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Summary and conclusions

The risk of developing type 2 diabetes and cardiovascular disease is exceptionally high
among both native and migrant South Asians, comprising one fifth of the total world’s
population and consequently posing a major health and socioeconomic burden world-
wide. The underlying cause of this excess risk is still poorly understood. This thesis aimed
to gain more insight in the pathogenesis of type 2 diabetes and cardiovascular disease
in people of South Asian descent, and to provide new leads for preventive strategies and
treatment options.

PART 1: TYPE 2 DIABETES MELLITUS

In PART 1 of this thesis we focused on the pathogenesis of type 2 diabetes in South
Asians.

In Chapter 2 we reviewed potential pathophysiological mechanisms responsible for
the increased risk of type 2 diabetes in South Asians compared to white Caucasians. The
predominant mechanism in this ethnic group seems to be insulin resistance rather than
impaired insulin secretion, given the consistently found higher insulin levels in South
Asians compared to other ethnic groups regardless of age, gender or BMI. We described
several possible mechanisms that may underlie or contribute to this increased preva-
lence of insulin resistance. A gene-environment interaction seems most likely: South
Asians seem to have a high genetic susceptibility and enhanced interaction with envi-
ronmental triggers such as a high fat diet and low levels of physical activity. They have
a remarkable disadvantageous metabolic phenotype. South Asians are born relatively
small, and already at birth they have high insulin levels and exhibit a thin-fat-phenotype,
which remains throughout life. They develop type 2 diabetes at lower ranges of BMI
compared to white Caucasians. Furthermore, it has been shown that South Asians have
dysfunctional adipose tissue and are in a continuous state of low grade inflammation.
Additionally, South Asians seem to have higher hepatic and intramyocellular lipid
content, but have less skeletal muscle mass and seem to have lower cardiorespiratory
fitness and reduced capacity for fat oxidation during submaximal exercise. Remarkably,
as of yet no convincing differences in intracellular signalling cascades and enzymatic
process involved in insulin signalling have been found between South Asians and white
Caucasians. However, so far only two studies obtained muscle biopsies and investigated
mitochondrial function, and only one investigated the insulin signalling pathway. Finally,
endothelial and HDL dysfunction have been observed in several studies in South Asians,
possibly leading to a decreased NO bioavailability and affecting substrate delivery to
skeletal muscle. Hence, so far, an overall biological explanation for their unfavourable
phenotype remains to be elucidated. We proposed several other areas of interest that
should be explored in South Asians to further investigate this phenotype.
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Chapter 3 describes a study investigating the high insulin levels in response to an oral
glucose load consistently found in South Asians compared to white Caucasians. These
higher insulin levels are considered a compensatory mechanism to overcome insulin
resistance and maintain normal glucose tolerance, and might either be caused by a
decreased insulin clearance, or an increased B-cell response. Therefore, we investigated
if this increased insulin response is due to an increased response of GLP-1, an incretin
secreted from the gut in response to eating that stimulates insulin secretion. In addition,
we were interested whether this increased insulin response causes reactive hypogly-
cemia, which is characterized by a drop in glucose level 4-6 hours after a glucose load,
and is considered a sign of latent diabetes."” For this purpose, eight young, healthy
South Asian men and ten white Caucasian men were subjected to a prolonged 6-hour
75-g OGTT. This study confirms that young healthy South Asian men are more insulin
resistant and have higher insulin levels during an OGTT than white Caucasian men. The
high insulin levels were accompanied by increased levels of GLP-1, as reflected by an
increased AUC for GLP-1. Since the incretin effect and the direct insulinotropic action
of GLP-1 were not assessed in this study, it remains to be elucidated whether this is a
compensatory response to facilitate hyperinsulinemia to overcome insulin resistance or
reflects a GLP-1 resistant state. The finding that the peak GLP-1 levels preceded the peak
insulin response and paralleled the increased 3-cell activity suggests, however, a direct
relation between the increased GLP-1 response and the insulin secretion by the B-cell.
Finally, although insulin levels were higher in South Asians during the whole test, this
did not lead to reactive hypoglycemia.

Given the high susceptibility of South Asians to develop type 2 diabetes despite a similar
environmental pressure when compared to other ethnicities, a possible explanation for
this excess risk might be related to differences in the regulation of energy/nutrient-
sensing pathways in metabolic tissues thereby affecting whole-body substrate homeo-
stasis. In Chapters 4 and 5 we investigated these pathways in young adult and adult
subjects, respectively, with a special focus on canonical insulin signalling and mTORC1
pathways. All subjects underwent a 2-step hyperinsulinemic-euglycemic clamp with
skeletal muscle biopsies and indirect calorimetry before and after a short-term dietary
intervention. In addition, HTG and abdominal fat distribution were assessed using MRI/S.

