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Abstract

Metabolic diseases and related pathologies have been associated with adiposity and relatively recently
genetic traits have been identified to have a specific link between white adipose tissue (WAT),
cardiovascular disease, body mass index (BMl)-adjusted type 2 diabetes (T2D) and dyslipidemia. Brown
adipose tissue (BAT) and beige adipocytes have been identified as major players in the battle against
obesity and metabolic disorders. The main protein expressed in BAT and beige adipocytes is UCP1 and
an unanswered question is which is the contribution of UCP1 single nucleotide polymorphisms (SNPs)
to susceptibility for cardiometabolic pathologies (CMP) and how their involvement in specific risk
factors for these conditions varies across populations. Therefore | investigated the impact of UCP1
SNPs A-3826G, A-1766G, Alab4Thr and A-112C across Armenia, Greece, Poland, Russia and United
Kingdom. In Armenia, GA genotype and A allele of Ala64Thr displayed ~2-fold higher risk for CMP
compared to GG genotype and G allele, respectively (p<0.05). In Greece, A allele of Ala64Thr decreased
risk of CMP by 39%. Healthy individuals with A-3826G GG genotype and carriers of mutant allele of A-
112C and Ala64Thr had higher body mass index compared to those carrying other alleles.
Heterozygosity of A-112C and Ala64Thr SNPs was related to lower WHR in CMP individuals compared to
wild type homozygotes (p<0.05). Concluding, the studied SNPs could be associated with the most
common CMP and their risk factors in some populations. Apart from UCP1 genetic profile in different
populations and species, UCP1 expression is affected by external factors such as exercise, thus the
effect of exercise on the formation of beige adipocytes has produced controversial results in human
studies. My aim was to research- via an in vitro model of co-culturing of C2C12 myotubes and 3T3-L1
adipocytes under the stimuli of electrical pulse stimulation (EPS) mimicking muscle contraction- the
impact of the the direct crosstalk between adipocytes and stimulated muscle cells. When EPS was
applied, the t co-culturing led to increases in UCP1 (p = 0.044; d = 1.29) and IL-6 (p = 0.097; d = 1.13)

protein expression in the 3T3-L1 adipocytes. In vitro co-culturing of C2C12 myotubes and 3T3-L1
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adipocytes under the stimuli of EPS leads to increased expression of thermogenic proteins. | detected
changes in the expression pattern of proteins related to browning of adipose tissue, supporting the use
of this in vitro model to study the crosstalk between adipocytes and contracting muscle. Although,
exercise benefits a wide spectrum of diseases and affects most tissues and organs, as proven by my
previous study, many aspects of its underlying mechanistic effects remain unsolved. In vitro exercise,
mimicking neuronal signals leading to muscle contraction, can be a valuable tool to address this issue. |
performed a systematic review and metanalysis for relevant studies assessing in vitro exercise using
electrical pulse stimulation to mimic exercise. | observed variability among existing protocols of in vitro
exercise and heterogeneity among protocols of the same type of exercise. The analyses showed that
biological indices in vitro followed the patterns of in vivo exercise, and that these effects were
correlated with the duration of stimulation, leading to the conclusion that in vitro exercise follows
motifs of exercise in humans, allowing biological parameters, such as the aforementioned, to be

valuable tools in defining the types of in vitro exercise.
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NEPINAHWH

Ta petaBoAika voonpata Kal ot cuvadeig maboAoyleg £(0UV CUOXETIOTEL e TO AW N LOTO KOl OXETLKA
NPOoGATA EVIOTMIOTNKAV YEVETIKA XAPOAKTNPLOTIKA TIOU €XOUV €l8IKR ox€on METAEU Tou AgukoUl
Amwbéoug otol (AAI), Twv KapSlayyslakwyv voonuatwy, tou OStafntn tomou 2 (AT2) kat tNng
SuocAuudalpiog, mpooappoopévou oto deiktn palog cwpatog (AMZ). O kadé Amwdng Lotog (KAI) kal ta
urel AutokUTTapa £X0UV aVAYVWPLOTEL W ONUOVTLKOL TTOPAYOVTEG OTN KAXN KATA TNE MoXUoapKiag Kot
TwV PeTafoAikwy dlatapayxwy. H kupla mpwteivn mou ekdppaletal oto KAl kot ota pmel AutokUttapa
glvat n UCP1 kal £€va avomdvinto pwtnua eivol molo eival n cuPBoAn TwV HOVOVOUKAEOTLSIKWY
moAupopdLopwv (SNPs) tng UCP1 otig kapSlopetaBoAikeg maboloyieg (KMM) kat mwg n cupBoAn toug
O€ OUYKEKPLUEVOUC TTAPAYOVTEC KIVOUVOU yla aUTEG TTOWKIAAEL peta€l Twv mAnBuouwv. Q¢ ek TouToU,
Slepevvnoa tnv enidpaocn twv UCP1 SNPs A-3826G, A-1766G, Ala64Thr kat A-112C otnv Apuevia, tThv
EAAGSa, tnv NoAwvia, TN Pwola kat to Hvwpévo Baoilelo. Itnv Apuevia, o yovotumog GA kot To
aAAnAopopdo A tou AlabdThr epdavicav ~2 dopeg uPnAotepo kivduvo yia KMN o olykplon Ue Tov
yovoturmo GG kat to aAAnAopopdo G, avtiotoa (p<0,05). Itnv EAAGSa, To aAAnAdpopdo A tou
Ala64Thr pelwoe Tov kivduvo gudaviong KMIM katd 39%. Ta vyl atopa e yovotuno A-3826G GG kalt ot
dopeic Twv petolaypévwv aAAndopopdwv A-112C kat Alab4dThr eixav vdnlotepo Seiktn palag
OWUOTOG O OUYKPLON UE eKelvoug mou £depav aAAo alnAopopda. H etepoluywtio twv SNPs A-112C
Kot Alab4Thr oxetldtav pe xapunAotepo WHR oe atopa pe KMIM os cUyKkpLon HE TOUC OUO(UYWTES
duaolohoykol yovotumou (p<0,05). Tuumepacpatikd, to SNPs mou peletriOnkav Ba pmopoloav va
CUOXETLOTOUV HE TIG To ouxveGg KMIM Kal Toug mapdyovteg KvdUVoU Toug O€ OpLoEVOUG TANBUGHOUG.
EKTOG OWG, amo To yevetiko mpodiA tng UCP1 oe dadopeTtikols mAnBuopoUg Kal idn, n €kdpacn TG
UCP1 emnpedletal amd €EWTePIKOUC TOPAYOVIEG, OMWG N Acknon, n enidpacn TnG omoiog oto

OXNMOTLOMO UTel AutoKuTTApwWY gival apdleyopevn pe Baon LEAETEG O AvOPWITOUC. TKOTIOC LoV HTaV
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vV EPEUVNOW- UECW €VOG in Vitro HOVTEAOU GUYKOAALEPYELOG HUOKUTTAPWY C2C12 Kal AUTOKUTTAPWV
3T3-L1 umo 1o gpéBiopa TG NAeKTPLKAG MAAULKAG Sl€yepang (EPS) mou pipeltal Tn HUiky cUCTOAN- TNV
aueon aAAnAenidpaon PETAEY AUTOKUTTAPWY KOl SLEYEPUEVWVY MUKWV KUTTApwV. Otav £hpapUooTnKe
EPS, otn cuykaAALEpyela av€nbnke n ékdppaon Twv mpwteivwv UCP1 (p = 0,044- d = 1,29) kat IL-6 (p =
0,097- d = 1,13) ota Autokuttapa 3T3-L1., 6nAadn n in vitro cuykaAALépyela puokuttapwy C2C12 Kat
Autokuttdpwy 3T3-L1 und tou EPS oényel o avénuévn ékdpaon Bepuoyovwy mpwrteivwy. Ol aAAayEg
OTO TPOTUTIO €kdpaong MPwTeivwv Tou oxetilovtal pe TN datomoinon Tou Amwdoug LoToU,
umootnpilouv tn xprion autou tou in vitro povtéAou. NMapolo mou n doknon wdelet éva eupl paoua
ooBevelwv Kol emMnpedlel TOUC TEPLOCOTEPOUC LOTOUCG KOL Opyava, OmMwc omodeixbnke omd tnv
T(PONYOUHEVN LEAETN HOU, TTOAAEG TITUXEC TWV UTTOKEIUEVWVY PNXOAVIOTIKWY ETILOPACEWVY TNG TTAPOUEVOUV
GAuteg. H doknon in vitro, mou HIPE(TaL T VEUPLKA OHATA TToU 0&nyoUV G€ LUK CUCTOAN, UTTOPEL va
amoteA£0eL TOAUTLHO €pYaAEio €peuvag. Ale€iyaya Lo CUCTNUOTLKA AVOOKOTINGN Kal LET-0VAAUOH yla
OXETLKEC UEAETEG TTOU a&loAoyoUV TNV AoKNon in vitro Pe TN XpHon NAEKTPLKWY TTAALWY KAl TTapotnpenoo
mowkAopopdio HeTafl TwV UDLOTAUEVWY TIPWTOKOMWY AOKNOoNG in Vvitro Kol £TepoyEévela PEeTal
MPWTOKOAWY Tou (Slou TUmou doknong. Ot avaluoelg £6el€av OtL ot Bloloyikol Seikteg in vitro
okohouBoloav ta poTifa tng doknong in vivo Kal OTL TA QIMOTEAECUATA QUTA CUOXETI(OVTAV WE TN
Slapkela tNG SlEyepong, odNywvTog 0To cupmépacua OTL N aoknon in vitro akoAouBel potifa tng
AoKNong otov AvOpwro, eMITPEMOVIAE Of PLOAOYIKEG TOPOAUETPOUG, VO OMOTEAECOUV TIOAUTLUO

gpyaleia yla tov kaBopLlopod Twv TUWY AoKNoNG in vitro.
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Chapter 1

1.1 The importance of Adipose Tissue

Approximately one third of the global population (2.2 billion people) are overweight, of which about 700
million counting for ten percent of the global population are obese[4]. The burden of obesity has been
highlighted the last decade as an epidemic and a menace for public health [5] and world health
organization's published data gave a raise in public awareness and a subsequent increase in relevant
research (>3700 published papers over the last 15 years). Metabolic diseases and characteristics have
been related to adiposity and relatively recently genetic traits have been identified to have a specific link
between white adipose tissue (WAT), cardiovascular disease, body mass index (BMI)-adjusted type 2

diabetes (T2D) and dyslipidemia [6-8].

1.2 Adipose tissue

Mammalian adipose tissue traditionally can be found in two major subtypes, white adipose tissue and
brown adipose tissue (BAT). Those distinct types of adipocytes have distinct roles, location, morphology
and embryonic precursors. Another form of adipocytes, called beige adipocytes, having also different

role, morphology and precursors [9] has been characterized recently as a distinctive subtype (Fig. 1.1).
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White adipocyte Beige adipocyte Brown adipocyte

Y 4 @
® y , , ,,,’

unilocular multilocular multilocular
few mitochondria medium number of mitochondria large number of mitochondria
energy storage energy expenditure energy expenditure
negative UCP1 expression positive UCP1 expression positive UCP1 expression

Figure 1.1 The three cell types of adipocytes.
Morphologically, the three cell types share similarities and differences. White adipocytes are unilocular, have few mitochondria

and one central lipid droplet. On the other hand, beige and brown adipocytes are multilocular, have more mitochondria, in the
BAT are more abundant, and small lipid droplets dispersed in the cytoplasm

1.3 Brown adipose tissue

Brown adipose tissue (BAT) can be detected supraclavicularly, along spinal cord, in the neck and
auxiliary area [10], originates from Myf5 positive cells [11] and is responsible for non-shivering
thermogenesis and energy expenditure. WAT is present throughout all stages of development, while
BAT is mostly prompt in infancy and was thought to be absent in adulthood. However, in 2009, BAT was

18t FDG-PET/CT detection [12, 13]. Accumulative

found in the neck and shoulder regions of adults by
evidence, since then, has showed that BAT is present in adults[14, 15], but obese and overweight
individuals tend to have lower amounts of active brown adipose tissue compared to lean individuals
[16].

The main protein controlling non-shivering thermogenesis is the uncoupling protein 1 (UCP1) and is
abundant in BAT [17]. Stimuli such as cold exposure [18], exercise [19] and certain hormones[20] lead
to the activation of the PGC-1a transcriptional co-activator, which promotes the expression of several
genes involved in mitochondrial biogenesis and oxidative metabolism [21], including UCP1. UCP1 is

located in the inner mitochondrial membrane of brown and beige adipocytes and is involved in

uncoupling oxidative phosphorylation from ATP synthesis, thereby generating heat instead of ATP. The
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electron transport chain generates a proton gradient across the mitochondrial inner membrane, which
regulates the activity of UCP1. Upon UCP1 activation the proton gradient dissipates across the
membrane, leading to uncoupled respiration and heat production, overpassing the ATP synthase and
allowing protons to leak back into the mitochondrial matrix, generating heat [22].

Different mice strains, with different genetic background, also have different levels of expression of
UCP1 [23]. Similarly, in humans several Single Nucleotide Polymorphisms (SNPs) in UCP1 (Flg.1.2) or in
other related genes such as PRDM16 and PPARg affected the UCP1 expression in adipose tissue.
Therefore, the impact of the genetic background on the levels of activity of UCP1 became a new field of

research.

rs45539933 [G/A]

rs10011540 [A/C] UCP1
rs3811787 [A/C] ;I;rlo;nosome 4
rs3811791 [A/G]
rs7687015 [C/A]
rs1800592 [A/G] | rs2270565 [T/A]

140 5|58 902 140 5.?8 394

1 kbp

| I XM_005263206.2
| XP_005263263.1

XM_011532228.1
\ | xp_011530530.1
SNPs

Figure 1.2 UCP1 SNPs
a. A-3826G (rs1800592) located on the upstream region of UCP1, b. A-1766G (rs3811791) a 2kb upstream variant, c. A-112C
(rs10011540) on the 5'UTR region, and d. Ala64Thr (rs45539933) a missense variant.

Some SNPs were strongly associated to susceptibility for cardiometabolic pathologies and disease risk
[24-26]. For instance, the frequency of AG genotype of A-3826G SNP seemed to vary among different
populations with cardiometabolic indices and more specifically, ranges from 24% in Italy [25], to around
50% in Colombia , Japan [27], and Korea [28], and to 85% in China [8]. Similarly, wide frequency ranges

have been reported also for other SNPs across different populations, considering SNPs such as A-1766G,
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Alab4Thr and A-112C. However, there was no study describing the genetic effect of UCP1 SNPs in
Eastern European countries and the Greek population

Taking into account the existing evidence, | decided to study the effect of polymorphisms of UCP1
from the perspective of population genetics and | tried to identify genetic inheritance effect of UCP1

in healthy and diseased population across different countries/ethnicities.

1.4 White adipose tissue

White adipose tissue is located subcutaneously and viscerally, originates from Myf5 negative cells [11]
and is regulating energy homeostasis. Upon energy deficit, WAT promotes lipolysis and upon energy
excess moves to lipogenesis, which practically means fatty acid release and fatty acid uptake
accordingly[29]. Beyond its role in energy levels regulation, WAT provides insulation and mechanical
cushioning and also, acts an endocrine organ [29], presenting intracellular communication with
inflammatory (mainly macrophages) and other cell types (muscle), secreting hormones called adipokines

(such as adiponectin, leptin, resistin) [30] and adjusting to environmental stimuli.

1.5. White adipose tissue plasticity

White adipose tissue has a surprising ability for plasticity as an adaptive mechanism to environmental
changes [31]. During positive energy balance and abundance of feeding, white adipose tissue can either
expand (hyperplasia)[24] or increase its cell number (hypertrophy)[32]. However, white adipocytes can
also respond to temperature changes, such as cold exposure, by transforming into beige adipocytes[33].
The purpose of this change is to maintain thermogenic capacity and subsequently protect at an
organism level from prolonged cold exposure side effects. The plasticity of WAT is reversible over time

and after triggering signal ablation.
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1.5.1 Beige adipocytes

Along with the discovery of BAT in adults, both healthy and diseased, a new subtype of adipocytes was
discovered, namely the beige or brown-like adipocytes. Beige adipocytes share traits with WAT and BAT.
They are traced in the neck and supraclavicular area, are Myf5 negative cells and are involved in
thermogenesis and energy expenditure.

In the light of these new data and the perspective of a new therapeutic potential against excess

adiposity and obesity, a great interest has been aroused.

1.5.2 .Browning of white adipose tissue

Beige adipocytes can be generated within WAT depots via three mechanisms: (1) the differentiation of
progenitor cells into new beige adipocytes (i.e., de novo beige adipogenesis), (2) phenotypic conversion
of mature white adipocytes into beige adipocytes through the activation (or reactivation) of the
thermogenic program, and (3) the proliferation of mature beige adipocytes [34-36].

This adaptation comes along with changes in tissue structure, gene profile (upregulation and
downregulation of cell- type specific genes) and metabolic profile [37]. Among these are increased
nerve-fiber arborization and angiogenesis and upregulation of UCP1, the characteristic thermogenic

protein.

1.5.3. Factors dffecting browning of WAT

The browning of WAT is a complex process that involves the interplay of several factors and signaling

pathways. Several factors have been identified as promoters of beige adipocytes formation, such as cold
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exposure, hormones, transcription factors, inflammatory signaling, nutrient sensors, diet and exercise
[38] (Fig. 1.3).

Cold exposure is a potent inducer of browning of WAT, and the process is mediated by the activation of
specific signaling pathways and transcription factors, such as the sympathetic nervous system and the
transcriptional co-activator PGC-1a. Apart from cold exposure, the most well established factor for
browning, several hormones have been shown to play a role in the browning of WAT, such as irisin,
which is produced by muscle tissue in response to exercise[39], FGF21 produced by liver [40, 41] and

thyroid hormones [41].

Browning

of WAT

Figure 1.3 Factors affecting the browning of WAT
a. Environmental factor such as cold exposure. b. diet, exercise, nutrient sensing and c. biological factors such as transcription
factors, inflammatory signaling and hormones.

Another category of activators of browning of WAT are transcription factors, with most well-known to
play significant role PPARy ,PRDM16 and BMP7, that can promote the expression of genes involved in
thermogenesis and energy expenditure, and genes involved in fatty acid oxidation and mitochondrial
function [42]. Inflammatory signaling pathways, like IL-6 [36] and IL-10 cytokines [43], have been
implicated in the browning of WAT. However, nutrient sensing pathways can trigger also, either by their

activation (AMPK) [44] or by their inhibition (mTOR)[45], the formation of beige cells.
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Exercise may promote browning of WAT through its effects on nutrient-sensing pathways by AMP-
activated protein kinase (AMPK), a key regulator of energy metabolism, via the increase in mitochondrial
biogenesis and by the inhibition of mTOR signaling. Also, exercise may trigger inflammatory pathways
or/and activate sympathetic nervous system and therefore lead to formation of beige cells. The recently
identified myokine Irisin, has been shown to be a mediator of browning of adipose tissue due to exercise
[39, 46]

However, exercise as a factor promoting browning of WAT has triggered a massive scientific debate,

with many controversial results in human studies [47].

1.5.4. Exercise and beige adipose tissue

It has been seen that [48] exercise exerts its effect in many distant organ systems apart from the muscle
which is of course the principal organ. It is yet not well defined how these benefits are communicated to
the distant target organs like the heart, lungs, adipose tissue and liver. However, there is growing
evidence suggesting that exercise along with its other effects can indeed increase the expression of
genes involved in the browning of WAT and the activation of beige adipocytes [39].

In rodents voluntary wheel running led to an increase in the expression of genes involved in
thermogenesis, mitochondrial biogenesis, and fatty acid oxidation in white adipose tissue, as well as an
increase in the number and activity of beige adipocytes [49]. Similarly, in another study in mice
endurance exercise training increased the expression of genes involved in thermogenesis and
mitochondrial biogenesis in WAT, and also led to an increase in the number and activity of beige
adipocytes, as well as both 8- week of aerobic and resistance exercise training led to an induced
browning of adipose tissue [50].

The evidence from human studies though has been contradictory and there are studies suggesting that

exercise can stimulate the browning of white adipose tissue (WAT) and others found no significant
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effect of exercise on beige formation. Independently of weight, exercise intervention in sedentary non-
diabetic adults led to brown/beige gene expression changes [51]. Also, acute exercise has been shown
to promote the increase of exerkines) that are positively reltaed to BAT volume in young adults.[52]

On the other hand, brown and beige recruitment in endurance athletes was not significantly different
when compared to that of untrained sedentary men [53] and neither acute nor repeated bouts of
exercise were associated with browning of WAT in sedentary men [54]. Moreover, six weeks of training
did not promote browning of adipose tissue in obese men [55] nor 2-week long High intensity interval
training (HIIT) seemed to be a stimulus for BAT activation[56].

The different population characteristics (and genetic background), sample sizes and different depots
chosen for biopsy [57], detection methods, exercise protocols are the main reasons for this variability
among the results in human studies [58].

Upon consideration of these contradictory data, | thought that the most appropriate way to detect
the formation of beige cells due to exercise was the creation of an experimental model, where the
only direct effect of exercise on WAT could be studied. Therefore, | decided to study the in vitro

interaction of muscle cells and adipocytes under the effect of exercise.

1.6. In vitro exercise

There are a few ways to mimic exercise in vitro, such as pharmacological interventions, mechanical
streching and electrical pulse stimulation (EPS). EPS has been well established and widely used to
mimic in vitro exercise without affecting externally molecular pathways involved in the muscle
contraction.

Thus, | chose to built an in vitro model of mimicking exercise based on EPS, in order to study the

interaction of contracting muscle cells and adipocytes.
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1.6.1. In vitro exercise protocols

A variety of EPS protocols have been used for studying in vitro exercise and muscle contraction.
Those exercise protocols were defined as endurance, aerobic, resistance, acute and long-term
(chronic) and were performed both in human and mice cell lines. However, the frequency (Hz),
pulse duration (ms), applied pulse amplitudes (Vapp), and stimulation duration time of cultured
cells in order to achieve exercise-mediating responses are yet to be validated in a systematic way
[59].

Therefore, | did a systematic review and meta-analysis to systematically assess the available
evidence on the link between the stated type of exercise and the observed biological profile of
exercised cells, as well as to present the available EPS-applied protocols mimicking exercise in

vitro.
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Chapter 2

Prevalence of uncoupling protein one genetic polymorphisms
and their relationship with cardiovascular and metabolic

health

This work was conducted by Petros C. Dinas, Eleni Nintou, Maria Vliora, Anna E. Pravednikova, Paraskevi
Sakellariou, Agata Witkowicz, Zaur M. Kachaev, Victor V. Kerchev, Svetlana N. Larina, James Cotton,
Anna Kowalska, Paraskevi Gkiata, Alexandra Bargiota, Zaruhi A. Khachatryan, Anahit A. Hovhannisyan,
Mariya A. Antonosyan, Sona Margaryan, Anna Partyka, Pawel Bogdansk, Monika Szulinska, Matylda
Kregielska-Narozna , Rafat Czepczynski, Marek Ruchata, Anna Tomkiewicz, Levon Yepiskoposyan, Lidia
Karabon, Yulii Shidlovskii, George S. Metsios, Andreas D Flouris. All authors revised the final draft.
Petros C. Dinas, Maria Vliora and myself contributed equally. My contribution to this work included the
data collection and experimental data analysis for Greek and UK populations, the statistical analysis for
whole sample and the overall data interpretation. Also, | contributed to the original draft preparation

and took the responsibility for the integrity of the data and data curation.

As of April of 2022 the present work[1] has been published online by PLoS ONE as follows: Dinas PC,
Nintou E, Vliora M, Pravednikova AE, Sakellariou P, Witkowicz A, et al. Prevalence of uncoupling protein
one genetic polymorphisms and their relationship with cardiovascular and metabolic health. PLOS ONE.

2022;17(4):e0266386.
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Abstract

Contribution of UCP1 single nucleotide polymorphisms (SNPs) to susceptibility for cardiometabolic
pathologies (CMP) and their involvement in specific risk factors for these conditions varies across
populations. We tested whether UCP1 SNPs A-3826G, A-1766G, Ala64Thr and A-112C are associated
with common CMP and their risk factors across Armenia, Greece, Poland, Russia and United Kingdom.
This case-control study included genotyping of these SNPs, from 2,283 Caucasians. Results were
extended via systematic review and meta-analysis. In Armenia, GA genotype and A allele of Ala64Thr
displayed ~2-fold higher risk for CMP compared to GG genotype and G allele, respectively (p<0.05). In
Greece, A allele of Ala64Thr decreased risk of CMP by 39%. Healthy individuals with A-3826G GG
genotype and carriers of mutant allele of A-112C and Ala64Thr had higher body mass index compared to
those carrying other alleles. In healthy Polish, higher waist-to-hip ratio (WHR) was observed in
heterozygotes A-3826G compared to AA homozygotes. Heterozygosity of A-112C and Ala64Thr SNPs was
related to lower WHR in CMP individuals compared to wild type homozygotes (p<0.05). Meta-analysis
showed no statistically significant odds-ratios across our SNPs (p>0.05). Concluding, the studied SNPs

could be associated with the most common CMP and their risk factors in some ons.
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2.1 Introduction

Single nucleotide polymorphisms (SNPs) in a number of candidate genes are highly implicated in energy
balance as well as fat and glucose metabolism, modifying disease susceptibility [60-62]. One of these
candidate genes codes for uncoupling protein 1 (UCP1), located on chromosome 4 (4g31.1), which is
expressed predominantly in brown adipose tissue, holding a critical role in oxidative phosphorylation
and overall energy balance [63, 64]. More than 2300 SNPs have been recognized within the UCP1 gene
and its regulatory regions [63], but four have been commonly studied for their impact on metabolism
and energy balance [65-69]. These are: (i) A-3826G (rs1800592) located on the upstream region of UCP1,
(ii) A-1766G (rs3811791) a 2kb upstream variant, (iii) A-112C (rs10011540) on the 5'UTR region, and (iv)
Ala64Thr (rs45539933) a missense variant.

The four UCP1 SNPs have been associated with a number of cardio-metabolic pathologies (CMP) [70].
The G allele of A-3826G, which is associated with reduced mRNA expression of UCP1 [71], is more
common in obese individuals [72, 73] and it is associated with increased body mass index (BMl), percent
body fat, blood pressure [74], and lower high-density lipoprotein level [75]. The same allele of this SNP is
associated with higher BMI and glucose levels in overweight persons [76] and can increase the risk for
proliferative diabetic retinopathy in individuals with type 2 diabetes [77]. The other three SNPs are less
prevalent but have been also associated with various risk factors for CMP [[69, 78][79]. The A-112C
polymorphism affects UCP1 gene promoter activity [80] and the C allele is more frequent in individuals
with type 2 diabetes than in healthy individuals [81]. The Ala64Thr mutant allele is associated with
higher waist-to-hip ratio (WHR) [82], while the A-1766G SNP, which is detected in the genomic region
that possibly regulates transcription of UCP1 [83], is related with obesity [65]. Finally, the GAA haplotype
(A-3826G, A-1766G, and Ala64Thr) is associated with decreased abdominal fat tissue, body fat mass, and

WHR [84].
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The contribution of the four UCP1 SNPs to the susceptibility for CMP as well as their involvement in
specific risk factors for these conditions varies across populations, even within the same race, probably
due to environmental impacts. For instance, the frequency of AG genotype of A-3826G in persons with
CMP ranges from 24% in Italy [25], to around 50% in Colombia [80], Japan [81], and Korea [75], and to
85% in China [77]. Similarly, wide frequency ranges have been reported also for the other three SNPs
across different populations [68, 80, 85, 86]. At the same time, some studies report that UCP1 SNPs are
strongly associated with disease risk [65, 77, 87], while others report no such findings [88-90].
Therefore, it remains unclear if differences in the prevalence of these four UCP1 SNPs across different
populations are associated with the prevalence of CMP.

Our incomplete understanding about the potential involvement of these four UCP1 SNPs, among others,
in disease susceptibility limits the potential for precision medicine to effectively address CMP. An even
more direct effect on disease mitigation is that CMP risk factors are currently addressed with equal
importance across different populations, ignoring the genotypic/phenotypic complexity of CMP in
different countries. Improving our knowledge about the impact of UCP1 variants can contribute to
precision medicine, within the context of approaches that consider the polygenicity of cardio-metabolic
traits (e.g., polygenic risk scores). This could improve the sustainability of healthcare systems due to
increased efficacy of CMP prevention and mitigation guidelines. To address these important knowledge
gaps, we investigated if differences in the frequency of A-3826G, A-1766G, Ala64Thr and A-112C SNPs
are associated with the most common CMP and their risk factors. This case control study was performed
across five countries (Armenia, Greece, Poland, Russia, United Kingdom) since CMP appear to be
increased in certain ethnic groups in Eastern Europe and Western Asia [91, 92].To confirm any observed
associations between the studied UCP1 SNPs and cardio-metabolic health, we extended our findings to
consider all previously-studied populations by conducting a systematic review and meta-analysis [93].

The literature includes four meta-analyses [24, 88, 94, 95] regarding UCP1 SNPs and their association
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with cardio-metabolic traits. Within these four meta-analyses only A-3826G is examined for its
association with metabolic diseases or their risk factors, as the most common variant of UCP1, while

these meta-analyses do not consider the associations of other UCP1 SNPs with the risk for disease.

2.2. Materials and Methods

2.2.1 Case-control study

This is a multicenter, multinational study conducted during 2016-2019, across five countries (Armenia,
Greece, Poland, Russia, and United Kingdom). The participants were recruited via online and paper
advertisements as well as word of mouth. Following approval from the relevant Bioethics Review Board
in each country (see Online Supplement section 1.1.1). Written informed consent for participation was

signed by the volunteers following detailed explanation of all the procedures and risks involved.

2.2.2. Study design and data collection

The study involved two groups of participants: individuals with CMP as well as healthy controls. We
considered the following CMP, as they present with the highest prevalence [96, 97] amongst all health
abnormalities related to cardio-metabolic health: cardiovascular disease, hypertension, metabolic
syndrome, and type 2 diabetes. The inclusion criteria were: 1) adult; 2) diagnosed presence of CMP for
the CMP group and generally healthy (free of CMP based on their medical history) for the control group;
3) non-smokers, or have quit smoking for at least one year; 4) not in a pregnancy or lactation period; 5)
no history of eating disorders; 6) no acute illness and/or infection during the last four weeks.

Ethnicity was self-reported by each participant. All participants were assessed for: 1) medical history via
a structured interview-based questionnaire; 2) anthropometry (body height, body mass, WHR); 3)
percent fat mass via non-invasive bioelectrical impedance analysis; 4) genotypes of the aforementioned

four UCP1 SNPs detected in DNA isolated from blood samples. A detailed description of the adopted
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blood handling and genotyping methodologies is provided in the Online Supplement (Section 1.1.2). All
participants were instructed, for 12 hours prior to assessments, to avoid the consumption of food,
coffee, or alcohol and to refrain from exercise. Also, they were advised to consume two glasses of water

about two hours prior to their assessment.

2.2.3. Statistical analysis

The data were analyzed using a general genetic model as previously described [98, 99]. We calculated
Hardy-Weinberg equilibrium to ensure unbiased outcomes [100]. Linkage disequilibrium between
genetic loci, haplotype analysis, and allele frequencies estimation were performed via the SHEsis
platform [101, 102]. We used chi-square tests to determine differences in UCP1 SNPs between groups,
as well as Phi indices to report effect sizes [103]. Also, we calculated odds ratios (OR) to determine
associations of genotypes and alleles between groups in the overall sample as well as based on country
(Online Supplement, Section 1.1.3). Finally, we used Kruskal Wallis ANOVA with post hoc Mann-Whitney
U tests to assess differences in BMI, WHR, and fat percentage between genotype groups for each UCP1
SNP. The level of statistical significance for the Hardy-Weinberg equilibrium was set at p<0.05 and for all
other analyses at p<0.05. We did not adjust for multiple comparisons in our study due to the errors and
misplaced emphasis associated with such procedures when applied in actual natural observations [104-
107].Unless stated otherwise, the SPSS 26.0 (SPSS Inc., Chicago, IL, USA) software was used to perform

the statistical analyses.

2.2.4. Systematic review and meta-analysis

We conducted a systematic review and meta-analysis (PROSPERO review protocol: CRD42019132376)
investigating if differences in the frequency of A-3826G, A-1766G, Ala64Thr and A-112C SNPs are
associated with the prevalence of the studied CMP. Following the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guidelines [108], we searched the titles and abstracts

in PubMed central, Embase, and Cochrane Library (trials) databases from the date of their inception to
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February 23, 2021, for studies that evaluated the prevalence of UCP1 A-3826G, A-1766G, Ala64Thr and
A-112C SNPs and their association with CMP. No date, participants’ health status, language, or study
design limits were applied. A detailed description of the systematic review methodology and the

searching algorithm is provided in the Online Supplement (Section 2.1).

2.3. Results

2.3.1. Case-control study

2.3.1.1. Associations between genotype frequencies and health status.

The study population included 2283 Caucasian individuals (Table 2.1). Our Hardy-Weinberg equilibrium
(HWE) analysis for the A-1766G revealed significant deviation in healthy individuals (x2 = 33.34,
p<0.001), indicating that this SNP should be excluded from further analysis [100], for other UCP1 SNPs
no deviation from HWE in healthy individuals was noticed. The frequencies of alleles and genotypes for
the studied UCP1 SNPs in healthy controls and in CMP individuals are shown in Fig 2.1, Table 2.2 and S4-
S11 Tables. Odds ratios for the association between genotype and health status (i.e., healthy vs. CMP

individuals) for each of the four studied UCP1 SNPs are shown in Table 2.2 and $10-S11 Tables.

Table 2.1 Characteristics of the studied population.

Group (n)/(%) Males/Females(n) Age (years) BMI (kg/mz)

Healthy 1139/50 762 /528 45 (32,54) 25.5(23.9,26.9)
Entire sample
CMP 1144 /50 397/521 59 (50,65)  30.5(27.4,34.2)
Armenia Healthy 105/32 - - -
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Group (n)/(%) Males/Females(n) Age (years) BMI (kg/m?)
CMP 226 /68 98 /128 59 (54,64) 29.0(27.2,31.7)
Healthy 233/47 131 /102 55(50,65)  26.8(24.2,29.9)
Greece
CMP  264/53 125 /139 62 (56,68)  31.7(28.9,34.5)
Healthy 365/59 221 /144 32(25,44)  23.8(22.0,25.6)
Poland
CMP 252 /41 89 /163 62 (54.7,67) 31.2(29.4,33.8)
Healthy  255/45 142 /113 46 (36.5,54.5) 25.9 (25.3,26.3)
Russia
CMP 310/55 129/181 52 (40,63) 28.9 (26.0,34.6)
Healthy 181/66 140/ 41 43 (30,51) 25.7 (23.2,29.8)
UK
CMP 92 /34 54/38 54 (48,57)  30.7 (25.9,38.4)

CMP; gray bars indi
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Figure 2.1 Prevalence of the studied UCP1 SNP alleles.

