy intake has been linked to a
deleterious cardiometabolic risk profile, as described above. Thus, emerging evidence suggests that
meal timing (when) is a dimension of dietary intake that matters, in addition to meal composition
(what) and eating behaviors (how) [31,80].

Few works have studied the role of food intake timing. One study that included 32 young, normal
weight women in a randomized, crossover protocol compared two different lunch-eating conditions:
early lunch eating at 13:00 and late lunch eating at 16:30 [81]. Breakfast, lunch, and dinner composition
were standardized. Those who ate lunch later had a lower pre-meal resting energy expenditure and
glucose tolerance. Early eating, by contrast, was associated with improved circadian cortisol and
temperature profiles.

A second study recruited eight overweight individuals who had an average eating duration (time
range between the first and last daily food intake) >14 h [82]. The study consisted in a 16-week pilot
intervention where participants were asked to restrict their eating duration to a self-selected window of
10–12 h and then to maintain this pattern during both weekdays and weekends to minimize metabolic
jetlag. After 16 weeks, the participants had successfully reduced their eating time range and had lost a
mean of 3.3 kg (95% CI: 0.9–5.6). Unexpectedly, they also reported greater sleep satisfaction. These
results were maintained one year after the intervention. Thus, it appeared that changing the timing of
meals not only may affect body weight, resting energy expenditure, and metabolic health but that it
may also improve sleep quality.

Fewer studies have investigated the cardiometabolic effect of interventions aiming at improving
sleep. A recent review [83] found only seven studies using a variety of interventions to extend sleep
that also described the effects of this sleep extension on at least one cardiometabolic risk factor. The
research was conducted in both subjects who were healthy and those who were hypertensive. Most
had short sleep, although in one study, the subjects had normal sleep (n = 14). The interventions
were short-term, lasting from 3 days to 6 weeks. These interventions were successful to increase
sleep duration from 21 to 177 min. In intervention arms, subjects reported a reduction in their overall
appetite, a decreased desire for sweet and salty foods, a lowered daily intake of free sugar, and less
caloric intake from protein. Metabolically, insulin sensitivity improved in two studies [84,85].

An additional cross-over study, published since that review, included 21 nondiabetic subjects that
usually slept <6 h per night. In the intention-to-treat analysis, the sleep extension group had their

158



Nutrients 2019, 11, 2628

sleep extended by 36.0 (45.2) min. There was no improvement in plasma glucose/insulin homeostasis
(as measured by oral glucose tolerance tests), but per-protocol analysis of the eight subjects who
achieved a sleep duration >6 h during the sleep extension phase showed that sleep extension was
associated with improved insulin sensitivity and insulin secretion [86].

Finally, physical activity has also been proven to have a positive impact on both sleep quality and
sleep latency, the time in bed before falling asleep, without changing sleep duration [87]. It appears that
the timing of physical activity is also important with regard to the cardiometabolic benefit: For instance,
postprandial glucose increases were lower if patients with type 2 diabetes carried out physical activity
after meals rather than before [88,89]. Thus, the introduction of chronotherapy in either diet or physical
activity interventions could improve the cardiometabolic benefits. These interventions do not only
change the targeted behavior but also have a positive impact on other behaviors: Changing food
timing and increasing physical activity improve sleep quality and promoting sleep extension positively
impacts food choices.

4.2. Effect of OSAS Treatment

Continuous positive airway pressure (CPAP) is currently the main treatment for moderate-to-severe
OSAS. CPAP provides a pneumatic splint to prevent pharyngeal collapse, and it must be applied to
the upper airways via a nasal or oronasal mask for ≥4 h per night in order to achieve its therapeutic
goals [90]. The beneficial effects of CPAP on daily sleepiness and quality of life have been clearly
demonstrated in patients with moderate-to-severe forms of OSAS [91].

Whereas the severity of OSAS is clearly parallel to the severity of excess weight [92], CPAP
treatment in itself does not allow body weight reduction and was even associated with a small increase
in body weight in a meta-analysis of randomized controlled trials (RCTs) [93]. Accordingly, CPAP did
not impact visceral adiposity accumulation or body composition in a three-month RCT [94].

Regarding the cardiometabolic impact of CPAP treatment, the most robust evidence is related to
blood pressure. Regular CPAP therapy results in modest reductions in blood pressure [95]. This is
supported by a recent meta-analysis that pooled the results of 24 h recordings from five randomized
trials and found a reduction in systolic and diastolic blood pressure of 4.78 mmHg (IC95%: −7.95 to
−1.61) and 2.95 mmHg (IC 95%: −5.37 to −0.53), respectively, in patients with resistant hypertension
who had been treated with CPAP [96]. CPAP also modestly improves insulin sensitivity. This was
shown in a meta-analysis that included 12 observational studies: CPAP significantly improved the
HOMA-IR index [97]. A modest, but significant, effect on insulin sensitivity was also found in a
meta-analysis that included 244 patients without diabetes in five RCTs that compared the effects of
CPAP and a placebo treatment applied between 6 weeks and 6 months [94,98–100]. In patients with
type 2 diabetes, CPAP did not improve HbA1c in RCTs, although there was some evidence to suggest
that CPAP decreased nocturnal glucose levels and insulin sensitivity [61].

The hypothesis that CPAP might reduce the rate of cardiovascular events was tested in four RCTs.
The results all showed that CPAP did not impact the rate of cardiovascular events. This finding was
further confirmed by a meta-analysis of 10 RCTs which involved comparison of CPAP to placebo
treatments in studies with various main objectives, not only those related to cardiovascular events [101].

Despite the neutral or slightly negative effect of CPAP on body weight per se, it has been suggested
that CPAP treatment could be a useful adjunct to improve the overall success of a lifestyle intervention.
For example, a diet and physical activity intervention aimed at viscerally obese men (an ancillary study
of the SYNERGY trial) found that those who did not have sleep apnea had all-round better results
following the intervention than men who had presented with untreated apnea. Despite a similar level
of adherence to the diet and physical activity recommendations, the men with apnea showed smaller
reductions in BMI, waist circumference, and plasma triglycerides as well as smaller increases in HDL
cholesterol and adiponectin [102].

Chirinos et al. [103] have treated people having OSAS by CPAP, weight loss intervention or both
combined. When both interventions were cumulated, an incremental reduction in insulin resistance
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and serum triglyceride levels was obtained compared to weight loss intervention alone. In addition,
providing a good adherence to a regimen of weight loss and CPAP resulted in incremental reductions
in blood pressure as compared to either intervention alone.

5. Conclusions

This review provides evidence that sleep matters in terms of cardiometabolic health, and more
specifically, metabolic syndrome. Sleep deprivation, behaviors linked to an evening chronotype, and
social jetlag impact food timing, food preference, and food behavior. In addition, when an individual
does not respect their own intrinsic circadian rhythm of rest and activity, dysregulation of hormonal and
metabolic regulations occurs, and this strongly contributes to the development of metabolic syndrome.

In addition to sleep habits, the metabolic consequences of OSAS also contribute to metabolic
syndrome: Both conditions are linked by a bidirectional autoaggravating relationship through
the excess of visceral fat. Central obesity promotes sleep apnea through mechanical action and
low-grade inflammation, while OSAS promotes metabolic syndrome through sympathetic nervous
overactivity, reactive oxygen production, low-grade inflammation, and alterations in cortisol and IGF-1
circadian fluctuations.

From these observations, sleep has emerged as a relevant lifestyle factor that needs to be addressed
along with diet and physical activity as part of a holistic treatment plan for those with metabolic
syndrome. Recent intervention studies have demonstrated that improving one behavior, be it diet,
physical activity or sleep, may positively impact the others. Early research on the first interventions
targeting sleep extension or food timing seem promising. Further interventional studies should address
comprehensive interventions, including chronotherapy through sleep, food, and physical activity
timing. Personalized behavioral interventions should be tested in subjects with metabolic syndrome,
based on their specific diet and physical activity habits, but also according to their circadian preference.
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Abstract: We previously reported, using the diagnostic criteria of the International Diabetes Federation
(IDF), that waist circumference (WC) and abdominal volume index (AVI) were capable of predicting
metabolic syndrome (MetS) in adolescents. This study was aimed at confirming this finding when
other diagnostic criteria are used. A cross-sectional study was performed on 981 Spanish adolescents
(13.2 ± 1.2 years). MetS was diagnosed by eight different criteria. Ten anthropometric indexes
were calculated and receiver-operator curves (ROC) were created to determine their discriminatory
capacity for MetS. Of all diagnostic criteria, the ones proposed by the IDF showed the highest mean
values for weight, WC and systolic blood pressure in boys and girls with MetS, and the lowest for
glucose and triglycerides in boys. ROC analysis showed that only WC, AVI and body roundness
index (BRI) achieved area under the curve (AUC) values above 0.8 in boys, and that fat content, body
mass index (BMI), WC, AVI, BRI and pediatric body adiposity index (BAIp) showed AUC values
above 0.8 in girls. Importantly, this occurred only when diagnosis was carried out using the IDF
criteria. We confirm that WC and AVI can predict MetS in adolescents but only when the IDF’s
diagnostic criteria are employed.

Keywords: anthropometric indexes; diagnosis criteria; metabolic syndrome; adolescents; obesity

1. Introduction

Metabolic syndrome (MetS) is defined as the clustering of risk factors for cardiovascular disease
(CVD) and type 2 diabetes mellitus, such as hypertension, central obesity, atherogenic dyslipidemia,
and insulin resistance [1]. It is now recognized that MetS is not only a problem of adulthood. Children
that suffer changes in their metabolic profile present a higher risk of developing this condition in early
stages of their lives, like adolescence [2,3], with the resulting risk of developing type 2 diabetes mellitus
and cardiovascular disease [4].

For this reason, it is necessary to identify early changes in the metabolic profile for the diagnosis
of this condition in children and adolescents [5]. In addition, scientific evidence shows that the use of
anthropometric indexes is a simple and innocuous method that can discriminate regional fat to predict
disorders as MetS in adolescents. In a previous study with 981 Spanish adolescents, we concluded that
waist circumference (WC) and abdominal volume index (AVI) are the anthropometric indexes that
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best predict MetS in this population Perona et al. [6]. In that study, however, only the criteria of the
International Diabetes Federation (IDF) for the diagnosis of MetS [7] were considered.

There is currently no consensus over the most effective criterion for the diagnosis of MetS in
the adolescent population [8,9], in all likelihood because of the different sets of components used in
the different diagnostic criteria [10]. In recent years, adaptations of the criteria established for the
diagnosis of MetS in adults, such as the National Cholesterol Education Program—Adult Treatment
Panel III (NCEP–ATP III) [11], modified by Cook et al. [12], Weiss et al. [13], Duncan et al. [14], and
de Ferranti et al. [15], have been used. Unlike others, the criteria established by the IDF [7] consider the
presence of abdominal obesity as a pre-requisite for the diagnosis of MetS. In contrast, Cook et al. [12],
Cruz and Goran [16], de Ferranti et al. [15], and Rodríguez et al. [17] consider the presence of three
or more impaired components for the diagnosis, even if adolescents do not have abdominal obesity.
Viner et al. [18], following modified WHO criteria adapted for children (Alberti and Zimmet [19]),
considered the presence of at least four impaired components as necessary for the diagnosis of MetS.

This variability in the criteria leads to striking differences in the diagnosis of MetS and might
affect the results of our previous study. Therefore, the present study is aimed at verifying whether WC
and AVI still maintain their predictive capacity for MetS in adolescents when other criteria, such as
those aforementioned, are used together with the ones proposed by the IDF.

2. Materials and Methods

2.1. Study Design and Participants

This cross-sectional study included 981 adolescents (456 boys and 525 girls) with a mean age of
13.2 ± 1.2 years (11–16 years old). All of the participants had been born in Spain and also resided
there. They came from families of a similar socio-economic level and attended 18 educational centers
in the provinces of Granada and Almeria (southeastern Spain). Ten of these schools were public,
and eight were private. The principals were sent a letter inviting their schools to participate in the
study. In all cases, the invitation was accepted. In each school, two classes of a total of three per grade
were randomly selected for participation. The flow diagram in Figure 1 shows the recruiting process.
The Education Boards of Granada and Almeria gave their approval to the research study before it was
carried out. The study also received the authorization of the principals of the participating school.

Figure 1. Flow diagram of the recruitment progress.
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The Ethics Committee of the University of Granada approved both the study and the model of
informed consent used. The parents and legal guardians of the participants gave their written informed
consent at the beginning of the study. In addition, the study complied with the International Code of
Medical Ethics of the World Medical Association and the Helsinki Declaration. To be included in the
study, students had to be healthy and not suffer from any endocrine or physical disorder.

2.2. Anthropometric Measurements

All participants underwent an anthropometric evaluation, which was performed by a member
of the research team, trained for that purpose. The evaluation was carried out according to the
criteria established by the International Society for the Advancement of Kinanthropometry (ISAK) [20].
All body measurements were taken in the morning after a 12-h fasting period and 24-h without any
physical exercise. The body weight of each participant was measured twice on a self-calibrating SECA
861 class (III) digital floor scale (Saint Paul, MI, USA) with a precision of up to 100 g. All participants
were asked to wear light clothes and to remove their shoes beforehand.

Height measurements were taken with a SECA anthropometer (Model 214). Participants without
shoes were measured in an upright position with their back and heels in permanent contact with the
vertical height rod of the anthropometer and their head oriented in the Frankfurt plane. The horizontal
headpiece was then placed on top of their heads. In all cases, the participants’ height and weight were
measured twice. The final value was the average of the two measurements.

In addition, the BMI was calculated as the participant’s weight divided by the square of his/her
height (kg/m2). The WC and hip circumference were measured with a SECA flexible, inextensible
measuring tape with an accuracy of 1mm. The WC was measured on a horizontal plane at a point
that was equidistant from the lowest floating rib and the upper border of the iliac crest. In all cases,
this measurement was taken after exhalation.

Hip circumference was also measured on the horizontal plane and at the maximum protuberance
of the buttocks, which coincides in the front with the ischiopubic symphysis. The waist-to-hip ratio
(WHR) was calculated by dividing the waist perimeter by the hip perimeter. Also measured were the
triceps, biceps, subscapular, and suprailiac skinfolds. The instrument used for this purpose was a
Holtain skinfold caliper (Holtain Ltd., Crymych, UK), with an accuracy of 0.1–0.2 mm. The percentage
of body fat was based on these skinfold measurements.

Previously, the Brook equation was used to calculate body density [21]. Once the body density
value had been obtained, the body fat percentage was determined with the Siri equation [22]. In each
educational center, all anthropometric measurements were taken in a classroom that had been especially
prepared for this purpose. The privacy of the students was thus guaranteed.

The rest of the anthropometric indexes, abdominal volume index (AVI), body roundness index
(BRI), body adiposity index (BAI), body adiposity index for pediatrics (BAIp), conicity index (C-Index),
and body shape index (ABSI), were calculated using the following Equations [23–28]:

AVI = (2Waist Circumference2 (cm) + 0.7(Waist Circumference − Hip Circumference)2 (cm))/1000

BRI = 364.2 − 365.5 [1 − π−2 Waist Circumference2 (m) Height−2 (m)]1/2

BAI = [Hip circumference (m)/Height2/3 (m)] − 18

BAIp = Hip circumference (cm)/Height (m)0.8 − 38

C-Index = 0.109−1 Waist Circumference (m) [Weight (kg)/Height (m)]−1/2

ABSI =WC (m)/(BMI2/3(kg/m2)Height1/2 (m))
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2.3. Serum Biochemical Examination

Blood collection was performed after a 12-h fast. At 8:00 a.m., a nurse member of the research
team extracted 10 mL of blood from the median cubital vein of the right arm. For this purpose,
a vacutainer system was used with a vacuum blood collection tube. Once the blood had been
collected, the glucose concentration was measured with an enzymatic colorimetric method (glucose
oxidase-phenol aminophenazone (GOD-PAP); Human Diagnostics, Germany). Also measured were
concentrations of HDL-C, total cholesterol, and triglycerides by means of enzymatic colorimetric
methods. This was done with an Olympus analyzer.

Four hours after the blood extraction, the samples were centrifuged at 1300 g for 15 minutes
(Z400 K, Hermle, Wehingen, Germany). This process separated the red blood cells from the serum,
which was then frozen at −80 ◦C for subsequent analysis. The estimation of low-density-lipoprotein
cholesterol (LDL-C) was obtained with the Friedewald equation:

LDL-C = Total Cholesterol − HDL-C − (TG/5)

where TG = concentration of triglycerides. Serum insulin was determined by radioimmunoanalysis
(Insulin Kit; DPC, Los Angeles, EEUU). Insulin resistance was quantified by Homeostatic Model
Assessment (HOMA) [29] with the following equation: fasting glucose (mmol/L) × fasting
insulin (mU/L)/22.5.

2.4. Blood Pressure Determination

Blood pressure levels were measured by a calibrated aneroid sphygmomanometer and a
Littmann® stethoscope (Saint Paul, MI, USA), according to most widely accepted international
recommendations [30]. Systolic blood pressure (SBP) ≥130 and/or diastolic blood pressure (DBP)
≥85 mm Hg were considered to be a risk factor of MetS.

2.5. Diagnostic Criteria of Metabolic Syndrome

Eight different criteria were used to diagnose MetS in the adolescent sample studied:
Cook et al. [12], Weiss et al. [13], Duncan et al. [14], de Ferranti et al. [15], Cruz and Goran [16],
Rodríguez-Moran et al. [17], and Viner et al. [18], as well as the IDF criteria as published by
Zimmet et al. [7]. The details of the criteria employed may be consulted in Table 1.

2.6. Statistical Analysis

The normality of the distribution was assessed using the Kolmogorov-Smirnov test. Results were
reported as mean ± SD, except for the number of girls and boys with or without MetS, which was
expressed as a number. Student’s t-test was used to assess mean differences between boys and girls.
The area under receiver operating characteristic (ROC) curves was calculated to evaluate the abilities
of the anthropometric indices to predict MetS. Cutoff points were proposed after calculation of the
Youden’s Index (sensitivity+specificity-1). The areas under the ROC curves were compared using
DeLong et al.’s [31] non-parametric approach. Based on the assumption that abdominal obesity is a
component of MetS, we conducted a multicollinearity test for the anthropometric indexes that included
WC (AVI, BRI and ABSI), and the variance inflation factor (VIF) was calculated. Comparisons of means
were assessed by ANOVA, followed by Tukey’s test. SPSS v24.0 (IBM, Armonk, NY, USA) was used to
perform statistical analyses. Statistical significance was defined as p < 0.05.
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3. Results

3.1. Baseline Characteristics of the Participants

Table 2 shows the characteristics of the participants, including anthropometric and biochemical
measures, including HOMA-IR. On average, variables were within normal limits, and for most of
them, no differences were observed between boys and girls. However, girls showed significantly lower
body weight, WC and SBP and higher fat content.

Table 2. Baseline characteristics of participants.

Variables
Boys (n = 456) Girls (n = 525)

Mean SD Mean SD

Age (years) 13.2 1.2 13.3 1.2
Weight (kg) 57.1 14.1 53.1 11.0 ***

Fat (%) 27.3 8.3 29.6 7.8 ***
BMI (kg/m2) 21.5 4.0 21.1 3.6

WC (cm) 73.7 11.8 71.3 9.6 ***
Glucose (mg/dL) 86.2 31.2 85.2 28.7

TG (mg/dL) 129.2 59.3 125.0 46.2
Cholesterol (mg/dL) 81.8 17.3 81.4 15.7

LDL-c (mg/dL) 93.4 23.6 92.9 22.5
HDL-c (mg/dL) 40.1 2.8 40.0 3.1

SBP (mmHg) 119.6 15.7 116.9 15.1 **
DBP (mmHg) 64.5 9.2 63.9 8.8

Insulin (mU/mL) 21.0 10.2 20.2 9.0
HOMA-IR 4.5 2.9 4.3 3.1

Notes: Fat (%), body fat percentage; BMI, body mass index; WC, waist circumference; TG, triglycerides; LDL-c,
low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; SBP, systolic blood pressure, DBP,
diastolic blood pressure, HOMA-IR, homeostatic model assessment of insulin resistance. Differences between means
were assessed by an unpaired Student’s t-test. **, p < 0.05; ***, p < 0.001.

Tables 3 and 4 show the characteristics of boys and girls, respectively, diagnosed of MetS according
to the different diagnostic criteria studied. The number of diagnosed participants varied with the
criteria from 25 to 68 boys. In these subjects, the criteria proposed by Viner et al. [18] resulted in
25 individuals with MetS, while those proposed by Duncan et al. [14], Rodriguez-Moran et al. [17] and
Cruz and Goran [16] resulted in 68 individuals. Since these latter subjects were actually the same, the
mean values of all variables studied (weight, fat %, BMI, WC, fasting glucose, triglycerides, cholesterol,
LDL-cholesterol, HDL-cholesterol, SBP, DBP, insulin and HOMA-IR) were also the same. The criteria
proposed by the IDF consistently showed the highest mean values for weight, WC, HDL-cholesterol,
SBP, DBP and insulin and the lowest for glucose, triglycerides, cholesterol and LDL-cholesterol.
In contrast, using the criteria proposed by Viner et al. [18], resulted in the highest mean levels of
glucose, triglycerides, cholesterol, LDL-cholesterol and HOMA-IR. Among the components of the MetS,
the highest mean values for WC, HDL-cholesterol and SBP were 86.0 cm, 35.7 mg/dL and 137.2 mmHg,
respectively, (IDF) and for glucose and triglycerides, 193.7 mg/dL and 338.9 mg/dL, respectively [18].
The lowest mean values for WC, HDL-cholesterol and SBP were 74.6 cm (Cook et al. [12]), 32.4 mg/dL
(Viner et al. [18]) and 121.6 mmHg (Cook et al. [12]), respectively. No significant differences were
observed in age, fat content and BMI among adolescent boys with MetS, regardless of the criteria used.
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In girls, the variability in the number of diagnosed individuals was much higher. The criteria
proposed by Weiss et al. [13] resulted in the diagnostic of only 18 individuals with MetS, while
those proposed by Cruz and Goran [16] resulted in 171 individuals. The criteria proposed by the
IDF consistently showed the highest mean values for weight, BMI, WC and SBP, while the lowest
were found when the criteria by Cook et al. [12] were employed. Regarding mean biochemical
parameters (glucose, triglycerides, cholesterol and LDL-cholesterol), the highest values were observed
in individuals diagnosed using the criteria by Weiss et al. [13], while the lowest corresponded
to individuals diagnosed using the criteria by Cruz and Goran [16]. Among the components of
the MetS, the highest mean values for WC and SBP were 83.2 cm, and 132.3 mmHg, respectively
(IDF), for HDL-cholesterol was 38.0 mg/dL (Cruz and Goran [16]) and for glucose and triglycerides,
194.4 mg/dL and 329.8 mg/dL, respectively (Weiss et al. [13]). The lowest mean values for WC
and SBP were 70.5 cm and 113.4 mmHg, respectively (Cook et al. [12]), for HDL-cholesterol was
32.8 (Weiss et al. [13]) and for glucose and triglycerides, 104.5 mg/dL and 145.5 mg/dL, respectively
(Cruz and Goran [16]). No significant differences were observed in age, fat content and DBP among
girls with MetS regardless the criteria used.

3.2. Area under the Curve Values of the Anthropometric Indexes for the Diagnosis of Metabolic Syndrome

Tables 5 and 6 show the area under the curve (AUC) values obtained from ROC analyses of
the different anthropometric indexes for predicting MetS in adolescent boys and girls, respectively,
according to the different diagnostic criteria employed. In boys, only WC, AVI and BRI achieved AUC
values above 0.8, thus showing a high predictive capacity. These values were obtained when the
diagnosis of MetS was performed using the IDF criteria. When using any of the other criteria studied,
AUC values were always below 0.8. The lowest AUC values observed, i.e., the lowest predictive
capacity of all of the anthropometric indexes, were found when the criteria used for the diagnosis were
those proposed by Weiss et al. [13] and Cook et al. [12].

In girls, fat content, BMI, WC, AVI, BRI and BAIp showed AUC values for MetS above 0.8 and
in all cases when the diagnostic was carried out using the IDF criteria. WHR, ABSI and BAI were
unable to predict the MetS in girls with a high level of certainty, as AUC values were below 0.8 for all
diagnostic criteria employed. In particular, the highest AUC value for ABSI was obtained when the
criteria proposed by de Ferranti et al. [15] were used, although it was only 0.590. The lowest AUC
values observed corresponded to anthropometric indexes when using the criteria recommended by
Weiss et al. [13].

The collinearity test for all anthropometric indexes that included WC for their calculation was
found to be negative for WC and AVI (VIF < 3) and positive for, BRI and ABSI (VIF > 3).
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4. Discussion

In this study, eight different criteria for the diagnosis of MetS in adolescents were used, which
resulted in a high variability in prevalence both in boys and girls, but no significant differences in
age, fat content or in BMI, which is in agreement with Pergher et al. [8]. In boys, the number of
diagnosed individuals ranged from 25 cases when the criteria of Viner et al. [18] were used, up to
68 cases when applying the criteria of Duncan et al. [14], Rodriguez-Moran et al. [17] and Cruz and
Goran [16]. This variability could be explained by differences in the cut-off points of the components
that make up each of the criteria to define MetS in the adolescent population [32]. There is also a high
variability in terms of the components that are considered to be altered for each of the criteria used,
which makes it difficult to establish comparisons [33]. Among the criteria used, those proposed by the
IDF resulted in the highest average values for the variables weight, WC, HDL cholesterol, SBP, DBP and
insulin and the lowest values for glucose, triglycerides, cholesterol and LDL cholesterol. These results
differ partially from those obtained in other studies. Sarrafzadegan et al. [34], in their study of an
Iranian adolescent population, used the criteria proposed by the IDF and found higher blood pressure
levels but lower HDL-c levels compared with our study. On the other hand, Ramírez-Vélez et al. [35],
in their study of adolescents from Colombia, also applying the criteria of the IDF, found that the most
prevalent altered components were low levels of HDL-c and high levels of triglycerides, whereas the
less prevalent components were elevated waist circumference and hyperglycemia. In our study, using
the criteria proposed by Viner et al. [18], higher mean levels of glucose, triglycerides, cholesterol, LDL-c
and HOMA-IR were obtained.

In girls, the variability of individuals diagnosed with MetS was even higher, ranging from
18 diagnosed subjects with the criteria of Weiss et al. [13] to 171 with the criteria of Cruz and Goran [16].
According to Nasreddine et al. [36], in their study of adolescents in Lebanon, the differences in the
prevalence of MetS among boys and girls could be explained, in part, by the variations in the body
composition of the human species, in particular due to a higher fat content in girls. This was also
observed in our study, as girls presented a significantly higher fat content, expressed as percentage
(Table 2). In addition, in line with Nasreddine et al. [36], the criteria proposed by the IDF showed
higher mean values for the variables weight, BMI, WC and SBP in girls.

Regarding the discriminatory capacity for MetS of the anthropometric indexes studied and
according to the different diagnostic criteria used, the ROC analysis showed that in boys, only WC,
AVI and BRI reached AUC values higher than 0.8, indicating a high predictive capacity. Interestingly,
this occurred only when the diagnosis of MetS was performed using the IDF criteria. Consequently,
these results show the importance of these indices in the assessment of fat tissue distribution in the
body and its relationship with the development of metabolic and cardiovascular disorders at an early
age [37].

For the rest of the criteria studied, AUC values lower than 0.8 were obtained, indicating a lower
predictive capacity of all anthropometric indexes. Values were particularly low when the criteria used
for diagnosis were those proposed by Weiss et al. [13] and Cook et al. [12].

In girls, fat content, BMI, WC, AVI, BRI and BAIp showed values of AUC for the MetS above 0.8
and in all cases when the diagnosis was made using the criteria of the IDF, but not when other criteria
were used. On the other hand, WHR, ABSI and BAI showed a lower predictive capacity against MetS
in girls, with AUC values below 0.8 for all of the diagnostic criteria used. Based on these findings,
it is worth noting the importance of using the IDF criteria for the diagnosis of MetS in adolescents
compared to the other criteria in adolescents, in particular when trying to estimate the presence of
MetS from anthropometric indexes. These results are in contrast with those obtained by Xu et al. [38],
in Chinese male adolescents, who, using the criteria of Cook et al. [12], found AUC values of 0.79 for
WHR, higher than those observed in our study. Similarly, Zaki et al. [39], in Egyptian adolescents
and using the IDF criteria, found AUC values considerably higher than 0.80 for WHR, while in our
study, values were slightly below 0.8 in both boys and girls. These results could suggest a possible
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influence of factors such as ethnicity and culture on the usefulness of the different criteria to define
MetS in adolescents.

It is noteworthy that, for the ABSI index, the highest value of AUC was obtained only when the
criteria proposed by de Ferranti et al. [15] were applied, and was lower than 0.6, indicating a very low
predictive capacity. Consequently, and in line with previous studies in adults [40,41] and our previous
report in adolescents [6], ABSI should not be used as a predictive index for MetS in adolescents of
both genders. As with boys, the lowest values of AUC observed corresponded to the anthropometric
indexes after using the criteria recommended by Weiss et al. [13]. At the same time, assuming that
WC is used as a component of the MetS, the collinearity test for all the anthropometric indexes that
included the WC for calculation showed negative results for WC and AVI (VIF <3) and positive for BRI
and ABSI (VIF >3). These results show, once again, that WC and AVI are appropriate anthropometric
indicators and of great clinical utility for the diagnosis of MetS in the adolescent population. Cutoff
points obtained from ROC analysis for the diagnosis of MetS showed a high variability among the
different criteria. Only the cutoff points for WHR and BRI showed a variation coefficient lower than 2%
in boys (Supplementary Materials Table S1). In girls, variability was even higher, and Fat (%), BMI,
BAI, BAIp and BRI showed variation coefficients above 10% (Supplementary Materials Table S2).

The present study has some strengths and limitations. To the best of our knowledge, this study is
the first to use eight different criteria for the diagnosis of MetS in adolescents. In addition, we would
like to emphasize the usefulness of the large sample size, which allowed us to obtain solid results
that are comparable to those of other studies. Furthermore, the acquisition of a representative sample
for the age groups contemplated in each region gave this study even greater epidemiological value.
Moreover, the fact that all of the adolescents came from the same geographic area and shared the same
culture, life style, and nutritional habits increased the homogeneity of sample. This study had various
limitations, such as its transversal design, which does not permit causal inference. In addition, there is
also a lack of information regarding the puberty status of the participants. For these reasons, the results
should be interpreted with caution.

5. Conclusions

In conclusion, the results confirm that AVI and WC are the anthropometric indexes that best
discriminate between MetS and non-MetS individuals when the criteria proposed by the IDF are used
for diagnosis in adolescents. Importantly, the other seven diagnostic criteria were not helpful for this
purpose, despite the fact that some of them (Duncan et al. [14] and Cruz and Goran [16], in particular)
resulted in a large number of diagnosed individuals, especially in girls. These findings should be
considered in future studies and in daily clinical practice, and health professionals should apply the
criteria proposed by the IDF. The health authorities should promote the implementation of individual
anthropometric indicators in the physical examination that takes place during periodic health checks
in the adolescent population. At the same time, new studies with ethnically and culturally different
populations are necessary in order to explore in greater depth the usefulness of the different criteria for
the diagnosis of MetS and the predictive capacity of all the anthropometric indices studied.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/6/1370/s1,
Table S1: Optimal cutoff points in receiver-operator curves (ROC) analysis of different anthropometric indexes for
predicting MetS in boys according to diagnostic criteria, Table S2: Optimal cutoff points in receiver-operator curves
(ROC) analysis of different anthropometric indexes for predicting MetS in girls according to diagnostic criteria.

Author Contributions: E.G.-J. and J.S.P. conceived and designed the study. M.C.-R. and A.F.-A. collected and
analyzed the data. J.S.-R. and R.R.-V. interpreted the data. E.G.-J. and J.S.P. drafted the manuscript. All authors
have revised and approved the submitted manuscript.

Funding: This work was supported by funds from Grant CEI2015-MP-BS23 from Campus of International
Excellence CEIBioTic Granada and by funds from Ministry of Economy and Competitiveness (AGL2011-23810).

178



Nutrients 2019, 11, 1370

Acknowledgments: The authors are grateful to schools, parents, and guardians as well as to participant students
for their collaboration in the development of this study. This work was supported by funds from Grant
CEI2015-MP-BS23 from Campus of International Excellence CEIBioTic Granada and by funds from Ministry of
Economy and Competitiveness (AGL2011-23810).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eisenmann, J.C.; Laurson, K.R.; Dubose, K.D.; Smith, B.K.; Donnelly, J.E. Construct validity of a continuous
metabolic syndrome score in children. Diabetol. Metab. Syndr. 2010, 2, 8. [CrossRef] [PubMed]

2. Costa, R.F.; Santos, N.S.; Goldraich, N.P.; Barski, T.F.; Andrade, K.S.; Kruel, L.F.M. Metabolic syndrome in
obese adolescents: A comparison of three different diagnostic criteria. J. Pediatr. 2012, 88, 303–309. [CrossRef]
[PubMed]

3. Kim, J.; Lee, I.; Lim, S. Overweight or obesity in children aged 0 to 6 and the risk of adultmetabolic-syndrome:
A systematic review and meta-analysis. J. Clin. Nurs. 2017, 26, 3869–3880. [CrossRef] [PubMed]

4. Kaur, J. A comprehensive review on metabolic syndrome. Cardiol. Res. Pract. 2014, 2014, 1–21. [CrossRef]
[PubMed]

5. Vanlancker, T.; Schaubroeck, E.; Vyncke, K.; Cadenas-Sanchez, C.; Breidenassel, C.; González-Gross, M.;
Gottrand, F.; Moreno, L.A.; Beghin, L.; Molnár, D.; et al. Comparison of definitions for the metabolic
syndrome in adolescents. The HELENA study. Eur. J. Pediatr. 2017, 176, 241–252. [CrossRef]

6. Perona, J.S.; Schmidt Rio-Valle, J.; Ramírez-Vélez, R.; Correa-Rodríguez, M.; Fernández-Aparicio, Á.;
González-Jiménez, E. Waist circumference and abdominal volume index are the strongest anthropometric
discriminators of metabolic syndrome in Spanish adolescents. Eur. J. Clin. Investig. 2019, 49, e13060.
[CrossRef]

7. Zimmet, P.; Alberti, K.G.; Kaufman, F.; Tajima, N.; Silink, M.; Arslanian, S.; Wong, G.; Bennett, P.; Shaw, J.;
Caprio, S. The metabolic syndrome in children and adolescents—An IDF consensus report. Pediatr. Diabetes
2007, 8, 299–306. [CrossRef]

8. Pergher, R.N.; Melo, M.E.; Halpern, A. Is a diagnosis of metabolic syndrome applicable to children? J. Pediatr.
2010, 86, 101–108. [CrossRef]

9. Weiss, R.; Bremer, A.; Lustig, R.H. What is metabolic syndrome, and why are children getting it? Ann. N. Y.
Acad. Sci. 2013, 1281, 123–140. [CrossRef]

10. Goodman, E.; Daniels, S.R.; Meigs, J.B.; Dolan, L.M. Instability in the diagnosis of metabolic syndrome in
adolescents. Circulation 2007, 115, 2316–2322. [CrossRef]

11. National Institutes of Health/National Heart, Lung, and Blood Institute. Third Report of the National
Cholesterol Education Program (NCEP). In Expert Panel on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III); Final Report; National Institutes of Health: Bethesda, MD,
USA, 2002.

12. Cook, S.; Weitzman, M.; Auinger, P.; Nguyen, M.; Dietz, W.H. Prevalence of a metabolic syndrome phenotype
in adolescents: Findings from the third National Health and Nutrition Examination Survey, 1988-1994. Arch.
Pediatr. Adolesc. Med. 2003, 157, 821–827. [CrossRef] [PubMed]

13. Weiss, R.; Dziura, J.; Burgert, T.S.; Tamborlane, W.V.; Taksali, S.E.; Yeckel, C.W.; Allen, K.; Lopes, M.;
Savoye, M.; Morrison, J.; et al. Obesity and the metabolic syndrome in children and adolescents. N. Engl. J.
Med. 2004, 350, 2362–2374. [CrossRef] [PubMed]

14. Duncan, G.E.; Li, S.M.; Zhou, X.H. Prevalence and trends of a metabolic syndrome phenotype among U.S.
adolescents, 1999–2000. Diabetes Care 2004, 27, 2438–2443. [CrossRef] [PubMed]

15. De Ferranti, S.D.; Gauvreau, K.; Ludwig, D.S.; Neufeld, E.J.; Newburger, J.W.; Rifai, N. Prevalence of the
metabolic syndrome in American adolescents: Findings from the Third National Health and Nutrition
Examination Survey. Circulation 2004, 110, 2494–2497. [CrossRef] [PubMed]

16. Cruz, M.L.; Goran, M.I. The metabolic syndrome in children and adolescents. Curr. Diabetes Rep. 2004, 4,
53–62. [CrossRef]

17. Rodríguez, M.; Salazar, B.; Violante, R.; Guerrero, F. Metabolic syndrome among children and adolescents
aged 10–18 years. Diabetes Care 2004, 27, 2516–2517. [CrossRef] [PubMed]

179



Nutrients 2019, 11, 1370

18. Viner, R.M.; Segal, T.Y.; Lichtarowicz-Krynska, E.; Hindmarsh, P. Prevalence of the insulin resistance
syndrome in obesity. Arch. Dis. Child. 2005, 90, 10–14. [CrossRef]

19. Alberti, K.G.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its complications.
Part 1: Diagnosis and classification of diabetes mellitus provisional report of a WHO consultation. Diabetes
Med. 1998, 15, 539–553. [CrossRef]

20. Marfell-Jones, M.; Olds, T.; Stewart, A. International Standards for Anthropometric Assessment; ISAK:
Potchefstroom, South Africa, 2006.

21. Brook, C.G.D. Determination of body composition of children from skinfold measurements. Arch. Dis. Child.
1971, 46, 182–184. [CrossRef]

22. Siri, W.E. Body composition from fluid spaces and density: Analysis of methods. In Techniques for Measuring
Body Composition; Brozeck, J., Henschel, A., Eds.; National Academies Sciences National Research Council:
Washington, DC, USA, 1961.

23. Guerrero-Romero, F.; Rodríguez-Morán, M. Abdominal volume index. An anthropometry-based index for
estimation of obesity is strongly related to impaired glucose tolerance and type 2 diabetes mellitus. Arch. Med.
Res. 2003, 34, 428–432. [CrossRef]

24. Thomas, D.M.; Bredlau, C.; Bosy-Westphal, A.; Mueller, M.; Shen, W.; Gallagher, D.; Maeda, Y.; McDougall, A.;
Peterson, C.M.; Ravussin, E.; et al. Relationships between body roundness with body fat and visceral adipose
tissue emerging from a new geometrical model. Obesity 2013, 21, 2264–2271. [CrossRef] [PubMed]

25. Bergman, R.N.; Stefanovski, D.; Buchanan, T.A.; Sumner, A.E.; Reynolds, J.C.; Sebring, N.G.; Xiang, A.H.;
Watanabe, R.M. A better index of body adiposity. Obesity 2011, 19, 1083–1089. [CrossRef] [PubMed]

26. El Aarbaoui, T.; Samouda, H.; Zitouni, D.; di Pompeo, C.; de Beaufort, C.; Trincaretto, F.; Mormentyn, A.;
Hubert, H.; Lemdani, M.; Guinhouya, B.C. Does the body adiposity index (BAI) apply to paediatric
populations? Ann. Hum. Biol. 2013, 40, 451–458. [CrossRef] [PubMed]

27. Valdez, R. A simple model-based index of abdominal adiposity. J. Clin. Epidemiol. 1991, 44, 955–956.
[CrossRef]

28. Krakauer, N.Y.; Krakauer, J.C. A new body shape index predicts mortality hazard independently of body
mass index. PLoS ONE 2012, 7, e39504. [CrossRef] [PubMed]

29. Matthews, D.; Hosker, J.; Rudenski, A.; Naylor, B.; Treacher, D.; Turner, R. Homeostasis model assessment:
Insulin resistance and B-cell function from fasting plasma glucose and insulin concentrations in man.
Diabetologia 1985, 28, 412–419. [CrossRef] [PubMed]

30. Pickering, T.G.; Hall, J.E.; Appel, L.J.; Falkner, B.E.; Graves, J.; Hill, M.N.; Jones, D.W.; Kurtz, T.; Sheps, S.G.;
Roccella, E.J. Subcommittee of Professional and Public Education of the American Heart Association Council
on High Blood Pressure Research. Recommendations for blood pressure measurement in humans and
experimental animals, part 1: Blood pressure measurement in humans: A statement for professionals from
the Subcommittee of Professional and Public Education of the American Heart Association Council on High
Blood Pressure Research. Hypertension 2005, 45, 142–161. [PubMed]

31. DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated
receiver operating characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837–845. [CrossRef]

32. Braga-Tavares, H.; Fonseca, H. Prevalence of metabolic syndrome in a Portuguese obese adolescent population
according to three different definitions. Eur. J. Pediatr. 2010, 169, 935–940. [CrossRef]

33. Saffari, F.; Jalilolghadr, S.; Esmailzadehha, N.; Azinfar, P. Metabolic syndrome in a sample of the 6- to
16-year-old overweight or obese pediatric population: A comparison of two definitions. Ther. Clin. Risk
Manag. 2012, 8, 55–63. [CrossRef]

34. Sarrafzadegan, N.; Gharipour, M.; Sadeghi, M.; Nouri, F.; Asgary, S.; Zarfeshani, S. Differences in the
prevalence of metabolic syndrome in boys and girls based on various definitions. ARYA Atheroscler. 2013, 9,
70–76. [PubMed]

35. Ramírez-Vélez, R.; Anzola, A.; Martinez-Torres, J.; Vivas, A.; Tordecilla-Sanders, A.; Prieto-Benavides, D.;
Izquierdo, M.; Correa-Bautista, J.E.; Garcia-Hermoso, A. Metabolic Syndrome and Associated Factors in
a Population-Based Sample of Schoolchildren in Colombia: The FUPRECOL Study. Metab. Syndr. Relat.
Disord. 2016, 14, 455–462. [CrossRef] [PubMed]

36. Nasreddine, L.; Naja, F.; Tabet, M.; Habbal, M.; El-Aily, A.; Haikal, C.; Sidani, S.; Adra, N.; Hwalla, N. Obesity
is associated with insulin resistance and components of the metabolic syndrome in Lebanese adolescents.
Ann. Hum. Biol. 2012, 39, 122–128. [CrossRef] [PubMed]

180



Nutrients 2019, 11, 1370

37. Shashaj, B.; Bedogni, G.; Graziani, M.P.; Tozzi, A.E.; DiCorpo, M.L.; Morano, D.; Tacconi, L.; Veronelli, P.;
Contoli, B.; Manco, M. Origin of cardiovascular risk in overweight preschool children: A cohort study of
cardiometabolic risk factors at the onset of obesity. JAMA Pediatr. 2014, 168, 917–924. [CrossRef] [PubMed]

38. Xu, T.; Liu, J.; Liu, J.; Zhu, G.; Han, S. Relation between metabolic syndrome and body compositions among
Chinese adolescents and adults from a large-scale population survey. BMC Public Health 2017, 17, 337.
[CrossRef] [PubMed]

39. Zaki, M.E.; El-Bassyouni, H.T.; El-Gammal, M.; Kamal, S. Indicators of the metabolic syndrome in obese
adolescents. Arch. Med. Sci. 2015, 11, 92–98. [CrossRef] [PubMed]

40. Haghighatdoost, F.; Sarrafzadegan, N.; Mohammadifard, N.; Asgary, S.; Boshtam, M.; Azadbakht, L.
Assessing body shape index as a risk predictor for cardiovascular diseases and metabolic syndrome among
Iranian adults. Nutrition 2014, 30, 636–644. [CrossRef]

41. Behboudi-Gandevani, S.; Ramezani Tehrani, F.; Cheraghi, L.; Azizi, F. Could, “a body shape index” and
“waist to height ratio” predict insulin resistance and metabolic syndrome in polycystic ovary syndrome?
Eur. J. Obstet. Gynecol. Reprod. Biol. 2016, 205, 110–114. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

181





nutrients

Article

Validation of Surrogate Anthropometric Indices in
Older Adults: What Is the Best Indicator of High
Cardiometabolic Risk Factor Clustering?

Robinson Ramírez-Vélez 1,*, Miguel Ángel Pérez-Sousa 2, Mikel Izquierdo 1,3,

Carlos A. Cano-Gutierrez 4, Emilio González-Jiménez 5, Jacqueline Schmidt-RioValle 5,

Katherine González-Ruíz 6 and María Correa-Rodríguez 5

1 Department of Health Sciences, Public University of Navarra, Navarrabiomed-Biomedical Research Centre,
IDISNA-Navarra’s Health Research Institute, C/irunlarrea 3, Complejo Hospitalario de Navarra,
31008 Pamplona, Navarra, Spain

2 Faculty of Sport Sciences, University of Huelva, Avenida de las Fuerzas Armadas s/n, 21007 Huelva, Spain
3 Centro de Investigación Biomédica en Red de Fragilidad y Envejecimiento Saludable (CIBERFES),

Instituto de Salud Carlos III, 28029 Madrid, Spain
4 Hospital Universitario San Ignacio – Aging Institute, Pontificia Universidad Javeriana,

Bogotá 110111, Colombia
5 Department of Nursing, Faculty of Health Sciences, University of Granada, Av. Ilustración, 60,

18016 Granada, Spain
6 Grupo de Ejercicio Físico y Deportes, Vicerrectoría de Investigaciones, Facultad de Salud,

Universidad Manuela Beltrán, Bogotá 110231, DC, Colombia
* Correspondence: robin640@hotmail.com; Tel.: +34-699-993-920

Received: 5 July 2019; Accepted: 22 July 2019; Published: 24 July 2019

Abstract: The present study evaluated the ability of five obesity-related parameters, including a
body shape index (ABSI), conicity index (CI), body roundness index (BRI), body mass index (BMI),
and waist-to-height ratio (WtHR) for predicting increased cardiometabolic risk in a population of
elderly Colombians. A cross-sectional study was conducted on 1502 participants (60.3% women,
mean age 70 ± 7.6 years) and subjects’ weight, height, waist circumference, serum lipid indices, blood
pressure, and fasting plasma glucose were measured. A cardiometabolic risk index (CMRI) was
calculated using the participants’ systolic and diastolic blood pressure, triglycerides, high-density
lipoprotein and fasting glucose levels, and waist circumference. Following the International
Diabetes Federation definition, metabolic syndrome was defined as having three or more metabolic
abnormalities. All surrogate anthropometric indices correlated significantly with CMRI (p < 0.01).
Receiver operating characteristic curve analysis of how well the anthropometric indices identified
high cardiometabolic risk showed that WtHR and BRI were the most accurate indices. The best
WtHR and BRI cut-off points in men were 0.56 (area under curve, AUC 0.77) and 4.71 (AUC 0.77),
respectively. For women, the WtHR and BRI cut-off points were 0.63 (AUC 0.77) and 6.20 (AUC 0.77),
respectively. In conclusion, BRI and WtHR have a moderate discriminating power for detecting high
cardiometabolic risk in older Colombian adults, supporting the idea that both anthropometric indices
are useful screening tools for use in the elderly.

Keywords: anthropometric indices; diagnosis criteria; metabolic syndrome; cardiometabolic
risk; elderly

1. Introduction

Metabolic syndrome (MetS) is a complex cluster of cardiovascular risk factors associated with
a sedentary lifestyle, poor nutrition, and consequent overweight. It is also strongly associated with
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other abnormalities linked to cardiovascular disease (CVD), including glucose intolerance (type 2
diabetes, impaired glucose tolerance, or impaired fasting glycemia), insulin resistance, abdominal
obesity, dyslipidemia, and hypertension [1]. Accordingly, MetS increases the risk of developing
diseases of cardiovascular origin, such as acute myocardial infarction, ischemic stroke, or coronary
heart disease [2]. Indeed, the prevalence of CVD attributable to MetS is estimated at around 12–17% [3].
Several studies have examined the presence of MetS in Latin America, reporting associated factors
including advanced age, having Hispanic or indigenous heritage, physical inactivity, high alcohol
intake, smoking, history of hypertension or type 2 diabetes (first-degree family members), and having
a low socioeconomic status (reviewed in [4]). The general prevalence of MetS in Latin-American
countries has been established as 24.9% (range: 18.8–43.3%) and is slightly more frequent in women
(25.3%) than in men (23.2%).