In Chapter 4 we compared the metabolic adaptation to a 5-day HFHCD in 12 young
healthy South Asian and 12 white Caucasian men. Metabolic clearance rate of insulin
and hepatic insulin sensitivity were reduced in South Asians compared to Caucasian
subjects both before and after the diet. Strikingly, a 5-day HFHCD was already sufficient
to impair insulin-stimulated glucose disposal in South Asians, while such an effect was
not observed in Caucasians. The impairment in glucose disposal was primarily due to
a decrease in NOGD, suggesting a defect in glycogen storage. However, no obvious
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differences were found in expression of proteins and genes involved in glycolysis and
glycogen synthesis between groups. At the skeletal muscle level no significant differ-
ences were found between groups in mTOR-signalling, nor in insulin signalling, meta-
bolic gene expression and mitochondrial respiratory-chain content, that could explain
the diet-induced impairment in insulin-stimulated glucose disposal in South Asians.
Furthermore, no differences in HTG and abdominal fat were detected. The fact that we
did not find obvious differences between groups might be explained by the relatively
good health of our subjects and/or the small sample size. Finally, we cannot exclude
the possibility that white adipose tissue might have contributed to the diet-induced
impairment in insulin-stimulated glucose disposal in South Asians. About 10-20% of
whole-body glucose uptake occurs in white adipose tissue, which corresponds to the
observed reduction in glucose disposal in South Asians. In conclusion, HFHC-feeding
rapidly induced insulin resistance only in healthy, young, lean South Asian subjects, sug-
gesting that the propensity of South Asians to develop type 2 diabetes may be partly
explained by the way they adapt to high fat western food. The mTOR-pathway does not
seem to be involved, at least in skeletal muscle.

In Chapter 5 we assessed the effect of caloric restriction through an 8-day VLCD on
skeletal muscle energy/nutrient-sensing pathways in 12 middle-aged overweight South
Asian and 12 white Caucasian men. At baseline, South Asians were more insulin resistant
compared to Caucasians, as indicated by higher insulin levels (both fasting and during
OGTT), and lower hepatic and peripheral insulin sensitivity. In addition, metabolic clear-
ance rate of insulin was lower and hepatic triglyceride content was higher in South Asian
subjects. Deposition of fat in the liver is associated with hepatic insulin resistance.* The
impairment in peripheral insulin sensitivity in South Asians appeared to be due to a
reduced rate of NOGD, suggesting a defect in glycogen storage, one of the main defects
observed in patients with type 2 diabetes.” However, no between-group differences
were found in expression of proteins and genes involved in glycolysis and glycogen
synthesis, in line with our findings in the young adult group. In addition, no differences
were observed before the diet in skeletal muscle insulin and mTOR signalling. Substrate
oxidation rates and metabolic flexibility were comparable between groups. Intriguingly,
South Asian subjects exhibited a different metabolic adaptation to an 8-day VLCD. In
both groups, HTG and abdominal fat distribution were reduced, and hepatic insulin
sensitivity was improved in response to the diet, as expected from previous studies.®®
However, whereas Caucasian subjects switched from carbohydrate to lipid oxidation in
fasted condition and showed an improved insulin effect on substrate oxidation rates,
indicating they were metabolically flexible, the shift in whole-body substrate oxidation
rates in South Asians was impaired after the diet, both in fasted condition and during
hyperinsulinemia, reflecting metabolic inflexibility. Furthermore, in Caucasians periph-
eral insulin sensitivity was not affected by the diet, in line with other short-term caloric
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restriction studies leading to minimal weight loss,®® whereas in South Asians periph-
eral insulin sensitivity was slightly improved, primarily due to enhanced NOGD, despite
lowered insulin levels. Interestingly, skeletal muscle energy/nutrient-sensing pathways
were differentially affected, notably with an increase in insulin-induced activation of
the ERK-mTOR-S6K1 axis in South Asians. Growing evidence suggests that mTORC1 can
suppress fatty acid B-oxidation by inhibiting PPARa and the transcriptional regulation of
its target genes.'”"* Intriguingly, mRNA-expression of PPARA was significantly decreased
only in South Asian subjects. Hence, the hyperactive mTOR-pathway in South Asians in
response to short-term caloric restriction may have repressed fatty acid B-oxidation by
inhibiting PPARaq, resulting in impaired metabolic flexibility. mTORC1 is also known to
have negative effects on insulin sensitivity. Glucose disposal rate, however, improved in
South Asians, apparently primarily accounted for by increased NOGD, although no dif-
ferences in glycogen metabolism were observed between groups. Interestingly, AMPK
expression was significantly increased in South Asians, but not in Caucasians. AMPK
activation promotes skeletal muscle glucose uptake and may underlie the improved
NOGD in South Asians after caloric restriction, which might explain the improved glu-
cose disposal rate in South Asian subjects. In conclusion, middle-aged overweight South
Asian men exhibited a different metabolic adaptation to short-term caloric restriction
compared to age- and BMI-matched white Caucasians. Although glucose disposal rate
was improved in South Asians in contrast to Caucasians, metabolic flexibility was im-
paired after an 8-day VLCD, which was accompanied by an increase in insulin-induced
activation of the skeletal muscle ERK-mTOR-S6K1 axis.

