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Chapter 1 reviewed the relationships between obesity and the related metabolic
comorbidities, highlighting the contributions of both abdominal and peripheral adiposity to
metabolic syndrome disturbances and to disease risk, particularly to type 2 DM and
cardiovascular diseases. The abdominal obesity relevance to ectopic fat storage or
lipotoxicity, mainly in the skeletal muscle and liver were also examined. Furthermore, the
metabolic abnormalities resulting from fat accumulation in these non-adipose tissues were
additionally addressed. The three articles collected in this thesis were designed to study some
of these associations, not only to extend the current knowledge regarding the independent
abdominal and peripheral adiposity relevance to metabolic syndrome and disease risk, but
also to shed light upon some of the several questions that were still waiting to be answered.
Briefly, we sought to extend the current evidence that a smaller HC, for a given WC, is
associated to an increased risk for metabolic syndrome abnormalities. In addition, we also
examined the abdominal and thigh AT contributions to CVD risk factors and to liver ectopic
fat storage, as well as the relationships between metabolic syndrome disturbances and liver

fat. The methodology used in the present investigation was described in Chapter 2.

Waist and hip circumference vs. health risk

Worldwide obesity prevalence has been increasing tremendously, contributing to the
observed increase in CVD, type 2 DM, and metabolic syndrome incidence'"*. This increase
will probably raise in the next decade, being estimated that type 2 DM and CVD-related
mortality will represent almost three-fourth of all deaths”. It has been recognized that body
fat distribution seems to be more important to health risk than the overall body fat amount”.
While visceral adiposity has been associated to an unfavourable metabolic syndrome profile
and a higher CVD and type 2 DM risk, it is still unclear if peripheral adiposity, reflecting

different metabolic roles, may predict in a different way an increase in disease risk and in
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metabolic abnormalities. Several assessment techniques have been used to measure body fat
distribution, varying from more sophisticated methods such as DXA, CT and magnetic
resonance imaging, reliable but costly, to more simple anthropometric markers such as BMI,
WC and WHR, commonly used in a epidemiological context. Despite the advantages to
easily screen body fat degree when used in a large population set, BMI is not able either to
discriminate fat from fat-free mass or provide information regarding body fat distribution.

To overcome some of these handicaps, WC has often been used as a more reliable
marker to reflect abdominal obesity. In fact, sagittal diameter or WC alone seem to be better
predictors of VAT rather than WHR °. In addition, it has also been shown that WC can
equally predict VAT in young and older subjects’. However, since, for a given WC, VAT
increases with age, it is wise to consider that absolute WC values could represent different
abdominal obesity levels in younger and older subjects®. Therefore, based in the available
evidence suggesting a close relationship between WC and abdominal obesity (mainly
visceral adiposity), it is not surprising that the WC cut-points have been included in ATP III
and IDF metabolic syndrome definitions’.

However, several studies have been reporting that WHR can be a stronger predictor
of type 2 DM'’ and CVD'" "> than WC, mainly because WHR can reflect not only a larger
WC but also narrow hips, which may represent either a lower fat and or muscle mass'. In
fact, it has been reported that, for a given WC, a larger HC was related with a lower risk of
metabolic syndrome disturbances "', type 2 DM '*'>171° "and CVD morbidity and

mortality'” 20

. However, this relative HC protective contribution to health risk, observed
after statistical adjustment for WC, disappeared when WC was not taken into account. In this
context, we sought in Chapter 3 to investigate not only the independent associations of WC

and HC with major metabolic syndrome components, but to further extend the current

knowledge to more specific pro-inflammatory and atherothrombotic disturbances.
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Additionally, we have also examined the contribution of different abdominal and thigh
adipose and muscle tissue compartments to the relationships observed between these two
anthropometric variables and metabolic syndrome features.

