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Metabolic syndrome (MS) is a combination of factors
that increases the risk of cardiovascular atherosclerotic
diseases including diabetes, obesity, dyslipidemia,
and high blood pressure. Cardiovascular diseases are
one of the leading causes of death in the adult Saudi
population where the increase in cardiovascular-related
mortality is augmented by the rise in the prevalence of
MS. Metabolic syndrome is a multi-factorial disorder
influenced by interactions between genetic and
environmental components. This review aims to provide
a comprehensive assessment of studied environmental
and genetic factors explaining the prevalence of MS in
the Kingdom of Saudi Arabia. Additionally, this review
aims to illustrate factors related to the population
genetics of Saudi Arabia, which might explain a
proportion of the prevalence of MS.
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enetic epidemiology. The determinants of any

living creature are a combination of their inner
propensity to survive and an outer surrounding
environment, which decides their chance of thriving.
Humans, as any living creature have an inner factor,
which determines most, if not all of their characteristics.
These internal characteristics are usually determined by -
but not limited to - the transmission of genetic materials
from parents to offspring. Genetic epidemiology has
been defined as the ‘study of joint action of genes and
environment in causing disease in human populations
and their patterns of inheritance in families’.! The
genetic impact on illnesses and phenotypes has a wide
range of variations. On certain occasions, a change of a
single nucleotide can result in a disease, such as sickle cell
anemia. Alternatively, genetic determinants may not be
enough to cause disease and environmental components
are deemed essential. Metabolic syndrome (MS) is an
example of diseases where the genetic determinants
are not solely responsible for the development of the
disease, and the augmenting environmental causes are
important. Earlier genetic investigations were able to
detect the genetic factors associated with the strong
effect on monogenic conditions on a small number of
recruited subjects. However, during the last decade,
advancements in molecular measurement have enabled
the detection of genetic variants with modest effects
on polygenic and complex diseases. Genome-wide
association studies (GWAS) are able to scan the whole
genome and recruit larger numbers of individuals.
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Having a larger number of scanned single nucleotide
polymorphisms (SNPs), and the ability to compare
unrelated cases with controls has increased the power to
detect variants with modest effect on phenotypes.

The MS. Metabolic syndrome is defined as a
combination of factors that increase the risk of
cardiovascular  atherosclerotic ~ diseases  including
diabetes, obesity, dyslipidemia, and high blood
pressure.”> According to the International Diabetes
Federation (IDF), a quarter of the adult population
worldwide suffer from MS.? A literature review was
conducted to investigate the prevalence of MS in the
Kingdom of Saudi Arabia (KSA).* The review indicated
avariance of MS between 13.6 and 57%.* This variation
in prevalence is explained by the variation of targeted
populations, age groups, gender, and the criteria used to
define MS. However, it is noticeable that the prevalence
of MS is higher among females compared with males,
and the increment was associated with aging.* The
largest cross-sectional survey using a sample of 17,293
participants reported an overall MS prevalence of 39.3%
among Saudis aged between 30 and 70 years.’

Review scope. The increased prevalence of MS in a
population can be partially explained by environmental
factors relating to socioeconomic transition, imbalanced
eating habits and higher levels of physical inactivity.
Similarly, it is possible to argue that the genetic
components of a population might have an effect on
incurring a higher population risk of MS. This review
aims to investigate factors influencing the prevalence of
MS in KSA through several steps. Firstly, environmental
factors related to eating behavior, levels of physical
activity, and gender variations in KSA were explored.
Secondly, genetic investigations conducted in KSA
concerning MS, diabetes, hypertension, obesity, and
dyslipidemia are studied. Thirdly, this review explains
biochemical effects of detected genetic variants on the
increasing risks of MS in the Saudi population. Finally,
the review illustrates factors related to the population
genetics of KSA, which might further explain the
prevalence of MS in the population.

