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Figure 3. Picrosirius red staining of left ventricular interstitial collagen deposition (magnification x20;

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 x20; 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 x20; 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 x20; 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
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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/m? reduced body weight by an average of 0.99 kg, body mass index by an average
of 0.30 kg/mz, 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/m? 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/m? [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 (PPARy) 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 PPAR«, 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 LE. 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 LE. We conclude with recommendations that will help fill gaps in
knowledge with respect to lifestyle-based strategies designed to reduce VAT and LE.

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 LE.

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 LE. 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 exercise!.
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% VO, peak,
60 min); (ii) high intensity, low amount aerobic exercise (70% VO, peak, 45 min); (iii) low to moderate
intensity, low amount aerobic exercise (50% VO, 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 VO, peak; (ii) low amount,
vigorous intensity, equivalent to jogging 12 miles/week at 65%-80% of VO, 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% VO, peak); (iii)
high-amount, low-intensity exercise (HALL 360 kcal/session (women) and 600 kcal/session (men)
at 50% VO, peak); or (iv) high-amount, high-intensity exercise (HAHI; 360 kcal/session (women)
and 600 kcal/session (men) at 75% VO, 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 VO, 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; LALL 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 VO, 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% VO3 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 (1 = 20);
(ii) low amount, low intensity (1 = 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% Cl 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% VO, peak)), HALI (high
amount (~60 min), low intensity (50% VO, peak)), HAHI (High amount (~40 min), high intensity (75%
VO, 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]. MRl 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 LE. 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. Pélve and
colleagues found thatin 463 adults, participants with fatty liver had lower cardiorespiratory fitness levels
compared to participants without fatty liver (VO3 peax 27.2 mL- kg~ !'min~! and 31.6 mLkg!-min~!,
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 VO3 peax)
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 (VO, 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
LE. 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 VO, 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%!. 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

Itis 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; N (Men/Women),
(Reference) Mean Age Assessment Key Results
5220/5869 Higher PA associated with better
Thune, 1998; [25] 34.4 and 33.7 years, PA self-report lipid profile, overall metabolic risk
respectively profile over 7 years
Assessment of LTPA over >3 h/week querate to vigorous
. LTPA half as likely as sedentary
Laaksonen, 2002; 612 men previous 12 months . o
R men to have MetSyn Men in top 33%
[26] 51.4 years among high risk men; o . .
followed for 4 years VO,max 75% less likely than unfit
men to develop MetSyn over 4 years
MetS prevalence decreased as
. . 697/749 steps/day increased; odds of having
Sisson, 2010; [27] 47.5 years Accelerometry MetSyn were 10% lower for each

additional 1000 steps/day
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Table 1. Cont.

Observational Studies

Author, Year; N (Men/Women),
(Reference) Mean Age Assessment Key Results
eA\::Iei iﬁ)rillec:feiime spent Moderate-to-vigorous activity
in sedentarv. light P associated with lower triglycerides.
67/102 ¥, it Sedentary time, light-intensity time,
Healy, 2008; [28] moderate-to-vigorous, . . .
53.4 years and mean activi and exercise intensity associated
intensitv in artitz,i ants with waist circumference and
with dia}llse tez and c}:besi ty clustered metabolic risk
Total body movement inversely
Accelerometry, exercise associated with triglycerides,
103/155 test, biometric measures insulin, HDL and clustered
Ekelund, 2007; [29] . . metabolic risk; moderate-and
40.8 years on adults with a family

history of type 2 diabetes

vigorous-intensity PA inversely
associated with clustered metabolic
risk

Exercise Intervention Studies

Author, Year N Intervention Key Results

Subjects with type 2 Intervention group had greater

diabetes randomly reductions in weight loss, glycated
Look AHEAD, 3063/2082 assigned to intensive hemoglobin and greater initial
2013; [30] 58.8 years lifestyle intervention or ~ improvements in exercise capacity

diabetes support and and all cardiovascular risk factors

education (except LDL)