Note: black bars indicate results for individuals with cate results for healthy persons; * indicates differences from CMP persons
significant at p<0.05. Key: MA= meta-analysis, TS= total sample, AM= Armenia, GR= Greece, PL= Poland, RU= Russia, UK=
United Kingdom
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Table 2.2 Frequency of genotypes for Ala64Thr in CMP and healthy individuals.

Healthy CMmP
OR (95% Cl) F-test
(n) (%) (n) (%)
GG 944 83.39 928 82.71
GA 175 15.46 188 16.76 1.09(0.87-1.37) 4.03 p=0.203
Total sample
AA 13 1.15 6 0.53 0.49(0.19-1.25)
HWE 0.134 0.284
GG 90 86.54 164 75.58
GA 14 1346 53 24.42 2.03(1.08-3.83) 5.70p=0.031
Armenia
AA 0 0.00 0 0.00
HWE 0.462 0.040
GG 184 80.70 219 87.25
GA 41 1798 31 12.35 0.64(0.39-1.05) 4.25p=0.115
Greece

AA 3 132 1 040 0.36(0.05-2.46)

HWE 0.679 0.931
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Healthy CmpP
OR (95% CI) F-test

(n) (%) (n) (%)

GG 304 83.29 211 83.73

GA 58 1589 38 1508 0.95(0.61-1.48) 0.39p=0.842

Poland

AA 3 0.82 3 1.19 1.44(0.32-6.40)

HWE 0.899 0.394

GG 218 85.49 257 82.90

GA 34 1333 51 16.45 1.27(0.79-2.02) 1.52p=0.454
Russia

AA 3 1.18 2 0.65 0.61(0.12-3.10)

HWE 0.215 0.758

GG 148 82.22 77 83.70

GA 28 15,56 15 16.30 1.04(0.53-2.05) 1.65p=0.480
UK

AA 4 2.22 0 0.00 0.21(0.01-4.01)

HWE 0.069 0.395

Key: CMP = cardio-metabolic pathologies; OR = odds ratio; HWE = p value for the Hardy-Weinberg equilibrium.
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With regard to country-level stratification, allele frequency analysis (S4-S9 Tables) in the Greek
population showed that individuals carrying the C allele of the A-112C SNP or the A allele of the
Alab4Thr SNP are 37% and 39% less likely to develop CMP, respectively (p<0.05; S6 Table). Moreover,
the G allele of the A-3826G SNP was associated with 23% lower risk to develop CMP in the Polish
population (S7 Table).

In total, we found no associations between genotype and health status in the overall sample for the
studied UCP1 SNPs (p>0.05). Though, we observed an association between genotype and health status
for Ala64Thr within the Armenian population, where the GA genotype was carried by 24.4% of the CMP
individuals but only by 13.5% of healthy individuals. Also, the GA genotype of Ala64Thr showed a 2-fold

higher risk (p=0.03) for CMP than the GG genotype in the Armenian population (Table 2).
2.3.1.2. Linkage Disequilibrium

Our analysis for all four SNPs in this study in CMP individuals and healthy controls showed that the A-
3826G and Alab4Thr were in strong linkage disequilibrium with a D’ value of 0.831. Similar results were
observed for the combinations of A-3826G and A-112C, as well as for the Ala64Thr and A-112C which
were in strong linkage disequilibrium with D’ values of 0.917 and 0.924, respectively. However, the r’
values for the combinations of A-3826G and Ala64Thr (r’=0.165) as well as A-3826G and A-112C
(r’=0.195) were relatively low, indicating that their effects are independent of each other. In contrast,
the r? value for Ala64Thr and A-112C was high (r’=0.848), indicating a direct link between these two
SNPs. Country-specific analysis of linkage disequilibrium between investigated SNPs can be found in S1-2
Figs.

2.3.1.3. Haplotype analysis

In the overall sample, the haplotype analysis revealed that CMP individuals were 24% less likely to carry
the GAC (A-3826G, Ala64Thr, A-112C) haplotype compared to healthy controls (OR: 0.76 CI95%: 0.60-

0.96 p=0.023; S1 Table). Country-specific analysis showed lower CMP risk for this haplotype across
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countries but this association reached statistical significance only in the Greek population (OR=0.56,
Cl95%: 0.34-0.91, p=0.017). Additionally, in the Polish population, we found a higher frequency of the
AGA haplotype in CMP individuals compared to healthy persons (74.9% vs 70.6%), which indicates the
relationship between this haplotype and higher risk of CMP (OR=1.33, CI95%: 1.03-1.73, p=0.032). On
the contrary, for GGA haplotype we found a lower frequency in CMP Polish population compared to
healthy individuals (15.6% vs 20.3%) indicating a protective effect in healthy individuals (OR=0.74,
Cl95%: 0.55-0.99, p=0.047). In the Armenian population, the AA haplotype (A-3826G, Ala64Thr)
increased the CMP risk more than 4-fold (OR=4.10, CI95%: 1.12-14.98, p=0.02), while the AG haplotype
decreased the susceptibility to CMP (OR=0.65, Cl95%=0.45-0.95, p=0.025). The AA haplotype differs
from the AG in the second position defined by the mutant allele of Ala64Thr confirming the association
of A allele of this SNP with CMP risk. Detailed results for haplotype analysis for each country are

provided in S1-2 Tables.

2.3.1.4. Association between UCP1 SNPs with specific CMP risk factors

In healthy individuals, we observed significantly higher BMI in the homozygotes GG of A-3826G as
compared to AA and AG individuals (p=0.03) as well as in carriers of the mutant allele of A-112C
(p=0.015), and Ala64Thr (p=0.004) compared to the wild type homozygotes (Table 3). We also showed
that CMP individuals being heterozygotes of A-112C and Ala64Thr had lower WHR than wild type
homozygotes (Table 3). Country-specific analysis showed that in the healthy Greek population,
heterozygous individuals of A-112C and Ala64Thr displayed higher BMI and fat mass compared to the
wild type homozygotes (BMI p=0.005, body fat p=0.008 and BMI p=0.002, body fat p=0.005,
respectively; S14 Table). In the Polish healthy population, mutant homozygotes of the A-112C SNP
presented higher BMI compared to heterozygotes and wild type homozygotes (Table $12; p<0.05). Due

to linkage disequilibrium between A-112C and Ala64Thr, the same effect was observed for mutant
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homozygotes of Ala64Thr. Finally, in Polish healthy individuals, higher WHR was observed in GA

heterozygotes (p=0.03) in comparison to wild type homozygous subjects (Table S12).

Table 2.3 Body mass index and waist-to-hip ratio [median (Q1, Q3)] across the different UCP1 SNPs for the entire sample as well
as across healthy controls and individuals with CMP.

Body mass index

Waist-to-hip ratio

SNP Genotype Healthy CcmP Healthy CmP
AA 25.6(23.5,26.6)  30.3(27.4,34.1)* 0.87(0.81,0.93) 0.97 (0.92,1.04)}
A-3826G AG 25.4(23.6,27.0)  30.7(27.5,34.2)* 0.88(0.81,0.93) 1.00(0.92,1.04)}

GG 26.2 (24.1,28.7)%2

30.8 (27.2,33.8)

0.88(0.80,0.92) 1.00 (0.92,1.05)*

AA 25.4(23.5,26.7)
A-112C AC 25.9(23.7,28.3)
cc 26.3(25.5,27.2)

30.6 (27.5,34.2)

31.2(27.3,34.2)

27.9(27.3,32.5)

0.87(0.81,0.93)  0.98 (0.93,1.04)"

0.88 (0.82,0.94) 0.96 (0.87,1.02)*2

0.87(0.85,0.89)  0.94 (0.84,1.00)

GG 25.4 (23.4,26.7)%2

Ala64Thr GA 26.0(23.8,28.3)

AA 26.3(26.1,27.4)

30.5(27.4,34.10*

30.5(27.3,33.7)

29.8(27.2,32.7)

0.87 (0.81,0.93) 0.98 (0.93,1.04)+2

0.88 (0.82,0.93) 0.97 (0.87,1.03)*

0.90(0.84,0.98)  0.92(0.80,1.02)

Note

1 = difference from healthy significant at p<<0.05

2 = difference from AA significant at p<0.05

3 = difference from AG significant at p<<0.05. Key: CMP = cardio-metabolic pathologies
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2.3.2. Systematic review and meta-analysis
2.3.2.1. Searching procedure

The searching procedure retrieved 817 publications of which 109 were duplicates. We excluded 219
publications being reviews, editorials, and conference proceeding as well as 161 publications which
referred to animal studies. From the 328 remaining publications, 276 were excluded as they did not
meet the inclusion criteria. In total, 52 eligible publications were included in the analysis. Detailed

searching procedure results can be found in a PRISMA flowchart (S3 Fig).

2.3.2.2. Characteristics of included studies and risk of bias assessment

The 52 eligible publications included in the analysis were published between 1998 and 2020 and
included data from 24 different countries. The extracted data for all 52 included publications can be
found in S17 Table. The risk of bias assessment demonstrated low risk for the vast majority of the

eligible studies (Online Supplement Section 2.2).

2.3.2.3. Meta-analysis outcomes

Fifty-one out of the 52 eligible publications [25, 26, 43, 65, 66, 70, 71, 74-76, 80, 81, 85-90, 109-141]
were used for prevalence meta-analyses, while 22 eligible publications were used for odds ratios meta-
analyses. The results from the meta-analyses are summarized in Fig 2.1 and Table 2.4, while the SNP-
specific forest and funnel plots for the prevalence (S5-24 and S35-44 Figs) and the odds ratios (525-34

and S45-549 Figs) can be found in the Online Supplement (Sections 2.2.1 and 2.2.2). On the whole, for
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the different genotypes and alleles we performed 24 prevalence meta-analyses and 12 odds ratios
meta-analyses which included a total of 34,313 cases. No statistically significant differences were
observed in the prevalence of the mutant alleles of the four different SNPs (p>0.05; Fig 2.1). Also, when
we considered only case-control studies, we found no statistically significant odds ratios in different

alleles across the four studied SNPs (p>0.05).

Table 2.4 Meta-analysis results for the prevalence and odds ratios of genotypes of the four different SNPs, between healthy and
CMP individuals.

Prevalence meta-analyses OR meta-analyses

SNP n Genotypes
Healthy (%) CMP (%) OR (95%Cl) P

AA 43 42

A-3826G 18568 AG 43 43 1.02 (0.96-1.09) 0.46
GG 14 15 1.06 (0.96-1.17) 0.23
AA 77 78

A-112C 6153 AC 21 21 1.07 (0.80-1.44) 0.65
ccC 2 1 0.92 (0.65-1.32) 0.67
GG 85 82

Alab4Thr 4984
GA 14 17 1.07 (0.91-1.27) 0.41
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Prevalence meta-analyses OR meta-analyses

SNP n Genotypes
Healthy (%) CMP (%)  OR (95%Cl) p
AA 1 1 0.64 (0.24-1.67) 0.36
AA 64 66
A-1766G 4608 AG 30 29 1.12 (0.81-1.55) 0.51
GG 6 5 1.04 (0.53-2.04) 0.90

n = number of studied individuals; OR = odds ratio with reference to AA; 95%Cl = 95% confidence
intervals; p = p value for the Z test indicating the overall effect in the meta-analysis.

2.4. Discussion

Our findings confirm an association between the studied UCP1 SNPs and cardiometabolic health in a
multi-country sample of 2,283 persons. Furthermore, we found that differences in the distribution of
genotypes and alleles of the studied SNPs between CMP individuals and healthy controls are associated
with the prevalence of one or more of the most common CMP and their risk factors, in some (Armenia,
Greece, and Poland) but not all (Russia and United Kingdom) countries.

Within our study population, the A-3826G (AG) was the most prevalent of the four SNPs. In persons with
CMP, the prevalence was 40%, ranging from 34% in the UK to 42% in Armenia and Russia. This is very
similar to the 43% found in our meta-analysis, and mid-way between the 29% reported in Spain [74] and

the ~50% reported in Colombia [66], Japan [81], and Korea [46]. Our findings in the case-control study
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indicate that the A-3826G is not associated with CMP, but that it leads to increased BMI within the
healthy population. Thus, it may promote the development of CMP in the presence of environmental
factors [142] as well as other genetic traits [143].

Our results for Ala64Thr and A-112C indicate a strong linkage disequilibrium between the two SNPs. In
our study the mutant A allele of Ala64Thr was detected in 9% of both healthy individuals and persons
with CMP, and this frequency was not very different across the five studied countries. This was similar to
the 7% for healthy and 9% for CMP individuals found in our meta-analysis that included data from 4984
persons across nine countries. Our observed prevalence rates for the C allele of A-112C were 9% in
healthy persons and 8% in individuals with CMP. This was somewhat lower than the 12% prevalence
found in our meta-analysis that included data from 6,153 persons across eight countries. In terms of
health impacts, we showed that the Ala64Thr and A-112C are associated with opposing effects in
healthy individuals and persons with CMP. Our results indicate that the A-112C mutant allele
demonstrates its effect when present in its heterozygous form and this may be the reason for C allele’s
association with decreased risk for CMP development. Specifically, we found that healthy individuals
carrying the mutant alleles display higher BMI and, in some countries, body fat percent. On the other
hand, persons with CMP who carry the mutant variants have lower WHR. These results partly reflect
those reported in previous studies [82, 84]. For instance, the presence of mutant alleles Ala64Thr and A-
1766G, in combination with A-3826G, can augment the beneficial effects of caloric restriction resulting
in greater reductions in WHR [82]. Unfortunately, we were not able to assess potential associations of
these SNPs with biochemical indices or with additional clinical features.

It is important to consider the functional impact of A-3826G, A-1766G and Ala64Thr, which is clear since
they directly affect the expression of UCP1. In the case of A-112C, it is important to also consider the
effect of another variant, rs72941746, that is in linkage disequilibrium [144]. The A-112C seems to

modify 4 transcription factor binding sites and its region has specific patterns of chromatin accessibility
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in several tissues. It appears that the linked variant is responsible for much more alterations in
transcription factor binding site motifs and consequently the binding of other proteins. This indicates
that the association observed in this study when A-112C is present could possibly be an effect of
rs72941746 influence.

Our findings indicate potential limitations of common analysis of different races, ethnicities, and regions
when analyzing our data as an entire sample or via meta-analytic methods. For instance, the frequency
of A allele of Alab4Thr across all our studied countries was 9%, similar to the 8% found in our meta-
analysis, in both cases suggesting no differences between healthy persons and individuals with CMP.
However, our country-specific analysis demonstrated that the prevalence of A allele of Ala64Thr was
significantly higher in healthy individuals across the Armenian (27.9%) and the Greek (10.3%)
populations, as compared to CMP persons. Considering risk factors, we detected a number of
associations with the four studied SNPs across Greece, Armenia and Poland, which were not observed in
the other countries. Taken together, these findings suggest that the studied SNPs may be important for
promoting risk factors and pathophysiological mechanisms involved in CMP, but that this involvement
may be stronger in some races, ethnicities, and/or regions. Nevertheless, it is important to also note
that the increased CMP prevalence in certain ethnic groups in Eastern Europe and Western Asia [91, 92]
may reflect potential ancestral differential effects. While we made every effort to achieve
representativeness and increase our sample sizes, we acknowledge that labeling of ancestral
populations by self-reported ethnicity does not fully account for genetic variations.

Our results may reflect that ethnicity was self-determined by the participants and potential relationships
between them were not investigated. This approach may not always reflect the inter/intra ethnic
variation in the frequency distribution of germline variants of the population examined. Also, we were
unable to explore additional factors associated with CMPs, including demographic characteristics

(socioeconomic status, etc.) and environmental factors (climate conditions, nutritional habits, etc.).
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We conclude that, in some populations, the A-3826G, A-1766G, Ala64Thr and A-112C SNPs of UCP1
gene may be associated with the prevalence of one or more of the most common CMP and their risk
factors. Future studies on these SNPs may shed more light on the genetics of CMP and may uncover

potential candidates for precision medicine.
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Chapter 3
Effects of In Vitro Muscle Contraction on Thermogenic Protein

Levels in Co-Cultured Adipocytes
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Life. 2021;11(11):1227.

45

Institutional Repository - Library & Information Centre - University of Thessaly
10/02/2025 10:52:10 EET - 18.222.111.225



Abstract

The crosstalk between the exercising muscle and the adipose tissue, mediated by myokines and
metabolites, derived from both tissues during exercise has created a controversy between animal and
human studies with respect to the impact of exercise on the browning process. The aim of this study
was to investigate whether co-culturing of C2C12 myotubes and 3T3-L1 adipocytes under the stimuli of
electrical pulse stimulation (EPS) mimicking muscle contraction can impact the expression of UCP1, PGC-
1a, and IL-6 in adipocytes, therefore providing evidence on the direct crosstalk between adipocytes and
stimulated muscle cells. In the co-cultured C2C12 cells, EPS increased the expression of PGC-1a (p =
0.129; d = 0.73) and IL-6 (p = 0.09; d = 1.13) protein levels. When EPS was applied, we found that co-
culturing led to increases in UCP1 (p = 0.044; d = 1.29) and IL-6 (p = 0.097; d = 1.13) protein expression in
the 3T3-L1 adipocytes. The expression of PGC-1a increased by EPS but was not significantly elevated
after co-culturing (p = 0.448; d = 0.08). In vitro co-culturing of C2C12 myotubes and 3T3-L1 adipocytes
under the stimuli of EPS leads to increased expression of thermogenic proteins. These findings indicate
changes in the expression pattern of proteins related to browning of adipose tissue, supporting the use

of this in vitro model to study the crosstalk between adipocytes and contracting muscle.
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3.1. Introduction

The brite or beige adipocytes, discovered during the last decade, play a central role in the energy
expenditure and the associated heat release during non-shivering thermogenesis [145, 146]. Cumulating
evidence is indicating the beneficial effects of beige adipocyte proliferation to the increase of insulin
sensitivity as well as the reduction of circulating triglycerides and body mass index (BMI), making these
cells a candidate therapeutic target in battling illnesses related to metabolism such as obesity and
cardiometabolic syndrome [146, 147].

White lipid cells trans-differentiate to beige adipocytes (a process known as “browning”) in
response to certain types of stimuli including exposure to cold, presence of thyroid hormones and
exercise, while the list of factors that can activate this mechanism is actively growing [148]. The
expression of beige adipocytes specific genes and protein is commonly used to evaluate the browning
capacity of adipocytes, including beige adipocytes marker protein Uncoupling Protein 1 (UCP-1),
thermogenic genes Peroxisome proliferator-activated receptor y (PPARy), PPARy coactivator-1 alpha
(PGC-1a), PR domain containing protein 16 (PRDM16) and specific marker molecular of beige pre-
adipocytes early B-cell factor 2 (EBf2) [149, 150].

Recent studies showed a crosstalk between the exercising muscle and the adipose tissue, which
apparently is mediated by myokines and metabolites, derived from the muscle during exercise [39, 151,
152]. In mice, exercise has been linked to increased mitochondrial activity, changes in gene expression,
and an increase in beige adipocyte gene expression levels [153]. These studies consistently showed that
exercise leads to browning of adipose tissue in mice [154, 155] and that the degree of beige cell
proliferation is linked with the intensity and duration of exercise [156]. However, the respective human
studies show highly controversial results regarding the effectiveness of exercise/physical activity on the
formation of beige adipose tissue [19, 51, 58]. A recent clinical trial did not detect significant browning

of adipose tissue after 12 weeks of exercise [157], which is in line with several studies that have failed to
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identify a correlation between physical activity and browning [158-160]. In contrast, other studies using
similar exercise protocols reported that exercise upregulated the browning process, but without any
positive effects on the metabolism of the volunteers [51]. This stark controversy between animal and
human studies with respect to the impact of exercise on the browning process has been demonstrated
in a recent series of meta-analyses [47] and has been attributed to (i) heterogeneity of white adipose
tissue depots [19], (ii) the variability in sample collection in animals and, mainly, humans [19, 161], and
(iii) a host of external factors (e.g., nutrition, environmental temperature, other stressors) that may
interfere with the effect of exercise on the browning process [38, 47]. Therefore, there is a need for in
vitro experiments aiming to identify the factors and the procedures which can induce browning of white
lipocytes under the effect of exercise.

Numerous studies employ the culturing of either human or mouse myotubes to identify myokines
and metabolites and the use electric pulse stimulation (EPS) to mimic exercise (i.e., contraction of the
myotubes) [162, 163]. The electric pulse evokes contraction of the myotubes, mimicking the function of
a nerve signal reaching the nerve-muscle synapse. Electrical stimulation of muscle cells in culture
increases contractile properties and accelerates sarcomere assembly [164, 165]. Moreover, EPS
upregulates classical markers of exercise including interleukin 6 (IL-6) [166], PGC-1a [167], as well as
glucose uptake [168]. While innervation and interaction with other organs is missing from in vitro
exercise models [169] different protocols have managed to induce adaptations similar to resistance
[169] and aerobic exercise [170]. Moreover, the in vitro contraction EPS model has proven to be a
valuable tool for the identification of new myokines [171, 172] as well as in the study of metabolism
[173, 174]. However, EPS has not been employed to date to investigate mechanisms related to tissue
crosstalk in the browning process through co-culturing of different cell lines.

The aim of this study was to investigate whether co-culturing of C2C12 myotubes and 3T3-L1

adipocytes under the stimuli of EPS mimicking muscle contraction can impact the expression of UCP1,
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PGC-1a, and IL-6 in adipocytes, therefore providing evidence on the direct crosstalk between adipocytes
and stimulated muscle cells. Based on previous findings for the use of EPS for the study of metabolic
pathways [174-176], we hypothesized that our in vitro model of co-cultured white adipocytes and
electrically stimulated myocytes to simulate exercise would increase the expression of UCP1, PGC-1a,
and IL-6 in 3T3-L1 adipocytes. To our knowledge, this is the first time that the two cell types were
allowed to interact in vitro under the stimuli of EPS mimicking muscle contraction, to unravel possible
browning effects of contracting myotubes on adipose cells. Should our hypothesis be confirmed, this
model can be used to provide precise and comprehensive mechanistic data that in vivo studies may not

be able to tease apart.

3.2. Materials and Methods
3.2.1. Cell Lines and Cell Cultures

The established and well-characterized murine cell lines C2C12 and 3T3-L1 (American Type Culture
Collection (ATCC, Manassas,USA) were used as muscle cells and white fat lipocytes, respectively. All cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, with L-glutamine, Gibco/BRL, UK), 10%
(v/v) fetal bovine serum (Gibco/BRL, UK) and penicillin/streptomycin (100 IU/mL; Biosera) at 37 °C, in an

atmosphere of 5% CO; in air with 100% humidity.

3.2.2. C2C12 and 3T3-L1 Differentiation Protocols

Differentiation of C2C12 muscle cells to myotubes was achieved when at about 70-80% confluence
were cultured in starvation medium of Dulbecco’s modified Eagle’s medium (DMEM, with L-glutamine)
(Gibco/BRL, UK), 2% (v/v) fetal bovine serum (Gibco/BRL, UK) and penicillin/streptomycin (100 1U/mL;
Gibco/BRL, UK) at 37 °C in an atmosphere of 5% CO2 in air with extra humidity [177]. Myotubes were
formed after 5-7 days. Transformation was observed under light microscope (Figure 3.1a,b). All

experiments were performed for passages 7-8.
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Differentiation of 3T3-L1 fibroblasts was achieved by adjusting the established protocol previously
described [178]. Briefly, 100% confluent cells were cultured in DMEM (Gibco/BRL, UK), 10% (v/v) fetal
bovine serum (Gibco/BRL, UK) and penicillin/streptomycin (100 IU/mL; Biosera, UK) supplemented with
10 pg/mL insulin (Sigma, UK), 1 uM dexamethasone (Sigma, UK) and 0.5 mM 3-isobutyl-methyl-xanthine
(IBMX) (Sigma, UK) medium and changed daily for 3 consecutive days, followed by a sustainability
medium containing 10% FBS-DMEM containing 10 pg/mL insulin. After the course of three to five days
differentiated adipocytes (accumulated lipid droplets in the cytoplasm) could be observed under the
phase contrast microscope inverted Axionvert 40C) equipped with a ccd camera (Zeiss, AxionVision
software, Germany) until day 12 to 15 of differentiation (Figure 3.1c,d). All experiments were performed

for passages 8-10.

100pm s

Figure 3.1 C2C12 and 3T3-L1 dlfferentidtl:on process. (d)
The images show undifferentiated (a) and differentiated (b) C2C12 cells, as well as undifferentiated (c) and differentiated (d)
3T3-L1 cells. All images were taken at 20x magnification.
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3.2.3. Co—Culture Protocol

Muscle myotubes were plated in 6-well plates (SPL Life Sciences), and cells were let grow and
differentiate for 6 days, while the 3T3-L1 cells were plated to grow and differentiate for 10 days, in
transparent culture inserts, 0.4 um pore size (cellQart). The inserts were hanged in the wells for the

entire duration of the EPS experimental protocol [179].

3.2.4. EPS Protocol

The protocol was performed using a custom-made stimulator device. The EPS protocol used was an
adaptation of previous established protocols [165, 180, 181]. Briefly, the fully differentiated C2C12
myotubes were stimulated to contract via carbon electrodes connected to the stimulator. The protocol
consisted of 1 h stimulation at 50 mV/1 Hz. Three experimental conditions were established: (a) the co-
culture of both cell types with EPS application to the myotubes; (b) the co-culture of both cell types
without EPS application; (c) the single culture of the 3T3-L1 cells in the inserts with the EPS application
on the well below, filled with medium. All cell types were harvested after 1 h rest from the EPS

application (Figure 3.2). Independent experiments were performed at least in duplicates.

a. x b. 7 C.
adipocytes ‘ ‘ Aectrodes adipocytes H adipocytes "-‘—/‘lr électrodes
myotubes ‘ myotubes medium  EEEEEEE

Figure 3.2 Experimental set up.

Schematic representation of the three experimental conditions used: (a) co-culture of both cell types and EPS applied to the
myotubes; (b) 3T3-L1 adipocytes were co-cultured with the C2C12 myotubes in absence of EPS; (c) EPS was applied to the well
filled with medium, with only the presence of 3T3-L1 cells inserts.

3.2.5. Lactate Dehydrogenase (LDH) Assay

For myotubes, the toxicity of EPS was determined in a colorimetric assay measuring lactate

dehydrogenase (LDH) activity in the supernatant of the cell culture at the end of experiment with
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Cytotoxicity Detection Kit PLUS (LDH) (Roche Applied Science, Mannheim, Germany) [182] measured in a

multimode plate reader (Perkin EImer-EnSpire).

3.2.6. Western Blot Analysis

Western blot analysis was performed as described previously [183]. In short, cells were treated
using lysing buffer (Biorad, Oxfrord, UK), and the lysates were boiled in loading buffer for 10 min. Equal
amounts of protein were separated by 8-12% sodium dodecyl sulphate—polyacrylamide gel and
transferred onto nitrocellulose membranes (Biorad, Oxford ,UK). The blots were blocked using 5% non-
fat dry milk in TBS plus 0.05% Tween 20 and incubated with the primary antibody (Table S1) overnight at
4 °C, followed by 1 h incubation at room temperature with the secondary antibody (Table S1)
conjugated to horseradish peroxidase. Detection was carried out using the chemiluminescence (ECL)
reaction (Bio-Rad) in Uvitec Alliance imaging system (Uvitec, Cambridge, UK)). All immunoblots were

performed in duplicates.

3.2.7. Statistical Analysis

Independent samples t tests and Cohen’s d effect size estimates were used to compare relative
protein expression levels between co-cultured and non-co-cultured 3T3-L1 adipocytes. The same
analyses were used to compare relative protein expression levels between stimulated and non-
stimulated C2C12 myotubes. Given the limitations of using statistical tests based on p values for large
and, as in this case, small sample sizes [184], the Cohen’s d effect size estimates were used to
complement the p value comparisons, as a way to provide an additional estimate of the effect that is
not based on the number of replicates. We interpreted effect sizes as small (0.2-0.5), moderate (0.5—
0.8), and large (>0.80) according to Cohen’s recommendations [185]. The level of significance for the t

tests was set at p < 0.05. All statistical analyses were performed using the statistical software package
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SPSS 27 for Windows (SPSS Inc., Chicago, IL, USA). The results are reported as means * standard

deviation, except otherwise indicated.

3.3. Results
3.3.1. Effects of EPS Protocol on C2C12 Myotubes

After 7 days of differentiation, the majority of the C2C12 myoblasts fused together and formed
multinucleated myotubes (Figure 1). We applied EPS to differentiated C2C12 myotubes for one hour and
observed by optical microscope the contraction. Differentiation and contraction of the myotubes was
also confirmed by monitoring the desmin protein expression. During the treatment with EPS, no
morphological changes were detected, and cell viability measured via LDH activity was not affected by

the contraction protocol (Figure S1).

3.3.2. Effects of EPS Protocol on 3T3-L1 / C2C12 Co-Cultured Cells

Co-culturing of the 3T3-L1 cells with the C2C12 myotubes lasted for the entire contraction protocol
and was followed by a resting period of one additional hour. After the resting period, PGC-1a protein
levels in C2C12 myotubes showed a 1.1-fold increase and differentiated co-cultured without EPS cells
had a 0.8-fold increase compared to differentiated untreated cells (Figure 3.3). The mean difference of
PGC-1a protein levels between the two experimental conditions (with and without EPS) was 0.3 + 0.2.
The observed differences did not reach statistical significance (p = 0.129), yet a medium effect size was
detected (d = 0.73). Similarly, IL-6 showed the same pattern of expression, presenting 0.86 times higher
levels in EPS co-cultured myotubes when compared to differentiated untreated cells and 0.4-fold
increase in the case of differentiated co-cultured without EPS cells. This effect of EPS did not reach

statistical significance (p = 0.09) but showed a large effect size (d = 1.13).
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Figure 3.3 Effect of EPS and co-culture on C2C12 myotubes.
(a) Representative blots of PGC-1a, IL-6 and GAPDH. GAPDH was used as a loading control (b) PGC-1a and IL-6 relative

protein expression in C2C12 myotubes co-cultured with 3T3-L1 with and without EPS in relation to C2C12 differentiated
and untreated cells. The band intensity was measured by densitometry and was normalized to GAPDH. All immunoblots

were performed in duplicates. Graphs represent mean * SD; asterisks indicate (*) and large (%) effect sizes.

The impact of the EPS contracting myotubes on the differentiated 3T3-L1 cells, when in co-culture,
was examined through UCP-1, PGC-1a and IL-6 protein expression in relation to 3T3-L1 adipocytes co-
cultured with C2C12 without EPS (Figure 3.4). UCP1 protein levels were significantly higher (p = 0.044) in
the co-cultured adipocytes with contracted myotubes in comparison to the 3T3-L1 cells when EPS was
applied without the presence of the myotubes. Moreover, this difference showed a large effect size (d =
1.29). PGC-1a was similar in EPS co-cultured cells compared to EPS treated cells (without co-culture) (p =
0.448; d = 0.08). Finally, IL-6 expression was higher in EPS co-cultured cells (1.3-fold increase) than EPS
treated cells without co-culture (0.98-fold increase). The difference did not reach statistical significance

(p =0.097) but revealed a large effect size (d = 1.13).
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Figure 3.4 Effect of EPS and co-culture on 3T3-L1 adipocytes.

(a) Blots of UCP1, PGC-1a, IL-6, and GAPDH. GAPDH was used as a loading control (b) UCP1, PGC-1a, and IL-6 relative
protein expression in 3T3-L1 adipocytes with EPS co-cultured with and without C2C12 myotubes in relation to 3T3-L1
adipocytes co-cultured with C2C12 without EPS. The band intensity was measured by densitometry and was normalized
to GAPDH. All immunoblots were performed in duplicates. Graphs represent mean + SD; t indicates statistically significant

difference (p < 0.05); ¥ indicates large effect sizes.

3.4. Discussion

In this study, we let C2C12 myotubes and 3T3-L1 adipocytes interact in vitro under the stimuli of
EPS, mimicking muscle contraction. We found that EPS increased the expression of PGC-1a and IL-6
protein levels in the co-cultured C2C12 cells. When EPS was applied, we found that co-culturing led to
increases in UCP1 and IL-6 protein expression in the 3T3-L1 adipocytes. These findings suggest the
existence of a direct crosstalk between the muscle cells, when contracted, with the adipocytes, resulting
in changes in the expression pattern of proteins related to browning of adipose tissue. These findings
confirm what has already been shown with in vivo rodent studies, and hence, they confirm that our
model can be used in future studies to provide precise and comprehensive mechanistic data that in vivo

studies may not be able to tease apart.
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During and after exercise, a variety of factors are known to exert and trigger many signaling
pathways, while secreted myokines have been described to have an endocrine as well as a paracrine
action. Exercise-induced myokines change the profile of both muscle and adipose tissue [186]. This leads
to adaptations in white adipose tissue including the reduction of the size of the adipocytes, increased
mitochondrial activity, change of the adipokines profile, and changes in gene expression [153, 154].

In vitro studies have investigated myokines, adipokines and metabolites that are considered
modulator candidates for the formation of beige cells after exercise [39, 187],[79] but often without
including exercise in their experimental design. In the present study, we incorporated a co-culturing of
C2C12 and 3T3-L1 cells in vitro with the application of EPS on myotubes. EPS is a well-described exercise
proxy that has been documented over the years as a method for inducing contraction in skeletal muscle
myotubes, whereas increased levels of PGC-1a expression and other contraction related genes have
been recorded [149, 150].