In this sense, after adjustment for age, BMI, and HC, multiple regression analyses
revealed positive associations between WC and both glucose metabolism and IR markers,
hypertriglyceridemia, hypercholesterolemia, and PAI-1, an impaired fibrinolysis marker
associated with an atherothrombotic state™. WC was also inversely related with HDL-C and
IL-6 plasma concentrations, a proinflammatory state marker which is more likely to be
elevated in obese insulin-resistant than in obese insulin-sensitive subjects**. A synergistic
effect promoted by a combination of hypercholesterolemia, hyperglycemia, and
hyperinsulinemia has been advanced to explain the increase in PAI-1 concentrations in obese
subjects®, which may justify the results previously described. However, hyperinsulinemia
alone can also increase PAI-1 concentrations in both obese and type 2 DM subjects,
revealing a link between IR and PAI-1%. However, it is still unclear whether insulin acts
directly or via IR to enhance PAI-1 values.

Furthermore, higher PAI-1 concentrations have also been found to be closely related
with dyslipidemia, abdominal adiposity and hypertension®’. In fact, adipose tissue-derived
angiotensin II has been presented as an important link between elevated PAI-1 values and
the renin-angiotensin system, and hence with hypertension™. On the other hand, despite the
scientific debate regarding the contributions of the different AT compartments to PAI-1
secretion, it was recently suggested that VAT could be responsible for PAI-1 increase
observed in metabolic syndrome patientszg, which, in fact, is closely related with WC.

On the contrary, we have observed that, for a given WC, a large HC was associated
with a lower fasting insulin, Hb Alc and PAI-1 concentrations, as well as with a lower

TC/HDL-C ratio. Our results reinforce the previous observations reporting a relative
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protective role of a larger HC, when WC is taken into account, to IR and dyslipidemia'>*"

30 and thus to type 2 DM risk'® % '®*! Furthermore, our results extend this notion to
atherothrombotic disturbances and other CVD risk factors. In this context, other studies have
also been reporting that higher peripheral fat mass, measured by DXA, was independently

associated with a lower CVD risk'>'"*?

. Furthermore, the protective contribution of larger
hips to morbidity has also been observed in the risk of premature mortality, after adjustment
for BMI'" %,

Consistently with other reports®, in our study, a larger WC was associated with
higher VAT and Ab SAT areas, representing a morbidogenic body composition phenotype,
while a larger HC was independent and inversely related with both abdominal AT
compartments. In addition, larger hips were associated with both gluteofemoral AT
compartments and thigh muscle mass. Therefore, in this context of the opposite contributions
of WC and HC to metabolic risk, as a unique feature of this paper, it was the first time that it
was investigated the independent contribution of abdominal and thigh AT compartments,
and muscle tissue distribution, measured by CT, to the relative HC protection to the
metabolic disturbances previously described. For a given WC, higher TTAT and TTSAT
mass were both associated with lower Hb Alc concentrations and a lower LDL-C/HDL-C
ratio. Additionally, a higher TTSAT mass was also inversely related with both HDL-C and
fasting insulin concentrations. In contrast, TTSFAT did not reveal associations with any of
the metabolic markers studied. On the other hand, for a given WC, a higher TTMT mass was
related with lower PAI-1 and fibrinogen concentrations.

The results observed in the present work suggest that, in overweight or obese women,
the protective HC role in dyslipidemia and IR, observed when WC is taken into account, can

be mediated by subcutaneous femoral-gluteal AT. Moreover, it has been observed that, for a

given amount of abdominal fat, low subcutaneous fat in the legs is associated with an
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atherogenic lipid profile’*. Underlying hormonal factors, such as estrogens concentrations,
may regulate preferential thigh AT accumulation®. In addition, compared to VAT
adipocytes, femoral-gluteal adipocytes are more sensitive for anti-lipolytic stimuli and less
sensitive to catecholamine-stimulated lipolysis36. Furthermore, these thigh AT depots present
a higher lipoprotein lipase (LPL) activity, which promote a higher rate of the free fatty acids
uptake from circulation. This “buffer” capacity may provide not only an anti-atherogenic and
anti-diabetogenic effect, but can also prevent liver, pancreas and skeletal muscle
lipotoxicity’’. However, there are several aspects that might underlie and confound the
observed associations, being relevant to highlight the glucocorticoid and growth hormone
disturbances, as well as behavioral factors, such as diet and physical activity™".