Environmental components of MS. Non-genetic
factors, which might increase the risk of MS could
be related to higher consumption of foods rich in fat,
carbohydrates and salt, lower consumption of fruits and
vegetables, and lower levels of physical activities. Several
investigations conducted in KSA highlighted that
eating and physical activity habits in the population
provide an explanation for the increased prevalence
of MS. The Saudi Health Interview Survey (SHIS) is

a recent national investigation, which measured several

health indicators in 13 administrative regions in KSA.¢
The survey, which included 10,735 participants aged
between 15 and 65 years, reported that only 6.7% of
the participants had an average of more than 5 servings
of fruit and vegetables on a daily basis. Similarly, a
nationwide investigation targeting 10,500 military
personnel revealed that most participants (87.6%)
consumed fast food on a weekly basis compared with
44.8% who reported fruit consumption, and 32.6%
reporting vegetable consumption on a weekly basis.”
Additionally, 2 studies®® concerning adolescents
reported a similar trend of high intake of carbohydrates
and fats. Although several investigations indicated the
significant contribution of eating habits in increasing
levels of MS in the Saudi population, the magnitude of
salt consumption is a less studied risk factor for MS. A
limited study of 87 subjects indicated that the daily salt
intake of the studied sample exceeded the recommended
daily intake of sodium.' High levels of fast food
consumption might indicate a higher level of salt
consumption, as fast food products have been reported
to have elevated levels of salt.!' Physical inactivity is
another contributor to the increased prevalence of MS
in Saudis.'*¢

A cross-cultural study'” compared levels of physical
activity in male and female adolescents aged between
15 and 17 years. Three groups were selected from
Birmingham and Coventry in UK, and a third one
from the Al-Ahsa region in KSA. This study showed
that the proportion of adolescents with low levels of
physical activity in KSA was higher than those reported
in the UK." Additionally, the proportion of individuals
engaged in physical activities in the UK was higher
compared with Saudi adolescents.!” This study'” signifies
the effect of cultural attitudes toward reduced physical
activity observed in KSA. Saudi men are more likely
to engage in physical activities than women.'® Amin et
al” compared patterns of leisure and physical activity
between males and females, where 6 out of 12 types
of sports and leisure activities were not even practised
by females. Another study’ including adult subjects
confirmed this association, indicating that females were
more likely to exhibit a sedentary lifestyle compared
with males (p<0.001).*° Additionally, a similar trend
was observed in adolescent subjects.” This could be a
result of the cultural background in KSA, which limits
the physical activity of females. Furthermore, lack of
resources can be another barrier leading to both men
and women engaging in less physical activities.'**"** It
appears that the exposure of Saudis to elevated levels
of physical inactivity, higher consumption of fast foods,
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and lower consumption of vegetables and fruits are
important explanations for the increased prevalence
of MS in the country. Additionally, the reported
lower levels of physical activities make an important
contribution to the increased prevalence of MS among
Saudi females compared with Saudi males.

Genetic components of MS. Determinants can be
driven by variants that contribute to a higher risk of
developing traits related to MS, such as increasing
the risk of elevated blood sugar level, elevated blood
pressure, dyslipidemia, and obesity. Genome-wide
investigations were able to find several genetic variants
increasing the risk of MS that were mainly related to the
genetic components affecting lipid metabolism, glucose
sensing, insulin signalling, and appetite control.”
However, only one study** was conducted in KSA to
investigate genetic components of MS where measured
variants in the vitamin D receptor (VDR) gene were
studied. This study** recruited 285 cases with MS, and
these were compared with 285 healthy control subjects.
It was hypothesized in this study that variants related
to the VDR gene can be associated with the control of
lipid metabolism, and subsequently influence the risk
of MS. Nonetheless, this study was not able to find any
statistically significant effects of the 4 measured variants
near the VDR genes on increasing the risk of MS.*

Genetic components of diabetes. Genome-wide
associated studies have been conducted in several
populations in order to indicate the genetic
components of diabetes. A literature review” revealed
that approximately 60 loci have been reported to be
associated with type 2 diabetes in the European and
Asian populations. The large number of genetic variants