The finding of elevated PGC-1a and IL-6 expression in the C2C12 myotubes after EPS application
was expected, as a direct result of the contraction. The increased levels of both PGC-1a and IL-6 after
electrical pulse stimulation are indicative of the activation of the metabolic adaptations in myotubes as a
response to exercise, since they are known to regulate mitochondrial biogenesis [168, 171, 188, 189].
We found that this process exerted, indirectly, an alteration in the expression of certain proteins derived
by the 3T3-L1 adipocytes. Specifically, UCP1 and IL-6 production were increased after EPS induction.
Moreover, the expression of PGC-1a increased by EPS but was not significantly elevated after co-
culturing. This may be because PGC-1a has a relatively high turnover [190], reaching a peak expression
at 15 min post stimulation, whereas our samples were assessed 60 min following EPS. When stimulated
by external cues such as exercise and contraction, beige adipocytes express UCP1 protein and exhibit
UCP1-dependent thermogenic capacity [161, 191]. Moreover, IL-6 has a dual role: as a major myokine, it

activates beige adipocyte development and is required for exercise-induced white adipose tissue

56

Institutional Repository - Library & Information Centre - University of Thessaly
10/02/2025 10:52:10 EET - 18.222.111.225



browning in mice [192]; as an adipokine, IL-6 acts as a mediator in non-shivering thermogenesis and is
involved in metabolic profile regulation in mice [193, 194]. In line with these findings, we detected a
significantly higher expression of UCP1 in 3T3-L1 adipocytes co-cultured with C2C12 myotubes under the
effect of muscle contraction, in comparison to the non-co-cultured adipocytes.

A recent study investigated the effect of contracting myotubes on adipocytes where fractionated
supernatant was used to culture 3T3-L1 pre-adipocytes, showing that EPS-conditioned medium
promoted lipid droplet accumulation in 3T3-L1 pre-adipocytes [195]. Our experimental findings extend
this work, demonstrating the existence of a direct crosstalk between the contracting muscle cells and
the adipocytes, resulting in increased adipocyte expression of proteins that play key roles in the
browning process (UCP-1 and IL-6).

The studied “closed”, controlled, observational in vitro system provides the advantage of having a
clearer insight of the interplay between the two cell types, without the intervention of other internal or
external factors. As this is the first attempt to depict this crosstalk in a closed in vitro model, through
contracting myotubes co-cultured with adipocytes, these findings could ignite further research on the
field. Further experimental work should also be performed with different contraction protocols as well
as with the use of human myotubes and adipocytes to establish the browning effect of muscle
contraction and identify the possible pathway(s) for the suggested crosstalk between cell types. There
could be several hypotheses on how this communication occurs and which molecule(s) participate. This
has not been elucidated by the present study and requires further investigation. This knowledge will
provide a more robust theoretical framework and will, undoubtedly, increase our understanding of
metabolic diseases and could be extended to understand potential connections between muscle cells
and other cell types, such as cancer cells and osteocytes. Nevertheless, it is important to note that in
vitro models of exercise incorporate several limitations, including lack of unanimously accepted exercise

protocol characteristics and inability to study systemic effects of exercise. Consequently, results from
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such studies may not translate directly to whole body physiology and must be interpreted with caution
and combined with in vivo studies.

The present study adopted a previously established EPS protocol [165]. Therefore, our results are
limited only to this particular stimulation protocol. Future studies should test a range of muscle
stimulation protocols ranging in terms of muscle stimulation characteristics (frequency, intensity, and
duration). Moreover, additional browning markers, including Tbx1, Tmem26, and CD137 [196], as well as
research methodologies, including gene silencing [197] and gene knock-out [198], should be
investigated in future studies to confirm and expand on the present findings. Finally, it is important to
note that most of our statistical comparisons based on p values were non-significant. Since the vast
majority of our effect size comparisons were moderate or large, the lack of reaching statistical
significance in most cases was not caused by increased variability, but instead, it likely reflects the small
size of the data pool used in our study. As we aimed to detect biologically meaningful (instead of
statistically meaningful) changes in protein expression caused by our EPS protocol, our results and
conclusions are based on both p values and effect sizes. In recent years, many experts and scientific
societies have called for complementing p value comparisons with other tests, such as Cohen’s effect
size, to increase robustness and validity in research [184, 199].

Both in vivo and in vitro models are necessary to effectively understand the mechanisms involved in
the browning process. This is demonstrated by the controversy observed between in vivo human and
animal studies regarding exercise-induced adipose tissue browning, which is likely caused by a variability
in the exercise protocols used and different methods of browning detection [47]. Moreover, exercise
exerts many whole-body adaptations, which are difficult to study separately through in vivo studies.
While this can be addressed by in vitro models, previous in vitro studies did not involve exercise activity
in their experimental designs [200]. This is needed to reach to a robust conclusion on the impact of

exercise on the browning process. Therefore, there have been recent calls for the development of more
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in vitro browning models, particularly involving cell—cell signaling [201]. In the present study, the co-
culturing of two different cell types under the stimulus of EPS improved previous in vitro models for
studying browning because it considers, for the first time, aspects of in vivo exercise physiology. In this
light, the present novel model involving contracting myocytes and adipocytes may play an important
role towards the understanding of the browning process. This is particularly true since the proposed
model can describe the effects of exercise on other cell types, in this case white adipocytes, which is a
vital aspect of in vivo exercise physiology. However, it is important to acknowledge that in vitro models
of exercise and browning, such as the present, do not account for inter-organ communication.
Moreover, in vitro exercise protocols cannot be easily translated into in vivo situations [202]. Therefore,
the simultaneous development of both in vivo and in vitro models that can complement each other

should be employed in future studies to generate robust mechanistic data.

3.5. Conclusions

In vitro co-culturing of C2C12 myotubes and 3T3-L1 adipocytes under the stimuli of EPS leads to
increased expression of thermogenic proteins. These findings support the use of the present in vitro
model to study the direct crosstalk between adipocytes and contracting muscle cells which results in

changes in the expression pattern of proteins related to browning of adipose tissue.
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Chapter 4

Characteristics of the Protocols Used in Electrical Pulse
Stimulation of Cultured Cells for Mimicking In Vivo Exercise: A

Systematic Review, Meta-Analysis, and Meta-Regression

This work was conducted by Eleni Nintou, Eleni Karligiotou, Maria Vliora, Leonidas G. loannou and
Andreas D. Flouris. All authors revised the final draft. The conception of the idea was mine. | contributed
to the design of the study, performed the systematic review, drafted the manuscript and took the
responsibility for the integrity of the data and the data curation. Each author's contribution can be

found in detail at the end of the chapter.

As of November of 2022 this paper[3] has been published online to the International Journal of
Molecular Sciences (Special Issue Adipokines, Myokines and Physical Exercise in Health and Disease 2.0)
as follows: Nintou E, Karligiotou E, Vliora M, loannou LG, Flouris AD. Characteristics of the Protocols
Used in Electrical Pulse Stimulation of Cultured Cells for Mimicking In Vivo Exercise: A Systematic
Review, Meta-Analysis, and Meta-Regression. International Journal of Molecular Sciences.

2022;23(21):13446.
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Abstract

While exercise benefits a wide spectrum of diseases and affects most tissues and organs, many aspects
of its underlying mechanistic effects remain unsolved. In vitro exercise, mimicking neuronal signals
leading to muscle contraction in vitro, can be a valuable tool to address this issue. Following the
Preferred Reporting ltems for Systematic Reviews and Meta-Analyses guidelines for this systematic
review and meta-analysis, we searched EMBASE and PubMed (from database inception to 4 February
2022) for relevant studies assessing in vitro exercise using electrical pulse stimulation to mimic exercise.
Meta-analyses of mean differences and meta-regression analyses were conducted. Of 985 reports
identified, 41 were eligible for analysis. We observed variability among existing protocols of in vitro
exercise and heterogeneity among protocols of the same type of exercise. Our analyses showed that
AMPK, Akt, IL-6, and PGCla levels and glucose uptake increased in stimulated compared to non-
stimulated cells, following the patterns of in vivo exercise, and that these effects correlated with the
duration of stimulation. We conclude that in vitro exercise follows motifs of exercise in humans,
allowing biological parameters, such as the aforementioned, to be valuable tools in defining the types of

in vitro exercise. It might be useful in transferring obtained knowledge to human research.
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4. 1. Introduction

Voluminous evidence has strongly linked exercise and physical activity levels with improved health,
well-being, and quality of life and has shown that they play important roles in the battle against a wide
spectrum of multifactorial diseases, such as cancer [203], diabetes [204], osteoporosis [205],
cardiometabolic syndrome, and obesity [206],[207], in addition to many others. As a result, much
research has focused on identifying the molecular and biochemical pathways through which exercise
benefits muscle as well as other tissues and organs, such as the adipose tissue, heart [208], brain [209],
etc. Although many studies have been conducted to unravel the underlying mechanistic effects of
exercise and physical activity, there are still many aspects that remain poorly understood [210]. This
limits our understanding of important biological and physiological pathways and inhibits the creation of
exercise and physical activity regimes that will have a maximized impact on health, wellbeing, and
performance. A more-controlled, “closed” system can contribute to addressing these issues, allowing
the study of exercise-induced responses in deeper detail [2]. In this light, it has been suggested that
electrical pulse stimulation (EPS) can provide the means to mimic muscle contraction both in vitro and
ex vivo [211].

Motor neuron activity comprises both mechanical and electrical signals regulating growth and
differentiation processes by affecting both cellular-microenvironment modulation and gene-expression
pattern [212]. Such signals can be mimicked by EPS of myotubes in cell culture, which leads to increased
contraction and accelerates sarcomere assembly [213], while, at the same time, generating changes in
the genetic and metabolic profiles [162]. Hence, EPS represents a valuable tool in exercise research,
although the limitation of the probability of non-cell-mediated effects should be taken into
consideration [214]. Nevertheless, the substitution of the motor neuron activity with the electrical pulse
has been shown to cause changes on myokines and muscle proteins in the cultured skeletal muscles

[211] and has been used for tissue engineering [213]. However, the frequency (Hz), pulse duration (ms),
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applied pulse amplitudes (Vapp), and stimulation duration time of cultured cells in order to achieve
exercise-mediating responses are yet to be validated in a systematic way [59].

Published studies have used electrical pulse stimulation to induce acute [167, 169, 215, 216] and
chronic [165, 217] exercise; aerobic [218], endurance [169, 219], and resistance training [220]; and high-
intensity [221] and moderate activity [222]. The EPS protocols employed and the validation of the
efficacy of the stimulation present a noticeable variability [223]. Moreover, the biological footprint of
those models of exercise has been partially evaluated, with the main focus on exercise proteins and
myokines, such as Akt (protein kinase B) [215],[217, 224], AMPK (5' adenosine monophosphate-
activated protein kinase) [219, 225, 226], and IL-6 (Interleucine 6) [215, 221], as well as metabolic
indices, mainly glucose metabolism [46, 165, 226]. Therefore, we did a systematic review and meta-
analysis to systematically assess the available evidence on the link between the stated type of exercise
and the observed biological profile of exercised cells, as well as to present the available EPS-applied

protocols mimicking exercise in vitro.

4.2. Methods
4.2.1. Searching Process

Following the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [227] (Table S4), we searched the PubMed and EMBASE databases from their inception to 4
February 2022 for studies that assessed in vitro exercise using EPS as a means to mimic exercise. To
increase data availability and method transparency, we uploaded our data to an online repository
accessed on 8 October 2022 (https://doi.org/10.6084/m9.figshare.21299523).

The screening of the titles, abstracts, and full texts for eligibility and the selection of studies to be
included was performed independently by two investigators (EN and EK). Any conflicts were resolved by

a referee investigator (ADF). We included studies where EPS was used to mimic exercise in vitro and the
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specific type of exercise achieved was defined by the authors. We considered articles written in English
published in peer-reviewed journals. No limits were set for methodological design or sample size. We
excluded reviews, conference proceedings, editorials, letters, and magazine articles, but we screened
the reference lists of such publications of the retrieved articles for relevant papers. Also, we excluded
studies without any information on the characteristics of the stimulation protocol (frequency (Hz), pulse
duration (ms), and applied pulse amplitudes (Vapp)) [228], on the duration of the stimulation, on the
type of the stimulator, and on the cell type that underwent exercise. Moreover, we excluded studies not
providing a definition of the type of mimicked exercise and not clearly stating that pulse stimulation was
used in order to mimic exercise (therefore, studies where “muscle contraction” was the term used

instead of “exercise”). The search algorithm can be found in Supplement 1.1.

4.2.2. Data Extraction

For all eligible studies, we extracted the first author names, year of publication, country of origin,
funding acquisition, and data on the pulse parameters, cell type used, and biological indices measured
on the cells under stimuli, and we documented the purpose of each study in relationship to the exercise
conducted and any relevant secondary outcome (Table S1-S3). The extracted data are freely available in
an online data repository accessed on 8 October 2022 (https://doi.org/10.6084/m9.figshare.21299523).
The groups regarding types of exercise studied are based on the definition provided by the authors of

each study on the type of exercise achieved, and data was extracted on biological indices.

4.2.3. Meta-Analyses
4.2.3.1 Metanalysis and Meta-Regression

We performed meta-analyses to calculate the differences between control (non-stimulated) and
EPS-stimulated cells for the biological indices having enough data for such an analysis. In cases of

unreported values, we used WebPlotDigitizer (v4.5, 2021) to extract the information from the given
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graphs [229]. Meta-regression analysis was used to evaluate the association between duration of
stimulation and levels of expression of the examined biological parameters. In cases where the number
of replicates was not identified, we assumed that they were conducted in triplicates, and in cases of a
range of number of replicates, we used the mean. Since different methods and scales were utilized in
the eligible studies, we used standardized mean differences (SMDs) instead of absolute mean
differences to standardize our findings to uniform scale [, 2009 #138]. Missing SDs were imputed using
the average coefficient of variation from all complete cases [230]. A random effect model was used to
account for heterogeneity due to different cell lines, stimulation protocols, and stimulators. All analyses
were performed using the “metafor” package in the R language (Rstudio, version 1.3.1093, PBC, Boston,
MA, USA). The “atransf” argument in “metafor” was used for the transformed standardized mean
difference as an estimate of the log odds ratio. The level of significance was set at an alpha level of p <

0.05.

4.3. Results

4.3.1. General Description of Models

4.3.1.1. Searching and Selection

A total of 985 records were retrieved through our systematic database search. Of these articles, we
removed 308, which were duplicates (Figure 4.1). An additional 521 records were classified as non-
eligible. 161 were assessed for eligibility. Overall, 41 studies met the inclusion criteria. Of these, 24
studies provided information for meta-analysis. The list of included studies and their main outcomes is

provided in the Online Supplement (Table S1-S3).
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Figure 4.1 Prisma Flow Chart. The selection process of the studies included in the present systematic review.
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4.3.1.2. Cell Types and Pulse-Stimulator Types

Two main groups of cell types were used in the included studies: a. cell lines and b. biopsies from
humans and mice (Table S2). More specifically, 30 of the eligible studies used cell lines: 24 studies
employed the C2C12 cell line [45, 46, 162, 167, 170, 174, 176, 215, 222, 224, 226, 231-243], a mouse
myoblast cell line; while one study used the L6 cell line [181], a rat myoblast cell line; one used primary
human cells [162]; and one the H-2kb muscle cells (a mouse myoblast cell line) [244]. Of the remaining
eligible studies, 12 used human skeletal muscle biopsies [162, 165, 169, 216, 217, 219-221, 225, 245-
248] from different sites, such as vastus lateralis, satellite cells, and rectus abdominis, obtained from
healthy (n = 64), lean (n = 32), obese (n = 20), and diabetic donors (n = 4). One study used rat biopsies
from the quadriceps [238], while another study used mouse biopsies from 4—-8-week-old mice [218] and
one rabbit hindlimbs [249]. Also, we identified two main types of electrical pulse stimulators: custom
made stimulators (used by 13 studies) and a commercially available stimulator (used by 28 studies).

Also, five commercially available generators and electrodes have been reported (Table S2). The eligible

67

Institutional Repository - Library & Information Centre - University of Thessaly
10/02/2025 10:52:10 EET - 18.222.111.225



studies employed a wide range of electric potential (volts), frequency (Hz), and intensity (amps), while a

higher homogeneity was observed in the duration of stimulation (Table S3).

4.3.2. In Vitro Types of Exercise

4.3.2.1. Acute and Chronic Exercise

A total of 20 studies [45, 46, 165, 167, 169, 170, 176, 215, 216, 220, 221, 224, 226, 231, 232, 235,
236, 238, 241, 248] reported that their protocol mimicked acute exercise, and we identified an EPS
duration time frame of 15 min to 24 h and one case of repeated stimulation for 3 days, 60 min per day.
Almost all (95%) of the protocols mimicking acute exercise included an EPS time period of < 100 min. In
the case of chronic exercise, the protocols were divided into two major categories. In most studies,
chronic exercise was mimicked via a long period of continuous stimulation lasting from 12 to 72 h [165,
217, 220, 221, 238, 239, 243, 246], while in some studies chronic exercise was administered as a brief

protocol repeated over several consecutive days (3 to 15 days) [232, 249].

4.3.2.2. Aerobic, Resistance, and Endurance Training

McArdle et al. described their exercise as aerobic activity, where the EPS lasted for 15 min (30 V per
well), whilst Nieuwoudt et al. (30 V per well) used a protocol consisting of a 16 h stimulation at 11.5 V
per mm. In several studies, the type of exercise was defined in a more qualitative way, describing only
the type of training mimicked via the applied protocol. In this case, the authors of seven studies [169,
176, 181, 219, 220, 244, 245] reported that their protocol was comparable to resistance exercise.
Further analysis of the stimulation parameters showed that six [169, 181, 219, 220, 244, 245] studies
applied the stimulation once (implied as acute) with a range of 15 min to 24 h. Tamura et al. [176],
though, used a protocol more similar to that of chronic exercise, applying a 10 min stimulation per day
for 3 consecutive days. The protocol used by Breton et al. [220] was the only one where we detected

linking both acute (30 min stimulation) and chronic (3 day stimulation) protocols to resistance training in
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vitro. Furthermore, three studies [233, 242, 248] identified their EPS model as “endurance training”,
either establishing the optimal conditions for EPS to mimic endurance training in vitro (60 min, 11.5 V,
10 Hz) or using an already established protocol (240 min, 20 V, 1 Hz) that was previously proven to

mimic endurance exercise in vitro [250].

4.3.2.3. High-Intensity and Moderate Activity

Regarding the intensity of exercise, eight studies characterized their in vitro exercise models as
high-intensity [221, 237, 240] or mild/moderate [221, 222, 225, 242, 244] activity. The remaining studies
did not provide relevant information. In one study, a 3D-engineered muscle was employed and an EPS
protocol consisting of 30 min, 1 V/mm, and 100 Hz was applied. In the 3D-engineered muscle, the high-

intensity in vitro protocol mimicked the muscle fatigue of acute high-intensity exercise in humans.

4.3.3. In Vivo vs. In Vitro

Nine studies [162, 167, 170, 218, 226, 233, 238, 242] (Table 4.1) compared their results from
exercise mimicking in vitro with their in vivo experiments. A similar pattern of gene expression of MCAD
(Medium Chain Acyl CoA Dehydrogenase), Cptlb ( Carnitine Palmitoytransferase-1b), and GLUT4 (
Glucose transporter type 4) was observed between EPS-treated muscle cells and chronically exercised
mice but not in acutely exercised mice [167]. Similarly, phosphorylated AMPKa1l/2 was increased in both
exercised mice (chronic exercise of 1 h/day for 3 weeks) and stimulated muscle cells (acute and chronic)
[238]. A comparison between mice executing treadmill exercise (75% VO;may) for 60 min and electrically
stimulated myotubes (both considered acute exercise) showed a comparable motif of regulation of

Racl, Axin1, and AMPK [226].
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Table 4.1 In vitro vs in vivo studies.

The type of exercise as defined by the study authors and the duration of in vitro exercise. These in vitro types of exercise have
been compared directly or indirectly to in vivo models of exercise.

Type of Exercise as Defined by Duration of In Vitro

Author, Dat X In Vivo Prot | i
uthor, Date the Study Authors Exercise n Vivo Frotoco Organism
. Treadmill, at 75% of average
90 min = acute, . . )
Acute, 90 min/4 days = distance of exhaustion trial
Burch, 2010[167] intermittent, . . Vs = (4 days training, 1 day Mice
. intermittent, .
continuous A exhaustion, 2 days rest),
24 h = continuous
6 weeks total
Fernandez-Verdejo, Endurance exercise 240 min Treadmill until exhaustion Mice
2017[233]
Acute=1,3,6h Treadmill 60 min
Lee, 2020[238] Acute and chronic exercise  chronic =12, 24, or 36 ! Mice

5 d/week, 10 m/min

h
McArdle, 2001[218] Aerobic activity 15 min
Pattamaprapanont, . . Cycle ergometer at 80%
2016[170] Acute exercise 30 min VO,...., 15 min Healthy males
0,
Raschke, 2013[162] Regular exercise 4to24h Cycle ergometer ét 70% Healthy males
VO;max, 60 min
Training model/in humans Treadmill, at 90% of peak
Raschke, 2013[162] & - 24 h heart rate, 3 d/week for 10 Healthy males
endurance training
weeks
Son, 2019[242] Mild endurance exercise 60 min Volunt.eer wheel running Mice
daily for 4 weeks
H ()
Yue, 2020[226] Acute exercise 60 min Treadmill, at 75% VOamay, Mice

60 min

Another approach [242] consisted of comparing the molecular effect of different EPS protocols to

that of voluntary wheel running in mice (considered mild endurance exercise), aiming to identify the EPS

protocol with the most-similar molecular signature measuring PGCla (Peroxisome proliferator-activated

receptor-gamma coactivator a) levels, AMPK, and p38 phosphorylation. The suggested protocol

consisted of 60 min stimulation at 11.5 V and 10 Hz, with a 2 ms pulse stimulus duration.

Pattamapramont and colleagues identified NR4A3 ( Nuclear Receptor Subfamily 4 Group A Member

3) as an exercise-induced gene in acutely exercised healthy men, and then they established an EPS

model mimicking the effect of exercise on that particular gene expression. An attempt to map the gene

activation pattern of FNDC5A (fibronectin type Ill domain containing 5a) in EP-stimulated human muscle

cells and in human biopsies from participants that either underwent 10-week interval endurance
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training or 11-week strength training showed no changes in FNDC5 mRNA expression in both exercise
models. It should be noted that the EPS protocol was able to enhance PGC1la mRNA expression, which is

typical for exercising muscle.

4.3.4. Biological Parameters

Apart from the above-mentioned parameters regarding EPS, the effect of exercise in vitro was
evaluated by some authors using exercise-related indicators at biochemical, protein, and translational
levels. As previously mentioned, in some studies there was an attempt by authors to correlate biological
indices in both in vivo and in vitro experimental setups. These issues are described in the following

subsections.

4.3.4.1. AMPK Signalling

AMPK is phosphorylated in skeletal muscle during exercise due to high binding of AMP, whose
concentration (and, therefore, availability) depends on the duration and the intensity of exercise [251].
In this perspective, in 10 of the included studies [45, 46, 169, 176, 215, 219, 224-226, 242], AMPK and
AMP were measured and were found to be increased after the application of EPS compared to controls
in all but one [219] study. The protocol was defined as resistance exercise. However, when two types of
EPS contraction (both considered by the study authors as resistance exercise), tetanic vs. twitch, were
compared, the phosphorylation of the AMPK a-subunit at post-translational modification site Thr172
(regulating AMPK activity) was found to increase significantly in tetanic but not in twitch contraction

[176].

4.3.4.2. Glucose Metabolism

Glucose is the main energy source for exercising skeletal muscle. Glucose availability is determined

by the delivery, the transport across the membrane, and the intracellular metabolism; three processes
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well-orchestrated and tightly connected [252]. Glucose uptake after EPS was measured in eight of the
eligible studies: seven studies [45, 46, 165, 174, 176, 224, 225] reported significant increases in glucose
uptake, while one study found a decrease after the stimulation [176]. GLUT4H cell surface receptors,
which are responsible for glucose transport into the cell, have also been found higher after applying a 60
min acute exercise protocol in C2C12 cells than in the basal condition. In another study, GLUT4-protein
expression remained unchanged after a 16 h aerobic-training protocol in C2C12 cells [174]. A 24 h
moderate-exercise protocol applied on human biopsies from lean and obese Caucasians increased

GLUT4 only in muscle cells from lean individuals [225].

4.3.4.3. Akt Signalling

Akt signalling pathway is increased by acute bouts of exercise proportionally to the intensity of
exercise in human studies, while chronic exercise has minimal effect on Akt activation [253]. In the EPS
studies with chronic exercise, Akt levels decreased, while the acute exercise protocols led to an
increased phosphorylated Akt [220]. Also, the different timepoints of sample collection seem to play
some role, since higher protein levels are detected immediately after the exercise protocol and 180 min

later, in contrast to 60 min after the protocol [220].

4.3.4.4. IL-6 as a Myokine

IL-6 is identified as a myokine secreted by skeletal muscle upon exercise [254] and has been
measured in eight of the eligible studies [165, 169, 171, 215, 217, 219, 221, 235] at protein and protein-
expression levels. Overall, IL-6 secretion increased after the EPS protocol, except for when the muscle
cells used were coming from severely obese participants [4]. After a series of measurements over time,
Tarum et al. identified a pick at expression levels 4 h after completion of EPS, while, in untreated cells,

the IL-6 remained undetected.

4.3.5. Meta-Analyses
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4.3.5.1. Mean Differences in Biological Indices between Stimulated and Non-Stimulated Cells

Transformed standardized mean differences between EP-stimulated cells and control (non-
stimulated) cells were calculated for the expression levels of Akt, AMPK, IL-6, PGC1-a, and GLUT4, as
well as glucose-uptake levels. The analyses showed that EPS cells were much more likely to show higher
expression in most of these parameters. Specifically, compared to non-stimulated cells, EPS cells were
2.43 (1.49, 3.95) times (mean (95% Cl)) more likely to show higher Akt expression (Figure 4.2); 4.36
(2.09, 9.10) times more likely to show higher AMPK expression (Figure 4.3); 3.73 (2.41, 5.78) times more
likely to show higher IL-6 expression (Figure 4.4); 2.01 (1.20, 3.55) times more likely to show higher
PGC1la expression (Figure 4.5); and 1.95 (1.02, 3.75) times more likely to show higher glucose-uptake
levels (Figure 4.6) (all p < 0.05). Compared to non-stimulated cells, EPS cells were 1.42 (0.95, 2.13) times
more likely to show higher GLUT4 expression, yet this effect did not reach the level of statistical

significance (p > 0.05; Figure 4.7).

4.3.5.2. Meta-Regression for the Effect of EPS Depending on Stimulation Duration

The effect of EPS stimulation on AMPK-expression levels was significantly decreased with the
duration of stimulation (p = 0.023, R? = 0.31; Figure 4.8). This effect did not reach the level of statistical
significance for Akt, IL-6, PGCla, GLUT4, or glucose uptake (p > 0.05; Figure S1-S5). However, when
analyzed combined, the overall effect of EPS stimulation on Akt, AMPK, IL-6, and PGC1la also decreased

with the duration of stimulation (p = 0.034, R? = 0.22; Figure 8).
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Experimental Control

Author (year) Mean sD Mean sD Estimate [95% CI]
Beiter T (2018 ) [16] 00796 0.0472 0.0687 0.0551 —_— 1.18[0.24, 5.89]
Feng Y.2. (2014)[20] 79.1774 50.2981 96.2725 72.1187 —_— 078[022, 271)
Feng Y.Z. (2014)[20] 180.8483 287 6802 §7.1722 72.7827 —_— 1.43[0.41, 5.00]
Feng Y.Z. (2014)[20] 1025707 86.5112 96.2725 72.1187 —_— 1.07[0.31, 3.71]
Manabe Y. {2012 ) [28] 31185 0.9871 0.9603 0.4682 —_—— 13.04 (2,83, 60.15]
Manabe Y. {2012 ) [28] 16757 0.2607 0.8011 01233 —_— 51,56 [8.60, 276.97]
Niguwoudt S. (2017 ) [48] 0.2224 04875 0.0718 02108 B ] 147063, 342]
Sato 5. (2018 ) 55] 18258 0.437 1.0018 0.3377 I 6.5111.36, 31.23]
Sato 5. (2018 ) [55] 1.5637 0.2979 0.9831 0.1589 e e 8.67[1.68, 44.89]
Sato 5. (2018 ) [55] 151689 0.1788 0.9925 0.1988 —_—— 11.76 [2.08, 66.56]
Salo §. (2018 ) [55] 1.1798 0.9534 0.9925 1013 —_— 1.18[0.32, 4.38]
Breton M. (2020 ) [24] 19019 0.4824 09788 05651 .—,—. 4.06[0.68, 24.24]
Breton M. ( 2020 ) [24] 1.3448 04135 09788 0.3721 —_— 2.10(0.40, 10.99]
Breton M. (2020 ) [24] 19496 0.4824 0.9867 0.3721 B ——————m— 5.95(0.80, 39.46]
Breton M. (2020 ) [24] 0.9032 0.2794 0.9919 0.4889 — 0.84[017, 4.16]
Breton M. { 2020 ) [24] 0.8871 0.2235 1.0181 0.1397 —_— 0.58[0.11, 2.84]
Braton M. (2020 ) [24] 0.9677 0.1878 0.9919 0.3771 —_— 0.84[0.19, 464]
Tamura Y. {2020 ) [53] 07212 0.002 0.8508 0.1049 —_— 172042, 7.04]
Tamura Y. (2020) 53] 0.742 0.108 0.6508 0.1049 —_— 1.96 (047, 8.13)
Christensen C.8. (2015 ) [19] 1.4308 05179 0.8707 0.118 —_— 2.66(0.49, 14.47]
RE Model (Q = 40.35, df = 18, p = 0.0029; I = 54.3%) —— 2.43[1.49, 3.95]
[ I I I 1

0.05 025 1.00 500 20.00
Transformed Standardized Mean Difference

Figure 4.2 Findings of random-effects meta-analysis on the effects of EPS on Akt compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds
ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.

Experimental Control
Author (year) Mean SD Mean SD Estimate [95% CI]
Beiter T. (2018 ) [16] 0.2394 0.0092 0.1564 0.0216 —_— 54.01[3.40, 859.13]
LiZ (2018)[45] 3.3352 0.239 1.0086 0.7555 e 27.47[2.34, 323.04]
Manabe Y. (2012 )[28] 2.087 0.9308 1.0435 0.426 r—l—i 3.78[1.08, 13.21]
Manabe Y. (2012 ) [28] 21727 0.7001 1.0195 0.26 —_—— 7.70[2.30, 25.78]
Park S. (2019)[29] 0.7874 0.3564 0.3502 0.164 — . 444147, 1343
Park 8. (2019)[29] 0.5242 0.2744 0.3502 0.1845 -—l—- 2.02[0.74, 5.55]
Park S. (2019)[29] 0.5824 0.2461 0.5739 0.2896 -—I—c 1.03[0.39, 2.75]
Park S. (2019 ) [28] 0.4928 0.181 0.5269 0.1569 -—n—. 0.83[0.31, 221]
Tarum J. (2017 ) 23] 0.8913 04383 0.7283 0.9844 »—-—‘ 1.21[0.35, 4.20]
SomYH (2019) [52] 1.814 0.134 0.9738 0.149 —_— 113.41[5.01, 2565.04]
Yue Y. (2020)[30] 1.7528 0.1819 0.9888 0.1816 —_— 28.62[2.39, 34252
Tamura Y. (2020 ) [53] 0.8365 0.076 0.7862 0.239 .—.—. 128(032, 5.14]
Tamura Y. (2020 ) [53] 1.1918 0.258 0.9888 0.2007 — 212[050, 8.88]
Christensen C.S. (2015)[19) 2.036 0.7846 0.989 0.7409 2.99[054, 16.62]
Gong H. (2016)[31] 1.5495 0.1364 0.8055 0.1221 — 179.16 [13.44, 2387 61]
RE Model (Q = 43.35, df = 14, p = 0.0001; I* = 73,3%) — 4361209, 9.10]

0.05 0.25 1.00 5.00 20.00

Transformed Standardized Mean Difference

Figure 4.3 Findings of random-effects meta-analysis on the effects of EPS on AMPK compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds

ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.
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Experimental Control

Author (year) Mean SD Mean SD Estimate [95% CI]
Beiter T. (2018 [16] 0.0379 0.0044 0.028 0.0012 o e = 1158[1.39, 96.19]
Beiter T. (2018 ) [16] 0.1922 0.033 0.028 0.0012 : ———= 273.37 [7.81, 9565.81]
Laurens C. (2020 ) [25] 1.7332 0.7656 0.9874 0.1456 D o—— 3.69[153, 8.92
Laurens C. (2020 ) [25] 2.9121 1.3926 0.9707 0.2319 : —_—. 6.54 [2.50, 17.08]
Furuichi Y. (2018) [41] 1.3902 0.2719 1.002 0.0363 - 4.94[0.79, 31.02]
Raschke S. (2013)[13] 3.6013 1.4966 0.9646 0.7226 P ————a—— 7.83[1.85 3222]
Feng Y.Z. (2014)[20] 100.2532 22,6447 100.2532  75.1006  — 1.00[0.29, 3.45]
Feng Y.Z. (2014)[20] 161.0127  41.3248 100.2532  75.1006 —_— 247[067, 9.08]
Feng Y.Z. (2014 [20] 165.0633  49.8151 100.2532  75.1006 —_—— 2.50[0.68, 9.22]
Nikolic” N. (2012 ) [21] 1.8301 1.4419 0.9935 0.7442 ] 1.91[0.50, 7.30]
Nikalic” N. (2012) [21] 2.7451 1.4419 0.9935 0.7442 .—.— 3.88[0.91, 16.53]
RE Model (Q = 15.25, df = 10, p = 0.1232; I* = 13.9%) — 3.73[241, 578]
| | | | |
0.05 0.25 1.00 5.00 20.00

Transformed Standardized Mean Difference

Figure 4.4 Findings of random-effects meta-analysis on the effects of EPS on IL-6 compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds

ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.