Recently, brown adipose tissue (BAT) has emerged as a novel player in energy metabo-
lism in humans. In Chapter 6 we gave an overview of the anatomy, physiology and func-
tion of BAT and described how BAT could be manipulated in order to increase energy
expenditure and possibly induce weight loss. In contrast to white adipose tissue, BAT
takes up glucose and triglyceride-derived fatty acids from the plasma and subsequently
burns fatty acids to generate heat through a process called mitochondrial uncoupling.”
Interestingly, BAT volume and activity, as assessed after exposure to cold by "*F-FDG
PET-CT-scans, are inversely related to BMI and percentage of body fat in adult humans,
indicating an inverse relationship between BAT and obesity.'*"® Besides a clear role for
BAT in triglyceride metabolism'® BAT is also thought to contribute to glucose homeo-
stasis, particularly in resting conditions when glucose utilization by skeletal muscle is
minimal.?” Importantly, BAT appears to contribute to NST'®" and it has been estimated
that fully activated BAT in humans can contribute up to 15-20% of total energy expendi-
ture.” Additionally, several pathological conditions that lead to activation of BAT, such as
hyperthyroidism and pheochromocytoma, result in increased energy expenditure and
in weight loss. Hence, increasing the activity of BAT is considered a promising method

232



Summary and conclusions

to increase energy expenditure and subsequently induce weight loss. Various ways in
which BAT can be manipulated have been identified, e.g. exposure to cold, the use of
so-called uncoupling agents or the administration of the hormone irisin.

Since BAT is involved in total energy expenditure and clearance of serum triglycer-
ides and glucose thereby protecting against metabolic disturbances, we hypothesized
that a low BAT volume or activity might underlie the disadvantageous metabolic phe-
notype and susceptibility for type 2 diabetes in South Asians. Therefore, in Chapter 7,
we investigated REE as well as BAT volume and activity in 12 young healthy lean South
Asian men and 12 white Caucasians, using ventilated hoods and cold-induced "®F-FDG-
PET-CT-scans. We demonstrated that thermoneutral REE was -32% lower in South Asian
subjects compared to Caucasians. In addition, temperature at which shivering started
was higher despite a higher total percentage of fat mass, and cold-induced NST was
smaller in South Asians. Strikingly, the detectable volume of metabolically active BAT
was markedly lower in South Asians (-34%). The fact that this is found already in healthy
young adults without differences in the degree of '*F-FDG uptake, as evidenced by equal
SUV nax @and SUV ean, could point to a defect in BAT differentiation. The underlying cause
of the lower BAT volume in South Asians may be genetic (i.e. blunted expression of sig-
nalling molecules involved in BAT differentiation, e.g. NO, environmental (i.e. clothing
behaviour, central heating setting and/or eating pattern), or a combination of the two.
These findings suggest that a low BAT volume may underlie the high susceptibility to
develop metabolic disturbances, such as obesity and type 2 diabetes, in South Asians.
Hence, increasing the volume or activity of BAT might be of great therapeutic potential
in this ethnic group, possibly resulting in increased clearance of glucose and fatty acids
and increased total energy expenditure.

PART 2: CARDIOVASCULAR DISEASE

In PART 2 of this thesis we focused on the pathogenesis of cardiovascular disease in
South Asians.

In Chapter 8, we reviewed potential factors contributing to the increased car-
diovascular risk of South Asians and discussed novel therapeutic strategies based on
recent insights. The major cause of cardiovascular disease is atherosclerosis, which is
present many years before any clinical symptoms of cardiovascular disease become
manifest. The development of atherosclerosis may be promoted by metabolic as well
as inflammatory risk factors. Metabolic or ‘classical’ risk factors include dyslipidemia,
central obesity and insulin resistance. In addition, although the precise mechanism is
still under debate, inflammatory or ‘non-classical’ risk factors may contribute to devel-
opment of cardiovascular disease. Among these are systemic inflammation, as well as
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HDL dysfunction and endothelial dysfunction which can both give rise to inflammation.
In South Asians, classical risk factors associated with cardiovascular disease are highly
prevalent. A contributing factor that may underlie the development of this disadvanta-
geous metabolic phenotype is the presence of a lower amount of BAT volume in South
Asians, resulting in lower lipid oxidation and glucose uptake. These classical risk factors,
however, cannot fully explain the increased South Asian risk for cardiovascular disease.
Therefore, other non-classical risk factors must underlie this residual risk. Indeed, the
prevalence of inflammatory risk factors including visceral adipose tissue inflammation,
endothelial dysfunction, and HDL dysfunction, is higher in South Asians compared to
white Caucasians. We concluded that a potential novel therapy to lower cardiovascular
disease risk in the South Asian population is to enhance BAT volume or its activity in or-
der to diminish classical risk factors. Furthermore, anti-inflammatory therapy may lower
non-classical risk factors in this population and the combination of both strategies may
be especially effective.