6 months of exercise Exercise group improved peak VO,,

L ) . muscle strength, and lean body
53/62 training in subjects with A
Stewart, 2004; [31] : X mass; reductions in total and
63.6 years or at high risk for . .
MetSyn abdominal fat related to improved
4 CVD risk
Of 105 patients with MetSyn, 30.5%
Katzmarzyk, 2003;  288/333 20 weeks of supervised were no longer classified as having
[32] 31.6 aerobic exercise training  metabolic syndrome after exercise
training

Twice weekly aerobic & Exercise group improved fitness
Balducci, 2008; [33]  329/234 ;ees;tance training for 1 HbATc, and CVD risk profile
Diabetes alégsgilﬁjlxteiﬁz];r:f: d Lifestyle intervention group
Prevention 3234 nutritional counseling) achieved a 38% reversal of MetSyn
Program Research ~ 50.6 & and a 41% reduction of new onset

Group, 2002; [34]

vs. Metformin vs.
placebo

MetSyn.

PA—physical activity; LTPA—leisure time physical activity; MetSyn—metabolic syndrome; HDL—high density
lipoprotein; LDL—high density lipoprotein; CVD—cardiovascular disease; HbAlc—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), VO,max,
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 VO,max were 75% less
likely than unfit men to develop the metabolic syndrome, even after adjustment for major confounders.
Associations of LTPA and VO,max 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 HbAlc 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 HbAlc 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
VO, 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 VO, max based on a
standardized exercise treadmill or cycle ergometer represents an objective assessment of CREF, 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

Only men and women in the highest 40% of maximal treadmill

Carnethon, 2003; [49] 4487 (2029/2458) performance were protected against developing MetSyn.

A strong inverse association between physical activity and
Franks, 2004; [50] 847 men MetSyn. The magnitude of the association between physical
activity and the MetSyn was >3-fold greater than for VO,max.

An independent and progressive decline in the risk of
developing MetSyn with higher CRF for men and women. Also,

LaMonte, 2005; [46] 10,498 (9007/1491) 20% to 26% lower risks occurred among participants with
moderate CRF and 53% to 63% lower risks observed in highest
CREF categories vs. the lowest CRF category.
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Table 2. Cont.

Author, Year;

(Reference) N (Men/Women) Key Results

Men and women in the lowest third of VO,max had 10.2 times
Hassinen, 2008; [44] 1347 (671/676) (men) and 10.8 times (women) higher risk of having MetSyn
than those in the highest VO,max category.

Risk of developing MetSyn within 2 years of follow-up was 44%
lower for each 1-SD increase in VO, max. Each 1-SD higher VO,
max from baseline resulted in 1.8 times higher likelihood to
resolve MetSyn during 2 years of follow-up.

Hassinen, 2010; [48] 1226 (589/637)

CRF demonstrated a strong inverse relationship with MetSyn in
Earnest, 2013; [51] 38,659 (30,927/7732)  both genders. The association was strongest in those with lower
waist circumference and fasting glucose, in both genders.

CRF was inversely related to the prevalence of the metabolic
170 women syndrome in overweight/obese African-American
postmenopausal women.

Adams-Campbell, 2016;
[47]

The likelihood of developing MetSyn was approximately 50%
Ingle, 2017; [52] 9666 men lower in fit men compared to unfit, independent of BMI
particularly in men <50 years.

Significant, inverse and graded association between VO,max
and MetSyn. Highest fit had >20 times lower risk of having