proves the multiple genes’ influence on type 2 diabetes.
However, these loci only explain approximately 10%
of type 2 diabetes heritability.” In reviewing the efforts
conducted in KSA to replicate the genetic associations
detected in other populations, we were able to find
only 5 studies.?*?° No studies targeted screening for
novel association, and all of the investigations were
replication studies. Fifty SNPs incurring a higher risk
of type 2 diabetes have been investigated in the Saudi
populations. However, only 12 SNPs were successfully
replicated in the Saudi population as risk factors
for type 2 diabetes (Table 1). Failure to replicate the
remaining associations could be mainly explained by
the small sample size of the studies. Among the genetic
investigations concerning diabetes, the sample size
varied between 185 and 2,401 subjects. Only one study
by AlDaghri et al® recruited a relatively large sample size
(2,401 subjects), and was able to detect 8 associations
out of 38 measured genetic variants. As shown in Table
1, the effect size of variants incurring a higher risk of
type 2 diabetes in the Saudi population is witnessing a
wide range of variation, which is likely to be affected by
factors related to the sampling method and sample size.
All of the detected associations indicate a higher risk
of developing type 2 diabetes when inheriting the risk
allele, except for one variant near the VDR gene, which
seems to have a protective effect against type 2 diabetes.
However, the protective effect is contradictory to other
studies, indicating an increased risk of diabetes when
inheriting the risk allele.?

The Rs7903146 variant near transcription factor
7-like 2 (TCF7L2) showed the highest level of statistical
significance among all of the detected variants in the

Table 1 - Genetic variants incurring higher risk of type 2 diabetes in the Saudi population as found in different studies.

Study Number Number of  Tested gene Marker (risk allele) Effect size of risk allele P-value
of cases controls Odds ratio (95% CI)

. 7 rs1801278 (T) 1.752 (1.002 - 3.121) 0.04
Alharbi ecal” 376 380 IRS-1 152943641(C) 1.482 (1.176 - 1.867) 0.001
Al-Daghri et al* 285 285 VDR rs10735810 (C) 0.73  (0.56-0.95) 0.02
Alharbi et al?® 380 376 ABCA1 rs1800977 (C) 2.1627 (1.74 - 2.67) 0.0001

WES1 rs1801214 (T) 1.26  (1.09 - 1.46) 0.0016
JAZF1 rs849134 (A) 1.20  (1.04-1.39) 0.02
CDKN2A/B rs10965250 (G) 1.22  (1.03 - 1.44) 0.02
Al-Daghri et al” 1166 1235 TCF712 rs7903146 (T) 1.55 (1.33-1.80) 0.00
KCNQI 1231362 (G) 1.17  (1.03-1.35) 0.03
rs163184 (G) 1.16 (1.01-1.33) 0.04
HNF4A rs4812829 (A) 1.27  (1.07-1.51) 0.0068
DUSP9 rs5945326 (A) 1.34  (1.04-1.73) 0.02

CI - confidence interval. A - adenine, G - guanine, T - thymine, C - cytosine
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Saudi population (1.13x10¥). This finding is consistent
with the findings in other populations. The TCF7L2 was
replicated by association studies in the European, Asian,
and African ethnicities,”” and was found to have the
strongest effect on the type 2 diabetes risk.?* The detected
genetic associations in the Saudi population increased
the risk of diabetes through several mechanisms.
Juxtaposed with another zinc finger (JAZF1)* have
been reported to affect the development of pancreatic
beta cells, which are responsible for insulin production.
The TCF712,* Wolfram syndrome 1 gene (WFS1),%”
and hepatocyte nuclear factor 4 alpha (HNF4A)?* affect
insulin processing and maturation in the pancreatic beta
cells. Dual specificity phosphatase 9 (DUSP9) has been
suggested to affect insulin signalling and stimulation.*
The ATP-binding cassette transporters Al (ABCAI),%
cyclin-dependent kinase inhibitor 2B (CDKN2A/B),*
and potassium voltage-gated channel (KCNQ1)*#
are associated with the secretion of insulin from the
pancreatic cells. While all other detected variants affect
maturation of beta cells and signalling and production
of insulin, insulin receptor substrate 1 (IRS-1) is
associated with modulating insulin action in target
cells.*

Genetic components of hypertension. Similar to
diabetes, hypertension is a multi-factorial condition
requiring both environmental and genetic factors of
the disease to develop. However, the number of genetic
variants detected to increase the risk of hypertension
is lower compared with diabetes. Only 32 SNPS are
detected that are so far associated with hypertension.® It
has been speculated that the investigation of the genetic
components of hypertension is less fruitful compared
with other chronic conditions.* Only 3 studies have
been conducted in KSA to investigate the genetic
components of hypertension.”* Six genetic variants
incurring the higher risk of hypertension were studied

in the Saudi population, although only 4 were found to
be statistically associated with hypertension.