The clinical utility of identifying MetS in older adults has been much debated because, among the
issues raised, it has been argued that there is no consensus on the clinical criteria for screening the
elderly population to identify patients likely to be characterized with MetS. In this line, several clinical
criteria and cut-off points have been proposed. For instance, the cardiometabolic risk index (CMRI) in
older adults, measured as a continuous summary score, might represent an important intermediate or
preclinical outcome that can be measured prior to the onset of disease, and could provide opportunities
for prevention. As a marker of cardiometabolic disease risk, the use of adult CMRI severity z-scores has
been suggested as an accurate method to detect overall metabolic changes [5]. This continuous score
would be more sensitive to small and large changes that do not modify the most recent Joint Interim
Statement of the International Diabetes Federation (IDF) Task Force on Epidemiology and Prevention
criteria [6]. Thus, an increase in cholesterol from 150 to 250 mg/dl would have no impact on the IDF
score, but would be reflected as a non-trivial change in the continuous CMRI [7]. Nevertheless, there is
no validated or harmonized consensus for defining CMRI in older adults, and several continuous
CMRI scores have been reported in the literature, as described in previous narrative reviews.

Measurements of anthropometric indices are inexpensive and non-invasive, and are easily
conducted as part of normal health exams. Interestingly, anthropometric measurements such as body
mass index (BMI), waist circumference (WC), and waist-to-height ratio (WtHR) show a close correlation
with MetS components and could thus be useful surrogate markers for predicting MetS [8–10].
That being said, there remains controversy over which anthropometric indices [11] are the most
appropriate predictors of cardiometabolic disease [12]. In 2012, Krakauer and Krakauer developed
“A Body Shape Index” (ABSI), based on WC adjusted for height and weight [13], and demonstrated
that a high ABSI is associated with the accumulation of excess abdominal adipose tissue and seems
to be a substantial risk factor for premature mortality in the general population [13]. In a similar
vein, the conicity index (CI), an index of abdominal obesity, has been considered useful for detecting
central obesity, and has been studied as a predictor for alterations in fasting insulin, blood pressure,
and triglyceride levels [14]. Lastly, in 2013, Thomas and colleagues [15] developed the body roundness
index (BRI), which combines height and WC to predict the percentage of body fat. When compared with
other anthropometric indices, BRI was optimal for identifying MetS, insulin resistance, inflammatory
factors [16], and arterial stiffness [17] in obese and overweight populations. However, to date,
few studies have evaluated the predictive ability of BRI, ABSI, or CI compared with traditional metrics,
such as BMI and WtHR, with regard to CMRI in older adults [18–20].

South America has undergone a rapid epidemiologic transition, including a non-communicable
disease epidemic [21] and adverse lifestyle changes that could contribute to increase a cluster of
cardiometabolic risk factors such as MetS [4]. To the best of our knowledge, the predictive power
of anthropometric measurements, which can be measured easily in a routine health exam, has not
been assessed in elderly Latin-American individuals with high cardiovascular risk, for whom the
early detection of risk factors is essential for prevention of CVD. This is particularly true in Colombia,
where anthropometric index measurements and blood collection are not usually standard in the annual
health exam, and, to date, there have been few studies conducted in the general older population.
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For these reasons, the aim of the present study was to evaluate the prevalence of MetS using
a CMRI among older adults from Colombia, and validate the associated anthropometric surrogate
markers. We also compared the predictive ability of BRI, ABSI, CI, BMI, and WtHR to determine
whether there is a single best CMRI predictor.

2. Materials and Methods

2.1. Study Design and Participants

The data for this secondary cross-sectional study was obtained from the 2015 Colombian Health,
Well-Being and Aging Survey (SABE 2015, from the Spanish: SAlud, Bienestar and Envejecimiento,
2015), a multicenter project conducted from 2014 to 2015 by the Pan-American Health Organization and
supported by the Epidemiological Office of the Ministry of Health and Social Protection of Colombia
(https://www.minsalud.gov.co/). The survey is a cross-sectional tool for exploring and evaluating
several aspects that intervene in the phenomenon of aging and old age in the Colombian population [19].
Details of the survey have been previously published [19]. SABE 2015 was a joint venture between the
Ministry of Health and Social Protection and the Administrative Department of Science, Technology
and Innovation in Colombia.

The sample was regionally representative and involved self-representation in large cities,
with urban-rural stratification of the sample and stage selection in accordance with the municipal
map available from the Ministry of Health and Social Protection, with the following hierarchy:
municipalities, urban/rural segments, homes or sidewalks, homes, and people. The study included
the Colombian population ≥60 years old, and the indicators were disaggregated by age range, sex,
ethnicity, and socioeconomic level. To calculate the original sample size, the non-institutionalized
Colombian population aged ≥60 years was considered, and the following parameters were used:
minimum estimable proportion = 0.03, design effect = 1.2, and Relative Standard Error = 0.05 (1.2).
The universe of study comprised 99% of the population residing in private homes in both urban and
rural areas.

A total of 23,694 surveys were conducted across the country and 6365 total population segments
were investigated in 246 municipalities. As Bogotá is the capital it was independently selected,
with a total of 545 urban segments and one rural segment. The average number of adults per
segment was 4.2. The estimation of means or proportions was conducted to a level of precision
of up to 6% of the maximum expected error, at a level of national disaggregation only. The basic
procedure for the population survey was a face-to-face interview using a structured questionnaire.
The interviewers visited the selected homes, carrying the appropriate identification. At each home
visited, the standardized process involved the following: identifying the participants, registering
the demographic data, obtaining the signed informed consent, applying the established filters and
selection criteria, obtaining a signed assent form when necessary, and completion of the questionnaire
by the interviewer. A total of 1502 participants from 86 municipalities were included in this analysis.

The institutional review boards involved in developing the SABE 2015 study (the University of
Caldas, ID protocol CBCS-021-14, and the University of Valle, ID protocol 09-014 and O11-015) reviewed
and approved the study protocol. Written informed consent was obtained from each individual before
inclusion and completion of the first examination. One of the authors (C.A.C.-G.) applied to the Ministry
of Health and Social Protection of Colombia and obtained permission to use publicly available data for
research and teaching purposes (permission and details available at https://www.minsalud.gov.co/).
The study protocol for the secondary analysis was approved by the Human Subjects Committee at the
Pontificia Universidad Javeriana (ID protocol 20/2017-2017/180, FM-CIE-0459-17) in accordance with
the Declaration of Helsinki (World Medical Association) and Resolution 8430 from 1993, of the then
Colombian Ministry of Health, on technical, scientific, and administrative standards for conducting
research with humans.
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2.2. Anthropometric Measurements

The research teams of the coordinating centers (Caldas and Valle universities, Colombia)
trained the data collection staff to carry out the face-to-face interviews and physical measurements.
Anthropometric measurements included height and body weight, which were measured using a
portable stadiometer (SECA 213®, Hamburg, Germany) and an electronic scale (Kendall graduated
platform scale), respectively. BMI was estimated in kg/m2 from the measured body weight and
height. WC was measured using inextensible anthropometric tape with the subjects standing erect
and relaxed, with their arms at their sides and their feet positioned close together, parallel to the floor.
WtHR was calculated as the ratio of WC (cm) to height (cm). The other anthropometric indexes (BRI,
ABSI, and CI) were calculated using the following formulas: BRI = 364.2 − 365.5 (1 − π-2 WC2 (m)
Height−2 (m))1/2 [15]; ABSI =WC (m)/(BMI2/3(kg/m2)Height1/2 (m)) [13]; CI = 0.109−1 WC (m) (Weight
(kg)/Height (m))−1/2 [22].

2.3. Serum Biochemical Examination

After an overnight fast, blood was collected in the morning. Blood samples were centrifuged for
10 min at 3000 rpm, 30 min after sampling. All samples were delivered to a single central laboratory
(Dinamica Laboratories, Bogotá, Colombia) for analysis within 24 h. Serum fasting glucose, low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), total cholesterol,
and triglycerides (TG) were analyzed using enzymatic colorimetric methods (Olympus AU5200,
Melville, NY, USA). Low-density lipoprotein cholesterol (LDL-C) was estimated using the Friedewald
equation ((LDL-C) = (Total Cholesterol) – (HDL-C) − ((TG)/5)).

2.4. Blood Pressure Determination

We measured systolic (SBP) and diastolic (DBP) blood pressure levels using an automatic blood
pressure monitor (OMRON HEM-705, Omron Healthcare Co., Ltd., Kyoto, Japan), following the
recommendations of the American College of Cardiology Foundation/American Heart Association
2011 Expert Consensus Document on Hypertension in the Elderly [23]. Values were recorded after
5 min of rest in the sitting position and three consecutive measures were obtained, waiting for at least
30 s between readings. The average of the three values for each measurement were used in the analysis.

2.5. Diagnostic Criteria of Metabolic Syndrome

MetS was defined according to the most recent Joint Interim Statement of the IDF [6] by adopting
the Ethnic Central and South American criteria for WC. Participants were classified as having MetS if
they had at least three of following metabolic risk factors or components (MetS-components): abdominal
obesity (WC ≥90 cm for Latin-American males and ≥80 cm for Latin-American females), elevated
TG (fasting serum TG ≥150 mg/dL or taking medication for abnormal lipid levels), low HDL-C
(fasting serum HDL-C <40 mg/dL in males and <50 mg/dL in females, or specific treatment for
this lipid abnormality), elevated blood pressure (SBP ≥130 mmHg or DBP ≥85 mmHg or taking
hypertension medication), or elevated fasting glucose (serum glucose level ≥100 mg/dL or taking
diabetes medication).

2.6. Definition of Cardiometabolic Risk Index

We calculated the CMRI as a continuous score of the MetS risk factors. The CMRI was calculated
using sex- and race-specific algorithms for the IDF criteria cut-off values, using the values of the
participants’ SBP and DBP, TG, HDL-C, fasting glucose, and WC. For each of these variables, a z-score
was computed as the number of standard deviation (SD) units from the sample mean after normalization
of the variables, that is, z-score = ((value − sample mean)/sample SD)). The HDL-C z-score was
multiplied by −1 to indicate higher cardiovascular risk with increasing value. Individuals with a
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CMRI ≥ 1 SD above the mean were identified as having increased cardiometabolic risk, and a lower
CMRI (<1 SD) being indicative of a healthier risk profile.

2.7. Co-Variables

For lifestyle characteristics, personal habits regarding alcohol intake (participants were categorized
as those who do not drink and those who drink less than one day per week, two to six days a week, or
every day) and cigarette smoking (participants were categorized as those who do not smoke and those
who have never-smoked, those who currently smoke or those who previously smoked) were recorded.
A “proxy physical activity” report was conducted by the following questions: (i) “Have you regularly
exercised, such as jogging or dancing, or performed rigorous physical activity at least three times a
week for the past year?”; (ii) “do you walk at least three times a week between nine and 20 blocks
(1.6 km) without resting?”; (iii) “do you walk at least three times a week eight blocks (0.5 km) without
resting?”. Participants were considered physically active if they responded affirmatively to two of the
three questions [24].

Medical information including multimorbidity, as well as chronic conditions adapted from the
original SABE study, was assessed by asking the participants if they had been medically diagnosed
with hypertension, type 2 diabetes mellitus, chronic obstructive pulmonary disease, CVD (heart attack,
angina), stroke, cancer, arthritis, osteoporosis, or sensory impairments (vision and hearing loss).

Race/ethnicity was self-reported and grouped into indigenous (people belonging to various
indigenous groups such as Ika, Kankuamo, Emberá, Misak, Nasa, Wayuu, Awuá, and Mokane); black,
“mulatto”, or Afro-Colombian; white; and other (mestizo, gypsy, etc.).

Socioeconomic status was determined on a scale of one to six based on the housing stratum,
with one representing the highest level of poverty and six the greatest wealth. This classification
was developed by the National Government of Colombia and considers the physical characteristics
of the dwellings as well as their surroundings. Classification into one of the six strata was taken to
approximate the hierarchical socioeconomic differences from poverty to wealth.

2.8. Statistical Analysis

Descriptive analyses using the mean ± SD or standard error (SE) for the continuous variables,
median and interquartile range for the skewed continuous variables, and the frequency distribution of
the categorical variables were used to determine the characteristics of the sample. Data normality was
examined using the Kolmogorov–Smirnoff test. Significant differences between men and women were
analyzed using Student’s t-test, Wilcoxon rank-sum test, or chi-square (χ2) post-hoc test. To visualize
the relationship between CMRI and anthropometric indices, Spearman and Pearson correlation and
linear regression analysis were applied to the total sample and individual genders. The linear regression
analysis was adjusted by age as a covariate.

The area under receiver operating characteristic (ROC) curves was calculated to evaluate the
abilities of the anthropometric indices to predict high CMRI. Cut-off points were proposed after
calculation of Youden’s Index (sensitivity + specificity − 1) [25]. The DeLong et al. [26] non-parametric
approach was used to compare the areas under the ROC curves. Since abdominal obesity is a component
of CMRI, we conducted a multicollinearity test for the anthropometric indices that included WC (WtHR,
CI, BRI, and ABSI), and the variance inflation factor (VIF) was calculated. Each cardiometabolic risk
factor among BMI, WtHR, BRI, ABSI, and CI was determined using analysis of variance without any
adjustment and then after adjusting (analysis of covariance, ANCOVA) for ethnicity, socio-economic
status, smoking status, alcohol intake, physical activity “proxy”, and medical conditions (i.e., presence
or absence of osteoporosis, CVD, hypertension, type 2 diabetes, cancer, or respiratory diseases) as
covariates, followed by Tukey’s test. Collinearity was tested between all anthropometric indexes that
included WC; a VFI > 10, was interpreted as high collinearity [27].

Statistical analyses were performed using SPSS v24.0 (IBM, Armonk, NY, USA) and JASP v0.9
(JASP Team, Amsterdam, The Netherlands). Statistical significance was defined as p < 0.05.
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3. Results

3.1. Baseline Characteristics of the Participants

The participants´ characteristics are summarized in Table 1. Of the 1502 older adults studied,
60.3% were women, and the mean age was 70 ± 7.6 years. The prevalence of smoking (9.7%), alcohol
intake (12.7%), and a physical activity proxy (17.7%) was relatively low, but significantly higher
in CMRI ≥ 1 SD than in CMRI < 1 SD (alcohol: 13.1% vs. 12.6%, p < 0.001). The means (SD or
range interquartile) of the WtHR, BMI, BRI, ABSI, and CI in the overall sample were 0.59 (0.1),
27.3 (24−30) kg/m2, 5.2 (4.1−6.3), 0.081 (0.078−0.085), and 22.2 (20.9−23.8), respectively. The overall
prevalence of MetS was 58.7%. Significant differences were found between the high/low CMRI status
groups for almost all characteristics, with the exception of height, LDL-C and HDL-C levels.

Table 1. Characteristics of study participants according to high (≥ 1 SD) and low (< 1 SD) cardiometabolic
risk index (CMRI) status among Colombian older adults.

Characteristics
Total Sample

(n = 1502)
High CMRI
≥ 1 SD (n = 397)

Low CMRI
< 1 SD (n = 1105)

p-Value

Sex, n (%)

Men 596 (39.7) 141 (23.7) 455 (76.3) <0.001

Women 906 (60.3) 254 (28.0) 652 (72.0) <0.001

Socioeconomic status
1 456 (30.4) 121 (30.5) 335 (32.1) <0.001

2 635 (42.3) 176 (44.3) 459 (41.5) <0.001

3 375 (25.0) 98 (24.7) 277 (25.1) <0.001

4 29 (1.9) 2 (0.5) 27 (2.4) <0.001

>5 7 (0.5) 0 (0.0) 7 (0.6) N.A

Ethnic group
Indigenous 78 (5.2) 25 (6.3) 53 (4.8) 0.002

Black 119 (7.9) 28 (7.1) 91 (8.2) <0.001

White 396 (26.4) 106 (26.7) 290 (26.2) <0.001

Others 909 (60.5) 194 (48.9) 512 (46.3) <0.001

Smoking status, n (%)
Yes 145 (9.7) 29 (7.3) 116 (10.5) <0.001

No 1357 (90.3) 368 (92.7) 989 (89.5) <0.001

Alcohol intake, n (%)

Yes 191 (12.7) 52 (13.1) 139 (12.6) <0.001

No 1310 (87.2) 345 (86.9) 965 (87.3) <0.001

Physical Activity “proxy”, n (%)
Physically active 266 (17.7) 70 (17.6) 196 (17.7) 0.980

Non-Physically active 1231 (82.0) 323 (81.4) 908 (82.2) <0.001

Anthropometric measures/indices
Height (m) 1.55 (1.49–1.62) 1.54 (1.49–1.62) 1.55 (1.49–1.62) 0.170
Weight (kg) 64 (57–72) 71 (63–79) 62 (55–69) <0.001

Waist circumference (cm) 92 (85–100) 101 (93–107) 89 (83–97) <0.001

Body mass index (kg/m2) 27 (24–30) 29.7 (26.7–33) 26.1 (23.3–29) <0.001

WtHR 0.59 (0.1) 0.64 (0.06) 0.57 (0.06) <0.001

BRI 5.2 (4.1–6.3) 6.4 (5.3–7.7) 4.8 (3.9–5.9) <0.001

ABSI (m11/6 · kg −2/3) 0.081 (0.078–0.085) 0.083 (0.080–0.086) 0.081 (0.077–0.084) <0.001

CI 22.2 (20.9–23.8) 21.1 (19.8–22.4) 22.6 (21.4–24.1) <0.001

Metabolic syndrome components, n (%)
Prevalence of MetS 811 (58.7) 308 (77.6) 503 (45.5) <0.001

Abdominal obesity 1177 (78.4) 374 (94.2) 803 (72.7) <0.001

Hypertension 790 (52.6) 304 (76.6) 486 (44.0) <0.001

High levels of fasting glucose 465 (31.0) 220 (55.4) 245 (22.2) <0.001

High levels of triglycerides 696 (46.3) 253 (63.7) 443 (40.1) <0.001

Low levels of HDL-C 821 (54.7) 219 (55.2) 602 (54.5) 0.393
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Table 1. em Cont.

Characteristics
Total Sample

(n = 1502)
High CMRI
≥ 1 SD (n = 397)

Low CMRI
< 1 SD (n = 1105)

p-Value

Cardiometabolic measurements
SBP (mmHg) 130 (117–145) 142 (130–163) 126 (114–140) <0.001

DBP (mmHg) 72 (65–79) 78 (72–86) 70 (64–77) <0.001

MBP (mmHg) 92 (84–101) 100 (91–111) 89 (81–97) <0.001

Total cholesterol (mg/dL) 193 (166–221) 202 (171–232) 190 (164–216) <0.001

Triglycerides (mg/dL) 144 (105–192) 174 (134–252) 134 (101–180) <0.001

LDL-C (mg/dL) 126 (102–149) 127 (103–152) 125 (102–147) 0.116
HDL-C (mg/dL) 43 (36–53) 43 (36–54) 44 (36–53) 0.740
Glucose (mg/dL) 94 (86–102) 102 (93–121) 91 (84–98) <0.001

CMRI −0.21 (−1.41–1.07) 2.00 (1.44–2.84) −0.83 (−1.83–0.05) <0.001

Self-report comorbid chronic diseases, n (%)
Hypertension 826 (55.0) 249 (62.7) 577 (52.2) <0.001

Diabetes 245 (16.3) 113 (28.5) 132 (11.9) <0.001

Respiratory diseases 165 (11.0) 49 (12.3) 116 (10.5) <0.001

Cardiovascular diseases 213 (14.2) 155 (39.0) 58 (5.2) <0.001

Stroke 70 (4.7) 22 (5.5) 48 (4.3) <0.001

Osteoporosis 184 (12.3) 66 (16.6) 118 (10.7) <0.001

Cancer 80 (5.3) 56 (14.1) 24 (2.2) <0.001

Hearing loss 360 (24.1) 89 (22.4) 271 (24.5) <0.001

Vision loss 851 (56.7) 228 (57.4) 623 (56.4) <0.001

Skewed continuous variables are reported as median and interquartile range (Q3-Q1), for non-skewed continuous
variables mean values (standard deviations (SD)) are given, and categorical variables are reported as numbers
and percentages in brackets. Significant between-sex differences (Student’s t-test, Wilcoxon rank-sum test or χ2).
BMI: body mass index; WtHR: waist-to-height ratio; BRI: body roundness index; ABSI: a body shape index; CI:
conicity index; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CMRI:
cardiometabolic risk index. p-values marked in bold are significant.

3.2. Association between Surrogate Anthropometric Indices with CMRI

Linear regression analyses of surrogate anthropometric indices and CMRI on the total sample and
also stratified by sex are shown in Figure 1. Overall, we found an acceptable-to-moderate positive
correlation of CMRI with WtHR (r = 0.52, p < 0.001), ABSI (r = 0.17, p < 0.001), BMI (r = 0.46, p < 0.001),
and BRI (r = 0.52, p < 0.001), whereas CI was negatively correlated with CMRI (r = −0.42, p < 0.001).
When analyzing by sex, the decreasing order of the correlation coefficients in men was WtHR (r = 0.50,
p < 0.001), BRI (r = 0.50, p < 0.001), BMI (r = 0.49, p < 0.001), CI (r = −0.46, p < 0.001), and ABSI (r = 0.16,
p < 0.001), while in women the decreasing order of the correlation coefficients was WtHR (r = 0.55,
p < 0.001), BRI (r = 0.54, p < 0.001), BMI (r = 0.45, p < 0.01), CI (r = −0.44, p < 0.001), and ABSI (r = 0.22,
p < 0.001).
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Figure 1. Association between surrogate anthropometric indices and CMRI, on the total sample and
stratified by sex. BMI: body mass index; WtHR: waist to height ratio; BRI: body roundness index; ABSI:
a body shape index; CI: conicity index; CMRI: cardiometabolic risk index.
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3.3. Optimal Cut-Offs for Screening for CMRI by Sex

The ROC curve analyses of the diagnostic performance of BMI, WtHR, BRI, ABSI, and CI in
identifying a high cardiometabolic risk are shown in Table 2 and Figure 2. In men, when considering the
full sample, the best cut-off vales of BMI, WtHR, BRI, ABSI, and CI for detecting high cardiometabolic
risk (CMRI ≥ 1 SD) were 25.2 (area under curve, AUC 0.76, sensitivity 84.4% and specificity 54.7%),
0.56 (AUC 0.77, sensitivity 83.6% and specificity 58.9%), 4.71 (AUC 0.77, sensitivity 83.6% and specificity
58.9%), 0.083 (AUC 0.60, sensitivity 69.5% and specificity 53.6%), and 22.9 (AUC 0.75, sensitivity
72.3% and specificity 65.9%), respectively. For women, the best cut-off values of BMI, WtHR, BRI,
ABSI, and CI for detecting high cardiometabolic risk (CMRI ≥ 1 SD) were 28.4 (AUC 0.71, sensitivity
69.5% and specificity 64.1%), 0.63 (AUC 0.77, sensitivity 64.4% and specificity 76.7%), 6.20 (AUC 0.77,
sensitivity 65.2% and specificity 76.1%), 0.080 (AUC 0.62, sensitivity 68.7% and specificity 51.6%),
and 21.0 (AUC 0.71, sensitivity 63.6% and specificity 70.2%), respectively.

Table 2. Cut-off points, area under curve, sensitivity and specificity for BMI, WtHR, BRI, ABSI, and CI
to detect high cardiometabolic risk (CMRI ≥ 1 SD) by sex.

Parameters
BMI WtHR BRI ABSI CI

Men Women Men Women Men Women Men Women Men Women

Area under curve 0.76 0.71 0.77 0.77 0.77 0.77 0.60 0.62 0.75 0.71
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Optimal cut-off 25.2 28.4 0.56 0.63 4.71 6.20 0.083 0.080 22.9 21.0
Youden index J 0.39 0.33 0.42 0.41 0.42 0.41 0.23 0.20 0.38 0.33
Sensitivity (%) 84.4 69.5 83.6 64.4 83.6 65.2 69.5 68.7 72.3 63.6
Specificity (%) 54.7 64.1 58.9 76.7 58.9 76.1 53.6 51.6 65.9 70.2

(+) Likelihood ratio 1.83 1.93 2.00 2.70 2.04 2.74 1.50 1.42 2.12 2.14
(–) Likelihood ratio 0.29 0.48 0.28 0.47 0.28 0.46 0.57 0.60 0.42 0.52

BMI: body mass index; WtHR: waist to height ratio; BRI: body roundness index; ABSI: a body shape index;
CI: conicity index.

Figure 2. Diagnostic performance of surrogate anthropometric indices to detect high risk of CMRI by
gender. BMI: body mass index; WtHR: waist-to-height ratio; BRI: body roundness index; ABSI: a body
shape index; CI: conicity index.

The ROC curves were compared using a pairwise comparison method and the differences between
the five methods are shown in Table 3. Independently of sex, the ROC-AUC of WtHR did not
significantly differ from that of BRI. The results indicated that WtHR and BRI seem to provide the best
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results in Colombian older adults, owing to their greater precision in identifying subjects with a high
cardiometabolic risk.

Table 3. Pairwise comparison for receiver operating characteristic (ROC) curves among Colombian
older adults by sex.

Parameters
BMI–

WtHR
BMI–
BRI

BMI–
ABSI

BMI–
CI

WtHR–
BRI

WtHR–
ABSI

WtHR–
CI

BRI–
ABSI

BRI–
CI

ABSI–
CI

Men

Diff. AUC 0.000 0.00 0.15 0.01 0.00 0.16 0.01 0.16 0.02 0.14
SE 0.01 0.01 0.03 0.00 0.00 0.02 0.01 0.02 0.01 0.03

p-value 0.542 0.540 0.001 0.220 0.090 0.001 0.100 0.001 0.090 0.001

Women

Diff. AUC 0.06 0.06 0.08 0.00 0.00 0.15 0.06 0.15 0.06 0.08
SE 0.01 0.01 0.03 0.00 0.00 0.02 0.01 0.02 0.01 0.03

p-value 0.001 0.001 0.001 0.99 0.97 0.001 0.001 0.001 0.001 0.001

AUC: area under curve; SE: standard error; BMI: body mass index; WtHR: waist to height ratio; BRI: body roundness
index; ABSI: a body shape index; CI: conicity index. P-values marked in bold are significant.

3.4. Sex Thresholds for Surrogate Anthropometric Indices to Screen for CMRI

Thresholds were determined for each of the surrogate anthropometric indices for the low/high
CMRI in males and females, with corresponding differences in cardiometabolic parameters (Figure 2
and Table 4). In all groups (healthy/unhealthy) thresholds may be used to categorize individuals into
one of two risk categories (i.e., low and high), on the combined basis of sex and surrogate anthropometric
indices. In both sexes, after adjusting for ethnicity, socioeconomic status, smoking status, alcohol intake,
physical activity proxy, and medical conditions (presence or absence of osteoporosis, CVD, hypertension,
diabetes, cancer, and respiratory disease), the ANCOVA revealed that there were differences in blood
pressure, HDL-C, and glucose in the BMI and CI parameters. By contrast, diagnostic performance
results for CMRI without the central obesity component (i.e., WC) revealed lower accuracy (AUC) in
all thresholds for surrogate anthropometric indices (Supplementary Material Table S1).

Finally, the collinearity test for all anthropometric indices that included WC in their calculation
was found to be negative for BRI (VFI: 9.3), ABSI (VFI: 3.5), and WtHR (VFI: 9.1) and positive for CI
(VFI: 10.9).
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4. Discussion

Metabolic abnormalities including elevated blood pressure, hypertriglyceridemia, low levels
of HDL-C, impaired glucose tolerance and central obesity, have been proposed as cardiometabolic
risk factors for CVD and all-cause mortality [28,29]. For this reason, identifying a screening tool for
detecting high cardiometabolic risk in older adults is particularly important, as this might facilitate
the early implementation of effective strategies to those at high risk. This study investigated multiple
anthropometric measurements for predicting cardiometabolic risk in a large population of older
Colombian adults. Firstly, we demonstrated that all the surrogate anthropometric indices including
BMI, WtHR, BRI, ABSI, and CI significantly correlated with CMRI. Secondly, we showed that WtHR
and BRI are the most accurate anthropometric indices for identifying adults at high cardiometabolic
risk, supporting the hypothesis that these two indices could effectively predict cardiometabolic risk in
the elderly Colombian population.

In the present study, conducted on a representative cohort of older adults, the overall prevalence
of MetS was 58.7% according to IDF criteria. These findings differ slightly from the results of
Davila et al., who showed that the prevalence of MetS among adults from Medellin (Colombia)
aged 25–64 was 41% [30]. Furthermore, the Cardiovascular Risk Factor Multiple Evaluation in Latin
America (CARMELA) study estimated a prevalence of 30.1% in men and 48.6% in women, respectively,
in the 55–64 age group in Bogotá [31]. The differences in prevalence could be explained by either the
MetS cluster used, since the CARMELA study defined MetS according to the National Cholesterol
Education Program Adult Treatment Panel III, or the age range of the target populations (55–64 vs.
≥60). Nonetheless, there is a high prevalence of MetS in Latin American populations and, accordingly,
there is growing interest in developing accurate tools for identifying subjects at high risk and defining
cut-off points for anthropometric indices for detecting high CMRI.

BRI is a novel body index that has recently shown promise for clinical use [15]. We found that
BRI has a moderate discriminating power for detecting high cardiometabolic risk in older Colombian
adults, supporting the diagnostic potential of this new shape measure. We found that BRI performed
better as a predictor of a high CMRI than BMI, the standard measure. Similarly, Tian et al. observed that
BRI was suitable for use as a single anthropometric measure for identifying a cluster of cardiometabolic
abnormalities, as compared with BMI and WtHR, using data from the 2009 wave of the China Health
and Nutrition Survey [32]. Likewise, a recent study assessing the ability of BRI to predict the risk
of MetS and its components in Peruvian adults concluded that BRI is a potentially useful clinical
predictor of MetS that performs better than BMI [18]. BRI also showed potential for use as an alternative
obesity measure in type 2 diabetes mellitus assessment among a rural population from northeastern
China, although it performed similarly to BMI [33]. Additionally, Maessen et al. found that BRI could
identify both the presence of CVD and cardiovascular risk factors in a population-based study in
Nijmegen, the Netherlands, although the authors indicated that its capacity did not exceed that of
BMI [19]. The heterogeneity of the population characteristics (ethnicity and age range) might explain
the differences between these studies.

We demonstrated that WtHR is also an accurate screening tool for detecting a high cardiometabolic
risk in older Colombian adults. Indeed, we found that WtHR was a better predictor of cardiometabolic
risk than other anthropometric indices (BMI, CI, and ABSI). Wang et al. [34] also indicated that when
evaluating cardiometabolic risk factors among non-obese adults, WtHR functioned as a simple but
effective index for Chinese adults and, similarly, Amirabdollahian et al. [35] concluded that WtHR
was the best predictor of cardiometabolic risk in a population of young adults from northwestern
England. Comparable results were reported in a previous systematic review and meta-analysis
involving 300,000 adults from several ethnic groups [36], showing the superiority of WtHR over
BMI for detecting cardiometabolic risk factors in both sexes. However, it should be noted that the
aforementioned studies did not compare WtHR with ABSI or BRI.

194



Nutrients 2019, 11, 1701

Interestingly, it should be noted that the greatest AUC values were observed for WtHR and BRI in
men and women, suggesting that both body indices are capable of detecting a high cardiometabolic risk
in the elderly. In addition, the AUC of WtHR did not differ significantly from that of BRI. This highlights
the similar diagnostic capabilities of the two anthropometric indices. Furthermore, the AUC value of
BRI for identifying metabolic risk factors was very close to that of WtHR in a Chinese population of
adults [37]. In fact, Wang et al. concluded that although BRI does not exhibit a significantly better
predictive ability than WtHR, it could be used as an alternative body index [34].

Our results showed that ABSI presented the lowest AUC for high cardiometabolic risk in men
and women. These observations are consistent with previous studies [18–20,35,37,38]. Tian et al.
reported that ABSI had the weakest discriminative power for identifying a cluster of cardiometabolic
abnormalities [32]. Similarly, ABSI exhibited the lowest AUC value for identifying cardiometabolic
risk factors compared with WtHR and BRI in Chinese adults [37], and a study involving an Iranian
population also reported that ABSI was a weak predictor of CVD risk and MetS [38]. In the same line,
Stefanescu et al. found that ABSI underperformed against other measures such as BMI and BRI for
predicting MetS and its components [18], and Maessen et al. reported that ABSI was incapable of
determining the presence of CVD in a Dutch population [19]. Thus, based on both our results and
those of previous research, it can be concluded that ABSI does not seem to be a useful anthropometric
index for predicting cardiometabolic risk.

The present study has some limitations and strengths that should be mentioned. Firstly,
the cross-sectional design of the study meant that causality could not be inferred. Secondly, all of the
study participants were of Latin-American ethnicity and resident in Colombia. This may therefore
limit the generalizability of our results to other ethnic groups. Further studies involving other
populations are therefore warranted. By contrast, the main strength of our study is that we provide
gender-specific thresholds for various surrogate anthropometric indices (BMI, WtHR, BRI, ABSI,
and CI) with cardiometabolic measurements among older Colombian adults. To our knowledge,
no research has previously been published assessing the efficacy of these anthropometric indices for
predicting a high CMRI in a Latin-American population. Lastly, the large sample size and the highly
standardized procedures of the SABE project, which minimized measurement bias, were also major
strengths of this study [39,40].

5. Conclusions

In conclusion, BRI and WtHR have a moderate discriminating power for determining a high
cardiometabolic risk in a Colombian population of older adults, supporting the notion that both
anthropometric indices should be considered as screening tools for the elderly. Both anthropometric
indices were the most accurate among those tested for identifying men and women at a high
cardiometabolic risk. In addition, we provide the first BMI, WtHR, BRI, ABSI, and CI thresholds
for predicting a high CRMI in older Colombian adults. These data are clinically significant,
as anthropometric index reference thresholds can be used to identify those adults who are at high
cardiometabolic risk. Further investigation is required to provide reference values applicable to
different populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/8/1701/s1,
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Abstract: The metabolic syndrome (MetS) is a group of cardiovascular risk factors that are associated
with insulin resistance and are driven by underlying factors, including visceral obesity, systemic
inflammation, and cellular dysfunction. These risks increasingly begin in childhood and adolescence
and are associated with a high likelihood of future chronic disease in adulthood. Efforts should be
made at both recognition of this metabolic risk, screening for potential associated Type 2 diabetes, and
targeting affected individuals for appropriate treatment with an emphasis on lifestyle modification.
Effective interventions have been linked to reductions in MetS—and in adults, reductions in the
severity of MetS have been linked to reduced diabetes and cardiovascular disease.

Keywords: metabolic syndrome; obesity; insulin resistance; risk; pediatric; adolescent

1. Introduction

The roots of cardiovascular disease—the most common cause of mortality among adults
worldwide—begin in childhood [1], underscoring the need to identify and intervene in at-risk
children [2]. These issues have become even more important in light of the global obesity epidemic,
in which over 100 million children worldwide are obese [3], including in developing areas more
commonly associated with food scarcity [4]. One predictor of future risk is the metabolic syndrome
(MetS), a cluster of cardiovascular risk factors including central obesity (typically measured by high
waist circumference or high BMI), hypertension, high fasting triglycerides, low high density lipoprotein
(HDL) cholesterol and high fasting glucose [5]. These individual components of MetS occur together
more often than would be expected by chance—as though they are driven by similar underlying
processes that lead to insulin resistance, including cellular dysfunction in adipocytes, myocytes, and
hepatocytes; oxidative stress; and cellular inflammation [6,7]. In addition to predicting cardiovascular
disease (CVD), MetS is also a predictor of future Type 2 diabetes among children [8,9].

This review addresses means of assessing MetS in children and adolescents, the implications of
altered metabolic status, and approaches toward intervening among affected children and adolescents.

2. What is MetS?

MetS, at its core, appears to be due to dysregulated cellular metabolism [7], leading to insulin
resistance. A central driver appears to be an excess of central obesity, with visceral adipocytes releasing
chemo-attractants, contributing to infiltration by macrophages and release of cytokines and an overall
increase in systemic inflammation [6]. Further adipocyte dysfunction includes reduced production of
the adipokine adiponectin (which appears to be in the causative pathway of insulin resistance) [10]
and higher release of free fatty acids [11]. In peripheral tissues, these high levels of free fatty acids
and triglycerides alter mitochondrial function and increase the degree of oxidative stress, with an
overall effect of reductions in insulin’s ability to stimulate glucose transporters to the cell surface [7].
The degree of insulin resistance results in heightened need for insulin production, and glucose levels
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rise as the resistance exceeds the ability of the pancreatic beta cells to release adequate amounts of
insulin, ultimately contributing to risk for Type 2 diabetes [12]. Further downstream effects include
hypertension and reduced levels of HDL cholesterol, both of which contribute additional risk to
cardiovascular disease [2]. This multifaceted process has made it difficult to adequately target—though,
as we will see, weight reduction to decrease the central adiposity and exercise to increase energy
utilization have been effective in reducing the metabolic abnormalities.

3. Clinical Measures of MetS

3.1. Evaluation among Adults

The first observations regarding MetS were related to linking distinct abnormalities in the
individual components [5], and this approach ultimately led to forming diagnostic criteria that
identified individuals with several of these metabolic abnormalities. These criteria were first set for
classifying MetS among adults, with the most commonly-used criteria being those of the National
Cholesterol Education Program’s Adult Treatment Panel III (ATP-III) [13]. Using ATP-III criteria, an
individual is categorized as having MetS if they have measured values that are outside the adult normal
range for at least three of the individual MetS components (WC, BP, triglycerides, HDL, glucose—with
current diabetes qualifying as an abnormal glucose level even in the absence of an elevated value).
Other organizations have proposed slightly different criteria; the World Health Organization criteria
utilized results from oral glucose tolerance tests [14], while the International Diabetes Federation (IDF)
initially required the presence of central obesity for MetS classification (regardless of how many other
MetS abnormalities were present) [15]. The IDF criteria (later harmonized to be in line with ATP-III
criteria [16]) also allow for use of separate cut-offs for elevated waist circumference by race/ethnicity,
based on evidence demonstrating risk in a specific group [15].

Each of these sets of categories above diagnoses MetS on a dichotomous basis (i.e., you either
have it or you do not). Among adults, there have been scoring systems that take into account that
MetS abnormalities exist on a spectrum. Approaches to this have often consisted of a summation
of standardized z-scores for each individual component among a defined population of interest.
We formulated a score of MetS severity using confirmatory factor analysis that allowed for a weighted
contribution of the individual criteria, with these weights varying by sex and racial/ethnicity based on
how these components correlated together in each sex and racial/ethnic subgroup [17]. Because this
was done using nationally-representative data, these MetS-z scores can be used to assess risk in other
populations without reformulating the scores based on the distribution of abnormalities for the new
population. As compared to dichotomous criteria, use of continuous scores such as this can provide
improved power for statistical assessment of MetS-related risk [18]. In addition, whereas dichotomous
criteria can only be used to follow for the presence or absence of MetS over time [19], continuous scores
are also useful to follow for the risks associated with changes in MetS severity over time [20,21] and
how an individual responds to intervention [22].

3.2. Evaluation among Children

Whereas assessment of MetS in adults relied on criteria established by national or international
agencies, assessment among children and adolescents has not been as clear [23]. Most assessments
have relied on adaptations that were based on adult criteria, with cut-off values for the individual
components that were altered to reflect the more moderate values for these risk factors among
adolescents (Table 1) [24–26]. The IDF proposed a set of criteria for children that was based on the adult
IDF criteria, again requiring abnormal waist circumference for MetS classification [27]. Other criteria
have acknowledged the gradual shift over the course of adolescence in normal ranges of the individual
components, with cut-offs that change with time [28].
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Table 1. Pediatric and adolescent metabolic syndrome (MetS) criteria adapted from the National
Cholesterol Education Program Adult Treatment Panel III *.

Central Obesity
(WC)

High BP (mmHg)
High Triglycerides

(mg/dL)
Low HDL (mg/dL)

High Fasting
Glucose

WC ≥ 90th
percentile [25]

Systolic or diastolic
DBP ≥ 90% for age,

sex, height [26]

TG ≥ 110 mg/dL
(≥1.24 mmol/L)

HDL ≤ 40 mg/dL
(<1.03 mmol/L)

≥100 mg/dL
(5.6 mmol/L) or
known T2DM

* Individuals need to have at least three abnormalities in MetS components to be classified as having MetS.

As with the assessment of MetS-related risk in adults, continuous scores have frequently been used
in pediatrics. There have been multiple approaches to this, again with most consisting of summation
of z-scores for a particular underlying population [18]. We again used confirmatory factor analysis
in a nationally-representative group of US adolescents age 12–19 to produce MetS severity scores
that are weighted to how MetS was manifest by sex and racial/ethnic subgroup [29]. These scores
appear to reflect the underlying metabolic disarray in correlating closely with markers of the processes
underlying MetS, including C-reactive protein (CRP), uric acid, adiponectin, and insulin [29–32].

Continuous scores are also able to overcome a drawback to sets of criteria, namely, their apparent
lack of durability, with a high occurrence of adolescents who toggle between having a diagnosis of
MetS or not based on having individual components that are just above or below the cut-off [33,34].
The clinical use of these criteria would likely benefit from incorporation into the electronic medical
record [35] but at this time remains less certain, and some researchers have lobbied for an approach
that simply targets individual component risk factors [36].

4. Epidemiology

The underlying prevalence of MetS in adolescents depends on the set of MetS criteria used, with
overall ranges in the US from 1.2%–9.8% using modified ATP-III [31,37] criteria to 4.5%–8.4% using
the IDF adolescent criteria [38,39]. Assessments among school-aged children and early adolescents is
lower (0.2%–1.2%) [37,40], which is likely because of the strong effects of puberty on insulin resistance.
For example, insulin resistance as estimated by measures such as the homeostasis model of insulin
resistance—which usually tracks closely with MetS [41]—at age 8 years is half that seen among those
at 15 years, consistent with the concept that puberty itself may be involved with the progression of
abnormal metabolic processes [42].

In addition to variation by age, the prevalence of MetS also varies significantly by sex, with male
adolescents having a greater prevalence than females (Figure 1). Interestingly, there is also variation
by race/ethnicity, being more common in whites and Hispanics compared to African Americans
(Figure 1). This is surprising, given tight associations of MetS with insulin resistance, diabetes, and
CVD mortality—all of which are more common in African Americans [38]. The reason for this appears
to be more favorable lipid levels in African Americans, particularly lower triglyceride levels, which
appear to have a lower baseline levels but do increase with worsening insulin resistance [43].

Not surprisingly, MetS varies by location, with one meta-analysis estimating a lower prevalence in
Europe (2.1%) and the Far East (3.3%) compared to the Americas (4.5%) and the Middle East (6.5%) [44].
Even in the US, prevalence varies by geography, with higher prevalence in the Midwest and South of
the US compared to the West and Northeast (Figure 2), with potential implications for allocation of
resources by region toward improved lifestyle efforts [45]. While MetS has traditionally been thought
of as a problem of developed countries, the increase in pediatric obesity across the globe has made
MetS a concern in developing countries as well [46]. The prevalence of MetS in developing areas of
the world is likely to worsen with changing diet patterns as calorie-dense foods become increasingly
available [46]. Worldwide variation in MetS prevalence is compounded by an apparent increase in
susceptibility for obesity and MetS by race/ethnicity [47].
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Figure 1. Prevalence of metabolic syndrome in adolescents by sex and race ethnicity. Data are for
adolescent participants age 12–19 years from the National Health and Nutrition Examination Survey
1999–2012 as reported in Lee et al. [31].

Figure 2. Geographic variation in MetS prevalence among US adolescents. Data are for adolescents
age 12–19 years from National Health and Nutrition Examination Survey 1999–2014. (From, DeBoer et
al. used with permission.) [45].

The high prevalence of MetS in adolescents coincides with the current obesity levels, and there
has not been evidence of a decrease in the prevalence of MetS by classical criteria. However, there has
been a recent decrease in the severity of MetS as assessed by a continuous score over time. This is
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surprising and appears to be due to decreases in triglycerides, potentially from lower consumption of
saturated fat [31].

5. Long-Term Risks

The importance of considering MetS in ongoing patient care is driven home by the long-term
associations between MetS and future disease. While the downstream sequelae of childhood MetS
are usually greater than 10 years in development, studies that followed children for MetS-related
characteristics in the 1970s and followed up in the 2000s have demonstrated strong links, with childhood
MetS (vs. no MetS) carrying an odds ratio of 2.3–11.5 for future T2DM 14–31 years later [9,48], 2.0
for elevated carotid artery media thickness (a subclinical marker of CVD risk) 14–27 years later [48],
and 14.6 for CVD 24–31 years later [8]. In utilizing a MetS Z-score in childhood to assess risk of adult
disease 24–31 years later, the odds ratio of increased risk for every 1 standard deviation of the score was
2.7 and 9.8 for future T2DM [49] and CVD [50] (respectively). Moreover, the change in score over time
was associated with a further increase in disease risk [49,50], suggesting potential utility in following
an adolescent’s MetS score during lifestyle modification treatment as a means of following ongoing
risks and motivating further improvements.

It is notable that the prevalence of MetS in the 1970s was only 3.9% [9], compared to the prevalence
of 9.8% today [31]. This underscores an enormous risk for future T2DM and CVD based on prevalence
of risk factors in the current generation of US adolescents. In addition, MetS is also linked to other
obesity-related disease processes, including non-alcoholic fatty liver disease (NAFLD) [51] and renal
function [52], with implications for chronic kidney disease [53].

6. An Emphasis on Prevention

It should be noted that the best means of reducing the prevalence of MetS in the future is to
prevent the occurrence of obesity among children and adolescents. This includes efforts at encouraging
an active lifestyle from a young age and preserving of levels of physical activity among younger
children (before the usual decline in activity during adolescence [54]). It also includes encouraging
families to maintain consumption of fresh foods and avoid energy-dense foods, including as these
are increasingly introduced to developed parts of the world [46]. As discussed below, after the
development of overweight or obesity, it is difficult to lose excess weight, and stronger efforts should
be made at preventing obesity and MetS, including from the standpoint of public policy, including
availability of safe spaces for physical activity and healthy nutrition choices in schools [55].

7. Use of Criteria in Clinical Settings

Identify Individuals at Highest Need for Assessment

Given the potential long-term sequelae of MetS, the chief roles of MetS as a concept in pediatric
clinical care is in-risk identification and patient motivation. However, while the sets of criteria described
above provide a means of categorizing MetS and assessing related factors and long-term risk, there
is a sense that these criteria are not commonly used in clinical settings [36]. This may be because of
the potentially time-intensive nature of comparing measured values of each component with cut-off
values. Clearly, the process would be improved by automatic assessments performed by electronic
health record systems [35]—though such tools are not commonly available for assessment of pediatric
and adolescent MetS. In all settings, including in developing areas in the world, attention should be
given to obtaining accurate height and weight measures and assessing how a child’s BMI compares to
standardized percentiles for age, such as those of the World Health Organization [56].

Children and adolescents who present with obesity and/or findings associated with MetS should
receive extra attention toward reducing long-term risks for future chronic disease. Many of the
interventions against MetS (described below) are likely to also have benefits among all overweight
children [57]; nevertheless, children classified as having MetS are likely to benefit from additional
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time and encouragement because of their additional CVD risk factors [36]. In the absence of formal
screening for MetS itself (which requires a fasting blood draw and waist circumference measurement),
other indicators of insulin resistance and long-term risk for chronic disease may offer alternative
means of identifying patients at higher risk. This includes the presence of a strong family history of
T2DM [58] or CVD [59] upon questioning or of acanthosis nigricans [60] or hypertension [36] upon
physical exam. The presence of these factors in an overweight patient should prompt assessment for
potential concurrent Type 2 diabetes, through assessment of symptoms such as polyuria, polydipsia,
and unintended weight loss, and through testing HbA1c, with a HbA1c level of 5.7%–6.4% reflective of
a pre-diabetes state and a level ≥6.5% consistent with Type 2 diabetes [61].

Discussion regarding how MetS influences a child’s or adolescent’s risk and how reductions in
MetS severity may improve their chances of disease development [22] may assist in motivation toward
change [2]. Use of such risk identification as a motivator is a key consideration, as the difficulty in
care for adolescents with MetS-related risk for future T2D and CVD is not usually in the identification
of at-risk adolescents—using either accepted algorithms or looking at higher-risk groups based on
epidemiology—or even in advising interventions but in achieving adherence to these interventions,
discussed in the following section.

8. Intervention

Because of the strong connection between MetS and obesity, most interventions for MetS have
paralleled those for pediatric obesity in general, namely interventions aimed at altering unhealthy
lifestyle factors that likely contributed to the metabolic problems in the first place. This includes diets
that are high in saturated fat and carbohydrates (and ultimately an excess of overall calories) [31] and
physical activity levels that fall far short of recommendations [54]. In addition, further abnormalities in
the components of MetS should be addressed if present. In some cases, this could include, for example,
treating hypertension with medication. However, because the predominant “lesion” in MetS is the
central obesity, the majority of approaches have focused on lifestyle approaches, as addressed in the
following section.