Chapter 9 aimed to assess whether cardiac dimensions, cardiovascular function and
myocardial triglyceride content differ between young, healthy South Asian and white
Caucasian men, possibly contributing to the increased cardiovascular disease risk
in South Asians. In addition, since insulin resistance and type 2 diabetes are highly
prevalent in South Asians® and the mortality risk of cardiovascular disease associated

with type 2 diabetes is higher in South Asians compared to white Caucasians,”** w

e
hypothesized that the excess cardiac risk in South Asians might be due to a higher
cardiac susceptibility to metabolic disorders. Therefore, we assessed cardiac dimensions
and cardiovascular function using a 1.5T-MRI/S-scanner in 12 young, healthy male South
Asians and 12 white Caucasians, and subjected them to a 5-day HFHCD to study cardiac
response to metabolic stress. At baseline, South Asians were more insulin resistant and
had higher LDL-cholesterol levels. Cardiac dimensions were smaller in South Asians, as
indicated by lower left ventricular mass and end-diastolic volume, indexed for body
surface area. Furthermore, differences in diastolic and systolic cardiac function profiles
were observed. Parameters of diastolic function, E acceleration and deceleration peak
flows, were lower in South Asians, suggesting prolonged cardiac relaxation compared to
white Caucasians. In addition, measures of systolic cardiac function, aortic acceleration
and deceleration peak flows, were lower in South Asians, indicating prolonged cardiac
contraction as well. A 5-day HFHCD did not increase these differences, despite a signifi-
cant increase in both insulin levels and HOMA-B% only in South Asians, indicating they
became even more insulin resistant. Finally, aortic pulse wave velocity, a powerful in-
dependent predictor of cardiovascular events,” was higher in South Asians at baseline,
indicating increased arterial stiffness, which normalized after the diet. Hence, young,
healthy South Asians have smaller cardiac dimensions, even when corrected for their
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smaller stature, and a different cardiovascular function profile than white Caucasians.
Reduced insulin sensitivity and increased LDL-cholesterol might be causally related
to the different cardiac function profiles in South Asians.’*”” Another possibility is that
the observed differences in cardiac dimensions and cardiovascular function are innate
and are simply representative of differing normal reference values in these two ethnic
groups. Whether the observed differences contribute to the higher incidence of cardio-
vascular disease in South Asians remains to be determined. They cannot be explained by
a different metabolic response to short-term dietary fat consumption, as a 5-day HFHCD
did not increase the observed differences, despite distinct metabolic effects. It is pos-
sible, however, that a longer HF-diet is needed to induce changes.

In Chapter 10 we assessed whether metabolic and functional cardiovascular flex-
ibility to caloric restriction differs between middle-aged, overweight South Asian and
white Caucasian men. Mortality risk of cardiovascular disease associated with type 2
diabetes is higher in South Asians compared to Caucasians,” suggesting they have a
higher cardiac susceptibility to metabolic disorders. Short-term caloric restriction can
be used as a metabolic stress test to study cardiac flexibility. Previous studies in healthy
subjects and obese patients with type 2 diabetes with and without cardiovascular
disease of white Caucasian descent demonstrated similar metabolic and functional
flexibility of the heart in response to both short- and long-term caloric restriction.**3°
It is unknown, however, if caloric restriction has comparable effects in South Asians.
Therefore, we assessed cardiovascular function and myocardial triglycerides using
a 1.5T-MRI/S-scanner in 12 middle-aged overweight South Asian men and 12 white
Caucasians before and after an 8-day VLCD. At baseline, South Asians were more insulin
resistant than Caucasians as indicated by higher insulin levels both in fasted condition
and during OGTT. Cardiac dimensions were smaller, despite correction for body surface
area, and PWVin the distal aorta was higher in South Asians, similar to our findings in the
young adult group. The higher PWV in South Asians might be attributed to the higher
insulin levels observed in this group. Long-term increased insulin levels, as observed
in insulin resistance and type 2 diabetes, are known to compromise aortic elastic func-
tion.”' Systolic and diastolic function, myocardial triglycerides and pericardial fat did not
differ significantly between groups. After the VLCD, myocardial triglycerides increased
in both ethnicities with 69+18%. Although increased myocardial triglyceride content