As indicated in Table 2, the sample sizes of the
included studies are smaller than those used to investigate
the genetic components of diabetes in the Saudi
population. All detected studies did not use additive
models by investigating the effect of a single risk allele.
Instead, dominance models were used by comparing
genotypes rather than comparing single alleles.
Although it is possible to assume that the non-additive
effect of the measured genetic variants can be found in
Saudi subjects by observing the small sample sizes of the
studies, it is possible to argue that fewer studies would
have been able to detect significant associations if an
additive model were to be used. Additionally, the same
genetic variants were measured in other populations
and were found to have an additive effect on incurring
a higher risk of hypertension in a study targeting Indian
population,® and of marginal significance in a Chinese
population.”" Statistically significant associations of
genetic variants incurring a higher risk of hypertension
in the Saudi populations were detected near genes
influencing blood pressure level through several
mechanisms. The methylenetetrahydrofolate reductase
(MTHFR) gene has been reported to increase the level
of blood homocysteine in individuals with homozygote
mutations in the gene.”* The link between homocysteine
level and blood pressure increase has been postulated to
be due to increasing arteriolar constriction, increasing
sodium renal reabsorption.”” Similarly, the angiotensin-
converting enzyme (ACE) gene is reported to increase
blood pressure though the vasoconstrictive effect of
angiotensin I1.>* The cytochrome P450 (CYP2]2) gene
increases the risk of hypertension through the regulation
of renal of sodium transportation.>

Genetic components of obesiry. Investigating the
genetic components of obesity has further dimensions

Table 2 - Genetic variants associated with increased risk of hypertension in the Saudi population according to findings in this study.

Study Number of ~ Number of  Tested gene Marker and tested genotypes  Effect size of risk genotype ~ P-value
cases controls Odds ratio (95% CI)
rs1801133
TT+CT versus CC 19(1.2-3.1) 0.004
Alghasham et al” 123 250 MTHEFR 1801131
rs
CC + AC versus AA 1.98(1.3-3.1) 0.003
; 48 rs4646994
Ali et al 120 250 ACE /D DD + ID versus 1T 4.8(1.1-21.2) 0.028
Rs890293
) -
Alghasham et al 116 250 CYP2]2 TT + GT versus GG 3.7(1.8-7.6) 0.0003

CI - confidence intervals. TT - thymine thymine, CT - cytosine thymine, CC - cytosine cytosine, AC - adenine cytosine, AA - adenine adenine,
DD - deletion deletion, ID - insertion deletion, GT - guanine thymine, GG - guanine guanine
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of complexities compared with assessing the risk of
diabetes or hypertension. Obesity is a risk factor for type
2 diabetes where shared genetic components between
both conditions are possible. This notion was reflected
on how genetic components were investigated in KSA.
This review was able to detect 3 genetic studies that
assessed the effect of 48 SNPs in terms of increasing the
risk of obesity in KSA.5**¥ Only 4 SNPs were reported
to increase the risk of obesity with statistical significance
(Table 3). In both studies, which were able to find
statistically significant effects, several models were used
to measure these effects. However, only the additive
model is reported in Table 3. Additionally, it can be seen
that both studies have an under-presentation of lean
controls, which could indicate a difficulty in recruiting
lean subjects in KSA.

A study by Daghestani et al®® investigated the
association between the Argl6Gly polymorphism
of the P2-adrenergic receptor gene and the risk of
obesity in Saudi subjects. This study®® indicated that
the frequency of the risk allele was higher in obese
and overweight subjects compared with lean controls.
Additionally, this study conducted genotypes and allele
effect estimations. However, the statistical method of
calculating the odds ratio was not clearly indicated in the
study. Additionally, conflicting findings were observed
especially when comparing the odds of having obesity
in controls compared with overweight subjects using
the genotype effect (3.38, 95% confidence interval
[CI]: 1.456 - 7.822) compared with using the allelic
effect (0.60, 95% CI: 0.46 - 0.78) of the same measured
variant. This finding suggests that the genotype effect
could increase the risk of obesity while the allelic
measurement indicates a protective effect. While the
study by Alharbi et al*® investigated 11 variants which
were reported to increase the risk of obesity in other
populations, the study by Al-Dhagri et al”” investigated
the association between 36 type 2 diabetes related SNPs
with the risk of obesity in a Saudi sample. However,
Al-Dhagti’s et al”” study included subjects with type 2
diabetes. Inclusion of cases with diabetes to investigate

the association of genetic variants with obesity could
be biased, as several factors are likely to influence
body weight in patients with diabetes, such as lifestyle
modification and diabetes medications. When this
study stratified the sample into type 2 diabetes patients
and healthy subjects, the detected effects of the 2
variants (rs2028299, rs11642841) were only observable
in healthy subjects, and were not significant in type 2
diabetes patients. Additionally, these SNPs were not
found to have an influence of type 2 diabetes risks in
Saudi subjects.””