Interventions that have been assessed for efficacy in reducing the proportion of children with MetS
have thus focused on altering dietary choices, increasing physical activity, and a combination of both.
The goal of these is to thus decrease the ratio of energy ingested vs. energy expended, primarily to reduce
the degree of central obesity that drives the metabolic abnormalities. Unfortunately, the unfavorable
balance of energy ingested vs. expended has occurred because many children and adolescents have
developed suboptimal lifestyle practices due to ease, availability or palatability, and it can be difficult to
motivate pediatric patients (and adults as well) to overcome the draw toward these unhealthy lifestyle
choices. Effective approaches have included efforts at exploring the motivation of adolescents using
techniques such as motivational interviewing, which involves assessments of an individual patient’s
readiness to change [62]. These approaches are thus tailored to the individual patient and require
the time to probe the patient’s current food choices and level of physical activity—and a degree of
flexibility in working out a treatment plan to which the child/adolescent is willing to commit. This kind
of approach is able to increase the adherence rate of adolescents to a treatment plan [62].

8.1. Dietary Changes

The main approach for dietary changes for children and adolescents as recommended by the
American Academy of Pediatrics, the American Heart Association, and the World Health Organization
has been an increase in vegetable and fruit consumption and a reduced intake of saturated fat in lieu
of unsaturated fat (e.g., olive oil and other vegetable oils), as well as a reduction in sugar intake [56].
A meta-analysis of studies that recommended these changes (though usually as part of an approach
combined with changes in physical activity, as compared to no change) demonstrated decreases in BMI.
One helpful way of achieving these changes has been through implementation of the Mediterranean
diet, which incorporates vegetables and olive oil. With respect to MetS itself, a 16-week trial of the
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Mediterranean diet among children and adolescents revealed a decrease in MetS prevalence (16%
to 5%) among those on the Mediterranean diet compared to no change or worsening in the control
group (Velazquez-Lopez). Other studies have supported additional concepts such as that intake
of highly-processed food was associated with a 2.5-fold increased risk of MetS [63], and intake of
sugar-sweetened beverages (vs. not) is associated with >5-fold risk of MetS [64].While intervention
studies assessing effects of eliminating sugar-sweetened beverages on MetS have not been performed,
randomized trials have shown some efficacy of sugar-sweetened beverage elimination on improved
weight status [55,65], which clearly contributes to risk of MetS. Overall, among patients with MetS,
efforts should be made toward reducing consumption of sugar-sweetened beverages, saturated fat, and
calorie-dense food (e.g., fast food) and toward increasing consumption of oils and vegetables—likely
through negotiating individual changes with adolescents and their families.

8.2. Physical Activity Changes

Increases in physical activity serve to maintain or increase total energy expenditure in the
face of reduced caloric intake. The US Center for Disease Control and Prevention and the World
Health Organization recommend at least 60 minutes of moderate to vigorous physical activity among
school-age children and adolescents [66]—though adolescents do particularly poorly in meeting
these goals, with <30% engaging in this much activity [54]. As expected, lower levels of physical
activity are associated with a greater risk for MetS, including higher levels of a MetS z-score [67,68].
Physical activity is particularly good at increasing insulin sensitivity [69].

A goal of increasing physical activity in clinical practice has been through incorporating these
activities into a child’s or adolescent’s usual routine. One research group assessed the likelihood of
MetS among children and adolescents who rode their bicycle to school (vs. not), finding lower odds
of MetS associated with bicycle use [70]. Other approaches have involved providing pedometers to
patients and negotiating a daily goal for total steps taken—which the child can document and take
personal pride in achieving. Increased walks with family, friends or pets can be a way to ensure
continued activity. Finally, participation in sports, either through schools, clubs or regular meetings
with friends, can further sustain physical activity and maintain higher energy expenditure. There is a
tendency toward declining physical activity with age [54], so encouragement at continuing activity
starting at younger ages may be more successful.

8.3. Combined Intervention Approaches

The most effective interventions are likely to include a combined approach incorporating reducing
calorie intake while increasing energy expenditure. This is because isolated increased physical activity
may lead to a compensatory increase in food intake [71], while isolated caloric restriction results in a
lowering of basal metabolic rate [72]—while a combination of these approaches aims to prevent these
counterproductive reactions. Combined interventions to reduce MetS have focused on nutritional
counselling with specific goals for physical activity—usually consisting of at least three weekly exercise
sessions [73,74]. This kind of approach can produce dramatic reductions in MetS over time, with one
group reporting a decrease from 27% at baseline to 8.3% after one year of combined nutrition and
activity interventions [73].

While it is more difficult among children and adolescents to demonstrate the long-term benefits
of approaches like this, we evaluated adults in the Diabetes Prevention Program, revealing that the
degree of decrease in MetS severity among adults randomized to intensive lifestyle change (compared
to those randomized to usual care) was associated with reductions in further odds of developing
diabetes or CVD [22]. This underscores the potential utility in following for MetS changes over time
during intervention—potentially as a motivator for patients [2] to track changes in future risk.

Thus, in most clinical intervention care, the medical team makes recommendations for
improvements in dietary choices and physical activity concurrently [75] with follow-up to encourage
ongoing adherence [76]. Success rates in clinical settings have not always been stellar [77], but children
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and adolescents who make these changes are likely to improve their metabolic status, with likely
long-term health benefits.

9. Conclusions

Overall, the high prevalence that we see of MetS currently and the strong associations of MetS with
future diabetes and CVD is a great cause of concern that should alarm practitioners who care for children
and adolescents. This is particularly true with worsening obesity prevalence worldwide, including
in developing areas. Prevention of childhood obesity is critical to reducing future MetS. Screening
for obesity and MetS should be incorporated in multiple aspects of pediatric clinical care. Finally,
recognizing the presence of MetS and intervening with targeted lifestyle recommendations—with
repeated follow-up to encourage adherence—is likely to improve the future health of these children.
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Abstract: The metabolic syndrome (MetS) is a constellation of cardiometabolic risk factors that
identifies people at increased risk for type 2 diabetes and cardiovascular disease. While the global
prevalence is 20%–25% of the adult population, the prevalence varies across different racial/ethnic
populations. In this narrative review, evidence is reviewed regarding the assessment, management
and prevention of MetS among people of different racial/ethnic groups. The most popular definition
of MetS considers race/ethnicity for assessing waist circumference given differences in visceral adipose
tissue and cardiometabolic risk. However, defining race/ethnicity may pose challenges in the clinical
setting. Despite 80% of the world’s population being of non-European descent, the majority of
research on management and prevention has focused on European-derived populations. In these
studies, lifestyle management has proven an effective therapy for reversal of MetS, and randomised
studies are underway in specific racial/ethnic groups. Given the large number of people at risk
for MetS, prevention efforts need to focus at community and population levels. Community-based
interventions have begun to show promise, and efforts to improve lifestyle behaviours through
alterations in the built environment may be another avenue. However, careful consideration needs to
be given to take into account the unique cultural context of the target race/ethnic group.

Keywords: metabolic syndrome; ethnicity; prevention; lifestyle; cardiometabolic

1. Introduction

The metabolic syndrome (MetS) is a constellation of cardiometabolic risk factors that results in an
increased risk for type 2 diabetes (T2D), cardiovascular disease and premature mortality [1]. At its
foundation is insulin resistance, in which the actions of insulin decrease, resulting in hyperinsulinemia.
Left unchecked, insulin resistance can progress to MetS and prediabetes, and further to T2D. MetS is
defined as the presence of at least three of the following five common clinical measures, which occur in
people with insulin resistance: elevated triglycerides (TG), low high-density lipoprotein cholesterol
(HDL-C), elevated blood sugar, elevated blood pressure (BP) and elevated waist circumference (WC)
(Table 1, Table 2) [2].Within primary care and other front-line care environments, the MetS is a simple
tool with which to identify people with insulin resistance and prediabetes, and therefore, at early
risk for T2D and cardiovascular disease. As a result, it provides an opportune time for primary care
providers to intervene and prevent progression to overt disease.
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Table 1. Criteria of the metabolic syndrome defined as three of more of the five measures.

Measure Threshold

Elevated triglycerides ≥1.70 mmol/L *

Reduced HDL-C ≤1.00 mmol/L (males) *
≤1.30 mmol/L (females) *

Elevated blood pressure Systolic ≥ 130 mmHg and/or
Diastolic ≥ 85 mmHg *

Elevated fasting glucose ≥5.6 mmol/L *

Elevated waist circumference See population-specific thresholds in Table 2

* Or appropriate drug treatment. HDL-C = high-density lipoprotein cholesterol.

Table 2. Population-specific waist circumference thresholds [2].

Population Men Women

Central/South American, Chinese, Japanese, South Asian ≥90 cm ≥80 cm

Mediterranean, Middle East, Sub-Saharan African ≥94 cm ≥80 cm

Europid (includes Canada, Europe and United States) * ≥102 cm
(≥94 cm)

≥88 cm
(≥88 cm)

* While thresholds of ≥94 cm for men and ≥80 cm for women are more common in research, the thresholds of ≥102
for men and ≥88 for women are used more commonly in clinical practice.

Despite the ease of assessment, the worldwide prevalence of MetS is not known [3,4], in part due
to MetS not being a common clinical indicator, such as T2D, and thus not widely assessed. Further
complicating estimates is the variation in definitions used in countries before, and even since [5], the
MetS definition was harmonised in 2009 [2]. However, estimates suggest the worldwide prevalence
of MetS to be 20%–25% of the population, based on a presumed prevalence threefold higher than
T2D [4]. As the prevalence of obesity and T2D is expected to rise, so too is the prevalence of MetS.
In countries where prevalence data do exist, it is clear that it differs by country. For example, the
estimated prevalence of MetS in the United States is 33.4% [6], while in China, it is 14.4% [7].

The difference in MetS prevalence across countries is likely the result of different governmental,
institutional and sociocultural factors at the population level, which can affect a range of upstream
determinants including, but not limited to, the type of available foods and access, health care policies,
education, employment and the physical environment. This is in addition to individual factors such as
biology/genetics and sociocultural aspects, which are also likely relevant to the different prevalence
of MetS between countries. These latter aspects may be collectively referred to as ethnic or racial
differences, as many of these characteristics often cluster in specific and identifiable populations.
Even within the same country, in the same local environment, the prevalence of MetS differs along
certain predefined racial/ethnic groups. For example, in the United States, the prevalence of MetS
is highest in Hispanics and lowest in African-Americans, with the prevalence of MetS in whites in
between the two [8]. (It is important to recognise that the term “white” does not describe an ethnicity
or ethnic group. The use of the term “white” in this article is only used when the authors of the original
article that has been cited have used this term to describe one of their study populations without
providing additional information on that group’s ethnic origins.) While recent national level data in
Canada have not been reported, an earlier study reported MetS to be highest in people of Indigenous
ancestry, followed by South Asians, Europeans and East Asians [9]. In Singapore, MetS is highest in
South Asians, followed by Malays and then people of Chinese background [10]. Understanding the
influence race/ethnicity has with respect to MetS is important for its proper assessment, treatment
and prevention.

212



Nutrients 2020, 12, 15

Ethnicity and race are fluid constructs that have no clear-cut definition, which are often (and
incorrectly) used interchangeably. Despite these challenges, ethnicity and race are still used in medical
literature as a means to differentiate between populations and recognise such differences in health
management and disease prevention. Furthernore, ethnic and racial groupings often differ across
the medical literature based on the research purpose, methods of data collection and even the lens
of the researchers themselves. While individuals may ascribe their ethnicity within sociocultural
aspects, medical guidelines such as those for the MetS attempt to define ethnicity primarily on common
biomedical (whether biological or genetic) and/or geographical aspects. These are generally broad
classifications, which often group multiple ethnic and racial groups into one. Sometimes this is based
exclusively on geographical origins (for example, “Asian” or “European”) without recognising the
ethnic or racial heterogeneity within these groupings and thus incorrectly inferring that the populations
are homogeneous. While some biomedical characteristics align with certain ethnic and racial groups,
this should not be interpreted that ethnicity and race are biomedical constructs, nor should ethnic and
racial classifications be interpreted to reflect genetic variation.

It should also be noted that ethnicity and race are not the same. Race infers some biological
foundations for differences among groups, while ethnicity views populations from a more social/cultural
lens. However, these terms may be used in medical literature as if they are the same. Across the
many papers cited in this review, some authors grouped study participants into categories they termed
“race”, while others used groupings termed “ethnicity”, commonly without defining the terms or the
categories. This lack of consistency makes it challenging to compare and contrast across the various
studies. As a result, for the sake of this review, the terms are combined (albeit not ideally) into one
called “race/ethnicity”, and when citing research, we have used the same race/ethnicity group names
as the original authors.

2. Assessment

Of the five cardiometabolic risk factors, four of the definition thresholds apply to all race/ethnic
groups. The fifth, WC, entails different threshold values based on race/ethnic background (Table 2).
These differing thresholds are based on evidence that the association between WC, an indicator of
abdominal obesity, and risk of cardiometabolic diseases differs by race/ethnicity. For example, at a
similar WC, people of Chinese and South Asian background have higher values of total cholesterol
and other cardiometabolic risk factors compared with people of European background [11–13]. If the
goal is to identify people at the same level of cardiometabolic risk, lower WC thresholds for people of
Asian background were created.

The requirement for lower WC thresholds in some racial/ethnic groups has its foundation in the
differences in visceral adipose tissue (VAT). In particular, people of Asian backgrounds (South Asian,
East Asian, Southeast Asian) have higher amounts of VAT at a given body size and WC [14]. For South
Asians, this higher amount of VAT accounts for much of their elevated cardiometabolic risk compared
with European-derived populations [15]. In African-Americans, VAT tends to be lower than whites at
a similar body size [16]. Despite a higher prevalence of obesity and T2D [17,18], levels of VAT in North
American Indigenous populations appear to be similar to that of Europeans of the same size [14,19].

While the use of race/ethnic-specific WC thresholds is reflective of the differing risk in different
racial/ethnic groups, it can pose a challenge during assessment of MetS. This is reflected in the above
biological foundations for having different WC thresholds for MetS. It must be acknowledged that
the MetS uses a broad definition of race/ethnicity and population grouping based on geographical
location, which does not reflect the many varying races and ethnicities within those groupings. There is
even limited agreement in how race/ethnicity is defined [20]; however, it is probably best defined by
self-report, meaning, each individual is likely to provide the most “accurate” identification of their
own race/ethnicity.

In predominantly homogeneous populations found in many parts of Asia, the use of
race/ethnic-specific WC thresholds should not pose a challenge [21]. However, in diverse populations
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such as in Europe and the Americas, determining the race/ethnicity of a patient can be challenging [22].
While self-identification may be the best indicator of race/ethnicity, this may be a conversation in which
health care professionals may feel uncomfortable engaging. In addition, people who descend from a
different geographical or race/ethnic region from where they currently live may identify more with the
local context than their ancestral one. This may result in a conflict between how an individual identifies
his/herself and how race/ethnicity is defined in the health system. In many locations, people may also
identify with more than one race/ethnicity. Guessing on the part of the health care professional may
be no better. The increasingly common prevalence of offspring from mixed ethnic partnerships can
further complicate the matter [23], as there are no studies on how to apply the race/ethnic-specific WC
thresholds to these individuals.

3. Treatment

As MetS allows for the presence of overt risk factors such as hypercholesterolemia, hypertension
and T2D, when present, these should be treated as per local clinical guidelines. For patients with MetS
but without overt risk factors, treatment through lifestyle therapy is effective at reversing MetS. In the
Diabetes Prevention Program (55% white, 20% African-American, 16% Hispanic, 5% Native American
and 4% Asian in the original trial [24], no analysis by race/ethnicity), the combined intervention
of physical activity and diet resulted in a more than twofold reversal of the MetS compared with
the placebo group and a 65% greater reversal rate than the metformin group [25]. A subsequent
meta-analysis of combined physical activity and diet interventions found a twofold greater rate of
MetS reversal compared with control interventions [26].

In isolation, regular aerobic physical activity of low-to-moderate intensity has resulted in reversal
of the MetS in postmenopausal women (65% white, 30% African-American and 6% other in original
trial [27], no analysis by race/ethnicity) [28] and reduction in MetS severity in a workplace setting
using a wrist-worn activity monitor and smartphone app designed to enhance physical activity
(conducted in Germany, race/ethnicity not reported) [29]. In addition to aerobic exercise interventions,
a 12-week resistance training program was effective in reversing MetS in older women (race/ethnicity
not reported) [30]. However, aerobic physical activity alone in men and women (56% white, 44%
African-American) or a combination of aerobic and resistance physical activity may be superior to
resistance training alone [31]. A randomised trial in Norwegian men and women focused on differing
intensities of exercise on reversing the MetS is currently underway [32].

A secondary analysis in the PREDIMED randomised trial of participants with the MetS
(approximately 97% European) at the study’s onset reported the Mediterranean diet resulted in
an approximately 28%–35% reversal of MetS compared with the control diet [33]. However, due to
later concerns with the PREDIMED methods [34] and republication with a smaller sample attesting
to similar conclusions [35], the exact effect of the intervention may not be accurately reflected in
this analysis.

Despite more than 80% of the world’s population being of non-European descent, the
overwhelming majority of research on MetS is limited by the predominant focus on European-derived
populations and a lack of race/ethnic-specific analyses. In terms of the benefits of interventions aimed
at reducing or reversing MetS in other race/ethnic groups, few studies exist. Short-term diet studies
have reported reversal of MetS in Iranians [36], South Asians [37] and people of Asian descent living in
the United States [38]. A combined lifestyle intervention in Arabs living in Saudi Arabia reported a
greater reduction in MetS compared with the group receiving general advice [39]. One randomised
trial currently underway is investigating a combined lifestyle intervention of physical activity, nutrition
improvement and weight loss in a diverse population in the United Kingdom [40], while another
exercise-focused trial in African-American women with MetS is also in progress [41].
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3.1. Comprehensive Lifestyle Interventions

Much information on reversing MetS may also be gleaned from randomised intervention studies
that target individual components of the MetS or prevention/treatment of T2D. A small randomised
study of Japanese men with MetS reported that a three-month intervention of diet and physical activity
reduced WC and glycated haemoglobin, along with a nonsignificant reduction in MetS prevalence
compared to control [42]. In African-Americans with T2D, a lifestyle weight loss intervention of 12
weeks resulted in lower weight, improved BP and glycaemic control compared with usual care after six
months [43]. Similarly, a six-month weight loss program in African-Americans in the Southern United
States resulted in reduction of WC and BP [44]. The Da Qing Diabetes Prevention Study in China
reported reduced incidence of T2D by 45% following six years of a diet and physical activity intervention
in people with glucose intolerance [45]. In Hispanic obese women, a community implementation
of the Diabetes Prevention Program resulted in a greater decrease in WC and improved glycaemic
control compared with metformin or standard care after 12 months [46]. In Brazil, a randomised
intervention of lifestyle counselling resulted in improvements in WC and BP [47]. A nonrandomised
study of translation of the Diabetes Prevention Program in Aboriginal people in the United States
showed promise in reducing risk for T2D [48]. In Jewish and Bedouin women with post-gestational
diabetes, a lifestyle counselling intervention resulted in reduction in glucose [49]. In South Asians
living in the United Kingdom, compared with control, a diet and physical activity intervention resulted
in improved WC but not glucose and BP after two years [50].

3.2. Nutritional Interventions

A wide variety of nutritional interventions ranging from macronutrient comparisons to
supplementation with single foods or supplements have been carried out in a number of racial/ethnic
groups. The most common dietary interventions are those focused on energy restriction in order to
target weight loss, which generally improves cardiometabolic risk factors [51–53]. More recent attention
has focused on the macronutrient combinations, and in particular, low-carbohydrate diets. A number
of small randomised studies have indicated low-carbohydrate diets to result in more favourable
improvements to glucose, insulin sensitivity, triglycerides and HDL-C [54], which may be independent
of weight loss, suggesting a specific mechanism by which carbohydrates may promote cardiometabolic
risk [55]. However, not all studies are in agreement and a meta-analysis of 23 randomised trials
reported no difference in cardiometabolic risk factors between low-carbohydrate and low-fat diets [56].

In non-European-derived populations, diets with an emphasis on fruits and vegetables, healthy
proteins and sodium reduction (such as the DASH diet) have demonstrated reductions in BP among
African-Americans [57,58], East Asians [59,60] and South Asians [61,62]. For people with T2D,
dietary interventions consisting of nutrition counselling following local guidelines for T2D care
have resulted in improved glycaemic control, lipids and anthropometric measures in Arabs [63] and
African-Americans [64]. Overweight and obese Malaysian adults undergoing a six-month trial of
a high-protein, high-fibre diet had improvements to WC and glucose metabolism compared with
control [65]. Studies in South Asians focusing on healthy protein, whether through meal replacement
or nut supplementation, have reported reductions in glucose and WC, along with increases in
HDL-C [61,62,66]. In Chinese men and women, a number of different randomised dietary interventions
(high-protein, low-carbohydrate diets) have resulted in reductions in WC and lipid measures [67,68].
Diet supplemented with whole grain oats over six months reduced WC in Chinese men and women
compared with control [69]. Very few studies have investigated interventions in Indigenous populations.
A randomised study of flaxseed supplementation in Native Americans resulted in lowering low-density
lipoprotein cholesterol (LDL-C) but did not affect HDL-C or TG [70], while a high-protein diet in Maori
in New Zealand resulted in a greater decrease in WC compared with a low-fat or control diet [71].
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3.3. Physical Activity Interventions

Numerous studies of various forms of physical activity have been conducted in a range of
populations. In randomised trials, exercise interventions have demonstrated improvements in one or
more of the components of MetS in South Asians [72–74] and East Asians [75,76]. In Chinese men, an
intervention of Tai Chi was effective at reducing BP and TG [77]. Less is known about how similar
interventions may be effective in African-American, Hispanic and Aboriginal/Indigenous populations.
However, higher levels of physical activity and fitness have been reported to be associated with a
lower prevalence of MetS in African-Americans [78], Hispanics [79] and Aboriginals [80].

To complement physical activity interventions, consideration should be given to interventions
to limit sedentary behaviour such as sitting. Prospective studies have reported extended sedentary
time to be positively associated with increased risk for type 2 diabetes, cardiovascular disease and
premature mortality [81]. These associations occur even independently of physical activity levels.
Cross-sectional studies in Americans [82], Brazilians [83] and Koreans [84] have reported positive
associations between sedentary time and MetS. Randomised interventions aimed at reducing sedentary
time have proven successful in increasing physical activity [85,86].

4. Prevention

Given the overall numbers of people with, and at risk for, MetS in most countries, individual-based
prevention approaches are unlikely to be efficient and feasible. Instead, prevention strategies should be
targeted to populations at the community level [87] and must be culturally tailored, as what works in
one race/ethnic group may not necessarily work in another. These can vary from upstream, high-level
policy initiatives to downstream, on the ground programs targeted at high-risk groups.

Policies such as the introduction of a sugar tax show promise. A high consumption of sugar, and
sugar-sweetened beverages in particular, has been associated with a higher prevalence of MetS in a
number of countries [88,89]. Countries and regions that have implemented a sugar tax have reported
reductions in the consumption of sugar-sweetened beverages [90–92]. However, at present, there is no
evidence to indicate this translates into a reduction in the incidence of MetS or its components, most
likely because these policies are relatively new and may need more time for a downstream effect to
be realised.

Another area influenced by policy at the local level is the built environment, which comprises the
human-made infrastructure in which we live. This consists of such things as the street network, the
placement of stores, community centres and residential areas, as well as the presence of sidewalks.
Aspects of the built environment are associated with both physical activity and diet [93] and may be an
upstream determinant for MetS.

People living in areas that are considered walkable (such as those with high street connectivity,
mixed land use, and sidewalks) have higher physical activity levels and are at lower risk for T2D
compared with those living in nonwalkable areas [94]. Similarly, living in an area with a high proportion
of fast food restaurants and limited opportunities to buy healthy foods is associated with a greater
prevalence of obesity [95]. These findings are consistent with a systematic review, which found
cross-sectional associations of the built environment with obesity, hypertension and MetS, such that
areas considered more walkable had a lower prevalence of these conditions [96]. Being cross-sectional,
these studies cannot provide insight into causal relations or address the possible numerous confounders
such as socioeconomic status (SES) and that some people are able to choose their neighbourhood based
on their preferred lifestyle, while others may be limited in opportunities of residential movement as a
result of their SES and race/ethnic minority status due to historical segregation. A limited number
of longitudinal studies have reported that changes in the built environment associated with more
walkability have corresponded with increased walking [97,98].

While some studies have indicated that the local food environment is associated with diets of nearby
residents [99,100], not all studies have [101]. Similarly, the association of the food environment with
risk factors is less clear. Some studies reported a positive association between fast food restaurants and
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obesity [95,102], a negative association between supermarkets and obesity [103], while others observed
no association between food stores and obesity [104]. However, it appears these associations may
depend on socioeconomic strata, which in heterogeneous populations often aligns along race/ethnicity,
as the positive relationship between fast food restaurants and obesity was strongest in those with
the lowest income [100,105]. Whether interventions to change the local food environment affect risk
for the MetS is not known. Introduction of a supermarket in an area previously absent of any had
a modest effect on diet quality, such as reduced sugar consumption in nearby residents compared
with a control neighbourhood [106]. However, dietary assessment was conducted less than a year
after the supermarket opened, and it may take a longer time, and more supermarkets, to change food
purchasing behaviours.

Of importance is that many people in high- and middle-income countries who are at high
risk for MetS are also among those with the lowest SES [107,108]. In addition, in countries with a
diverse population, racial/ethnic minorities tend to be the most marginalised in that society. In lower
SES communities, there are fewer opportunities for physical activity (such as green areas and
community centres), less access to grocery stores and supermarkets (which sell healthy foods) and
a higher proportion of fast food restaurants [109,110]. Targeted built environment interventions in
these high-risk communities may be worthwhile to improve lifestyle behaviours known to protect
against MetS.

While built environment initiatives affect the whole population, targeting interventions in high-risk
communities by bringing prevention strategies to places where people gather have demonstrated
substantial promise. These types of programs are needed, as access to health services for prevention
and treatment (whether physical or cultural) is often worse for those of lower SES and/or of a minority
racial/ethnic status [111]. In African-American communities in the United States, this has taken on the
form of BP interventions at local barbershops. Both encouragement of lifestyle modification by their
barber and integration with onsite pharmacists resulted in significant BP reductions, with the latter
intervention being significantly better than barber encouragement alone [112]. Similar intervention
studies are ongoing in faith-based communities and places of worship [113].

Success has also been reported using workplace interventions, which have resulted in
improvements in activity and nutrition compared with control [114]. In Delhi, a multifactorial
six-month worksite intervention focusing on education resulted in improvements in HDL-C, TG and
WC compared with control groups [115]. Others have looked at translating successful interventions
in European-derived populations to different racial/ethnic groups and delivering them in local
communities. These studies have demonstrated significant reduction in MetS risk factors in
African-Americans, [116] Hispanics [117,118] and South Asians living in India, Pakistan and the
United Kingdom [119–121]. Community initiatives have also worked in increasing physical activity
through walking programs in Hispanic neighbourhoods [122] and improving nutrition through local
dietary counselling in African-American neighbourhoods [123]. Other community-based interventions
have reported improvements in HDL-C, BP and WC compared with control in Taiwan [124].
A cluster-randomised study of communes in Vietnam found a six-month physical activity and nutrition
intervention also improved cardiometabolic risk factors and a slightly better reduction in prevalence
of MetS compared with an educational intervention [125]. In Iran, community-based educational
programs have been successful in reducing the incidence of MetS compared with nonintervention
controls [126,127].

Another area of promise for individual interventions but on a population scale is the use of
consumer technology devices such as tablets, smartphones and wearables. A number of randomised
studies have reported on experimental interventions that have improved lifestyle behaviours and/or
cardiometabolic risk factors related to MetS, whether through wearable technology, smartphone apps
or simple text messaging [29,128,129]. With the increasing ubiquity of global ownership of these
devices, the opportunity to leverage these technologies to intervene on a population level has grown.
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Recent studies have demonstrated the possible effectiveness of large-scale interventions [130] and the
feasibility of reach in pragmatic trials [131].

5. Other Considerations

While both physical activity and dietary interventions are likely to be efficacious treatments for
MetS, the intervention that is effective in one racial/ethnic group may not be effective in a different
racial/ethnic group. This can be due to not only different cultural contexts of physical activity and diet
but also due to structural barriers and policies, which cater to the majority population and may pose
barriers to maintaining health and disease prevention for minority populations. Various cultures also
view physical activity in different lights. For example, South Asians have lower physical activity levels
compared with other populations [132,133], which may be rooted in cultural context [134]. In addition,
adherence to and enjoyment of exercise may be based on the physical activity type, which also may
have cultural relevance, such as Bhangra dance in South Asians [73] or Tai Chi in East Asians [135].

Similarly, food is strongly rooted in culture, and availability and cost may differ from place to
place. Therefore, interventions need to consider what foods target groups have access to, the cultural
meaning of food and the financial opportunity of the individuals. If interventions are not designed
taking cultural preferences into account, they are unlikely to be engaged by the population and be
successful [136]. In addition to cultural differences, in many high-income countries, many racial/ethnic
groups comprise a minority population and are commonly marginalised in society, creating further
barriers for treatment. To be effective, interventions must also address real and perceived structural
barriers and policies present within each racial/ethnic group. For example, as a result of residential
schools in Canada, there is distrust between people of Aboriginal background and government-funded
health care [137]. Therefore, trust in the health care system and health care professionals, who may not
be from the same community, is needed before effective prevention and intervention can begin [138].

6. Future Directions and Conclusions

Despite more than 80% of the world’s population being of non-European descent, the
overwhelming majority of research on MetS, from prevalence to treatment, is in predominantly
European-derived populations. This is a critical gap in knowledge given that cardiometabolic risk
may differ along racial/ethnic lines. Indeed, the recognised different WC thresholds reflect the
nuances of race/ethnicity when assessing MetS. Current evidence in prevention and treatment of MetS
suggests lifestyle interventions proved in European-derived populations can be effective at treating
and reversing MetS; however, they need to be translated into the local cultural context to ensure success.
For widespread prevention of MetS, interventions targeted at the population level are likely to be most
successful. In order to grow our knowledge of MetS in different populations around the world, we
need to conduct more rigorous cohort and randomised trials in populations beyond those of European
descent. In addition, studies in countries with significant diversity should include unrepresented
racial/ethnic groups as well as analyses stratified by race/ethnicity.

Author Contributions: S.A.L. conceptualised and wrote the manuscript. D.G. reviewed and revised the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: S.A.L. holds the Pfizer/Heart and Stroke Foundation Chair in Cardiovascular Prevention
Research at St. Paul’s Hospital.

Conflicts of Interest: The authors have no conflict of interest to declare.

218



Nutrients 2020, 12, 15

References

1. Ballantyne, C.M.; Hoogeveen, R.C.; McNeill, A.M.; Heiss, G.; Schmidt, M.I.; Duncan, B.B.; Pankow, J.S.
Metabolic syndrome risk for cardiovascular disease and diabetes in the ARIC study. Int. J. Obes. (Lond.)
2008, 32 (Suppl. S2), S21–S24. [CrossRef] [PubMed]

2. Alberti, K.G.; Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z.; Cleeman, J.I.; Donato, K.A.; Fruchart, J.C.; James, W.P.;
Loria, C.M.; Smith, S.C., Jr. Harmonizing the metabolic syndrome: A joint interim statement of the
International Diabetes Federation Task Force on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart Federation; International Atherosclerosis Society;
and International Association for the Study of Obesity. Circulation 2009, 120, 1640–1645. [CrossRef] [PubMed]

3. Nolan, P.B.; Carrick-Ranson, G.; Stinear, J.W.; Reading, S.A.; Dalleck, L.C. Prevalence of metabolic syndrome
and metabolic syndrome components in young adults: A pooled analysis. Prev. Med. Rep. 2017, 7, 211–215.
[CrossRef] [PubMed]

4. Saklayen, M.G. The Global Epidemic of the Metabolic Syndrome. Curr. Hypertens. Rep. 2018, 20, 12.
[CrossRef]

5. O’Neill, S.; O’Driscoll, L. Metabolic syndrome: A closer look at the growing epidemic and its associated
pathologies. Obes. Rev. 2015, 16, 1–12. [CrossRef]

6. Moore, J.X.; Chaudhary, N.; Akinyemiju, T. Metabolic Syndrome Prevalence by Race/Ethnicity and Sex in the
United States, National Health and Nutrition Examination Survey, 1988–2012. Prev. Chronic Dis. 2017, 14,
E24. [CrossRef]

7. Lan, Y.; Mai, Z.; Zhou, S.; Liu, Y.; Li, S.; Zhao, Z.; Duan, X.; Cai, C.; Deng, T.; Zhu, W.; et al. Prevalence of
metabolic syndrome in China: An up-dated cross-sectional study. PLoS ONE 2018, 13, e0196012. [CrossRef]

8. Aguilar, M.; Bhuket, T.; Torres, S.; Liu, B.; Wong, R.J. Prevalence of the metabolic syndrome in the United
States, 2003–2012. JAMA 2015, 313, 1973–1974. [CrossRef]

9. Anand, S.S.; Yi, Q.; Gerstein, H.; Lonn, E.; Jacobs, R.; Vuksan, V.; Teo, K.; Davis, B.; Montague, P.; Yusuf, S.
Relationship of metabolic syndrome and fibrinolytic dysfunction to cardiovascular disease. Circulation 2003,
108, 420–425. [CrossRef]

10. Tan, C.E.; Ma, S.; Wai, D.; Chew, S.K.; Tai, E.S. Can we apply the National Cholesterol Education Program
Adult Treatment Panel definition of the metabolic syndrome to Asians? Diabetes Care 2004, 27, 1182–1186.
[CrossRef]

11. Lear, S.A.; Chen, M.M.; Birmingham, C.L.; Frohlich, J.J. The relationship between simple anthropometric
indices and c-reactive protein: Ethnic and gender differences. Metabolism 2003, 52, 1542–1546. [CrossRef]
[PubMed]

12. Lear, S.A.; Chen, M.M.; Frohlich, J.J.; Birmingham, C.L. The relationship between waist circumference and
metabolic risk factors: Cohorts of European and Chinese descent. Metabolism 2002, 51, 1427–1432. [CrossRef]
[PubMed]

13. Lear, S.A.; Toma, M.; Birmingham, C.L.; Frohlich, J.J. Modification of the relationship between simple
anthropometric indices and risk factors by ethnic background. Metabolism 2003, 52, 1295–1301. [CrossRef]

14. Lear, S.A.; Humphries, K.H.; Kohli, S.; Chockalingam, A.; Frohlich, J.J.; Birmingham, C.L. Visceral adipose
tissue accumulation differs according to ethnic background: Results of the Multicultural Community Health
Assessment Trial (M-CHAT). Am. J. Clin. Nutr. 2007, 86, 353–359. [CrossRef] [PubMed]

15. Lear, S.A.; Chockalingam, A.; Kohli, S.; Richardson, C.G.; Humphries, K.H. Elevation in cardiovascular
disease risk in South Asians is mediated by differences in visceral adipose tissue. Obesity (Silver Spring) 2012,
20, 1293–1300. [CrossRef] [PubMed]

16. Hoffman, D.J.; Wang, Z.; Gallagher, D.; Heymsfield, S.B. Comparison of visceral adipose tissue mass in adult
African Americans and whites. Obes. Res. 2005, 13, 66–74. [CrossRef]

17. Katzmarzyk, P.T. Obesity and physical activity among Aboriginal Canadians. Obesity (Silver Spring) 2008, 16,
184–190. [CrossRef]

18. Turin, T.C.; Saad, N.; Jun, M.; Tonelli, M.; Ma, Z.; Barnabe, C.C.M.; Manns, B.; Hemmelgarn, B. Lifetime risk
of diabetes among First Nations and non-First Nations people. CMAJ 2016, 188, 1147–1153. [CrossRef]

19. Gautier, J.F.; Milner, M.R.; Elam, E.; Chen, K.; Ravussin, E.; Pratley, R.E. Visceral adipose tissue is not
increased in Pima Indians compared with equally obese Caucasians and is not related to insulin action or
secretion. Diabetologia 1999, 42, 28–34. [CrossRef]

219



Nutrients 2020, 12, 15

20. Gasevic, D.; Kohli, S.; Khan, N.; Lear, S.A. Abdominal Adipose Tissue and Insulin Resistance: The Role of
Ethnicity. In Nutrition in the Prevention and Treatment of Abdominal Obesity; Academic Press; Elsivier, Inc.:
Waltham, MA, USA, 2014; pp. 125–140.

21. Lear, S.A.; James, P.T.; Ko, G.T.; Kumanyika, S. Appropriateness of waist circumference and waist-to-hip
ratio cutoffs for different ethnic groups. Eur. J. Clin. Nutr. 2010, 64, 42–61. [CrossRef]

22. Kaneshiro, B.; Geling, O.; Gellert, K.; Millar, L. The challenges of collecting data on race and ethnicity in a
diverse, multiethnic state. Hawaii Med. J. 2011, 70, 168–171. [PubMed]

23. Aspinall, P.J. Concepts, terminology and classifications for the "mixed" ethnic or racial group in the United
Kingdom. J. Epidemiol. Community Health 2010, 64, 557–560. [CrossRef] [PubMed]

24. Knowler, W.C.; Barrett-Connor, E.; Fowler, S.E.; Hamman, R.F.; Lachin, J.M.; Walker, E.A.; Nathan, D.M.
Reduction in the incidence of type 2 diabetes with lifestyle intervention or metformin. N. Engl. J. Med. 2002,
346, 393–403. [CrossRef] [PubMed]

25. Orchard, T.J.; Temprosa, M.; Goldberg, R.; Haffner, S.; Ratner, R.; Marcovina, S.; Fowler, S. The effect of
metformin and intensive lifestyle intervention on the metabolic syndrome: The Diabetes Prevention Program
randomized trial. Ann. Intern. Med. 2005, 142, 611–619. [CrossRef]

26. Yamaoka, K.; Tango, T. Effects of lifestyle modification on metabolic syndrome: A systematic review and
meta-analysis. BMC Med. 2012, 10, 138. [CrossRef]

27. Church, T.S.; Earnest, C.P.; Skinner, J.S.; Blair, S.N. Effects of different doses of physical activity on
cardiorespiratory fitness among sedentary, overweight or obese postmenopausal women with elevated
blood pressure: A randomized controlled trial. JAMA 2007, 297, 2081–2091. [CrossRef]

28. Earnest, C.P.; Johannsen, N.M.; Swift, D.L.; Lavie, C.J.; Blair, S.N.; Church, T.S. Dose effect of cardiorespiratory
exercise on metabolic syndrome in postmenopausal women. Am. J. Cardiol. 2013, 111, 1805–1811. [CrossRef]

29. Haufe, S.; Kerling, A.; Protte, G.; Bayerle, P.; Stenner, H.T.; Rolff, S.; Sundermeier, T.; Kuck, M.; Ensslen, R.;
Nachbar, L.; et al. Telemonitoring-supported exercise training, metabolic syndrome severity, and work ability
in company employees: A randomised controlled trial. Lancet Public Health 2019, 4, e343–e352. [CrossRef]

30. Tomeleri, C.M.; Souza, M.F.; Burini, R.C.; Cavaglieri, C.R.; Ribeiro, A.S.; Antunes, M.; Nunes, J.P.; Venturini, D.;
Barbosa, D.S.; Sardinha, L.B.; et al. Resistance training reduces metabolic syndrome and inflammatory
markers in older women: A randomized controlled trial. J. Diabetes 2018, 10, 328–337. [CrossRef]

31. Earnest, C.P.; Johannsen, N.M.; Swift, D.L.; Gillison, F.B.; Mikus, C.R.; Lucia, A.; Kramer, K.; Lavie, C.J.;
Church, T.S. Aerobic and strength training in concomitant metabolic syndrome and type 2 diabetes. Med. Sci.
Sports Exerc. 2014, 46, 1293–1301. [CrossRef]

32. Tjonna, A.E.; Ramos, J.S.; Pressler, A.; Halle, M.; Jungbluth, K.; Ermacora, E.; Salvesen, O.; Rodrigues, J.;
Bueno, C.R., Jr.; Munk, P.S.; et al. EX-MET study: Exercise in prevention on of metabolic syndrome—A
randomized multicenter trial: Rational and design. BMC Public Health 2018, 18, 437. [CrossRef] [PubMed]

33. Babio, N.; Toledo, E.; Estruch, R.; Ros, E.; Martinez-Gonzalez, M.A.; Castaner, O.; Bullo, M.; Corella, D.;
Aros, F.; Gomez-Gracia, E.; et al. Mediterranean diets and metabolic syndrome status in the PREDIMED
randomized trial. CMAJ 2014, 186, E649–E657. [CrossRef] [PubMed]

34. Agarwal, A.; Ioannidis, J.P.A. PREDIMED trial of Mediterranean diet: Retracted, republished, still trusted?
BMJ 2019, 364, l341. [CrossRef] [PubMed]

35. Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I.; Corella, D.; Aros, F.; Gomez-Gracia, E.; Ruiz-Gutierrez, V.;
Fiol, M.; Lapetra, J.; et al. Retraction and Republication: Primary Prevention of Cardiovascular Disease with
a Mediterranean Diet. N. Engl. J. Med. 2018, 378, 2441–2442. [CrossRef] [PubMed]

36. Ehteshami, M.; Shakerhosseini, R.; Sedaghat, F.; Hedayati, M.; Eini-Zinab, H.; Hekmatdoost, A. The Effect of
Gluten Free Diet on Components of Metabolic Syndrome: A Randomized Clinical Trial. Asian Pac. J. Cancer
Prev. APJCP 2018, 19, 2979–2984. [CrossRef] [PubMed]

37. Gupta Jain, S.; Puri, S.; Misra, A.; Gulati, S.; Mani, K. Effect of oral cinnamon intervention on metabolic
profile and body composition of Asian Indians with metabolic syndrome: A randomized double -blind
control trial. Lipids Health Dis. 2017, 16, 113. [CrossRef]

38. Wu, H.; Pan, A.; Yu, Z.; Qi, Q.; Lu, L.; Zhang, G.; Yu, D.; Zong, G.; Zhou, Y.; Chen, X.; et al. Lifestyle
counseling and supplementation with flaxseed or walnuts influence the management of metabolic syndrome.
J. Nutr. 2010, 140, 1937–1942. [CrossRef]

220



Nutrients 2020, 12, 15

39. Alfawaz, H.A.; Wani, K.; Alnaami, A.M.; Al-Saleh, Y.; Aljohani, N.J.; Al-Attas, O.S.; Alokail, M.S.; Kumar, S.;
Al-Daghri, N.M. Effects of Different Dietary and Lifestyle Modification Therapies on Metabolic Syndrome in
Prediabetic Arab Patients: A 12-Month Longitudinal Study. Nutrients 2018, 10, 383. [CrossRef]

40. Dunkley, A.J.; Davies, M.J.; Stone, M.A.; Taub, N.A.; Troughton, J.; Yates, T.; Khunti, K. The Reversal
Intervention for Metabolic Syndrome (TRIMS) study: Rationale, design, and baseline data. Trials 2011, 12,
107. [CrossRef]

41. Dash, C.; Makambi, K.; Wallington, S.F.; Sheppard, V.; Taylor, T.R.; Hicks, J.S.; Adams-Campbell, L.L. An
exercise trial targeting African-American women with metabolic syndrome and at high risk for breast cancer:
Rationale, design, and methods. Contemp. Clin. Trials 2015, 43, 33–38. [CrossRef]

42. Nanri, A.; Tomita, K.; Matsushita, Y.; Ichikawa, F.; Yamamoto, M.; Nagafuchi, Y.; Kakumoto, Y.; Mizoue, T.
Effect of six months lifestyle intervention in Japanese men with metabolic syndrome: Randomized controlled
trial. J. Occup. Health 2012, 54, 215–222. [CrossRef] [PubMed]

43. Agurs-Collins, T.D.; Kumanyika, S.K.; Ten Have, T.R.; Adams-Campbell, L.L. A randomized controlled trial
of weight reduction and exercise for diabetes management in older African-American subjects. Diabetes Care
1997, 20, 1503–1511. [CrossRef] [PubMed]

44. Ard, J.D.; Carson, T.L.; Shikany, J.M.; Li, Y.; Hardy, C.M.; Robinson, J.C.; Williams, A.G.; Baskin, M.L.
Weight loss and improved metabolic outcomes amongst rural African American women in the Deep South:
Six-month outcomes from a community-based randomized trial. J. Intern. Med. 2017, 282, 102–113. [CrossRef]
[PubMed]

45. Li, G.; Zhang, P.; Wang, J.; An, Y.; Gong, Q.; Gregg, E.W.; Yang, W.; Zhang, B.; Shuai, Y.; Hong, J.; et al.
Cardiovascular mortality, all-cause mortality, and diabetes incidence after lifestyle intervention for people
with impaired glucose tolerance in the Da Qing Diabetes Prevention Study: A 23-year follow-up study.
Lancet Diabetes Endocrinol. 2014, 2, 474–480. [CrossRef]

46. O’Brien, M.J.; Perez, A.; Scanlan, A.B.; Alos, V.A.; Whitaker, R.C.; Foster, G.D.; Ackermann, R.T.; Ciolino, J.D.;
Homko, C. PREVENT-DM Comparative Effectiveness Trial of Lifestyle Intervention and Metformin. Am. J.
Prev. Med. 2017, 52, 788–797. [CrossRef]

47. Saboya, P.P.; Bodanese, L.C.; Zimmermann, P.R.; Gustavo, A.D.; Macagnan, F.E.; Feoli, A.P.; Oliveira, M.D.
Lifestyle Intervention on Metabolic Syndrome and its Impact on Quality of Life: A Randomized Controlled
Trial. Arq. Bras. Cardiol. 2017, 108, 60–69. [CrossRef]

48. Jiang, L.; Manson, S.M.; Beals, J.; Henderson, W.G.; Huang, H.; Acton, K.J.; Roubideaux, Y. Translating
the Diabetes Prevention Program into American Indian and Alaska Native communities: Results from the
Special Diabetes Program for Indians Diabetes Prevention demonstration project. Diabetes Care 2013, 36,
2027–2034. [CrossRef]

49. Zilberman-Kravits, D.; Meyerstein, N.; Abu-Rabia, Y.; Wiznitzer, A.; Harman-Boehm, I. The Impact of a
Cultural Lifestyle Intervention on Metabolic Parameters After Gestational Diabetes Mellitus A Randomized
Controlled Trial. Matern. Child Health J. 2018, 22, 803–811. [CrossRef]

50. Bhopal, R.S.; Douglas, A.; Wallia, S.; Forbes, J.F.; Lean, M.E.; Gill, J.M.; McKnight, J.A.; Sattar, N.; Sheikh, A.;
Wild, S.H.; et al. Effect of a lifestyle intervention on weight change in south Asian individuals in the UK at
high risk of type 2 diabetes: A family-cluster randomised controlled trial. Lancet Diabetes Endocrinol. 2014, 2,
218–227. [CrossRef]

51. Bajerska, J.; Chmurzynska, A.; Muzsik, A.; Krzyzanowska, P.; Madry, E.; Malinowska, A.M.; Walkowiak, J.
Weight loss and metabolic health effects from energy-restricted Mediterranean and Central-European diets
in postmenopausal women: A randomized controlled trial. Sci. Rep. 2018, 8, 11170. [CrossRef]

52. Harvie, M.N.; Pegington, M.; Mattson, M.P.; Frystyk, J.; Dillon, B.; Evans, G.; Cuzick, J.; Jebb, S.A.; Martin, B.;
Cutler, R.G.; et al. The effects of intermittent or continuous energy restriction on weight loss and metabolic
disease risk markers: A randomized trial in young overweight women. Int. J. Obes. (Lond.) 2011, 35, 714–727.
[CrossRef] [PubMed]

53. Sundfor, T.M.; Svendsen, M.; Tonstad, S. Effect of intermittent versus continuous energy restriction on weight
loss, maintenance and cardiometabolic risk: A randomized 1-year trial. Nutr. Metab. Cardiovasc. Dis. 2018,
28, 698–706. [CrossRef] [PubMed]

54. Volek, J.S.; Phinney, S.D.; Forsythe, C.E.; Quann, E.E.; Wood, R.J.; Puglisi, M.J.; Kraemer, W.J.; Bibus, D.M.;
Fernandez, M.L.; Feinman, R.D. Carbohydrate restriction has a more favorable impact on the metabolic
syndrome than a low fat diet. Lipids 2009, 44, 297–309. [CrossRef] [PubMed]

221



Nutrients 2020, 12, 15

55. Hyde, P.N.; Sapper, T.N.; Crabtree, C.D.; LaFountain, R.A.; Bowling, M.L.; Buga, A.; Fell, B.; McSwiney, F.T.;
Dickerson, R.M.; Miller, V.J.; et al. Dietary carbohydrate restriction improves metabolic syndrome independent
of weight loss. JCI Insight 2019, 4. [CrossRef]