3234 the increase in

in insulin resistance is associated with impaired myocardial function,
myocardial triglycerides observed after a short-term VLCD is a sign of preserved meta-
bolic flexibility of the heart.”?® Given the high risk on cardiovascular disease and type
2 diabetes in South Asians, we hypothesized that the flexibility of the heart to adjust
myocardial triglyceride content in response to caloric restriction would be diminished
in South Asians. Surprisingly, however, an 8-day VLCD increased myocardial triglycerides

similarly in both groups, suggesting a similar physiological flexibility of myocardial lipid
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metabolism in both ethnicities. Diastolic cardiac function decreased after the diet in

92830 and can

both South Asians and Caucasians, as expected from previous studies,
probably be explained by changes in elastic properties of the LV. However, pericardial
fat decreased significantly in Caucasians only in response to the dietary intervention,
mainly due to a reduction in the paracardial fat layer. Since the paracardial fat layer has
been found to be a predictor of cardiovascular disease, the decrease in this specific fat
compartment in Caucasians probably conveys less cardiovascular risk.*® Furthermore,
PWV in the proximal and total aorta was reduced after the VLCD in Caucasians only,
suggesting that the large arteries are less flexible in South Asians in response to ca-
loric restriction. This might be due to the, probably long-term existing, higher insulin
levels observed in South Asians which may have induced irreversible changes in the
arterial wall. Hence, myocardial triglyceride stores and diastolic function in middle-aged
overweight and insulin resistant South Asians are as flexible and amenable to thera-
peutic intervention by caloric restriction as age-, sex- and BMI-matched but less insulin
resistant white Caucasians This suggests that caloric restriction as a preventive and/or
therapeutic strategy against cardiovascular disease is as valuable in South Asians as in
white Caucasians. However, paracardial fat volume and PWV showed a differential effect
in response to an 8-day VLCD in favour of Caucasians.

Finally, in Chapter 11 we compared HDL function in neonates, young adults and adults
of South Asian and white Caucasian origin. Dysfunction of HDL has been is associated
with cardiovascular disease.’**' The cardiovascular protective effects of HDL have been
attributed to several anti-atherogenic properties, including prevention of LDL oxida-
tion, anti-inflammatory properties, stimulation of cholesterol efflux from foam cells,
and inducing vasodilation by induction of NO release.*** Interestingly, multiple studies
have repeatedly found lower HDL-cholesterol levels in South Asians compared to Cauca-
sians.”** Hence, a possible contributing factor to the excess high risk of cardiovascular
disease in South Asians might be low levels and/or dysfunction of HDL. Therefore, this
study determined HDL functionality with respect to cholesterol efflux, anti-oxidation
and anti-inflammation in vitro using fasting plasma samples from South Asian and white
Caucasian neonates (n=14 each), young adult healthy men (n=12 each, 18-25y), and
adult overweight men (n=12 each, 40-50y). Furthermore, since HDL function can be

3% we assessed the effect of short-term dietary in-

influenced by dietary intervention,
tervention on HDL function: young adults were subjected to a 5-day HFHCD and adults
to an 8-day VLCD. This study showed that the ability of HDL to prevent oxidation of LDL
was impaired in adult overweight South Asian men compared to white Caucasians. At
younger ages, the anti-oxidative function of HDL was still comparable between both
ethnicities. The underlying mechanism behind this deterioration might be due to exog-

enous factors such as insulin resistance and type 2 diabetes, highly present in people
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of South Asian origin, especially at higher age. Indeed, it has been shown that insulin
resistance and type 2 diabetes are associated with a decrease in HDL-cholesterol levels,
altered HDL composition and impaired HDL function.* In the current study plasma
insulin levels were significantly higher in the South Asian adults, pointing to insulin
resistance. Interestingly, the anti-oxidative capacity of HDL from diabetic patients is
inversely related to skin autofluorescence, a non-invasive marker of tissue AGEs, sug-
gesting that impaired anti-oxidative capacity of HDL may contribute to tissue accumula-
tion of AGEs and thereby to the development of long term diabetic complications.”’
Thus, insulin resistance may affect the ability of HDL to prevent oxidation of LDL or, vice
versa, HDL dysfunction may also be involved in the increased risk of type 2 diabetes
and diabetes-related complication in South Asians. In contrast, the anti-inflammatory
capacity of HDL was markedly lower in South Asian neonates, a difference that was not
present at young adult and adult age, suggesting that during development the lower
anti-inflammatory function in South Asians recovers. However, a basis for atherosclero-
sis and the concomitant risk of cardiovascular disease is then probably already formed.
Furthermore, short-term caloric restriction at adult age significantly impaired anti-
inflammatory capacity in South Asians only. Hence, instead of being beneficial, caloric
restriction appears to be detrimental to South Asians with respect to anti-inflammatory
function of HDL. Possibly, this worsening of HDL anti-inflammatory capacity may only
be present in the calorie-restricted state, returning to normal or even improving after
weight loss and re-introduction of a normal diet. This may, at least in part, be due to the
fact that South Asians have higher release of pro-inflammatory cytokines by adipocytes,
which may aggravate in case of caloric restriction.”®* Finally, the ability of HDL to induce
cholesterol efflux was similar between South Asians and Caucasians. In both ethnic
groups cholesterol efflux was increased after a 5-day HFHCD and reduced after an 8-day
VLCD. In conclusion, we showed that anti-inflammatory capacity of HDL was reduced
in South Asian neonates, and was significantly impaired in response to short-term
caloric restriction in South Asian adults. Furthermore, adult overweight South Asians
had impaired anti-oxidative capacity of HDL, which was not yet present at a young age
and, therefore, likely the consequence of exogenous factors. These impairments in HDL
functionality may contribute to the excess risk of cardiovascular disease, and possibly of
type 2 diabetes, in people of South Asian origin.