Kelly, 2018; [45] 3636 (2007/1629) MetSyn compared to least-fit individuals. The difference in
VO,max 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 VO,max had 10.2 and 10.8 times, respectively,
higher risks of having metabolic syndrome than those in the highest VO,max 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 VO, 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 VO,
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 VO, 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
VO,max, 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 VO, 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 VO, 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 VO, max, 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 VO,max, 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 IR 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 (-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-1«, 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 (uB; 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 A’-tetrahydrocannabinol
(THC), i.e., A’-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,
A’-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-o or -3 (DAGLo or DAGLB). 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 (TRPMS), and the TRP of vanilloid type-2 (TRPV2) channels, as well as the T-type
CaZ* channel (Cay31); (2) some orphan GPCRs, such as GPR55, GPR110, or GPR119; and (3) peroxisome
proliferator-activated receptor-« and -y (PPAR« and PPARY) (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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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 DAGL«x 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, DAGL«, 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
DAGLp 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 #-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 «-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 #-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 (uB)), 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 uB 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 uB 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 uB is modified by dietary fatty acids,
including supplementation with #-3 fatty acids from fish oil and krill oil [22,75,76]. Although few
studies have assessed the effects of «-linolenic acid, at least one clinical trial has indicated that
a-linolenic acid-rich oils can modify the uB 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 uB, 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 uB [78]. High-fat-diet-induced uB changes were associated with
increased CB1 expression in the colon whereas FAAH was increased in the jejunum [79]. Thus,
it appears that uB 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
uB [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 uB, 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 puB, 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 PPAR«x [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 Trpvl’/ ~ 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 gut uB. The antiobesity effects of capsaicin
have been associated with changes in the gut uB, including also increases in A. muciniphila [20,102,103].
The gut uB appears to have a causative role in mediating capsaicin antiobesity effects as gut
uB 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 uB enterotypes (different gut uB 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 uB 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 uB
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 uB 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
Dj [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 PPAR« 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 PPAR«x 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 the uB. Whether there is a link between the two remains
to be determined. For this reason, and given that these alterations are associated with uB 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 uB-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 PPARy 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 uB 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 uB in wild type Wistar, obese Zucker, and spontaneously hypertensive rats, suggesting that
exercise-induced changes in the uB 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 uB 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 uB 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 uB of obese Zucker rats [141].
In humans, studies on professional rugby players found that their jtBs 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 uB diversity and short-chain fatty acid
production [144]. Similarly, independent of diet, six weeks of endurance exercise in overweight women
significantly altered the uB 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 uB. However, given that activities of several
eCBome receptors (CB1, TRPV1, PPAR«x) have been linked to uB 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 B, 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 uB [172]. There is limited evidence
that cannabis use can modulate the gut uB. To date, only two studies have investigated the effects
of cannabis use on the human gut uB. 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 uBs 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 uB, 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 uB, decreasing
the levels of A. muciniphila [180]. Fecal material transplantation confirmed that the protective effects
were mediated by changes in the uB. Further unpublished data suggest that THC-mediated effects on
the uB may be due, in part, to alterations in the host immune system, which has a complex interaction
with the uB throughout a host’s lifespan [181].

It is still unclear if the modulation of the uB by THC is dependent on CB1 activity. However,
inhibition of CB1 with the inverse agonist rimonabant alters the uB 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 uB which when
transferred to germ-free mice, partially reproduced the phenotype, and are therefore likely to be
CBl-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 uB.
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 uB constituents.

9. Conclusions

In summary, we have reviewed several examples of how the lifestyle-eCBome-uB 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 uB, and hence
help in determining their correct or defective control of energy metabolism, respectively. It is also
possible, however, that eCBome and uB 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-uB
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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Abbreviations

Mediators

2-AcGs 2-acylglycerols

2-AG 2-arachidonoylglycerol

2-LG 2-linoleoyl glycerol

2-0G 2-oleoylglycerol

AcNeuro acyl neurotransmitters

AEA N-arachidonoylethanolamine
DHEA N-docosahexanoylethanolamine
LEA N-linoleoylethanolamine
Lipo-AAs lipoamino acids

NAEs N-acylethanolamines

OA oleoylamide

OEA N-oleoylethanolamine

PA fatty acid primary amides
PEA N-palmitoylethanolamine
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Receptors

Cay3 T-type Ca?* 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

PLAIA 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

CcOox2 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 x-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 (1 = 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).