Clathrin-associated adaptor complex (AP3S2)
has been speculated to regulate the transportation of
intracellular vesicles in several tissues including the
pancreatic cells.”” It has been reported to be associated
with type 2 diabetes in the south Asian population.®
Although the variant rs2028299 near gene AP3S2
was not found to be associated with risk of diabetes in
Saudis, it was found to have a significant additive effect
on the obesity risk in Saudis. Given that there is limited
evidence concerning the effect of AP3S2 on obesity
traits in other populations, the detection of an effect on
obesity but not diabetes in a Saudi population remains
a mystery.

The brain-derived neurotrophic factor (BDNF)
gene, and the fat mass and obesity associated (FTO)
gene were reported to affect eating behaviors in the
European population.® Unlike variants near the BDNF
gene, the FTO gene was speculated to influence the risk
of both type 2 diabetes and obesity traits. As indicated
in Table 3, 2 tested variants are located near the FTO
gene. The conflicting evidence of the FTO gene on the
risk of diabetes and obesity in the Saudi population
has been observed in other European populations.
Variants near the FTO gene are presumed to increase
the risk of type 2 diabetes. The odds of having type 2
diabetes increases by 1.15 (95% CI: 1.09 - 1.22) when
inheriting the risk allele of rs8050136 near the FTO
gene.®> However, the effect of the FTO gene on type
2 diabetes has been argued to be mediated through its
effect on body mass index (BMI).*

Table 3 - Genetic variants associated with increased risk of obesity in the Saudi population according to findings in this study.

Study Number of cases Number of controls Tested gene  Marker (risk allele) ~ Effect size of risk allele ~ P-value
Odds ratio (95% CI)
Alharbi et al*® 236 obese 92 lean BDNF rs10767664 (A) 1.923 (1.32 - 2.81) 0.00072
FTO rs3751812 (T) 1.523 (1.08 - 2.15) 0.016
Al-Daghri et al”” 975 obese and 825 423 lean AP3S2 rs2028299 (A) 1.9 (1.2-3.1) 0.008
over weight FTO rs11642841 (A) 1.5 (1.1-2.1) 0.01

CI - confidence intervals. A - adenine, T - thymine
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Genetic components of dyslipidemia. Genetic
polymorphisms influencing lipid metabolism are
related to genes influencing the levels of high-density
lipoprotein  cholesterol (HDL-C), high serum
triglycerides (TG), and small low-density lipoprotein
cholesterol (LDL-C). A systematic review* revealed
that approximately 13 genetic regions are detected
so far as being involved in the regulation of lipid
metabolism using the candidate gene approach, and
more new novel associations were detected using the
GWAS approach. Two studies highlighted the genetic
components of lipid metabolism in a Saudi population
where 5 polymorphisms were measured.?**® The studies
used different genetic statistical methods to measure the
effect size. Additionally, the measured polymorphisms
in these samples were reported to increase the risk of
type 2 diabetes or obesity in other populations, but
were not specifically related to lipid metabolism.

The study by Daghestani et al’® investigated the
association between the Argl6Gly polymorphism of
the P2-adrenergic receptor gene and HDL, LDL, and
TG by simply looking at the presence of a statistically
significant difference of the levels of HDL, LDL, and
TG depending on the detected genotype, and no effect
size were calculated. It was able to find that carriers of
identical copies of the risk alleles had higher levels of
LDL and TG but not HDL.*® The study by Al-Dhagri
et al”’ measured the association between VDR gene
polymorphisms and HDL. It used odds ratios as a
measurement of the effect size of a measured genetic
variant with the risk of having a low level of HDL.
None of the measured 4 risk alleles were found to be
significantly associated with the risk of having low level
of HDL.*