56. Hu, T.; Mills, K.T.; Yao, L.; Demanelis, K.; Eloustaz, M.; Yancy, W.S., Jr.; Kelly, T.N.; He, J.; Bazzano, L.A. Effects
of low-carbohydrate diets versus low-fat diets on metabolic risk factors: A meta-analysis of randomized
controlled clinical trials. Am. J. Epidemiol. 2012, 176 (Suppl. S7), S44–S54. [CrossRef]

57. Svetkey, L.P.; Erlinger, T.P.; Vollmer, W.M.; Feldstein, A.; Cooper, L.S.; Appel, L.J.; Ard, J.D.; Elmer, P.J.;
Harsha, D.; Stevens, V.J. Effect of lifestyle modifications on blood pressure by race, sex, hypertension status,
and age. J. Hum. Hypertens. 2005, 19, 21–31. [CrossRef]

58. Svetkey, L.P.; Simons-Morton, D.; Vollmer, W.M.; Appel, L.J.; Conlin, P.R.; Ryan, D.H.; Ard, J.; Kennedy, B.M.
Effects of dietary patterns on blood pressure: Subgroup analysis of the Dietary Approaches to Stop
Hypertension (DASH) randomized clinical trial. Arch. Intern. Med. 1999, 159, 285–293. [CrossRef]

59. Schroeder, N.; Park, Y.H.; Kang, M.S.; Kim, Y.; Ha, G.K.; Kim, H.R.; Yates, A.A.; Caballero, B. A randomized
trial on the effects of 2010 Dietary Guidelines for Americans and Korean diet patterns on cardiovascular risk
factors in overweight and obese adults. J. Acad. Nutr. Diet. 2015, 115, 1083–1092. [CrossRef]

60. Zhao, X.; Yin, X.; Li, X.; Yan, L.L.; Lam, C.T.; Li, S.; He, F.; Xie, W.; Sang, B.; Luobu, G.; et al. Using a
low-sodium, high-potassium salt substitute to reduce blood pressure among Tibetans with high blood
pressure: A patient-blinded randomized controlled trial. PLoS ONE 2014, 9, e110131. [CrossRef]

61. Gulati, S.; Misra, A.; Pandey, R.M.; Bhatt, S.P.; Saluja, S. Effects of pistachio nuts on body composition,
metabolic, inflammatory and oxidative stress parameters in Asian Indians with metabolic syndrome: A
24-wk, randomized control trial. Nutrition 2014, 30, 192–197. [CrossRef]

62. Mohan, V.; Gayathri, R.; Jaacks, L.M.; Lakshmipriya, N.; Anjana, R.M.; Spiegelman, D.; Jeevan, R.G.;
Balasubramaniam, K.K.; Shobana, S.; Jayanthan, M.; et al. Cashew Nut Consumption Increases HDL
Cholesterol and Reduces Systolic Blood Pressure in Asian Indians with Type 2 Diabetes: A 12-Week
Randomized Controlled Trial. J. Nutr. 2018, 148, 63–69. [CrossRef] [PubMed]

63. Al-Shookri, A.; Khor, G.L.; Chan, Y.M.; Loke, S.C.; Al-Maskari, M. Effectiveness of medical nutrition treatment
delivered by dietitians on glycaemic outcomes and lipid profiles of Arab, Omani patients with Type 2
diabetes. Diabet Med. 2012, 29, 236–244. [CrossRef] [PubMed]

64. Ziemer, D.C.; Berkowitz, K.J.; Panayioto, R.M.; El-Kebbi, I.M.; Musey, V.C.; Anderson, L.A.; Wanko, N.S.;
Fowke, M.L.; Brazier, C.W.; Dunbar, V.G.; et al. A simple meal plan emphasizing healthy food choices is as
effective as an exchange-based meal plan for urban African Americans with type 2 diabetes. Diabetes Care
2003, 26, 1719–1724. [CrossRef] [PubMed]

65. Mitra, S.R.; Tan, P.Y. Effect of an individualised high-protein, energy-restricted diet on anthropometric and
cardio-metabolic parameters in overweight and obese Malaysian adults: A 6-month randomised controlled
study. Br. J. Nutr. 2019, 121, 1002–1017. [CrossRef]

66. Gulati, S.; Misra, A.; Tiwari, R.; Sharma, M.; Pandey, R.M.; Yadav, C.P. Effect of high-protein meal replacement
on weight and cardiometabolic profile in overweight/obese Asian Indians in North India. Br. J. Nutr. 2017,
117, 1531–1540. [CrossRef]

67. Chen, W.; Liu, Y.; Yang, Q.; Li, X.; Yang, J.; Wang, J.; Shi, L.; Chen, Y.; Zhu, S. The Effect of Protein-Enriched Meal
Replacement on Waist Circumference Reduction among Overweight and Obese Chinese with Hyperlipidemia.
J. Am. Coll. Nutr. 2016, 35, 236–244. [CrossRef]

68. Liu, X.; Zhang, G.; Ye, X.; Li, H.; Chen, X.; Tang, L.; Feng, Y.; Shai, I.; Stampfer, M.J.; Hu, F.B.; et al. Effects
of a low-carbohydrate diet on weight loss and cardiometabolic profile in Chinese women: A randomised
controlled feeding trial. Br. J. Nutr. 2013, 110, 1444–1453. [CrossRef]

69. Zhang, J.; Li, L.; Song, P.; Wang, C.; Man, Q.; Meng, L.; Cai, J.; Kurilich, A. Randomized controlled
trial of oatmeal consumption versus noodle consumption on blood lipids of urban Chinese adults with
hypercholesterolemia. Nutr. J. 2012, 11, 54. [CrossRef]

70. Patade, A.; Devareddy, L.; Lucas, E.A.; Korlagunta, K.; Daggy, B.P.; Arjmandi, B.H. Flaxseed reduces total
and LDL cholesterol concentrations in Native American postmenopausal women. J. Womens Health (2002)
2008, 17, 355–366. [CrossRef]

71. Brooking, L.A.; Williams, S.M.; Mann, J.I. Effects of macronutrient composition of the diet on body fat in
indigenous people at high risk of type 2 diabetes. Diabetes Res. Clin. Pract. 2012, 96, 40–46. [CrossRef]

222



Nutrients 2020, 12, 15

72. Andersen, E.; Hostmark, A.T.; Anderssen, S.A. Effect of a physical activity intervention on the metabolic
syndrome in Pakistani immigrant men: A randomized controlled trial. J. Immigr. Minor. Health 2012, 14,
738–746. [CrossRef] [PubMed]

73. Lesser, I.A.; Singer, J.; Hoogbruin, A.; Mackey, D.C.; Katzmarzyk, P.T.; Sohal, P.; Leipsic, J.; Lear, S.A.
Effectiveness of Exercise on Visceral Adipose Tissue in Older South Asian Women. Med. Sci. Sports Exerc.
2016, 48, 1371–1378. [CrossRef] [PubMed]

74. Martin, C.A.; Gowda, U.; Smith, B.J.; Renzaho, A.M.N. Systematic Review of the Effect of Lifestyle
Interventions on the Components of the Metabolic Syndrome in South Asian Migrants. J. Immigr. Minor.
Health 2018, 20, 231–244. [CrossRef] [PubMed]

75. Igarashi, Y.; Akazawa, N.; Maeda, S. Regular aerobic exercise and blood pressure in East Asians: A
meta-analysis of randomized controlled trials. Clin. Exp. Hypertens. (NY 1993) 2018, 40, 378–389. [CrossRef]

76. Matsuo, T.; So, R.; Shimojo, N.; Tanaka, K. Effect of aerobic exercise training followed by a low-calorie diet on
metabolic syndrome risk factors in men. Nutr. Metab. Cardiovasc. Dis. 2015, 25, 832–838. [CrossRef]

77. Choi, Y.S.; Song, R.; Ku, B.J. Effects of a T’ai Chi-Based Health Promotion Program on Metabolic Syndrome
Markers, Health Behaviors, and Quality of Life in Middle-Aged Male Office Workers: A Randomized Trial.
J. Altern. Complement. Med. 2017, 23, 949–956. [CrossRef]

78. Adams-Campbell, L.L.; Dash, C.; Kim, B.H.; Hicks, J.; Makambi, K.; Hagberg, J. Cardiorespiratory Fitness
and Metabolic Syndrome in Postmenopausal African-American Women. Int. J. Sports Med. 2016, 37, 261–266.
[CrossRef]

79. Vella, C.A.; Zubia, R.Y.; Ontiveros, D.; Cruz, M.L. Physical activity, cardiorespiratory fitness, and metabolic
syndrome in young Mexican and Mexican-American women. Appl. Physiol. Nutr. Metab. 2009, 34, 10–17.
[CrossRef]

80. Liu, J.; Young, T.K.; Zinman, B.; Harris, S.B.; Connelly, P.W.; Hanley, A.J. Lifestyle variables, non-traditional
cardiovascular risk factors, and the metabolic syndrome in an Aboriginal Canadian population. Obesity
(Silver Spring) 2006, 14, 500–508. [CrossRef]

81. Biswas, A.; Oh, P.I.; Faulkner, G.E.; Bajaj, R.R.; Silver, M.A.; Mitchell, M.S.; Alter, D.A. Sedentary time and its
association with risk for disease incidence, mortality, and hospitalization in adults: A systematic review and
meta-analysis. Ann. Intern. Med. 2015, 162, 123–132. [CrossRef]

82. Bankoski, A.; Harris, T.B.; McClain, J.J.; Brychta, R.J.; Caserotti, P.; Chen, K.Y.; Berrigan, D.; Troiano, R.P.;
Koster, A. Sedentary activity associated with metabolic syndrome independent of physical activity. Diabetes
Care 2011, 34, 497–503. [CrossRef] [PubMed]

83. Lemes, I.R.; Sui, X.; Fernandes, R.A.; Blair, S.N.; Turi-Lynch, B.C.; Codogno, J.S.; Monteiro, H.L. Association
of sedentary behavior and metabolic syndrome. Public Health 2019, 167, 96–102. [CrossRef] [PubMed]

84. Nam, J.Y.; Kim, J.; Cho, K.H.; Choi, Y.; Choi, J.; Shin, J.; Park, E.C. Associations of sitting time and occupation
with metabolic syndrome in South Korean adults: A cross-sectional study. BMC Public Health 2016, 16, 943.
[CrossRef] [PubMed]

85. Compernolle, S.; DeSmet, A.; Poppe, L.; Crombez, G.; De Bourdeaudhuij, I.; Cardon, G.; van der Ploeg, H.P.;
Van Dyck, D. Effectiveness of interventions using self-monitoring to reduce sedentary behavior in adults: A
systematic review and meta-analysis. Int. J. Behav. Nutr. Phys. Act. 2019, 16, 63. [CrossRef]

86. Balducci, S.; D’Errico, V.; Haxhi, J.; Sacchetti, M.; Orlando, G.; Cardelli, P.; Vitale, M.; Bollanti, L.; Conti, F.;
Zanuso, S.; et al. Effect of a Behavioral Intervention Strategy on Sustained Change in Physical Activity and
Sedentary Behavior in Patients With Type 2 Diabetes: The IDES_2 Randomized Clinical Trial. JAMA 2019,
321, 880–890. [CrossRef]

87. Pandit, K.; Goswami, S.; Ghosh, S.; Mukhopadhyay, P.; Chowdhury, S. Metabolic syndrome in South Asians.
Indian J. Endocrinol. Metab. 2012, 16, 44–55. [CrossRef]

88. Malik, V.S.; Popkin, B.M.; Bray, G.A.; Despres, J.P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and risk
of metabolic syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483. [CrossRef]

89. Seo, E.H.; Kim, H.; Kwon, O. Association between Total Sugar Intake and Metabolic Syndrome in Middle-Aged
Korean Men and Women. Nutrients 2019, 11, 2042. [CrossRef]

90. Colchero, M.A.; Rivera-Dommarco, J.; Popkin, B.M.; Ng, S.W. In Mexico, Evidence Of Sustained Consumer
Response Two Years After Implementing A Sugar-Sweetened Beverage Tax. Health Aff. (Proj. Hope) 2017, 36,
564–571. [CrossRef]

223



Nutrients 2020, 12, 15

91. Lee, M.M.; Falbe, J.; Schillinger, D.; Basu, S.; McCulloch, C.E.; Madsen, K.A. Sugar-Sweetened Beverage
Consumption 3 Years After the Berkeley, California, Sugar-Sweetened Beverage Tax. Am. J. Public Health
2019, 109, 637–639. [CrossRef]

92. Nakamura, R.; Mirelman, A.J.; Cuadrado, C.; Silva-Illanes, N.; Dunstan, J.; Suhrcke, M. Evaluating the 2014
sugar-sweetened beverage tax in Chile: An observational study in urban areas. PLoS Med. 2018, 15, e1002596.
[CrossRef] [PubMed]

93. Papas, M.A.; Alberg, A.J.; Ewing, R.; Helzlsouer, K.J.; Gary, T.L.; Klassen, A.C. The built environment and
obesity. Epidemiol. Rev. 2007, 29, 129–143. [CrossRef] [PubMed]

94. Booth, G.L.; Creatore, M.I.; Luo, J.; Fazli, G.S.; Johns, A.; Rosella, L.C.; Glazier, R.H.; Moineddin, R.;
Gozdyra, P.; Austin, P.C. Neighbourhood walkability and the incidence of diabetes: An inverse probability
of treatment weighting analysis. J. Epidemiol. Community Health 2019, 73, 287–294. [CrossRef]

95. Li, F.; Harmer, P.; Cardinal, B.J.; Bosworth, M.; Johnson-Shelton, D. Obesity and the built environment: Does
the density of neighborhood fast-food outlets matter? Am. J. Health Promot. 2009, 23, 203–209. [CrossRef]
[PubMed]

96. Malambo, P.; Kengne, A.P.; De Villiers, A.; Lambert, E.V.; Puoane, T. Built Environment, Selected Risk
Factors and Major Cardiovascular Disease Outcomes: A Systematic Review. PLoS ONE 2016, 11, e0166846.
[CrossRef] [PubMed]

97. Hirsch, J.A.; Moore, K.A.; Clarke, P.J.; Rodriguez, D.A.; Evenson, K.R.; Brines, S.J.; Zagorski, M.A.; Diez
Roux, A.V. Changes in the built environment and changes in the amount of walking over time: Longitudinal
results from the multi-ethnic study of atherosclerosis. Am. J. Epidemiol. 2014, 180, 799–809. [CrossRef]

98. Sun, G.; Oreskovic, N.M.; Lin, H. How do changes to the built environment influence walking behaviors? A
longitudinal study within a university campus in Hong Kong. Int. J. Health Geogr. 2014, 13, 28. [CrossRef]

99. Morland, K.; Wing, S.; Diez Roux, A. The contextual effect of the local food environment on residents’ diets:
The atherosclerosis risk in communities study. Am. J. Public Health 2002, 92, 1761–1767. [CrossRef]

100. Mackenbach, J.D.; Burgoine, T.; Lakerveld, J.; Forouhi, N.G.; Griffin, S.J.; Wareham, N.J.; Monsivais, P.
Accessibility and Affordability of Supermarkets: Associations With the DASH Diet. Am. J. Prev. Med. 2017,
53, 55–62. [CrossRef]

101. Jiao, J.; Moudon, A.V.; Kim, S.Y.; Hurvitz, P.M.; Drewnowski, A. Health Implications of Adults’ Eating at and
Living near Fast Food or Quick Service Restaurants. Nutr. Diabetes 2015, 5, e171. [CrossRef]

102. Inagami, S.; Cohen, D.A.; Brown, A.F.; Asch, S.M. Body mass index, neighborhood fast food and restaurant
concentration, and car ownership. J. Urban Health 2009, 86, 683–695. [CrossRef] [PubMed]

103. Drewnowski, A.; Aggarwal, A.; Hurvitz, P.M.; Monsivais, P.; Moudon, A.V. Obesity and supermarket access:
Proximity or price? Am. J. Public Health 2012, 102, e74–e80. [CrossRef] [PubMed]

104. Mazidi, M.; Speakman, J.R. Higher densities of fast-food and full-service restaurants are not associated with
obesity prevalence. Am. J. Clin. Nutr. 2017, 106, 603–613. [CrossRef] [PubMed]

105. Burgoine, T.; Forouhi, N.G.; Griffin, S.J.; Brage, S.; Wareham, N.J.; Monsivais, P. Does neighborhood fast-food
outlet exposure amplify inequalities in diet and obesity? A cross-sectional study. Am. J. Clin. Nutr. 2016, 103,
1540–1547. [CrossRef] [PubMed]

106. Dubowitz, T.; Ghosh-Dastidar, M.; Cohen, D.A.; Beckman, R.; Steiner, E.D.; Hunter, G.P.; Florez, K.R.;
Huang, C.; Vaughan, C.A.; Sloan, J.C.; et al. Diet And Perceptions Change With Supermarket Introduction In
A Food Desert, But Not Because Of Supermarket Use. Health Aff. (Proj. Hope) 2015, 34, 1858–1868. [CrossRef]

107. Karlamangla, A.S.; Merkin, S.S.; Crimmins, E.M.; Seeman, T.E. Socioeconomic and ethnic disparities in
cardiovascular risk in the United States, 2001–2006. Ann. Epidemiol. 2010, 20, 617–628. [CrossRef]

108. Zhan, Y.; Yu, J.; Chen, R.; Gao, J.; Ding, R.; Fu, Y.; Zhang, L.; Hu, D. Socioeconomic status and metabolic
syndrome in the general population of China: A cross-sectional study. BMC Public Health 2012, 12, 921.
[CrossRef]

109. Block, J.P.; Scribner, R.A.; DeSalvo, K.B. Fast food, race/ethnicity, and income: A geographic analysis. Am. J.
Prev. Med. 2004, 27, 211–217.

110. Burgoine, T.; Sarkar, C.; Webster, C.J.; Monsivais, P. Examining the interaction of fast-food outlet exposure
and income on diet and obesity: Evidence from 51,361 UK Biobank participants. Int. J. Behav. Nutr. Phys.
Act. 2018, 15, 71. [CrossRef]

111. Palafox, B.; McKee, M.; Balabanova, D.; AlHabib, K.F.; Avezum, A.J.; Bahonar, A.; Ismail, N.; Chifamba, J.;
Chow, C.K.; Corsi, D.J.; et al. Wealth and cardiovascular health: A cross-sectional study of wealth-related

224



Nutrients 2020, 12, 15

inequalities in the awareness, treatment and control of hypertension in high-, middle- and low-income
countries. Int. J. Equity Health 2016, 15, 199. [CrossRef]

112. Victor, R.G.; Lynch, K.; Li, N.; Blyler, C.; Muhammad, E.; Handler, J.; Brettler, J.; Rashid, M.; Hsu, B.;
Foxx-Drew, D.; et al. A Cluster-Randomized Trial of Blood-Pressure Reduction in Black Barbershops. N.
Engl. J. Med. 2018, 378, 1291–1301. [CrossRef] [PubMed]

113. Carter-Edwards, L.; Lindquist, R.; Redmond, N.; Turner, C.M.; Harding, C.; Oliver, J.; West, L.B.; Ravenell, J.;
Shikany, J.M. Designing Faith-Based Blood Pressure Interventions to Reach Young Black Men. Am. J. Prev.
Med. 2018, 55, S49–S58. [CrossRef] [PubMed]

114. Smith, M.L.; Wilson, M.G.; Robertson, M.M.; Padilla, H.M.; Zuercher, H.; Vandenberg, R.; Corso, P.; Lorig, K.;
Laurent, D.D.; DeJoy, D.M. Impact of a Translated Disease Self-Management Program on Employee Health
and Productivity: Six-Month Findings from a Randomized Controlled Trial. Int. J. Environ. Res. Public Health
2018, 15, 851. [CrossRef] [PubMed]

115. Shrivastava, U.; Fatma, M.; Mohan, S.; Singh, P.; Misra, A. Randomized Control Trial for Reduction of Body
Weight, Body Fat Patterning, and Cardiometabolic Risk Factors in Overweight Worksite Employees in Delhi,
India. J. Diabetes Res. 2017, 2017, 7254174. [CrossRef]

116. Parra-Medina, D.; Wilcox, S.; Salinas, J.; Addy, C.; Fore, E.; Poston, M.; Wilson, D.K. Results of the Heart
Healthy and Ethnically Relevant Lifestyle trial: A cardiovascular risk reduction intervention for African
American women attending community health centers. Am. J. Public Health 2011, 101, 1914–1921. [CrossRef]

117. McCurley, J.L.; Gutierrez, A.P.; Gallo, L.C. Diabetes Prevention in U.S. Hispanic Adults: A Systematic Review
of Culturally Tailored Interventions. Am. J. Prev. Med. 2017, 52, 519–529. [CrossRef]

118. Vincent, D.; McEwen, M.M.; Hepworth, J.T.; Stump, C.S. The effects of a community-based, culturally tailored
diabetes prevention intervention for high-risk adults of Mexican descent. Diabetes Educ. 2014, 40, 202–213.
[CrossRef]

119. Kandula, N.R.; Dave, S.; De Chavez, P.J.; Bharucha, H.; Patel, Y.; Seguil, P.; Kumar, S.; Baker, D.W.; Spring, B.;
Siddique, J. Translating a heart disease lifestyle intervention into the community: The South Asian Heart
Lifestyle Intervention (SAHELI) study; a randomized control trial. BMC Public Health 2015, 15, 1064.
[CrossRef]

120. Telle-Hjellset, V.; Raberg Kjollesdal, M.K.; Bjorge, B.; Holmboe-Ottesen, G.; Wandel, M.; Birkeland, K.I.;
Eriksen, H.R.; Hostmark, A.T. The InnvaDiab-DE-PLAN study: A randomised controlled trial with a
culturally adapted education programme improved the risk profile for type 2 diabetes in Pakistani immigrant
women. Br. J. Nutr. 2013, 109, 529–538. [CrossRef]

121. Wijesuriya, M.; Fountoulakis, N.; Guess, N.; Banneheka, S.; Vasantharajah, L.; Gulliford, M.; Viberti, G.;
Gnudi, L.; Karalliedde, J. A pragmatic lifestyle modification programme reduces the incidence of predictors of
cardio-metabolic disease and dysglycaemia in a young healthy urban South Asian population: A randomised
controlled trial. BMC Med. 2017, 15, 146. [CrossRef]

122. Schulz, A.J.; Israel, B.A.; Mentz, G.B.; Bernal, C.; Caver, D.; DeMajo, R.; Diaz, G.; Gamboa, C.; Gaines, C.;
Hoston, B.; et al. Effectiveness of a walking group intervention to promote physical activity and cardiovascular
health in predominantly non-Hispanic black and Hispanic urban neighborhoods: Findings from the walk
your heart to health intervention. Health Educ. Behav. 2015, 42, 380–392. [CrossRef] [PubMed]

123. Miller, E.R., 3rd; Cooper, L.A.; Carson, K.A.; Wang, N.Y.; Appel, L.J.; Gayles, D.; Charleston, J.; White, K.;
You, N.; Weng, Y.; et al. A Dietary Intervention in Urban African Americans: Results of the “Five Plus Nuts
and Beans” Randomized Trial. Am. J. Prev. Med. 2016, 50, 87–95. [CrossRef] [PubMed]

124. Chang, S.H.; Chen, M.C.; Chien, N.H.; Lin, H.F. Effectiveness of community-based exercise intervention
programme in obese adults with metabolic syndrome. J. Clin. Nurs. 2016, 25, 2579–2589. [CrossRef]
[PubMed]

125. Tran, V.D.; James, A.P.; Lee, A.H.; Jancey, J.; Howat, P.A.; Thi Phuong Mai, L. Effectiveness of a
Community-Based Physical Activity and Nutrition Behavior Intervention on Features of the Metabolic
Syndrome: A Cluster-Randomized Controlled Trial. Metab. Syndr. Relat. Disord. 2017, 15, 63–71. [CrossRef]
[PubMed]

126. Azizi, F.; Mirmiran, P.; Momenan, A.A.; Hadaegh, F.; Habibi Moeini, A.; Hosseini, F.; Zahediasl, S.;
Ghanbarian, A.; Hosseinpanah, F. The effect of community-based education for lifestyle intervention on the
prevalence of metabolic syndrome and its components: Tehran lipid and glucose study. Int. J. Endocrinol.
Metab. 2013, 11, 145–153. [CrossRef] [PubMed]

225



Nutrients 2020, 12, 15

127. Khalili, D.; Asgari, S.; Lotfaliany, M.; Zafari, N.; Hadaegh, F.; Momenan, A.A.; Nowroozpoor, A.;
Hosseini-Esfahani, F.; Mirmiran, P.; Amiri, P.; et al. Long-Term Effectiveness of a Lifestyle Intervention: A
Pragmatic Community Trial to Prevent Metabolic Syndrome. Am. J. Prev. Med. 2019, 56, 437–446. [CrossRef]

128. Shariful Islam, S.M.; Farmer, A.J.; Bobrow, K.; Maddison, R.; Whittaker, R.; Pfaeffli Dale, L.A.; Lechner, A.;
Lear, S.; Eapen, Z.; Niessen, L.W.; et al. Mobile phone text-messaging interventions aimed to prevent
cardiovascular diseases (Text2PreventCVD): Systematic review and individual patient data meta-analysis.
Open Heart 2019, 6, e001017. [CrossRef]

129. Kim, E.K.; Kwak, S.H.; Jung, H.S.; Koo, B.K.; Moon, M.K.; Lim, S.; Jang, H.C.; Park, K.S.; Cho, Y.M. The
Effect of a Smartphone-Based, Patient-Centered Diabetes Care System in Patients With Type 2 Diabetes: A
Randomized, Controlled Trial for 24 Weeks. Diabetes Care 2019, 42, 3–9. [CrossRef]

130. Ganesan, A.N.; Louise, J.; Horsfall, M.; Bilsborough, S.A.; Hendriks, J.; McGavigan, A.D.; Selvanayagam, J.B.;
Chew, D.P. International Mobile-Health Intervention on Physical Activity, Sitting, and Weight: The Stepathlon
Cardiovascular Health Study. J. Am. Coll. Cardiol. 2016, 67, 2453–2463. [CrossRef]

131. Perez, M.V.; Mahaffey, K.W.; Hedlin, H.; Rumsfeld, J.S.; Garcia, A.; Ferris, T.; Balasubramanian, V.; Russo, A.M.;
Rajmane, A.; Cheung, L.; et al. Large-Scale Assessment of a Smartwatch to Identify Atrial Fibrillation. N.
Engl. J. Med. 2019, 381, 1909–1917. [CrossRef]

132. Liu, R.; So, L.; Mohan, S.; Khan, N.; King, K.; Quan, H. Cardiovascular risk factors in ethnic populations
within Canada: Results from national cross-sectional surveys. Open Med. 2010, 4, e143–e153. [PubMed]

133. Williams, E.D.; Stamatakis, E.; Chandola, T.; Hamer, M. Physical activity behaviour and coronary heart
disease mortality among South Asian people in the UK: An observational longitudinal study. Heart 2011, 97,
655–659. [CrossRef] [PubMed]

134. Lucas, A.; Murray, E.; Kinra, S. Heath beliefs of UK South Asians related to lifestyle diseases: A review of
qualitative literature. J. Obes. 2013, 2013, 827674. [CrossRef] [PubMed]

135. Huston, P.; McFarlane, B. Health benefits of tai chi: What is the evidence? Can. Fam. Physician 2016, 62,
881–890. [PubMed]

136. Vlaar, E.M.A.; Nierkens, V.; Nicolaou, M.; Middelkoop, B.J.C.; Busschers, W.B.; Stronks, K.; van
Valkengoed, I.G.M. Effectiveness of a targeted lifestyle intervention in primary care on diet and physical
activity among South Asians at risk for diabetes: 2-year results of a randomised controlled trial in the
Netherlands. BMJ Open 2017, 7, e012221. [CrossRef] [PubMed]

137. Vogel, L. Broken trust drives native health disparities. CMAJ 2015, 187, E9–E10. [CrossRef]
138. Kirkendoll, K.; Clark, P.C.; Grossniklaus, D.; Igho-Pemu, P.; Mullis, R.; Dunbar, S.B. Metabolic syndrome in

African Americans: Views on making lifestyle changes. J. Transcult. Nurs. 2010, 21, 104–113. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

226



nutrients

Discussion

Metabolic Syndrome—Role of Dietary Fat Type
and Quantity

Peter Clifton

School of Pharmacy and Medical Sciences, University of South Australia, Adelaide SA 5000, Australia;
peter.clifton@unisa.edu.au

Received: 27 May 2019; Accepted: 24 June 2019; Published: 26 June 2019

Abstract: Background: Metabolic syndrome increases the risk of cardiovascular disease (CVD) over
and above that related to type 2 diabetes. The optimal diet for the treatment of metabolic syndrome is
not clear. Materials and Methods: A review of dietary interventions in volunteers with metabolic
syndrome as well as studies examining the impact of dietary fat on the separate components of
metabolic syndrome was undertaken using only recent meta-analyses, if available. Results: Most
of the data suggest that replacing carbohydrates with any fat, but particularly polyunsaturated fat,
will lower triglyceride(TG), increase high density lipoprotein (HDL) cholesterol, and lower blood
pressure, but have no effects on fasting glucose in normal volunteers or insulin sensitivity, as assessed
by euglycemic hyperinsulinemic clamps. Fasting insulin may be lowered by fat. Monounsaturated
fat (MUFA) is preferable to polyunsaturated fat (PUFA) for fasting insulin and glucose lowering. The
addition of 3–4 g of N3 fats will lower TG and blood pressure (BP) and reduce the proportion of
subjects with metabolic syndrome. Dairy fat (50% saturated fat) is also related to a lower incidence of
metabolic syndrome in cohort studies.

Keywords: carbohydrate; polyunsaturated fat; monounsaturated fat; saturated fat; fish oil;
meta-analyses; lipids; glucose; blood pressure; insulin resistance

1. Introduction

The metabolic syndrome is associated with an increased risk of cardiovascular disease and type 2
diabetes and enhances the risk of CVD in people with diabetes [1]. There are currently four definitions
of metabolic syndrome, three of which require insulin resistance, as evidenced by central obesity, or
fasting hyperinsulinemia or a disturbance in glucose homeostasis, plus two other abnormalities [2].
The National Cholesterol Education Program Adult Treatment Panel (NCEP ATP-III (revision 2005)
guidelines does not require this, but demands 3 of 5 possible abnormalities—central obesity, impaired
fasting glucose, hypertriglyceridemia, low HDL cholesterol, and blood pressure (>130 systolic or >85
diastolic). The other criteria vary with different levels of blood pressure (140/90), with a combination of
high TG and low HDL as one criterion, and varying levels of fasting TG—either 1.7 or 2 mmol/L—and
varying levels of HDL cholesterol. This review will focus on the components of the metabolic syndrome
and where there are data on the presence or absence of metabolic syndrome, the criterion used will be
mentioned. The aim of this review is to systematically examine meta-analyses that summarise the
evidence from interventions on fat amount and type in metabolic syndrome or its separate components.
Some evidence from individual trials that are illustrative will be included.

2. Aim

To systematically review meta-analyses of interventions that replace carbohydrates with fat
in people with metabolic syndrome and interventions that examine these effects on the individual
components of the syndrome.

Nutrients 2019, 11, 1438; doi:10.3390/nu11071438 www.mdpi.com/journal/nutrients227
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3. Methods

Pubmed was searched (all years available) with the terms “meta-analysis AND dietary fat AND
carbohydrate AND intervention AND (TG, OR, HDL, OR blood pressure, OR glucose, OR weight)”.
We reviewed 102 titles.

4. Results

4.1. Lipids

A large amount of evidence has accumulated that replacing carbohydrates (usually quality
unspecified) with fat of any sort will lower fasting triglyceride and increase HDL cholesterol. A
meta-analysis by Mensink and Katan [3] found that a 1% increase in fat calories in place of carbohydrates
led to a fall in TG of 0.026 mmol/L (95% confidence intervals: 0.020–0.031) with polyunsaturated fat,
0.021 (0.015–0.027) with saturated fat, and 0.019 (0.014–0.024) with monounsaturated fat from 100
studies with 45 diets. For HDL cholesterol the same diets led to an increase in HDL cholesterol of
0.006 (0.003–0.009) mmol/L, 0.010 (0.007–0.013), and 0.008 (0.005–0.011), respectively. Overall saturated
fat is about 30% more effective than the other two fats in the combined lowering of TG and HDL
cholesterol. However, differences in HDL cholesterol from genetic variance have not been associated
with differences in coronary heart disease (CHD) risk [4], whereas TG lowering genetically has been
associated with CVD reduction, with the same degree of benefit per mg/dL apoB lowering as a reduction
in LDL cholesterol [5]. Thus, PUFA is preferred to other fat types for carbohydrate replacement. In a
small study of 39 men with metabolic syndrome, PUFA produced greater TG lowering than MUFA
(both 5–30% of energy). Overall, 25% (4 of 16) assigned to PUFA and 13% (3 of 23) to MUFA did not
have metabolic syndrome after the intervention [6]. Metabolic syndrome in this study was based on
NCEP-III (2001). A high total dairy intake (and, presumably, a lower carbohydrate diet) is associated
with a 6% reduced risk of metabolic syndrome per additional serving of dairy [7]. Most studies in this
meta-analysis of 16 case-control/cross-sectional studies used the NCEP-III criteria.

The relationship between carbohydrate intake and TG has been controversial for many years
with arguments about the persistence of the TG elevation effect [8,9], with the moderating or even
nullifying effect of fibre on TG elevation [10], the contrasting effects of higher versus lower sugar with
sugars replacing starch [11,12], and the absence of TG elevation in Pima Indians with type 2 diabetes
mellitus (DM) with increased carbohydrates [13]. Just when the landscape was reasonably predictable
from interventions, the TOSCA.IT showed in 18,785 people with type 2 DM that increasing fat intake
from <25% to >35% increased TG, while increasing carbohydrate intake from <45% to >65% decreased
TG [14]. TG was lower in the highest tertile of the relative Mediterranean diet score, which had lower
added sugars, more fibre, but less fat and more carbohydrates. [15]. However, the TOSCA-IT is a large
cohort study and its results may well be confounded as they do not match the results from dietary
intervention studies in people with type 2 DM. The Qian meta-analysis [16] of 24 studies with 1460
participants showed that fasting TG was reduced by 0.31 mmol/L (95% confidence interval −0.44,
−0.18) with replacement of carbohydrates with MUFA. A high fibre intake is associated with a 30%
lowering in the risk of metabolic syndrome [17].

In a meta-analysis of high-fat versus low-fat diets in people with obesity, but no overt metabolic
disturbance, Lu et al. (2018) [18] found a significantly higher level of TG (WMD: 11.68 mg/dL (0.13
mmol/l), 95 % CI 5.90, 17.45; p < 0.001) and a lower level of HDL-cholesterol (WMD: −2.57 mg/dL
(−0.07 mmol/l); 95 % CI −3.85, −1.28; p < 0.001) after the low-fat diets, compared with high-fat diets in
20 studies with 2016 participants.

4.2. Fish Oil Fatty Acids

Guo et al. [19] performed a meta-analysis of seven case-control and 20 cross-sectional studies and
found that a higher level of plasma/serum n-3 PUFAs was associated with a lower metabolic syndrome
risk (pooled OR = 0.63, 95% CI: 0.49, 0.81). The plasma/serum n-3 PUFAs in controls were significantly
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higher than in metabolic syndrome cases (WMD: 0.24; 95% CI: 0.04, 0.43), especially docosapentaenoic
acid and docosahexaenoic acid.

The addition of fish oil fatty acids of at least 1 g/day lowers fasting TG and a metanalysis performed
by Eslick et al. [20] of 47 studies showed that taking fish oils (weighted average daily intake of 3.25 g of
EPA and/or DHA) produced a clinically significant reduction of TG (−0.34 mmol/L, 95% CI: −0.41 to
−0.27), with a very slight increase in HDL (0.01 mmol/L, 95% CI: 0.00 to 0.02) and LDL cholesterol (0.06
mmol/L, 95% CI: 0.03 to 0.09). The reduction of TG correlated with EPA plus DHA intake and initial
TG level.

4.3. Glucose

Fasting glucose lowering by reducing carbohydrate and replacing it with fat is far more
controversial. A recent meta-analysis by Wanders et al. [21] showed no effect in normal subjects
of replacing carbohydrate with polyunsaturated fat, even though fasting insulin was reduced. A
5% increase in energy from PUFA significantly reduced insulin by 5.8 pmol/L (95% CI −10.2 to −1.3
pmol/L), but not glucose (change −0.07, 95% CI −0.17 to 0.04 mmol/L) and even in the group with the
highest intake of PUFA, glucose was still not significant (−0.09, 95% CI −0.18 to 0.01 mmol/L). Imamura
et al. [22] found that replacing 5% energy from carbohydrates with SFA had no significant effect on
fasting glucose (+0.02 mmol/L, 95% CI = −0.01, +0.04; n trials = 99), but lowered fasting insulin (−1.1
pmol/L; −1.7, −0.5; n = 90). Replacing saturated fat with PUFA lowered fasting glucose (0.04mmol/L;
0.01, 0.07). Thus, PUFA is clearly the better fat for replacing carbohydrates in normal people. In people
with type 2 diabetes [16], high MUFA diets compared with high carbohydrate diets lowered fasting
plasma glucose (WMD −0.57 mmol/L [95% CI −0.76, −0.39]) in 24 studies containing 1460 participants.
HDL cholesterol was increased by 0.06 mmol/L (0.02, 0.10) [16]. Surprisingly, in this study, replacing
PUFA with MUFA lowered fasting glucose by a large amount (−0.87 mmol/L (−1.67, −0.07)) but the
data are much less reliable, taken from only four studies and 44 participants.

4.4. Blood Pressure

There are much less data on blood pressure and carbohydrate replacement with fat in non-diabetics
and the effects are relatively small. A meta-analysis performed by Shah et al. [23] found that diets rich
in carbohydrates resulted in significantly higher systolic blood pressure (difference: 2.6 (95% CI: 0.4,
4.7) mm Hg; p = 0.02) and diastolic blood pressure (1.8 (0.01, 3.6) mm Hg; p = 0.05) than did diets rich
in cis-monounsaturated fat. Huntress et al. [24] examined low carbohydrate diets in people with type
2 diabetes from data at one year. Eighteen trials were included in the meta-analysis, which found that
the low carbohydrate diet lowered systolic blood pressure (estimated effect = −2.74 mmHg, 95% CI
−5.27 to −0.20), but diastolic BP was not significant. In the meta-analysis from Qian et al. [16], MUFA
lowered systolic blood pressure (−2.31 mmHg (−4.13, −0.49)) when it replaced carbohydrates.

4.5. Diet Composition During Weight Loss and Lipid Changes

Mansoor et al. [25] performed a meta-analysis of 11 weight loss trials with 1369 participants
with a low carbohydrate level being defined as <20% carbohydrates. Compared with participants on
low fat diets, participants on low carbohydrate diets experienced a greater reduction in body weight
(weighted mean difference [WMD] −2.17 kg; 95% CI −3.36, −0.99) and TG (WMD −0.26 mmol/L; 95%
CI −0.37, −0.15), but a greater increase in HDL-cholesterol (WMD 0·14 mmol/l; 95% CI 0.09, 0.19) and
LDL-cholesterol (WMD 0·16 mmol/L; 95% CI 0.003, 0.33). Most of the low carbohydrate diets followed
an Atkins style diet with an increase in saturated fat, which accounted for the rise in LDL cholesterol.
If carbohydrates are replaced by unsaturated fat and not saturated fat, no rise in LDL cholesterol is
seen in either six months [26], or one- [27] or two-year follow ups [28].
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4.6. Insulin Resistance

Insulin resistance is a key and essential element of the metabolic syndrome (except the NCEP111
criteria), usually assumed on the basis of central adiposity. As noted by Wanders et al. [21], replacing
carbohydrates with PUFA led to a lowering of fasting insulin, as did saturated fat, suggesting reduced
insulin resistance, at least in the liver. There have been a small number of formal hyperinsulemic
euglycemic clamp studies, but no meta-analysis. Tardy et al. [29] compared high dairy and industrial
trans fatty acids with low trans fat diets in 63 healthy women with abdominal obesity. After four
weeks of 60 g low-TFA lipids/day (0.54 g/day; n = 21), ruminant TFA-rich lipids (4.86 g/day; n = 21), or
industrial TFA-rich lipids (5.58 g/day; n = 21), no changes in peripheral insulin sensitivity were seen.
Bendtsen et al. [30] found no effect either of 15 g/day of trans fat in partially hydrogenated soybean oil for
16 weeks in 52 overweight postmenopausal women. Fasching et al. [31] found no effect of exchanging
200 g of carbohydrates with 90 g of PUFA, MUFA, or saturated fat for one week in a randomised
crossover study in eight men with insulin sensitivity, assessed with a euglycemic hyperinsulinemic
clamp. Borkmann et al. [32] found no effect of substituting saturated fat for carbohydrates on insulin
sensitivity in eight non-diabetic subjects, despite large changes in LDL and TG (the latter down 33%.)
The KANWU study [33] showed that a high MUFA diet for three months reduced insulin resistance,
compared with a high saturated fat diet in 162 healthy subjects, but carbohydrate levels were not
examined. Fish oil had no effect and the effect of MUFA was lost when fat intake was >37% of energy.
In a very small study in patients with fatty liver disease, a high MUFA Mediterranean diet improved
insulin sensitivity, compared with a high carbohydrate diet (p = 0.03) accompanied by a reduction in
liver fat [34]

A contrary result was found in the Lipgene study [35] where 472 volunteers with metabolic
syndrome were randomised to one diet for 12 weeks: High MUFA or high saturated fat diets or high
carbohydrate diets with and without fish oil (1.2 g/day). In the highest HOMA-IR tertile, MUFA and n3
fats lowered insulin significantly, compared with saturated fat. In the lowest HOMA-IR tertile, insulin
and glucose rose with all diets, but it rose less with MUFA and N3 fats compared with saturated fat.
There is regression to the mean in both these tertiles and there is no statistical contrast between the
effect of diets in the different tertiles, so we don’t actually know if there is a tertile/diet interaction.
Triglycerides fell with N3 fats in tertiles 1 and 2, but surprisingly, not in the highest tertile with the
highest TG level. Replacing carbohydrates with MUFA or saturated fat had no effect on TG in any
tertile, which is contrary to the much bigger meta-analysis of Mensink et al. (3) and there is no good
explanation other than strong time-related changes.

In another report from the same study, in 337 volunteers [36], the prevalence of metabolic
syndrome (NECP-III) fell by 20.5% after the n-3 diet (blood pressure and TG fell), compared with
the high saturated fat diet (10.6%), high MUFA diet (12%) diet, and high carbohydrate diet (10.4%)
(p < 0.028).

5. Conclusions

Most meta-analyses show that replacement of carbohydrates with fat lowers fasting TG and
glucose and blood pressure, and increases HDL cholesterol with some differences, depending on
whether the population has type 2 diabetes or not. There are some large intervention and cohort
studies that show the opposite results, but these are in the minority. PUFA is probably superior to
MUFA, while fish oil is superior to both.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Linseed is a dietary source of plant-based ω–3 fatty acids along with fiber as well as
lignans including secoisolariciresinol diglucoside (SDG). We investigated the reversal of signs of
metabolic syndrome following addition of whole linseed (5%), defatted linseed (3%), or SDG (0.03%)
to either a high-carbohydrate, high-fat or corn starch diet for rats for the final eight weeks of a
16–week protocol. All interventions reduced plasma insulin, systolic blood pressure, inflammatory
cell infiltration in heart, ventricular collagen deposition, and diastolic stiffness but had no effect on
plasma total cholesterol, nonesterified fatty acids, or triglycerides. Whole linseed did not change the
body weight or abdominal fat in obese rats while SDG and defatted linseed decreased abdominal fat
and defatted linseed increased lean mass. Defatted linseed and SDG, but not whole linseed, improved
heart and liver structure, decreased fat vacuoles in liver, and decreased plasma leptin concentrations.
These results show that the individual components of linseed produce greater potential therapeutic
responses in rats with metabolic syndrome than whole linseed. We suggest that the reduced responses
indicate reduced oral bioavailability of the whole seeds compared to the components.

Keywords: linseed; secoisolariciresinol diglucoside; obesity; blood pressure; high-carbohydrate;
high-fat diet

1. Introduction

Linseed or flax (Linum usitatissimum L.) has widely reported health benefits from studies with
many forms including whole or ground seeds, oil, defatted meal, and mucilage extracts [1,2]. Linseed
and its components, especially α–linolenic acid (ALA, C18:3n–3) and the lignan, secoisolariciresinol
diglucoside (SDG), may protect against metabolic syndrome and cardiovascular disease by lowering
blood pressure, reducing blood glucose concentrations, delaying postprandial glucose absorption,
and decreasing oxidative stress and inflammation [3–5]. However, the health benefits of introducing
linseed into the diet have not been fully defined [6]. In addition, processing including dehusking,
crushing, milling, and defatting may increase bioavailability of individual components such as lignans
and ALA [7–9]. Furthermore, no studies have compared physiological responses to whole linseed or
linseed components using the same animal model or humans.

Linseed has a hard outer layer which may allow the seeds to pass unchanged through the gut and
reduce absorption of useful nutrients by the body [10]. Thus, it may be more beneficial to consume
ground linseeds over whole linseeds. This implied difference in oral bioavailability could markedly
alter the choice of linseed preparations as functional foods, since both whole linseeds and ground
linseed flour are readily available. In humans fed muffins with either 30 g whole or ground linseed, or
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flaxseed oil with 6 g ALA, plasma ALA concentrations were 0.024 mg/mL with whole linseed (not
significantly different from control) but increased to 0.031 mg/mL with ground linseed and 0.055 mg/mL
with linseed oil, suggesting reduced absorption from whole linseeds [11]. In a randomized, crossover
study involving 12 healthy subjects, the bioavailability of enterolignans formed as lignan metabolites
in the liver more than tripled after feeding on crushed linseed relative to whole linseed and further
increased with milled linseed [8]. In rats following oral administration, SDG was metabolized in the
gastrointestinal tract and not absorbed while the oral bioavailability of secoisolariciresinol was about
25% with a half–life within the body following intravenous administration of 4 h [12].

In this study, we evaluated the cardiovascular, liver, and metabolic responses of whole linseed, and
two of its components, defatted ground linseed, and SDG–enriched fraction, by using an established
model of high-carbohydrate, high-fat diet-fed rats mimicking the human metabolic syndrome [13]. We
have compared these results with our earlier study on 3% linseed oil containing ALA, which normalized
systolic blood pressure, and improved heart function and glucose tolerance [14]. Measurements
included body weight, systolic blood pressure, oral glucose tolerance test, left ventricular diastolic
stiffness, histology of the heart and liver, and plasma biochemistry. Doses of the linseed components
were chosen so as to be similar to the proportion in whole linseed. Our hypothesis was that whole
linseeds and the isolated components would improve cardiovascular, metabolic, and liver changes in
diet-induced metabolic syndrome in rats.

2. Materials and Methods

2.1. Rats and Diet

All experimental protocols were approved by the University of Southern Queensland Animal
Ethics Committee under the guidelines of the National Health and Medical Research Council of
Australia. Male Wistar rats were purchased from Animal Resource Centre, Murdoch, WA, Australia.
Rats were housed individually in temperature-controlled, 12 h light/dark conditions in the animal
house facility of the University of Southern Queensland. The rats were acclimatized and given free
access to water and standard rat powdered food prior to initiation of the protocol diets.

Rats (8–9 weeks old, weighing 330–340 g, n = 96) were randomly divided into 8 experimental
groups: corn starch diet-fed rats (C; n = 12), corn starch diet-fed rats treated with 5% whole linseed
in food (CW; n = 12), corn starch diet-fed rats treated with 3% defatted ground linseed in food (CD;
n = 12), corn starch diet-fed rats treated with 0.03% SDG in food (CS; n = 12), high-carbohydrate,
high-fat diet-fed rats (H; n = 12), high-carbohydrate, high-fat diet-fed rats treated with 5% whole
linseed in food (HW; n = 12), high-carbohydrate, high-fat diet-fed rats treated with 3% defatted ground
linseed in food (HD; n = 12), and high-carbohydrate, high-fat diet-fed rats treated with 0.03% SDG
in food (HS; n = 12). Preparation of C and H diets has been described previously [13]. The energy
densities of C and H diets were 11.23 kJ/g and 17.83 kJ/g, respectively, with an additional 3.85 kJ/mL in
drinking water for fructose intake in high-carbohydrate, high-fat diet-fed rats [13].

Whole linseed- and defatted linseed–supplemented diets were prepared by replacing 5% water
with 5% whole linseed (not ground) and 3% water with 3% defatted linseed, respectively, in C and H
diets. The whole linseed dose replicated our previous study which used 5% chia seeds in food [15],
as the oil composition of chia seed and linseed are similar. Since the oil content of linseed is about
40% [16], the non-oil component, defined here as defatted linseed, is 60% so defatted linseed flour was
added at 3% in the food. The SDG-supplemented diets were prepared by adding 0.03% SDG (0.3 g of
SDG/kg food) in C and H diets.