309



Nutrients 2019, 11, 65

Participants recruited before April 2010
n=20,622

N Lost to follow up
n=1411
Participants
n=19211
With prevalent MetSyn or any components
n=5,080
Participants
n=14,151
With energy intake values outside the
—_— predefined limits*
n=1,339
Pasticipants
n- 12,792
Without information for components of
—

MetSyn

Participants available for analysis
n= 10807

458 incident cases of MetSyn

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.  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 Clinica 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) 2.

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)

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

2 Body mass index was excluded, as it is a component of metabolic syndrome. ® 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% Cls)
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/m?),
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 £10.7 359 +£10.8 342 +10 <0.001
Body mass index in men 249 £25 246 £23 246 +23 246 £22 243 +£23 <0.001
Body mass index in women 220425 219425 219425 21.6+24 216 +24 <0.001
Smoking, packs per year 8.8 +10.2 71£94 54481 421+78 19+58 <0.001
Physical activity, MET-h/week 16.1+152 21.4+193 251 +21.8 30.3 £25 36.7 £26 <0.001
Mediterranean diet pattern # 3.04 £154 356 1.7 389 £1.73 424 +£1.69 471 +1.49 <0.001
Alcohol consumption, g/day 8.0 £11.1 6.9+94 62+87 51+71 39+£51 <0.001
Watching television, h/day 2.27 +1.51 181 +14 1.58 +1.31 1.33 +£1.11 1.09 £ 0.83 <0.001
No binge drinking (%) b 443 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 +0.29 022 +0.22 <0.001
Meeting up with friends, h/day 111+1 1.24 +1.05 1.34 +1.09 139+1 1.54 +1.03 <0.001
Working >40 h/week (%) 254 37.7 49.2 60.6 76.3 <0.001
Sleeping, h/day 754+ 1.1 7441 74+1 74409 74409 0.011
Depression disease (%) 12.7 11.2 10.7 9.2 9.3 0.001
Prevalent cardiovascular disease (%) © 143 2.06 1.89 143 1.53 0.512
Prevalent cancer (%) 3.07 3.21 2.89 3.05 243 0.826
Education level <0.001

No college (%) 8.86 9.13 8.96 10.18 10.26

College (%) 26.6 229 252 23.1 21.1

Postgraduate (%) 51.2 51.9 49.5 479 49.1

Master’s (%) 5.93 7.02 7.7 8.08 8.51

Doctorate (%) 743 9.03 8.66 10.73 10.98
On any special diet (%) 436 6.77 5.73 6.81 7.25 0.003
Caloric consumption 2282 4+ 607 2302 + 594 2359 + 603 2392 + 606 2428 + 593 <0.001

2 Trichopoulou score (from 0 to 8, with alcohol consumption excluded). ® Less than 5 alcoholic drinks at any time. ©
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, 1468 1993 2599 2525 2022
Incident cases 80 92 109 103 74
1 0.86 073 075 0.57
N

Crude OR (95% CT) (ref)  (0.64-1.17) (0.54-0.98) (0.56-1.01)  (0.42-0.80) 0.002

) ) 1 0.77 0.68 0.69 0.60
OR adjusted forage and sex (95% CI) ¢y (056-1.05) (0.50-0.93) (0.51-0.94)  (0.43-0.83) 0.003
Multivariable adjusted OR @ 1 0.82 0.72 0.76 0.66 0.027

(ref)  (059-1.13)  (0.52-0.98) (0.77-1.05)  (0.47-0.93)

ref: reference category. * 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 1 (ret) 0.88 0.74 0.74 0.68 <0.001
(>94 cm men, 80 cm women) 2 i (0.75-1.02) (0.64-0.86) (0.64-0.86) (0.58-0.79) :
Elevated triglycerides 1 (ref) 0.84 0.80 0.72 0.87 0213
(>150 mg/dL) 2 ’ (0.64-1.12) (0.62-1.07) (0.54-0.95) (0.66-1.16) :
Reduced HDL-cholesterol 1 (ref.) 1.00 1.27 1.10 1.10 0483
(<40 mg/dL)? ’ (0.73-1.38) (0.95-1.70) (0.81-1.49) (0.80-1.51) :
Elevated blood pressure 1 (ref) 1.02 0.93 0.89 0.86 0.033
(systolic >130 or diastolic >85 mmHg) 2 i (0.85-1.24) (0.78-1.12) (0.74-1.07) (0.71-1.05) !
Elevated glucose 1 (ref) 0.82 0.86 0.93 0.73 0127

(>100 mg/dL) @ (0.64-1.05) (0.68-1.09) (0.74-1.17) (0.57-0.94)

ref: reference category. * 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.