Experimental Control
Author (year) Mean SD Mean sD Estimate [95% CI]
Burch N. (2010) [17] 1.3645 0.704 1.0277 0.0503 1.71[0.34, 8.74]
Burch N. (2010)[17] 2.4019 0.7351 1.0514 0.0835 r—-—-— 7.84[1.08, 56.80]
Burch N. (2010 [17] 2.8917 15666 0.9682 0.1324 3.98 [0.67, 2360
Raschke S. (2013) [50] 15437 04277 0.9804 0.7344 -—-—- 2.33[0.64, 8.50]
SmYH (2019)[52] 5319 1.215 0.921 0.149 —_— 57.63[3.52, 944.76]
Raschke S. (2013)[13] 1.2355 03354 0.7978 05976 n_.—-—c 226062, 8.21]
Nikolic N. (2012 [21] 2.4575 24679 0.9804 0.7344 »—-—4 2.06[0.53, 7.92]
Kugler B.A. (2020 ) [58] 1.1095 0.7292 0.9941 0.5834 -—-—.—c 1.18[0.43, 3.25)
Kugler BA. (2020) (58] 0.932 0.6563 1.0851 0.5834 -—-—-—« 082030, 225]
RE Model (Q = 12.08, df = 8, p = 0.1480; I* = 16.6%) ———— 2,01[1.20, 3.35]

[ I I I ]
0.05 0.25 1.00 5.00 20.00

Transformed Standardized Mean Difference

Figure 4.5 Findings of random-effects meta-analysis on the effects of EPS on PGCla compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds

ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.
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Experimental Control
Author (year) Mean SD Mean sD Estimate [85% CI]
Gong H. (2016 ) [31] 1.8034 0.1801 0.8034 0.3058 —_— 34,66 [4.75, 252.04]
LiZ (2018)[45) 1.4505 0.2429 1.0096 0.7563 »—-—-—- 203[057, 7.29)
Manabe Y. (2012 ) [28] 1.2623 0.2461 0.9945 0.745 .—.— 1.58[0.58, 4.26]
Nieuwoudt S. (2017 ) [48] 82,8087 B84.7148 0.4843 9.2264 »—.—< 2.97 [0.54, 16.53)
Nikolic' N. (2012 ) [21] 19,6396 135.0267 97 5268 73,0681 ———— 226070, 7.35)
Nikolic' N, (2012 [21] 2450364 235.4278 97.5265 73,0581 »——-—- 219[068, 7.10)
Park 8. (2019 ) (2] 22531 01725 2.0694 0.0893 .- 375127, 11.05)
Park S. (2019 ) [29) 20571 0.2085 1,849 0.2424 »-—'—4 240086, 668
Tamura Y. (2020 ) [53] 08119 0.042 0.6505 0.0478 —_— 0.40[0.09, 1.71]
Tamura Y. (2020 ) [53] 0.5881 0.036 06585 0.0478 q—.—. 0.23[0.05, 1.10]
RE Model (Q = 21,88, df = 9, p = 0.0083; I" = 61 2%) ——-— 1.056(1.02, 3.75)
| | | | |
0,05 025 1.00 500 20,00

Transformed Standardized Mean Difference

Figure 4.6 Findings of random-effects meta-analysis on the effects of EPS on glucose uptake compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds

ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.

Experimental Control
Author (year) Mean SD Mean sSD Estimate [95% CI]
Park S, (2019) [29] 1.5033 0.2208 1 0.7491 —— 237085, 659
Park 5. (2019 [29] 1.3333 0379 1 0.7401 —_— 1.70 (063, 4561]
Nieuwoudt . (2017 ) (48] 148038216 178837616 12745088 195085576 »—..—. 1.11(0.48, 2.57]
Nikolic' N. (2012 ) [21] 1.5033 0.8319 1 0.7491 ’—-—- 176046, 667]
Nikalic N. (2012 ) [21] 13333 15254 1 07481 .—-_.—. 1.28[0.34, 4.75]
Burch N. (2010 [17] 32566 17778 1.0086 0754 -—-—- 372[064,2175]
Beiter T (2018 ) [18] 04 0.0285 04567 0.0651 .—-—. 0.39[0.07, 2.12)
Beiter T (2018 ) [16] 0.4048 0.0429 0.4587 0.0851 -—-—-—o 046008, 241)
LiZ (2018)[45] 11208 02375 07965 05966 .—.—.—. 1.91[0.53, 6.80]
RE Model (Q = 6.89, df = 8, p = 0.5482; ' = 0.0%) .-.__ 1.42(095, 213]
[ I I I 1
005 025 1.00 500 20.00
Mean

Figure 4.7 Findings of random-effects meta-analysis on the effects of EPS on GLUT4 compared to non-stimulated cells.
Results shown are transformed standardized mean differences and 95% confidence intervals, as an estimate of the log odds

ratio. Differences greater than 1.00 favour the EPS cells compared to non-stimulated control cells.
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4.4. Discussion

In the last decades, exercise has been proposed as a prevention and/or therapeutic strategy for
many diseases [203, 204]. Therefore, much research has focused on identifying the molecular and
biochemical pathways through which exercise exerts its benefits. A valuable method to study the
underlying mechanisms of exercise effect is in vitro mimicking of exercise via EPS [255].

Differences in terms of exercise intensity, duration, and repetitions lead to different (more or less
beneficial) effects [255]. Thus, defining the type of exercise in in vitro experiments is essential both for
assessing its overall effect and for highlighting the involved pathways. As shown in this systematic
review, there is a vast heterogeneity of applied in vitro protocols reflecting different types of exercise.
We recorded types of exercise based on duration (chronic and acute), training (endurance, resistance,
and aerobic), and intensity (high, mild, and moderate). We observed marked heterogeneity in the
protocols used for the same type of mimicked exercise. Furthermore, we observed marked variability in
the in vitro studies that conducted and compared their results with in vivo studies. Specifically, for the
acute exercise, there were protocols lasting 60 min, while others lasted 360 min and even 24 h.
Similarly, chronic exercise protocols ranged from 12 to 36 h. Added to these differences is the important
fact that EPS protocols involve many factors, such as pulse duration (ms), applied pulse amplitudes
(Vapp), and stimulation duration time, which exert significant impacts on the final outcome.

One could assume that the protocol parameters define the type of exercise; however, the
molecular signature of each protocol might be of equal validity. Our meta-analyses showed that EPS
protocols exert significant effects in the expression levels of biological parameters that are known to be
affected by exercise in in vivo and human studies. Specifically, we found that EPS leads to significant
increases in the expression levels of AMPK, Akt, IL-6, and PGC1la and glucose—uptake levels. The above
proteins are involved in major biological processes in skeletal muscle triggered by exercise and muscle

contraction [252, 256-259]. More specifically, AMPK is acutely activated in response to exercise [256],
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and the consequent low-energy status (increased ratio of AMP/ADP: ATP) is involved in metabolic
regulation and energy homeostasis by downregulating energy-consuming processes, like fatty acid and
cholesterol synthesis, and by upregulating ATP-producing pathways, such as glucose uptake and fatty-
acid oxidation [260]. When activated via the Akt/mTORC1 pathway, Akt is key to muscle-mass
hypertrophy in the healthy and diseased population [8] and triggered by many extracellular signals,
including exercise. IL-6, a pleiotropic myokine, is known to increase in response to exercise exerting both
anti- and pro-inflammatory effects [261]. It plays key anti-diabetic roles, enhancing muscular glucose
uptake, exerting effects on pancreatic insulin secretion, and promoting fatty-acid oxidation and lipolysis
[262]. Upregulation of the p38y MAPK/PGC-1a pathway and increase of PGC-1a augment mitochondrial
biogenesis, fatty-acid oxidation, and insulin sensitivity in healthy and insulin-resistant skeletal muscle,
although studies in mice have suggested that PGCla does not affect insulin sensitivity [188]. Correlating
duration of protocol with the mean differences for each of the aforementioned biological indices clearly
showed that there was a noteworthy trend for a reduction in the effect of EPS with increasing duration.
In particular, the expression of AMPK in stimulated cells significantly decreased with time of stimulation.
Likewise, in humans, AMPK has been known to increase in acute exercise and partially in extended
chronic exercise [251]. Individually, Akt, IL-6, and PGC1a did not seem to relate with the duration of EPS;
although, when analyzed as one group (including AMPK), the effect of stimulation duration became
significant. These results may be due to the small number of studies included in our meta-regression but
also because the signaling pathways of these molecules are intertwined. For instance, IL-6 has been
shown to augment in acute exercise and decrease in plasma of humans both at rest and in response to
chronic exercise [263], which is in line with the findings of our meta-regression. Interestingly, glucose
uptake and GLUT4 had an opposite trend, increasing with time, meaning that the longer the protocol,
the higher the need for glucose uptake and subsequently GLUT4 translocation and expression. Even

though AMPK, a regulator of glucose uptake, was found to decrease with time in our meta-regression,
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glucose uptake changed in the opposite direction, indicating that in vitro models can mimic contraction-
induced glucose uptake involving alternative molecular pathways [264].

The present systematic review, meta-analysis, and meta-regression verified previous statements,
that in vitro models of exercise have a massive variability in cell types, protocols, equipment, sample
collection time, and measurement methods. In this respect, validating in vitro models by comparing the
results to those obtained from in vivo studies is of great value [18]. At present, there are a limited
number of studies adopting this research design, inhibiting further data analysis and conclusions.

To our knowledge, this is the first time that key biological parameters for exercise are examined in a
meta-analysis and meta-regression in relation to their effect in vitro. It is now evident that in vitro
exercise follows motifs of exercise in humans, allowing biological parameters, such as AMPK, Akt, IL-6,
PGCla, and glucose uptake to be valuable tools in defining the types of in vitro exercise. Further
research is needed to set the base for a consensus that would provide robustness of results and

improved translation of the findings into human studies.
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Chapter 5

The present thesis was an attempt firstly to elucidate the genetic effect of UCP1 polymorphisms on
cardiometabolic health and secondly to research the effect of exercise on UCP1 expression levels in
adipocytes and to unravel possible exercise models that could be used to mimic exercise in vitro.

The findings in the first study of this Thesis indicate that the A-3826G may promote the
development of CMP in the presence of environmental factors [142] as well as other genetic traits [143].
In the case of A-112C, it is important to also consider the effect of another variant, rs72941746, that is in
linkage disequilibrium [144]. The A-112C seems to modify transcription factor binding sites and its
region has specific patterns of chromatin accessibility in several tissues. It appears that the linked variant
is responsible for much more alterations in transcription factor binding site motifs and consequently the
binding of other proteins. This indicates that the association | observed in this study when A-112C is
present could possibly be an effect of rs72941746 influence. Finally, in some populations, the A-3826G,
A-1766G, Ala64Thr and A-112C SNPs of UCP1 gene may be associated with the prevalence of one or
more of the most common CMP and their risk factors. The studied SNPs may be important for
promoting risk factors and pathophysiological mechanisms involved in CMP, but this involvement may
be stronger in some races, ethnicities, and/or regions. Nevertheless, it is important to note that the
increased CMP prevalence in certain ethnic groups in Eastern Europe and Western Asia [91, 92] may
reflect potential ancestral differential effects.

The next step, was to investigate, if there is a link in the interaction between adipocytes and
myocytes under the effect of exercise. In this study, | let C2C12 myotubes and 3T3-L1 adipocytes
interact in vitro under the stimuli of EPS, mimicking muscle contraction. The increased expression of
PGC-1a and IL-6 protein levels in the co-cultured C2C12 cells and the increased levels of UCP1 and IL-6

protein expression in the 3T3-L1 adipocytes suggest the existence of a direct crosstalk between the
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muscle cells, when contracted, with the adipocytes, resulting in changes in the expression pattern of
proteins related to browning of adipose tissue.

It is strongly established that exercise-induced myokines change the profile of both muscle and
adipose tissue [186]. This leads to adaptations in white adipose tissue including the reduction of the size
of the adipocytes, increased mitochondrial activity, change of the adipokines profile, and changes in
gene expression [153, 154].

When stimulated by external cues such as exercise and contraction, beige adipocytes express

UCP1 protein and exhibit UCP1-dependent thermogenic capacity [161, 191], In my model | detected a
significantly higher expression of UCP1 in 3T3-L1 adipocytes co-cultured with C2C12 myotubes under the
effect of muscle contraction, in comparison to the non-co-cultured adipocytes.
My findings demonstrated the existence of a direct crosstalk between the contracting muscle cells and
the adipocytes, resulting in increased adipocyte expression of proteins that play key roles in the
browning process (UCP-1 and IL-6). However, it is important to acknowledge that in vitro models of
exercise and browning, such as the present, do not account for inter-organ communication. Moreover,
in vitro exercise protocols cannot be easily translated into in vivo situations [202]. Therefore, the
simultaneous development of both in vivo and in vitro models that can complement each other should
be employed in future studies to generate robust mechanistic data.

Nevertheless, it is important to note that in vitro models of exercise incorporate several
limitations, including lack of unanimously accepted exercise protocol characteristics and inability to
study systemic effects of exercise. As shown in my systematic review, there is a vast heterogeneity of
applied in vitro protocols reflecting different types of exercise. | observed marked heterogeneity in the
protocols used for the same type of mimicked exercise. Furthermore, | observed marked variability in
the in vitro studies that conducted and compared their results with in vivo studies. One could assume

that the protocol parameters define the type of exercise; however, the molecular signature of each
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protocol might be of equal validity. The meta-analyses showed that EPS protocols exert significant
effects in the expression levels of biological parameters that are known to be affected by exercise in in
vivo and human studies.

The present systematic review, meta-analysis, and meta-regression verified previous statements,
that in vitro models of exercise have a massive variability in cell types, protocols, equipment, sample
collection time, and measurement methods. In this respect, validating in vitro models by comparing the
results to those obtained from in vivo studies is of great value [18]. At present, there are a limited
number of studies adopting this research design, inhibiting further data analysis and conclusions.

To my knowledge, this is the first time that key biological parameters for exercise are examined in a
meta-analysis and meta-regression in relation to their effect in vitro. It is now evident that in vitro
exercise follows motifs of exercise in humans, allowing biological parameters, such as AMPK, Akt, IL-6,
PGCla, and glucose uptake to be valuable tools in defining the types of in vitro exercise.

During this Thesis, although every effort was made, | acknowledge that there are some restrictions.
We studied UCP1 variants in certain populations, but we did not account for demographic
characteristics (socioeconomic status, etc.) and environmental factors (climate conditions, nutritional
habits, etc.), affecting CMP risk factors, such as BMI, WHR a.o.. Additionally, although a power analysis
was conducted, the sample size is not that large allowing as safely to perform further analysis by
stratifying our sample by gender, age etc.. In the in vitro study of UCP1 expression, the lack of
unanimously accepted exercise protocol characteristics, which we also highlighted in our systematic
review (chapter 4), and the inability to study systemic effects of exercise and inter-organ
communication, is a main restriction in translating those results directly to whole body physiology.

This PhD Thesis answered the scientific questions, verified the hypothesis made at the beginning
and created also future perspectives. Our study in UCP1 variants paved the way and highlighted the

need for future studies on these SNPs that could possibly unravel potential candidates for precision
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medicine. Also, a study that would take into account both genetic background and environmental
factors, would be of great importance in uncovering from a more rounded point of view the risk factors
and their associations with CMPS. In the in vitro part of this thesis, future studies should test the effect
on adipocytes of a range of muscle stimulation protocols ranging in terms of muscle stimulation
characteristics (frequency, intensity, and duration) mimicking different types of exercise
(anaerobic/aerobic, endurance, acute/ chronic. It would be of great interest to explore the expression of
additional browning markers,), as well as research methodologies, including gene silencing and gene
knock-out, in order to confirm further and expand the present findings. Moreover, a future application
of the in vitro model in human cells might also allow to study how this inter-cellular communication
occurs and which molecule(s) participate, providing us a more robust theoretical framework and
increasing our knowledge on the interaction of myotubes with other cell types, such as cancer cells.

The present Doctoral Thesis has three major innovative milestones: Firstly. it is the first population
genetics study of UCP1 polymorphisms on the Greek population. Secondly, it is the first model of in vitro
contracting muscle cells co-cultured with adipocytes and thirdly, it is the first meta-analysis and meta-
regression on key biological parameters for exercise and their effect in vitro. The footprint of my
research is minor compared to other works, but has one characteristic that makes it complete: it is a
spherical approach with both genetic and molecular biology aspect of a topic that has growing interest
for scientific community.

The impact of these studies is dual. On the one hand there is a pure research outcome, adding new
knowledge to the existing literature, answering research questions and creating new pathways for
future research. On the other hand, this process changed also me as a person and as a molecular
biologist and geneticist. | gained deeper knowledge, technical skills, soft skills and a work ethic that | will

never forget. But above all, | will always remember that one and only moment when | got my first
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experimental result. That moment | realized that | knew something that no one else knew, that | was

supposed to tell the world and this moment is priceless.
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Appendix
Supplement to Chapter 2

Prevalence of uncoupling protein one genetic polymorphisms
and their relationship with cardiovascular and metabolic

health

1. CASE-CONTROL STUDY
1.1 Materials and Methods

1.1.1 Bioethics approval procedures

This multicenter, multinational study conducted across Armenia, Greece, Poland, Russia, and
United Kingdom, received approval from the relevant Bioethics Review Board in each country:
1. Armenia: Institute of Molecular Biology, National Academy of Sciences of Republic of

Armenia, ref. No IRB/IEC: IRBO0004079, (IORG 0003427)/3-7-2012;
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2. Greece: Department of Physical Education and Sport Science, University of Thessaly, ref.
No 610/9-7-2012.

3. Poland: Local Research Bioethics Committee, University of Medical Sciences, Poznan,
ref. No KB 215/13 revised KB 85/16;

4. Russia: Institute of Gene Biology, Russian Academy of Sciences, ref. no 12318-308/ 6-7-
2012;

5. United Kingdom: National Health Services/Manchester East Research Ethics Committee,

ref. No 15/NW/0874/12-1-2016.

1.1.2. Blood handling and genotyping

For all the analyzed samples, a phenotype-blind genotyping process was adopted. Validation of
the genotyping methodology in all the countries has been performed either by direct
sequencing of random samples or by PCR-restriction fragment length polymorphism (PCR-RFLP)
method as described below.

1.1.2.a Greece and United Kingdom

We collected 4ml of whole blood in EDTA anti-coagulated vacutainers. Genomic DNA was
extracted from 4ml whole blood using a NucleoSpin blood QuickPure kit (Macherey-Nagel).
Concentration and purity of isolated DNA were evaluated with Qubit 2.0 fluorometer
(ThermoFisher Scientific) and Qubit dsDNA BR Assay Kit (ThermoFisher Scientific) and samples
were stored at -20 °C until the day of the genotyping analysis. DNA samples (10 ng) were
genotyped using the TagMan SNP genotyping assays (ThermoFisher Scientific) for the UCP1 A-
3826G (rs1800592), A-1766G (rs10011540), A-112C (rs3811791), and Ala64Thr (rs45539933)
polymorphisms. Reactions were conducted in 384-well plates in a reaction volume of 10 ul
using 1X TagMan Universal Master Mix Il (ThermoFisher Scientific) and 1X TagMan assay
(ThermoFisher Scientific). The plates were then placed in a real-time PCR thermal cycler (ViiA7

Real-Time PCR System; ThermoFisher Scientific), and thermal cycling conditions were as follow:

107

Institutional Repository - Library & Information Centre - University of Thessaly
10/02/2025 10:52:10 EET - 18.222.111.225



incubation at 60°C for 1 min and 95 °C for 10 min, followed by 40 cycles of 95°C for 15 seconds
and 60°C for 1 min. Fluorescence data files from each plate were analysed using automated
allele-calling software (QuantStudio 7 Real-Time PCR Software v1.3; ThermoFisher Scientific).
To perform the quality control of the genotyping method, we assessed PCR-products of

randomly chosen samples from each genotype by direct sequencing.

1.1.2.b. Armenia

We collected 4ml of whole blood in EDTA anti-coagulated vacutainers. 4 ml of blood sample
was added in a 15 ml Falcon tube and centrifuged at 3,000 rpm for 10 min. After removal of
supernatant 14 ml of RBC lysis buffer was added and centrifuged at 3,000 rpm for 10 min until a
clear white pellet was obtained. 25 pl of Proteinase K (20 mkg/ml) and 5 ml of WBC lysis buffer
were added and the pellet was disturbed. The tubes were incubated at 562C for 2.5-3 hours. 2
ml of 6 M NaCl was added, the tubes were shaking periodically for 20 minutes and centrifuged
at 3,000 rpm for 30 min until a clear supernatant and rigid pellet were obtained. To precipitate
DNA aqueous phase was added into the 50 ml transparent clear tubes with 35-40 ml 96%
ethanol. The tubes were gently shacked until the DNA medusa was generated. Transferred in
1.5 ml sterile Eppendorf tubes, the DNA medusa was washed in 1 ml 70% ethanol. After drying
400 pl TE buffer (pH=8.0) was added and the tubes with DNAs were put at 372C overnight to
solve DNAs. Concentration and purity of isolated DNA were evaluated with the ratio of
absorbance at 260 nm and 280 nm and DNA samples were stored at -20 °C until the day of the
genotyping analysis. Four SNPs in the UCP1 gene, rs1800592, rs3811791, rs45539933,
rs10011540 were genotyped using the TagManSNP Genotyping Assays, respectively:
C 8866368 20,C 2052379 10,C 25619416 30,C 25761748 10. Amplification

reactions (10ul/well) were carried out in 96-well plate with 20 ng of template DNA, 5 pl
TagMan Genotyping Master Mix (ThermoFisher Scientific), 0.2ul of appropriate, for tested SNP,
fluorogenic probe and 3.8 ul MiliQ water. An initial denaturing step of 10 min at 95°C was
followed by 40 cycles of 15 seconds at 95°C, 1 min at 60°C. Reaction was performer on Viia 7
System (Applied Biosystems), the results were analysed using QuantStudio™ Software V1.2.4,

ThermoFisher Scientific. Moreover, accuracy of genotyping of UCP1 SNPs: rs1800592,
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rs3811791 and rs45539933 was verified by PCR-restriction fragment length polymorphism
(PCR-RFLP) method.

1.1.2.c. Poland

Peripheral blood samples were obtained from 252 individuals with CMP (mean age 59.68 +
11.37, 163 female/89 male) and 365 healthy, unrelated volunteers (35.19 + 12.64, 144
female/221 male). Individuals were diagnosed at the Department of Internal Diseases, Poznan
University of Medical Science, Poland. Blood samples from healthy volunteers were collected in
cooperation with the Regional Center for Blood Donation and Blood Treatment in Wroctaw.
Genomic DNA was extracted from 3 ml whole blood using Invisorb Spin Blood Midi Kit (Stratec
Molecular GmbH) according to the manufacturer’s protocol. The DNA concentration and purity
(Az60/280) Was determined spectrophotometrically (Denovix). All samples were stored at -20°C.
Four SNPs in the UCP1 gene, rs1800592, rs3811791, rs45539933, rs10011540 were genotyped
using the TagManSNP Genotyping Assays, respectively: C 8866368 20, C 2052379 10,

C 25619416 30, C 25761748 10. Amplification reactions (10ul/well) were carried out

in 96-well plate with 20 ng of template DNA, 5 ul TagMan Genotyping Master Mix
(ThermoFisher Scientific), 0.2ul of appropriate, for tested SNP, fluorogenic probe and 3.8 pl
MiliQ water. An initial denaturing step of 10 min at 95°C was followed by 40 cycles of 15 s at
95°C, 1 min at 60°C. Reaction was performer on Viia 7 System (Applied Biosystems), the results
were analysed using QuantStudio™ Software V1.2.4, ThermoFisher Scientific. Moreover,
accuracy of genotyping of UCP1 SNPs: rs1800592, rs3811791 and rs45539933 was verified by

PCR-restriction fragment length polymorphism (PCR-RFLP) method.

1.1.2.d. Russia

We collected 4ml of whole blood in EDTA anti-coagulated vacutainers. Genomic DNA was
extracted from 0.2 ml whole blood using a GenelET Genomic DNA Purification Kit
(ThermoFisher Scientific). Concentration of isolated DNA was evaluated with Qubit 2.0
fluorometer (ThermoFisher Scientific) and Qubit dsDNA BR Assay Kit (ThermoFisher Scientific).

Purity of DNA was assessed based on the ratio of absorbance at 260 nm and 280 nm using an
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Eppendorf Biospecrometer. Samples were stored at -20 °C until the day of the genotyping
analysis. DNA samples (100 ng) were genotyped using polymerase chain reaction with TagMan
probes and primers for the UCP1 A-3826G (rs1800592), A-1766G (rs3811791), A-112C
(rs10011540), and Ala64Thr (rs45539933) polymorphisms. Primers and probes were designed
using Primer Express Software (version 3.0; Applied Biosystems). Reactions were conducted in
96-well plates in a reaction volume of 25 ul using 1X Taq Buffer (Evrogen), 1.25 u HS Taq DNA
Polymerase (Evrogen), 1 mM dNTPs (ThermoFisher Scientific), 2.5-6 mM (depends on SNP)
MgCl,, 0.4 uM of each primer, 0.16 uM of each probe, DNA sample, and mQ water. The plates
were then placed in a real-time PCR thermal cycler (CFX96 Touch Real-Time PCR Detection
System; BIO-RAD), and thermal cycling conditions were as follow: incubation at 60°C for 1 min
and 95 °C for 10 min, followed by 40 cycles of 95°C for 15 seconds and 58-60°C (depends on
SNP) for 1 min. Fluorescence data files from each plate were analyzed using automated allele-
calling software (CFX Maestro Software; BIO-RAD). To perform the quality control of the
genotyping method, we assessed PCR-products of randomly chosen samples from each

genotype by direct sequencing.

1.1.3. Statistical analysis

Prevalence rates for each SNP were calculated for: (1) the overall sample size, (2) each country,
c) health status (i.e. CMP and healthy). Prevalence was determined by dividing the presence of
genotype/allele of each SNP by the overall sample size. Standard error of the prevalence was
calculated with the following formula: a (presence of genotype/allele) / [a (presence of
genotype/allele) * b (sample size)]’. The odds ratio (OR) for the analyzed genotype/allele was
determined with the following equation: OR= [ a (Wild type genotype/allele in healthy
participants) * b (Mutated genotype/allele in CMP individuals)]/ ¢ [(Wild type genotype/allele in
CMP individuals) * d (Mutated genotype/allele in healthy participants)].
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1.2. Results (Tables and Figures)

S1 Figure: Linkage Disequilibrium heat maps for the overall sample size

S2 Figure: Linkage Disequilibrium heat maps per country
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S1 Table: Haplotype frequencies [n (prevalence)] for UK, Greece, Poland and Russia as well as
for the overall study population for A-3826G, Ala64Thr and A-112C.

Haplo Overall UK Greece Poland Russia

sYFable: Hapiptype fregiuencies[omiprevalemnee)] in Avmpenia farattig A-3826GRnd A4y SNRVIP Healthy

AdRPlotyRes 17 143211 Y¥¥7e 24495 34310  304.30 Healmyes 513.99 43592  369.44

0712)  (0.699h; 01q6P82) (0684) (0689  (0.673) 60 (GAD)  (0-706) (0703  (0.724)
AA )

OR: 1.10 (CI95%: orUAdd44!95%: 16&'&.‘&@%&59’51/5 2.3, P 5R-¥3% (ci95%: OR: 0,96 (CI95%:
0.96-1.27); X’=1.84% 78 §folghd)x'=0.001,  0.83-1.45); x’=0.4247 4((@37kP); X'=4.617,  0.74-1.25);x’=0.09,

AG  p=0.174 p=0.976 p=0.51 p=0.032 p=0.764
GAC 119.84 17403 129K 0-6554495%: OA5:H.95); %73.011, P35 8025 6309  40.88 35.44

(0.065) ~ (0.085p7.04q00B6) (0.086)  (0.057)  (0.099p.40 (9933) (0.087) (0.066  (0.069)
)

GA

. - Ny s -
OR: 0.76 (CI95%: ORBR74 1€ 10E6195% 0.8k 288 {clo598- 405, P53 3% (Closo: OR: 0.94 (CI95%:
0.60-0.96); x°=5.20697.(240.2.36); x'=0.463,  0.34-0.91); x=5.635, 60QF19H3); x =0.424,  0.61-1.55); x’=0.023,

GG p=0.023 p=0.496 §=0.013 §:0.52 p=0.879
GGA 372.72 417.85 39.52' ?"7555?5% 186 ’ "98. ' F78. 148.00  125.03 99.55

Key: CMP Oi#RVidual9-4ith carcﬁ@oz—métabdﬁclﬁgiholdgiég?bR = QcfdStatio; ©1456 = 956 Hfidence (0.195)

interval. (O.?OZ
OR: 0.999 (CI95%: OR: 1.10 (CI195%: OR: 1.13 (CI95%: OR: 0.74 (CI95%: OR: 1.07 (CI95%:
0.85-1.17); x’=0.001,  0.71-1.71); x’=0.184,  0.83-1.53); x’=0.630,  0.55-0.99); x’=3.948,  0.79-1.43); x’=0.183,
p=0.991 p=0.668 p=0.428 p=0.047 p=0.669

Note: Haplotypes with frequencies lower than 3 % were omitted.
Key: CMP = individuals with cardio-metabolic pathologies; OR = odds ratio; CI95% = 95% confidence interval.

S3 Table: Prevalence rates for UCP1 polymorphisms for the overall sample size and per country.
SE: standard error; CMP: cardio-metabolic pathologies risk factors; UK: United Kingdom. Data

for A-112C UCP1 polymohism are not available for Armenia.
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Polymorphism Group / Genotype Events | Sample  Prevalence SE
size
A-1766G A-1766G overall AA 2216 2283 0.97 0.02
A-1766G overall AG 40 2283 0.02 0.003
A-1766G overall GG 3 2283 0.001 0.001
A-1766G healthy AA 1116 1139 0.98 0.03
A-1766G healthy AG 17 1139 0.01 0.004
A-1766G healthy GG 2 1139 0.002 0.001
A-1766G CMP AA 1079 1144 0.94 0.03
A-1766G CMP AG 23 1144 0.02 0.004
A-1766G CMP GG 1 1144 0.001 0.001
A-1766G UK overall AA 264 273 0.97 0.06
A-1766G UK overall AG 6 273 0.02 0.01
A-1766G UK overall GG 2 273 0.01 0.01
A-1766G UK healthy AA 173 181 0.96 0.07
A-1766G UK healthy AG 6 181 0.03 0.01
A-1766G UK healthy GG 1 181 0.01 0.01
A-1766G UK CMP AA 91 92 0.99 0.10
A-1766G UK CMP AG 0 92 0.00 0
A-1766G UK CMP GG 1 92 0.01 0.01
A-1766G Armenia overall AA 289 331 0.87 0.05
A-1766G Armenia overall AG 13 331 0.04 0.01
A-1766G Armenia overall GG 0 331 0.00 0
A-1766G Armenia healthy AA 102 105 0.97 0.10
A-1766G Armenia healthy AG 3 105 0.03 0.02
A-1766G Armenia healthy GG 0 105 0.00 0
A-1766G Armenia CMP AA 187 226 0.83 0.06
A-1766G Armenia CMP AG 10 226 0.04 0.01
A-1766G Armenia CMP GG 0 226 0.00 0
A-1766G Poland overall AA 615 617 0.997 0.04
A-1766G Poland overall AG 2 617 0.003 0.002
A-1766G Poland overall GG 0 617 0.00 0
A-1766G Poland healthy AA 363 365 0.99 0.05
A-1766G Poland healthy AG 2 365 0.01 0.004
A-1766G Poland healthy GG 0 365 0.00 0
A-1766G Poland CMP AA 0 252 0.00 0
A-1766G Poland CMP AG 0 252 0.00 0
A-1766G Poland CMP GG 0 252 0.00 0
A-1766G Russia overall AA 559 565 0.99 0.04
A-1766G Russia overall AG 6 565 0.01 0.004
A-1766G Russia overall GG 0 565 0.00 0
A-1766G Russia healthy AA 254 255 0.996 0.06
A-1766G Russia healthy AG 1 255 0.004 0.004
A-1766G Russia healthy GG 0 255 0.00 0
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A-1766G Russia CMP AA 305 310 0.98 0.06
A-1766G Russia CMP AG 5 310 0.02 0.01
A-1766G Russia CMP GG 0 310 0.00 0
A-1766G Greece overall AA 489 529 0.92 0.04
A-1766G Greece overall AG 13 529 0.02 0.01
A-1766G Greece overall GG 1 529 0.002 0.002
A-1766G Greece healthy AA 224 233 0.96 0.06
A-1766G Greece healthy AG 5 233 0.02 0.01
A-1766G Greece healthy GG 1 233 0.004 0.004
A-1766G Greece CMP AA 244 264 0.92 0.06
A-1766G Greece CMP AG 8 264 0.03 0.01
A-1766G Greece CMP GG 0 264 0.00 0
A-3826G A-3826G Overall AA 1167 2283 0.51 0.01
A-3826G Overall AG 919 2283 0.40 0.01
A-3826G Overall GG 193 2283 0.08 0.01
A-3826G Healthy AA 571 1139 0.50 0.02
A-3826G Healthy AG 463 1139 0.41 0.02
A-3826G Healthy GG 97 1139 0.09 0.01
A-3826G CMP AA 584 1144 0.51 0.02
A-3826G CMP AG 448 1144 0.39 0.02
A-3826G CMP GG 95 1144 0.08 0.01
A-3826G UK overall AA 136 273 0.50 0.04
A-3826G UK overall AG 105 273 0.38 0.04
A-3826G UK overall GG 31 273 0.11 0.02
A-3826G UK healthy AA 88 181 0.49 0.05
A-3826G UK healthy AG 74 181 0.41 0.05
A-3826G UK healthy homozygous GG 18 181 0.10 0.02
A-3826G UK CMP AA 48 92 0.52 0.08
A-3826G UK CMP AG 31 92 0.34 0.06
A-3826G UK CMP GG 13 92 0.14 0.04
A-3826G Armenia overall AA 168 331 0.51 0.04
A-3826G Armenia overall AG 129 331 0.39 0.03
A-3826G Armenia overall GG 24 331 0.07 0.01
A-3826G Armenia healthy AA 57 105 0.54 0.07
A-3826G Armenia healthy AG 37 105 0.35 0.06
A-3826G Armenia healthy GG 6 105 0.06 0.02
A-3826G Armenia CMP AA 111 226 0.49 0.05
A-3826G Armenia CMP AG 92 226 0.41 0.04
A-3826G Armenia CMP GG 18 226 0.08 0.02
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A-3826G Poland overall AA 323 617 0.52 0.03
A-3826G Poland overall AG 254 617 0.41 0.03
A-3826G Poland overall GG 40 617 0.06 0.01
A-3826G Poland healthy AA 179 365 0.49 0.04
A-3826G Poland healthy AG 159 365 0.44 0.03
A-3826G Poland healthy GG 27 365 0.07 0.01
A-3826G Poland CMP AA 144 252 0.57 0.05
A-3826G Poland CMP AG 95 252 0.38 0.04
A-3826G Poland CMP GG 13 252 0.05 0.01
A-3826G Russia overall AA 296 565 0.52 0.03
A-3826G Russia overall AG 222 565 0.39 0.03
A-3826G Russia overall GG 47 565 0.08 0.01
A-3826G Russia healthy AA 140 255 0.55 0.05
A-3826G Russia healthy AG 93 255 0.36 0.04
A-3826G Russia healthy GG 22 255 0.09 0.02
A-3826G Russia CMP AA 156 310 0.50 0.04
A-3826G Russia CMP AG 129 310 0.42 0.04
A-3826G Russia CMP GG 25 310 0.08 0.02
A-3826G Greece overall AA 244 529 0.46 0.03
A-3826G Greece overall AG 209 529 0.40 0.03
A-3826G Greece overall GG 51 529 0.10 0.01
A-3826G Greece healthy AA 107 233 0.46 0.04
A-3826G Greece healthy AG 100 233 0.43 0.04
A-3826G Greece healthy GG 24 233 0.10 0.02
A-3826G Greece CMP AA 125 264 0.47 0.04
A-3826G Greece CMP AG 101 264 0.38 0.04
A-3826G Greece CMP GG 26 264 0.10 0.02
Ala64Thr Ala64Thr Overall GG 1893 2283 0.83 0.02
Alab4Thr Overall GA 363 2283 0.16 0.01
Ala64Thr Overall AA 19 2283 0.01 0.002
Ala64Thr Healthy GG 944 1139 0.83 0.03
Alab4Thr Healthy GA 175 1139 0.15 0.01
Alab4Thr Healthy AA 13 1139 0.01 0.003
Ala64Thr CMP GG 928 1144 0.81 0.03
Alab4Thr CMP GA 188 1144 0.16 0.01
Alab4Thr CMP  AA 6 1144 0.01 0.002
Ala64Thr UK overall GG 225 273 0.82 0.05
Ala64Thr UK overall GA 43 273 0.16 0.02
Ala64Thr UK overall AA 4 273 0.01 0.01
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Alab4Thr UK healthy GG 148 181 0.82 0.07
Alab4Thr UK healthy GA 28 181 0.15 0.03
Alab4Thr UK healthy AA 4 181 0.02 0.01
Alab4Thr UK CMP GG 77 92 0.84 0.10
Ala64Thr UK CMP GA 15 92 0.16 0.04
Ala64Thr UKCMP  AA 0 92 0.00 0