The whole linseed, defatted linseed, and SDG diets were administered for 8 weeks starting 8 weeks
after the initiation of C or H diet. H, HW, HD, and HS groups were given 25% fructose in drinking
water along with the diets for the 16-week duration of the study. Normal drinking water without any
supplementation was given to C, CW, CD, and CS rats. Rats were monitored daily for body weight
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and food and water intakes. Energy intake and food conversion efficiency were calculated based on
the food intake and body weight gain [14,15].

Whole linseed was a gift from AustGrains (Moree, NSW, Australia) and was also ground and
extracted with n-hexane to produce defatted linseed. SDG (40% purity) was a gift from the Archer
Daniels Midland Company (Chicago, IL, USA). The analysis of SDG content was conducted by
St. Boniface Hospital Research, Winnipeg, MB, Canada. Total gross energy content of whole linseed,
defatted linseed, and SDG samples were measured by bomb calorimetry (XRY-1A Oxygen Bomb
calorimeter, Shanghai Changji Geological Instrument Co. Ltd., Shanghai, China) in triplicate. One
gram of whole linseed, defatted linseed, or SDG were burnt in compressed oxygen (25 kg/cm2) in the
calorimetric bomb immersed in water. The energy densities for whole linseed, defatted linseed, and
SDG were 23.76 kJ/g, 16.98 kJ/g, and 17.48 kJ/g, respectively.

2.2. Measurements in Live Rats

Systolic blood pressure was measured at the end of the protocol under light sedation by
intraperitoneal injection with Zoletil (tiletamine 10 mg/kg, zolazepam 10 mg/kg; Virbac, Peakhurst,
NSW, Australia). Measurements were performed using an MLT1010 Piezo-Electric Pulse Transducer
(ADInstruments, Sydney, NSW, Australia) and an inflatable tail-cuff connected to an MLT844
Physiological Pressure Transducer (ADInstruments) connected to a PowerLab data acquisition unit
(ADInstruments) [13].

Oral glucose tolerance tests were performed at the end of the protocol on rats after overnight
(12 h) food deprivation. During this time, fructose-supplemented drinking water in H, HW, HD, and
HS rats was replaced with tap water. Basal blood glucose concentrations were determined in tail vein
blood using Medisense Precision Q.I.D. glucometer (Abbott Laboratories, Bedford, MA, USA). The rats
were given 2 g/kg body weight of glucose as a 40% (w/v) aqueous glucose solution via oral gavage.
Tail vein blood samples were taken at 30, 60, 90, and 120 min following glucose administration [13].

Dual-energy X-ray absorptiometry (DXA) was performed on all rats after 16 weeks of feeding using
a Norland XR36 DXA instrument (Norland Corp., Fort Atkinson, WI, USA). Rats were anesthetized
using intraperitoneal injection of Zoletil (tiletamine 10 mg/kg and zolazepam 10 mg/kg) and Ilium
Xylazil (xylazine 6 mg/kg; Troy Laboratories, Smithfield, NSW, Australia). Scans were analyzed using
the manufacturer’s recommended software for use in laboratory animals (Small Subject Analysis
Software, version 2.5.3/1.3.1; Norland Corp.) [13]. Visceral adiposity index (%) was calculated based on
the abdominal fat content obtained during terminal experiments [15].

2.3. Measurements after Euthanasia

Terminal euthanasia was induced by intraperitoneal injection of Lethabarb (pentobarbitone
sodium, 100 mg/kg; Virbac) and ~6 mL blood was immediately drawn from the abdominal aorta,
collected into heparinized tubes, and centrifuged for plasma [13]. Hearts (n = 8–10) were separated
into right ventricle and left ventricle with septum for weighing. Liver and abdominal fat pads
(retroperitoneal, epididymal, and omental) were isolated and weighed (n = 8–10). Organ weights were
normalized to the tibial length and presented in mg of tissue/mm of tibial length [13].

A portion of the heart, liver, small intestine, and large intestine was collected and fixed in 10%
neutral buffered formalin for 3 days. Standard histological procedures were followed to process tissues
for staining with hematoxylin and eosin or picrosirius red staining [13]. Two slides were prepared per
tissue specimen and two random, non-overlapping fields per slide were taken to avoid biased analysis.
To examine collagen distribution in the heart, the tissue was stained with picrosirius red stain and
imaged using EVOS FL Color Imaging System (version 1.4 (Rev 26059); Advanced Microscopy Group,
Bothwell, WA, USA) [14]. Small and large intestine sections were stained with periodic acid-Schiff
stain to identify goblet cells [17]. Left ventricular collagen deposition was estimated by analysis with
NIH ImageJ software (https://imagej.nih.gov/ij/).
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Plasma samples collected during terminal experiments were used to test plasma activities of
alanine transaminase and aspartate transaminase, and plasma concentrations of total cholesterol,
triglycerides, and nonesterified fatty acids [13].

2.4. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Group data were tested
for variance using Bartlett’s test. Variables that were not normally distributed were transformed
(using log 10 function) prior to statistical analysis. Groups were tested for effects of diet, treatment,
and their interactions using two-way analysis of variance. When interaction and/or the main effects
were significant, means were compared using Newman-Keuls multiple-comparison post hoc test.
All statistical analyses were performed using Prism version 6.00 for Windows (GraphPad Software,
San Diego, CA, USA). p-value of < 0.05 was considered as statistically significant.

3. Results

3.1. Dietary Intakes

Food and water intakes were lower in H rats than in C rats but energy intakes were higher in H
rats than in C rats (Table 1). There were no differences between food intakes of C, CW, CD, and CS or
between H, HW, HD, and HS groups (Table 1). Water intake was unchanged among C, CW, CD, and
CS groups and there was no difference in water intake among H, HW, HD, and HS rats (Table 1). Doses
of SDG were 31.9 ± 1.3 mg/kg/day and 15.9 ± 0.3 mg/kg/day for CS and HS rats, respectively. Intakes
of whole linseed were 4.36 ± 0.14 g/kg/day and 2.51 ± 0.16 g/kg/day for CW and HW rats, respectively,
while intakes of defatted linseed were 2.64 ± 0.09 g/kg/day and 1.57 ± 0.04 g/kg/day for CD and HD
rats, respectively.

3.2. Body Composition and Organ Weights

Body weight was higher in H rats than in C rats and whole linseed, defatted linseed and SDG did
not change body weight in HW, HD, and HS rats, whereas the body weight was higher in CW rats than
in C rats, and CS and CD rats had intermediate body weights to C and CW rats (Figure 1A and Table 1).
Body weight gain was lower in HS rats compared to H, HW, and HD rats, whereas body weight gain
was in the order C=CS>CD>CW among the C diet groups (Table 1). Feed conversion efficiency was
higher in H rats than in C rats. Interventions did not change feed conversion efficiency in H diet-fed
rats (HW, HD, and HS rats), whereas whole linseed increased the feed conversion efficiency in CW rats
with no change in CS and CD rats (Table 1). Bone mineral content was higher in H rats than in C rats.
None of the interventions changed bone mineral content in C diet groups (CW, CD, and CS), whereas
HD rats showed reduction in this parameter compared to H, HW, and HS rats (Table 1). Lean mass did
not differ between C and H rats. CW, CD, and HD rats had higher lean mass; CS, H, and HS rats had
lower lean mass, whereas C and HW had intermediate lean mass (Table 1). H rats had higher fat mass
compared to all C diet groups (C, CW, CD, and CS rats). HD rats had lower fat mass compared to
H and HW rats, whereas HS rats had fat mass intermediate to H and HD rats (Table 1). Abdominal
circumference and visceral adiposity index were unchanged in CW, CD, and CS rats compared to C
rats, whereas these parameters were increased in H rats compared to C rats (Table 1). HD rats had
lower abdominal circumference compared to H and HW rats, whereas visceral adiposity index was
higher in HW rats compared to HS and HD rats (Table 1).
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Figure 1. Effects of whole linseed, defatted linseed, and secoisolariciresinol diglucoside (SDG) on
(A) body weight and (B) oral glucose tolerance test. The vertical dotted grid line in (A) at week 8
represents the start of treatment for rats. Data are presented as mean ± SEM, n = 10–12. End-point
means with different letters (a, b, c, or d) are significantly different, p < 0.05. C, corn starch diet-fed
rats; CW, corn starch diet-fed rats treated with whole linseed; CD, corn starch diet-fed rats treated with
defatted linseed; CS, corn starch diet-fed rats treated with SDG; H, high-carbohydrate, high-fat diet-fed
rats; HW, high-carbohydrate, high-fat diet-fed rats treated with whole linseed; HD, high-carbohydrate,
high-fat diet-fed rats treated with defatted linseed; HS, high-carbohydrate, high-fat diet-fed rats treated
with SDG.

Retroperitoneal, epididymal, and omental fat pads were higher in H rats than in C rats. CW,
CD, and CS rats had no difference in these fat pads and total abdominal fat compared to C rats. SDG
decreased epididymal fat in HS rats, whereas retroperitoneal, omental, and total abdominal fats were
unchanged compared to H rats. Whole linseed did not change the individual fat pads in HW rats
compared to H rats, whereas defatted linseed lowered retroperitoneal, epididymal, and total abdominal
fat in HD rats compared to H rats (Table 1). Liver wet weights were higher in H rats than in C rats.
Whole linseed, defatted linseed, and SDG treatment did not change liver wet weight compared to C or
H rats (Table 1).

3.3. Metabolic Parameters

During oral glucose tolerance test, H rats showed higher basal blood glucose concentrations than
C rats. Similarly, H rats showed higher 120 min glucose concentration (Figure 1B). Area under the
curve for glucose tolerance test was higher in H rats compared to C, CW, CD, and CS rats. HW, HD,
and HS rats were similar to H rats in area under the curve for glucose tolerance test (Table 2). Plasma
total cholesterol concentrations were not different among all groups (Table 2). Plasma nonesterified
fatty acids and triglyceride concentrations were higher in H rats compared to C rats, and these were
unchanged with whole linseed, defatted linseed, or SDG treatment in any of the groups compared to
their diet respective controls (Table 2). Plasma insulin concentrations were higher in H rats compared
to C rats. HW, HD, and HS rats had lower plasma insulin concentrations compared to H rats, whereas
plasma insulin concentrations were higher in CW, CD, and CS rats compared to C rats (Table 2).
Plasma leptin concentrations were higher in H rats compared to C rats. CW, CD, and CS rats had no
change in plasma leptin concentrations compared to C rats. Whole linseed did not change plasma
leptin concentrations, whereas both SDG and defatted linseed decreased plasma leptin concentrations
(Table 2).
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3.4. Cardiovascular, Liver, and Gut Parameters

Heart wet weights were higher in H rats compared to C rats. CW, CD, and CS rats showed no
difference in heart weight compared to C rats. HW rats had higher heart weight compared to H rats,
whereas HS and HD rats had similar heart weight to H rats (Table 2). H rats had higher systolic blood
pressure than C rats. Whole linseed, defatted linseed, and SDG reduced blood pressure in HW, HD,
and HS rats, respectively, compared to H rats, whereas these interventions did not change systolic
blood pressure in CW, CD, and CS rats compared to C rats (Table 2). H rats had higher ventricular
diastolic stiffness than C rats. SDG and defatted linseed reduced diastolic stiffness in HS and HD rats,
respectively, compared to H rats, whereas none of the interventions reduced diastolic stiffness in CW,
CD, or CS rats compared to C rats (Table 2).

H rats showed increased infiltration of inflammatory cells (Figure 2E) and greater interstitial
collagen deposition (Figure 3E) as compared to other groups (Figure 2; Figure 3; Table 2). HW, HD,
and HS rats had reduced infiltration of inflammatory cells (Figure 2F–H) and ventricular collagen
deposition (Figure 3F–H; Table 2) compared to H rats.

 

Figure 2. Hematoxylin and eosin staining of left ventricle showing infiltration of inflammatory cells
(magnification ×20; shown by arrow) in rats fed corn starch diet-fed rats (A), corn starch diet-fed rats
treated with whole linseed (B), corn starch diet-fed rats treated with defatted linseed (C), corn starch
diet-fed rats treated with SDG (D), high-carbohydrate, high-fat diet-fed rats (E), high-carbohydrate,
high-fat diet-fed rats treated with whole linseed (F), high-carbohydrate, high-fat diet-fed rats treated with
defatted linseed (G), and high-carbohydrate, high-fat diet-fed rats treated with SDG (H). Inflammatory
cells are marked as “in”.

H rats had higher plasma alanine transaminase activity than C rats. None of the treatments in
this study changed the plasma activities of alanine transaminase or aspartate transaminase (Table 2).
Staining of liver sections showed increased lipid deposition and inflammatory cell infiltration in H rats
(Figure 4E) compared to C rats (Figure 4A). HW (Figure 4F), HD (Figure 4G), and HS (Figure 4H) rats
showed decreased inflammatory cell infiltration compared to H rats. HW rats showed some reduction
in liver lipid deposition (Figure 4F), whereas HD (Figure 4G) and HS (Figure 4H) rats showed minimal
lipid deposition (Table 2). CW (Figure 4B), CS (Figure 4C), and CD (Figure 4D) rats showed no changes
in the liver in inflammatory cell infiltration and lipid deposition compared to C rats (Figure 4A; Table 2).
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Figure 3. Picrosirius red staining of left ventricular interstitial collagen deposition (magnification ×20;
shown by arrows) in rats fed corn starch diet-fed rats (A), corn starch diet-fed rats treated with whole
linseed (B), corn starch diet-fed rats treated with defatted linseed (C), corn starch diet-fed rats treated
with SDG (D), high-carbohydrate, high-fat diet-fed rats (E), high-carbohydrate, high-fat diet-fed rats
treated with whole linseed (F), high-carbohydrate, high-fat diet-fed rats treated with defatted linseed
(G), and high-carbohydrate, high-fat diet-fed rats treated with SDG (H). Collagen deposition is marked
as “cd” and hypertrophied cardiomyocytes are marked as “hy”.

 

Figure 4. Hematoxylin and eosin staining of liver showing fat vacuoles and infiltration of inflammatory
cells (magnification ×20; shown by arrows) in corn starch diet-fed rats (A), corn starch diet-fed rats
treated with whole linseed (B), corn starch diet-fed rats treated with defatted linseed (C), corn starch
diet-fed rats treated with SDG (D), high-carbohydrate, high-fat diet-fed rats (E), high-carbohydrate,
high-fat diet-fed rats treated with whole linseed (F), high-carbohydrate, high-fat diet-fed rats treated
with defatted linseed (G), and high-carbohydrate, high-fat diet-fed rats treated with SDG (H). Fat
vacuoles are marked as “fv” and inflammatory cells are marked as “in”.

Histological analyses of small intestine showed more goblet cells in H rats (Figure 5E) compared
to C rats (Figure 5A; Table 2). HW (Figure 5F) and HS (Figure 5H) rats showed no change in the
number of goblet cells in the small intestine, whereas HD rats (Figure 5G) showed reduction in the
number of goblet cells (Table 2) compared to H rats (Figure 5E). Colon from C rats (Figure 6A) and
H rats (Figure 6E) showed no difference in the number of goblet cells (Table 2). HW (Figure 6F),
HD (Figure 6G), and HS (Figure 6H) rats showed an increase in the number of goblet cells in colons
compared to H rats (Figure 6E; Table 2).
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Figure 5. Periodic acid-Schiff staining of ileum showing goblet cells (magnification ×20; shown by
arrows) in corn starch diet-fed rats (A), corn starch diet-fed rats treated with whole linseed (B), corn
starch diet-fed rats treated with defatted linseed (C), corn starch diet-fed rats treated with SDG (D),
high-carbohydrate, high-fat diet-fed rats (E), high-carbohydrate, high-fat diet-fed rats treated with
whole linseed (F), high-carbohydrate, high-fat diet-fed rats treated with defatted linseed (G), and
high-carbohydrate, high-fat diet-fed rats treated with SDG (H). Goblet cells are marked as “gc”.

 

Figure 6. Periodic acid-Schiff staining of colon showing goblet cells (magnification ×20; shown by
arrows) in corn starch diet-fed rats (A), corn starch diet-fed rats treated with whole linseed (B), corn
starch diet-fed rats treated with defatted linseed (C), corn starch diet-fed rats treated with SDG (D),
high-carbohydrate, high-fat diet-fed rats (E), high-carbohydrate, high-fat diet-fed rats treated with
whole linseed (F), high-carbohydrate, high-fat diet-fed rats treated with defatted linseed (G), and
high-carbohydrate, high-fat diet-fed rats treated with SDG (H). Goblet cells are marked as “gc”.

4. Discussion

Metabolic syndrome, including obesity, hypertension, impaired glucose tolerance, insulin
resistance, dyslipidemia, and fatty liver, is a major risk factor for cardiovascular disease and type 2
diabetes, and may be attenuated by functional foods [18]. Many trials have been conducted to
determine the responses to linseed and its components in humans with obesity, hypertension, or
diabetes [19,20]. However, few trials have compared responses to individual components of linseed
in patients with metabolic syndrome or in appropriate rat models. Rats fed a diet with increased
content of fructose, sucrose, and saturated and trans fatty acids developed signs of metabolic syndrome
in humans, especially abdominal obesity, hypertension, impaired glucose and leptin, dyslipidemia,
and diminished cardiac function [13–15]. Using this rat model of diet-induced metabolic syndrome,
we have now compared responses to whole linseed, defatted linseed flour, and SDG and included
comparison with an earlier study on ALA from linseed oil with the same rat model [14].

Our results show that addition of defatted linseed or SDG improved metabolic parameters and the
structure and function of the heart and liver, as we previously showed with linseed oil [14]. In contrast,
the only metabolic parameter to be improved by whole linseed was plasma insulin concentration,
while body weight, abdominal fat pads, and liver parameters were unchanged. Although whole

244



Nutrients 2019, 11, 1677

linseed decreased systolic blood pressure, left ventricular diastolic stiffness, infiltration of inflammatory
cells, and collagen deposition in the heart, these changes were to a lesser extent than defatted linseed,
showing reduced or absent responses in cardiovascular, hepatic structure and function, adiposity, lipid,
and glucose parameters. We suggest that the reason for these reduced responses to whole linseed
is that the oral bioavailability of ALA, fiber, and SDG when presented as whole linseed is reduced,
leading to reduced responses to the whole seeds, even though the components are effective when
given individually. This could be tested in further studies by measurement of the pharmacokinetics of
linseed components such as ALA, fiber, or SDG in rats fed an obesogenic diet.

In this study with whole linseeds and their components in rats, we were unable to show decreases
in body weight or abdominal circumference with whole linseed treatment in diet-induced obese rats.
In contrast, we showed decreased total fat and abdominal fat in rats treated with defatted linseed or
SDG. We have previously shown that ALA from linseed decreased obesity in the same diet-induced
rat model of metabolic syndrome [14]. Other studies also showed decreased obesity with linseed
products: young rats fed a linseed flour intervention for the first 90 days showed higher lean mass,
lower fat mas, and a smaller adipocyte area [21] and linseed dietary fiber reduced apparent energy and
fat digestibility leading to decreased abdominal fat and body weight [22]. Linseed contains 20 to 30%
globulin-rich proteins with a high content of arginine [23,24] which has been associated with increases
in lean mass [25,26] thereby providing a possible mechanism for lean mass increase as well as fat mass
decrease [27]. In high-fat diet-fed mice, SDG decreased abdominal fat and body weight by inducing
adiponectin expression at a much higher dose of 0.5 or 1% in diet [28] and inhibiting adipogenesis at a
dose of 50 mg/kg/day [29]. Furthermore, the SDG metabolites, enterolactone and enterodiol, induced
adiponectin expression, adipogenesis, and lipid uptake in 3T3-L1 adipocytes [28,30]. We are not aware
of any studies with whole linseeds in obese rats, but freshly ground flaxseed did not change body
weight or blood pressure in non-obese WKY or SHR rats and in cyclosporine-induced hypertensive
rats [31,32].

These rodent results translate to some extent to humans. Linseed products reduced human obesity
in randomized controlled trials, shown by a meta-analysis of 45 of these trials with 2561 subjects
aged 25.6–67.0 years including 21 trials on milled or ground linseed, one on defatted linseed, 18 on
linseed oil, and five on linseed lignan but none on whole linseeds [19]. This meta-analysis showed that
supplementation of linseed products for more than 12 weeks in individuals with a body mass index
higher than 27 kg/m2 reduced body weight by an average of 0.99 kg, body mass index by an average
of 0.30 kg/m2, and waist circumference by an average of 0.80 cm [19]. These changes are relatively
small, approximating 1% of these parameters in a 1.80 m tall person weighing 88 kg to give a body
mass index of 27 kg/m2 fitting the definition of obesity with waist circumference more than 94 cm.
Differences of around 1% as in the above meta-analysis on human trials would not be statistically
significant in our group of 12 rats treated for eight weeks. In addition, data from the US National
Health and Nutrition Examination Survey 2001-10 provided epidemiological evidence that urinary
enterolactone is inversely associated with obesity in adult males [33].

Linseed products also reduced blood pressure in rodents. Both linseed oil and SDG prevented
the increase in systolic blood pressure in rats with metabolic syndrome induced by feeding with 30%
fructose, likely due to decreased oxidative stress [34]. In deoxycorticosterone acetate (DOCA)-salt
hypertensive rats, linseed lignan concentrate lowered blood pressure, and improved antioxidant status,
serum electrolytes, and lipid profiles [35]. A lignan-enriched linseed powder reduced blood pressure,
body weight, and fat accumulation, and improved lipid profiles in rats fed a high-fat and high-fructose
diet [36]. In humans with peripheral artery disease, ground linseed (30 g/day) for 12 months decreased
central systolic and diastolic blood pressure by 10 and 6 mmHg, respectively, with corresponding
changes in plasma oxylipins [37]. Meta-analysis of 15 randomized controlled trials with linseed
components on hypertension have shown reductions in both systolic and diastolic blood pressure of
3.10 and 2.62 mmHg, respectively, in a subset of trials of 12 weeks or longer, but there were no effects
with linseed oil or SDG on systolic blood pressure [20].
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Hyperlipidemia is a key component of metabolic syndrome. In rats fed a high-fat diet, a
lignan-enriched linseed powder improved the plasma lipid profile as well as decreasing body weight,
visceral fat accumulation, and blood pressure [36]. In rats fed with lard and cholic acid, treatment with
powdered linseed or defatted linseed for eight weeks did not change plasma cholesterol, low-density
lipoproteins (LDL) cholesterol, or triglyceride concentrations but decreased liver fat and cholesterol
and increased bacterial glycolytic activity in the distal intestine [38]. Intervention with linseed powder
(30 g/day for 40 days) produced small but significant decreases in body weight and decreased plasma
cholesterol, LDL, and triglyceride concentrations in 35 hyperlipidemic subjects [39]. Furthermore,
linseed may reduce plasma concentrations of the inflammatory marker, C-reactive protein, in subjects
with a body mass index (BMI) > 30 kg/m2 [40]; this meta-analysis included trials on ground linseed,
flour, oil, and ALA-enriched products, but there were no studies on whole linseeds.

The combination of ALA, dietary fiber, and lignans in linseed may be useful in preventing
and treating diabetes, especially in rodent models [41]. SDG and its enteric metabolite enterodiol
affected glucose transport and adipogenesis by regulating the transcription of adiponectin, leptin, and
peroxisome proliferator-activated receptor gamma (PPARγ) genes [28]. By altering the expression
profile of adiponectin and leptin, SDG may increase rates of fatty acid oxidation and mediate an
insulin-sensitizing effect [42]. Although these findings are consistent with the decrease in plasma
insulin and leptin observed in our study, it is not clear why glucose tolerance was only improved in
the whole linseed group.

Thus, our results are broadly consistent with both rodent and human studies on individual signs
of metabolic syndrome and individual components of linseeds. However, these literature studies do
not compare results in the range of signs in metabolic syndrome in the same subject groups or rodent
models, nor allow comparison of linseed components. Furthermore, no study has administered whole
linseeds, so the comparison between whole linseeds and components has not been previously made.

Gastrointestinal changes could play a role in the metabolic responses to ground or defatted linseed,
but studies on whole linseeds have not been reported. Linseed is a rich source of dietary fiber (35–45%)
consisting of soluble and insoluble fiber in ratios that vary between 1:4 and 2:3 [43]. Rats on a control
diet fed 10% dietary fiber from linseeds showed decreased body weight with decreased fat digestibility,
which was greater when the proportion of viscous dietary fiber was increased [22]. In obese rats fed a
high-fat diet with cholic acid, ground linseed prevented an increase in intestinal glucosidase activity
while defatted ground linseed increased mucosal disaccharidase activities; both forms decreased fat
absorption but only the defatted product decreased liver expression of PPARα, showing important
differences between defatted and whole ground linseed [38]. Fermentation of dietary fiber by colonic
microflora generates short-chain fatty acids such as acetate, propionate, and butyrate which decrease
signs of metabolic syndrome and other gastrointestinal disorders [44]. High-fermentable fiber of
milled whole linseed led to increased Enterobacteriaceae diversity in mice which was associated with
an increased body weight compared to milled defatted linseed [45]. In healthy, non-obese adult men
given 0.3 g/kg/day ground linseed for one week, enterolignan production was increased, but there
were no changes in fecal metabolome or dominant bacterial communities [46]. Thus, the responses to
defatted linseed in contrast to whole linseed could be produced by the increased bioavailable fiber
content acting on the colonic microflora and liver, and possibly on goblet cell function. Goblet cells
in the gastrointestinal tract are responsible for secretion of mucus, but the location of the goblet cells
determines whether secretion is continuous or upon stimulation to form the protective inner colonic
mucosal layer [47]. Mice fed a high-fat diet showed increased goblet cells in the duodenum [48]. Dietary
intervention with whole ground linseed increased goblet cells, mucus secretion, and concentrations of
short-chain fatty acids in healthy male mice which should be beneficial [49]. This increase could be
due to an increase in fiber [50], consistent with our results in rats fed defatted linseed. However, the
intervention with whole ground linseed worsened the damage by dextran sodium sulfate suggesting a
role for context in interventions [49], but similar studies in high-fat diet-fed rats are not available. The
different results in rats fed whole linseed, SDG, and defatted linseed suggest that these components of
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linseed produce different responses in goblet cells in the colon, possibly due to different types of goblet
cells, requiring detailed research to define adequately.

The marked differences in responses between whole linseeds and the components of linseeds
could be due to toxic compounds present in the whole linseed, such as the cyanogenic glycosides,
leading to cyanide production by the activity of bacterial glucosidases in the large intestine [51].
However, ingestion of 30 g linseed by humans produced small and transient increases in plasma
thiocyanate concentrations, indicating a low bioavailability of the cyanide from cyanogenic glycosides
such as linustatin [52]. Thus, we suggest that a more likely explanation for the lower responses in
whole linseeds is a markedly reduced oral bioavailability of the bioactive components when whole
linseeds are given.

5. Conclusions

This study has highlighted the importance of using a single animal model to investigate the
bioactivities of individual functional foods contained in linseed. We hypothesized that whole linseeds
and the isolated components would improve cardiovascular, metabolic, and liver changes. We showed
that the responses to the whole linseeds were reduced compared to defatted linseed, SDG, and ALA. We
suggest that a markedly reduced bioavailability of these components from the whole linseeds underlies
the reduced responses. Thus, our hypothesis was substantiated by measurements of physiological
responses to the components of linseeds. However, ALA, defatted linseed, or SDG are likely to be
better therapeutic agents in metabolic syndrome than whole linseeds.
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Abstract: The indisputable association between visceral adipose tissue (VAT) and cardiometabolic
risk makes it a primary target for lifestyle-based strategies designed to prevent or manage health
risk. Substantive evidence also confirms that liver fat (LF) is positively associated with increased
health risk and that reduction is associated with an improved metabolic profile. The independent
associations between reductions in VAT, LF, and cardiometabolic risk is less clear. In this narrative
review, we summarize the evidence indicating whether a negative energy balance induced by either
an increase in energy expenditure (aerobic exercise) or a decrease in energy intake (hypocaloric diet)
are effective strategies for reducing both VAT and LF. Consideration will be given to whether a
dose-response relationship exists between the negative energy balance induced by exercise or diet
and reduction in either VAT or LF. We conclude with recommendations that will help fill gaps in
knowledge with respect to lifestyle-based strategies designed to reduce VAT and LF.

Keywords: exercise; abdominal obesity; energy balance; caloric restriction; non-alcoholic fatty liver
disease; physical activity

1. Introduction

Decades of evidence have firmly established that VAT is associated with cardiometabolic risk
factors beyond obesity per se [1]. There is no dispute that VAT represents a primary treatment target
for strategies designed to prevent or manage the health risks associated with abdominal obesity.
The findings from systematic reviews confirm that a negative energy balance induced by exercise or
diet is associated with significant reductions in VAT and associated cardiometabolic risk factors [2,3].
Routine exercise consistent with current guidelines, in combination with a balanced diet, is associated
with significant reductions in VAT. Whether exercise or a hypocaloric diet is associated with VAT
reduction in a dose-response manner remains unclear. It is also unclear whether exercise intensity is
positively associated with VAT reduction. What is clear, however, is that exercise or diet is associated
with a reduction in VAT and associated cardiometabolic risk factors with minimal or no weight loss [4].
This is good news for practitioners who seek treatment options for their patients/clients.

Non-alcoholic fatty liver disease (NAFLD), an umbrella term that encompasses the deposition
of lipid in the liver to more progressive steatosis and associated hepatitis, fibrosis, and cirrhosis,
is recognized as an ectopic site of fat deposition that has serious health consequences [5]. Although
LF accumulation is positively associated with VAT, there is evidence to suggest that LF is associated
with cardiometabolic risk factors independent of VAT [6]. Thus, LF represents another target for
strategies designed to reduce obesity-related health risk. In adults with or without NAFLD, exercise
induced-negative energy balance consistent with current guidelines is associated with a marked
reduction in LF.

In this narrative review, we summarize the evidence indicating whether a negative energy
balance induced by either an increase in energy expenditure (aerobic exercise), or a decrease in energy
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intake (hypocaloric diet), are effective strategies for reducing both VAT and LF. The primary focus
of this review was to report on findings from randomized trials with supervised aerobic exercise
and monitoredhypocaloric diet interventions. Consideration was given to whether a dose-response
relationship exists between the negative energy balance induced by exercise or diet and reduction
in either VAT or LF. We conclude with recommendations that will help fill gaps in knowledge with
respect to lifestyle-based strategies designed to reduce VAT and LF.

2. Visceral Adipose Tissue (VAT)

2.1. Measurement of VAT

Several methodologies for assessing VAT volume and distribution have been established.
The criterion methods, which provide direct measurement of partial or total volumes, include magnetic
resonance imaging (MRI) and computed tomography (CT) [4]. More recently, dual energy X-ray
absorptiometry (DXA) has been identified as a reference method for assessing body composition [7].
However, due to high cost and feasibility issues, indirect estimates of VAT are often performed
using anthropometric measures, including waist circumference, sagittal diameter, and bioelectrical
impedance analysis [4]. When using MRI or CT to determine the effects of exercise or diet on VAT, it is
important to note that change in VAT determined using a single image (e.g., a single image obtained at
the level of the L4-L5 intervertebral space) is not materially different from the corresponding reduction
in VAT derived using a multiple-image protocol [8]. Thus, when accessible, a single MRI or CT image
can be used to accurately determine VAT distribution and/or reduction throughout the abdomen.

2.2. Is VAT Reduced in Response to Chronic Exercise or Hypocaloric Diets?

Evidence from a systematic review and meta-analysis clearly established that an increase in energy
expenditure (aerobic exercise), or a decrease in energy intake (hypocaloric diet), are both associated with
significant reductions in VAT, measured using gold standard methods [2]. Ross and colleagues were the
first to investigate whether differences in VAT reduction were observed in response to equivalent diet-
versus exercise-induced weight loss in either men [9] or women [10]. These RCTs were characterized
by control of both energy expenditure (supervised exercise) and energy intake (self-reported intake
every day). VAT was quantified using MRI. In these trials, participants in the exercise group did not
increase or decrease their energy intake throughout the intervention, whereas those in the hypocaloric
diet group did not increase physical activity levels. The primary finding from these trials revealed
that when the diet- and exercise-induced weight loss was carefully matched, reductions in abdominal
obesity and VAT in response to 12–14 weeks of exercise or diet were similar. Regardless of biological
sex, a ~7% weight loss was associated with a ~25% reduction in VAT in response to diet or exercise1.
These observations are consistent with the recent systematic review of Verheggen et al., wherein the
results from eight studies in adults revealed that diet or exercise is associated with similar reductions
in VAT when the negative energy balance and duration of intervention is matched [2]. Additionally,
in response to an 18-month diet and exercise-based intervention among 278 sedentary adults with
abdominal obesity, Gepner and colleagues reported that diet combined with exercise results in greater
reductions in VAT than diet alone, assessed using MRI [11]. In summary, regardless of age or biological
sex, a negative energy balance induced by diet or exercise is associated with marked reductions in VAT
that are not materially different.

2.2.1. Exercise Amount and VAT

While the evidence reviewed clearly establishes that regular exercise combined with a healthful diet
is associated with a marked reduction in VAT, independent of age and biological sex, the separate effects
of exercise amount and intensity on VAT are less clear. The findings from a systematic review suggest
that a dose-response relationship exists between exercise amount, defined by the metabolic equivalent
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of task (MET-hours/week), and reductions in VAT in individuals without metabolic disorder [12].
All 16 studies included in the review measured VAT using CT or MRI.

The findings from the few randomized trials specifically designed to examine the independent
contributions of exercise amount on VAT suggested that increasing exercise amount (caloric expenditure)
is not positively associated with VAT reduction. Keating et al. randomized inactive, obese adults
to eight weeks of either; (i) low to moderate intensity, high amount aerobic exercise (50% VO2 peak,
60 min); (ii) high intensity, low amount aerobic exercise (70% VO2 peak, 45 min); (iii) low to moderate
intensity, low amount aerobic exercise (50% VO2 peak, 45 min); or iv) control [13]. The authors’ primary
observation was that exercise conditions varying in amount (minutes) resulted in MRI-measured VAT
reductions of a similar magnitude. Similarly, Slentz et al. randomized 175 sedentary, overweight adults
to a control group, or for eight months, to one of three exercise groups: (i) low amount, moderate
intensity, equivalent to walking 12 miles/week (19.2 km/week) at 40%–55% of VO2 peak; (ii) low amount,
vigorous intensity, equivalent to jogging 12 miles/week at 65%–80% of VO2 peak; or (iii) high amount,
vigorous intensity, equivalent to jogging 20 miles/week (32.0 km) [14]. Despite substantial differences in
the amount (caloric expenditure) of exercise performed between groups, the primary finding was that
there was no difference in CT-measured VAT reduction [12]. More recently, Cowan et al. randomized
103 previously sedentary, abdominally obese adults to one of four groups: (i) control; (ii) low amount,
low-intensity exercise (180 kcal/session (women) and 300 kcal/session (men) at 50% VO2 peak); (iii)
high-amount, low-intensity exercise (HALI; 360 kcal/session (women) and 600 kcal/session (men)
at 50% VO2 peak); or (iv) high-amount, high-intensity exercise (HAHI; 360 kcal/session (women)
and 600 kcal/session (men) at 75% VO2 peak) for 24 weeks [15]. Consistent with prior findings,
MRI-measured VAT was reduced by 15% to 20% by comparison to controls across exercise groups,
despite substantial differences in exercise-induced energy expenditure between groups. Analysis of
daily self-reported diet records suggested that change in dietary intake did not differ between groups.
Similarly, reduction in body weight did not differ between exercise groups. Thus, increasing exercise
amount (kilocalories) without changes in energy intake for six months was not associated with greater
VAT reduction in adults with abdominal obesity.

2.2.2. Exercise Intensity and VAT

Whether exercise intensity is associated with VAT reduction independent of exercise amount is
unclear. A systematic review that compared exercise groups that varied in exercise intensity from 14
studies suggests that exercise intensity should be at least moderate to vigorous if VAT reduction is
the objective [16]. It is important to note, however, that this observation did not account for possible
variation in exercise amount performed between studies. Indeed, with few exceptions, preliminary
findings from randomized trials specifically designed to determine the effect of exercise intensity
on VAT reduction suggest that the intensity of exercise performed is not a primary determinant of
change in VAT [13–15,17]. Irving et al. reported that while VAT reduction was not significantly
different between high intensity and low intensity exercise groups, significant within-group VAT
changes by comparison to control were only observed in the high intensity group [17]. Similar to the
observations for exercise amount described above, Keating et al. [13] and Slentz et al. [14] reported
no effect of increasing exercise intensity on VAT reduction when measured using criterion methods.
These observations were confirmed by Cowan et al. who reported that the reduction in VAT was
not different independent of exercise intensity ranging from 50% to 70% of VO2 peak performed for
24 weeks (Figure 1) [15].
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Figure 1. Illustration of relative (%, Panel A) and absolute (kg, Panel B) response of adipose and
skeletal muscle tissues to variations in exercise dose. Taken from Reference [14]. Used with permission
from Obesity. Absolute (left) and relative (right) changes in AT and skeletal muscle depots. With the
exception of skeletal muscle, all AT depot changes (absolute and relative) were significantly different
from control (p < 0.008; both panels). Relative change in VAT was greater than all other AT and skeletal
muscle depots (p < 0.01; right panel). AT, adipose tissue; HAHI, high amount, high intensity; HALI,
high amount, low intensity; LALI, low amount, low intensity.

These observations regarding the effects of exercise intensity on CT-measured VAT differ from a
recently completed trial wherein 220 abdominally obese Chinese adults were randomized to either
a high- or moderate-intensity exercise group for 12 months [18]. The primary finding was that
vigorous-moderate exercise is associated with greater reductions in VAT compared to moderate
exercise. However, it is important to note that in this trial, the vigorous exercise group performed
supervised exercise for the entire 12 months, whereas the moderate exercise group self-reported their
exercise behaviour. Self-reported physical activity behaviour is notoriously unreliable, thus confounds
interpretation [19]. Self-reported physical activity can be under- or overestimated [19].

Emerging evidence has considered whether high intensity interval training (HITT) is associated
with change in VAT. HITT is characterized by brief, intermittent bursts of exercise completed at a
high intensity. High intensity exercise bouts are separated by brief recovery periods of inactivity
or low-intensity exercise. Although there is no consensus established for the optimal durations of
exercise and rest periods for HITT protocols, active bouts may be performed from 10 s to 5 min at
70–90% of VO2 peak or 85%–95% of peak heart rate. Recovery periods range from 30 s to 3 min.
Zhang et al. randomized 47 participants to a 12-week HIIT or moderate-intensity continuous training
(MICT) intervention using a cycle ergometer three times a week [20]. Participants in the HIIT group
performed cycles of 4-min high intensity bouts at 90% VO2 max, followed by 3 min of recovery until the
targeted energy expenditure (300 kJ) was achieved. The MICT group performed continuous exercise
until the matched energy expenditure target was reached (300 kJ). Similar reductions in VAT were
observed regardless of exercise intervention. Winding et al. randomized 29 participants to an 11-week
HIIT or MICT cycling intervention involving 10 1-min intervals (95% peak workload) with 1-min
recovery or 40 min (50% peak workload), respectively [21]. Despite a lower exercise-induced energy
expenditure, HIIT showed similar reductions in DXA-measured VAT compared to MICT. In both
studies, participants were instructed to maintain their dietary intake throughout the intervention.

In summary, aerobic exercise combined with a balanced diet, wherein the participant does not
increase energy intake, is associated with a robust reduction in VAT independent of amount or intensity.
A 7% weight loss resulting from a lifestyle-based strategy consistent with current recommendations is
likely to result in a 25% reduction in VAT. These observations provide treatment options for practitioners
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who target VAT reduction as part of a comprehensive lifestyle-based strategy designed to reduce
health risk.

2.2.3. Individual Variability in VAT Response to Standardized Exercise

Since all adults acquire and inherit characteristics that vary substantially, their response to a
treatment designed to change a given trait will vary substantially. Although increasing exercise is a
primary determinant of improvement in numerous traits (e.g., cardiorespiratory fitness) at the group
level, there is a growing body of evidence that the response to regular exercise varies substantially
among individuals [22]. The extent to which individual variability in VAT response to a standard
dose of exercise has only recently been considered. Brennan et al. performed a study to determine the
effect of exercise amount and intensity on the proportion of individuals for whom the MRI-measured
VAT response was above the minimal clinically important difference, defined as a reduction in
VAT greater than 0.28 kg or 9%, and whether clinically meaningful changes in waist circumference,
defined as greater than 2 cm, reflect individual VAT responses that are above the minimal clinically
important difference [23]. Abdominally obese men and women were randomized to (i) control (n = 20);
(ii) low amount, low intensity (n = 24); (iii) high amount, low intensity (n = 30); or (iv) high amount,
high intensity (n = 29) treadmill exercise for 24 weeks.

Inspection of the individual responses to standardized exercise illustrated in Figure 2 clearly
document the extraordinary variability in VAT response to exercise independent of exercise amount or
intensity. The observation that most adults reduce VAT regardless of exercise strategy and that clinically
important reductions in VAT can be determined by corresponding reductions in waist circumference
that exceed 2 cm is encouraging (Figure 2). These observations underscore the value of routinely
measuring waist circumference to determine the efficacy of treatment designed to reduce VAT and
that, for some adults, substantial reduction in VAT may require altering the exercise dose by increasing
either the amount and/or intensity of exercise. Whether some adults are resistant to reduction in VAT
regardless of exercise dose is unknown and should be the subject of future investigations.
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Figure 2. Variability of visceral adipose tissue (VAT) response to standardized exercise. Taken from
Reference [19]. Used with permission from MSSE. Distribution of individual responses for change in
VAT (kg)± 90% CI in the control and intervention groups. The solid black line distinguishes participants
whose observed response exceeds the MCID (e.g., those participants to the left of the solid line reduced
visceral AT by < 0.28 kg). The dashed black line distinguishes participants whose observed response
± 90% CI exceeds the MCID (e.g., those participants to the left of the dashed line have CI where the
top range is < 0.28 kg). LALI (low amount (~30 min), low intensity (50% VO2 peak)), HALI (high
amount (~60 min), low intensity (50% VO2 peak)), HAHI (High amount (~40 min), high intensity (75%
VO2 peak)).

3. Liver Fat (LF)

3.1. Measurements of LF

Liver biopsy is an established method to assess liver fat and diagnose the severity of NAFLD
with precision [6]. However, the invasive nature, cost, sampling error, and morbidity associated
with the procedure are acknowledged limitations [6]. CT is a technique that estimates steatosis by
quantitatively measuring liver density. However, the sensitivity and specificity of CT are clinically
unacceptable at mild steatosis levels [6,16]. MRI is a technique that uses quantitative and qualitative
information to assess intrahepatic fat content. The heterogeneity of the magnetic field, time demanding
nature, low sensitivity, and poor image quality when disturbed are limitations of this technique [6].
Ultrasound is a common technique that is used to assess LF because of the low cost, vast availability
and noninvasive nature [6]. Ultrasonography is limited as a single diagnostic tool because of the lack
of sufficient sensitivity [6,24,25]. Accuracy of an ultrasound decreases with increasing body mass
index [26–28]. Magnetic resonance spectroscopy (MRS) is cited as the gold standard MR technique
to quantify LF. There is a high level of accuracy and reproducibility with this method, however, it is
limited in availability because of the high degree of skill and specialized software required. Similar to
liver biopsies, only a portion of the liver is analyzed, and so, sampling errors may occur [26].

3.2. Is Liver Fat Reduced in Response to Chronic Exercise or a Hypocaloric Diet?

As with VAT, evidence from systematic reviews and meta-analyses confirm that exercise or a
hypocaloric diet is associated with a reduction in LF in previously sedentary, overweight and obese
men and women [3,29].

3.3. Exercise and Liver Fat

Evidence from observational studies have established that adults with elevated levels of LF or
NAFLD are physically inactive by comparison to those without NAFLD. Kistler and colleagues
performed a retrospective analysis on 813 adults with biopsy-proven NAFLD, enrolled in the
Nonalcoholic Steatohepatitis Clinical Research Network (NASH CRN) [30]. Physical activity levels were
derived from self-reported responses to a questionnaire. The principle finding of this cross-sectional
study was that neither moderate-intensity exercise nor total exercise per week was associated with
NASH. However, vigorous exercise was associated with a decreased risk of having NASH (odds ratio
(OR): 0.65 (0.43–0.98)). Thus, exercise intensity may be an important consideration when prescribing
exercise to reduce LF. A limitation of this study was that exercise behaviour was assessed by self-report,
which is notably unreliable [19].

Based on data derived from the National Health and Nutrition Examination Survey (NHANES)
2003–2006, Gerber and colleagues evaluated the associations between levels of physical activity and
NAFLD in a large subsample of adults from this database [31]. NAFLD was defined as a fatty liver index
>60 in the absence of other chronic liver diseases. The fatty liver index of hepatic steatosis is calculated
based on measures of triglycerides, body mass index, waist circumference, and gamma-glutamyl
transpeptidase. Physical activity levels were measured objectively over seven days using accelerometry.
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Counter to the findings of Kistler et al. [30], Gerber and colleagues observed that adults with NAFLD
(n = 1263), who were older and had a higher body mass index, perform less physical activity at any
intensity level compared to adults without NAFLD (n = 1793) [31]. Thus, from initial epidemiological
evidence, adults with NAFLD were physically inactive by comparison to adults without NAFLD,
suggesting that exercise may be an important strategy for reducing LF. Physical activity was reported
using accelerometers, which objectivity measure physical activity frequency and duration in a minimally
invasive manner. However, accelerometers are limited in detecting non-ambulatory activities [19].

Evidence from controlled trials confirm the potential of exercise as a strategy to manage LF. Keating
and colleagues reported that, in pooled data from six studies (156 overweight and abdominally obese
adults), aerobic type exercise alone (no hypocaloric diet) ranging from two to 24 weeks at intensities
between 45% and 85%, resulted in modest, yet significant reductions in LF (effect size 0.37) [29].

Keating et al. randomized 48 inactive overweight or obese adults to one of four groups varying
in exercise amounts and intensities that are generally consistent with current exercise guidelines for
8 weeks [13]. LF was measured by MRS. The major finding was that LF was reduced by 1% to 3%
compared to controls independent of exercise amount or intensity. The authors noted that, while the
reductions in LF were modest, they were observed in association with minimal or no change in
body weight.

In a much larger trial, Zhang et al. randomized 220 adults with NAFLD to 150 min per week
for 12 months of either brisk walking (moderate intensity exercise) or jogging (moderate-vigorous
intensity exercise) [18]. In this study, LF was assessed using MRS. All participants were asked not
to change their diet during the trial. The principle finding was a decrease in LF that approximated
6% compared to controls, with no difference between exercise groups—thus, exercise intensity was
not associated with LF reduction. In this trial, after controlling for the exercise-induced weight loss
(3%–6%), the net changes in LF content were reduced and became nonsignificant between the exercise
and control groups. Thus, the benefit of exercise was explained in large measure by the ability to
induce weight loss.

Few studies have evaluated the association between cardiorespiratory fitness and LF. Pälve and
colleagues found that in 463 adults, participants with fatty liver had lower cardiorespiratory fitness levels
compared to participants without fatty liver (VO2 peak 27.2 mL· kg−1·min−1 and 31.6 mL·kg−1·min−1,
p < 0.0001) [32]. LF was assessed using ultrasound. This relationship remained significant when
adjusted for physical activity, adiposity, smoking, alcohol consumption, serum lipids, insulin, glucose,
and C-reactive protein. Participants with abdominal obesity (waist circumference > 80 cm in women
and >94 cm in men) with higher fitness levels (higher than age- and sex-specific median of VO2 Peak)
had lower prevalence of fatty liver than participants who were obese and unfit (below median), (11.7%
vs. 34.8%, p = 0.0003). In a longitudinal study (nine months of follow up), Kantartzis et al. found that
cardiorespiratory fitness (VO2 peak) at baseline was a strong predictor of change in MRS-measured
LF in response to an exercise intervention. Independent of total fat, visceral fat, subcutaneous fat or
exercise intensity, cardiorespiratory fitness was negatively associated with LF at baseline [33].