Despite evidence has been highlighting the contribution of muscle tissue to a better
metabolic profile””, and lower insulin metabolism® and fatty acid oxidation capacity

. 18,22
disturbances ™

, our results suggest that thigh muscle tissue seem also to be relevant to the
observed protection against atherosclerotic and prothrombotic disturbances. In fact, these are
novel observations that need further research to clarify not only the mechanisms responsible

for these associations but also to extend the knowledge to other specific metabolic syndrome

features.

Abdominal and thigh adiposity vs. health risk
WC has been largely used, especially in an epidemiological context, as marker of
abdominal obesity, and has been found to be a stronger VAT predictor than WHR™ °.

12 and type 2

However, some studies have reported that WC is not always a better CVD
DM predictor than WHR. On the other hand, it has been showed that in two persons with

the same WC, VAT and Ab SAT areas could present a wide variation range, representing a

different disease risk assumption. In addition, for a given WC, VAT mass seems to increase
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with age®. Therefore, absolute WC values could represent different visceral adiposity levels
in both younger and older subjects. To overcome these difficulties, more sophisticated body
composition assessment methods such as CT or MRI have been applied to discriminate Ab
SAT from VAT. Studies using CT have been showing a consistent association between VAT
area and metabolic or disease risk***'***,

However, it is not clear if Ab SAT is similarly associated with an unfavourable
metabolic syndrome profile independently of VAT*. Although some studies have suggested
that higher Ab SAT areas were associated with IR markers and lipid metabolism
disturbances, these associations were weaker than those verified for VAT 3% #
Concomitantly, little is known about thigh AT compartments relevance to metabolic
syndrome outcomes and disease risk. Therefore, the author and his colleagues investigated
the independent relationships between both abdominal and thigh AT compartments with
major metabolic syndrome components, as well as with several other metabolic syndrome
features associated with a proinflammatory and an atherothrombotic state (Chapter 4).

The primary findings were that VAT reflected an unfavourable metabolic syndrome
profile, being associated with fasting glycemia, TG, LDL-C and PAI-1 concentrations, as
well as with higher TC/HDL-C and LDL-C/HDL-C ratios, after controlling for age, BMI and
VOomax- A higher VAT area was additionally related with lower HDL-C concentrations. The
observed VAT mean area was higher than 110 cm?, a suggested cut-point to observe severe
dyslipidemia and glucose metabolism disturbances®, which might justify the previous
associations reported. VAT remained significantly associated with the same metabolic
features after adjustment for both Ab SAT and deep Ab SAT, revealing, in the last case, an
additional association with CRP.

Although both VAT and Ab SAT have been demonstrating cross-sectional

.. cq . . .. .. 31.44 46 ..
associations with insulin sensitivity” * ™" and IR™, VAT seems to assume a greater clinical
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importance. Despite the underlying mechanisms are not totally clear, it has been advanced
that visceral-derived FFA drained into portal circulation might be responsible for primary

hepatic IR*"-**

. However, in abdominal obese women, the increased lipolysis rate in
subcutaneous adipocytes, existing in higher amounts, increase FFA release into systemic
circulation, contributing to an increased peripheral IR*’. In addition, adipose tissue is an
important endocrine organ’, being responsible for expression of several hormones, growth
factors and cytokines. In fact, both VAT and Ab SAT can secrete leptin, TNF-a, IL-6, PAI-1
and several other adipokines that might worsen IR and increase disease risk. In our study, we
found a close relation between VAT and PAI-1 concentrations. It is known that PAI-1,
through inhibition of tissue plasminogen activator, is the main regulator of endogenous
fibrinolytic system, favouring the development of thromboembolic disturbances’'. These
fibrinolytic disorders might underlie the association between obesity and both CVD** and
IR** >, Moreover, it has been advanced that insulin and the transforming growth factor-beta
(TGF-), an adipokine that increases preadipocytes cell proliferation, appear to be the main
responsibles for PAI-1 synthesis in AT,

It is also noteworthy that, after control for deep Ab SAT, a higher VAT area was
associated with higher CRP and lower adiponectin concentrations. Mainly regulated by
circulating IL-6, CRP is an endothelial dysfunction marker which can independently predict
IR’ and coronary heart disease’’. Similarly to our results, another recent study has also
reported that abdominal AT was related with a low chronic inflammatory state, linking
abdominal obesity with CVD®.