Alab4Thr Armenia overall GG 254 331 0.77 0.05
Alab4Thr Armenia overall GA 67 331 0.20 0.02
Ala64Thr Armenia overall AA 0 331 0.00 0

Alab4Thr Armenia healthy GG 90 105 0.86 0.09
Alab4Thr Armenia healthy GA 14 105 0.13 0.04
Alab4Thr Armenia healthy AA 0 105 0.00 0

Ala64Thr Armenia CMP GG 164 226 0.73 0.06
Alab4Thr Armenia CMP GA 53 226 0.23 0.03
Alab4Thr Armenia CMP  AA 0 226 0.00 0

Alab4Thr Poland overall GG 515 617 0.83 0.04
Ala64Thr Poland overall GA 96 617 0.16 0.02
Ala64Thr Poland overall AA 6 617 0.01 0.004
Ala64Thr Poland healthy GG 304 365 0.83 0.05
Ala64Thr Poland healthy GA 58 365 0.16 0.02
Alab4Thr Poland healthy AA 3 365 0.01 0.005
Ala64Thr Poland CMP GG 211 252 0.84 0.06
Ala64Thr Poland CMP GA 38 252 0.15 0.02
Ala64Thr Poland CMP  AA 3 252 0.01 0.01
Ala64Thr Russia overall GG 475 565 0.84 0.04
Ala64Thr Russia overall GA 85 565 0.15 0.02
Alab4Thr Russia overall AA 5 565 0.01 0.004
Alab4Thr Russia healthy GG 218 255 0.85 0.06
Alab4Thr Russia healthy GA 34 255 0.13 0.02
Ala64Thr Russia healthy AA 3 255 0.01 0.01
Alab4Thr Russia CMP GG 257 310 0.83 0.05
Ala64Thr Russia CMP  GA 51 310 0.16 0.02
Ala64Thr Russia CMP  AA 2 310 0.01 0.005
Ala64Thr Greece overall GG 424 529 0.80 0.04
Alab4Thr Greece overall GA 72 529 0.14 0.02
Alab4Thr Greece overall AA 4 529 0.01 0.004
Alab4Thr Greece healthy GG 184 233 0.79 0.06
Alab4Thr Greece healthy GA 41 233 0.18 0.03
AlabAThr Greece healthy AA 3 233 0.01 0.01
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Ala64Thr Greece CMP GG 219 264 0.83 0.06
Ala64Thr Greece CMP GA 31 264 0.12 0.02
AlabAThr Greece CMP  AA 1 264 0.004 0.004
A-112C A-112C Overall AA 1634 2283 0.72 0.02
A-112C Overall AC 300 2283 0.13 0.01
A-112C Overall CC 18 2283 0.01 0.002
A-112C Healthy AA 847 1139 0.74 0.03
A-112C Healthy AC 169 1139 0.15 0.01
A-112C Healthy CC 11 1139 0.01 0.003
A-112C CMP AA 766 1144 0.67 0.02
A-112CCMP AC 131 1144 0.11 0.01
A-112CCMP CC 7 1144 0.01 0.002
A-112C UK overall AA 218 273 0.80 0.05
A-112C UK overall AC 50 273 0.18 0.03
A-112C UK overall CC 2 273 0.01 0.01
A-112C UK healthy AA 144 181 0.80 0.07
A-112C UK healthy AC 33 181 0.18 0.03
A-112C UK healthy CC 2 181 0.01 0.01
A-112C UK CMP AA 74 92 0.80 0.09
A-112CUK CMP AC 17 92 0.18 0.04
A-112CUKCMP CC 0 92 0.00 0
A-112C Poland overall AA 515 617 0.83 0.04
A-112C Poland overall AC 94 617 0.15 0.02
A-112C Poland overall CC 7 617 0.01 0.004
A-112C Poland healthy AA 303 365 0.83 0.05
A-112C Poland healthy AC 57 365 0.16 0.02
A-112C Poland healthy CC 4 365 0.01 0.01
A-112C Poland CMP AA 212 252 0.84 0.06
A-112C Poland CMP AC 37 252 0.15 0.02
A-112C Poland CMP CC 3 252 0.01 0.01
A-112C Russia overall AA 480 565 0.85 0.04
A-112C Russia overall AC 80 565 0.14 0.02
A-112C Russia overall CC 5 565 0.01 0.004
A-112C Russia healthy AA 218 255 0.85 0.06
A-112C Russia healthy AC 34 255 0.13 0.02
A-112C Russia healthy CC 3 255 0.01 0.01
A-112C Russia CMP AA 262 310 0.85 0.05
A-112C Russia CMP AC 46 310 0.15 0.02
A-112C Russia CMP CC 2 310 0.01 0.005
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A-112C Greece overall AA 421 529 0.80 0.04
A-112C Greece overall AC 72 529 0.14 0.02
A-112C Greece overall CC 4 529 0.01 0.004
A-112C Greece healthy AA 182 233 0.78 0.06
A-112C Greece healthy AC 45 233 0.19 0.03
A-112C Greece healthy CC 2 233 0.01 0.01
A-112C Greece CMP AA 218 264 0.83 0.06
A-112C Greece CMP AC 31 264 0.12 0.02
A-112C Greece CMP CC 2 264 0.01 0.01
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S4 Table: Allele frequencies in the overall study population

A-1766G é 2;?1 8(9)2 25‘119 ggi 1.23 0.69-2.20 p=0.49
A-3826G é 1663186 8;; 1665075 8;; 0.96 0.85-1.10 p=0.58
Ala64Thr i 22%%4 8(9); 2200613 8(9); 1.00 0.82-1.23 p=0.97
A-112C é 113653 gg; 1189613 gg; 0.85 0.68 -1.07 p=0.16

S5 Table: Allele frequencies in the Armenian population

A 384 0.97 207 0.99
A-1766G G 10 0.03 3 0.01 1.80 0.49-6.60 p=0.37
A 314 0.71 151 0.75
A-3826G G 128 0.29 49 0.25 1.26 0.86-1.84 p=0.24
G 381 0.88 294 0.72
Ala64Thr A 53 012 114 028 0.36 0.25-0.51 p<0.001
A - R R -
A-112C c i ) ) i - -
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S6 Table: Allele frequencies in the Greek population

A-1766G 2 426 8(9)51) 423 ggi 1.46 0.47-4.50 p=0.51
A-3826G 2 ii; g;g iig ggi 0.92 0.70-1.21 p=0.57
Ala64Thr i 43639 833 ?79 82 0.61 0.38-0.97 p=0.04
A-112C é 2657 833 4‘?99 8?2 0.63 0.40-0.98 p=0.04

S7 Table: Allele frequencies in the Polish population

A 504 100 728 0.99

Salees G 0 0.0 2 0.01 i i
A 383 0.76 517 0.71

A-3826G G 191 0.4 13 0.29 0.77 0.59 - 0.99 p=0.045
G 460 0.91 666 0.91

Ala64Thr A 4 0.09 P 0.09 0.97 0.65 - 1.44 p=0.86
A 461 0.91 663 0.91

A-112C c 23 001 s 0.09 0.95 0.64-1.42 p=0.81
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S8 Table: Allele frequencies in the UK population

A-1766G 2 1§2 8(9)3 322 ggi 0.48 0.10-2.30 p=0.35
A-3826G 2 15277 ggi iig 822 1.02 0.60-1.50 p=0.92
Ala64Thr i 11659 832 33264 gi 0.80 0.43-1.50 p=0.48
A-112C é 11675 gg; 33271 gig 0.89 0.49-1.64 p=0.72

S9 Table: Allele frequencies in the Russian population

A 615 0.99 509 0.99
A-1766G G 5 001 1 01 4.14 0.48 - 35.54 p=0.16
A 441 0.71 373 0.73
A-3826G G 179 0.29 137 027 1.11 0.85-1.44 p=0.45
G 565 0.91 470 0.92
Ala64Thr A 55 0.09 40 0.08 1.14 0.75-1.75 p=0.54
A 570 0.92 470 0.92
A-112C C 50 0.08 40 0.08 1.03 0.67-1.59 p=0.89
$10 Table. Frequency of genotypes for A-3826G in CMP and healthy individuals.
Healthy CMP
OR (95% CI F-test
M (%) (9%l
AA 571 50.49 584 51.82 599
AG 463 40.94 448 39.75 0.95 (0.80-1.13) :
Total sample p=0.153
GG 97 8.57 95 8.43 0.96 (0.71-1.30)
HWE 0.490 0.819
AA 57 57.00 111 50.23 313
. AG 37 37.00 92 41.63 1.27 (0.78-2.09) :
Armenia p=0.354
GG 6 6.00 18 8.14 1.47 (0.57-3.79)
HWE 0.998 0.861
AA 107 46.32 125 49.60 0.58
Greece AG 100 43.29 101 40.08 0.87 (0.59-1.26) _6 747
GG 24 10.39 26 10.32 0.93 (0.51-1.70) p=t
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HWE 0.929 0.408
AA 179 49.04 144 57.14 491
AG 159 43.56 95 37.70 0.74 (0.53-1.04) X
Poland p=0.120
GG 27 7.40 13 5.16 0.61 (0.31-1.21)
HWE 0.302 0.599
AA 140 54.90 156 50.32
AG 93 36.47 129 41.61 1.24 (0.88-1.76) 1.57
Russia 8.07 =0.463
GG 22 8.63 25 0 1.02 (0.55-1.87) P
HWE 0.251 0.816
AA 88 48.89 48 52.17 1.96
UK AG 74 41.11 31 33.70 0.77 (0.45-1.33) _6 396
GG 18 10.00 13 14.13 1.33(0.61-2.92) p=r
HWE 0.675 0.042
Key: CMP = cardio-metabolic pathologies; OR = odds ratio; HWE = p value for the Hardy-Weinberg equilibrium.
S11 Table. Frequency of genotypes for A-112C in CMP and healthy individuals.
Healthy CMP
OR (95% Cl) F-test
(n) (%) (n) (%)
AA 847 82.47 766 84.74 1.93
AC 169 16.46 131 14.49 0.86 (0.67-1.10) X
Total sample p=0.367
CcC 11 1.07 7 0.77 0.72(0.29-1.82)
HWE 0.433 0.593
AA 182 79.48 218 86.85 4.92
AC 45 19.65 31 12.35 0.58 (0.35-0.95) )
Greece p=0.73
CcC 2 0.87 2 0.80 0.58 (0.35-0.95)
HWE 0.668 0.448
AA 303 83.24 212 84.13 0.20
AC 57 15.66 37 14.68 0.93 (0.60-1.46) X
Poland p=0.947
CcC 4 1.10 3 1.19 1.11 (0.27-4.54)
HWE 0.479 0.347
AA 218 85.49 262 84.52 0.75
. AC 34 13.33 46 14.84 1.12 (0.70-1.81) X
Russia p=0.717
CcC 3 1.18 2 0.65 0.59 (0.12-3.04)
HWE 0.215 0.990
UK AA 144 81.32 74 81.32 0.64
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S$14 Table. Body mass index, waist-to-hip ratio and body fat percent [median (Q1,Q3)] across
the different genotypes of UCP1 SNPs across healthy controls and individuals with CMP in

Greece.
AC 33 18.44 17 18.68 1.01 (0.53-1.93)
CcC 2 1.12 0 0.00 0.39 (0.02-8.18)
HWE 0.943 0.326

p=0.941

Key: CMP = cardio-metabolic pathologies; OR = odds ratio; HWE = p value for the Hardy-Weinberg equilibrium.

$12 Table. Body mass index, waist-to-hip ratio and body fat percent [median (Q1,Q3)] across the different ge
UCP1 SNPs across healthy controls and individuals with CMP in Poland.

BMI WHR Body f:

SNP Genotype Healthy CMP Healthy CMP Healthy
AA 23.7 (21.7,25.6) 31.3(29.1,33.8) 0.84 (0.79,0.90) 0.96 (0.87,1.05) 22.6 (18.3,28.
A-3826G AG 23.9(22.5,25.6) 31.2(29.9,33.9) 0.86 (0.81,0.90)"  0.95(0.87,1.04) 23.8(18.0,27.6
GG 24.6(22.3,26.7) 30.1(28.5,32.2) 0.86 (0.77,0.90) 0.95 (0.84,1.06) 24.8 (22.4,28.
AA 23.7 (22.0,25.6) 31.2(29.4,33.8) 0.85(0.79,0.90)  0.96 (0.88,1.06) 22.9(18.3,28.
A-112C AC 23.9(22.1,25.9)  31.3(29.5,34.0) 0.85(0.79,0.90)  0.94(0.85,1.03)  24.5(19.4,28.
cc 26.4(25.5,27.3)>  27.3(27.3,29.8) 0.86 (0.84,0.88)  0.84(0.76,0.92)  22.7 (21.9,23.
GG 23.7 (22.0,25.6) 31.3(29.4,33.8) 0.85(0.78,0.89) 0.96(0.88,1.06) 22.9(18.3,28.
Ala64Thr GA 24.0(22.2,25.9)"  30.9(29.0,33.8) 0.85(0.79,0.90)  0.95 (0.85,1.03) 24.3 (19.1,28.
AA 27.5(27.3,27.6) 27.3 (27.3,29.8) 0.83(0.82,0.84) 0.84(0.76,0.92) 22.1(21.6,22.

Note: 1 = difference from AA significant at p<0.05; 2 = difference from AC significant at p<0.05;
Key: CMP = cardio-metabolic pathologies, BMI= body mass index, WHR= waist-to-hip ratio, Q=quartile.

$13 Table. Body mass index, waist-to-hip ratio and body fat percent [median (Q1,Q3)] across the different ge!

UCP1 SNPs across healthy controls and individuals with CMP in Russia.

BMI WHR Body fat %
SNP Genotype Healthy CMP Healthy CMP Healthy
AA 25.9 (25.4,26.3) 28.4 (26.1,34.1) - - 29.0 (26.8,32.0) 49.0
A-3826G AG 25.6 (25.2,26.2)  29.5(26.0,35.5) - - 29.0 (27.0,32.0) 48.3
GG 25.8 (25.4,26.4)  30.2 (26.9,38.9) - - 28.0(26.0,32.0) 49.9
AA 25.8(25.2,26.3)  28.9(26.1,34.6) - - 29.0(27.0,32.0) 48.6
A-112C AC 26.0 (25.4,26.5)  30.3(26.4,36.0) - - 30.0 (26.0,33.0) 48.6
cC 25.9 (25.5,26.1)  29.8 (28.0,31.5) - - 31.0(29.0,33.0) 50.4
GG 25.8 (25.2,26.3) 28.9(26.0,34.7) - - 29.0(27.0,32.0) 48.6
Ala64Thr GA 26.0(25.5,26.5)  29.9(26.1,35.9) - - 29.5(26.0,33.0) 48.4
AA 25.9(25.5,26.1)  29.8(28.0,31.5) - - 31.0(29.0,33.0) 50.4

Key: CMP = cardio-metabolic pathologies, BMI= body mass index, WHR= waist-to-hip ratio, Q=quartile.
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BMI WHR Body fat %
SNP Genotype Healthy CMP Healthy CMP Healthy CMP
AA 26.4 31.7 0.94 1.02 29.4 40.4
(24.2,29.5)  (28.9,34.4) (0.88,1.00) (0.96,1.05) (17.3,36.6) (34.3,43.4)
AG 27.2 31.7 0.94 1.02 29.6 39.0
A-3826G
(23.8,29.2)  (29.2,33.9) (0.88,1.02) (0.97,1.04) (19.8,36.6) (34.5,42.9)
GG 28.7 30.9 0.94 1.02 26.5 37.9
(26.2,30.7)  (28.3,33.5) (0.88,1.02) (0.97,1.06) (19.5,40.5) (36.6,44.0)
AA 26.5 31.6 0.94 1.03 28.9 39.1
(23.9,29.2)  (28.8,34.3) (0.88,1.00) (0.96,1.05) (17.5,36.4) (34.5,43.3)
AC 28.8 32.3 0.95 1.00 314 39.1
A-112C 1 1
(26.0,31.4)° (29.3,33.6) (0.89,1.01) (0.96,1.03) (25.1,41.7)° (33.5,44.5)
CcC 30.4 1.00 19.6 35.7 (30.1,
26.3 (29.1,31.6) 1.03 (0.97,1.03) 41.2)
GG 26.5 31.5 0.94 1.03 28.9 39.1
(23.9,29.1) (28.8,34.4) (0.88,1.00) (0.96,1.05) (17.6,36.3) (34.5,43.4)
Ala64Thr GA 29.0 32.0 0.95 1.00 345 39.1
(26.0,31.8)2 (28.9,33.6) (0.90,1.02) (0.96,1.04) (25.5,41.9)2 (31.4,44.5)
AA 26.3 32.8 1.00 1.05 19.6 46.7

Note: 1 = difference from AA significant at p<0.05; 2 = difference from GG significant at p<0.05; Q1 and Q3 values are reported only where

more than one case was detected for a specific genotype.

Key: CMP = cardio-metabolic pathologies, BMI= body mass index, WHR= waist-to-hip ratio, Q=quartile.

S$15 Table. Body mass index, waist-to-hip ratio and body fat percent [median (Q1, Q3)] across
the different genotypes of UCP1 SNPs across healthy controls and individuals with CMP in UK.

BMI WHR Body fat %
SNP Genotype  Healthy CMP Healthy CMP Healthy CMP
AA 25.6 29.2 0.86 0.95 29.6 333
(23.0,29.5) (26.9,34.5) (0.81,0.91) (0.92,097) (24.1,35.1)  (27.4,38.4)
AG 25.8 30.1 0.83 0.94 29.5(24.5,38.0) 33.0
A-3826G
(23.3,29.4) (25.7,34.8) (0.78,0.90) (0.92,0.98) (28.6,38.4)
GG 27.7 29.8 0.84 0.94 35.4(28.2, 29.0
(24.1,31.1)  (25.9,31.4) (0.80,0.89) (0.83,1.00) 40.2) (26.9,37.0)
AA 25.7 29.2 0.85 0.95 30.1 33.0
(23.1,29.6) (26.5,34.6) (0.79,0.91) (0.72,0.97)  (25.1,37.1)  (27.7,38.2)
AC 26.0 30.1 0.84 0.93 29.8 32.1
A-112C 1 1
(23.5,31.1)" (25.3,33.4) (0.80,0.89) (0.84,0.97) (23.0,39.5) (26.9,39.5)
CcC 28.5 0.88 27.8 -
(26.6,30.5) - (0.88,0.89) - (19.8,35.8)
GG 25.7 29.0 0.85 0.95 30.1 33.7
(22.6,29.6) (25.9,34.5) (0.79,0.91) (0.92,0.97) (24.8,37.2) (27.1,38.1)
GA 26.4 31.4 0.83 0.93 (0.87, 30.0 35.7
Ala64Thr 2 2
(23.7,30.6)* (28.4,33.6) (0.79,0.90) 0.97) (22.6,38.4)"  (28.2,40.3)
AA 28.6 0.88 39.4 -
(24.7,35.3) - (0.86,0.89) - (29.1,46.3)
Key: CMP = cardio-metabolic pathologies, BMI= body mass index, WHR= waist-to-hip ratio, Q=quartile.
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2. SYSTEMATIC REVIEW

2.1. Materials and Methods

2.1.1. Search strategy, selection criteria and meta-analysis process

The searching procedure, screening of the titles, abstracts and full texts for eligibility as well as
the selection of the included studies were conducted independently by two investigators (PS
and AEP) and any conflicts were resolved through discussion with a third investigator (PCD). We
excluded reviews, conference proceedings and magazine articles and we also searched the
reference lists of the included studies to identify potential eligible publications.

Two independent investigators (PS and AEP) evaluated the risk of bias (ROB) of the
included studies in the systematic review, via the 13-item of Research Triangle Institute item
bank,[265] which is designed for observational studies and has previously shown median
interrater agreement of 75%[266] and 93.5%.[267] Conflicts in the risk of bias assessment were
resolved by an independent referee investigator (PCD). Data extraction was performed
independently by two investigators (PS and AW) and conflicts were resolved through consensus
and supervision by a third researcher (PCD). For all studies, we extracted the first author’s
name, year of publication, methodological design, genotyping method, participants’
characteristics and main outcomes (i.e. meanststandard deviations/standard error,
percentages, confidence intervals, frequencies, etc.).

We conducted prevalence meta-analyses by dividing the incidence of CMP by the overall
sample size [a (incidence of genotype)/b (sample size)] of each study for UCP1 A-3826G, A-

1766G, Alab4Thr and A-112C SNPs. These meta-analyses were conducted for each one of the
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UCP1 homozygous and heterozygous genotypes as well as for the mutant alleles of each
studied SNP. Standard errors for these meta-analyses were calculated using the following
formula: a (incidence of genotype/allele) /[a (incidence of genotype/allele) *b (sample size)]’.
Standard errors were then used for weighted proportions and the RevMan 5.3 software[268] to
generate forest and funnel plots. We also conducted odds ratio meta-analyses, using a
dichotomous, inverse variance, random-effect model, via the RevMan 5.3 software. Incidence
of each one of the UCP1 homozygous and heterozygous genotypes and mutant alleles were
calculated between a group of CMP individuals and a group of healthy participants, while
weighted proportions were calculated based on each study’s sample size. For all meta-analyses,
we evaluated the 95% confidence interval (Cl) and heterogeneity between studies using the I?
statistic. We considered a statistically significant result for heterogeneity when p<0.10, while
interpretation of I> index was made based on previous guidelines.[93] Where pertinent,
standard error (SE) was converted to standard deviation (SD) using the following formula: SD=

SE*Vn.[93]

2.1.1.a. Searching algorithm used in PubMed

(((UCP1 variant*[Title/Abstract]) OR (UCP-1 variant*[Title/Abstract]) OR (uncoupling protein-1
variant*[Title/Abstract]) OR (uncoupling protein 1 variant*[Title/Abstract]) OR (thermogenin
variant*[Title/Abstract]) OR (ucp-1 polymorphism*[Title/Abstract]) OR (ucp1
polymorphism*[Title/Abstract]) OR (uncoupling protein-1 polymorphism*[Title/Abstract]) OR
(uncoupling protein 1 polymorphism*[Title/Abstract]) OR (thermogenin
polymorphism*[Title/Abstract]) OR (UCP-1 gen*[Title/Abstract]) OR (UCP1 gen*[Title/Abstract])
OR (uncoupling protein-1 gen*[Title/Abstract]) OR (uncoupling protein 1 gen*[Title/Abstract])
OR (thermogenin gen*[Title/Abstract]) OR (uce-1 single nucleotide
polymorphism*[Title/Abstract]) OR (UCP1 single nucleotide polymorphism*[Title/Abstract]) OR
(uncoupling protein-1 single nucleotide polymorphism*[Title/Abstract]) OR (uncoupling protein
1 single nucleotide polymorphism*[Title/Abstract]) OR (thermogenin single nucleotide
polymorphism*[Title/Abstract]) OR (ucp-1 SNP*[Title/Abstract]) OR (ucp1
SNP*[Title/Abstract]) OR (uncoupling protein-1 SNP*[Title/Abstract]) OR (uncoupling protein 1
SNP*[Title/Abstract]) OR (thermogenin SNP*[Title/Abstract]) OR (UCP-1 mut*[Title/Abstract])
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OR (UCP1 mut*[Title/Abstract]) OR (uncoupling protein-1 mut*[Title/Abstract]) OR (uncoupling
protein 1 mut*[Title/Abstract]) OR (thermogenin mut*[Title/Abstract]) OR (UCP1
haplotype*[Title/Abstract]) OR (UCP-1 haplotype*[Title/Abstract]) OR (A-3826G[Title/Abstract])
OR (A-112C[Title/Abstract]) OR (Ala64Thr[Title/Abstract]) OR (A-3826G[Title/Abstract]) OR (A-
1766G[Title/Abstract]) OR (A-112C[Title/Abstract]) OR (+1068G/A[Title/Abstract]) OR
(rs10011540(Title/Abstract]) OR (rs45539933([Title/Abstract]) OR (rs3811791[Title/Abstract])
OR (rs1800592([Title/Abstract]) OR (-3826A>G[Title/Abstract]) OR (-112A>C[Title/Abstract]) OR
(A-1766G[Title/Abstract]) OR  (-1766A>G[Title/Abstract])) @ OR  (uncoupling  protein
1[Title/Abstract]) OR (uncoupling protein  one[Title/Abstract])) AND ((metabolic
syndrome|[Title/Abstract]) OR (metabolic dis*[Title/Abstract]) OR (cardiometabolic
dis*[Title/Abstract]) OR (CMD*[Title/Abstract]) OR (cardiometabolic disease[MeSH Terms]) OR
(obesity[Title/Abstract]) OR (diabetes[Title/Abstract]) OR (T2DM[Title/Abstract]) OR
(T2D[Title/Abstract]) OR (type 2 diabetes[Title/Abstract]) OR (type 2 diabetes
mellitus[Title/Abstract]) OR (type Il diabetes mellitus) OR (cardiovascular dis*[Title/Abstract])
OR (CVD*[Title/Abstract]) OR (cardiovascular disease[MeSH Terms]))) NOT ((animals[MeSH
Terms]) NOT (humans[MeSH Terms]))
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S3 Figure: PRISMA flowchart

817 records identified through systematic
database search

613 PubMed

134 EMBASE

70 Cochrane Library

|dentification

Records excluded:

109 duplicates

161 animal studies

219 reviews and conferences

Screening

328 full-text articles assessed for eligibility

Eligibility

—b{ 276 full-text did not meet inclusion criteria

4

52 studies included in qualitative analysis
-
51 studies included in meta-analysis

Included

2.2. Results (Tables and Figures)

The risk of bias assessment revealed that 58.97% of the studies displayed low selection bias,
2.54% displayed unclear ROB and 38.49% not applicable ROB. In performance and selective bias
all studies displayed low ROB, while in detection bias 2.54% of the studies showed high ROB
and 97.44% unclear ROB. In attrition bias, 2.54% of the studies displayed low ROB and 97.44%
not applicable ROB. Finally, in confounding bias 89.75% of the studies displayed low ROB, 2.54%
displayed high ROB and 7.69% unclear ROB.

$16 Table: Risk of bias assessment results for the included studies in the systematic review.

+

Bracale et al, 2012 N + ? N +
Brondan et al i, 2012 + + ? N + +
Brondani et al, 2014a N + ? N +
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Malczewska-Malec, 2004
Mottagui-Tabar, 2008
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Verdi, 2020

Vimaleswaran, 2007

Vimaleswaran, 2010

Yiew, 2010

Zhang, 2015

Zietz, 2001

Key: + = low risk of bias; — = high risk of bias; ? = unclear risk of bias; N = not-applicable.

S4 Figure: Summary of risk of bias assessment.

Selection bias

Performance bias

Detection bias

Attrition bias

Selective outcome

Confounding

Il

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100 %

= Low risk of bias mHigh risk of bias Unclear risk of bias = Not applicable
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S17 Table: Data extraction.

First Author- Design Methods Participants Outcomes
Year
1.Bracale et Case- Genotyping Italians (n=112; m=40, The  A-3826G (rs1800592)
al,2012 [269] only analysis by f=72; age=32.7+10.5 genotypes were reported more
TagMan years; BMI=48.5%7.5 in the IR+ positive (88%) than in
assay by kg/mz. IR- (63%) obese individuals (OR=
Real-Time Group 1: severely obese 4.3,95% Cl=1.6-11.7 p=0.003).
PCR; A- non-diabetic individuals, Absence of A-3826G UCP1
3826G UCP1 IR+ (n=50) polymorphism displayed high
SNP. Group 2: severely obese negative predictive value
non-diabetic individuals, (100%) for IR.
IR- (n=62).
2.Brondani et Case- Genotyping European ancestry, Genotype frequencies Groupl:
al, 2012 [70] control analysis by Type | diabetics (n=257) AA=37%, AG=43.5%, GG=19.5%
PCR-RFLPs; Group 1: Patients with Genotype frequencies Group 2:
A-3826G Diabetic retinopathy AA= 43.7%, AG=49.5%,
UCP1 SNP. (n=154), age=39.2+12.1 GG=6.8%
years, BMI= G allele frequency Group 3
23.6+4.9kg/m’ =33%
Group  2: Patients UCP1 A-3826G GG genotype is
without Diabetic associated with an increased
retinopathy (n=103), risk of DR in type 1 DM patients.
age=33.32+13.8 years;
BMI= 22.9%5.1 kg/m”
Group 3: Healthy
controls (n=29),
age=44+7.8 years
3.Brondani et Case- Genotyping Brazilians (n=765) A-3826G genotype frequencies
al, 2014a [111] control analysis by Group 1: non- in group 1 were for AA 46.7%,
TagMan obese+T2DM  (n=483); for AG 42.7%, and GG 10.6%; in
assay by m=53.1%, f=46.9%; group 2 were 49.4%, 38.6%, and
Real-Time age=59.2+10.7  years; 12%, respectively (p=0.529).
PCR; A- BMI=25.8+2.8 kg/m2 -3826G allele frequency in
3826G UCP1 Group 2: obese+T2DM group 1 and group 2 was 0.319
SNP. (n=282); m=37.4%, and 0.313, respectively
f=62.6%; age=57.3£10.0 (p=0.839).
years; BMI= 34.414.3 No difference in the allelic and
kg/m2 genotypic distributions between
group 1 and group 2 (p>0.05).
4.Brondani et Case- Genotyping Brazilians with Among T2DM individuals, A-
al, 2014b Control analysis by Caucasian ancestry 3826G genotype frequencies in
[270] PCR-fast real (n=1576) group 1 were for AA 49.3%, AG

system; A-
3826G UCP1
SNP.

Group 1: non-diabetic
(n=561)

Group 2: T2DM
individuals (n=1015);
m=456, f=559;
age=59.51£10.5 years;
BMI=28.7#5.3  kg/m’.

Obesity was present in
35.9% of participants.

39.5%, and GG 11.2%; in group
2 were 49.8%, 37.7%, and
12.4%, respectively (p= 0.694).
-3826G allele frequency in
group 1 and group 2 was 0.310
and 0.314, respectively (p =
0.851).

No difference in SBP and DBP,
BMI, waist circumference, TC,
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HDL-C, LDL-C, HbAlc, FPG, TG

levels between A-3826G
genotypes (p>0.05).
5.Cha et al, Case- Genotyping Koreans (n=832) A-1766G (rs3811791) genotype
2008 [28] only analysis by Obese females (n=832); distribution were for AA n=458,
TagMan age=27.88+7.80 years; AG n=307, GG n=63.
assay by BMI=25.89+4.27 kg/m’. Ala64Thr (rs45539933)
Real-Time genotype distribution were AA
PCR; A- n=706, AG n=111, GG n=5.
1766G, A- A-3826G (rs1800592) genotype
3826G and distribution were AA n= 216, AG
Alab4Thr n=406, GG=209.
(+1068G/A) -1766G allele frequency was
UCP1 SNPs. 0.27.
AlabAThrT allele frequency was
0.07.
-3826G allele frequency was
0.49
AG genotype of A-3826G SNP is
associated with SBP in dominant
model (p=0.042) and DBP in co-
dominant model (p=0.035).
No association between A-
1766G and Ala64Thr genotypes
and SBP and DBP in any of the
inheritance models studied (Co-
dominant, Dominant and
Recessive).
6.Chen et al, Case- Genotyping Chinese (n=418) A-3826G genotype frequencies
2015 [112] control analysis by Group 1: non-obese in group 1 were for AA 0.225,
PCR-fast real (n=169); m=93, f=76; AG 0.479, GG 0.296; in group 2
system; A- age=53.35t11.78 vyears; were: 0.249, 0.454, and 0.297,
3826G UCP1 BMI=20.74£1.6 kg/mz. respectively (p>0.05).
SNP. Group 2: -3826G allele frequency in

overweight/obese

(n=249); m=149, f=100;
age=55.04+10 years;
BMI= 25.72+2.25 kg/m’.

group 1 and group 2 was 0.524
and 0.536, respectively (p =
0.746).

Among overweight/obese
individuals, -3826AG
heterozygotes showed higher
serum mean concentration of
TG, apo C-ll and apo C-ll
compared with t-3826AA
homozygotes (p < 0.05).