CONCLUDING REMARKS AND FUTURE RESEARCH

The ethnic disparity in diabetic and cardiovascular risk between South Asians and white
Caucasians is most likely due to different gene frequencies or expression as well as
diverse programming influences (either genetic or programmed by an adverse intra-
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uterine environment). This has led to the disadvantageous metabolic South Asian phe-
notype, which has evolved over generations promoting selective survival in response
to certain environmental challenges — such as recurring famine-induced starvation,
adverse climate conditions, and varying burdens of infectious diseases - but is now
out of step with modern lifestyle and longer life expectancy. In addition, differences in
demographic profiles and environmental factors secondary to urbanization will have
contributed to the high susceptibility of South Asian people to develop type 2 diabetes
and cardiovascular diseases.”® This thesis aimed to gain more insight in the pathogenesis
of these diseases in South Asians. | propose that these various influences have affected
not one, but multiple important metabolic mechanisms. Below | will discuss several top-
ics, some of which have been studied in this thesis and some of which still need to be
investigated, and suggest ideas for future research.

Insulin signalling, mitochondrial function and GLP-1

Insulin signalling and mitochondrial function are involved in glucose metabolism.
Skeletal muscle accounts for the major part of insulin-stimulated glucose disposal.’’
NOGD or glycogen synthesis and oxidative glucose metabolism through glycolysis are
the major pathways for glucose disposal.”**®® Furthermore, GLP-1, secreted in the gut
in response to eating, is known to have several beneficial effects on glucose regulation.

Compared with control subjects (white Caucasians) a 5-day HFHCD rapidly impaired
insulin-stimulated glucose disposal in young, healthy South Asians. Furthermore, in adult
overweight South Asians, peripheral insulin sensitivity was lower at baseline. In both
age groups, this impairment in glucose disposal was primarily due to reduced NOGD,
suggesting a defect in glycogen storage. However, no differences were found in skeletal
muscle expression of proteins and genes involved in glycolysis and glycogen synthesis
between controls and South Asians. In addition, no differences were observed in skeletal
muscle insulin signalling, metabolic gene expression or mitochondrial respiratory-chain
content. Another finding is that the higher insulin levels during an OGTT in South Asians
were accompanied by increased levels of GLP-1, probably as an adaptive response to
facilitate hyperinsulinemia to overcome insulin resistance.

Future research. The role of glycogen metabolism should be further explored by de-
termining skeletal muscle glycogen content and dynamics. The findings on mitochon-
drial function should be verified via measuring other, more sophisticated mitochondrial
markers, such as ex vivo determination of activities of mitochondrial respiratory-chain
complexes and citrate synthase activity. Furthermore, we cannot exclude the possibility
that differences in white adipose tissue function might have contributed to our findings;
hence, the role of white adipose tissue in the pathogenesis of type 2 diabetes in South
Asians should be assessed, especially since it has been shown that South Asians have
dysfunctional adipose tissue. Regarding GLP-1, it would be interesting to assess the

238



Summary and conclusions

incretin effect and the direct insulinotropic action of GLP-1 to confirm that the increased
GLP-1 response is a compensatory response rather than reflecting a GLP-1 resistant
state. This can be studied by an OGTT and an isoglycemic intravenous glucose tolerance
test to determine the incretin effect, and by hyperglycemic clamps to determine the
direct action of GLP-1.

Energy/nutrient sensing pathways

A possible explanation for the South Asian predisposition for type 2 diabetes might be
related to differences in the regulation of energy/nutrient-sensing pathways in skeletal
muscle and other metabolic tissues affecting whole-body substrate homeostasis.