On the other hand, it is now well established that there is a close and consistent
inverse association between adiponectin and both IR*® and inflammation®. Additionally,
adiponectin is also inversely related with other CVD risk factors such as LDL-C, TG and

blood pressure™, and it is also considered to be an independent predictor of CVD®*®'. Due
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to an insulin sensitizing effect in skeletal muscle, adiponectin may increase muscle glucose
uptake and fatty acid oxidation through muscle adenosine monophosphate-activated protein
kinase activation®, preventing peripheral IR. Adiponectin concentrations are reduced in
obese and diabetes patients, which is consistent with our results. In this sense, these findings
reinforce the notion of an independent VAT relevance to an unfavourable metabolic
syndrome profile and to an inflammatory and atherothrombotic state in overweight and
obese women.

Although both visceral and subcutaneous abdominal AT have been related with an
unfavourable metabolic profile independently of ectopic liver fat storage, CRF levels™, and
even in absence of obesity®, we found that Ab SAT was uniquely related with TNF-a
concentrations, after adjustment for age, BMI and VOzmax. When controlling for VAT, Ab
SAT revealed additional associations with several other inflammatory and thromboembolic
disturbances but none with IR or dyslipidemia markers. Despite the fact that omental
adipocytes can produce threefold more IL-6 than subcutaneous adipocytes®, we found that
IL-6 was related with Ab SAT but not with VAT. Similarly, leptin was a significant correlate
of Ab SAT but it was not associated with VAT. In light of these findings, Ab SAT may
predict an inflammatory and atherogenic state but it was not associated with IR and lipid
metabolism disturbances in our study.

Due to its metabolic differences, we examined in further analysis the associations of
both superficial and deep Ab SAT compartments with metabolic syndrome features. After
controlling for VAT, while superficial Ab SAT was identically related to the same
inflammatory and atherogenic risk factors as those observed for Ab SAT, only fibrinogen
and uric acid were significant correlates of deep Ab SAT. Contrarily to our results, which

revealed a more consistent superficial Ab SAT relevance to disease risk, other studies have
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reported that deep Ab SAT may be a better predictor of an unfavourable metabolic profile
independently of VAT** % Therefore, further studies are needed to clarify these findings.

Less evidence is linking thigh adiposity with metabolic disturbances. However, it has
been reported that obesity may lead to ectopic fat storage in skeletal muscle, located between
muscle fibbers or intramyocytes, which may contribute to muscle IR and metabolic

inflexibility in obese patients with or without type 2 DM®”®

. We found that, after control
for age, BMI and VOjpax, TTAT was inversely related with Hb Alc and PAI-1
concentrations, as well as with LDL-C/HDL-C ratio. On the contrary, when controlling for
TTMT, several inflammatory and thromboembolic risk factors were significant correlates of
TTAT. Similar associations were observed for TTSAT, not only when adjusting for age,
BMI, and VOjp.x but also when controlling for TTMT.

The inverse associations verified between both TTAT and TTSAT with PAI-1 are
novel observations that have not been previously reported in overweight and obese women,
suggesting a relative protective role of gluteal-femoral AT against atherothrombotic and IR
risk factors when age, BMI and VO, are taken into account. In this sense, it has been
suggested that gluteal-femoral AT my act as a buffer for circulating FFA®, preventing
muscle and liver ectopic fat storage and, consequently, lipotoxicity’’. Clearly, these results
suggest that further investigation is needed to clarify the associations observed.

After statistical control for age, BMI and VOypmax, TTSFAT was related with fasting
glycemia, thrombotic markers, and with microalbuminuria concentrations. TTSFAT remain
significantly associated with the same variables and revealed additional associations with
lipid metabolism, atherogenic and inflammatory risk factors, after adjustment for TTMT.
Additionally, TTSFAT was, in both cases, inversely correlated with leptin. These findings

suggest that thigh lipid pools are also related with adipocytokines expression and could act

as important local modulators of skeletal muscle metabolism. In this sense, more research is

177 Faculty of Human Movement — Exercise and Health Laboratory



Chapter 6 Discussion

needed to understand the differences in cytokine expression and secretion by abdominal and

thigh AT compartments and its influence in metabolic function.