Exercise-induced reductions in intrahepatic fat are observed independent of weight change [34].
A systematic review by Hashida and colleagues showed a 20-30% relative risk reduction in LF
with exercise in the absence of weight loss [35]. Sullivan and colleagues found that the effect of
MRS-measured LF following an exercise intervention, according to the physical activity guidelines
(150–300 min of moderate intensity exercise), were independent of weight loss [36]. In previously
sedentary adults, body weight, body fat mass, and fat-free mass did not change after the intervention.
However, there was a decrease (10.3% ± 4.6%) in LF in the exercise group compared with the control
group (p = 0.04). Interestingly, obese individuals who consumed moderate to excessive amounts
of alcohol underwent a 12-week exercise intervention. In this randomized trial, exercise induced
reductions in both subcutaneous and visceral fat, however, there was no reduction of MRI-measured
LF. This finding suggests that moderate to excessive amounts of alcohol consumption may attenuate
the beneficial effects of exercise on NAFLD [37].
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Qiu and colleagues conducted a meta-analysis and observed that the amount of physical activity
in men was inversely associated with the risk of NAFLD in a dose-dependent manner [38]. The authors
report that 500 MET-minutes/week (approximately 150 minutes/week) of physical activity was
associated with an 18% risk reduction of NALFD (RR = 0.82, 95% CI 0.73–0.91). Further increases
in physical activity (1000 MET-minutes/week) were associated with a 33% risk reduction in NAFLD
(RR = 0.67, 95% CI 0.54–0.83). These findings are consistent with those of Li and colleagues who
reported that moderate- and vigorous-intensity physical activity effectively reduced the risk of NAFLD
independent of energy intake and sedentary time (>684 MET-minutes/week compared to none: OR
0.58, 95% CI 0.40 to 0.86, vigorous-intensity physical activity: >960 MET-min/week compared to none:
OR 0.63, 95% CI 0.41 to 0.95) [39]. Li et al. used ultrasound measurements to assess LF. Kwak et
al. also found an inverse dose-response relationship between the amount of self-reported physical
activity and the prevalence of NAFLD, independent of insulin resistance and VAT in 3718 adult men
and women [40]. However, self-reported physical activity behaviour is notoriously unreliable, thus
confounding interpretation [19].

Emerging evidence has also considered whether HITT is associated with change inLF. Hallworth
and colleagues randomized participants to 12 weeks of HITT on a cycle ergometer three times a week.
Participants were instructed to perform 5 intervals of cycling at 16–17 on the Borg scale for 3 min
followed by 3 min of recovery [39]. Abdelbasset et al. randomized participants to an eight-week
cycling protocol. Participants completed three sets of 4-min cycling at 80 to 85% of VO2 max with
2-min recovery, three days a week [40]. In both studies, participants were instructed to make no
modifications to their diets. Several authors have observed reductions in LF after HIIT compared to
controls [41,42]. The change in LF was measured using MRI and/or ultrasonography. When HITT and
moderate intensity exercise were matched for energy expenditure, there were no differences in LF
reduction [41–43].

3.4. Hypocaloric Diet and LF

It is well established that diet-induced weight loss is a cornerstone of treatment for persons with
NAFLD. In 2003, Tiikkainen and colleagues reported that LF, as measured by MRS, was reduced
by about 39% in premenopausal women consequent to an 8% weight loss achieved within three
to six months [43]. Of note, the authors reported that the reduction in LF was directly related to
baseline levels. Larson-Meyer et al. reported results from the CALERIE study wherein a loss of
body weight approximating 10% via hypocaloric diet or diet and exercise combined, was associated
with a 29% to 40% reduction in MRS-measured LF in overweight adults. As with exercise-induced
weight loss, diet-induced weight loss is associated with a marked reduction in MRI-measured LF [11].
Very low-calorie diets also resulted in significant reductions of LF, however, very low-calorie diets
cannot be maintained long term [44–46].

Thoma and colleagues performed a systematic review of the literature to evaluate the effects of
various lifestyle-based interventions on LF [3]. For diet only interventions, the authors uncovered
10 studies wherein 11 groups totaling 322 participants were prescribed a hypocaloric diet varying in
composition and negative energy balance. Only two studies included control groups. The duration
of the diet interventions ranged from one to six months. The mean weight loss across the studies
ranged from 4% to 14% and the relative reduction in LF, as measured by MRS, ranged from 42% to 81%.
No clear relationship between diet composition and LF reduction was reported. However, consistent
with the evidence cited above, the reduction in LF was strongly associated with weight loss.

3.5. Exercise and Hypocaloric Diet Combined

Lifestyle interventions that include a hypocaloric diet and an exercise intervention have been
considered in several systematic reviews. The reviews investigate if a combination of diet and exercise
is more effective than exercise or diet alone to decrease LF [3,29,47–49]. Keating and colleagues did not
find a significant pooled effect of combined interventions of diet and exercise; however, the authors
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discuss being limited by a low sample size and statistical power [29]. Thoma et al. reported on seven
studies that conducted lifestyle modification interventions to decrease energy intake and increase
physical activity or exercise over 3–12 months [3].The authors concluded that lifestyle modifications
consistently resulted in LF reduction. Similarly, other systematic reviews conducted by Hens and
colleagues, as well as Whitsett and colleagues, found that lifestyle modification can reduce LF [48,49].
Golabi et al. found that exercise alone and a combination of diet and exercise both significantly
decrease LF [47].

4. Anthropometric Markers of VAT and LF

Criterion measurement of both VAT and LF requires sophisticated radiological techniques
(e.g., magnetic resonance imaging or computed tomography) that are not readily accessible in most
clinical settings. LF can also be determined using biopsy methods, but this too is invasive and presents a
burden to the patient. Accordingly, the validity of simple anthropometric methods has been considered
as an alternative, pragmatic option. There is general agreement that waist circumference represents the
single best anthropometric marker of VAT [1,50]. However, due in large measure to the inter-individual
variability between the quantity of abdominal subcutaneous and VAT [51], the variance explained
in VAT change by waist circumference is modest, ranging from 25% to 75%1. At present, there is no
universally accepted method for the measurement of waist circumference. The two most often used
protocols are at the level of the iliac crest and the mid-point between the iliac crest and last rib [52].
Whether the associations between these two WC methods provide different values for VAT across sex,
age, and ethnicity is unclear.

In 2006, Bedogni et al. derived a simple index (Fatty Liver Index) of hepatic steatosis that
was calculated based on the measures of triglycerides, body mass index, waist circumference and
gamma-glutamyl transpeptidase (GGT) [53]. Fatty liver index has a very good discriminative ability
to predict fatty liver in both Asian and Western adult populations [54,55]. Motamed et al. recently
validated the discriminative ability of the Fatty Liver Index to predict fatty liver in a sample of 5052
adults [56]. Fatty liver or NAFLD was determined by ultrasound. Interestingly, although the Fatty Liver
Index showed good discriminative ability for the diagnosis of NAFLD (AUC = 0.87 (95%CI: 0.85–0.88),
there was no significant difference in the discriminative ability determined by waist circumference
alone (AUC = 0.85, 95%CI: 0.84–0.86). Thus, on a population basis, waist circumference alone may be a
useful measure of both VAT and LF. However, the utility of either waist circumference or Fatty Liver
Index to predict VAT and LF, respectively, on an individual basis is unknown.

5. Summary

It is now firmly established that both regular aerobic exercise and the consumption of a hypocaloric
diet are associated with a substantial reduction in VAT and LF independent of age, biological sex,
or ethnicity. Whereas exercise is associated with VAT reduction with or without weight loss, reductions
in LF are positively associated with weight, independent of the strategy to induce weight loss.
Despite decades of research into the associations between lifestyle-based interventions and VAT
reduction, the threshold of VAT reduction that is required for health benefit remains unclear. Similarly,
while it is clear that weight loss is associated with LF reduction, optimal levels of weight loss for
attenuating LF are unclear. Nevertheless, it is extremely encouraging that regular exercise (4–6 months)
consistent with consensus recommendations (30–60 min per day at moderate-to-vigorous intensity;
e.g., brisk walking or jogging) combined with a balanced, healthful diet is associated with substantial
reductions in VAT (15%–20%). Similarly, weight loss of 5% to 10% can be achieved by 4–6 months
with reasonable reductions in caloric intake with or without exercise. Thus, practitioners in health care
settings have options when counselling adults regarding the utility of lifestyle-based interventions
designed to reduce both VAT and LF. The objective of this review was assessing strategies for reducing
VAT and LF. The focus was on a negative energy balance induced aerobic exercise and a decrease in
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energy intake. Future research is required to determine if some adults are resistant to reductions in
VAT and LF regardless of exercise dose.

Direct measurement of VAT or LF in most health care settings is not feasible. Waist circumference
remains the single best anthropometric marker of change in VAT. While precise measurement of change
in VAT using waist circumference on an individual basis is unlikely, it is extremely likely that reductions
in waist circumference (e.g., greater than 2 cm) are associated with a corresponding reduction in VAT.
While initial results suggest that waist circumference may be as useful as the LF Index to follow change
in LF, additional evidence from large scale studies in diverse populations is required. Nevertheless,
these observations are encouraging and reinforce the importance of measuring waist circumference in
all health care settings.
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Abstract: Both observational and interventional studies suggest an important role for physical
activity and higher fitness in mitigating the metabolic syndrome. Each component of the metabolic
syndrome is, to a certain extent, favorably influenced by interventions that include physical activity.
Given that the prevalence of the metabolic syndrome and its individual components (particularly
obesity and insulin resistance) has increased significantly in recent decades, guidelines from various
professional organizations have called for greater efforts to reduce the incidence of this condition and
its components. While physical activity interventions that lead to improved fitness cannot be expected
to normalize insulin resistance, lipid disorders, or obesity, the combined effect of increasing activity
on these risk markers, an improvement in fitness, or both, has been shown to have a major impact on
health outcomes related to the metabolic syndrome. Exercise therapy is a cost-effective intervention
to both prevent and mitigate the impact of the metabolic syndrome, but it remains underutilized.
In the current article, an overview of the effects of physical activity and higher fitness on the metabolic
syndrome is provided, along with a discussion of the mechanisms underlying the benefits of being
more fit or more physically active in the prevention and treatment of the metabolic syndrome.

Keywords: metabolic syndrome; cardiorespiratory fitness; insulin resistance; cardiovascular disease;
exercise training

1. Overview

Chronic, non-communicable diseases currently represent the predominant challenge to global
health. In a recent global status report on chronic disease, the World Health Organization stated that
non-communicable conditions, including cardiovascular disease (CVD), diabetes and obesity, now
account for roughly two-thirds of deaths worldwide [1]. The prevalence of many of the components of
the “metabolic syndrome”, particularly obesity and diabetes, has grown considerably throughout the
Western World since this term was initially suggested by Haller in 1977 [2]. Given that the metabolic
syndrome is an important precursor to CVD and other chronic conditions [3–7], guidelines from various
professional organizations have called for greater efforts to reduce the incidence of this condition and
its components [3,4]. A notable parallel over the last 4 decades is the fact that numerous surveys
and cohort studies have consistently reported that Western societies are significantly less physically
active than past generations [7–11]. Moreover, a growing number of studies has reported that higher
cardiorespiratory fitness (CRF; which is defined as the maximal capacity of the cardiovascular and
respiratory systems to supply oxygen to the skeletal muscles during exercise) is inversely related to
the development of the metabolic syndrome [12,13]. These studies, along with recent intervention
trials [14,15], suggest a compelling link between impaired CRF, low physical activity patterns (defined
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as movement that requires energy), exercise (defined as planned, structured, repetitive, intentional
movement intended to improve CRF), and the metabolic syndrome.

Although the metabolic syndrome is complex and has been defined differently by different
organizations, the clustering of risk factors that define it (high waist circumference, dyslipidemia,
hypertension, and insulin resistance) are, to a certain extent, commonly associated with sedentary
lifestyles. Indeed, numerous studies in recent decades have shown that increasing amounts of
physical activity and higher CRF have a favorable impact on each of the components of the metabolic
syndrome [12–16]. While physical activity interventions alone cannot be expected to normalize insulin
resistance, lipid disorders, or obesity, the combined effect of increasing activity on these risk markers,
an improvement in CRF, or both, can have a major impact on health outcomes related to the metabolic
syndrome. However, physical activity as a treatment for metabolic disease remains underutilized.
In fact, physical activity interventions are often dismissed in favor of pharmacologic treatments or
other interventions that tend to be more economically driven [8,17–19]. Although physical activity
counseling is now mandated by many health care systems, the fact remains that activity counseling
rarely occurs as part of clinical encounters [20,21]. The lack of attention paid to physical activity is
unfortunate given the strength of exercise interventions on health outcomes among individuals with
metabolic disorders [12–16].

In the following, an overview of the effects of physical activity and CRF on the metabolic syndrome
is provided, along with a discussion of the mechanisms underlying the benefits of being more fit or
more physically active in the prevention and treatment of the metabolic syndrome.

2. Physical Activity and the Metabolic Syndrome

Collectively, studies on the impact of being more physically active, whether studied in a
cross-sectional cohort or as a result of a structured exercise intervention, have been shown to have an
important impact on cardiometabolic risk. Regular exercise can help to reduce weight, reduce blood
pressure, and improve lipid disorders, including raising HDL and lowering triglycerides [7,16–22].
Among the physiological systems that respond favorably to physical activity, it has been argued that
one of the most demonstrable effects of regular exercise is its impact on insulin resistance [23,24].
A summary of key studies is shown in Table 1; notably, these studies are categorically consistent
in demonstrating the benefits of being more physically active in terms of reducing risk for the
metabolic syndrome.

Table 1. Sampling of studies assessing the impact of physical activity patterns or exercise intervention
on the metabolic syndrome.

Observational Studies

Author, Year;
(Reference)

N (Men/Women),
Mean Age

Assessment Key Results

Thune, 1998; [25]
5220/5869
34.4 and 33.7 years,
respectively

PA self-report
Higher PA associated with better
lipid profile, overall metabolic risk
profile over 7 years

Laaksonen, 2002;
[26]

612 men
51.4 years

Assessment of LTPA over
previous 12 months
among high risk men;
followed for 4 years

>3 h/week moderate to vigorous
LTPA half as likely as sedentary
men to have MetSyn Men in top 33%
VO2max 75% less likely than unfit
men to develop MetSyn over 4 years

Sisson, 2010; [27] 697/749
47.5 years Accelerometry

MetS prevalence decreased as
steps/day increased; odds of having
MetSyn were 10% lower for each
additional 1000 steps/day
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Table 1. Cont.

Observational Studies

Author, Year;
(Reference)

N (Men/Women),
Mean Age

Assessment Key Results

Healy, 2008; [28] 67/102
53.4 years

Accelerometer
evaluation of time spent
in sedentary, light,
moderate-to-vigorous,
and mean activity
intensity in participants
with diabetes and obesity

Moderate-to-vigorous activity
associated with lower triglycerides.
Sedentary time, light-intensity time,
and exercise intensity associated
with waist circumference and
clustered metabolic risk

Ekelund, 2007; [29] 103/155
40.8 years

Accelerometry, exercise
test, biometric measures
on adults with a family
history of type 2 diabetes

Total body movement inversely
associated with triglycerides,
insulin, HDL and clustered
metabolic risk; moderate-and
vigorous-intensity PA inversely
associated with clustered metabolic
risk

Exercise Intervention Studies

Author, Year N Intervention Key Results

Look AHEAD,
2013; [30]

3063/2082
58.8 years

Subjects with type 2
diabetes randomly
assigned to intensive
lifestyle intervention or
diabetes support and
education

Intervention group had greater
reductions in weight loss, glycated
hemoglobin and greater initial
improvements in exercise capacity
and all cardiovascular risk factors
(except LDL)

Stewart, 2004; [31] 53/62
63.6 years

6 months of exercise
training in subjects with
or at high risk for
MetSyn

Exercise group improved peak VO2,
muscle strength, and lean body
mass; reductions in total and
abdominal fat related to improved
CVD risk

Katzmarzyk, 2003;
[32]

288/333
31.6

20 weeks of supervised
aerobic exercise training

Of 105 patients with MetSyn, 30.5%
were no longer classified as having
metabolic syndrome after exercise
training

Balducci, 2008; [33] 329/234
Twice weekly aerobic &
resistance training for 1
year

Exercise group improved fitness,
HbA1c, and CVD risk profile

Diabetes
Prevention
Program Research
Group, 2002; [34]

3234
50.6

Lifestyle intervention
(150 min/week PA and
nutritional counseling)
vs. Metformin vs.
placebo

Lifestyle intervention group
achieved a 38% reversal of MetSyn
and a 41% reduction of new onset
MetSyn.

PA—physical activity; LTPA—leisure time physical activity; MetSyn—metabolic syndrome; HDL—high density
lipoprotein; LDL—high density lipoprotein; CVD—cardiovascular disease; HbA1c—glycated hemoglobin.

2.1. Observational Studies Associating Physical Activity Patterns with Metabolic Risk

Observational or cross-sectional studies are inherently limited because they do not demonstrate
cause and effect. In the current context, the weaknesses of these studies include the fact that intrinsically
healthier individuals may be more likely to engage in physical activity, or that they may be genetically
more fit irrespective of lifestyle or behavioral factors. Nevertheless, these studies have provided
valuable information regarding patterns between physical activity habits, metabolic risk, and related
conditions. Collectively, these studies suggest that more active individuals exhibit either a lower
prevalence of risk factors for the metabolic syndrome, have a lower incidence of developing the
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metabolic syndrome over a given follow-up period, or both. While the levels of activity have been
quantified and defined in different ways, these data support the concept that meeting the minimal
guidelines on activity (i.e., 150 minutes per week of moderate intensity activity) is associated with
a lower prevalence of the metabolic syndrome. In the following, a sampling of some of the key
observational studies related to physical activity and the metabolic syndrome are outlined.

As part of the TROMSO study in Norway, Thune and colleagues [25] studied 5220 men and
5869 women who completed two physical activity surveys approximately 7 years apart. BMI and
detailed lipid profiles were determined at both evaluations. There was a dose–response relationship
between improved serum lipid levels, BMI, and higher levels of physical activity in both genders
after adjustments for potential confounders. Differences in BMI and serum lipid levels between
sedentary and sustained exercising groups were consistently more pronounced after 7 years than at
baseline, especially in the oldest age group. The most dramatic differences in metabolic risk profiles
occurred between the most active subjects compared to the least active subjects. An increase in leisure
time activity over the 7 years improved metabolic profiles, whereas a decrease worsened them in
both genders.

In a cross-sectional evaluation of physical activity and metabolic risk among individuals with a
family history of Type 2 diabetes, Ekelund et al. [29] measured total body movement and five other
subcomponents of physical activity by accelerometry in 258 at-risk adults. Body composition was
determined using bioimpedance and waist circumference, and blood pressure, fasting triglycerides,
HDL, glucose, and insulin were determined. In addition, continuously distributed clustered risk
was calculated. Total body movement (counts/day) was significantly and independently associated
with three of six risk factors (fasting triglycerides, insulin, and HDL) and with clustered metabolic
risk after adjustment for age, gender, and obesity. Time spent at moderate- and vigorous-intensity
physical activity was independently associated with clustered metabolic risk. Short (5- and 10-minute)
bouts of activity, time spent sedentary, and time spent at light-intensity activity were not significantly
related with clustered risk after adjustment for confounding factors. The association between total
body movement and intermediary phenotypic risk factors for cardiovascular and metabolic disease
along with clustered metabolic risk was independent of aerobic fitness and obesity. These investigators
suggested that increasing the total amount of physical activity in sedentary and overweight individuals
has beneficial effects on metabolic risk.

Laaksonen and colleagues [26] assessed 12-month leisure time physical activity (LTPA), VO2max,
and cardiovascular and metabolic risk factors among 612 middle-aged men without the metabolic
syndrome at baseline. After 4 years of follow-up, 107 men had metabolic syndrome (using the WHO
definition). Men engaging in 3 h/week of moderate or vigorous LTPA were half as likely as sedentary
men to have the metabolic syndrome after adjustment for major confounders (age, BMI, smoking,
alcohol, and socioeconomic status) or potentially mediating factors (insulin, glucose, lipids, and blood
pressure). Vigorous LTPA had an even stronger inverse association with incidence of the metabolic
syndrome among men who were unfit at baseline. Men in the upper tertile of VO2max were 75% less
likely than unfit men to develop the metabolic syndrome, even after adjustment for major confounders.
Associations of LTPA and VO2max with development of the metabolic syndrome were qualitatively
similar. These results suggest that high-risk men engaging in commonly recommended levels of
physical activity were less likely to develop the metabolic syndrome than sedentary men. CRF was
also strongly protective, although possibly not independent of mediating factors.

2.2. Exercise Intervention Studies and the Metabolic Syndrome

Relative to cross-sectional studies, exercise and lifestyle intervention studies can provide more
direct information on the cause and effect impact of physical activity, CRF, or both, on risk of the
metabolic syndrome. While there is a lengthy history of studies applying exercise interventions
to assess the effects of training on individual components of the metabolic syndrome (e.g., insulin
resistance, blood pressure, abdominal adiposity), fewer studies have been specifically designed to
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examine the efficacy of exercise training on the clinical diagnosis or reversal of the metabolic syndrome.
In recent years, a growing number of groups have conducted large, multicenter randomized trials of
exercise training along with other lifestyle interventions among individuals with or at high risk for the
metabolic syndrome.

Two large lifestyle intervention trials, the Finnish Diabetes Prevention Study (DPS) [35], and the US
Diabetes Prevention Program (DPP) [36], were designed to either prevent type 2 diabetes in impaired
glucose-tolerant subjects or reduce the prevalence of metabolic syndrome through changes in diet and
physical activity. The DPS observed a 58% reduction in risk for the development of type 2 diabetes
with lifestyle intervention, and the DPP demonstrated a reduced prevalence of the metabolic syndrome
in the intervention group. Weight loss appeared to be a major determinant of both improvements in
glucose tolerance and the reduction in metabolic syndrome prevalence, whereas physical activity and
dietary composition contributed independently. A third trial performed in the Netherlands involved
a lifestyle intervention designed to assess the impact of diet and physical activity intervention on
glucose tolerance in impaired glucose-tolerant subjects (termed the Study of Lifestyle intervention
and Impaired glucose tolerance Maastricht [SLIM] study) [37]. The SLIM study similarly reported
a 58% reduction in diabetes risk after 3 years and a 47% reduction at the end of the intervention,
despite a relatively modest weight reduction. A follow-up to the SLIM trial determined the effects
of the exercise and lifestyle intervention on the incidence and prevalence of the metabolic syndrome
during the active intervention and four years thereafter [38]. They observed that the prevalence of
the metabolic syndrome was significantly lower in the intervention group (52.6%) compared to the
control group (74.6%). In addition, among participants without the metabolic syndrome at baseline,
cumulative incidence of the metabolic syndrome was 18.2% in the intervention group at the end
of active intervention, compared to 73.7% in the control group. Four years after stopping active
intervention, the reduced incidence of metabolic syndrome was maintained.

A landmark multicenter trial performed in the US, termed Action for Health in Diabetes (Look
AHEAD) [30], assessed whether an intensive lifestyle intervention for weight loss would decrease
cardiovascular morbidity and mortality in patients with Type 2 diabetes. In 16 study centers in the
US, 5145 overweight or obese patients with type 2 diabetes were randomly assigned to participate
in an intensive lifestyle intervention that promoted weight loss through decreased caloric intake
and increased physical activity (intervention group) or to receive diabetes support and education
(control group). The primary outcome was a composite of death from cardiovascular causes, nonfatal
myocardial infarction, nonfatal stroke, or hospitalization for angina during a maximum follow-up of
13.5 years. The trial was stopped early on the basis of a futility analysis at a median follow-up of 9.6
years. Weight loss was greater in the intervention group than in the control group throughout the study
(8.6% vs. 0.7% at 1 year; 6.0% vs. 3.5% at study end). The intensive lifestyle intervention also produced
greater reductions in HbA1c and greater initial improvements in fitness and all cardiovascular risk
factors, except for LDL cholesterol. The primary outcome occurred in 403 patients in the intervention
group and in 418 in the control group (1.83 and 1.92 events per 100 person-years, respectively); these
differences were not significant (p = 0.51).

While the Look AHEAD study did not reduce the rate of cardiovascular events in overweight or
obese adults with type 2 diabetes, there were many notable benefits among subjects in the intervention
group. These included the fact that modest weight loss occurred and was maintained over 10 years,
clinically meaningful improvements in HbA1c which were greatest during the first year but were at
least partly sustained throughout follow-up, fewer subjects needing treatment with insulin, partial
remission of diabetes during the first 4 years of the trial vs. control subjects, reduced sleep apnea and
depression, and improvements in quality of life, physical functioning, and mobility.

There are also numerous notable single-center trials that have assessed the impact of exercise
intervention on metabolic risk. Stewart et al. [31] studied 51 men and 53 women with or at elevated
risk for metabolic syndrome who underwent either a 6-month supervised exercise program or usual
care. Exercise significantly increased aerobic and muscle fitness, lean mass, and HDL, and reduced
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total and abdominal fat. Reductions in total body and abdominal fat and increases in leanness, largely
independent of weight loss, were associated with improved systolic and diastolic blood pressure,
total cholesterol, very low-density lipoprotein cholesterol, triglycerides, lipoprotein(a), and insulin
sensitivity. At baseline, 42.3% of participants had metabolic syndrome. At 6 months, nine exercisers
(17.7%) and eight controls (15.1%) no longer had metabolic syndrome, whereas four controls (7.6%)
and no exercisers developed it.

Katzmarzyk, et al. [32] studied the efficacy of exercise training in treating the metabolic syndrome
among 621 participants from the HERITAGE Family Study, identified at baseline as sedentary
but apparently healthy. Subjects underwent a 20-week program of exercise training consisting of
3 sessions/week of supervised cycle ergometer training. The presence of the metabolic syndrome and
the cluster of associated risk factors were determined before and after the study period. Exercise
training resulted in marked improvements in the metabolic profile of the participants, including
triglycerides, HDL cholesterol, blood pressure, fasting plasma glucose, and waist circumference. Of
the 105 participants with the metabolic syndrome at baseline, 30.5% (32 participants) were no longer
classified as having the metabolic syndrome after training. There were no sex or race differences in the
efficacy of exercise in treating the metabolic syndrome.

2.3. Meta-Analyses of Exercise and Cardiometabolic Risk

There have been many individual trials in the context of physical activity and the metabolic
syndrome, and many have lacked adequate sample sizes. The metabolic syndrome is more complex
than many other conditions because it involves the clustering of several risk factors, and has been
defined in different ways. Some studies have reported a significant effect on one or several risk factors
but a minimal effect on another. Meta-analyses have been particularly helpful in this area by combining
results from different studies to obtain a better estimate of the overall effect of a particular intervention.
There have been several notable meta-analyses in the area of physical activity and metabolic syndrome
which are discussed in the following.

Wewege et al. [39] recently performed a meta-analysis examining the effect of aerobic, resistance
and combined (aerobic and resistance) exercise on cardiovascular risk factors among individuals with
the metabolic syndrome, but without a diagnosis of diabetes. Interestingly, this is an understudied
group, yet it represents the majority of the metabolic syndrome population. Randomized controlled
trials >4 weeks in duration that compared an exercise intervention to non-exercise control groups in
patients with metabolic syndrome without diabetes were included. Eleven studies with 16 interventions
were analyzed (12 aerobic, 4 resistance). Aerobic exercise significantly improved waist circumference,
fasting glucose, HDL cholesterol, triglycerides, diastolic blood pressure, and cardiorespiratory fitness
(by 4.2 mL/kg/min, p < 0.01), among other outcomes. No significant effects were determined following
resistance exercise possibly due to limited data. Sub-analyses suggested that aerobic exercise that
progressed to vigorous intensity, and conducted 3 days/week for ≥12 weeks, offered larger and more
widespread improvements. While these results strongly support the use of aerobic exercise for patients
with the metabolic syndrome who have not yet developed diabetes, they also suggest that more studies
on resistance/combined exercise programs are required to improve the quality of evidence.

Naci and Ioannidis [40] performed a recent meta-analysis among 14,716 subjects randomized
to either a physical activity intervention or usual care. While the analysis did not address metabolic
syndrome per se, the results are remarkable in that they provided a direct comparison between
exercise and drug therapies for diabetes and CVD risk. Among 57 trials comparing the effects of drug
and physical activity interventions on health outcomes compared to usual care, they observed that
exercise intervention was similar to drug interventions for the secondary prevention of prediabetes,
cardiovascular disease (CVD) and mortality. Importantly, physical activity was markedly superior to
drug treatment among patients with stroke. The extent to which standard pharmacologic treatment
would complement exercise interventions in treating or preventing diabetes or other health outcomes
is unknown since there are so few data on comparative effectiveness involving exercise. These results
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are striking given the investments made in drug interventions relative to the comparatively meager
investments devoted to exercise and other preventive strategies.

Ostman and colleagues [41] performed a meta-analysis that included 16 studies with 23 intervention
groups and a total of 77,000 patient-hours of exercise training. All studies included subjects with
a clinical diagnosis of the metabolic syndrome at baseline, an intervention involving exercise vs.
sedentary controls, and all studies included incidence of mortality and hospitalization. Exercise
training duration ranged between 8 weeks and 1 year. In analyses comparing aerobic exercise training
versus control groups, there were reductions in BMI, waist circumference, systolic blood pressure
and diastolic blood pressure, fasting blood glucose, triglycerides and low-density lipoprotein. Peak
VO2 was significantly improved among those randomized to exercise (mean difference 3.0 mL/kg/min,
p < 0.001). Similar changes were observed for studies using combined aerobic and resistance exercise.

2.4. Synopsis—Physical Activity and the Metabolic Syndrome

Higher levels of physical activity, whether through observational studies or as part of formal
exercise intervention trials, generally have a favorable impact on the metabolic syndrome and its
components. In some studies, the proportion of participants who meet the criteria for the metabolic
syndrome is reduced with exercise intervention. In longitudinal studies, more active individuals have a
lower incidence of the metabolic syndrome. In a limited number of studies in which the dose–response
relationship has been assessed, the most active subjects tend to have the greatest reductions in metabolic
risk. Although the dose of physical activity has varied in the different studies, achieving the minimal
physical activity guidelines (at least 150 minutes per week of moderate-intensity activity or 75 minutes
per week of vigorous intensity activity) has been consistently demonstrated to have significant benefits
on metabolic risk. While there are comparatively few studies on the impact of strength training on
cardiometabolic risk, higher levels of muscular strength are associated with lower risk for developing
the metabolic syndrome. Thus, in addition to aerobic exercise, individuals should strive to achieve the
minimal recommendations of at least 2 days per week of resistance training.

3. Cardiorespiratory Fitness and the Metabolic Syndrome

Some of the inconsistencies between metabolic syndrome incidence and self-reported physical
activity status [26,42] may be explained by the subjectivity and inaccuracy of self-reported physical
activity assessments [43]. In this regard, directly measured or estimated VO2 max based on a
standardized exercise treadmill or cycle ergometer represents an objective assessment of CRF, as subject
bias in reporting physical activity is removed. Overall, such studies have been consistent in reporting
a lower prevalence of metabolic syndrome in those with higher CRF among both men and women
regardless of race and after adjustment for relevant confounders [44–48]. An overview of some of the
key studies is provided in Table 2.

Table 2. Sampling of studies assessing the association between cardiorespiratory fitness and the
metabolic syndrome.

Author, Year;
(Reference)

N (Men/Women) Key Results

Carnethon, 2003; [49] 4487 (2029/2458) Only men and women in the highest 40% of maximal treadmill
performance were protected against developing MetSyn.

Franks, 2004; [50] 847 men
A strong inverse association between physical activity and
MetSyn. The magnitude of the association between physical
activity and the MetSyn was >3-fold greater than for VO2max.

LaMonte, 2005; [46] 10,498 (9007/1491)

An independent and progressive decline in the risk of
developing MetSyn with higher CRF for men and women. Also,
20% to 26% lower risks occurred among participants with
moderate CRF and 53% to 63% lower risks observed in highest
CRF categories vs. the lowest CRF category.
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Table 2. Cont.

Author, Year;
(Reference)

N (Men/Women) Key Results

Hassinen, 2008; [44] 1347 (671/676)
Men and women in the lowest third of VO2max had 10.2 times
(men) and 10.8 times (women) higher risk of having MetSyn
than those in the highest VO2max category.

Hassinen, 2010; [48] 1226 (589/637)

Risk of developing MetSyn within 2 years of follow-up was 44%
lower for each 1-SD increase in VO2 max. Each 1-SD higher VO2
max from baseline resulted in 1.8 times higher likelihood to
resolve MetSyn during 2 years of follow-up.

Earnest, 2013; [51] 38,659 (30,927/7732)
CRF demonstrated a strong inverse relationship with MetSyn in
both genders. The association was strongest in those with lower
waist circumference and fasting glucose, in both genders.

Adams-Campbell, 2016;
[47] 170 women

CRF was inversely related to the prevalence of the metabolic
syndrome in overweight/obese African-American
postmenopausal women.

Ingle, 2017; [52] 9666 men
The likelihood of developing MetSyn was approximately 50%
lower in fit men compared to unfit, independent of BMI
particularly in men <50 years.

Kelly, 2018; [45] 3636 (2007/1629)

Significant, inverse and graded association between VO2max
and MetSyn. Highest fit had >20 times lower risk of having
MetSyn compared to least-fit individuals. The difference in
VO2max between those with MetSyn and those without was ≈
2.5 METs.

CRF—cardiorespiratory fitness; BMI—body mass index; MetSyn—metabolic syndrome; METS—metabolic
equivalents.

In Finland, men and women in the lowest tertile of VO2max had 10.2 and 10.8 times, respectively,
higher risks of having metabolic syndrome than those in the highest VO2max category [44]. Similar
findings were reported by Kelley et al. [45] in middle-aged men and women in the US. Importantly,
an inverse and graded association between CRF and the incidence of metabolic syndrome has been
observed with relatively small changes in CRF (e.g., 2.5 metabolic equivalents) yielding significant
reductions in risk. The risk of metabolic syndrome prevalence was more than 20 times less likely
for individuals in the highest fit category compared to the least-fit individuals. Similarly, the risk of
developing metabolic syndrome within 2 years of follow-up was reported to be 44% lower for each
1-SD increase in VO2 max [48]. Individuals in the highest sex-specific fitness category were 68% less
likely to develop metabolic syndrome. In a more recent Finnish study, each 1-SD higher change in VO2

max from baseline was associated with a 1.8-fold higher likelihood of resolving metabolic syndrome
during 2 years of follow-up [48].

An interaction between CRF risk of and metabolic syndrome has also been suggested by the
Australian National Health Survey. An inverse association between CRF and the metabolic syndrome
was observed in those with lower waist circumference and fasting glucose in both men and women [51].
However, the impact of CRF on metabolic syndrome was independent of obesity as defined by body
mass index among 9666 middle-aged (48.7 ± 8.4 years) asymptomatic men [52]. The likelihood of
developing metabolic syndrome was approximately 50% lower in fit men compared to unfit men
(OR = 0.51, 95% CI 0.46 to 0.57), independent of BMI, particularly in men <50 years. There is also
evidence to suggest that objectively measured energy expenditure is a stronger deterrent for the
metabolic syndrome than measured VO2 max. Franks and colleagues [50] reported that the magnitude
of the association between physical activity and the metabolic syndrome was >3-fold greater than for
VO2max, suggesting that the risk of metabolic syndrome can be modulated by higher intensity activities
as well as lower intensity aerobic activities (below the threshold required to increase aerobic capacity).

Some evidence also suggests that the CRF-metabolic syndrome risk association may be
gender-specific. Hassinen et al. [48] observed that each 1-SD higher VO2 max (6.1 mL/kg/min
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in men; 4.8 mL/kg/min in women) resulted in 56% and 35% decreased risks of developing metabolic
syndrome over two years of follow-up in men and women, respectively. In men, a 4.8 mL/kg/min
increase in VO2 max resulted in a 56% decrease in risk [48]. However, gender differences in the
association between CRF and incidence of metabolic syndrome were not supported by the same group
in their previous study [44].

There are also indications that only high CRF may offer protection against the development of
metabolic syndrome. Laaksonen et al. [26] reported 47% and 75% lower odds of developing metabolic
syndrome among men in the middle and highest tertiles of measured VO2max, respectively, compared
to men in the lowest tertile. However, this association was no longer significant after adjustment for
baseline metabolic risk factors. Similarly, Carnethon et al. [49] reported that only men and women
in the highest 40% of maximal treadmill performance were protected against developing metabolic
syndrome. In contrast, LaMonte et al. [46] reported an independent and progressive decline in the
risk of developing metabolic syndrome with increased CRF for men and women. Specifically, they
reported 20% to 26% lower risks among participants with moderate CRF levels and 53% to 63% lower
risks in the highest CRF categories, when compared to those in the lowest CRF category.

Finally, in the Diabetes Prevention Program trial, 3234 subjects (53% with metabolic syndrome) at
high risk for diabetes were randomized to a lifestyle intervention group or usual care [34]. Those in
the lifestyle intervention group (aerobic exercise 150 minutes per week and nutritional counseling)
achieved a 38% reversal of the metabolic syndrome and a 41% reduction of new onset of metabolic
syndrome. In contrast, treatment with metformin only reduced new cases of metabolic syndrome by
17%. To prevent one case of diabetes during a period of three years, 6.9 persons would have had to
participate in the lifestyle-intervention program, and 13.9 would have had to receive metformin. These
findings suggest that a healthy lifestyle may be more effective in preventing metabolic syndrome than
the anti-hyperglycemic agent metformin.

Synopsis—Cardiorespiratory Fitness and the Metabolic Syndrome

Although physical activity and CRF are often used interchangeably, it is important to recognize
that they are different; physical activity is a behavior and CRF is an attribute. CRF is improved
by activity, but it is influenced by other factors, including genetics. Nevertheless, most sedentary
individuals will improve CRF by following the widely-recognized minimal guidelines on physical
activity. Both CRF levels from observational studies and changes in CRF as a result of 3–12-month
exercise interventions have consistently been shown to improve cardiometabolic risk. In some studies,
a proportion of a study sample no longer meets the criteria for metabolic syndrome after an exercise
intervention that increases CRF. Taken together, cross-sectional studies demonstrate that subjects in
the highest-fit categories exhibit between 5- and 20-fold lower likelihood of having the metabolic
syndrome vs. subjects in the least-fit groups. Longitudinally, subjects in the highest fit groups exhibit
≈40% to as much as 20-fold lower risks of developing the metabolic syndrome. Efforts to improve CRF
should be part of standard therapy for individuals with or at high risk for the metabolic syndrome.

4. Mechanisms Underlying the Metabolic Syndrome and Implications for Physical Activity
and Fitness

4.1. Pathophysiology of Metabolic Syndrome

The underlying cause(s) of the metabolic syndrome are unknown, but it is significantly influenced
by the twin epidemics of diabetes and obesity. Indeed, metabolic syndrome shares diabetes-related
insulin resistance (IR) and dysfunctional adipose fuel handling and central obesity as its core. However,
despite the commonality of traits, many subjects with metabolic syndrome do not display IR [53]
nor do all obese individuals have metabolic syndrome [54,55]. Thus, neither IR nor central obesity
fully explains the pathophysiological features of metabolic syndrome and other factors implicated
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include inflammation, genetics, epigenetics, and circadian abnormalities. As will be discussed further,
enhanced CRF modulates the negative impact of these causative drivers of metabolic syndrome.

4.2. Insulin Resistance

The concept of IR was introduced by Himmsworth in 1936 who showed that diabetes could be
subdivided into two categories—insulin-sensitive and insulin-insensitive types [56]—and this was
later confirmed by Yalow and Berson with the novel measurement of insulin itself [57]. Once clamp
techniques were developed, it was established that IR predominated in type 2 diabetes [58,59] and
that hyperinsulinemia was the best predictor of the development of type 2 diabetes in nondiabetic
individuals [60]. Reaven coined the term Syndrome X, later renamed by others to metabolic syndrome,
to describe the role of IR (i.e., hyperinsulinemia or impaired glucose tolerance) as the driver of
atherosclerotic dyslipidemia, type 2 diabetes, and hypertension [61]. Indeed, elevations of insulin
concentration were shown to prospectively precede the development of these metabolic disorders [62]
and the role of IR in metabolic syndrome was shown to be related to low insulin sensitivity [63]. With
an increasing degree of metabolic syndrome components (i.e., metabolic syndrome score), there is an
increase in fasting glucose, insulin levels, and HOMA IR [64].

During physiological conditions, insulin binds to its receptor leading to tyrosine phosphorylation
of downstream substrates including activation of the phosphoinositide 3-kinase (PI3K) pathway
resulting in recruitment of GLUT4 to mediate glucose transport into muscle and adipose tissue where it
is phosphorylated and either stored as glycogen or metabolized to produce ATP. However, when a state
of compensatory hyperinsulinemia occurs in IR subjects, due to changes in insulin secretion and/or
insulin clearance [65], the ensuing response includes mild forms of glucose intolerance, dyslipidemia
(high triglycerides, low HDL, small dense LDL), and hypertension which is the pathophysiological
construct of the insulin resistance syndrome developed by Reaven leading to increased risk of CVD, as
well conditions such as stroke, polycystic ovary syndrome, non-alcoholic fatty liver disease, cancer,
and sleep apnea [66]. Importantly, according to Reaven, the individual components of the IR syndrome
can occur without IR, and the presence of IR does not have to lead to any of the components of the
syndrome. Interestingly, although IR has been considered the central driver of type 2 diabetes and
metabolic syndrome, an alternative argument places IR as an adaptive biomarker of poor metabolic
health and insulin hyperesponsivness as the root cause [67].

The reason why IR leads to atherogenesis has been attributed to the activation by insulin of the
mitogen activated protein (MAP) kinase pathway which, as opposed to the muted PI3K pathway,
functions normally in IR. Subnormal PI3K-Akt activity leads to a reduction in endothelial nitric oxide
formation and endothelial dysfunction, reduction in GLUT4 translocation, and decreased skeletal
muscle and fat glucose uptake [68]. Concurrently, the persistence of MAP kinase activity results in
augmented expression of endothelin-1 and endothelial adhesion molecules with vascular smooth
muscle cell mitogenesis which leads to vascular abnormalities and increased atherosclerosis risk.

The skeletal muscle mass comprises approximately 40% of total body mass and is the primary
source of insulin-mediated glucose uptake and fatty acid oxidation. The exposure to exercise evokes
adaptation in skeletal muscle in a multitude of signaling pathways, the functional response to
which is determined by training volume, mode of training, intensity and frequency. With persistent
exercise exposure, there is mitochondrial biogenesis, fast-to-slow fiber-type transformation, changes in
substrate metabolism, and angiogenesis. Moreover, a host of myokines are released from active muscles
providing communication throughout the body. Enhanced fitness is associated with high levels of
insulin sensitivity/insulin action. While glucose homeostasis at rest is insulin-sensitive, exercise with
muscle contractions increases glucose uptake from the circulation that is not reliant on insulin. Indeed,
GLUT-4 is responsive to both insulin and muscle contraction independently.

Whatever the role of IR, it is known that exercise augments insulin signaling independent of PI3K
and when skeletal muscles are stimulated by contraction combined with insulin, glucose transport
and GLUT4 translocation are enhanced. Thus, exercise provides a potent means to avert metabolic
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syndrome supported by the results of the Diabetes Prevention Program study [36], where exercise
intervention decreased metabolic syndrome prevalence significantly compared to the control group
throughout the intervention. Interestingly, although both aerobic and resistance training increase
glucose transport and are often additive, these metabolic responses appear to be mediated by different
mechanisms. In at least one study among nonobese young women, the investigators reported that
insulin sensitivity increases in both aerobically-trained and resistance-trained women. However, when
data were expressed per kg of free-fat mass (FFM) the improvement in glucose disposal persisted in
endurance-trained women, whereas no significant change was noted in resistance-trained subjects
or controls. This led to the conclusion that the increased glucose disposal associated with resistance
exercise was the result of the increase in the quantity of lean body mass, without altering the intrinsic
capacity of the muscle to respond to insulin. On the other hand, endurance training enhanced glucose
disposal independent of changes in lean body mass or VO2max, suggestive of an intrinsic change in
the ability of the muscle to metabolize glucose [69].

4.3. Adipose Fuel Metabolism

The metabolic consequences related to an unhealthy lifestyle were proposed in 1923 by
Kylin consisting of a syndrome of hypertension, hyperglycemia, hyperuricemia, and obesity [70].
“Androgenic obesity” contributing to diabetes and CVD was proposed later by Vague in 1940 [71].
The upper-body or abdominal obesity type with hyperinsulinemia, in particular, was proposed as the
primary factor leading to metabolic syndrome and CVD independent of overall obesity [72–74]. Being
a multifunctional organ providing cross-talk between various systems, including the immune and
the cardiovascular systems, this type of abdominal obesity, being the most common manifestation of
metabolic syndrome, has been viewed as a cellular biomarker of dysfunctional adipose tissue [55] or
adiposopathy [75].

Insulin is the major regulator of fuel metabolism in adipocytes and is adversely impacted by
excess caloric intake and inactivity. Hyperinsulinemia is well documented in individuals with obesity
with or without IR and is related to increases in insulin secretion and decreases in insulin clearance
rate [76]. It has been known for some time that insulin insensitivity can cause a distinct biochemical
syndrome with elevated free fatty acids [77] and in metabolic syndrome-prone subjects, relative tissue
hypoinsulinemia results in release of excess free fatty acids, mainly from visceral depots, resulting in
increased liver synthesis VLDL, elevated triglycerides, increased HDL clearance and small dense LDL.
Increased free fatty acid release also causes lR in the liver resulting in increased gluconeogenesis and
hyperglycemia. These metabolic events result in adipocyte fuel malfunction manifested as adipocyte
hypertrophy and ectopic lipid deposition in vital organs such as the liver, pancreas, muscle and
heart. In the pancreas, lipid excess can lead to lipotoxicity which can promote endoplasmic reticulum
stress-mediated β-cell death [78].

Adipose tissue also harbors fat-derived mesenchymal stem cells which experimentally have the
capacity to modify mRNA expression contributing to IR [79]. Moreover, abdominal fat and fat-derived
mesenchymal stem cells are responsive to physical activity; both high-intensity aerobic and resistance
training decrease visceral fat effectively [80] while the molecular expression of fat-derived mesenchymal
stem cells is significantly altered with exercise preventing adipogenesis [81].

4.4. Inflammation

Systemic inflammation has been strongly linked to CVD via multiple immune system biomarkers,
factors also associated with metabolic syndrome. Thus, metabolic syndrome is associated with
pro-inflammatory cytokines such as TNF, IL-beta, and is characterized by chronic systemic low-grade
inflammation manifested by elevated CRP [82]. Chronic inflammation links metabolic syndrome to
IR [83,84] and to CVD via promotion of vascular dysfunction [85]. Adipocyte hypertrophy, abnormal
local blood flow, hypoxia, altered adipokine expression, and local infiltration of immune cells all
conspire to adiposopathy which is infiltrated by macrophages, with elevated TNF and IL-6. Moreover,
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these macrophage-associated adipocytes are undergoing necrosis. A recent finding showed that the
use of the anti-inflammatory agent colchicine significantly improved obesity-associated inflammatory
variables in metabolic syndrome and appeared to be safe [86].

The degree of cardiorespiratory fitness in metabolic syndrome subjects has been shown to
have inverse associations with CRP, IL-6, and IL-18, partially explained by the degree of abdominal
obesity [87]. Using IL-18 as a biomarker of inflammation, aerobic exercise reduced inflammation which
was not observed with resistance exercise despite a similar degree of loss of fat mass in metabolic
syndrome subjects [88].

4.5. Genetics/Epigenetics

Inheritance plays a role in metabolic syndrome and its influence may range from 10% to 30% being
strongest between waist circumference and IR, which has also been documented in twin studies [89].
Techniques such as linkage analysis, candidate gene approach, and genome-wide association (GWAS)
studies have been applied to detect gene variants for metabolic syndrome focusing on loci for individual
components such as obesity, dyslipidemia, hypertension, and diabetes [90]. For example, eight single
nucleotide polymorphisms (SNPs) were associated with the dyslipidemia in metabolic syndrome [91].
In other studies, GWAS associations have shown that transcription factor 7-like 2 (TCF7L2), which is part
of the Wnt signaling pathway, mediates metabolic syndrome trait susceptibility towards developing
diabetes and dyslipidemia [92]. Another example is the caveolin-1 gene (CAV1) variant associated
with IR which is also associated with metabolic syndrome, especially in non-obese subjects [93].

The concept of epigenetics, originally accredited to Waddington, has evolved to specify how gene
activation or silencing influence gene expression without changing the DNA sequence itself and the
epigenome include DNA methylation, histone modification, and various RNA-mediated processes.
The epigenetic expression can be altered during development, during varying nutritional conditions,
and by physical activity. One of the epigenetic mechanisms involves DNA methylation which results
in a methyl group being attached to a cytosine pyrimidine ring and thereby influence gene expression
especially when located in promotor regions. A burgeoning area of inquiry involves DNA methylation
which has been reported to be related to several components of the metabolic syndrome [94] including
an inverse association between levels of methylation and worsening of the metabolic syndrome [95].
Studies assessing global DNA methylation and also assessing methylation at specific genes related
to lipid metabolism appear to be related to causation of the metabolic syndrome [96]. Epigenetic
methylation changes related to physical activity have been reported to occur in the regions regulating
peroxisome proliferator-activated receptor-1α, the master regulator of exercise-muscle activity, and
also impact the adipose tissue response [97–99].