No association was found of the
A-3826G polymorphism and low
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overweight/obesity.

7.Chathoth et Case- Genotyping Saudi Arabians (n=492) Among the obese (n=231), the -
al, 2018 [65] Control analysis by Group 1: non-obese 3826G allele frequency was
TagMan (n=155); m=76, f=79; higher as compared with non-
assay by age=43.86+14.54 years; obese (83) (OR=1.52, 95% Cl=
Real-Time BMI=24.09+2.6 kg/m’. 1.10-2.08; p=0.009) (adjusted
PCR; A- T2DM was present in for age, gender and BMI).
3826G, A- 36.12% of participants. -1766G allele was associated
1766G, A- Group 2: obese T2DM with the moderate-obesity
112C, UCP1 (n=235) + obese (OR=2.89, Cl=1.33-6.25;
SNPs hypertensive (n=85). p=0.007), but not with extreme
The group was obesity (adjusted for age,
subdivided into: a. gender and BMI).
moderate-obese -3826G allele frequency was
BMI=30-39.9 kg/mz); higher in  moderate-obese
m=4.96%, f=56.03%; cohort with abnormal HDL, LDL,
age=50.45+11.17 years; and hypertriglyceridemia; for
BMI=34.15+2.6 kg/mz. hypercholesterolemia, -3826G
b. extreme-obese, allele frequency was higher in
BMI>40 kg/mz; the extreme-obese cohort.
m=36.15%, =63.84%; -1766G allele frequency was
age=42.57+13.72 years; higher in the moderate-obese
BMI= 48.26+11.94 with high LDL.
kg/mz. -3826G allele frequency was
higher in the moderate-obese
T2DM was present in with T2DM and hypertension.
69.73% of participants, -3826G allele frequency was
and hypertension was higher in the extreme-obese
present in 25.22% of males <35 years, and higher in
participants. the moderate-obese males > 35
years.
-1766G allele frequency was
higher in females aged <35
years with extreme obesity, and
in males aged <35 years with
moderate obesity.
8.Csernus K. et Case Genotyping Obese Hungarian No significant differences in
al 2014 [113] only analysis by children (n=528), measures of obesity adjusted
PCR/PCR- Age:13.2+2.6 years, BMR, obesity related metabolic
RFLP; A- BMI: 30.614.6kg/m2, parameters or blood pressure
3826G, UCP1 m=297 and f=231. values according to UCP1 A-
SNP. 3826G.

Genotype frequencies:

AA=51.1%, AG= 40.5% and

GG=8.3%.

Minor allele frequency=0.29
9.de Souza Case- Genotyping Brazilians with A-3826G genotype distributions
2013 [88] Control analysis by European ancestry in group 1 were: for AA 49.3%,

TagMan (n=1515) AG 39.5%, GG 11.2%; in group 2
assay by Group 1: non-diabetic were: 49.9%, 37.7%, 12.4%,
Real-Time (n=534); m=55%, f=45%; respectively (p=0.694).

Institutional Repository - Library & Information Centre - University of Thessaly
10/02/2025 10:52:10 EET - 18.222.111.225

133




PCR; A-

age=44.0+7.8 years.

-3826G allele frequency in

3826G UCP1 Group 2: T2DM (n=981); group 1 and group 2 was 0.310
SNP. m= 47.4%, f=52.6%; and 0.313, respectively
age=59.52+10.63 years; (p=0.510).

BMI=28.84+5.39 kg/m’. A-3826G allele frequencies did
not differ between diabetic and
non-diabetic cohorts even when
assuming dominant, recessive,
additive or co-dominant models
of inheritance (p>0.05).

10.Dhall et al, Case- Genotyping Indians (n=96) A-3826G genotype frequencies
2012 [114] only analysis by Individuals with were: for AA 39.9%, for AG
PCR-fast real metabolic syndrome; 46.5%, and for GG 13.5%.
system; A- m= 49, age=44%17 Among females, the -3826GG
3826G UCP1 years; f=47, age=48+17 homozygotes showed higher
SNP years. BMI, SBP and DBP (p<0.001);
among males, homozygotes for
-3826A allele showed higher
DBP (p<0.001).
In female -3826GG
homozygotes DBP was
correlated with waist
circumference and WHtR
(p<0.05); in female -3826 AG
heterozygotes SBP and DBP
were correlated with WC, fat %,
BMI, WHtR and WHR (p<0.001).
Among males, no association
with obesity markers and blood
pressure  between A-3826G
genotypes.
11.Dong et al, Case- Mass ARRAY T2D individuals(n=928), rs3811791 CC variant genotype
2020 [271] Control genotyping 39.2% male and 60.8% conferred a
system, A- female subjects, significantly increased risk of
1766G UCP1 60.9+10 years, 25.1+3.6 T2DM and a higher level of TG
SNP kg/m’ rs3811791 of UCP1 may be

Healthy Controls associated with

(n=1034), 37.7% male T2DM and TG.

and 62.3% female SB interacted with rs3811791 of

subjects, 60.0£9.5 years, UCP1 was

24 +£3.2 kg/m’

associated with T2DM,

PA interacted with rs3811791 of
UCP1 was

associated with the level of
HOMA-IR, HDL-C, and TG,
suggesting that it is of
paramount importance for
people to take regular physical
exercise
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12.Elfasakhany Case Genotyping Saudi Arabians (n=218) Control group—~>AA=50.9%,
et al, 2020 control analysis by Group 1: control AG=40.9%, GG=8.2%
PCR-RFLP, A- healthy (n=110), Type 2 diabetes group—~>
3826G UCP1 age=39.1 + 6.07 years, AA=47.22%, AG=39.82%,
SNP BMI=23.47+1.44 kg/m’ GG=12.96%
Group 2 (n=108) Type 2 No significant difference in the
diabetes patients, age= genotype frequency between
41.2+6.88 years, subjects with T2DM and healthy
BMI=23.61+1.23 kg/m2 controls (P > 0.05).
No significant difference in the
allele frequency between both
T2DM subjects and healthy
controls (P > 0.05)
They suggest that UCP1 A/G
polymorphism at -3826
promoter region may not
contribute to higher
susceptibility to the T2DM in the
Saudi population of Makkah
region.
13.Esterbauer Case- Genotyping Caucasians (n=153) Genotype frequencies: AA=70,
et al, 1998 only analysis by AG=66, GG=8
[71] PCR-RFLPs, -3826G polymorphism is
A-3826G probably a marker  for
UCP1 SNP expressional differences, but
not the causative mutation.
UCP-1 gene locus is identified as
a common cause of reduced
UCP-1 gene activity in obese
subjects.
14.Forga, et al, Case- Genotyping Spanish (n=313) A-3826G genotype distribution
2003 [74] Control analysis by Group 1: non-obese in group 1 was 63.6% for AA,
PCR-fast real (n=154); BMI=22.3+1.8 31.2% for AG, 5.2% for GG; in
system; A- kg/m2 group 2 was 66.7%, 28.9%, and
3826G UCP1 Group 2: obese (n=159); 4.4%, respectively (p=0.574).
SNP. BMI=37.6%5.7 kg/m’ No differences in UCP1 -3826G
Age=20-60 years. allele frequency between group
1 (0.21) and group 2 (0.19)
individuals (p=0.574)
In obese group, -3826G allele
carriers had  higher BMI
(p<0.05), fat % (p<0.05), SBP (p<
0.01), DBP (p<0.05).
15.Franco- Case- Genotyping Colombians (n=994) Association between A-3826G
Hincapie et al, Control analysis by Group 1: non-diabetic allele and T2DM (OR=0.78; 95%
2009 [66] PCR-fast real (n=449); m=126, f=323; Cl: 0.63-0.97; p=0.02).

system; A-
3826G and
Ala64Thr

UCP1 SNPs.

BMI=25.2+3.8  kg/m’;
age>40 years.

Group 2: T2DM (n=545);
m=190, f= 355;

BMI=27+4.6 kg/m”.
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16.Fukuyama Case Genotyping  Japanese (n=93) 1. A-3826G genotype frequencies
et al, 2006 only analysis by T2DM; m=55, f=38; were: for AA 32.3%, for AG
[80] TagMan age=56.6+13.5 years; 48.4%, and for GG 19.3%.

assay by BMI=25.614 kg/mz. 2. A-112C genotype frequencies

Real-Time were: for AA 88.2%, for AG

PCR; A- 10.7%, and for GG1.1%.

3826G and 3. Carriers of -112C allele showed

A-112C, higher levels of fasting plasma

UCP1 SNPs. immune-reactive insulin
concentration (p=0.0085),
HOMA-IR (p= 0.0089), and
hepatic lipid content (p= 0.012).

4. No association was found of the
A-3826G UCP1 polymorphism
and any measured clinical
parameters.
17.Gagnon et Case Genotyping Swedish (n=985) Allele frequencies
al, 1998 [115] control analysis by Group 1: Obese (n=684) 1. Control Group: A allele=473 G

PCR-RFLP, Group 2: control allele=149

3826A/G subjects (n=311) 2. Obese group: A allele= 1013, G

UCP1 SNP allele=335

Genotype frequencies
3. Control group: AA=185,
AG=103, GG=23
4. Obese group: AA=384, AG=245,
GG=45
5. In both genders, there was no
difference between carriers
and non-carriers for variables
pertaining to weight history.
18.Hamada et Case Genotyping Japanese obese healthy 1. The distribution of the A/A,
al. 2009 [116] only analysis by women (n=32), mean % A/G, and G/G genotypes was

PCR, S.D.; age 49.9 = 8.45 18%, 49%, and 33%,

3826A/G years; BMI 284 + 3.3 respectively.

UCP1 SNP kg/m2 2. No difference in the changes of
any physiological and metabolic
parameters between the
subjects with and without the A
allele

3. No difference in the changes of
any physiological and metabolic
parameters between the
subjects with the A/G genotype
and those with the G/G
genotype

4,

19.Heilbronn Case- Genotyping Australians (n=526) 1. A-3826G genotype frequencies
et al 2000 [76] only analysis by Female were: for AA 0.307, for AG

PCR-fast real overweight/obese; 0.190, and for GG 0.29. The -

system; A- BMI=34.1 kg/mz. 3826G allele frequency was

3826G UCP1 0.23.

SNP. 2. -3826G allele was associated
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with  higher BMI (p=0.02),
insulin  (p=0.03), and higher
fasting glucose concentrations
(p=0.01).

Among T2DM females, -3826G
allele carriers were more
frequent (p=0.02) and was
related with higher fasting
glucose concentrations (p =
0.02).

20.Jin P. et al Case- Genotyping

2020 [117] control  analysis:
GWAS,
TagMan
assay by
Real-Time
PCR; A-112C
and A-3826G
UCP1 SNPs

Han Chinese (n=3107)
Case= 662 T2D patients
with diabetic
retinopathy (DR),
Control=2445 T2D
patients without
diabetic retinopathy

Genotype frequencies: A112C:
AA - DR=523, NDR=2046, AC~>
DR=127, NDR=342, CC~> DR=4,
NDR=10

rs10011540 (A-3826G) of the
UCP1 gene is marginally
significantly associated with DR

21.Kiec-Wilk Case- Genotyping

et al 2002 only analysis by

[118] PCR-fast real
system; A-
3826G UCP1
SNP.

Polish (n=118)
Overweight/obese;
m=38, f=80;
age=43.4119.3 years;
BMI=33.21+7.73 kg/m™.

A-3826G 1 genotype
frequencies were: for AA
51.38%, for AG 33.94%, and for
GG 14.68%.

-3826G allele frequency was
30.5%.

No association was found of -
3826G allele with BMI and
glucose tolerance.

-3526GG homozygotes showed
higher fasting levels of TG
(p=0.04) and those recorder at
6hrs of OLTT (p=0.058), and the
lower HDL levels compared with

-3826AA homozygotes
(p=0.004).
Free fatty acids increased in -
3826GG homozygotes,
especially at 8 hrs post-OLTT
(p=0.031).

Carriers of the -3826G allele
showed increased LDL levels as
compared with -3826AA
homozygotes (p=0.027).

-3826G allele carriers showed
higher beta-tromboglobulin
levels compared with -3826AA
homozygotes (pAA:A/G= 0.012;
pAA:GG=0.055).

22.Kotani et Case Genotyping
al,2008 [120] only analysis by
PCR-RFLPs,

Japanese (n=298), age=
45.2+7.2 years,
male=144, female=154

Genotype frequencies of UCP-1
genotypes were 26.5, 51.3, and
22.2% for AA, AG, and GG,
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3826A/G
UCP1 SNP.

respec tively.

Allelic frequency of 0.48 for the
G allele.

In males, HDL-C levels increased
in the order of AA AG GG
genotypes, and the levels in GG
genotypes (1.75 + 0.49 mmol/L)
were significantly higher than
those in the AA genotype (1.45
+ 0.34 mmol/L, p 5 0.015),
whereas this trend was non-
significantly detected in
females.

GG genotype may be an
independent protective factor
associated with low HDL-
cholesterolemia in  healthy
Japanese individuals.

23.Kotani
al, 2011 [119]

et

Case-
Control

Genotyping
analysis by
an
intercalater-
mediated
fluorescent
allele-
specific PCR
method; A-
3826G UCP1
SNP.

Japanese (n=294)

Group 1: non-obese
(n=192).

Group 2: obese (n=102).
Age=65+13 years.

A-3826G genotype distributions
in group 1 were: for AA 31%, AG
46%, and GG 23%; in group 2
were: 31%, 27%, and 27%,
respectively (p=0.79).

The frequency of the -3826G
allele was 0.47.

Among obese, -3826 GG
homozygotes were more
frequent (OR: 6.85, 95% Cl:
1.65-28.49; p<0.01).

Obese carriers of -3826GG
genotype showed higher
prevalence of low  HDL-
cholesterolemia  (37%) than
those with the AA and AG
genotypes (13%) (p<00.1).
Obese -3826GG homozygotes
showed lower HDLC levels
(1.20+0.30) than those carriers
of the -3826 AA and AG
genotypes (1.39+0.36; p=0.01).

24.Labruna
al,2009 [26]

et

Case-
Control

Genotyping
analysis by
TagMan
assay by
Real-Time
PCR; A-
3826G UCP1
SNP.

Italians (n=197)

Group 1: non-obese (n=
95); m=29, f=66;
BMI>20 and <25 kg/mz,
respectively.

Group 2: obese (n=102);
m=41, f=61; age 34.5
and 31 years,
respectively; BMI=47.9
and 47.7 kg/m2,
respectively.

Metabolic syndrome

A-3826G frequencies in group 1
were: for AA 54.8%, for AG
34.7%, and for GG 10.5%; in
group 2 were: 50%, 41.2%, and
8.8%, respectively.

-3826G allele frequency in
group 1 and group 2 was 0.28
and 0.29, respectively.

In participants with severe liver
steatosis -3826 AG and GG
genotypes were more frequent
than in those with
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was present in 53%
males and 66% females,
and hypertension was
present in 73% males
and 31% females.

mild/moderate liver steatosis
(21/31; 65% vs 30/70; 43%,

p=0.0003).

3826 AG + GG genotypes did not
differ among metabolic
syndrome+ and  metabolic

syndrome- obese (46% vs 56%)
(p>0.05).

25.Lim et al,2012 Case-

[68] Control

Koreans (n=2180)

Group 1: heathy
(n=587); m=273, f=314;
age=64 years;

BMI=24.17 kg/m’.
Group 2: obese with CIN
and DP+ (n= 583);
m=314, f=331; age=69
years; BMI=24.6 kg/m”.
Group 3: obese with CIN
and DP- (n=1010);
m=619, f=523; age=70
years; BMI=23.28
kg/m”.

A-3826G minor frequency allele
for groups 1, 2 and 3 were
46.73, 48.66, and 50.43,
respectively.

A-1766G minor frequency allele
for groups 1, 2, and 3 were
24.78, 244, and 24.09,
respectively.

Ala64Thr minor frequency allele
for groups 1, 2, and 3 were 6.58,
6.45, and 7.84, respectively.
Carriers of the -1766AG + GG
genotypes were more frequent
in DP+ group compared with the
normal group in the dominant
model (77.76% in DP+
vs.71.77% in normal, OR=1.508,
p=0.006, power=85.3%).

-1766G allele frequency was
lower in the DP- group
compared with the normal
group in the recessive model
(4.77% in DP- vs. 5.10% in
normal, OR = 0.606, p =0.0423,
power=56.9%).

-1766GG homozygotes were
less frequent in DP- compared
with the normal
group in the recessive model
(OR=0.606, p=0.042).

Carriers of the -3826G allele
showed higher serum HLC-C
levels in the dominant models
(p=0.032).

Serum TGs and HDL-C levels
were associated with the -
1766G allele in the recessive
model (p=0.002; p=0.046,
respectively).

26.Lin et al,2009 Case-

[122] Control

Genotyping
analysis by
TagMan

assay by
Real-Time

PCR; A-
3826G, A-
1766G and
Ala64Thr

UCP1 SNPs.
Genotyping
analysis by
TagMan

assay by

Taiwanese (n=575)
Group 1: Non-obese
T2DM (n=191); m= 95,
f=96; age=57.819 years;
BMI=22.4+2 kg/m”.

A-3826G genotype frequencies
in group 1 were: for AA, 42%,
for AG 79%, for GG 57%; in
group 2 were 24%, 54%,30%,
respectively (p=0.449).
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Real-Time Group 2: Non-obese In non-obese - as determined by
PCR; A- controls (n=135); m=56, BMI, the A-3826G
3826G UCP1 f=79; age=57.1+10.8 polymorphism was not
SNP. years; BMI= 22.1+1.8 associated with T2DM.
kg/m”. A-3826G genotype frequencies
Group 3: Obese with in group 3 were for AA 44%, for
T2DM (n=198); m=100, AG 91%, and for GG 49%; in
f=98; age=56.9+10.1 group 4 were 10%, 15%, and
years; BMI=28.2+3.1 12%, respectively (p=0.277).
kg/mz. In obese- as determined by BMI,
Group 4: Obese controls no association was found with
(n=51); m=21, f=31; T2DM for A-3826G
age=57.41+10 years; polymorphism.
BMI=27.4%2 kg/m”.
27.Lindholm Case- Genotyping Scandinavians (n=540)
al, 2004 [123] Control analysis by Group 1: non-diabetic A-3826G genotype frequencies
PCR- fast (n=106); m= 61, f=45; in group 1 were for AA 64.2%
real system; age=55.0+14.1 years; and for AG/GG 35.8%, in group
A-3826G BMI=26.214.6 kg/mz. 2 were 555% and 44.5%,
UCP1 SNP. Group 2: diabetic + respectively; in group 3 were
normoalbuminuria 61.1% and 38.9%, respectively.
(n=218); m=118, f= 100; No differences in allele and
age=54.3114.7  years; genotype frequencies in the
BMI=25.1%3.9 kg/m”. 3826A/G between the groups
Group 3: diabetic + were found.
micro- or Carriers of the -3826G allele
macroalbuminuria showed lower HDL-C levels
(n=216); m=117, f=99; (p=0.01).
age=55.9+14.6  years;
BMI=26.6%4.3 kg/m”.
28.Malczewska- Case- Genotyping Southern Polish (n=122) No differences in glucose
Malec et al,2004 only analysis by Members of obese tolerance parameters between
[89] PCR- fast families; m=38, f=84; the A-3826G genotypes
real system; age=43+19 years. No association between A-
A-3826G Obese (BMI=30 kg/m’), 3826G polymorphism (i.e. AA
UCP1 SNP. Overweight and C allele carriers) and BMI
(BMI>25 kg/m®) were and insulin resistance
44% and 25%,
respectively.
29.Montesanto Case- Genotyping Italians (n=940) No association of Ala64Thr (C/T)
et al, 2018 [25] Control analysis by Group 1: non-diabetic polymorphism  with  T2DM
SEQUENOM  (n=505); m=41.2%, f= (p=0.969).
MassArray 58.8%; age=58.59+12.2 Ala6AThrT allele was less
iPLEX years; BMI=27.1kg/m2. frequent in individuals with
technology;  Group 2: T2DM (n=435); coexisting diabetic retinopathy
Ala64Thr, A- m= 56.6%, f=43.4%; compared to those without
1766G and age=65.7117.9  vyears; (OR=0.31, 95% CI=0.12-0.82;
A-3826G BMI=28.7 kg/m>. The p=0.010).
UCP1 SNPs. group was subdivided -3826G allele was less frequent

based on the presence
and absence of
retinopathy

in individuals with nephropathy
compared with those without
(OR=0.55, 95% CI=0.33-0.98;
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(yes:111/no:324) and
nephropathy
(yes:54/n0:381).

p=0.031).

30.Mori et al, Case- Genotyping  Japanese (n=570) - 112A/C genotype distributions
2001 [81] Control analysis by Group 1: healthy in group 1 were for AA 220, for
PCR- fast controls (n=250); AC 29, and for CC 1; in group 2
real system; m=145, f=105; were 257, 61, and 2,
A-112C age=76.417.9 years; respectively.
UCP1 SNP. BMI=20.9+3.4 kg/mz. -112C allele frequency was
Group 2: T2DM (n=320); higher in T2DM (10.2%) than in
m=180, f=140; controls (6.2%) (p= 0.017).
age=62.9111.8  years; A-3826G genotype distributions
BMI=23.1+3.5 kg/mz. in Grpl were for AA 58, for AG
116 and for GG 76; in Grp2 were
83,156, and 81, respectively.
The frequency of the -3826G
allele did not differ between
T2DM (49,7%) and controls
(53,6%) (p=0.190).
31.Motaggui- Case- Genotyping Swedish (n=773) A-3826G genotype frequencies
Tabar et al, 2008 only analysis by Group 1: healthy in group 1 were for AA 59%, for
[124] Dynamic controls (n=481); AG 36%, and for GG 5%; in
allele Females; BMI=23%3 group 2 were 55%, 38%, and
specific kg/mz. 7%, respectively (p=0.53).
hybridization Group 2: obese (n=292); No allele and genotype
and TagMan Females; BMI=3945 differences between the obese
assay by kg/mz. and controls.
Real-Time A-3826G polymorphism was not
PCR; A- associated with BMI, waist
3826G UCP1 circumference, serum insulin or
SNP. insulin sensitivity (p>0.05).
32.Nakatochi et Case- Genotyping  Japanese (n=2343) -3826G allele frequency in
al,2015 [125] Control analysis by Group 1: Controls groups 1 and 2 were 0.502 and
DigiTag2 with no  metabolic 0.456, respectively (p=0.022).
assay; A- syndrome in 2001 and A-3826G  polymorphism was
3826G UCP1 2009 (n= 1983); Males; associated with metabolic
SNP. BMI=21.6 kg/m’. syndrome (OR=0.83;
Group 2: no metabolic 95%Cl=0.70-0.97; p=0.022).
syndrome in 2001,
metabolic syndrome in
2009 (n= 360);
BMI=24.6 kg/m’.
33.Nicoletti et al Case- Genotyping Mixed ethnicity (n=150) A-3826G genotype frequencies
2016 [126] only analysis by Obese; m=20%, f= 80%; were for AA 41.3%, for AG
TagMan age=47.2+10.5 years; 45.3%, and for GG 13.4%.
assay by BMI =35 kg/mz. -3826G allele frequency was
Real-Time 0.36.
PCR; A- Carriers of the -3826G allele had
3826G UCP1 lower weight, body fat, and fat
SNP. free mass for the dominant

model (p<0.05).
-3826GG homozygotes showed
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lower frequency of T2DM
compared with those carriers of
-3826AA + GG genotypes.
A-3826G  polymorphism was
associated with weight
[r*:0.417, 95% Cl: (-20.020 to -
2.259); p=0.015] and with FM
[r*: 0.339, 95% Cl: (-15.314 to —
2.077); p=0.011] following a
multiple  regression  model
adjusted for sex, age, height,
physical activity, and energy
intake.

A-3826G  polymorphism was
associated with FFM following a
simple linear regression model
[r’=0.288, 95% Cl: (-8.110 to -
1.238); p=0.008].

A-3826G  polymorphism was
associated with weight [r*:
0.094, 95%Cl: (-25.421 to -
4.752); p= 0.005], and FFM [r*:
0.228, 95%Cl: (-8.110 to -1.238);
p= 0.008] following a linear
regression model.

34.Nieters et al Case- Genotyping Germans (n=308) Genotype percent in Group 1:
2002 [127] control analysis by Group 1: normal weight AA=54.9%, AG=41.2%, GG=3.9%
PCR-RFLPs, (n=154) age=51.318.5 Genotype percent in Group 2:
3826A/G years; BMI= 23+1.6 AA=54.5%, AG 41.6%, GG=3.9%/
UCP1 SNP. kg/m’
Group 2: grade Il and lll
obese (n=154)
age=51.218.4 years;
BMI= 38.2+2.8 kg/m’
35.0h et al 2004 Genotyping Koreans (n=190) A-3826G UcP1 genotype
[75] analysis by Obese; m=44, f=146; distribution was for AA 22.1%,
PCR- fast age=28.38+0.72 years; for AG 53.7%, and for GG 24.2%.
real system; BMI=33.88+0.28 kg/mz. The frequency of the -3826G
A-3826G allele was 0.51.
UCP1 SNP. Carriers of the -3826AG+GG

genotypes showed higher DBP
compared with those carriers of

the -3826AA genotype
(p=0.023).
LDL cholesterol levels were

higher in obese carriers of the -
3826G allele compared with -
3826AA homozygotes type
(p=0.011)

HDL cholesterol levels were
lower in -3826GG homozygotes
compared with those carriers of
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10.

11.

the -3826AA+ AG genotypes
(p=0.042).

The atherogenic index was
22.8% higher in -3826GG
homozygotes compared with
those carriers of the -3826AA
genotype (p=0.027).

Obese -3826GG homozygotes
showed higher LDL/HDL
compared with those carriers of
the -3826AA genotype
(p=0.001).

When obese group was further
divided into a normal group and
a hyper-LDL cholesterolemia
group, the frequency of -
3826GG genotype was higher in
the hyper

LDL cholesterolemia  group
(71.4%) than in normal group
(43.9%) (p=0.05).

The frequency of hyper-LDL
cholesterolemia was higher in -
3826GG  genotype  carriers
(25.6%) compared with those in
-3826AA  genotype carriers
(9.8%) (p=0.05).

-3826GG genotype (OR= 4.115;
p=0.03) and body fat mass (OR=
1.079; p=0.03), were risk factors
of hyper-LDL cholesterolemia.

36.Pei et al 2017 Case-
[85] only

Genotyping
analysis by
ligase
detection
reaction; A-
3826G and
Alab4Thr
UCP1 SNPs.

Chinese (n=528)

Group 1: normal fasting
plasma glucose (n=445);
m=174, f=271;
age=51.57+13.13 years;
BMI=24.00+3.54 kg/m’.
Group 2: impaired
fasting glucose + T2DM
(n=83); m=24, f=59;
age=56.71+11.96 years;
BMI=26.06+3.56 kg/m”.

Alab4Thr genotype frequencies
in group 1 were for CC 87.2%,
for CT 12.6, and for TT 0.2%; in
group 2 were 84.3%, 15.7%, and
0%, respectively (p>0.05).
Ala6AThr T allele frequency for
groups 1 and 2 was 6.5% and
7.8%, respectively (p>0.05).
A-3826G genotype frequencies
in group 1 were for AA 25.8%,
for AG 52.6%, and for GG 21.6;
in group 2 were 24.1%, 49.4%,
and 26.5%, respectively
(p>0.05).

-3826G allele frequency for
groups 1 and 2 was 47.9% and
51.2%, respectively (p>0.05).
A-3826G and Alab4Thr genotype
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frequencies didn’t differ
between the normal fasting
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plasma glucose group and the
impaired fasting glucose +
T2DM group using codominant,
dominant, and recessive genetic
models- even after adjusting for
age, sex, drinking status, and
BMI (p>0.05).

37.Proenza et al, Case- Genotyping  Turkish (n=240) 1. A-3826G genotype frequencies
2000 [128] Control analysis by Group 1: lean healthy in groupl were for AA 52.1%,
PCR- fast (n=94); m=77, f=17; for AG 35.1%, and for GG 12.8%;
real system; age=30tlyears; in group 2 were 47.8%, 43.4%,
A-3826G BMI=22.310.2 kg/mz. and 8.8%, respectively
UCP1  SNP Group 2: obese (n=146); (p=0.370).
was studied. m=83, f=63; 2. -3826G allele frequency in
age=35tlyears; groups 1 and 2 were 0.30 and
BMI=37.8%0.5 kg/m”. 0.31, respectively.

3. -3826GG homozygotes showed
higher cholesterol levels
associated with BMI compared
with carriers of the -3826AA
(p=0.027) and -3826AG
(p=0.039) genotypes.

38.Rudofsky et Case-
al,2007 [129] only

Caucasian with T2DM 1. A-3826G genotype frequencies
were for AA 49.9%, for AG
45.6%, and for GG was, and

Genotyping
analysis by (n=517)
PCR- fast

real system;
A-3826G
UCP1 SNP.

4.5%.

-3826G allele frequency was
0.27 for G.

Genotypic distribution did not
differ with respect to the
baseline clinical characteristics
except of age (p = 0.03).
A-3826G genotypes were not
associated with diabetes-related
microvascular complications:
[neuropathy: p = 0.79);
(retinopathy: p = 0.48);
(nephropathy: p = 0.93)].

39.Rudofsky et al,

Genotyping
analysis by
PCR-RFLPs,
A-3826G
UCP1 SNP.

Type 1 diabetes (n=227)

130 patients (57.3%) were (AA),
85 patients (37.4%) were (AG),
and 12 (5.3%) were ho-
mozygous for the
polymorphism (GG)

No difference in genotype
frequencies was found with
respect to diabetes
complications

No association of the A-3826G
polymorphism in the UCP1 gene
with diabetic neuropa- thy was
observed,

40. Sale et al,

Genotyping

Group 1: African

A-3826G  polymorphism was
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2007 [131] only analysis by Americans (n=287); associated with acute insulin
MassARRAY m=43.5%, f= 56.5%; response to glucose in African
system; A- age=43.8414.8 years; Americans-adjusted for age, sex,
3826G  and BMI=28.846.5 kg/m’. and BMI (p=0.017).

Alab4Thr A-3826G  polymorphism was
UCP1 SNPs. Group 2: Hispanics associated with HDL-C levels in

(n=811), subdivided Hispanic families from San

into: Antonio-adjusted for age, sex,

Group 2a: Hispanics BMI- (p=0.001).

from San Antonio

(n=493); m= 40%,

f=60%, age=43.6114.8;

BMI= 30.1#6.3 kg/m’.

Group 2b Hispanic

individuals from San

Luis Valley (n= 318); m=

47.8%, f= 52.2%;

age=40.3114 years;

BMI=27.5+5.6 kg/m’.

Diabetes prevalence for

group 1, group 2a, and

group 2b was 11.6%,

17.7%, and 12.8%,

respectively.

41.Samano et al, Case Genotyping Mexican children The UCP1A-3826G (rs 1800592)

2012 [132] control analysis by (n=270) polymorphism was associated
Tag-Man m=173, f=142 with high percentage of fat (p =
PCR, A- Group 1= Normal 0.002) and muscle weight (p =
3826G UCP1 weight n=159, 0.019) in a recessive model.

SNP age=16.6t1 year, Normal weight group:
BMI=21.1+1.9 kg/m’ AA=32.1%, AG=50.9%, GG=17%
Group 2= obesity, Obesity  Group:  AA=27.9%,
n=111, age=16.7+1.1 AG=55.9%, GG=16.2%
years, BMI=27.843.9
kg/m’

42.Schaffler et al, Case- Genotyping Germans (n=1020) A-3826G UCP1 genotype

1999 [90] only analysis by m=534, f=486; frequencies for AA, AG, and GG
PCR- fast age=51.31+14.6 years; were 57.0%, 35.4%, and 7.6%,
real system; BMI=25.5t4.4 kg/mz. respectively.

A-3826G -3826G allele frequency 0.25.

UCP1 SNP. No significant differences
between the genotypes and
age, gender, BMI, leptin,
glucose, fasting insulin, C-
peptide, HbAlc, diabetes, TC,
and HDL-C (p>0.05).

43.Sivenius et al, Case- Genotyping Finish (n=203) -3826G allele frequency in

2000 [133] Control analysis by Group 1: non-diabetic groups 1 and 2 was 34.1% and
PCR- fast (n= 123); m=55, f=68§; 38.6%, respectively.
real system; age=58.4+5.3 years; No difference in the A-3826G
A-3826G BMI=27.1+4.4 kg/mz. polymorphism frequency
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UCP1 SNP. Group 2: T2DM (n=70); between T2DM individuals and
m=38, f=32; healthy controls.
age=60.115.8 years;
BMI=30.5+5.2kg/m’.
44. Sramkova et Case- Genotyping Czech (n=415) -3826G allele frequency was
al, 2007 [134] Control analysis by Group 1: healthy 0.26 and not associated with
PCR- fast controls (n=120); m=42, increased risk of T2DM.
real system; f=78; age=32.5+11.0 A-3826G genotype frequencies
A-3826G years; BMI=23.313.8 kg/ in group 1 were for AA 50.83%,
UCP1 SNP. m’. for AG 40.83%, and for GG
Group 2: T2DM (n=295); 8.33%; in group 2 were 53.22%,
m=112, f=183; 42.03%, and 4.75%,
age=58.817.0 years; respectively; in group 3 were
BMI=30.55.5 kg/mz. 53.10%, 45.13%, and 1.77%,
Group 3: healthy respectively.
offspring of T2DM Genotypic distribution did not
(n=113); m=41, f=72; differ between diabetics and
age=38.2+10.4  years; controls ()(2 =2.02; p=0.36).
BMI=25.5+4.2 kg/m”. Among diabetic women,
3826AG +GG genotype carriers
showed lower WHR (p=0.000)
and WHeR (p=0.049) compared
with diabetic women carriers of
the -3826AA genotype.
45. Sun et al, Case- Genotyping Chinese (n=2207) A-3826G genotype frequencies
2018 [135] Control analysis by Group 1: normotensives in group 1 were for AA 25.12%,
Sequenom (n=1045); m=373, f= for AG 50.82%, and for GG
MassArray 672; age=50.2818.70 24.06%; in group 2 were 25.2%,
System; A- years; BMI=23.73+3.41 52.01%, and 22.77%,
3826G UCP1 kg/m’ respectively.
SNP. Group 2: hypertensives -3826G allele frequency in
(n=1162); m=573, groups land 2 was 49.47% and
f=589; 48.78%, respectively.
age=57.22+11.10; No association between A-
BMI=26.07+5.53 kg/mz. 3826G genotype and allele
distributions and  essential
hypertension in co-dominant,
dominant, and recessive models
(p>0.05).
46.Tiwari et al, Case- Genotyping Asian Indians (n=420) Among south-Indians A-112C
2009 [136] Control analysis by Group 1: and Ala64Thr polymorphisms
PCR- fast T2DM and no history of were associated with the
real system; kidney disease; development of chronic renal
A-3826G, A- Group la: from south insufficiency; In the north-
112C, and India T2DM cases Indians no association for the
Alab4Thr (n=149); m=102, f=47; UCP1 polymorphisms studied
UCP1 SNPs. age=60.45+11.5 years; was found.
Group 1b: from north Among south-Indians, 112AA
India  T2DM cases homozygotes showed higher
(n=75); m=40, f=35; percentage of T2DM with
age=61.03+8.88 years. chronic  renal insufficiency
Group 2: T2DM and compared with -3826AG and GG
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chronic renal
insufficiency. Group 2a:
from south India T2DM
cases with chronic renal
insufficiency  (n=106);
m=81, f=25;
age=55.97+11.5 years;
Group 2b: from north
India T2DM cases with

chronic renal
insufficiency (n=90);
m=78, f=12;

age=53.56+10.99 years.