Body fat distribution and liver fat

As reviewed in Chapter 3 and Chapter 4, it is generally accepted that higher WC,
reflecting abdominal obesity is associated with several metabolic syndrome clinical
outcomes. The increased circulating FFA commonly observed in abdominal obese patients
predispose to glucose metabolism disturbances in the liver, muscle, pancreas and several
other organs’’. The pancreatic beta-cells which have increased insulin secretion to
compensate glucose uptake and oxidation impairments will eventually fail, leading to type 2
DM*’. Concomitantly, the increased circulating FFA are accumulated in several organs,
promoting the so-called lipotoxicity or ectopic fat storage in the liver, pancreas, heart and
skeletal muscle’'. In fact, even a modest excess of fat storage in some of these lean tissues
may induce lipid cardiomyophaty and type 2 DM"".

On the other hand, liver fat storage has been associated with IR and dyslipidemia in
obese’” and type 2 DM patients’. Moreover, it has been suggested that hepatic steatosis,
clinically characterized by hepatocyte fat infiltration and defined as the first stage of
NAFLD, emerge from a combination of increased FFA influx to liver, increased liver FFA
synthesis’™, and decreased FFA oxidation and VLDL synthesis. In fact, hepatic steatosis is
associated with IR, dyslipidemia and major metabolic syndrome outcomes not only in obese
patients but also in lean subjects without glucose intolerance”. Hepatic steatosis has been
also associated with inflammatory markers of non-specific hepatitis’®. In this sense, liver fat
storage, clinically expressed by a reliable index designated as liver-to-spleen ratio’’, seems

78-80 75,79, 81, 82
, IR> 7> oh

to be related with visceral adiposity and several other metabolic syndrome

. 78,79, 82
disturbances’™ " °~.
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Although evidence has been demonstrating an independent contribution of VAT, and
liver fat storage to an unfavourable metabolic syndrome profile and IR in obese or type 2
DM patients, it is still not totally clear if liver fat is additionally associated with other
specific inflammatory and atherothrombotic risk factors in overweight and obese women.
Furthermore, despite the recognized contribution of abdominal obesity to ectopic liver fat
storage, less is known about the relationships of both specific abdominal and thigh AT
compartments to liver fat. In this particular context, to our knowledge, only one study
developed in type 2 DM patients has reported that thigh subfascial AT was correlated with
both liver fat and IR®. Therefore, the authors have examined in Chapter 5 the separate
contributions of abdominal and thigh adipose and muscle tissue compartments to liver fat.
Further analyses were developed to investigate the independent associations of major
metabolic syndrome components and pro-inflammatory and atherothrombotic risk factors
with liver fat.

Our primary findings were that a higher thigh SFAT area was associated with either a
higher LSR or a lower liver attenuation, representing a lower liver fat storage, independently
of age and BMI. Furthermore, it was observed that, for a given WC, increased thigh SFAT
areas were also independently related with a higher LSR. To our knowledge, these
associations between thigh SFAT and both LSR and liver attenuation are novel observations
that may suggest an indirect preventive role of this thigh AT depot against ectopic liver fat
storage in overweight or obese women. As reviewed in Chapter 3 and Chapter 4, it has been
suggested that femoral-gluteal AT may function as a “sink” for circulating FF A%, In
addition, the fact that these thigh adipocytes are less sensitive to catecholamine-stimulated
lipolysis and present a relatively high lipoprotein lipase activity, important in FFA uptake

from the circulation®, may prevent liver lipotoxicity and counteract the inevitable
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physiologic cascade responsible for IR and several other disturbances currently observed in
abdominal obese subjects.

However, it is noteworthy that previous studies have been relating thigh SFAT not
only with IR®®®2, but also liver fat*. In a recent study developed with non-insulin dependent
DM patients, it was reported that liver fat was not only negatively associated with visceral
adiposity™, but also with thigh subfascial AT independently of the effects of VAT and BML
More than interpreting these observations as evidence supporting the notion that thigh SFAT
can contribute to fatty liver pathogenesis, the authors have suggested that both TSFAT and
fatty liver are special adiposity depots related with IR pathogenicity in type 2 DM. In this
sense, these results obtained in type 2 DM patients contrast with our observations in
overweight and obese women, suggesting that this body composition area warrants more
research.