4.6. Circadian Disruption and Metabolic Syndrome

Disrupted diurnal rhythms due to excessive light or shift work can have profound and disruptive
whole-body metabolic effects impacting most hormones that are normally governed by circadian
rhythmicity so it is not surprising that these perturbations can lead to metabolic syndrome conditions
with IR and obesity. Clock genes are expressed in adipose tissue and correlate to metabolic syndrome
parameters [100]. A shortened sleep duration less than 6 hours has been associated with increased risk
of metabolic syndrome and CVD [101] and meta analyses support these associations between sleep
deprivation and risk for metabolic syndrome [102,103]. Moreover, the relationship of shortened sleep
and metabolic syndrome may be dose related [104]. However, a normal sleep pattern decreases the
risk of metabolic syndrome, albeit prolonged sleep appears to be neutral in this regard [105]. Regular
exercise can re-set clock genes and have a salutary impact on clock time which might be another
way to inhibit the metabolic syndrome [106,107]. A complementary medical strategy may be the use
of a sympatholytic dopamine D2 receptor agonist to combat the circadian disruption and improve
metabolic syndrome [108].
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5. Summary

Both single center trials and recent meta-analyses suggest that exercise training, higher CRF, or
both, improve factors that underlie the metabolic syndrome. Among subjects who meet the criteria for
the metabolic syndrome, health outcomes are significantly improved by aerobic or resistance training,
or their combination. In some individuals, an exercise program has been demonstrated to improve
risk markers to an extent that they no longer meet the criteria for the metabolic syndrome. There are
numerous physiological, lifestyle, and genetic factors that account for these salutary effects of physical
activity or formal exercise programs. These include the impact of exercise on insulin resistance, adipose
fuel metabolism, inflammation, and epigenetic factors. Physical activity interventions clearly have a
favorable impact on metabolic disease and the burden it places not only on individuals but also on
health care systems. Incorporating physical activity as an integral part of treatment strategies for the
metabolic syndrome would appear to go a long way toward reducing the adverse health impact of
this condition.
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Abstract: Lifestyle is a well-known environmental factor that plays a major role in facilitating
the development of metabolic syndrome or eventually exacerbating its consequences. Various
lifestyle factors, especially changes in dietary habits, extreme temperatures, unusual light–dark cycles,
substance abuse, and other stressful factors, are also established modifiers of the endocannabinoid
system and its extended version, the endocannabinoidome. The endocannabinoidome is a complex
lipid signaling system composed of a plethora (>100) of fatty acid-derived mediators and their
receptors and anabolic and catabolic enzymes (>50 proteins) which are deeply involved in the control
of energy metabolism and its pathological deviations. A strong link between the endocannabinoidome
and another major player in metabolism and dysmetabolism, the gut microbiome, is also emerging.
Here, we review several examples of how lifestyle modifications (westernized diets, lack or presence
of certain nutritional factors, physical exercise, and the use of cannabis) can modulate the propensity
to develop metabolic syndrome by modifying the crosstalk between the endocannabinoidome and
the gut microbiome and, hence, how lifestyle interventions can provide new therapies against
cardiometabolic risk by ensuring correct functioning of both these systems.

Keywords: endocannabinoids; endocannabinoidome; metabolic syndrome; microbiome

1. Introduction

Diets poor in essential nutritional factors (e.g., dietary fibers or vitamins) and rich in high-calorie
nutrients, lack of exercise, and uncontrolled use of recreational substances or certain therapeutic drugs,
together with other environmental challenges such as recently changed lifestyle habits in populations
living at extreme temperatures or regarding night–day cycles, are all known to negatively affect the
body’s ability to regulate energy metabolism and, hence, contribute to the development of metabolic
syndrome [1]. A plethora of epidemiological studies point to these aspects as major predictors of
various forms of dysmetabolism, including obesity and visceral adipose tissue accumulation [2], glucose
intolerance, pre-diabetes and type 2 diabetes [3], dyslipidemia [4], hypertension [5] and, eventually,
the development of atherogenic inflammation [6] and the ensuing cardiovascular disorders [7].
By contrast, several other studies show how fighting bad dietary habits and the introduction of
some dietary supplements and vitamins, as well as the increase of physical exercise, can successfully
counteract many features of metabolic syndrome [1,8,9].
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At the same time, multifaceted lifestyle aspects are emerging as having a strong impact
on an endogenous system of lipid signals known as the endocannabinoid system and its more
recent expansion to the endocannabinoidome (see below), which play an important role in several
physiological and pathological conditions and, particularly, in the control of energy metabolism and its
dysfunctions [10,11]. Endocannabinoids and endocannabinoidome mediators are ultimately derived
from long-chain fatty acids, and it is therefore predictable that prolonged diets rich in some fatty
acids rather than others can affect the tissue concentrations of these molecules in as much as they
can change the fatty acid composition of phospholipids acting as biosynthetic precursors [12,13].
Additionally, there is evidence that pre- and probiotics can produce beneficial effects partly mediated
by endocannabinoidome mediators, pointing to the possibility that at least some of the numerous
physiological and pathological actions respectively displayed by a healthy or disrupted gut microbiota
(known as dysbiosis) may be due to changes in this complex system of lipid chemical signals, both
at the central nervous system and peripheral tissue level. This seems to be particularly true in the
context of metabolic control in which the intestinal flora, like the endocannabinoidome, is known
to play a major role [14–16]. This evidence is reinforced by the recent finding that some commensal
bacteria produce endocannabinoid-like compounds able to activate the same receptors as their host cell
counterparts [17]. Conversely, in mice, pharmacological or tissue-selective genetic manipulation of the
tissue concentrations and receptor-mediated activity of endocannabinoids and endocannabinoid-like
molecules was found to affect, at the same time, the relative composition in phyla, orders, genera,
and species of microorganisms that populate the intestinal tract as well as the metabolic response to
high-fat diets [18–21]. If one considers that gut microbiota composition is altered by the same dietary
and environmental factors and unhealthy behaviors that affect the endocannabinoid system [20,22–24],
then it is perhaps not so farfetched to suggest that the lifestyle–gut microbiome–endocannabinoidome
triangle plays a crucial role in the development of metabolic syndrome.

In this article, we shall discuss several ways through which lifestyle-induced alterations of the
endocannabinoidome—very often through direct or indirect effects on the gut microbiome (μB; that is
the ensemble of genes, proteins, and metabolites provided by intestinal microorganisms)—can either
worsen or ameliorate energy metabolism in mammals and, hence, influence the development of the
metabolic syndrome.

2. The Endocannabinoidome

The very popular drug of abuse, marijuana, is prepared from the flowers of Cannabis sativa varieties
containing relatively high contents of the non-psychotropic precursor of Δ9-tetrahydrocannabinol
(THC), i.e., Δ9-tetrahydrocannabinolic acid, wherefrom the better known THC is obtained following
desiccation and/or heating. However, Cannabis sativa—including those varieties that have been used
for centuries for their fibers and employed to make ropes and paper—contains more than one hundred
other THC and THC acid-like compounds in the inflorescence. These compounds have little or no
psychotropic action and, together with THC and THC-acid, are known as cannabinoids. The euphoric,
appetite-stimulating, and many other “central” actions of THC, are due to its unique capability to bind
and activate a G-protein-coupled receptor (GPCR), the cannabinoid receptor type-1 (CB1), whereas
another GPCR, the cannabinoid receptor type-2 (CB2), with little more than 50% homology with
CB1 [1,2], is responsible for the immune-modulatory effects of this compound. So far, THC is the only
plant-derived cannabinoid known to be capable of potently and efficaciously activating these receptors
(which is why they should, in our opinion, be renamed “THC receptors”), although a THC congener,
Δ9-tetrahydrocannabivarine (THCV), was more recently shown to antagonize CB1 [25]. The discovery
of cannabinoid receptors suggested the existence of endogenous ligands for such receptors. Two small
lipids ultimately derived from arachidonic acid, N-arachidonoylethanolamine (AEA or anandamide)
and 2-arachidonoylglycerol (2-AG), were indeed identified and shown to be capable of high-affinity
binding to both CB1 and CB2 receptors, stimulating their activity with good efficacy [26,27]. These
molecules were named endocannabinoids (eCBs) [28].
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The eCBs come with their own anabolic and catabolic routes and enzymes, biosynthetic precursors,
and hydrolysis products, which are inactive at cannabinoid receptors. By the turn of the last century, it was
established that AEA is biosynthesized from the hydrolysis of N-arachidonoyl-phosphatidylethanolamines
catalyzed by an N-acyl-phosphatidylethanolamine-specific phospholipase D-like enzyme (NAPE-PLD),
whereas 2-AG is produced from the hydrolysis of 1-acyl-sn-2-arachidonoyl-glycerols (AcArGs), catalyzed
by either sn-1 selective diacylglycerol lipase-α or -β (DAGLα or DAGLβ). AEA is hydrolyzed to
arachidonic acid (AA) and ethanolamine by fatty acid amide hydrolase (FAAH), and 2-AG to AA and
glycerol by monoacylglycerol lipase (MAGL) [29–32]. This ensemble of lipids, enzymes, and CB1 and
CB2 receptors is known as the “endocannabinoid system”. While the enzymes mentioned above are
historically considered to be the canonical ones that regulate endocannabinoid levels, it must be noted
that other pathways have also been identified (see Figure 1B, recently reviewed in [33]). For example,
AEA may be synthesized by the combined action of ABDH4 and GDE1 [34] or PTPN22 [35].

It was soon realized that AEA and 2-AG, like several other lipid mediators, are quite promiscuous
in their pharmacological activity in as much as they were suggested to modulate the activity of other
proteins at concentrations often, but not necessarily, higher than those required to activate CB1 and
CB2. These receptors were later found to often be even better targets for some of the congeners of
AEA and 2-AG, i.e., the long-chain N-acylethanolamines (NAEs) and 2-monoacylglycerols (2-MAGs),
respectively, and include (1) thermosensitive transient receptor potential (TRP) channels, such as
the “capsaicin receptor”, or TRP of vanilloid type-1 (TRPV1), the “menthol receptor”, or TRP of
melastatin type-8 (TRPM8), and the TRP of vanilloid type-2 (TRPV2) channels, as well as the T-type
Ca2+ channel (Cav.3.1); (2) some orphan GPCRs, such as GPR55, GPR110, or GPR119; and (3) peroxisome
proliferator-activated receptor-α and -γ (PPARα and PPARγ) (Figure 1A; recently reviewed in [33].
The eCB congeners, which are biosynthesized using NAPE-PLD or DAGLs from precursors similar to
those of the two eCBs, and inactivated to the respective fatty acids and ethanolamine or glycerol by
FAAH and MAGL, can also be produced and degraded via alternative pathways and enzymes, and,
as mentioned above, this also applies to AEA and 2-AG (Figure 1B). Finally, several other long-chain
fatty acid derivatives have also been identified during the last 15 years, including primary fatty
acid amides and several N-acylated amino acids and neurotransmitters that often share molecular
targets and/or inactivating enzymes with eCBs (Figure 1A,B). These findings led to the definition
of the “expanded eCB system” or endocannabinoidome (eCBome), which includes a plethora of lipid
mediators (including some enzymatic oxidation products of AEA and 2-AG) and tens of proteins
acting as biosynthetic and inactivating enzymes, or molecular targets, for these mediators (recently
reviewed in [33]).

The existence of the eCBome complicates the development of selective pharmacological and
genetic tools to be used for the understanding of the several tissue-specific local functions of the eCBs,
and for the exploitation of this knowledge for the development of new therapies against pathological
conditions in which AEA and 2-AG are involved. On the other hand, if one looks at the eCBome
as a whole and as the potential target of several physiopathological and environmental clues, and
at eCBome profiles as possible personalized fingerprints of disease and responses to lifestyle, this
complex signaling hypersystem, no matter how challenging, may open new therapeutic and diagnostic
avenues. Indeed, as will be discussed below, diet and dietary components, habits, exercise, and the
environment strongly impact on the eCBome—to an extent of which we have had perhaps, so far, only
a partial view.
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Figure 1. Endocannabinoidome mediators and their receptors (A) and anabolic and catabolic
enzymes (B). Interactions are indicated by dark shaded boxes, and anabolic enzymes that function in
concert are grouped together; “X” indicates inhibitory interactions; “a” indicates that enzymes only
function with arachidonoyl homologs. A lighter shade of gray indicates a lower interaction with the
receptors or a lesser role of the enzymes in biosynthesis or degradation.
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3. Dietary Fats and the Endocannabinoidome

In the obese state, the eCB system is modulated at the level of anabolic and catabolic enzyme
activity, endocannabinoid levels, and CB1 receptor expression, resulting in a generally increased eCB
tone “in the wrong place and at the wrong time” [36]. BMI positively correlates with circulating
AEA and 2-AG levels, especially when fat distribution is partitioned more towards intra-abdominal
stores [37–39]. However, the levels of AEA are dysregulated in obesity with respect to responses to
feeding or the time of day as viscerally obese men were found to have significantly lower levels of
AEA in the morning than normoweights [38]. The observed increases in AEA and 2-AG levels appear
to be due to changes in expression of adipose tissue-metabolizing enzymes, as the AEA-catabolizing
enzyme FAAH was decreased and the 2-AG-anabolizing enzyme DAGLα was increased in the
adipose tissue from obese individuals in conjunction with decreased CB1 expression, perhaps as a
homeostatic compensatory response [37,39,40]. Changes in eCBome gene expression within adipose
tissue appear to be depot-specific, however, since gluteal subcutaneous adipose tissue from obese
subjects had decreased eCBome gene expression (including FAAH, DAGLα, and CB1) while abdominal
subcutaneous adipose tissue showed the opposite trend, with visceral adipose tissue similarly having
increased CB1 expression [41].

Obesogenic diets characterized by high fat content are increasingly prevalent in westernized
societies. High-fat diets increase AEA and/or 2-AG levels [12,13]. While N-oleoylethanolamine (OEA),
N-palmitoylethanolamine (PEA), and N-linoleoylethanolamine (LEA) levels are reduced in the jejunum
and/or stomach in response to 1 week [42] or up to 8 weeks [43] of high-fat feeding, prolonged feeding
(14 weeks) increased OEA levels in the stomach concomitant with increased NAPE-PLD and decreased
FAAH expression [43]. In the liver, a high-fat diet increased AEA levels and CB1 signaling, which
contributed to the activation of genetic programs that increase fatty acid production [13]. In a very
recent study in which circulating eCBome levels were tracked over time in mice on a high-fat diet,
AEA, PEA, and N-docosahexanoylethanolamine (DHEA) levels increased rapidly over the course
of a week, while SEA and 2-AG increases became significant only after 4 weeks and, finally, OEA
increased after 10 weeks [44]. While gene expression changes in eCBome enzymes were observed in
muscle and liver tissues, they were transient; however, the expression of the 2-AG anabolic enzyme
DAGLβ was constantly increased in white and brown adipose tissue (BAT) from 4 weeks, while the
NAE anabolic enzyme NAPE-PLD was constantly increased only in the BAT from 3 days on [44]. This
study supports the conclusions inferred from human studies, that adipose tissue is one of the main
regulators of circulating 2-AG in obesity. The potential contribution of BAT (at least in mice) to the
regulation of NAEs was a surprising result, though at least in the case of OEA, it cannot be ruled out
that the intestinal tract is one of the major sources [43].

Changes in eCBome mediator levels in response to high-fat feeding occur very quickly in mice.
Recently, Everard et al. showed that after just 4 h of initial high-fat-diet feeding, jejunal AEA and 2-AG
levels decreased while OEA, 2-OG, 2-LG, and 2-PG levels increased [18], but after 5 weeks of exposure
AEA, LEA increased, as did 2-OG and 2-PG.

In utero or neonatal exposure to dietary perturbations can have long-lasting effects on an individual
and, indeed, the eCBome is significantly impacted by exposure to high-fat diets early on in life with
long-lasting consequences. Maternal high-fat feeding resulted in sustained elevation of CB1/2, FAAH,
and MAGL levels in the livers of adult male rats, with changes in redox homeostasis [45]. Maternal
exposure to high-fat diet also increased CB1 in the male, and CB2 in the female hypothalamus at birth,
while CB1 and FAAH expression were increased, and CB2 and MGLL were decreased in the BAT
of males and females, respectively. Both sexes developed an increased adiposity and preference for
high-fat diets [46].

Dietary linoleic acid (LA) is a major n-6 fatty acid component of Western diets, making up over 80%
of the polyunsaturated fatty acid (PUFA) consumed in the United States [47], resulting in an imbalance
the ratio of n-6/n-3 fatty acids consumed greatly in favor of the former. LA is linked to obesity and
is efficiently converted to the AEA and 2-AG constituent arachidonic acid (AA), thus explaining its
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ability to increase AEA and 2-AG levels and to produce obesogenic effects [48,49]. Indeed, even within
the context of a low-fat diet, high levels of LA increased liver AEA and 2-AG levels, promoting obesity
and associated adipose tissue inflammation [50]. Inclusion of n-3 fatty acids to an LA-rich diet reverses
the latter’s effects on AEA and 2-AG levels [48]. Similar results have been obtained with EPA/DHA n-3
fatty acid-rich krill and, to a lesser extent, fish oil [12,51–53]. Additionally, supplementing young mice
on a lard diet with flax seed oil rich in the n-3 fatty acid α-linolenic acid significantly decreased liver
AEA levels and improved glucose homeostasis after a subsequent 10 weeks on a high-lard diet [54].
These effects are believed to largely be the result of decreasing the n-6/n-3 PUFA ratio, which results
in AA displacement from phospholipid membranes, thus reducing the amounts of the biosynthetic
precursors of AEA and 2-AG. In support of this, n-3 PUFAs provided as phospholipids, rather than
free fatty acids, result in more significant decreases in eCB levels [12,52]. Correspondingly, decreasing
n-3 PUFA phospholipid content increased 2-AG liver levels and promoted hepatosteatosis and insulin
resistance [55].

These data suggest that some of the therapeutic properties against metabolic disorders
(such as against high triglycerides) of n-3 fatty PUFA may be ascribed to a reduction of eCB
overactivity, and this has also been suggested to be the case in obese humans [53]. However,
the metabolic benefits of dietary n-3 PUFAs may also result from the elevation of n-3 PUFA-derived
NAEs (DHEA, N-eicosapentaenoylethanolamine (EPEA)), which has been observed in several
tissues and blood [52,56,57], as well as of the corresponding monoacylglycerols [58] and other
monoacylamides [59], which possess anti-inflammatory and anticancer actions and potential
cardiometabolic- and neuroprotective effects independent of cannabinoid receptors [60–63]. A recent
study comparing DHA and EPA supplementation in diet-induced obese mice and type 2 diabetic
patients found significantly increased levels of DHEA and EPEA in both circulation and adipose tissue,
but decreases in AEA and 2-AG were only observed in mice [64]. Of note, this study by Rossmeisl et al.
utilized n-3 PUFAs as triglycerides; however, when provided mostly as phospholipids (from krill
powder) to obese men, circulating AEA levels were reduced along with triglycerides [53].

Gut microbes (collectively termed the microbiome (μB)), are not a group of commensalist
microorganisms living within animals but, rather, many are mutualists, benefiting the host in a variety
of ways such as aiding in energy harvesting and digestion, modulating the immune system, and
influencing many aspects of metabolic health, including weight, adiposity, and lipid and glucose
metabolism [65]. The μB responds quickly to dietary interventions [66], and westernized diets are
linked to dysbiosis (an imbalance of microbial communities) and associated with obesity, which is
generally characterized by decreased bacterial diversity with an increase in the Firmicutes/Bacteroidetes
phyla ratio [67,68]. Alterations in the μB are associated with other aspects of metabolic syndrome,
including dyslipidemia, hypertension, and insulin resistance (reviewed extensively in [69–72]), and
their consideration for the development of targeted therapies for “precision health” plans has recently
been suggested for diabetes [73,74]. Like the eCBome, the gut μB is modified by dietary fatty acids,
including supplementation with n-3 fatty acids from fish oil and krill oil [22,75,76]. Although few
studies have assessed the effects of α-linolenic acid, at least one clinical trial has indicated that
α-linolenic acid-rich oils can modify the μB at the genera level [77].

In the study by Everard et al. discussed above, the chronic high-fat-diet-induced changes in
the jejunum eCBome lipid levels were associated with significant alterations in the gut μB, with the
proportions of 19 bacterial genera identified as being significantly modified [18]. The same group
had previously shown that 4 weeks of high-fat-diet feeding increased 2-AG levels in the ileum which
was also associated with an altered μB [78]. High-fat-diet-induced μB changes were associated with
increased CB1 expression in the colon whereas FAAH was increased in the jejunum [79]. Thus,
it appears that μB alterations in response to high-fat diets impacts upon the intestinal eCBome directly
which, under obesity-inducing conditions, increases gut barrier permeability, subsequently resulting
in increased circulating bacterially derived lipopolysaccharide (LPS) that subsequently modulates
adipose tissue eCBome and functionality (reviewed in [80]).
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4. Dietary Fiber and Prebiotics: Improving Gut Barrier Function through the Endocannabinoidome

The health benefits of dietary fiber have been extensively studied and reviewed, and there is little
doubt that higher fiber is beneficial for cardiovascular disease, supporting prevalent recommendations
that fiber intake be increased in order to maintain a healthy diet [81]. The positive effects of fiber
on obesity and metabolic syndrome are believed to be intimately linked to alterations of the gut
μB [23,82]. Increasing attention is being paid to “prebiotic” fiber, which is non-digestible by the host
but is metabolized by gut microbiota, resulting in an alteration of the composition and/or activity of
the μB, producing bioactive metabolites (such as short-chain fatty acids) that provide physiological
benefits to the host [83].

One of the main positive effects of prebiotics is in regulating intestinal epithelial barrier permeability,
in which short-chain fatty acids play a crucial role. The term “leaky gut” has been used to
describe the phenomenon in which the tight junctions within the intestinal epithelial lining are
compromised, leading to the movement of bacterially derived LPS into circulation, resulting in
metabolic endotoxemia-induced inflammation that is associated with obesity [84,85]. Supplementing
the diets of genetically (ob/ob) or diet-induced obese mice with the prebiotic oligofructose increases
Bifidobacterium species and Akkermansia muciniphila in association with improved gut barrier function
and decreased inflammation [79,86,87]. Similarly, women with type 2 diabetes who were given
oligofructose-enriched inulin (10 g/day) for 8 weeks had significantly lower circulating levels of LPS and
other inflammatory markers, along with decreased fasting glucose and glycosylated hemoglobin [88].
Finally, administration of pasteurized A. muciniphila improved insulin sensitivity and reduced total
plasma cholesterol levels [89].

The eCBome has been found to regulate intestinal permeability. Using the same genetic model
discussed above (ob/ob mice), Muccioli et al. showed that CB1 antagonism partially rescued tight
junction integrity within the intestinal epithelium and reduced plasma LPS levels, while CB1 agonism
in wild type mice increased gut permeability [79]. Further, blocking CB1 activity in mice on an
obesity-inducing diet not only inhibited the development of obesity and improved glucose homeostasis,
as expected, but also decreased intestinal permeability as evidenced by reduced circulating LPS levels
in association with decreased adipose tissue inflammation and circulating inflammatory cytokine
profile, indicating a decrease in systemic inflammation [21]. Importantly, these changes were observed
in conjunction with an increase in the relative amounts of intestinal A. muciniphila and decreased
Lachnospiraceae. The reduction in metabolic endotoxemia induced in ob/ob mice fed oligofructose
correlated with decreased colonic CB1 expression and AEA levels, with the latter presumably due to
increased expression of the AEA catabolic enzyme FAAH [79]. Thus, CB1 regulation of gut permeability,
under the influence of the μB, is another mechanism by which CB1 regulates inflammation in addition
to direct proinflammatory effects such as, for example, the stimulation of proinflammatory cytokine
release from macrophages, which has developmental consequences for type 2 diabetes [90,91]. These
results collectively support the notion that the cardiometabolic health effects of dietary prebiotic fiber is
associated with alteration of the gut microbiota and intestinal eCBome, resulting in decreased intestinal
permeability and the ensuing metabolic endotoxemia/systemic inflammation.

5. TRPV1: Linking the Endocannabinoidome to the Metabolic Benefits Attributed to Spicy Food

The consumption of spicy food has been associated with overall decreased mortality and
significant reduction in hazard ratios for deaths caused by ischemic heart diseases and, in the case
of the consumption of fresh chili peppers, reduced diabetes [92]. Capsaicin is the active component
endowing chili peppers with their spiciness, due to activation of transient receptor potential vanilloid-1
(TRPV1) cation channels. TRPV1 channels primarily respond to noxious heat (>42 ◦C), but are also
modulated by several eCBome members (including long-chain-saturated NAEs, monoacylglycerols,
N-acyldopamines, and N-acyltaurines) [33]. Several human studies have indicated the various
metabolic benefits of dietary capsaicin, which improved postprandial glucose handling in both
healthy individuals and overweight individuals and women with gestational diabetes [93–95]. While
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a meta-analysis of capsaicin studies supported the positive effects of this dietary component on
energy expenditure and appetite regulation, the overall effects were very small and more evident
at high doses [96]. In rodent models, oral capsaicin is able to combat diet-induced obesity, insulin
resistance, and hepatosteatosis [97]. The positive metabolic effects of capsaicin appear to be mediated
by both TRPV1 and PPARα [97,98]. However, the role of TRPV1 in obesity and associated side
effects—especially dysregulation of glucose homeostasis—is complex, as indicated by contrasting
results from Trpv1−/− mice in diet-induced obesity, in which both beneficial [99] and detrimental [100]
effects have been observed. These differences may be due to variations in the diets used between
studies or the ages of the mice, as Trpv1−/− mice have been shown to have increased activity at young
ages, but decreased activity at older ages, in association with increased weight gain [100,101].

Capsaicin and TRP channels have also been linked to the gutμB. The antiobesity effects of capsaicin
have been associated with changes in the gut μB, including also increases in A. muciniphila [20,102,103].
The gut μB appears to have a causative role in mediating capsaicin antiobesity effects as gut
μB transplantation from capsaicin-treated to germ-free mice replicated the capsaicin-dependent
antimetabolic endotoxemia effects, which were mitigated by antibiotics in capsaicin-treated mice [104].
These changes were defined by decreases in lipopolysaccharide (LPS)-producing, gram-negative
bacteria and LPS biosynthetic genes, and increases in short-chain fatty acid (SCFA)-producing bacteria,
such as Lachnospiraceae, Ruminococcaceae, and Roseburia, as well as decreased colonic CB1 expression [104].
Accordingly, TRPV1 has been suggested to counteract increased intestinal permeability in vitro [105].
Most interestingly, in a human study, different μB enterotypes (different gut μB ecosystems) of
participants were associated with the extent of capsaicin-mediated positive metabolic effects. Capsaicin
increased the Firmicutes/Bacteroidetes ratio and Faecalibacterium abundance more prevalently in
participants with the Bacteroides enterotype than the Prevotella enterotype, in combination with
increased serum incretin (GIP and GLP-1) levels, which stimulate insulin production, and decreased
LBP, which was assessed as a marker of inflammation [106]. As in the case of eCBs and CB1 receptors,
also the communication between TRPV1 and the gut μB seems to be bi-directional. In fact, the visceral
antinociceptive effects of the probiotic Lactobacillus reuteri has been attributed to inhibition of TRPV1
activity in mesenteric neurons [107], indicating also that the eCBome may play a significant role in
mediating the activity of microbial influences on the gut–brain axis, at least with respect to pain.

6. Sunlight Effects on the Endocannabinoidome: A Role for Vitamin D?

Vitamin D deficiency represents a global health issue, with over a billion people being deficient [108],
largely due to inadequate sun exposure. Yet, significant levels of deficiency still occur in populations
living in areas of abundant sunlight [109]. Vitamin D is found only in a few foods and is thus a
common dietary supplement recommended by health authorities, especially in winter months [110].
Several aspects of the metabolic syndrome are associated with vitamin D deficiency, including obesity,
dyslipidemia, insulin resistance, hepatosteatosis, and hypertension [111]. The causal role of vitamin
D in the pathophysiology of these aspects of the metabolic syndrome is not known, but the gut μB
also appears to play a significant role. In a mouse model of diet-induced obesity, vitamin D deficiency
aggravated high-fat-diet-induced insulin resistance and hepatosteatosis along with inflammation.
These results occurred in conjunction with mucosal breakdown within the ileum, endotoxemia
and dysbiosis with increased levels of pathogenic Helicobacter hepaticus, and decreased levels of
the metabolically beneficial A. muciniphila [112]. Vitamin D receptor knockout mice also develop
dysbiosis, exemplified by an alteration in the ratio of Bacteroidetes/Firmicutes phyla with increases in
Lactobacillaceae and Lachnospiraceae families [113]. However, while the mechanisms remain to be
determined, UVR has recently been found to alter the mouse gut μB independently of vitamin D [114].

Endogenous vitamin D is produced upon UV irradiation of 7-hehydrocholesterol in skin, which is
then further metabolized, mostly in the liver and kidney, to produce bioactive 1,25-dihydroxyvitamin
D3 [115]. The skin contains not only 2-AG and AEA, but also several other NAEs in both the dermis
and epidermis [116]. Whether the skin provides a significant source of circulating eCBome mediators
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remains to be determined. However, in vitro exposure of melanocytes to low doses of UVB upregulates
CB1 mRNA expression and increases the levels of AEA, PEA, and 2-AG in keratinocytes [117]. Further,
6 weeks of cutaneous UV exposure increased circulating 2-AG levels in both light- and dark-skinned
people, without significantly altering NAEs [118]. This finding was in apparent contrast to results
obtained earlier by Magina et al., who found that in psoriasis patients, whole-body narrowband UVB
therapy resulted in a decrease in AEA plasma levels without affecting 2-AG [119]. The differences
in these results may have been due to a variety of factors, including the fact that the employed
UV radiation regimens differed between the studies and that Madina et al. studied effects only in
psoriasis patients.

Vitamin D deficiency in mice increased pain sensitization and decreased CB1, but increased
CB2 and PPARα in the spinal cord along with increased AEA and DHEA [120]. In the colon,
2-AG was significantly decreased together with microbial diversity, leading to an increased
Firmicutes/Bacteroidetes ratio and lower levels of A. muciniphila. Treatment of vitamin D-deficient
mice with the PPARα agonist and AEA congener, PEA, reversed the observed pain sensitization in
conjunction with an increase in the levels of several microbial genera, including A. muciniphila [120].

Taken together, these studies suggest that sunlight exposure, and the elevation in vitamin D levels
that results from it, modify the eCBome as well as theμB. Whether there is a link between the two remains
to be determined. For this reason, and given that these alterations are associated with μB changes that
are believed to impact on metabolic health, such as increased Firmicutes/Bacteroidetes ratios and the
presence of low A. muciniphila levels, it will be interesting to investigate if μB–eCBome crosstalk plays a
significant role in regulating obesity and associated metabolic complications downstream of vitamin D.

7. Effects of Exercise on the Endocannabinoidome

Exercise is the second pillar, together with the diet, which maintains metabolic health. Viscerally
obese men who underwent a lifestyle modification program that included the addition of regular
exercise for one year had significant improvements in several metabolic parameters as well as reduced
circulating 2-AG and, to a lesser extent, AEA levels [121]. These latter alterations were very likely
associated with decreased adiposity. However, while physically active men have higher lymphocyte
FAAH activity than sedentary controls, suggesting higher eCBome tone within these cells, basal
circulating levels of AEA, PEA, and 2-AG were not found to be different from those of sedentary
males [122]. By contrast, in a study of normoweight and obese women whose activity was tracked
over 6 days, while 2-AG was associated with BMI, as expected, AEA and OEA levels were positively
associated with moderate–vigorous physical activity [123].

In contrast to the scarcity of data on the effects of chronic physical activity on basal eCBome
mediator levels, much more research has been conducted on their response to acute exercise. Many
studies have shown that physical activity quickly increases circulating AEA, but not 2-AG, levels in
humans ([124–126] and reviewed in [127]). However, a recent study found that 2-AG, and not AEA,
increased after exercise [128], and this discrepancy with previous studies may be due to the fact that
the participants fasted before exercising. Interestingly, AEA increases only appear in response to
medium-intensity exercise [124]. Heyman et al. showed that similar to AEA, PEA and OEA also
increase during and after exercise and, in fact, are more responsive to lower intensity exercise than
AEA [126]. The source of these eCBome mediators remains to be determined. However, in rats, exercise
alters the levels of many NAE metabolic enzymes within the adipose tissue [129]. It has been suggested
that AEA and related NAEs exert positive metabolic effects in muscle, such as improving glucose
uptake and mitochondrial activity by acting at the PPARγ and TRPV1 eCBome receptors [127]. Further,
exercise may modulate AEA levels directly in muscle, as has been found in the extensor digitorum
longus muscles of rats [129].

Several physiological mechanisms by which exercise affects mood have been proposed, including
increasing endorphins, altered mitochondrial function, and thermogenesis, as well as modulation of
the endocannabinoid system [130]. The notion that increased AEA levels may be, in part, responsible
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for feelings of euphoria associated with exercise is supported by the finding in mice that exercise
increased AEA and OEA, but not 2-AG or PEA, levels in association with decreased GABAergic neuron
CB1-dependent anxiety [131]. In fact, exercise also increases eCB tone in the brain. Mice with free
access to a running wheel for 8 days had increased AEA levels and CB1 binding site density in the
hippocampus [132]. Furthermore, wheel running in mice results in potentiated CB1 activity within
the striatum, playing a protective role against stress [133], which does not appear to be simply due to
increased CB1 expression, as chronic exercise does not alter the levels of this receptor in any part of the
brain [134]. Similarly, a recent study showed that singing increased circulating AEA, PEA, and OEA
levels in association with improved positive mood [135]. In the same study, the effects of 30 min of
cycling were also examined, and significantly increased OEA levels were observed, while AEA and PEA
only showed trends towards increases. The lack of statistical increases in AEA, commonly observed in
other studies, may have been due to the intensity of the cycling or the relatively small sample size.
Further, exercise addicts, which have increased negative mood in response to exercise deprivation, also
have lower basal circulating AEA levels than non-addicted regular runners, and exercise withdrawal
and reintroduction only decreases and increases AEA levels, respectively, in non-addicts [136]. The lack
of response of AEA in exercise addicts suggests that perhaps their increased amount of exercise is a
homeostatic attempt to increase eCB tone.

Recent evidence indicates that exercise and the μB interact with each other (reviewed in [24]).
Germ-free mice have decreased exercise performance as compared to conventional controls, and
reintroduction of a single bacterial species (Bacteroides fragilis) partially reversed this [137]. While
the sample sizes were small, Petriz et al. found that moderate exercise differentially changes
the μB in wild type Wistar, obese Zucker, and spontaneously hypertensive rats, suggesting that
exercise-induced changes in the μB may be dependent on the metabolic state of the host organism [138].
Similarly, high-intensity interval training of high-fat-diet-fed mice altered the μB differentially
along the gastrointestinal tract with the most significant changes found in the distal regions [139].
Interestingly, exercise reversed the high-fat-diet-induced decrease in microbial diversity and the
Bacteroidetes/Firmicutes ratio, which are indicative of obesity [139]. Furthermore, fecal microbiota
transplant from exercised mice to mice on a high-fat diet resulted in improved metabolic parameters,
suggesting that that μB can confer, at least in part, the benefits of exercise [140]. However, a more recent
study found that high- or medium-intensity training had no effect on the μB of obese Zucker rats [141].
In humans, studies on professional rugby players found that theirμBs were more diverse than sedentary
controls and produced more short-chain fatty acids, though these changes were also associated with
dietary differences [142,143]. However, other studies have found that independent of diet or BMI,
higher levels of cardiorespiratory fitness correlated with higher μB diversity and short-chain fatty acid
production [144]. Similarly, independent of diet, six weeks of endurance exercise in overweight women
significantly altered the μB of participants with an increase in A. muciniphila [145], which has been
shown to increase the levels of eCBome monoacylglycerols, including 2-AG [87] and, as mentioned
above, to be regulated by both CB1 and TRPV1 activity [21,103]. To date, no studies have examined the
potential link between the eCBome, exercise, and the gut μB. However, given that activities of several
eCBome receptors (CB1, TRPV1, PPARα) have been linked to μB changes [21,103,146], it is possible
that their modulation through exercise-induced changes in eCBome mediator levels may play a role in
exercise-induced changes in the μB, or vice versa.

8. Cannabis Use and Metabolic Health

The principal psychoactive component of marijuana/cannabis (THC), one of the most commonly
used recreational drugs the world over, acts mainly through CB1 activation (reviewed in [25]). Given
the strong association of CB1 and its ligands AEA and 2-AG with several aspects of metabolic syndrome
and obesity in general [10], it is somewhat counterintuitive that cannabis use is generally associated
with an improved metabolic phenotype. Analysis of the NHANES survey from 2005–2010 found
that current and past cannabis use is generally associated with significantly lower odds of metabolic
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syndrome [147]. Combined examination of two large epidemiological studies (NESARC and NCS-R)
concluded that chronic cannabis users had significantly decreased adjusted prevalence rates of obesity,
from 22%–25% in non-users to 14%–17% in users [148]. A very recent prospective analysis of NESARC
data supports the above, finding that cannabis use is inversely associated with BMI increases over
3 years [149]. Several large studies have also shown inverse associations between cannabis and
diabetes [150–152], which were corroborated by a Swedish study involving 18,000 participants, though
the observed protective effects on diabetes were attenuated when adjusted for age [153]. Interestingly,
these associations, observed in large heterogeneous populations, are also observed in Inuit from
the Canadian north, a relatively isolated ethnic group in which the decreased weight associated
with cannabis use was found to account for an association with improved glucose metabolism [154].
Cannabis use is also associated with reduced prevalence of both alcoholic and non-alcoholic fatty
liver disease [155,156]. It should be noted that cannabis use is not always associated with positive
metabolic outcomes; among individuals with type 1 diabetes, it is correlated with an increased risk in
ketoacidosis [157], subclinical atherosclerosis (but only among cigarette smokers) [158], and mortality
in patients with myocardial infarction, despite having lower rates of diabetes and hyperlipidemia [159].

The positive metabolic effects of cannabis have been attributed to the downregulation of CB1 in
response to chronic cannabis use/THC exposure. Post-mortem analysis of chronic cannabis users’ brains
found decreased CB1 (CNR1) mRNA and ligand-binding in several brain regions [160], and in vivo
positron emission tomography (PET) imaging similarly showed globally decreased CB1 availability
compared to controls [161]. Chronic THC administration to rats decreases 2-AG and AEA levels in the
striatum, but increases AEA levels in the limbic forebrain [162], and in chronic cannabis users, AEA
levels are decreased in cerebrospinal fluid while 2-AG levels are increased in the serum as compared to
infrequent users [163]. The mechanism by which eCB levels were altered in these studies are unknown;
however, ex vivo treatment of placental explants with THC for long (72 h) but not short (24 h) periods
of time increased AEA levels, concomitant with a counterintuitive decrease in NAPE-PLD levels
and a trend for increased FAAH levels [164]. In hepatocytes, THC increased both AEA and 2-AG
levels, presumably by blocking the activity of fatty acid binding protein 1 (FABP1), which can act as
an eCB “chaperone”, allowing eCB enzymatic degradation [165]. While THC does not appear to be
able to inhibit eCBome catabolic or anabolic enzymes, several other phytocannabinoids do, though at
relatively high concentrations [166], suggesting that their combination within cannabis may contribute
to its ability to alter eCBome mediator levels.

In agreement with epidemiological studies, chronic THC administration to mice inhibited the
development of obesity in response to a high-fat diet [167]. However, other cannabis-produced
phytocannabinoids are also able to elicit positive metabolic effects. Delta-9-tetrahydrocannabivarin
(THCV) is a CB1 antagonist and cannabidiol (CBD) is a CB1 negative allosteric modulator,) and both
are TRPV1 agonists as well as acting on other receptors (reviewed in [25]). THCV markedly improved
glucose metabolism in genetically, and diet-induced obese mice [168] and as did CBD in a genetic
model of type 1 diabetes [169] Similarly, a clinical study found decreased fasting glucose levels in
participants treated twice per day with 5 mg of THCV [170], whereas both THCV and CBD reduced
hepatic triglyceride content in genetically obese mice [168,171].

More than 25% of non-antibiotic drugs induce dysbiosis of the μB [172]. There is limited evidence
that cannabis use can modulate the gut μB. To date, only two studies have investigated the effects
of cannabis use on the human gut μB. Panee et al. assayed the stools of 19 lifetime cannabis users
and 20 non-users for the relative abundance of only two specific genera, Prevotella and Bacteroides,
given that they are main determinants of human enterotypes [173]. They found that non-users had
an average 13-fold higher Prevotella/Bacteroides ratio than cannabis users, which has been associated
with plant-based as compared to animal-based diets [174]. This raised the possibility that the observed
changes were attributed to alterations in the diets of users vs non-users, consistent with observations
that cannabis users consume fewer fruits and more animal products and have higher caloric intake but,
paradoxically, have similar nutrient serum status and lower BMIs than non-users [175]. In a second
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study, archived anal swabs were used to assess the μBs of HIV-positive individuals [176]. Cannabis
use in these individuals was also associated with alterations in bacterial populations, including a
decreased abundance of Prevotella as well as Acidaminococcus and Dorea, the latter two of which have
been associated with obesity [177,178], along with increased abundances of other genera. The role of
the Prevotella genus in metabolic health is complicated, due likely to the genetic diversity between
individual species and, thus, several conflicting studies exist on its association with obesity, diabetes,
and NAFLD, while others report positive correlations with improvements in various metabolic
parameters (recently reviewed in [179]).

Chronic treatment with THC reduced weight and fat mass gain as well as energy intake
in diet-induced obese but not lean mice, in association with alterations in the gut μB, which
included increased levels of A. muciniphila and inhibition of the obesity-induced shift in the
Firmicutes/Bacteroidetes ratio [167]. In an experimental autoimmune encephalomyelitis mouse
model meant to mimic multiple sclerosis, a combination of the phytocannabinoids THC and CBD
attenuated the induced inflammation and disease scores and significantly modulated the μB, decreasing
the levels of A. muciniphila [180]. Fecal material transplantation confirmed that the protective effects
were mediated by changes in the μB. Further unpublished data suggest that THC-mediated effects on
the μB may be due, in part, to alterations in the host immune system, which has a complex interaction
with the μB throughout a host’s lifespan [181].

It is still unclear if the modulation of the μB by THC is dependent on CB1 activity. However,
inhibition of CB1 with the inverse agonist rimonabant alters the μB composition of diet-induced obese
mice, including increasing A. muciniphila in conjunction with metabolic parameter improvements [21].
Further, an adipose tissue-specific knockout of a major NAE anabolic enzyme, NAPE-PLD, which
reduced local OEA, PEA and SEA, but not AEA levels, inhibited adipose tissue browning, and
led to increased weight gain, glucose intolerance, and dyslipidemia in addition to exacerbating
diet-induced obesity [19]. These effects were associated with an alteration in the gut μB which when
transferred to germ-free mice, partially reproduced the phenotype, and are therefore likely to be
CB1-independent, as the affected NAEs are ligands for other eCBome receptors, including TRPV1,
which, as indicated above, impacts upon metabolic health, at least in part through alteration of the μB.
Taken together, the above studies indicate that cannabis use—through its psychoactive constituent,
THC, and non-psychoactive phytocannabinoids—potentially impacts upon metabolic health, in part
by modulating μB constituents.

9. Conclusions

In summary, we have reviewed several examples of how the lifestyle–eCBome–μB triangle, with
its multifaceted aspects, is likely to play a fundamental role in both metabolic health and metabolic
syndrome (Figure 2). It is likely that several healthy and “bad” lifestyle habits, in synergy with
other environmental factors, independently affect both eCBome signaling and the μB, and hence
help in determining their correct or defective control of energy metabolism, respectively. It is also
possible, however, that eCBome and μB crosstalk—which has not yet been fully explored—directs the
manner in which lifestyle cues result in virtuous or vicious circles that can respectively counteract or
accelerate the development of metabolic syndrome. The molecular aspects of the lifestyle–eCBome–μB
triangle, therefore, need now to be fully elucidated in order to exploit this knowledge for new lifestyle
(e.g., nutritional, physical activity, etc.) and pharmacological interventions aimed at combating
the appearance of one or more of the metabolic syndrome features that together contribute to the
development of type 2 diabetes and cardiovascular risk factors.
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Figure 2. The endocannabinoidome–microbiome axis as a mechanism through which lifestyle choices
affect various aspects of metabolism, which in turn may lead to the metabolic syndrome when
dysregulated. This can, in turn, impact on both endocannabinoidome and microbiome-mediated
signaling and, ultimately, also on lifestyle, thus creating potential vicious circles.
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Receptors
Cav3 T-type Ca2+ channel
CB1 cannabinoid receptor 1
CB2 cannabinoid receptor 2
GPR110 G protein-coupled receptor 110
GPR119 G protein-coupled receptor 119
GPR18 G protein-coupled receptor 18
GPR55 G protein-coupled receptor 55
PPARA peroxisome proliferator-activated receptor alpha
PPARG peroxisome proliferator-activated receptor gamma
TRPV1 transient receptor potential cation channel sub-family V member 1
TRPV4 transient receptor potential cation channel subfamily V member 4
Anabolic enzymes
AANATL2 arylalkylamine N-acyltransferase-like 2, isoform A
ABHD4 alpha/beta-hydrolase domain containing 4
DAGLA/B diacylglycerol lipase alpha/beta
GDE1 glycerophosphodiester phosphodiesterase 1
GLYATL3 glycine N-acyltransferase-like protein 3
LPA-Phos lysophosphatidic acid phosphatase
Lyso-PLC lysophospholipase C Lyso-PLC, lysophospholipase D
NAPEPLD N-acyl phosphatidylethanolamine-hydrolyzing phospholipase D
PA-phos. hyd. phosphatidic acid phosphohydrolase
PLA1A phospholipase A1 member A
PLC phospholipase C
PLCB phospholipase C beta
PTPN22 tyrosine protein phosphatase non-receptor type 22
sPLA2 soluble phospholipase A2.
Catabolic enzymes
ABHD12 alpha/beta-hydrolase domain containing 12
ABHD6 alpha/beta hydrolase domain containing 6
COMT catechol-O-methyltransferase
COX2 cyclooxygenase 2
CYP450 cytochrome P450
FAAH fatty acid amide hydrolase
LOX12/15 arachidonate lipoxygenase 12/15
MAGK monoacylglycerol kinase
MGLL monoacylglycerol lipase
NAAA N-acylethanolamine-hydrolyzing acid amidase
PAM peptidyl-glycine α-amidating monooxygenase
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Abstract: We assessed the relationship between a healthy lifestyle and the subsequent risk of
developing metabolic syndrome. The “Seguimiento Universidad de Navarra” (SUN) Project is a
prospective cohort study, focused on nutrition, lifestyle, and chronic diseases. Participants (n = 10,807,
mean age 37 years, 67% women) initially free of metabolic syndrome were followed prospectively for
a minimum of 6 years. To evaluate healthy lifestyle, nine habits were used to derive a Healthy
Lifestyle Score (HLS): Never smoking, moderate to high physical activity (>20 MET-h/week),
Mediterranean diet (≥4/8 adherence points), moderate alcohol consumption (women, 0.1–5.0 g/day;
men, 0.1–10.0 g/day), low television exposure (<2 h/day), no binge drinking (≤5 alcoholic drinks
at any time), taking a short afternoon nap (<30 min/day), meeting up with friends >1 h/day,
and working at least 40 h/week. Metabolic syndrome was defined according to the harmonizing
definition. The association between the baseline HLS and metabolic syndrome at follow-up was
assessed with multivariable-adjusted logistic regressions. During follow-up, we observed 458 (4.24%)
new cases of metabolic syndrome. Participants in the highest category of HLS adherence (7–9 points)
enjoyed a significantly reduced risk of developing metabolic syndrome compared to those in the
lowest category (0–3 points) (adjusted odds ratio (OR) = 0.66, 95% confidence interval (CI) = 0.47–0.93).
Higher adherence to the Healthy Lifestyle Score was associated with a lower risk of developing
metabolic syndrome. The HLS may be a simple metabolic health promotion tool.

Keywords: healthy lifestyle score; metabolic syndrome; SUN cohort

1. Introduction

Metabolic syndrome (MetSyn) is characterized by the clustering of several metabolic abnormalities
frequently observed in clinical practice: Abdominal obesity, dyslipidemia, hyperinsulinemia, impaired
fasting glucose, and high blood pressure, according to the International Diabetes Federation,
the American Heart Association, and the National Heart, Lung, and Blood Institute harmonizing
definition [1]. In a prospective cohort study done on middle-aged healthy men, MetSyn was associated
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with cardiovascular disease and mortality, and a published meta-analysis of longitudinal studies
revealed an association between MetSyn and a higher risk of developing type 2 diabetes mellitus,
cardiovascular disease, atherosclerosis, and higher all-cause mortality [2,3]. Due to the existence of
different definitions for diagnosing this syndrome, prevalence estimates vary. However, it is accepted
that the prevalence of MetSyn generally increases as body mass index and age increase [4]. In developed
countries, the prevalence of MetSyn is about 25% of the adult population [5–7], and its incidence
has been increasing over the last years. In Spain, MetSyn prevalence reached 10% in 2005 [8], and it
increased to over 30% by 2012 [9]. Genetics cannot explain these differences alone, and environmental
influences play an important role.