Saudi population genetics of MS. The Hardy-
Weinberg law states that allelic frequencies are
constant when genes are passed from one generation
to another, as long as mating is carried out randomly
in a large population with no selection, migration, or
mutations.® The Saudi population has been affected by
historical factors that might have deviated the overall
allelic frequencies from Hardy-Weinberg equilibrium.
Kingdom of Saudi Arabia is a relatively new country
and was established approximately 8 decades ago. It
is dominated by deserts and upon its establishment,
it suffered from major lack of resources, and was one
of the poorest countries in the world. Having had this
environmental condition, this might indicate that
natural selection could have been an important force
that favored individuals who were able to survive in
this environment. Over the last 3-4 decades, KSA has

witnessed an economic surge caused by the discovery
of the world’s largest reserve of oil in the eastern parts
of the country. This change was associated with an
increased availability of food, and more exposure of
Saudis to the western lifestyle. Subsequently, this change
in lifestyle was associated with the increased prevalence
of overweight and obese populations, which could be
partially explained by the thrifty genotype hypothesis.
It has been suggested that natural selection is one of
the forces that may inflict the risk of type 2 diabetes on
certain populations. Natural selection influences allelic
frequencies based on the ability of individuals with
certain genotypes to survive in certain environments.
When there is a genotype, which has been selectively
favored, its frequency increases. If a person is carrying an
unfavored genotype, that person is more likely to have
reduced viability and fertility, and consequently may be
less able to pass their unfavored genotypes to the next
generation.® The thrifty genotype hypothesis has been
postulated to explain the variation in the incidence of
obesity and diabetes among ethnicities. This hypothesis
claims that certain genotypes were advantageous during
periods of starvation and low food availability in the
past. Natural selection might have led to an increased
frequency of favored genotypes, which later became
risky genotypes in periods when food was abundant.®
Another well studied force affecting the genetic
structure on Saudi Arabian populations is inbreeding.
The percentage of consanguineous marriages ranged
between 54 and 57%, and most of these marriages
were between first-degree cousins.”* The prevalence
of consanguineous marriages was also found to be
higher in rural areas.”” The prevalence of consanguinity
depends on several traditional and social factors.
Families in KSA are adherent to cultural behaviors,
and marriage between first-degree cousins is almost
a norm. It has been argued that marriage between
relatives is more likely to be easily mediated; hence,
mating individuals are brought up together in the same
environment. Furthermore, such arrangements may
ease spousal adjustment after marriage, and enhance
the stability of marriages. However, other economic
reasons have been suggested, since marriage between
relatives is a method of keeping fortunes and properties
within the same family or tribe.®” Inbreeding may lead
to the aggregation of type 2 diabetes risk alleles. Three
epidemiological studies’®”? have suggested a synergism
between type 2 diabetes and consanguineous marriages.
The increased degree of consanguinity increases the
inbreeding coefficient, and consequently increases the
risk of inheriting a common allele shared by a common
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ancestor. On certain occasions, the shared allele could
be a type 2 diabetes risk allele.

Conclusion and recommendations. Environmental
components explain a large proportion of the increased
prevalence of MS in KSA. Genetic components of
MS and contributing factors in the Saudi population
are similar to those discovered in other populations.
However, most of the studied polymorphisms failed
to be replicated in Saudi subjects due to the small
study sizes compared with other studies. The current
genetic evidence does not explain the prevalence of
MS in Saudis due to the small detected effect sizes, and
due to an inability to replicate most of the discovered
association in other populations. The Saudi population
genetics explain an additional contributing factor to
the increased prevalence of obesity and type 2 diabetes,
where the thrifty genotype hypothesis and high
inbreeding levels are major explanatory genetic forces.

The findings of this review necessitate the need
for larger epidemiological investigations capable of
detection of variants with smaller effects. Similarly, as
no GWAS have been conducted in KSA, it is possible
to argue that performing a genome-wide investigation
could lead to the detection of novel genetic variants in
the Saudi population incurring a higher risk of MS.
Additionally, statistical methods in genetic epidemiology
investigations, such as issues with multiple testing,
gene-environment interactions, and assessing genetic
risk in cohorts with different levels of consanguinity
might bring more insight into the genetic components
of MS in the Saudi population.
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