10.

carriers (OR=2.076,
95%Cl=1.1893.625; p=0.0089)
Among south-Indians, -112A
allele was more frequent in
T2DM  with  chronic  renal
insufficiency (OR=1.849, 95%
Cl=1.1422.994; p=0.012)

Among south-Indians, Ala64Thr
CC homozygotes showed a
higher percentage of T2DM with
chronic  renal insufficiency
compared with carriers of
Ala64Thr TC and TT genotypes
(OR=2.585, 95%CI=1.318-5.072;
p=0.0048).

Among south-Indians, Ala64Thr
C allele was more frequent in
T2DM  with  chronic  renal
insufficiency individuals
(OR=2.099 95%Cl=1.146—-3.844;

p=0.015).
A-3826G polymorphism was not
associated with the

development of chronic renal
insufficiency.

A-112C genotype in south-
Indians and C allele frequencies
in group 1 were for AA 59.7%,
for AC 35.3%, and for CC 5%,
and for C allele 0.227; in group 2
were 75.5%, 21.7%, and 2.8%,
and 0.137, respectively.

A-112C in north-Indians and C
allele frequencies in group 1
were for AA 60%, for AC 36%,
and for CC 4%, and for C allele
0.220; in group 2 were 65.5%,
28.9%, and 5.6%, and 0.137,
respectively.

Ala64Thr T/C in south-Indians
and T allele frequencies in group
1 were for TT 1.5%, for TC
29.4%, and for CC 69.1%, and
for T allele 0.162; in group 2
were 2.1%, 12.6%, and 85.3%,
and 0.084%, respectively.
Ala64Thr T/C in north-Indians
and T allele frequencies in group
1 were for TT 1.3%, for TC 25.3%
and for CC 73.3%, and for T
allele 0.140; in group 2 were
2.3%, 21.2%, and 76.5%, and
0.130, respectively.
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47. Verdi H et al. Case- Genotyping  Turkish (n=189) 1. A-3826G allele frequencies in
2020 [137] Control analysis by Group 1: obese children obese group G allele=27% and
Real time n=102 (f=54, f=48), 22% in control group
PCR, melting age=12.3+2.8 years, 2. A-3826G genotype frequencies
curve; BMI z score=2.6+0.5 in obese group AA=53%,
3826A/G Group 2: control n=87 AG=39%, GG=8%.
UCP1 SNP (f=48, m=39), age= 3. In control group AA=66%,
11.943.2 years, BMI z AG=25% and GG=9%.
score=-0.7+0.8 4. UCP1 A-3826G genotype is not
associated with obesity,
metabolic disorders, gender and
glucose-  insulin  responses
during oral glucose tolerance
test.
11.
48. Vimaleswaran Case- Genotyping Asian Indians (n=1800) 1. A-3826G genotype frequencies
et al, 2010 [86] Control analysis by Group 1: normal in group 1 were for AA 40%, for
PCR- fast glucose tolerant AG, 45%, and for GG 15%; in
real system; (n=990); m=374, f=616; group 2 were 36%, 46%, and
A-3826G and age=49+12 years; 18%, respectively (p=0.11).
A-112C BMI=2414.7 kg/mz. 2. -3826G allele frequency for
UCP1 SNPs. Group 2: T2DM (n=810); groupsl and 2 was 0.38 and
m=353, f=457; 0.41, respectively (p=0.11).
age=43113 years; 3. A-112C genotype frequencies in
BMI=26.1%4.2 kg/mz. group 1 were for AA 62%, for AC
34%, and for CC 4%; in group 2
were 63%, 33%, and 4%,
respectively (p=0.87).
4. -112C allele frequency for
groups 1 and 2 was 0.21
(p=0.87).
A-3826G and A-112C UCP1
genotype and allele frequencies
were not associated with T2DM.
49. Vimaleswaran Genotyping Asian Indians (n=1500) 1. A-3826G genotype frequencies
et al, 2007 [138] analysis by Group 1: normal based in no metabolic syndrome
PCR- fast glucose tolerant groups (n=887) and in metabolic
real system; (n=950); Subdivided syndrome groups (n=613) were
A-3826G and into: for AA 58% and 56%, for AG
A-112C Group 1a: metabolic 36% and 39%, and for GG 6%
UCP1 SNPs. syndrome (n=211); and 5%, respectively.
m=78, f=133; 2. -3826G allele frequency in no
age=43+11 years; metabolic syndrome and
BMI=27.114.2 kg/mz. metabolic syndrome groups was
Group 1b: no metabolic 0.24, respectively.
syndrome (n= 739); 3. A-112C genotype frequencies in
m=292, =447, no metabolic syndrome and
age=37%12 years; metabolic syndrome groups
BMI=22.4+4.3 kg/mz. were for AA 74% and 70%, for
Group 2: T2DM (n= AC 24% and 28%, and for CC 2%,
550); Subdivided into: respectively.
Group 2a: metabolic 4, -112C allele frequency in no
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syndrome (n=402);
m=179, f=223;
age=51+11 years;

BMI=25.8+4.2 kg/m’.

Group 2b: no metabolic
syndrome (n=  148);
m=70, f=78; age=51+12

metabolic syndrome and
metabolic syndrome groups was
0.14 and 0.16, respectively.
A-3826G allelic (p=0.89) and
genotypic (p=0.26) were not
associated  with  metabolic
syndrome.

age=60.36+11.66 years;
BMI=27.33+4.06 kg/m’.

Group 1b: diabetic
retinopathy non-
proliferative (n= 228);
m=95, f=133;

age=63.03111.57 years;
BMI=25.20+4.13 kg/m’.
Group 2: diabetic
retinopathy
proliferative -no signs of
diabetic retinopathy
(n=334); m=163, f= 181;
age=60.16111.67 years;
BMI=26.16+4.75 kg/m”.

years; BMI=23.613 A-112C allelic (p=0.16) and
kg/mz. genotypic (p=0.21) distributions
were not associated with
metabolic syndrome.
50. Yiew et al Case Genotyping Malaysian Chinese G allele frequency = 0.58
2010 [139] only analysis by (n=256) healthy and In lean subjects: AA=10%,
PCR-RFLPs, unrelated students, AG=61, 8%, GG=28,2%
A-3826G age=21.7 + 1.7 years In overweight subjects:
UCP1 SNP. AA=12.8%, AG=60.5%,
GG=26.7%
UCP1 -3826A/G SNP is not
associated with obesity and its
related anthropometric
indicators among the Malaysian
Chinese university students
51. Zhang et al, Case- Genotyping Chinese (n=792) A-3826G genotype frequencies
2015 [77] Control analysis by Group 1: diabetic in diabetic retinopathy were for
PCR-ligase retinopathy (n=448); AA 23.6%, AG 48.9%, GG 27.5%;
detection m=196, f=252; in diabetic non-retinopathy
reactions; A- age=62.35+11.92 years; were 28.1%, 48.2%, 3.7%,
3826G UCP1 BMI=25.5814.18 kg/mz. respectively; in diabetic
SNP. Subdivided into: retinopathy proliferative were
Group la: diabetic 20.7%, 49.3%, 30%,
retinopathy respectively; in diabetic
proliferative (n= 220); retinopathy  non-proliferative
m= 91, f= 119; 26.4%, 48.5%, 25.1%,

respectively.

-3826G allele frequency in
diabetic retinopathy, diabetic
retinopathy proliferative,
proliferative diabetic and
diabetic retinopathy non-
proliferative was 51.9%, 47.8%,
54.6%, and 49.3%, respectively.
Frequency of -3826GG genotype
was higher in diabetic
retinopathy proliferative than in
diabetic retinopathy non-
proliferative group in the
additive model (OR=1.72,
95%Cl=1.06-2.79, p=0.03).
Frequency of -3826G allele in
the additive model was higher
in diabetic retinopathy
proliferative than in diabetic
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retinopathy  non-proliferative
(OR=1.32, 95% CI=1.03-1.68;
p=0.03).

No differences were found for
A-3826G allele frequencies and
genotype distributions between
the diabetic retinopathy and
diabetic retinopathy
proliferative or diabetic
retinopathy  non-proliferative
and diabetic proliferative
(p>0.05).

A-3826G is associated with
increased risk of diabetic
retinopathy  proliferative in
T2DM.

52. Zietz et al, Case- Genotyping Germans (n=549)
2001 [141] only analysis by T2DM; m=312, f=237.
PCR- fast
real system;
A-3826G
UCP1 SNP.

A-3826G genotype frequencies
were for AA 58.3%, for AG
37.3%, and for GG 4.4%.

-3826G allele frequency 0.23.

No differences in grade of
retinopathy were found among
A-3826G genotypes.

Serum levels of
dehydroepiandrosterone sulfate
were lowest in -3826GG
homozygotes with no
retinopathy compared with
those carriers of the -3826AG
and AA genotypes (p<0.05).
Among female T2DM,
dehydroepiandrosterone sulfate
was negatively correlated to
cholesterol and positively to SBP
(p<0.05).

No differences in sex, age, BMI
known duration of diabetes,
cholesterol, glycemic control
(HbA1c), SBP, serum levels of C-
peptide, cortisol and leptin
between A-3826G genotypes
were found.

Key: PCR= polymerase chain reaction; UCP1= uncoupling protein one; SNP= single nucleotide polymorphism; m=
male; f=female; BMI=body mass index; IR= insulin resistance; OR=odds ratio; T2DM= type 2 diabetes mellitus; SBP=
systolic blood pressure; DBP= diastolic blood pressure; TC= total cholesterol; HDL-C= high density lipoprotein-
cholesterolemia; LDL-C= low density lipoprotein-cholesterolemia; HbAlc= glycated haemoglobin; FPG= fasting
plasma glucose; TG= triglycerides; WHR= waist-to-hip ratio; HOMA-IR= homeostatic Model Assessment of Insulin
Resistance; OLTT= oral lipid tolerance test; OGTT= oral glucose tolerance test; CIN= cerebral infarction; DP=

Dampness-phlegm; Cl= confidence interval; FFM= free fat mass.
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2.2.1 Meta-analysis Methodology

The aim of the systematic review and meta-analysis study was to investigate whether
differences in the frequency of A-3826G, A-1766G, Ala64Thr and A-112C SNPs are
associated with the most common CMP and their risk factors, in the existing already
published literature. An important index to calculate these differences in frequencies, is the
prevalence index. Therefore, we conducted prevalence meta-analyses by dividing the
incidence of CMP by the overall sample size [a (incidence of genotype)/b (sample size)] of
each study for UCP1 A-3826G, A-1766G, Ala64Thr and A-112C SNPs. These meta-analyses
were conducted for each one of the UCP1 homozygous and heterozygous genotypes as well
as for the mutant alleles of each studied SNP. Standard errors for these meta-analyses were
calculated using the following formula: a (incidence of genotype/allele) /[a (incidence of
genotype/allele) *b (sample size)]>. Standard errors were then used for weighted
proportions and the RevMan 5.3 software[268] to generate forest and funnel plots. Another
important index to test whether there is an association between a group of CMP individuals
and a group of healthy participants in the UCP1 homozygous and heterozygous genotypes
as well as mutant alleles, is the odds ratio. Therefore, we conducted odds ratio meta-
analyses, using a dichotomous, inverse variance, random-effect model, via the RevMan 5.3
software.” Incidence of each one of the UCP1 homozygous and heterozygous genotypes and
mutant alleles were calculated between a group of CMP individuals and a group of healthy
participants, while weighted proportions were calculated based on each study’s sample size.
For all meta-analyses, we evaluated the 95% confidence interval (Cl) and heterogeneity
between studies using the I statistic. Heterogeneity is an index that tests any kind of

variability (i.e. effect estimate) among the included studies in a systematic review and meta-
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analysis.[93] We considered a statistically significant result for heterogeneity when p<0.10,

while interpretation of I index was made based on previous guidelines.[93] A heterogeneity

of 0%-40% might not be important, 30%-60% may represent moderate heterogeneity, 50%-

90% may represent substantial heterogeneity and 75%-100% represents considerable

heterogeneity.[93]

The results from the SNP-specific forest and funnel plots for the prevalence (Figures S7-26)
and the odds ratio (Figures S27-36) for different genotypes are shown below. Funnel plots
were only produced for those meta-analyses that included >10 studies [93].

From the 52 eligible studies for our Systematic Review, 51 were included in the
metanalysis. The publication from Sale et al. [131] was excluded since the population was
not stratified according to health status.

S5 Figure: Forest plot for prevalence of UCP1 A-1766G / AG in the CMP population.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Chathoth 2018 (Saudi Arabia) 0.12 0.02 33.3% 0.12 [0.08, 0.16] [ ]
Dong 2020 (China) 0.37 0.02 33.3% 0.37 [0.33, 0.41] ]
Lim 2012 (Korea) 0.38 0.02 33.3% 0.38 [0.34, 0.42] ]
Total (95% Cl) 100.0% 0.29 [0.12, 0.46] ‘
Heterogeneity: Tau? = 0.02; Chi? = 108.50, df = 2 (P < 0.00001); I> = 98% _51 23 i

Test for overall effect: Z = 3.41 (P = 0.0007)

S6 Figure: Forest plot for prevalence of UCP1 A-1766G / AG in healthy individuals.

Prevalence

IV, Random, 95% ClI

Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI
Chathoth 2018 (Saudi Arabia) 0.06 0.02 25.0% 0.06 [0.02, 0.10]
Lim 2012 (Korea) 0.35 0.02 25.0% 0.35[0.31, 0.39]
Cha 2008 (Korea) 0.37 0.02 25.0% 0.37 [0.33, 0.41]
Dong 2020 (China) 0.41 0.02 25.0% 0.41[0.37, 0.45]
Total (95% CI) 100.0% 0.30 [0.14, 0.45]

Heterogeneity: Tau? = 0.03; Chi? = 192.69, df = 3 (P < 0.00001); I*> = 98% H

Test for overall effect: Z = 3.71 (P = 0.0002)
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S7 Figure: Forest plot for prevalence of UCP1 A-3826G / AG in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Forga 2003 (Spain) 0.29 0.04 2.9% 0.29[0.21, 0.37] —
Sivenius 2000 (Finland) 0.31 0.07 1.5% 0.31[0.17, 0.45]
Klec-Wilk 2002 (Poland) 0.34 0.05 2.3% 0.34 [0.24, 0.44] —_—
Malczewska-Malec 2004 (Poland) 0.34 0.05 2.3% 0.34 [0.24, 0.44] —_—
Schaffler 1999 (Germany) 0.36 0.04 2.9% 0.36 [0.28, 0.44] —
Zietz 2001 (Germany) 0.37 0.03 3.7% 0.37[0.31, 0.43] —_—
Motaggui-Tabar 2008 (Sweden) 0.38 0.04 2.9% 0.38 [0.30, 0.46] —_—
de Souza 2013 (Brazil) 0.38 0.02 4.4% 0.38 [0.34, 0.42] -
Vimaleswaran 2007 (India) 0.39 0.03 3.7% 0.39[0.33, 0.45] e
Dinas 2021 (Europe) 0.39 0.02 4.4% 0.39[0.35, 0.43] =
Elfasakhany 2020 (Saudi Arabia) 0.4 0.06 1.9% 0.40[0.28, 0.52] ——
Chathoth 2018 (Saudi Arabia) 0.4 0.03 3.7% 0.40 [0.34, 0.46] ——
Nieters 2002 (Germany) 0.41 0.05 2.3% 0.41[0.31, 0.51] —
Labruna 2009 (Italy) 0.41 0.06 1.9% 0.41[0.29, 0.53] —
Brondani 2014a (ltaly) 0.41 0.02  4.4%  0.41[0.37,0.45] -
Heilbronn 2000 (Australia) 0.42 0.1 0.9% 0.42[0.22, 0.62]
Kotani 2011 (Japan) 0.42 0.06 1.9% 0.42 [0.30, 0.54]
Sramkova 2007 (Czechia) 0.42 0.04 2.9% 0.42 [0.34, 0.50] —
Nicoletti 2016 (Brazil) 0.45 0.05 2.3% 0.45 [0.35, 0.55] _
Chen 2015 (China) 0.45 0.04 2.9% 0.45[0.37, 0.53] -
Brondani 2012 (Brazil) 0.46 0.04 2.9% 0.46 [0.38, 0.54] _
Esterbauer 1998 (Austria) 0.46 0.06 1.9% 0.46 [0.34, 0.58] —
Nakatochi 2015 (Japan) 0.46 0.04 2.9% 0.46 [0.38, 0.54] —
Rudofsky 2007 (Germany) 0.46 0.03 3.7% 0.46 [0.40, 0.52] ——
Vimaleswaran 2010 (India) 0.46 0.02 4.4% 0.46 [0.42, 0.50] =
Lin 2009 (Taiwan) 0.46 0.04 2.9% 0.46 [0.38, 0.54] —_—
Lim 2012 (Korea) 0.46 0.04 2.9% 0.46 [0.38, 0.54] —
Dhall 2012 (India) 0.47 0.07 1.5% 0.47 [0.33, 0.61] —_——
Fukuyama 2006 (Japan) 0.48 0.07 1.5% 0.48 [0.34, 0.62] —
Zhang 2015 (China) 0.48 0.02 4.4% 0.48 [0.44, 0.52] -
Franco-Hincapie 2009 (Colombia) 0.49 0.03 3.7% 0.49 [0.43, 0.55] —_—
Mori 2001 (Japan) 0.49 0.04 2.9% 0.49[0.41, 0.57] -
Pei 2017 (China) 0.49 0.08 1.2% 0.49 [0.33, 0.65]
Sun 2018 (China) 0.52 0.02 4.4% 0.52 [0.48, 0.56] =
Oh 2004 (Korea) 0.54 0.05 2.3% 0.54 [0.44, 0.64] I
Total (95% CI) 100.0% 0.43 [0.41, 0.45] ¢
Heterogeneity: Tau? = 0.00; Chi’ = 90.07, df = 34 (P < 0.00001); I = 62% f t t

Test for overall effect: Z = 42.07 (P < 0.00001) 05 -0:25 0 0:25 85
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S8 Figure: Funnel plot for prevalence of UCP1 A-3826G / AG in CMP individuals.
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S9 Figure: Forest plot for prevalence of UCP1 A-3826G / AG in healthy individuals.
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Prevalence

Prevalence

Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Sivenius 2000 (Finland) 0.29 0.05 2.6% 0.29[0.19, 0.39] —
Forga 2003 (Spain) 0.31 0.04 3.1% 0.31[0.23, 0.39] =
Verdi 2020 (Turkey) 0.33 0.04 3.1% 0.33 [0.25, 0.41] —
Schaffler 1999 (Germany) 0.35 0.02 3.9% 0.35[0.31, 0.39] ==
Chathoth 2018 (Saudi Arabia) 0.35 0.05 2.6% 0.35 [0.25, 0.45] =
Gagnon 1998 (Sweden) 0.35 0.02 3.9% 0.35[0.31, 0.39] -
Heilbronn 2000 (Australia) 0.36 0.06 2.3% 0.36 [0.24, 0.48] —
Motaggui-Tabar 2008 (Sweden) 0.36 0.03 3.5% 0.36 [0.30, 0.42] —_
Vimaleswaran 2007 (India) 0.36 0.02 3.9% 0.36 [0.32, 0.40] -
Rudofsky 2006 (Germany) 0.37 0.04 3.1% 0.37 [0.29, 0.45] -
Proenza 2000 (Turkey) 0.4 0.04 3.1% 0.40 [0.32, 0.48] —F
de Souza 2013 (Brazil) 0.4 0.03 3.5% 0.40 [0.34, 0.46] ——
Csernus 2014 (Hungary) 0.41 0.03 3.5% 0.41 [0.35, 0.47] —_
Elfasakhany 2020 (Saudi Arabia) 0.41 0.06 2.3% 0.41 [0.29, 0.53] —
Sramkova 2007 (Czechia) 0.41 0.06 2.3% 0.41 [0.29, 0.53] _—
Dinas 2021 (Europe) 0.41 0.02 3.9% 0.41[0.37, 0.45] T
Nieters 2002 (Cermany) 0.42 0.05 2.6% 0.42 [0.32, 0.52] I
Vimaleswaran 2010 (India) 0.45 0.02 3.9% 0.45 [0.41, 0.49] C
Mori 2001 (Japan) 0.46 0.04 3.1% 0.46 [0.38, 0.54] e
Kotani 2011 (Japan) 0.46 0.05 2.6% 0.46 [0.36, 0.56] _
Franco-Hincapie 2009 (Colombia) 0.47 0.03 3.5% 0.47 [0.41, 0.53] =
Chen 2015 (China) 0.48 0.05 2.6% 0.48 [0.38, 0.58] _—
Cha 2008 (Korea) 0.49 0.02 3.9% 0.49 [0.45, 0.53] -
Lim 2012 (Korea) 0.5 0.03 3.5% 0.50 [0.44, 0.56] -
Nakatochi 2015 (Japan) 0.5 0.02 3.9% 0.50 [0.46, 0.54] =
Hamada 2009 (Japan) 0.5 0.13 0.8% 0.50 [0.25, 0.75] s —
Kotani 2008 (Japan) 0.51 0.04 3.1% 0.51 [0.43, 0.59] =
Sun 2018 (China) 0.51 0.02 3.9% 0.51[0.47, 0.55] -
Lin 2009 (Taiwan) 0.51 0.07 1.9% 0.51 [0.37, 0.65] —_—
Samano 2018 (Mexico) 0.53 0.04 3.1% 0.53 [0.45, 0.61] —
Pei 2017 (China) 0.53 0.03 3.5% 0.53 [0.47, 0.59] =
Labruna 2009 (Italy) 0.56 0.09 1.4% 0.56 [0.38, 0.74]
Yiew 2010 (Malaysia) 0.61 0.05 2.6% 0.61 [0.51, 0.71] _—
¢

Total (95% CI)

100.0%

0.43 [0.41, 0.46]

Heterogeneity: Tau? = 0.00; Chi? = 167.62, df = 32 (P < 0.00001); I* = 81%
Test for overall effect: Z = 32.64 (P < 0.00001)

~0.25

0

S10 Figure: Funnel plot for prevalence of UCP1 A-3826G / AG in healthy individuals.
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S11 Figure: Forest plot for prevalence of UCP1 Ala64Thr / GA in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% Cl
Lim 2012 (Korea) 0.13 0.01 30.4% 0.13[0.11, 0.15] L
Pei 2017 (China) 0.16 0.04 14.3% 0.16 [0.08, 0.24] —
Dinas 2021 (Europe) 0.16 0.01 30.4% 0.16 [0.14, 0.18] L
Tiwari 2009 (India) 0.23 0.02 24.8% 0.23[0.19, 0.27] -
Total (95% CI) 100.0% 0.17 [0.13, 0.21] .
Heterogeneity: Tau? = 0.00; Chi? = 20.57, df = 3 (P = 0.0001); I*> = 85% | ;

Test for overall effect: Z = 8.34 (P < 0.00001) -0.5 -0.25 0 0.25

S12 Figure: Forest plot for prevalence of UCP1 Ala64Thr / GA in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% Cl 1V, Random, 95% ClI
Pei 2017 (China) 0.13 0.02 10.9% 0.13 [0.09, 0.17] —_—
Lim 2012 (Korea) 0.13 0.015 19.4% 0.13[0.10, 0.16] —
Cha 2008 (Korea) 0.13 0.013 25.9% 0.13[0.10, 0.16] —a—
Dinas 2021 (Europe) 0.15 0.01 43.7% 0.15[0.13, 0.17] =
Total (95% CI) 100.0% 0.14 [0.13, 0.15] <&
Heterogeneity: Tau? = 0.00; Chi? = 2.25, df = 3 (P = 0.52); I> = 0% =_0 5 -OI 1 3 051
Test for overall effect: Z = 20.98 (P < 0.00001) ) ) ’
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S13 Figure: Forest plot for prevalence of UCP1 A-112C / AC in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Fukuyama 2006 (Japan) 0.11 0.03 13.4% 0.11 [0.05, 0.17] -
Dinas 2021 (Europe) 0.11 0.01 15.0% 0.11[0.09, 0.13] -
Jin 2020 (China) 0.15 0.01 15.0% 0.15 [0.13, 0.17] =
Mori 2001 (Japan) 0.19 0.02 14.4% 0.19[0.15, 0.23] -
Vimaleswaran 2007 (India) 0.28 0.02 14.4% 0.28 [0.24, 0.32] -
Tiwari 2009 (India) 0.3 0.03 13.4% 0.30 [0.24, 0.36] =
Vimaleswaran 2010 (India) 0.33 0.02 14.4% 0.33[0.29, 0.37] -
Total (95% ClI) 100.0% 0.21 [0.15, 0.27] L. 3
Heterogeneity: Tau® = 0.01; Chi? = 158.03, df = 6 (P < 0.00001); I* = 96% y l l

Test for overall effect: Z = 6.49 (P < 0.00001) i 02 T Rey OF

S14 Figure: Forest plot for prevalence of UCP1 A-112C / AC in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% ClI 1V, Random, 95% CI
Mori 2001 (Japan) 0.12 0.02 24.8% 0.12 [0.08, 0.16] -
Dinas 2021 (Europe) 0.15 0.01 25.7% 0.15[0.13, 0.17] L]
Vimaleswaran 2007 (India) 0.24 0.02 24.8% 0.24 [0.20, 0.28] -
Vimaleswaran 2010 (India) 0.34 0.02 24.8% 0.34[0.30, 0.38] -
Total (95% CI) 100.0% 0.21 [0.12, 0.30] ’
Heterogeneity: Tau? = 0.01; Chi? = 90.43, df = 3 (P < 0.00001); I> = 97% I t ’

Test for overall effect: Z = 4.60 (P < 0.00001)

S15 Figure: Forest plot for prevalence of UCP1 A-1766G / GG in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% ClI
Chathoth 2018 (Saudi Arabia) 0.01 0.01 33.3% 0.01 [-0.01, 0.03]
Lim 2012 (Korea) 0.05 0.01 33.3% 0.05 [0.03, 0.07] =
Dong 2020 (China) 0.09 0.01 33.3% 0.09 [0.07, 0.11] =
Total (95% CI) 100.0% 0.05 [0.00, 0.10]

Heterogeneity: Tau? = 0.00; Chi® = 32.00, df = 2 (P < 0.00001); I> = 94% I t
Test for overall effect: Z = 2.17 (P = 0.03) 03 0:2 0 ed3

S16 Figure: Forest plot for prevalence of UCP1 A-1766G / GG in healthy individuals.

0.5

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% ClI
Chathoth 2018 (Saudi Arabia) 0.01 0.01 25.0% 0.01[-0.01, 0.03]
Dong 2020 (China) 0.06 0.01 25.0% 0.06 [0.04, 0.08] -
Lim 2012 (Korea) 0.07 0.01 25.0% 0.07 [0.05, 0.09] -
Cha 2008 (Korea) 0.08 0.01 25.0% 0.08 [0.06, 0.10] -
Total (95% CI) 100.0% 0.06 [0.02, 0.09] 2 2

Heterogeneity: Tau® = 0.00; Chi* = 29.00, df = 3 (P < 0.00001); I> = 90% — J t f
Test for overall effect: Z = 3.54 (P = 0.0004) 02 -01 0 01 02
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S17 Figure: Forest plot for prevalence of UCP1 A-3826G / GG in CMP individuals.
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Prevalence Prevalence

Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI

Nieters 2002 (Germany) 0.04 0.02 3.2% 0.04 [0.00, 0.08] —

Zietz 2001 (Germany) 0.04 0.01 3.3% 0.04 [0.02, 0.06] =

Forga 2003 (Spain) 0.04 0.02 3.2% 0.04 [0.00, 0.08] —

Rudofsky 2007 (Germany) 0.04 0.01 3.3% 0.04 [0.02, 0.06] ==

Sramkova 2007 (Czechia) 0.05 0.01 3.3% 0.05 [0.03, 0.07] -

Vimaleswaran 2007 (India) 0.05 0.01 3.3% 0.05 [0.03, 0.07] -

Esterbauer 1998 (Austria) 0.06 0.02 3.2% 0.06 [0.02, 0.10] -

Schaffler 1999 (Germany) 0.07 0.02 3.2% 0.07 [0.03, 0.11] e

Motaggui-Tabar 2008 (Sweden) 0.07 0.01 3.3% 0.07 [0.05, 0.09] *

Dinas 2021 (Europe) 0.08 0.01 3.3% 0.08 [0.06, 0.10] =

Heilbronn 2000 (Australia) 0.09 0.04 2.7% 0.09 [0.01, 0.17] —_—

Labruna 2009 (Italy) 0.09 0.03 2.9% 0.09 [0.03, 0.15] —_—

Brondani 2014a (Italy) 0.11 0.01 3.3% 0.11 [0.09, 0.13] =

de Souza 2013 (Brazil) 0.12 0.01 3.3% 0.12 [0.10, 0.14] -

Elfasakhany 2020 (Saudi Arabia) 0.13 0.03 2.9% 0.13[0.07, 0.19] —_—

Nicoletti 2016 (Brazil) 0.13 0.03 2.9% 0.13 [0.07, 0.19] —_—

Brondani 2012 (Brazil) 0.14 0.02 3.2% 0.14 [0.10, 0.18] s

Dhall 2012 (India) 0.14 0.04 2.7% 0.14 [0.06, 0.22] —_—

Klec-Wilk 2002 (Poland) 0.14 0.03 2.9% 0.14 [0.08, 0.20] e

Chathoth 2018 (Saudi Arabia) 0.14 0.02 3.2% 0.14 [0.10, 0.18] =

Vimaleswaran 2010 (India) 0.18 0.01 3.3% 0.18 [0.16, 0.20] =

Fukuyama 2006 (Japan) 0.19 0.05 2.4% 0.19 [0.09, 0.29] —_—

Franco-Hincapie 2009 (Colombia) 0.22 0.02 3.2% 0.22 [0.18, 0.26] —

Sun 2018 (China) 0.23 0.01 3.3% 0.23[0.21, 0.25] -

Oh 2004 (Korea) 0.24 0.04 2.7% 0.24 [0.16, 0.32] —=

Lim 2012 (Korea) 0.24 0.01 3.3% 0.24 [0.22, 0.26] =

Zhang 2015 (China) 0.25 0.02 3.2% 0.25 [0.21, 0.29] -_

Mori 2001 (Japan) 0.25 0.03 2.9% 0.25[0.19, 0.31] —

Kotani 2011 (Japan) 0.26 0.05 2.4% 0.26 [0.16, 0.36] —_—

Pei 2017 (China) 0.27 0.06 2.1% 0.27 [0.15, 0.39] —

Lin 2009 (Taiwan) 0.3 0.03 2.9% 0.30 [0.24, 0.36] —_—

Chen 2015 (China) 0.3 0.03 2.9% 0.30 [0.24, 0.36] —

Malczewska-Malec 2004 (Poland) 0.34 0.05 2.4% 0.34 [0.24, 0.44] —_—

Total (95% Cl) 100.0%  0.15 [0.12, 0.18] 4

Heterogeneity: Tau? = 0.01; Chi? = 822.68, df = 32 (P < 0.00001); I* = 96% I t t i

Test for overall effect: Z = 10.38 (P < 0.00001) =05 L5 4 BEs 05
S18 Figure: Funnel plot for prevalence of UCP1 A-3826G / GG in CMP individuals.
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S19 Figure: Forest plot for prevalence of UCP1 A-3826G / GG in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Heilbronn 2000 (Australia) 0.04 0.02 3.4% 0.04 [0.00, 0.08] —
Nieters 2002 (Germany) 0.04 0.02 3.4% 0.04 [0.00, 0.08] B
Forga 2003 (Spain) 0.05 0.02 3.4% 0.05 [0.01, 0.09] =
Motaggui-Tabar 2008 (Sweden) 0.05 0.01 3.6% 0.05 [0.03, 0.07] S
Rudofsky 2006 (Germany) 0.05 0.02 3.4% 0.05 [0.01, 0.09] -
Vimaleswaran 2007 (India) 0.06 0.01 3.6% 0.06 [0.04, 0.08] ==
Gagnon 1998 (Sweden) 0.07 0.01 3.6% 0.07 [0.05, 0.09] il
Sramkova 2007 (Czechia) 0.08 0.03 3.0% 0.08 [0.02, 0.14] —_—
Schaffler 1999 (Germany) 0.08 0.01 3.6% 0.08 [0.06, 0.10] =
Csernus 2014 (Hungary) 0.08 0.01 3.6% 0.08 [0.06, 0.10] -
Elfasakhany 2020 (Saudi Arabia) 0.08 0.03 3.0% 0.08 [0.02, 0.14] =
Verdi 2020 (Turkey) 0.08 0.02 3.4% 0.08 [0.04, 0.12] =
Chathoth 2018 (Saudi Arabia) 0.09 0.02 3.4% 0.09 [0.05, 0.13] -
Dinas 2021 (Europe) 0.09 0.01 3.6% 0.09 [0.07, 0.11] -
Proenza 2000 (Turkey) 0.1 0.02 3.4% 0.10 [0.06, 0.14] -
Labruna 2009 (Italy) 0.11 0.03 3.0% 0.11 [0.05, 0.17] S
de Souza 2013 (Brazil) 0.11 0.01 3.6% 0.11[0.09, 0.13] -
Vimaleswaran 2010 (India) 0.15 0.01 3.6% 0.15 [0.13, 0.17] 5
Franco-Hincapie 2009 (Colombia) 0.16 0.02 3.4% 0.16 [0.12, 0.20] e
Samano 2018 (Mexico) 0.17 0.02 3.4% 0.17 [0.13, 0.21] —
Lim 2012 (Korea) 0.22 0.02 3.4% 0.22 [0.18, 0.26] -
Pei 2017 (China) 0.22 0.02 3.4% 0.22 [0.18, 0.26] =
Kotani 2008 (Japan) 0.22 0.03 3.0% 0.22 [0.16, 0.28] —
Kotani 2011 (Japan) 0.23 0.03 3.0% 0.23[0.17, 0.29] —
Sun 2018 (China) 0.24 0.02 3.4% 0.24 [0.20, 0.28] =
Lin 2009 (Taiwan) 0.24 0.05 2.3% 0.24 [0.14, 0.34]
Cha 2008 (Korea) 0.25 0.02 3.4% 0.25[0.21, 0.29] S
Yiew 2010 (Malaysia) 0.28 0.03 3.0% 0.28[0.22, 0.34] —
Chen 2015 (China) 0.3 0.04 2.6% 0.30[0.22, 0.38] —
Mori 2001 (Japan) 0.3 0.03 3.0% 0.30 [0.24, 0.36] I
Hamada 2009 (Japan) 0.31 0.1 1.0% 0.31[0.11, 0.51] —_—
Total (95% CI) 100.0% 0.14 [0.12, 0.16] L 3

Heterogeneity: Tau? = 0.00; Chi? = 463.53, df = 30 (P < 0.00001); I*> = 94%
Test for overall effect: Z = 11.63 (P < 0.00001)
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S20 Figure: Funnel plot for prevalence of UCP1 A-3826G / GG in healthy individuals.
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S21 Figure: Forest plot for prevalence of UCP1 Ala64Thr / AA in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight 1V, Random, 95% CI 1V, Random, 95% CI
Lim 2012 (Korea) 0.003 0.001 43.5% 0.00 [0.00, 0.00]
Dinas 2021 (Europe) 0.01 0.002 39.6% 0.01 [0.01, 0.01]
Tiwari 2009 (India) 0.02 0.007 16.8% 0.02 [0.01, 0.03] —
Total (95% CI) 100.0% 0.01 [0.00, 0.02] <&

Heterogeneity: Tau? = 0.00; Chi? = 14.69, df = 2 (P = 0.0006); I° = 86% F —1 t
Test for overall effect: Z = 2.38 (P = 0.02) 0.1 0.05 0 0.05 0.1

S22 Figure: Forest plot for prevalence of UCP1 Ala64Thr / AA in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Pei 2017 (China) 0.002 0.002 37.8% 0.00 [-0.00, 0.01]
Dinas 2021 (Europe) 0.01 0.003 31.1% 0.01 [0.00, 0.02] -
Cha 2008 (Korea) 0.01 0.003 31.1% 0.01 [0.00, 0.02] L
Total (95% CI) 100.0% 0.01 [0.00, 0.01] &

Heterogeneity: Tau? = 0.00; Chi? = 7.53,df = 2 (P = 0.02); I = 73% - t
Test for overall effect: Z = 2.35 (P = 0.02) il -0.05 ¢ e SEs

S23 Figure: Forest plot for prevalence of UCP1 A-112C / CC in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Jin 2020 (China) 0.005 0.001 23.6% 0.01 [0.00, 0.01] o
Fukuyama 2006 (Japan) 0.01 0.01 7.6% 0.01 [-0.01, 0.03] =
Dinas 2021 (Europe) 0.01 0.002 22.2% 0.01 [0.01, 0.01] -
Mori 2001 (Japan) 0.01 0.004 17.9% 0.01 [0.00, 0.02] -
Vimaleswaran 2007 (India) 0.02 0.006 13.5% 0.02 [0.01, 0.03] —
Vimaleswaran 2010 (India) 0.04 0.01 7.6% 0.04 [0.02, 0.06] —_—
Tiwari 2009 (India) 0.04 0.01 7.6% 0.04 [0.02, 0.06] —
Total (95% CI) 100.0% 0.01 [0.01, 0.02] 0
Heterogeneity: Tau? = 0.00; Chi* = 33.38, df = 6 (P < 0.00001); I* = 82% I p i

Test for overall effect: Z = 4.42 (P < 0.00001) S i . £Ee% e

S24 Figure: Forest plot for prevalence of UCP1 A-112C / CC in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Mori 2001 (Japan) 0.004 0.004 28.3% 0.00[-0.00,0.01]
Dinas 2021 (Europe) 0.01 0.003 30.5% 0.01 [0.00, 0.02] -
Vimaleswaran 2007 (India) 0.02 0.005 25.9% 0.02 [0.01, 0.03] —a
Vimaleswaran 2010 (India) 0.04 0.01 15.3% 0.04 [0.02, 0.06] —_——
Total (95% CI) 100.0%  0.02 [0.01, 0.03] >

Heterogeneity: Tau? = 0.00; Chi® = 14.78, df = 3 (P = 0.002); I* = 80% f
Test for overall effect: Z = 2.93 (P = 0.003)
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S25 Figure: Forest plot for odds ratio of UCP1 A-3826G / AG.