Indeed, adult overweight South Asian men exhibited a different metabolic adapta-
tion to short-term caloric restriction. Although glucose disposal rate was improved in
contrast to Caucasian subjects, metabolic flexibility was impaired, which was accompa-
nied by an increase in insulin-induced activation of the ERK-mTOR-S6K1 axis. In addition,
mRNA expression of PPARA was decreased in South Asians with a concomitant differ-
ential effect on several of its target genes, suggesting the hyperactive mTOR-pathway
may have repressed fatty acid -oxidation by inhibiting PPARa resulting in impaired
metabolic flexibility. The increase in AMPK expression in South Asians may underlie their
improved NOGD after caloric restriction, which might explain the enhanced glucose
disposal rate in South Asians only. The fact that we did not observe differences in mTOR,
AMPK or other energy/nutrient-sensing pathways in the young adult study might sug-
gest that differences in these pathways develop with age and in a more unfavourable
metabolic phenotype.

Future research. To explore the underlying mechanisms in more detail, in depth stud-
ies should be performed on the role of mMTOR and AMPK in glucose and FFA metabolism
and metabolic flexibility using clamping techniques and skeletal muscle and white
adipose tissue biopsies before and after a single exercise test and short-term exercise
and dietary interventions. As chronic mTORC1 activation is believed to contribute to
the development of insulin resistance and type 2 diabetes,'’ the response to long-term
caloric restriction on mTORC1 signalling and insulin sensitivity merits investigation.
Interestingly, not only mTORC1 but also mTORC2 appears to be a central regulator of
lipid metabolism, regulating for example lipolysis in white adipose tissue.** mTORC2 is
therefore another interesting research topic. In light of the impaired metabolic flexibility,
other possible explanations apart from suppressed skeletal muscle lipid oxidation via
mTORC1/PPARag, such as a lower portion of slow-twitch type 1 oxidative muscle fibres,
or preferential storage instead of oxidation of FFAs into complex lipids (IMCL) must be
studied.

239



Chapter 12

Brown adipose tissue

Since BAT is involved in total energy expenditure and clearance of serum triglycerides
and glucose,” a low BAT volume or activity, leading to a disturbed energy homeostasis,
might underlie the disadvantageous metabolic phenotype and susceptibility for type 2
diabetes and cardiovascular disease in South Asians.

Indeed, the detectable volume of metabolically active BAT was lower in young,
healthy South Asians compared to controls. The underlying cause of the lower BAT
volume may be genetic (i.e. blunted expression of signalling molecules involved in BAT
differentiation) and/or- environmental, i.e. clothing behaviour, central heating setting or
eating pattern, or a combination of the two.

Future research. Future studies should investigate the underlying cause of lower BAT
volume in South Asians. Several key molecules have been shown to be involved in BAT
differentiation in rodents, including NO.** Interestingly, South Asians appear to have re-
duced bioavailability of NO compared to white Caucasians.®® Thus, an inborn reduction
in NO bioavailability might play a role in the diminished BAT volume in South Asians.
Furthermore, studies should be directed towards the development of novel strategies
(e.g. cold exposure or medication) to increase BAT volume and activity. For example, re-
garding the role of NO in BAT differentiation and the observed lower NO bioavailability
in South Asians, it would be interesting to perform a randomized placebo controlled
trial to determine the effect of oral supplementation of L-arginine, a semi-essential
amino acid and the precursor of NO, on energy expenditure and insulin sensitivity, using
cold-induced "®F-FDG PET-CT-scans, indirect calorimetry and clamping techniques. Also
interesting is to study the effect of cold exposure on BAT recruitment in South Asians.

HDL function

HDL has several anti-atherogenic properties*®®”’

and dysfunction of HDL may not only
directly aggravate atherosclerosis development as a consequence of lower cholesterol
uptake from the vascular wall, but also indirectly through induction of inflammation
as well as through reduced vasodilatation, due to less stimulation of NO release. The
latter leads to increased endothelial shear stress and, hence, to endothelial activation.
Reduced vasodilatation also leads to decreased delivery of insulin to tissues that take
up glucose.

Anti-inflammatory capacity of HDL was reduced in South Asian neonates, and was
significantly impaired in response to short-term caloric restriction in South Asian adults.
This impairment is possibly only present in the calorie-restricted state and may be due
to higher release of pro-inflammatory cytokines. Furthermore, adult overweight South
Asians had impaired anti-oxidative capacity of HDL, which was not yet present at a
young age and, therefore, likely the consequence of exogenous factors. Cholesterol ef-

flux capacity of HDL was similar between groups.
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Future research. Studies should be directed at developing treatment strategies that
improve HDL functionality. The next step would be to investigate whether these strate-
gies will indeed lower cardiovascular and diabetic risk in South Asians. In this context
it is worthwhile to investigate whether HDL-cholesterol of South Asians is functionally
capable of stimulating NO release by the endothelium. This can be studied by isolating
HDL from blood samples and incubate HDL with endothelial cells; the amount of NO
release by the endothelium is a measure for the functionality of HDL.