On the other hand, we have observed that higher concentrations of fasting insulin,
TG, liver transaminases, PAI-1 and uric acid concentrations were independent and inversely
related with LSR. In addition, higher TC/HDL-C and LDL-C/HDL-C ratios were also
predictors of a lower LSR. These findings highlight the contribution of hyperinsulinemia,
hypertriglyceridemia and hypercholesterolemia to the pathophysiological metabolic cascade
that mediates liver disturbances in overweight and obese women. Furthermore, it has been
advanced that hyperinsulinemia alone may inhibit hepatocyte FFA oxidation, which might
additionally contribute to liver lipotoxicity. Other studies have also reported associations

between both IR and lipid metabolism "

markers and liver fat. In addition, the hepatic
steatosis might be accompanied by a low chronic inflammatory state®®. In this sense, it was
found in the current work that both atherothrombotic and inflammatory risk factors were

inversely associated LSR, emphasizing the associations of a low chronic inflammatory and

atherothrombotic state with hepatic fat storage. It is known that increased liver transaminases
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concentrations can predict liver injury degree®’, being also related with obesity severity. In
our study, both ALT and AST were independent predictors of liver fat storage.

When adjusted for VAT, excepting uric acid and PAI-1, same metabolic risk factors
remained significantly associated with LSR, being these associations slightly stronger than
those observed when controlling for age and BMI. As discussed in Chapter 4, both VAT and
Ab SAT are independent predictors of metabolic and disease risk®. However, although some
reports have been suggesting that liver fat storage is normally preceded by VAT
accumulation’®, it was already observed that hepatic steatosis remains independently
associated with major metabolic syndrome components independently of total and visceral

adiposity™ ¥

. In this sense, our results reinforce the independent associations of an
unfavourable inflammatory and atherothrombotic metabolic profile with liver fat,
independently of VAT.

Obesity, and more specifically, abdominal obesity contribution to liver fat storage
and consequent metabolic disturbances was already addressed in several studies. In a study
with 144 patients with NASH, BMI was the unique independent predictor of hepatic
steatosis degree”. Other studies have also reported that both in obese patients®’ and in living
liver donors’’, the hepatic steatosis severity was also associated to BMI. Similarly, we found
that BMI, was inversely associated with LSR, independently of age. However, BMI is not
always an independent predictor of liver fat storage. In a study with 221 patients with
chronic hepatitis C, VAT rather than BMI, was a predictor of hepatic steatosis’". In fact,
central obesity markers, such as wCs 81, WHR" 93, VAT78, VAT/TAAT ratio”®, and Ab
SAT*seem to be close and consistently related with liver fat. Similarly, after adjusting for
age and BMI, we found that a higher VAT area and an increased SD were independently

associated with lower a LSR, emphasizing that liver lipotoxicity is associated not only with

an unfavourable metabolic syndrome profile but can also reflect abdominal obesity. This
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liver lipotoxicity may be responsible for other metabolic disturbances, including increased
liver FFA synthesis, adipocyte proliferation failure and insufficient FFA oxidation’" "% In
this context, our results are consistent with some recent observations’, suggesting that liver
fat is associated not only with an unfavourable metabolic syndrome profile but can also
reflect abdominal obesity.

Despite hyperleptinemia often present in visceral obese patients, may aggravate IR,
promoting intrahepatocyte fat storage’, and therefore, fatty liver, leptin was not a associated
with LSR or liver attenuation. Inflammatory cytokines such as TNF-a and IL-6, commonly
overexpressed in obese patients or overweight subjects with type 2 DM have been related
with ectopic liver fat storage and NASH pathogenesis®. However, both inflammatory and
atherothrombotic risk factors were not predictors of lower LSR in our study.

There are some limitations in this work that warrants mention. In fact, it is
noteworthy to highlight that liver fat attenuation can not reflect absolute liver fat, since
attenuation of each voxel is a function of its lipid, lean tissue and water composition.
Conversely, variations of each component may change the attenuation value, adding data
interpretation difficulties. In addition, despite the rigorous protocol to obtain fasting blood

samples, being controlled the stage of menstrual cycle to avoid lipid blood profile variations

induced by phase changes, we did not control diet composition prior blood sampling.
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