FACTORS aOR (Cl 95%)
Individual factors
Watching television (<2 h/day) —_— (0.76; 0.61-0.94)
Afternoon nap (0-30 min/day) —_— (0.79; 0.64-0.96)
Physical activity (>20 METs-h/week) —_— (0.83; 0.68-1.01)
Never smoking —_—— (0.89; 0.72-1.10)
Moderate alcohol consumption (women, 0.1-5.0 g/day; men 0.1-10.0 g/day) —_— (0.90; 0.74-1.10)
Mediterranean diet (=4/8) —_— (1.03; 0.83-1.29)
Not binge drinking —_— (1.05; 0.83-1.33)
Spending time with friends (>1 h/day) - (1.17; 0.94-1.45)
Working (=40 h/week) —_— (1.26; 1.02-1.57)
Combined
>6 vs. <4 factors _— (0.66; 0.47-0.93)
T T T T
0.50 0.75 1 15 2

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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P for
Subgrups aOR (Cl 95%) interaction
-Sex
Men —_— 0.53 (0.31-0.82) 0.242
Women —_— 0.96 (0.55-1.67)
—Age
<50 years —_— 0.91 (0.59-1.41) 0.147
=50 years ~—e—— 0.39 (0.19-0.65)

T

T T
0.2 0.5 1 2

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/ mz)—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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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/m? in Europe and the United States,
and > 25 kg/m? 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/m? plus visceral fat area > 100 cm?),
or obesity (BMI > 25 kg/mz) 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 cm? of VFA, both in males and
females. Therefore, the cutoff value of visceral fat accumulation was set to 100 cm? 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/mz) had visceral fat accumulation (VFA >10 Ocm?) (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/m?) [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/mz) and VFA (cutoff value 100 cm?). 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].

1. Strategies addressing lifestyle behavior and policies targeting the environment
(diet, physical activity, sleep, and mental health)

a. Health education at school and for parents
b. Calorie labels on menus, taxation for “harmful” food
C. City planning (e.g. walking and cycling lane, sports facilities and training gym, green area, and TV program)

2. Screening and intervention program against the metabolic syndrome

a. Community or organization-based prevention
Multicomponent and multilevel intervention (e.g. city planning)

b. Healthcare program by public system
Health checkup and intervention program using public health insurance system (e.g. Japan)

Disease management program conducted on national level (e.g. German)

c. Behavioral approach including motivational interviewing

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 (14 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].

Stepl : Abdominal obesity and/or overweight

Waist circumference Male > 85cm. Female > 90 cm - Group (1)

Waist circumference Male < 85cm. Female < 90 cm, but Body Mass Index > 25 = Group (2)
Step2 : Additional risk factors

1) Fasting Plasma glucose FPG > 100 mg/dl and/or HbAlc > 5.6%

2) TG and HDL-cholesterol TG > 150 mg/dl and/or HDL-cholesterol < 40mg/dl
3) Blood pressure SBP > 130 mmHg and/or DPB >85 mmHg

4) Smoking (counted only for those who have 1 risk or more from 1-3)

Step3 : Classification for Health guidance Program
Group (1) Additional risks at Step2
>2 Intensive Health Guidance program
2 Motivational Health Guidance program
Group (2) Additional risks at Step2
>3  Intensive Health Guidance program
1 or 2 Motivational Health Guidance program
Step4 :
People taking medication for diabetes, hypertension, or high cholesterol are excluded

People aged 65-74 who are eligible for health guidance are allocated to
Motivational Health Guidance program regardless of risk profile

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 cm? 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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