Several articles have shown the association between different lifestyle habits and the risk of
developing MetSyn according to the harmonizing definition. In this context, eating habits are
considered modifiable determinants of MetSyn. Prospective studies (that included participants who
were young–middle-aged adults and that considered the harmonizing definition of MetSyn) and
a systematic review (that evaluated studies with adults >18 years and that considered the ATPIII
definition) analyzing nut consumption, sweet beverages, or adherence to Mediterranean diet patterns,
as well as a meta-analysis on this topic (that worked with trials including adults >29 years and used
the ATPIII criteria) have proven this association [10–13]. In a prospective study from the “Seguimiento
Universidad de Navarra” (SUN) (that included young–middle-aged adults and used the harmonizing
definition of MetSyn), physical activity was significantly associated with a lower risk of developing
MetSyn [14], whereas, according to a meta-analysis (that analyzed studies whose participants were
young–middle-aged adults and that used the MetSyn criteria proposed by the WHO, ATPIII, modified
ATPIII, and ACE/AACE) and a longitudinal population-based study (that analyzed 43-year-old adults
and used the IDF definition), active smoking and time spent viewing TV were associated with higher
risks of MetSyn [15,16]. Several studies evaluating middle-aged adults and using the AHA definition,
as well as studies in people who were overweight or obese, have evaluated the effect of the combination
of classical healthy life factors on MetSyn (smoking, drinking, dietary habits, and physical activity)
with more complex nutritional indexes and have reported them to be significantly associated with
MetSyn [17,18]. These previous articles worked with middle-aged adults.

In conclusion, classic healthy lifestyle habits have proven to reduce the risk of developing MetSyn.
In a recent longitudinal study conducted in 2017 in the SUN cohort [19] (in young–middle-aged

adults), a new Healthy Lifestyle Score (HLS) was associated with a significant reduction in
cardiovascular disease (CVD). This HLS basically included the traditional cardiovascular healthy
lifestyle factors (i.e., tobacco, alcohol, diet, and physical activity), and it also took into account other
modern life habits including time spent watching television, binge drinking, napping, social life with
friends, and number of hours spent working.

Therefore, since it is well known that the MetSyn is a risk factor for CVD, an important question
from a public health perspective is whether a healthy lifestyle would also reduce the risk of MetSyn.
Our hypothesis was that a higher adherence to the HLS would be associated with a lower risk of MetSyn.

The aim of this study was to prospectively analyze the effectiveness of this new and easy-to-apply
HLS in the reduction of MetSyn risk.

2. Materials and Methods

2.1. Study Design

The “Seguimiento Universidad de Navarra” (University of Navarra Follow-Up) Project is a
dynamic prospective cohort study that has been conducted in Spain since December 1999 with
permanently open recruitment of university graduates. It was designed based on the model of other
large cohort studies conducted at the Harvard School of Public Health (the Nurses’ Health Study and
the Health Professionals Follow-Up Study). Additional details on its objectives, design, and methods
have been previously published [20].
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Information is mainly gathered through self-reported questionnaires. Participants’ information
is collected biennially through mailed or electronically mailed questionnaires. Upon completion of
the first questionnaire (Q_0), including a total of 554 items used as baseline information, participants
receive, every other year, different follow-up questionnaires. These contain important questions to
evaluate changes in lifestyle and health-related behaviors, anthropometric measures, incident diseases,
and medical conditions. Participants of all ages may be included in the SUN cohort, but they must
have had university studies. This inclusion criteria allows for a better control of confounding by
education-related variables and by making the interpretation of results easier and therefore adding
internal validity to the high-quality information derived from the questionnaires.

2.2. Participants

In our study, a subsample of the SUN cohort was selected. In order to achieve a minimum
follow-up of 6 years, only participants who had at least completed the 6-year follow-up questionnaire
(Q_6) were included. There were 20,622 participants eligible to be included (SUN participants who
responded to the baseline questionnaire (Q_0) before March 2010). We excluded 5080 participants
who had either prevalent MetSyn or any MetSyn component at baseline. We also excluded
1399 participants who had extremely low or high total energy intake [21], as well as 1411 participants
lost to follow-up (retention rate = 92.7%) and 1985 subjects who did not provide all of the relevant
information to diagnose metabolic syndrome at the 6-year follow-up (Figure 1). Therefore, there were
10,807 participants available for analysis.

Informed consent was obtained from all individual participants included in the study by
the voluntary completion of the baseline questionnaire once participants understood the specific
information needed, the methods used to deliver their data, and the future feedback from the research
team. We asked their permission before any follow-up on their medical history. We informed the
potential candidates of their right to refuse to participate in the SUN study or to withdraw their consent
to participate at any time without reprisal, according to the principles of the Declaration of Helsinki.
The Institutional Review Board of the University of Navarra approved these methods.

2.3. Exposure Assessment: Healthy Lifestyle Score Variables

We gathered information from the baseline questionnaires, which collected data on
sociodemographic, clinical, anthropometric variables, and lifestyle aspects. Various studies have
validated data from the self-reported questionnaires in the SUN cohort: Both anthropometric [22] and
physical activity [23] data were analyzed in cohort subgroups. We used the validated 136-question
semiquantitative food frequency questionnaire (FFQ) [24] for the evaluation of Mediterranean diet
adherence, which was estimated with the Trichopoulou score (0–8 points) [25], (alcohol was excluded).
So as to collect information on alcohol consumption, data was obtained through this questionnaire
and other additional items related to alcohol consumption in the baseline questionnaire.

In order to assess adherence to a healthy lifestyle, 9 habits of the Healthy Lifestyle Score [19] were
used (Table 1), excluding body mass index (BMI), as it is strongly related to MetSyn. The information
for this score was gathered from the baseline questionnaire. Each participant received one point for
each of the following 9 habits: Never smoking, moderate to high physical activity (>20 MET-h/week),
Mediterranean diet (≥4 adherence points), moderate alcohol consumption (women, 0.1–5.0 g/day;
men, 0.1–10.0 g/day; abstainers excluded), low television exposure (<2 h/day), no binge drinking
(≤5 alcoholic drinks at any time), taking a short afternoon nap (<30 min/day), meeting up with friends
>1 h/day, and working at least 40 h/week. This HLS could range from 0 (worst lifestyle) and 9 points
(best lifestyle).
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Figure 1. Flow chart depicting the selection process among participants of the Seguimiento Universidad
de Navarra (SUN) cohort, 1999–2017; n: Number of participants; MetSyn: Metabolic Syndrome. a Total
energy intake outside predefined limits (<800 or >4000 kcal/day for men, and<500 or >3500 kcal/day
for women) [21].

2.4. Outcome Assessment: Metabolic Syndrome and Assessment of Other Variables

The study outcome was incidence of MetSyn. We followed the harmonized definition of MetSyn
according to the International Diabetes Federation; the National Heart, Lung, and Blood Institute;
the American Heart Association; the World Heart Federation; the International Atherosclerosis
Society; and the International Association for the Study of Obesity. According to this definition,
metabolic syndrome consists of at least three abnormal findings out of the following 5 criteria [1]:
(i) Central adiposity (≥94 cm for men and ≥80 cm for women, cut-off points for European
populations); (ii) elevated triglycerides (TAG) (≥150 mg/dL or presence of pharmacological treatment
for hypertriglyceridemia); (iii) reduced high-density lipoprotein cholesterol (HDL-cholesterol)
(<40 mg/dL for men and <50 mg/dL for women or presence of pharmacological treatment for
reduced HDL-cholesterol); (iv) elevated blood pressure (systolic ≥130 mmHg or diastolic ≥85 mmHg
or presence of pharmacological treatment for hypertension in patients with a history of this disease);
and (v) fasting glucose metabolism (≥100 mg/dL or pharmacological treatment for hyperglycemia).

To obtain the clinical criteria needed for the diagnosis of MetSyn, we used self-reported
information provided by participants during the follow-up questionnaires. In the 6-year and 8-year
follow-up questionnaires (Q_6 and Q_8), self-reported data about these specific MetSyn criteria were
collected. All participants were sent a measuring tape with the Q_6 and Q_8 follow-up questionnaires,
together with an explanation on how to measure their waist circumference by using the horizontal
plane, midway between the inferior margin of the ribs and the superior border of the iliac crest [26].
Accuracy and validation of all self-reported data on MetSyn components had been previously analyzed
in a specific subsample study from the SUN Project of 287 participants [27]. All the analytical
parameters used in the validation of self-reported metabolic syndrome components were obtained
from the Clinical Analyses Service of Clínica Universidad de Navarra (CUN). The analyses of glucose,
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HDL-cholesterol, total cholesterol, and triglycerides were measured in blood serum with the analyzer
equipment Roche/Hitachi Modular Analytics, and through spectrophotometry by the enzymatic
colorimetric method with glucose oxidase and p-aminophenazone (GOD-PAP). High intraclass
correlations were found for waist circumference (r = 0.86, 95% confidence interval (CI): 0.80–0.90)
and triglycerides (r = 0.71, 95% CI: 0.61–0.79), whereas moderate intraclass correlations were found
(between 0.46 and 0.63) for the other factors. An additional study, which compared the validity of
self-reported diagnosed MetSyn and MetSyn diagnosed by the medical records of the participants,
was conducted in another subsample of the SUN Project [28]. Using ATP III criteria, 91.2% of MetSyn
and 92.2% (95% CI: 85.7–96.4) of non-MetSyn cases were confirmed.

An incident case of MetSyn was defined when a participant, free of this condition or any of its
components at baseline, met three or more of the criteria after at least 6 years of follow-up.

Table 1. Healthy Lifestyle Score (HLS) a.

Score

Not smoking
Never a smoker 1
Smoker (current and former) 0

Physical activity (MET-h/week)
Physically active (>20 MET-h/week) 1
Not physically active (≤20 MET-h/week) 0

Mediterranean diet pattern (Trichopoulou score excluding alcohol) b

High adherence (≥4) 1
Low adherence (<4) 0

Moderate alcohol consumption
Moderate consumption (women, 0.1–5.0 g/day; men, 0.1–10.0 g/day) 1
Abstention or high consumption (women >5 g/day; men >10 g/day) 0

Low time spent watching television
Low television watching (<2 h/day) 1
High television watching (≥2 h/day) 0

Avoidance of binge drinking
No binge drinking (≤5 alcoholic drinks at any time) 1
Binge drinking (>5 alcoholic drinks at any time) 0

Having a short afternoon nap
Short afternoon nap (0.1–0.5 h/day) 1
Not having an afternoon nap or having a long nap (>0.5 h/day) 0

Time with friends
Spending time with friends (>1 h/day) 1
Not spending time with friends (≤1 h/day) 0

Time working
Full-time work (≥40 h/week) 1
Less than full-time work (<40 h/week) 0

a Body mass index was excluded, as it is a component of metabolic syndrome. b Score from 0 to 8, because alcohol
consumption was excluded.

2.5. Ascertainment of Covariates

The baseline questionnaire also collected information of potential confounding factors between HLS
and MetSyn such as sociodemographic characteristics (sex, age, and education level), sleep, medical
history (prevalence of cancer, cardiovascular disease, and depression), dietary factors (following a special
diet and total energy intake (Kcals/day)), and anthropometric data (BMI). Our approach was to use the
consideration of a priori causal knowledge to suggest which were the most relevant variables to be adjusted
for. Causal diagrams were used to encode qualitative a priori subject matter knowledge. We did not use
merely statistical criteria, because this statistics-only approach has been discouraged [29–31]. For instance,
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in reference to the prevalence of cancer, it may lead to weight loss and therefore be associated with MetSyn.
Besides, it can be related to a change in diet and lifestyle, and these can influence MetSyn.

2.6. Statistical Analyses

According to their baseline HLS, participants were classified into 5 groups to ensure an appropriate
sample distribution with sufficient participants and incident cases in each category. Thus, we merged
extreme categories, and the distribution of these five categories was 0–3, 4, 5, 6, and 7–9 points.
Logistic regression models were fit to assess the risk of metabolic syndrome (MetSyn) after a 6-year
follow-up according to HLS categories. Odds ratios (ORs) and their 95% confidence intervals (95% CIs)
were calculated considering the lowest category (0–3) as the reference. Linear trend tests were calculated
by assigning the median score of each category to all participants in that category and treating this variable
as a continuous variable.

For all the analyses, we fitted a crude model, an age- and sex-adjusted model, and a multivariable
adjusted model using the following covariates as confounding factors: Age, sex, depression (yes/no),
education level (technical/nongraduated, graduated, postgraduate, master’s, doctorate), cardiovascular
disease (yes/no), prevalent cancer (yes/no), following any special diet (yes/no), body mass index (kg/m2),
energy intake (kcal/day), hours of sleep (h/day), and year of questionnaire completion.

Additional multivariable adjusted analyses were conducted to test the association between the
HLS categories and each of the individual criteria for MetSyn.

To assess the individual contribution of each specific factor of the HLS score to the risk of MetSyn,
logistic regression models were fitted for each of the nine indicators of healthy life habits, adjusting for
the effect of the rest of the elements that constituted the index. The reference category was the absence
of the habit of healthy life (score 0 on the specific element).

We used the imputation approach because we had some missing information in important
variables such as time spent watching TV, having a short afternoon nap, and time spent with friends.
This statistical technique tries to overcome the problem that single imputed values are not actually
observed but predicted values, and attributes the most probable value [32]. To carry out the imputation
approach, we took into account potential confounding factors, each of the other components of Healthy
Lifestyle Score, and each one of the components of MetSyn.

Sensitivity analyses were performed to ensure the robustness of the results in different scenarios.
We repeated the analyses stratifying by age (≥45) and sex and without imputation of the lost variables.

All p-values presented are two-tailed, and p < 0.05 was considered to be statistically significant.
Analyses were performed using STATA/SE version 12.0.

3. Results

The main characteristics of participants according to the HLS categories are shown in Table 2.
Compared to subjects who had lower HLSes (0–3 points), those who had the highest score (7–9 points)
were less likely to be women, consumed less alcohol per day, had less prevalent depression, were more
likely to follow a special diet, and had a slightly higher total energy intake per day. There were no
differences in age, baseline BMI, and the prevalence of CVD and cancer.

Of the participants, 458 (4.24%) (272 men, 186 women) initially free of metabolic syndrome
(MetSyn) were newly diagnosed as incident cases during the 6-year follow-up. Those who had high
HLSes (7 to 9 points) had a significant 34% lower risk of developing MetSyn than those who had lower
HLSes (0 to 3), after adjusting for other factors related to MetSyn (Table 3).

Table 4 shows the multivariable-adjusted ORs for each component of MetSyn across HLS
categories after the 6-year follow-up. With the exception of HDL-cholesterol, all point estimates
of ORs for the upper versus lower category of the HLS suggested inverse associations. However, only
the associations with waist circumference and elevated blood pressure showed statistically significant
associations (p for trend < 0.05).
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Table 2. Baseline characteristics of participants according to the number of Healthy Lifestyle Factors
(HLFs) (the SUN cohort).

Number of Healthy Lifestyle Factors 0–3 4 5 6 7–9 p-Value

Participants, n 1468 1993 2599 2525 2222

Sex, women (%) 69.8 68.0 68.3 66.3 63.7 <0.001

Age, years 35.8 ± 10.6 36.5 ± 11 35.9 ± 10.7 35.9 ± 10.8 34.2 ± 10 <0.001

Body mass index in men 24.9 ± 2.5 24.6 ± 2.3 24.6 ± 2.3 24.6 ± 2.2 24.3 ± 2.3 <0.001

Body mass index in women 22.0 ± 2.5 21.9 ± 2.5 21.9 ± 2.5 21.6 ± 2.4 21.6 ± 2.4 <0.001

Smoking, packs per year 8.8 ± 10.2 7.1 ± 9.4 5.4 ± 8.1 4.21 ± 7.8 1.9 ± 5.8 <0.001

Physical activity, MET-h/week 16.1 ± 15.2 21.4 ± 19.3 25.1 ± 21.8 30.3 ± 25 36.7 ± 26 <0.001

Mediterranean diet pattern a 3.04 ± 1.54 3.56 ± 1.7 3.89 ± 1.73 4.24 ± 1.69 4.71 ± 1.49 <0.001

Alcohol consumption, g/day 8.0 ± 11.1 6.9 ± 9.4 6.2 ± 8.7 5.1 ± 7.1 3.9 ± 5.1 <0.001

Watching television, h/day 2.27 ± 1.51 1.81 ± 1.4 1.58 ± 1.31 1.33 ± 1.11 1.09 ± 0.83 <0.001

No binge drinking (%) b 44.3 60.7 71 77.2 86.6 <0.001

Afternoon nap, min/day 0.3 ± 0.45 0.27 ± 0.39 0.25 ± 0.34 0.22 ± 0.29 0.22 ± 0.22 <0.001

Meeting up with friends, h/day 1.11 ± 1 1.24 ± 1.05 1.34 ± 1.09 1.39 ± 1 1.54 ± 1.03 <0.001

Working ≥40 h/week (%) 25.4 37.7 49.2 60.6 76.3 <0.001

Sleeping, h/day 7.5 ± 1.1 7.4 ± 1 7.4 ± 1 7.4 ± 0.9 7.4 ± 0.9 0.011

Depression disease (%) 12.7 11.2 10.7 9.2 9.3 0.001

Prevalent cardiovascular disease (%) c 1.43 2.06 1.89 1.43 1.53 0.512

Prevalent cancer (%) 3.07 3.21 2.89 3.05 2.43 0.826

Education level <0.001
No college (%) 8.86 9.13 8.96 10.18 10.26
College (%) 26.6 22.9 25.2 23.1 21.1
Postgraduate (%) 51.2 51.9 49.5 47.9 49.1
Master’s (%) 5.93 7.02 7.7 8.08 8.51
Doctorate (%) 7.43 9.03 8.66 10.73 10.98

On any special diet (%) 4.36 6.77 5.73 6.81 7.25 0.003

Caloric consumption 2282 ± 607 2302 ± 594 2359 ± 603 2392 ± 606 2428 ± 593 <0.001
a Trichopoulou score (from 0 to 8, with alcohol consumption excluded). b Less than 5 alcoholic drinks at any time. c

Atrial fibrillation, paroxysmal tachycardia, coronFary artery bypass surgery or another revascularization procedure,
heart failure, aortic aneurysm, pulmonary embolism, or peripheral venous thrombosis.

Table 3. Incidence of metabolic syndrome at 6-year follow-up, according to the number of Healthy
Lifestyle Score factors (the SUN cohort). OR: Odds ratio; CI: Confidence interval.

Number of Healthy Lifestyle Factors

0–3 4 5 6 7–9 p for Trend

Participants, n 1468 1993 2599 2525 2222

Incident cases 80 92 109 103 74

Crude OR (95% CI) 1
(ref.)

0.86
(0.64–1.17)

0.73
(0.54–0.98)

0.75
(0.56–1.01)

0.57
(0.42–0.80) 0.002

OR adjusted for age and sex (95% CI) 1
(ref.)

0.77
(0.56–1.05)

0.68
(0.50–0.93)

0.69
(0.51–0.94)

0.60
(0.43–0.83) 0.003

Multivariable adjusted OR a 1
(ref.)

0.82
(0.59–1.13)

0.72
(0.52–0.98)

0.76
(0.77–1.05)

0.66
(0.47–0.93) 0.027

ref: reference category. a Adjusted for age, sex, depression, education level, cardiovascular disease, prevalent cancer,
following any special diet, body mass index, energy intake, hours of sleep, year of questionnaire completion.

Figure 2 shows the multivariable-adjusted ORs across the 9 habits of the HLS and the risk of
MetSyn. Only low television exposure (<2 h/day) and a short afternoon nap (<30 min/day) were
significantly related to the incidence of MetSyn.

In the stratified analysis, we found a significant inverse association between HLS and MetSyn
in men and in those older than 55 years, but we did not find any significant interaction (Figure 3).
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When we performed the analyses without imputation, the results did not change in magnitude,
but they were no longer significant (OR = 0.67, 95% CI = 0.44–1.02).

Table 4. Odds ratios and 95% confidence intervals for each component of metabolic syndrome at the
6-year follow-up, according to the number of HLFs (the SUN Cohort).

Number of Healthy Lifestyle Factors

0–3 4 5 6 7–9 p for Trend

Waist Circumference
(>94 cm men, 80 cm women) a 1 (ref.) 0.88

(0.75–1.02)
0.74

(0.64–0.86)
0.74

(0.64–0.86)
0.68

(0.58–0.79) <0.001

Elevated triglycerides
(>150 mg/dL) a 1 (ref.) 0.84

(0.64–1.12)
0.80

(0.62–1.07)
0.72

(0.54–0.95)
0.87

(0.66–1.16) 0.213

Reduced HDL-cholesterol
(<40 mg/dL) a 1 (ref.) 1.00

(0.73–1.38)
1.27

(0.95–1.70)
1.10

(0.81–1.49)
1.10

(0.80–1.51) 0.483

Elevated blood pressure
(systolic >130 or diastolic >85 mmHg) a 1 (ref.) 1.02

(0.85–1.24)
0.93

(0.78–1.12)
0.89

(0.74–1.07)
0.86

(0.71–1.05) 0.033

Elevated glucose
(>100 mg/dL) a 1 (ref.) 0.82

(0.64–1.05)
0.86

(0.68–1.09)
0.93

(0.74–1.17)
0.73

(0.57–0.94) 0.127

ref: reference category. a Adjusted for age, sex, depression, education level, cardiovascular disease, prevalent
cancer, following any special diet, body mass index, energy intake, hours of sleep, year of questionnaire completion.
HDL-cholesterol: High-density lipoprotein cholesterol.

Figure 2. Risk of metabolic syndrome for each factor of the Healthy Lifestyle Score (the SUN cohort);
aOR: Adjusted odds ratio; CI: Confidence interval.
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Figure 3. Risk of metabolic syndrome in the highest category compared to the lowest category of
the Healthy Lifestyle Score. Stratified analyses (the SUN cohort); aOR: Adjusted odds ratio; CI:
Confidence interval.

4. Discussion

This prospective study of initially healthy young–middle-aged Mediterranean university
graduates showed that a high adherence to a Healthy Lifestyle Score (7 to 9 points) was associated
with a lower risk of incident MetSyn after 6 years of follow-up compared to participants with the
lowest number of healthy lifestyle factors (0 to 3). Regarding the components of MetSyn, the highest
inverse association of this HLS was observed for a high waist circumference and blood pressure.
Although we observed a strong and consistent association, only two healthy lifestyle factors, reduced
time watching TV and napping less than 30 min, were significantly associated with a risk reduction of
MetSyn. This finding suggests that the synergistic effect of the combination of several lifestyle factors is
probably more important than the individual effect of each one of them when considered individually.

The HLS has already been shown to present a strong inverse association with cardiovascular disease in
this same cohort [19]. Our study is of interest given that MetSyn is not only a risk factor for cardiovascular
diseases, but also for type 2 diabetes, atherosclerosis, and all-cause mortality [17,18], among others.

Our findings were consistent with several previous studies supporting the beneficial impact
of combinations of healthy lifestyle behaviors on the primary prevention of MetSyn. These studies
demonstrated that the risk of MetSyn decreased as the number of lifestyle factors increased, suggesting
that a constellation of factors rather than a single factor is more associated with decreased risks of
MetSyn [17,18,33,34].

Our findings were also consistent with previous studies demonstrating an association between
lifestyle scores and health-related outcomes, such as mortality [35] and cardiovascular diseases [19].
A recent prospective cohort study conducted in the United States showed that five healthy
lifestyle-related factors—physical activity (>30 min/day of moderate or vigorous activities), a healthy
diet, moderate alcohol consumption, never smoking, and a normal BMI (18.5 to 24.9 kg/m2)—are
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associated with lower risk of all-cause mortality (hazard ratio (HR) 0.26 (95% CI, 0.22–0.31)), cancer
mortality (HR 0.35 (95% CI, 0.27–0.45)), and CVD mortality (HR 0.18 (95% CI, 0.12–0.26)) compared to
participants with zero low-risk factors [36]. Similar findings of reduced mortality were demonstrated in
another prospective cohort study of Spanish older adults, investigating the combined impact between
three traditional (diet, physical activity, and smoking) and three nontraditional health behaviors (social
interaction, sedentary time, and sleep duration) on mortality [37].

Our HLS combined indicators of lifestyle habits (never smoking, physical activity, Mediterranean
diet, and moderate alcohol consumption) with other factors not typically included in risk scores
(television exposure <2 h/day, no binge drinking, taking a short afternoon nap (<30 min), meeting up
with friends for more than 1 h/day, and working at least 40 h/week).

According to the literature, and consistent with our results, smoking is associated with a higher
risk of developing MetSyn [15,38,39]. Physical activity is also associated with a reduction in the risk of
MetSyn [14,40–42]: However, we did not find a significant association between physical activity and
MetSyn, only a trend.

Many studies have shown, in agreement with our results, the association between the
Mediterranean dietary pattern and the risk of MetSyn [43–46]. However, this finding did not reach
statistical significance. A potential explanation for these results may rely on the fact that our population
was composed of healthy young–middle-aged Mediterranean university graduates, as shown in Table 2.
In addition, the Mediterranean diet score proposed by Trichopoulou et al. [25,47] included alcohol
intake: Nevertheless, in our study this was considered a separate lifestyle element because the literature
suggests that excessive consumption is related to an increased risk of MetSyn [48,49]. Inconsistent with
the literature, our results showed that avoidance of “binge drinking” was not associated with a lower
risk of MetSyn. However, this could be explained by the fact that we defined avoidance of binge
drinking as never having had more than five alcoholic drinks in a single occasion. Therefore, since the
prevalence of binge drinking in Spain has been found to be moderately high [50,51], people with healthy
lifestyle habits were included in the unhealthy allocation, potentially leading to a non-differential
misclassification bias.

Consistent with our results, some studies have reported the relation between TV viewing and
MetSyn [52], as TV viewing may displace physical activity. A meta-analysis [53] demonstrated a J-curve
relation between nap time and the risk of MetSyn. This study proved that longer than 40 min/day
napping was associated with an increased risk of MetSyn.

Social relationships have been suggested as a protective factor, as they are positively related to
minutes of physical activity per week and days of physical activity per week. However, they have
been positively associated with number of servings of wine per week and increased high-density
lipoprotein cholesterol [54], which may explain why our results showed no protection related to social
relationships (variable: Spending time with friends) and MetSyn.

Finally, even if O’Reilly and Rosato found that professionals or managers who worked more
than 40 h/week had a lower risk of death [55], which may be explained by maintaining a healthy
lifestyle [56], other articles have not found a significant association [57]. In our study, working
≥40 h/week was associated with a higher risk of metabolic syndrome (OR 1.26; 95% CI 1.02–1.57):
However, the results should be examined carefully, since our population consisted of university
graduates whose work may be related to sedentary, seated jobs.

As expected, and consistent with the literature, adherence to various lifestyle habits showed a
greater synergistic effect than a single habit in particular. Therefore, if individuals are concerned about
their health, the total number of healthy habits should be increased [58].

It is important when interpreting our results to emphasize that the variables that made up this
HLS were categorized in a dichotomous way. Most studies divide these variables into more categories
to find greater differences between the extremes. This may be the reason why the differences found
between healthy lifestyle factors analyzed individually (regarding the risk of MetSyn (Figure 2)) were
more modest than in other investigations [38,44].
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Therefore, healthy lifestyle scores can potentially be used as health promotion tools, which
help people make health-conscious decisions regarding their behaviors. Future research should be
conducted in different scenarios to better analyze the potential effects of HLSes on healthy behaviors
and health outcomes.

The present study had several limitations. We observed an incidence of 4.24% of MetSyn.
This incidence was lower than that described in the general population [8], but expected in a cohort
of young adults with low baseline body mass index, a high educational level and, especially, after
selecting only participants without any criteria for MetSyn at the baseline. As is the case in most
cohort studies, the sample was not representative of the total population, and generalizing the results
should be interpreted carefully. Another potential limitation was the self-reported data collection.
Nevertheless, previously published validation studies were carried out in the SUN study, which
evaluated the validity of our methods and the quality of the self-reported data by our highly trained
volunteers. In any case, this would be expected to be nondifferential and would make the bias
more likely to tend to null. Moreover, our analyses assumed that baseline habits remained stable
throughout the 6-year follow-up, yet there might have been some changes, which would probably
have led to underestimating the protective effects of the HLS. On top of this, as participants were
young–middle-aged graduates and had few risk factors, there were few incidence cases. This could be
associated with a lower statistical power. However, despite missing values of lifestyle behaviors being
imputed, the magnitude of the results hardly changed.

The strengths of the present study included its dynamic participation, prospective design, long
follow-up period, and high retention rate. As it is an open cohort, the number of participants is
large and constantly increasing, which leads to more powerful results. Finally, validation studies
were available for some variables, the outcomes were confirmed using medical records, and the
findings were adjusted for a large number of covariables, therefore reducing the existence of potential
confounding bias, although we cannot rule out the existence of residual confounding.

5. Conclusions

In summary, in this prospective cohort study of healthy young–middle-aged Mediterranean
university graduates, a significant association was found between higher Healthy Lifestyle Scores
and a reduction in the risk of incident metabolic syndrome. These results suggest the importance
of promoting a comprehensive HLS to maintain metabolic health and allow for rapid evaluation in
clinical practice. Further longitudinal and intervention studies in the general population should be
conducted to confirm this relationship and to enable extrapolation.
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Abstract: The clinical importance of assessment of metabolic syndrome lies in the selection of
individuals with multiple risk factors based on visceral fat accumulation, and helping them to reduce
visceral fat. Behavioral modification by population approach is important, which adds support to
the personal approach. The complexity of visceral fat accumulation requires multicomponent and
multilevel intervention. Preparation of food and physical environments could be useful strategies for
city planners. Furthermore, actions on various frameworks, including organizational, community, and
policy levels, have been recently reported. There are universal public health screening programs and
post-screening health educational systems in Japan, and diseases management programs in Germany.
Understanding one’s own health status is important for motivation for lifestyle modification. The U.S.
Preventive Services Task Force recommends that primary care practitioners screen all adults for
obesity and offer behavioral interventions and intensive counseling. Established evidence-based
guidelines for behavioral counseling are needed within the primary care setting.

Keywords: atherosclerotic cardiovascular disease; visceral fat accumulation; universal public health
screening program; health check-up; health guidance; city planning

1. Introduction

Visceral fat accumulation is associated with glucose intolerance, dyslipidemia, hypertension, and
atherosclerotic cardiovascular diseases (ACVD), conceptualized as metabolic syndrome (Figure 1).
Several definitions of metabolic syndrome have been used worldwide. Abdominal obesity is one of
the risk factors in the harmonized criteria by AHA (American Heart Association), IDF (International
Diabetes Federation), NHLBI (National Heart, Lung, and Blood Institute), and other organizations
(2009) [1], while in the original criteria of IDF (2005) [2] and the Japanese criteria [3,4], abdominal
obesity or visceral fat accumulation is an essential component of metabolic syndrome. The latter
criteria consider visceral fat accumulation as the basal pathogenic component of metabolic syndrome.
An important aspect of the diagnosis of visceral fat-based metabolic syndrome is to select subjects with
multiple risk factors based on visceral fat accumulation, and enroll them in health educational programs
conducted at health check-up and medical facilities. The cornerstone of effective improvement of
multiple risk factors for ACVD is the reduction of visceral fat (Figure 2).
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Figure 1. Concept of metabolic syndrome.

 
Figure 2. Management of multiple risk factor syndrome for prevention of atherosclerotic cardiovascular
diseases (ACVD); “Metabolic syndrome (Mets)-oriented approach”.
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The cause of worldwide obesity and visceral fat accumulation is multifactorial at multiple levels,
including food environment, physical activity levels, and policies. One of the important approaches
to reduce visceral fat involves behavioral modification of individuals (personal approach), such as
modifications to dietary and physical habits. Another is the population approach, which provides
support to the personal approach, and could be even more important.

2. Obesity and Obesity Disease

Obesity is a state of excess body fat accumulation in individuals, and body mass index (BMI) is
used as an index of obesity. Obesity is defined as BMI ≥ 30 kg/m2 in Europe and the United States,
and ≥ 25 kg/m2 in Japan, where there are fewer obese individuals [5–7]. Obesity, per se, is not always
clinically necessary to be subjected to aggressive medical intervention. On the other hand, “obesity
disease” is defined in Japan as visceral fat obesity (BMI ≥ 25 kg/m2 plus visceral fat area ≥ 100 cm2),
or obesity (BMI ≥ 25 kg/m2) with obesity-related complications, such as metabolic or orthopedic
disorders that require weight reduction for their improvement [7]. Therefore, “Obesity disease” should
be dealt with as a clinical condition requiring medical intervention.

3. Visceral Fat and Subcutaneous Fat

It is well known that obesity is accompanied by glucose intolerance, dyslipidemia, and
hypertension. Following the spread of the Western diet and motor vehicles, the prevalence of
obesity and type 2 diabetes has increased worldwide [5,6]. East Asians, including Japanese, are more
easily affected by metabolic disorders even with a mild degree of obesity, compared with Europeans
and Americans. On the other hand, such disorders are not always accompanied by massive obesity.
These disorders cannot be explained by the absolute value of BMI, and therefore understanding of
body fat distribution is considerably important [8]. Analysis of body fat distribution using abdominal
computed tomography (CT) has demonstrated that visceral fat obesity poses a higher risk for metabolic
disorders and ACVD than subcutaneous obesity [9]. A recent Japanese study involving subjects
who underwent health checks concluded that visceral fat area (VFA), but not subcutaneous fat area
(SFA), correlated positively with the number of cardiovascular risk factors [10]. The same study also
demonstrated that the mean number of risk factors exceeded one at 100 cm2 of VFA, both in males and
females. Therefore, the cutoff value of visceral fat accumulation was set to 100 cm2 in Japan [10].

4. BMI and Visceral Fat Area

The BMI and VFA vary considerably among individuals, especially in males. In a study of
Japanese male employees (mean age 48.0 ± 10.5 years, ±SD), 26.8% (n = 401/1497) of normal weight
subjects (BMI < 25 kg/m2) had visceral fat accumulation (VFA ≥10 0cm2) (Figure 3) [11]. Irrespective of
BMI, the mean number of metabolic risk factors in the subjects with visceral fat accumulation was
significantly higher than those without (solid bars in Figure 3). Also, a study from the United Kingdom
reported a relatively high mortality rate for individuals with central obesity, despite having normal
weight (BMI <25 kg/m2) [12]. Interestingly, reduction of body weight and VFA is closely associated
with improvement of metabolic risk factors, such as diabetes, dyslipidemia, and hypertension [11,13].
These data suggest that assessment of visceral fat accumulation is important for selection of individuals
who should avoid over-nutrition.
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Figure 3. Relationship between number of metabolic risk factors and body fat distribution. Subjects
were divided according to their BMI (cutoff value 25 kg/m2) and VFA (cutoff value 100 cm2). Data are
mean ± SEM. BMI = body mass index; VFA = visceral fat area;. Data from Diabetes Care 2007; 30:
2392-94 [11], by permission of American Diabetes Association.

5. Clinical Significance of Metabolic Syndrome in Atherosclerotic Cardiovascular Diseases

It is important to take measures against individual risk factors, such as hypertension, smoking,
and hypercholesterolemia, to prevent atherosclerotic cardiovascular diseases (ACVD). Since the 1990s,
multiple risk factor syndrome and metabolic syndrome have been the focus of attention as residual
risks, in which dysregulation of glucose and lipid metabolism, hypertension, and obesity coexisted in
each individual [1,14,15]. Among them, the concept of metabolic syndrome was selected in the original
criteria of IDF (2005) along with in Japan, stating that visceral fat accumulation is the basis of the
pathogenesis of atherosclerosis complicated with dysregulation of glucose and lipid metabolism and
elevated blood pressure (Figure 1). There are two types of arteriosclerosis—atherosclerosis that affects
relatively large vessels, such as coronary arteries and middle cerebral arteries, and arteriosclerosis that
affects relatively small vessels, such as cerebral perforating arteries. Atherosclerosis is the pathological
process underlying myocardial infarction and cerebral thrombosis, whereas arteriosclerosis is that of
cerebral hemorrhage and lacunar infarction. In Europe and the United States, atherosclerosis based
on dyslipidemia and metabolic syndrome is more frequent due to over-intake of dietary fat. On the
other hand, in East Asia, arteriosclerosis based on hypertension has been the predominant type due to
over-intake of dietary salt [16]. Recently, even in East Asia and Japan, visceral fat based-metabolic
syndrome has been increasing. However, hypertension and hypercholesterolemia should be important
therapeutic targets in any clinical management program designed to prevent ACVD independent of
the metabolic syndrome.

6. Pathogenesis of Visceral Fat Accumulation

Visceral fat is the adipose tissue that adheres and accumulates in the mesenterium and omentum,
and acts as transient energy reservoir from gut to liver through the portal vein. In fasting and
starvation, lipolysis efficiently occurs in visceral fat resulting in supply of free fatty acids and glycerol
to hepatocytes. However, through excessive lipolysis in the accumulated visceral fat, large amounts of
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free fatty acids and glycerol overflow into the liver, resulting in the dysregulation of lipid metabolism
and gluconeogenesis [17]. Although the weight of adipose tissue accounts for about 15–20% of total
body weight, that of obese subjects reaches up to 30–50%. Therefore, the massive adipose tissue
considerably affects the pathogenic condition of individuals.

Adipocyte precursor cells in visceral adipose tissue are relatively difficult to differentiate or
proliferate compared to those in the subcutaneous adipose tissue [18]. Thus, visceral adipose
cells, in parallel to over-nutrition, are considered hypertrophic adipocytes. Since the number of
adipocytes can increase only during childhood and adolescence [19], over-nutrition in adulthood
induces hypertrophy of visceral adipose cells, which are affected by hypoxia and inflammation,
complicating the production of oxidative stress and dysregulation of adipocytokines and adipokines,
such as hypoadiponectinemia. This is the pathogenic basis of visceral fat accumulation associated with
metabolic syndrome (Figure 1) [20,21].

Fat distribution varies considerably between males and females and also among different ethnic
groups. In Asian individuals, VFA is relatively larger than SFA [22,23]. This is probably related to
genetic (ethnic) differences in the proliferative potential of subcutaneous adipose precursor cells, as well
as differences in the duration of over-nutrition. Therefore, the susceptibility of Asian individuals to
the metabolic syndrome could be higher, with visceral fat accumulation even in lower BMI relative to
Europeans and Americans.

7. Population Approaches Targeting the Metabolic Syndrome

There is a need to reduce accumulated visceral fat in subjects with metabolic syndrome, rather
than treat each metabolic risk factor with medications. To achieve this aim, it is important to provide
health education about healthy diet and physical exercise to these individuals (personal approach).
Next, improvement of various metabolic risk factors can be achieved through reduction of accumulated
visceral fat [11,13]. Therefore, for assessment of the metabolic syndrome, it is clinically important to
identify individuals with large amounts of visceral fat during medical or health check-ups, who are
affected, or are supposed to be, by multiple metabolic disorders, even if each disorder is mild. Moreover,
it is important to enroll the subjects with metabolic syndrome into the health education system. We will
focus here on population approaches to combat metabolic syndrome (Figure 4), as individual programs
on lifestyles, such as diet and physical exercise, are discussed in other chapters of this review and have
also been described previously [24].

Figure 4. Population Approaches targeting the metabolic syndrome.
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8. Strategies Addressing Lifestyle Behavior and Policies Targeting the Environment (Diet,
Physical Activity, Sleep, and Mental Health)

For lifestyle modification, it is first important to have a clinical understanding of one’s own
health status. For this aim, health check-ups followed by health guidance is a good approach. Recent
studies have provided evidence for the role of pictorial presentation of silent atherosclerosis in the
prevention of cardiovascular diseases and its usefulness in reducing the low adherence to medications
and lifestyle modification [25]. Therefore, scientific understanding of one’s own health is the most
important factor for motivation towards lifestyle modification. Once subjects are motivated to improve
their lifestyle to reduce accumulated visceral fat, health promotion strategies, which address lifestyle
behavior and policies targeting the environment, are potentially effective in the prevention of visceral
fat accumulation.

Since dieting and disordered eating behaviors during childhood and adolescence are considered
to continue to be present among young adults [26], some strategies were found to be useful, such as
health education on nutrition for students and their parents in school and provision of healthy food at
school (Figure 4) [27,28]. At the population level, public policies and economic strategies are important
to improve food and physical environments. For example, calorie and nutritional information on food
menus and packaging are useful for individuals who care about dietary modification and also to avoid
harmful food components, such as saturated fatty acids and excess salt. In some countries, higher
taxes have been enforced on harmful foods, such as fast foods, unhealthy fats, and sugar-sweetened
drinks (Figure 4) [29].

High physical activity is reported to be associated with low risk of mortality and cardiovascular
disease [30], and diet-plus-exercise was more effective in weight loss than diet-only interventions [31].
Strategies that encourage individuals to exercise are important. Walking and cycling can serve for both
transportation and recreational purposes, and both can reduce motor vehicle dependency. Therefore,
it should be important to support lifestyle choices through city planning, such as preparation for
walking, running, and cycling lanes (Figure 4) [32]. In general, aerobic exercise several days per week
(total: 150 min/week) has been recommended in physical activity guidelines [33]. However, it was
recently reported that there was no significant difference in the likelihood of metabolic syndrome in the
general population between frequently active participants (≥5 days per week) and infrequently active
participants (1–4 days per week) after adjustment for total weekly moderate-to-vigorous physical
activity [34], suggesting that only weekend exercise could be effective in preventing metabolic syndrome
if sufficient weekly physical activity was performed. Preparation of sports gymnasiums, playing
fields, and parks that are easily accessed by citizens are useful strategies that should be instituted in
city planning.

Sleep is considerably associated with eating behaviors and physical activity. Insufficient sleep has
been reported to be associated with dysregulation of leptin and ghrelin [35], resulting in hyperphagia
and physical inactivity due to sleepiness. Moreover, a late bedtime with shorter sleep time were
reported to be closely associated with weight gain and visceral fat accumulation [36,37]. To facilitate
more sleeping hours, many communities have attempted to change TV programming [32]. Since control
of psychological status is important to continue lifestyle modification, green areas in communities are
useful for stress management (Figure 4) [28,32].

9. Screening and Intervention Program Against the Metabolic Syndrome

9.1. Community or Organization-Based Prevention

The complexity of visceral fat accumulation requires multicomponent and multilevel
intervention [28]. Multicomponent intervention is effective in weight loss programs, which consist of
changes that combine food choices, physical environments, sleep, and stress management, as described
above (Figure 4). Furthermore, multilevel approaches focus on changing health behaviors by acting
on multiple frameworks, including individual, interpersonal, organizational, community, and policy
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levels. Many intervention programs at the community level have been used to combat metabolic
syndrome [28,38,39]. For instance, the healthy living program delivered by community coaching staff
for overweight and obese me, who were football fans of the Scottish Premier League football clubs
proved effective for weight loss of 4.94 kg (95% CI 3.95–5.94) after 12 months [39].

Figure 5. Participant classification for the Health Guidance program by the Ministry of Health, Labor,
and Welfare in Japan [40].

9.2. Healthcare Program by the Public System

Atherosclerotic cardiovascular diseases (ACVD) are life-threatening. Development of ACVD
is often followed by serious complications. Therefore, it is important to detect asymptomatic
cardiovascular risk factors and provide counter measures. For this purpose, a health check-up is a
good opportunity to assess one’s own health status and assess the risk for cardiovascular diseases.
In many countries, individuals are left on their own to decide whether to receive health check-ups
or not. However, in the case of Japan, there is a universal public health screening program and a
post-screening health educational system in place at the nation level to deal with metabolic syndrome,
as described below [4,40]. There is also a disease management program (DMP) nationally in Germany.
The Japanese intervention program aims at primary disease prevention, while the German DMP aims
at secondary disease prevention (Figure 4) [41].

The Japanese criteria for metabolic syndrome were established in 2005 [3,4], in which visceral
fat accumulation was an essential component. In 2008, the Japanese government started a new
screening and educational system for metabolic syndrome, focusing on visceral fat accumulation [40].
This new public health care system has the following features: (1) medical insurers are obliged to
perform free health check-ups followed by health guidance to their subscribers aged 40 to 74 years;
(2) methods of health check-ups and health guidance are standardized and health data are collected
and assessed electronically; (3) subjects who need health guidance are stratified based on visceral fat
accumulation and smoking habits (Figure 5). Participants who are thought to be “downstream” of
metabolic syndrome are subjected to an intensive health guidance program with intermittent support
over three months after the first interview followed by assessment six months later [40,42]. Recently,
descriptive analysis in Japan has shown greater improvement in metabolic syndrome profiles in those
individuals that participated in specific health guidance programs for three years than nonparticipants,
although selection bias may be present [42]. Since it is difficult to set control conditions, there are
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only a few population-level or policy-level studies on health behaviors [42,43]. Further randomized
control trials of health guidance programs are theoretically needed, which are now being undertaken
in Japan [44].

9.3. Behavioral Approach Including Motivational Interviewing

In 2003, the U.S. Preventive Services Task Force recommended that primary care practitioners
screen all adults for obesity and offer behavioral interventions and intensive counseling (Figure 4) [38].
Although a meta-analysis demonstrated that behavioral intervention resulted in a mean weight loss
of 3.01 kg (95% CI: 4.02–2.01) [38], there are no established evidence-based guidelines for behavioral
weight loss counseling in a primary care setting [28,38,45].

To encourage improvement of unhealthy lifestyles in health check-ups followed by health guidance,
the following are important points: (1) individuals free of symptoms can assess their health status
with regard to visceral fat accumulation to metabolic syndrome through what is called the “Where am
I? chart” [46], for example using health data and pictorial presentation of carotid artery echograms;
(2) individuals can go back to review their past and their own lifestyle using past health data, and
understand the significance of reduction of accumulated visceral fat; (3) individuals can find out how
to improve their lifestyle; and finally (4) individuals can appreciate improvement of health data, such
as changes in blood glucose, lipid, and blood pressure, as well as weight loss and reduction of visceral
fat in health check-ups to be conducted in subsequent years [42,46]. Behavioral modification in lifestyle
by face-to-face individual counseling is important in reduction of visceral fat [40,42,46]. One recent
innovation in improvement of face-to-face counseling is the implementation of online tools, including
e-mail counseling and internet treatment programs (telemedicine) [47].

Health education (Figure 4) and preparation of food and physical environments (Figure 4) should
be useful in facilitating behavioral modifications and practicing lifestyle improvements.

Since healthy living programs were reported to be effective for weight loss [39], recreational
exercise might be useful as exercise therapy to combat metabolic syndrome. Recreational exercise
and sports could be more feasible than the exercise therapy-based FITT (frequency, Intensity, time,
type) principle, because recreation and sports are fun and encouraging for individuals. Therefore,
recreational exercise and sports are suitable community-based strategies for physical activity and city
planning [32].

It has been reported that on average, visceral fat accumulation is increasing in 20 to 30 year-old
Japanese males, and exceeded 100 cm2 in 40-year old individuals [10]. Therefore, for prevention of
metabolic syndrome, it is important to approach younger individuals. One of the targets of management
of metabolic syndrome should be prevention of ACVD in the community. In the community, health
education on lifestyle modification is important, and health guidance for acceleration of referral to
physicians is also important for high-risk individuals [44]. In the medical field, medical intervention
by focusing on visceral fat accumulation should be more efficient, since the etiology of metabolic
diseases is diverse (Figure 2). Diabetic patients with visceral fat accumulation have dysregulated
eating or sleeping behavior and progression of atherosclerosis [37,48]. Therefore, it is important to
improve multiple metabolic diseases comprehensively by persistent lifestyle modification targeting
reduction of visceral fat (Figure 1) [11,13,42]. On the other hand, an individual approach to each
metabolic disease is needed for individuals with multiple risks without visceral fat accumulation
(Figure 1; Figure 2) [49]. Programs against smoking, hypertension, and hypercholesterolemia are also
quite important for individuals with or without visceral fat accumulation.

10. Conclusions

Taken together, the clinical significance of assessment of the metabolic syndrome is to link
individuals with visceral fat–related multiple risk factors to follow health guidance, and to prevent
atherosclerotic cardiovascular diseases by reducing visceral fat. To achieve this aim, in addition to
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personal approaches, population approaches are important to combat metabolic syndrome. Established
evidence-based guidelines and programs are needed within primary care setting.
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