Endothelial function

Endothelial activation is involved in the development of atherosclerosis.”” A hallmark of
endothelial activation is a reduction in the bioavailability of endothelium-derived NO.
NO not only has vasodilating properties, but also anti-platelet, anti-proliferative, and
anti-inflammatory properties.”*”* The vasodilating effect of NO is related to insulin resis-
tance and type 2 diabetes: vasodilatation increases delivery of insulin to tissues that take
up glucose, and, vice versa, insulin stimulates the release of NO from the endothelium

thereby inducing capillary recruitment.”””

Signs of endothelial dysfunction have been demonstrated in South Asians.*®”’7®
Furthermore, South Asians appear to have lower circulating EPCs compared to white
Caucasians.®®’® This may lead to a reduced capacity for endothelial repair, and exercise-
induced EPC mobilization. In addition, EPC mobilization was reduced in South Asian
men,* presumably as a consequence of their reduced NO bioavailability.

Future research. 1t would be interesting to assess the role of endothelial function in
insulin sensitivity, atherosclerosis and BAT metabolism in South Asians compared to
white Caucasians. Endothelial function can be determined by isolating EPCs from blood
samples and performing in vitro function tests e.g. NO production. The effect of hyper-
insulinemia on insulin-induced capillary recruitment and the response to infusion of NO
precursor L-arginine on capillary density, EPC mobilization, degree of atherosclerosis
and insulin-stimulated glucose disposal should be further explored. Furthermore, the
effect of submaximal exercise on capillary recruitment is worth investigating in light of
a possible defect in substrate delivery to muscle.”®

Sympathetic nervous system activity

The sympathetic nervous system is involved in many homeostatic mechanisms by
innervating tissues in virtually every organ system, and is recognized to play a role in
energy expenditure. Interestingly, reduced muscle sympathetic nervous system activity
has been found in Pima Indians, a population with a similar high prevalence of obesity,
insulin resistance and type 2 diabetes as South Asians. Furthermore, sympathetic ner-
vous system activity was not related to body fat mass and energy expenditure in Pima
Indians, whereas in Caucasians a significant correlation was observed.®
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Plasma FFAs increased less in response to short-term caloric restriction in adult
overweight South Asians and in response to cold in young healthy South Asians. This
was accompanied with a lower increase in whole-body lipid oxidation in adult South
Asians, and a lower cold-induced increase in lipid oxidation and systolic blood pressure
in adolescent South Asians. This may suggest that South Asians rather store than burn
fat (or energy), and may point to differences in sympathetic activation and/or peripheral
resistance to sympathetic outflow in white adipose tissue and the vasculature.

Future research. Future studies should investigate a potentially different, organ-
specific sympathetic response in South Asians compared to white Caucasians and the
potential link with energy expenditure, in fasted resting condition and in response to
glucose, insulin and exercise.

Finally, there are other areas that merit further exploration as well, including: 1) Adipo-
cyte function: South Asians appear to have dysfunctional adipocytes, leading to impaired
release of FFA's, adipokines and pro-inflammatory cytokines, which may contribute to
their increased diabetic and cardiovascular risk. 2) Cortisol metabolism: the typical South
Asian thin-fat phenotype might suggest differences in the hypothalamic-pituitary-
adrenal-target organ-axis with (tissue-specific) impaired cortisol metabolism. 3) Irisin: a
recently discovered myokine that increases with exercise and is involved in browning of
white adipose tissue.’' Considering the fact that South Asians have lower muscle mass
and lower physical activity levels, irisin might have a role in insulin resistance and the
amount of BAT. Given the findings of a recent study, though, it is not certain that irisin
will have a similar beneficial effect in humans as in mice.*” 4) Gut microbiota: the gut
microbiota of obese subjects appears to be different from that of lean subjects and is
thought to be associated with insulin resistance.®’ Possibly, the gut microbiota also dif-
fer between various ethnicities. 5) Resveratrol: a natural polyphenol produced by plants
and present in low concentrations in plant-based foods, which mediates some of its
effects via activation of AMPK. Recent studies in rats showed that intrauterine growth
restriction increased the susceptibility to HF-diet induced alterations of fat distribution,
adipocyte size, lipid metabolism, and insulin signalling pathways,®* and that resveratrol
reduced this susceptibility.® It would be interesting to investigate the effect of resvera-
trol in South Asians compared to white Caucasians.

To conclude, there are still many promising areas to explore in order to find new strate-
gies for the prevention and treatment of type 2 diabetes and cardiovascular disease in
people of South Asian origin thereby hopefully reducing the major health and socioeco-
nomic burden that we are currently facing worldwide.
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