CMP risk
Total Events

Odds Ratio

Weight M-H, Random, 95% CI

M-H,

Odds Ratio
Random, 95% CI

Study or Subgroup Events
Lin 2009 (Taiwan) 151
Kotani 2011 (Japan) 43
Pei 2017 (China) 41
Forga 2003 (Spain) 46
Chen 2015 (China) 113
de Souza 2013 (Brazil) 370
Dinas 2021 (Europe) 448
Elfasakhany 2020 (Saudi Arabia) 43
Nieters 2002 (Germany) 63
Schaffler 1999 (Germany) 87
Vimaleswaran 2010 (India) 372
Sun 2018 (China) 596
Sramkova 2007 (Czechia) 124
Lim 2012 (Korea) 815
Motaggui-Tabar 2008 (Sweden) i
Franco-Hincapie 2009 (Colombia) 267
Mori 2001 (Japan) 156
Vimaleswaran 2007 (India) 242
Chathoth 2018 (Saudi Arabia) 135
Heilbronn 2000 (Australia) 19
Labruna 2009 (italy) 42
Total (95% CI)

Total events 4284

Test for overall effect: Z = 0.69 (P = 0.49)

326
102
83
159
249
981
1144
108
154
245
810
1146
295
1585
292
545
320
613
337
45
102

9641

Healthy
Total

56 109 2.0%
88 192 1.6%
234 445 1.7%
48 154 1.6%
81 169 2.4%
211 534 8.0%
463 1139 13.3%
45 110 1.3%
64 154 1.8%
274 775 4.1%
446 990 10.7%
528 1039 13.2%
49 120 2.0%
291 581 10.3%
174 481 4.1%
211 449 6.0%
116 250 3.4%
320 887 8.3%
55 155 2.4%
36 99 0.7%
33 95 1.1%

3823
Heterogeneity: Tau? = 0.00; Chi’* = 8.31, df = 20 (P = 0.99); I = 0%

8927 100.0%

0.82 [0.53, 1.26]
0.86 [0.53, 1.40]
0.88 [0.55, 1.41]
0.90 [0.55, 1.46]
0.90 [0.61, 1.34]
0.93 [0.75, 1.15]
0.94 [0.79, 1.11]
0.96 [0.56, 1.64]
0.97 [0.62, 1.53]
1.01[0.75, 1.36]
1.04 [0.86, 1.25]
1.05 [0.89, 1.24]
1.05 [0.68, 1.62]
1.05 [0.87, 1.28]
1.08 [0.80, 1.46]
1.08 [0.84, 1.39]
1.10 [0.79, 1.53]
1.16 [0.93, 1.43]
1.22 [0.82, 1.80]
1.28[0.62, 2.63]
1.32[0.74, 2.34]

1.02 [0.96, 1.09]

$26 Figure: Funnel plot for odds ratio of UCP1 A-3826G / AG.
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S27 Figure: Forest plot for odds ratio of UCP1 A-3826G / GG.

CMP risk
Events Total

Study or Subgroup

Healthy
Events Total

Odds Ratio
Weight M-H, Random, 95% CI

Odds Ratio
M-H, Random, 95% CI

Sramkova 2007 (Czechia) 14 295 10 120 1.3% 0.55 [0.24, 1.27] —
Vimaleswaran 2007 (India) 28 613 53 887 3.9% 0.75 [0.47, 1.20] —
Mori 2001 (Japan) 81 320 76 250 6.0% 0.78 [0.54, 1.12] =
Schaffler 1999 (Germany) 16 245 62 775 2.7% 0.80 [0.45, 1.42] —_—
Labruna 2009 (ltaly) 9 102 10 95 1.0% 0.82 [0.32, 2.12] —_—t
Forga 2003 (Spain) 7 159 8 154 0.8% 0.84 [0.30, 2.38] —_—
Sun 2018 (China) 261 1146 250 1039 15.9% 0.93 [0.76, 1.13] —
Lin 2009 (Taiwan) 77 326 27 109 3.4% 0.94 [0.57, 1.56] —_—
Dinas 2021 (Europe) 95 1144 97 1139 8.7% 0.97 [0.72, 1.31] —_—
Nieters 2002 (Germany) 6 154 6 154 0.7% 1.00 [0.32, 3.17]
Chen 2015 (China) 74 249 50 169 4.6% 1.01 [0.66, 1.54] i
Lim 2012 (Korea) 374 1585 126 581 13.0% 1.12 [0.89, 1.40] T
de Souza 2013 (Brazil) 122 981 60 534 7.3% 1.12 [0.81, 1.56] -
Kotani 2011 (Japan) 27 102 45 192 2.9% 1.18 [0.68, 2.04] —
Vimaleswaran 2010 (India) 146 810 148 990 11.4% 1.25[0.97, 1.61] Tl
Pei 2017 (China) 22 83 96 445 3.0% 1.31[0.77, 2.24] S
Motaggui-Tabar 2008 (Sweden) 19 292 24 481 2.3% 1.33[0.71, 2.46] ———
Franco-Hincapie 2009 (Colombia) 120 545 72 449 7.5% 1.48 [1.07, 2.04] —
Elfasakhany 2020 (Saudi Arabia) 14 108 9 110 1.2% 1.67 [0.69, 4.04] —
Chathoth 2018 (Saudi Arabia) 48 337 14 155 2.2% 1.67 [0.89, 3.14] T
Heilbronn 2000 (Australia) 4 45 4 99 0.4% 2.32 [0.55, 9.72]
Total (95% CI) 9641 8927 100.0% 1.06 [0.96, 1.17]
Total events 1564 1247 r

. | i

Heterogeneity: Tau® = 0.00; Chi® = 22.26, df = 20 (P = 0.33); I = 10%

0.1 0.2 05 1 2 5

Test for overall effect: Z = 1.20 (P = 0.23) CMP Healthy
$28 Figure: Funnel plot for odds ratio of UCP1 A-3826G / GG.
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S29 Figure: Forest plot for odds ratio of UCP1 Ala64Thr / GA.

CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Lim 2012 (Korea) 213 1588 77 585  36.5% 1.02 [0.77, 1.35] —_t
Dinas 2021 (Europe) 188 1144 175 1139 56.8% 1.08 [0.87, 1.36]
Pei 2017 (China) 13 83 56 445 6.7% 1.29[0.67, 2.48] ==
Total (95% CI) 2815 2169 100.0% 1.07 [0.91, 1.27] 2 4
Total events 414 308
Heterogeneity: Tau? = 0.00; Chi’ = 0.43,df =2 (P = 0.81); I’ = 0% I f t |

. 0.05 0.2 5 20
Test for overall effect: Z = 0.82 (P = 0.41) CMP  Healthy
S30 Figure: Forest plot for odds ratio of UCP1 Ala64Thr / AA.

CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Dinas 2021 (Europe) 6 1144 13 1139 80.5% 0.46 [0.17, 1.21] ——
Pei 2017 (China) 0 83 1 445 8.9% 1.77 [0.07, 43.93]
Lim 2012 (Korea) 4 1588 0 585 10.6% 3.33[0.18, 61.86] -
Total (95% Cl) 2815 2169 100.0% 0.64 [0.24, 1.67] g
Total events 10 14
Heterogeneity: Tau? = 0.06; Chi? = 2.08, df = 2 (P = 0.35); I’ = 4% ; t t =
Test for overall effect: Z = 0.92 (P = 0.36) 0:003 Sl CMP .Healthy 12 280

S31 Figure: Forest plot for odds ratio of UCP1 A-112C / AC.
CMP risk Healthy Odds Ratio 0Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Dinas 2021 (Europe) 131 1144 169 1139 26.7% 0.74 [0.58, 0.95] —=
Vimaleswaran 2010 (India) 267 810 336 990 28.6% 0.96 [0.79, 1.17]
Vimaleswaran 2007 (India) 170 613 210 887 27.1% 1.24 [0.98, 1.56]
Mori 2001 (Japan) 61 320 29 250 17.6% 1.79[1.11, 2.89] —_—
Total (95% CI) 2887 3266 100.0% 1.07 [0.80, 1.44]
Total events 629 744
e 2 _ ; 2 _ = - 12 = I + t 1 ) i

Heterogeneity: Tau® = 0.07; Chi* = 14.81, df = 3 (P = 0.002); I = 80% b1 o2 05 i : 10

Test for overall effect: Z = 0.46 (P = 0.65)
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S32 Figure: Forest plot for odds ratio of UCP1 A-112C/ CC.

CMP risk Healthy 0Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% ClI
Dinas 2021 (Europe) 7 1144 11 1139 14.1% 0.63 [0.24, 1.63]
Vimaleswaran 2007 (India) 14 613 21 887 27.2% 0.96 [0.49, 1.91]
Vimaleswaran 2010 (India) 32 810 40 990 56.5% 0.98 [0.61, 1.57]
Mori 2001 (Japan) 2 320 1 250 2.2% 1.57[0.14, 17.37]
Total (95% ClI) 2887 3266 100.0% 0.92 [0.65, 1.32] S
Total events 55 73
ity: Tau? = - Chi? = = = 2= b - | =
gete;ogenenyl,lTaflfJ = 0.?06 C|3'II —_0(.)867, df =3 (P=10.83);1° = 0% 005 o> t 20
est for overall effect: Z = 0.43 (P = 0.67) CMP Healthy
S33 Figure. Forest plot for the odds ratio of UCP1 A-1766G /AG.

CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Dong 2020 (China) 346 420 1034 43.3% 0.87[0.72, 1.04] —H
Lim 2012 (Korea) 603 1575 201 579 42.1% 1.17 [0.96, 1.42] A
Chathoth 2018 (Saudi Arabia) 42 10 155 14.6% 2.06 [1.01, 4.23] —-—
Total (95% Cl) 2840 1768 100.0% 1.12 [0.81, 1.55] i
Total events 991 631
Heterogeneity: Tau® = 0.06; Chi® = 8.44, df = 2 (P = 0.01); I = 76% o=2 o=5 3 é
Test for overall effect: Z = 0.66 (P = 0.51) CMP Healthy

S34 Figure. Forest plot for the odds ratio of UCP1 A-1766G /GG.

CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% ClI
Lim 2012 (Korea) 81 1575 43 579 45.3% 0.68 [0.46, 0.99] —
Dong 2020 (China) 83 66 1034 46.9% 1.44 [1.03, 2.02] -
Chathoth 2018 (Saudi Arabia) 4 1 155 7.9% 1.85[0.21, 16.69] *
Total (95% CI) 2840 1768 100.0% 1.04 [0.53, 2.04] <
Total events 168 110

ER z _ g 2 _ - _ 2 } + t
?ete;ogen9|tyilT?;1 = ;)320 i;l(p7_867§6)df =2((P=0.01):1*=77% 0.02 01 " 0 5
est for overall effect: Z = 0. =0. CMP  Healthy
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2.2.2 The results from the allele-specific forest and funnel plots for the prevalence (Figures
S37-46) and the odds ratio (Figures S47-51) for different alleles are shown below. Funnel
plots were only produced for those meta-analyses that included >10 studies [93].

S35 Figure: Forest plot for prevalence of UCP1 A-3826G / G allele in healthy individuals

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% ClI
Forga 2003 (Spain) 0.21 0.03 3.1% 0.21 [0.15, 0.27] =
Heilbronn 2000 (Australia) 0.22 0.03 3.1% 0.22 [0.16, 0.28] —_
Motaggui-Tabar 2008 (Sweden) 0.23 0.02 3.3% 0.23[0.19, 0.27] =
Vimaleswaran 2007 (India) 0.24 0.01 3.4% 0.24[0.22, 0.26] -
Rudofsky 2006 (Germany) 0.24 0.02 3.3% 0.24 [0.20, 0.28] p =
Gagnon 1998 (Sweden) 0.25 0.01 3.4% 0.25[0.23, 0.27] -
Nieters 2002 (Germany) 0.25 0.03 3.1% 0.25[0.19, 0.31] —
Samano 2018 (Mexico) 0.25 0.01 3.4% 0.25[0.23, 0.27] -
Verdi 2020 (Turkey) 0.25 0.03 3.1% 0.25 [0.19, 0.31] —
Schaffler 1999 (Germany) 0.26 0.01 3.4% 0.26 [0.24, 0.28] g
Chathoth 2018 (Saudi Arabia) 0.27 0.03 3.1% 0.27 [0.21, 0.33] —_—
Labruna 2009 (ltaly) 0.28 0.04 2.9% 0.28 [0.20, 0.36] —
Sramkova 2007 (Czechia) 0.29 0.03 3.1% 0.29[0.23, 0.35] -
Dinas 2021 (Europe) 0.29 0.01 3.4% 0.29[0.27, 0.31] =
Csernus 2014 (Hungary) 0.29 0.02 3.3% 0.29 [0.25, 0.33] =
Elfasakhany 2020 (Saudi Arabia) 0.29 0.04 2.9% 0.29[0.21, 0.37] —_
Proenza 2000 (Turkey) 0.3 0.03 3.1% 0.30 [0.24, 0.36] -
de Souza 2013 (Brazil) 0.31 0.02 3.3% 0.31[0.27, 0.35] =
Vimaleswaran 2010 (India) 0.37 0.01 3.4% 0.37[0.35, 0.39] -
Franco-Hincapie 2009 (Colombia) 0.4 0.02 3.3% 0.40 [0.36, 0.44] ==
Kotani 2011 (Japan) 0.46 0.03 3.1% 0.46 [0.40, 0.52] -
Lim 2012 (Korea) 0.47 0.02 3.3% 0.47 [0.43, 0.51] ==
Pei 2017 (China) 0.48 0.02 3.3% 0.48 [0.44, 0.52] s
Kotani 2008 (Japan) 0.48 0.03 3.1% 0.48 [0.42, 0.54] —_—
Sun 2018 (China) 0.49 0.02 3.3% 0.49 [0.45, 0.53] -
Lin 2009 (Taiwan) 0.5 0.05 2.7% 0.50 [0.40, 0.60] =
Nakatochi 2015 (Japan) 0.5 0.02 3.3% 0.50 [0.46, 0.54] =
Cha 2008 (Korea) 0.5 0.02 3.3% 0.50 [0.46, 0.54] -
Chen 2015 (China) 0.54 0.04 2.9% 0.54 [0.46, 0.62] —
Mori 2001 (Japan) 0.54 0.03 3.1% 0.54 [0.48, 0.60] -
Hamada 2009 (Japan) 0.56 0.09 1.8% 0.56 [0.38, 0.74]
Yiew 2010 (Malaysia) 0.58 0.03 3.1% 0.58 [0.52, 0.64] e
Total (95% CI) 100.0% 0.36 [0.32, 0.39] L 3
Heterogeneity: Tau® = 0.01; Chi? = 911.22, df = 31 (P < 0.00001); I* = 97% t t f

Test for overall effect: Z = 19.97 (P < 0.00001) e ~0e3 0 Red B2

S36 Figure: Funnel plot for prevalence of UCP1 A-3826G / G allele in healthy individuals
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S37 Figure: Forest plot for prevalence of UCP1 A-3826G / G allele in CMP individuals.

Prevalence Prevalence

Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Forga 2003 (Spain) 0.19 0.02 3.2% 0.19 [0.15, 0.23] -
Zietz 2001 (Germany) 0.23 0.01 3.2% 0.23[0.21, 0.25] w
Nieters 2002 (Germany) 0.24 0.03 3.0% 0.24 [0.18, 0.30] =
Schaffler 1999 (Germany) 0.24 0.02 3.2% 0.24 [0.20, 0.28] ol
Vimaleswaran 2007 (India) 0.24 0.01 3.2% 0.24 [0.22, 0.26] -5
Montesanto 2018 (Italy) 0.24 0.02 3.2% 0.24 [0.20, 0.28] =
Motaggui-Tabar 2008 (Sweden) 0.26 0.02 3.2% 0.26 [0.22, 0.30] e
Sramkova 2007 (Czechia) 0.26 0.02 3.2% 0.26 [0.22, 0.30] =
Rudofsky 2007 (Germany) 0.27 0.02 3.2% 0.27[0.23, 0.31] o
Esterbauer 1998 (Austria) 0.28 0.03 3.0% 0.28 [0.22, 0.34] T
Dinas 2021 (Europe) 0.28 0.01 3.2% 0.28 [0.26, 0.30] -
Labruna 2009 (ltaly) 0.29 0.04 2.9% 0.29[0.21, 0.37] —_
Heilbronn 2000 (Australia) 0.3 0.06 2.5% 0.30[0.18, 0.42] T
de Souza 2013 (Brazil) 0.31 0.01 3.2% 0.31[0.29, 0.33] i
Klec-Wilk 2002 (Poland) 0.31 0.04 2.9% 0.31[0.23, 0.39] =
Elfasakhany 2020 (Saudi Arabia) 0.33 0.04 2.9% 0.33 [0.25, 0.41] .
Chathoth 2018 (Saudi Arabia) 0.34 0.02 3.2% 0.34 [0.30, 0.38] =
Nicoletti 2016 (Brazil) 0.36 0.03 3.0% 0.36 [0.30, 0.42] —_
Brondani 2012 (Brazil) 0.37 0.03 3.0% 0.37[0.31, 0.43] -
Vimaleswaran 2010 (India) 0.41 0.02 3.2% 0.41[0.37, 0.45] 2
Dhall 2012 (India) 0.41 0.05 2.7% 0.41[0.31, 0.51] ——
Fukuyama 2006 (Japan) 0.44 0.05 2.7% 0.44 [0.34, 0.54] —
Nakatochi 2015 (Japan) 0.46 0.04 2.9% 0.46 [0.38, 0.54] —
Franco-Hincapie 2009 (Colombia) 0.47 0.02 3.2% 0.47 [0.43, 0.51] S
Lin 2009 (Taiwan) 0.47 0.03 3.0% 0.47 [0.41, 0.53] -
Kotani 2011 (Japan) 0.48 0.05 2.7% 0.48 [0.38, 0.58] ——
Sun 2018 (China) 0.49 0.01 3.2% 0.49 [0.47, 0.51] =
Lim 2012 (Korea) 0.49 0.01 3.2% 0.49[0.47, 0.51] -
Mori 2001 (Japan) 0.5 0.03 3.0% 0.50 [0.44, 0.56] -
Zhang 2015 (China) 0.5 0.02 3.2% 0.50 [0.46, 0.54] -
Pei 2017 (China) 0.51 0.06 2.5% 0.51 [0.39, 0.63] T
Oh 2004 (Korea) 0.51 0.04 2.9% 0.51 [0.43, 0.59] —_
Chen 2015 (China) 0.52 0.03 3.0% 0.52 [0.46, 0.58] -

*

Total (95% CI)

100.0% 0.36 [0.32, 0.40]

Heterogeneity: Tau? = 0.01; Chi® = 1136.11, df = 32 (P < 0.00001); I = 97%
Test for overall effect: Z = 18.13 (P < 0.00001)

S38 Figure: Funnel plot for prevalence of UCP1 A-3826G / G allele in CMP individuals.
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S39 Figure: Forest plot for prevalence of UCP1 A-1766G / G allele in healthy individuals.

Study or Subgroup

Prevalence SE

Prevalence

Weight 1V, Random, 95% ClI

Prevalence

IV, Random, 95% CI

Chathoth 2018 (Saudi Arabia) 0.04 0.01 25.0%  0.04[0.02, 0.06] "
Lim 2012 (Korea) 0.25 0.01 25.0%  0.25[0.23,0.27] 2
Cha 2008 (Korea) 0.26 0.01 25.0%  0.26[0.24, 0.28] L]
Dong 2020 (China) 0.27 0.01 25.0%  0.27[0.25, 0.29] =
Total (95% CI) 100.0%  0.21[0.10, 0.31] L
Heterogeneity: Tau? = 0.01; Chi? = 365.00, df = 3 (P < 0.00001); I* = 99% ¥ F 5 i ]
Test for overall effect: Z = 3.72 (P = 0.0002) ’ ’
S40 Figure: Forest plot for prevalence of UCP1 A-1766G / G allele in CMP individuals.
Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Chathoth 2018 (Saudi Arabia) 0.07 0.01 33.3%  0.07 [0.05, 0.09] u
Lim 2012 (Korea) 0.24 0.01 33.3%  0.24[0.22, 0.26] =
Dong 2020 (China) 0.28 0.01 33.3%  0.28[0.26, 0.30] u
Total (95% CI) 100.0% 0.20 [0.07, 0.32] il
Heterogeneity: Tau? = 0.01; Chi® = 248.67, df = 2 (P < 0.00001); I = 99% I-l —OI 5 3 OiS 15

Test for overall effect: Z = 3.05 (P = 0.002)
S41 Figure: Forest plot for prevalence of UCP1 Ala64Thr / A allele in healthy individuals.

Prevalence Prevalence

Study or Subgroup Prevalence SE Weight IV, Random, 95% ClI 1V, Random, 95% CI

Lim 2012 (Korea) 0.07 0.01 25.0% 0.07 [0.05, 0.09] —a
Pei 2017 (China) 0.07 0.01 25.0% 0.07 [0.05, 0.09] —
Cha 2008 (Korea) 0.07 0.01 25.0% 0.07 [0.05, 0.09] —=
Dinas 2021 (Europe) 0.09 0.01 25.0% 0.09[0.07, 0.11] —a—
Total (95% CI) 100.0% 0.07 [0.07, 0.08] &

ity 2 - : iZ = = = 12 = } } t }

Heterogeneity: Tau® = 0.00; Chi* = 3.00, df = 3 (P = 0.39); I* = 0% 01 -005 0 0.05 01

Test for overall effect: Z = 15.00 (P < 0.00001)

S42 Figure: Forest plot for prevalence of UCP1 Ala64Thr / A allele in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Montesanto 2018 (ltaly) 0.06 0.01 20.7% 0.06 [0.04, 0.08] -
Lim 2012 (Korea) 0.07 0.005 23.0% 0.07 [0.06, 0.08] =
Pei 2017 (China) 0.08 0.02 14.8% 0.08 [0.04, 0.12] —_—
Dinas 2021 (Europe) 0.09 0.01 20.7% 0.09 [0.07, 0.11] -
Tiwari 2009 (India) 0.13 0.01 20.7% 0.13[0.11, 0.15] -
Total (95% CI) 100.0% 0.09 [0.06, 0.11]
Heterogeneity: Tau? = 0.00; Chi? = 34.00, df = 4 (P < 0.00001); I = 88% f t t

02 -01 0 0.1 0.2

Test for overall effect: Z = 6.90 (P < 0.00001)
S43 Figure: Forest plot for prevalence of UCP1 A-112C / C allele in healthy individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI 1V, Random, 95% CI
Mori 2001 (Japan) 0.06 0.01 25.0% 0.06 [0.04, 0.08] u
Dinas 2021 (Europe) 0.08 0.01 25.0% 0.08 [0.06, 0.10] =
Vimaleswaran 2007 (India) 0.14 0.01 25.0% 0.14 [0.12, 0.16] u
Vimaleswaran 2010 (India) 0.21 0.01 25.0% 0.21[0.19, 0.23] ]
Total (95% CI) 100.0% 0.12 [0.06, 0.19] L 2
Heterogeneity: Tau® = 0.00; Chi* = 136.75, df = 3 (P < 0.00001); I’ = 98%  F3 43 ) o' 7

Test for overall effect: Z = 3.63 (P = 0.0003)
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S44 Figure: Forest plot for prevalence of UCP1 A-112C / C allele in CMP individuals.

Prevalence Prevalence
Study or Subgroup Prevalence SE Weight IV, Random, 95% CI IV, Random, 95% CI
Fukuyama 2006 (Japan) 0.06 0.02 13.3% 0.06 [0.02, 0.10] -
Dinas 2021 (Europe) 0.06 0.01 14.6% 0.06 [0.04, 0.08] -
Jin 2020 (China) 0.08 0.004 15.0% 0.08 [0.07, 0.09] =
Mori 2001 (Japan) 0.1 0.01 14.6% 0.10 [0.08, 0.12] =
Vimaleswaran 2007 (India) 0.16 0.01 14.6% 0.16 [0.14, 0.18] =
Vimaleswaran 2010 (India) 0.2 0.01 14.6% 0.20[0.18, 0.22] -
Tiwari 2009 (India) 0.2 0.02 13.3% 0.20 [0.16, 0.24] -
Total (95% ClI) 100.0% 0.12 [0.08, 0.16] L 3
Heterogeneity: Tau? = 0.00; Chi? = 205.91, df = 6 (P < 0.00001); I = 97% " 0: 5 2 015 1:
Test for overall effect: Z = 5.79 (P < 0.00001) B e )
S45 Figure: Forest plot for odds ratio of UCP1 A-3826G / G allele
CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% ClI
Nakatochi 2015 (Japan) 164 360 995 1982 4.8% 0.83 [0.66, 1.04] r
Mori 2001 (Japan) 318 640 268 500 4.5% 0.85 [0.68, 1.08] -
Sramkova 2007 (Czechia) 152 590 69 240 2.6% 0.86 [0.62, 1.20] —_— 1
Lin 2009 (Taiwan) 305 652 110 218 3.0% 0.86 [0.63, 1.17] —_— T
Forga 2003 (Spain) 60 318 64 308 2.0% 0.89 [0.60, 1.31] —
Schaffler 1999 (Germany) 119 490 398 1550 4.5% 0.93[0.73, 1.18] =T
Chen 2015 (China) 261 498 181 338 3.5% 0.96 [0.72, 1.26] I
Dinas 2021 (Europe) 638 2254 657 2262 8.8% 0.96 [0.85, 1.10] -
Sun 2018 (China) 1118 2292 1028 2078 9.4% 0.97 [0.86, 1.10] ==
Nieters 2002 (Germany) 75 307 76 308 2.2% 0.99 [0.68, 1.42] . E—
de Souza 2013 (Brazil) 614 1962 331 1068 7.2% 1.01[0.86, 1.19] =
Vimaleswaran 2007 (India) 298 1226 426 1774 6.8% 1.02 [0.86, 1.20] -
Kotani 2011 (Japan) 97 204 178 384 2.5% 1.05[0.75, 1.47] B a—
Labruna 2009 (italy) 60 204 53 190 1.6% 1.08 [0.70, 1.67] —_—
Lim 2012 (Korea) 1563 3170 543 1162 8.5% 1.11[0.97, 1.27] N
Motaggui-Tabar 2008 (Sweden) 149 584 222 962 4.4% 1.14 [0.90, 1.45] =
Pei 2017 (China) 85 166 426 890 2.6% 1.14 [0.82, 1.59] -
Vimaleswaran 2010 (India) 664 1620 742 1980 8.5% 1.16 [1.01, 1.33] —
Elfasakhany 2020 (Saudi Arabia) 71 216 63 220 1.9% 1.22 [0.81, 1.83] —_—
Franco-Hincapie 2009 (Colombia) 507 1090 355 898 6.4% 1.33[1.11, 1.59] e
Chathoth 2018 (Saudi Arabia) 231 674 83 310 3.2% 1.43 [1.06, 1.92] —_—
Heilbronn 2000 (Australia) 27 90 44 198 1.0% 1.50 [0.86, 2.63] —
Total (95% CI) 19607 19820 100.0% 1.04 [0.98, 1.10] &
Total events 7576 7312
Heterogeneity: Tau? = 0.01; Chi® = 31.92, df = 21 (P = 0.06); I*> = 34% t t t t
Test for overall effect: Z = 1.15 (P = 0.25) s & ol
CMP Healthy
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S46 Figure: Funnel plot for odds ratio of UCP1 A-3826G / G allele
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Figure: Forest plot for odds ratio of UCP1 A-1766G / G allele
CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Lim 2012 (Korea) 765 3150 286 1156 44.9% 0.98 [0.83, 1.14]
Dong 2020 (China) 512 1856 552 2068 47.8% 1.05 [0.91, 1.20]
Chathoth 2018 (Saudi Arabia) 50 674 12 310 7.3% 1.99 [1.04, 3.79]
Total (95% CI) 5680 3534 100.0% 1.06 [0.88, 1.28]
Total events 1327 850
Heterogeneity: Tau’ = 0.01; Chi®* = 4.51, df = 2 (P = 0.10); I’ = 56% I t + 1 t t {
Test for overall effect: Z = 0.65 (P = 0.52) Al 02 03 CMPlHeaIthz 3 1
S48 Figure: Forest plot for odds ratio of UCP1 Ala64Thr / A allele
CMP risk Healthy Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Dinas 2021 (Europe) 200 2288 201 2278 59.2% 0.99[0.81, 1.21] i
Lim 2012 (Korea) 221 3176 77 1170 34.5% 1.06 [0.81, 1.39]
Pei 2017 (China) 13 166 58 890 6.3% 1.22 [0.65, 2.28] N . —
Total (95% CI) 5630 4338 100.0% 1.03 [0.88, 1.20] ©
Total events 434 336
Heterogeneity: Tau? = 0.00; Chi® = 0.47, df = 2 (P = 0.79); I = 0% f t t t {
Test for overall effect: Z = 0.34 (P = 0.74) 01 0.2 0.5 CMP Healthzy 10
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S49 Figure: Forest plot for odds ratio of UCP1 A-112C / C allele

CMP risk Healthy Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% ClI M-H, Random, 95% CI
Dinas 2021 (Europe) 145 2288 191 2278 26.5% 0.74 [0.59, 0.93] -
Vimaleswaran 2010 (India) 331 1620 417 1980 29.3% 0.96 [0.82, 1.13]
Vimaleswaran 2007 (India) 198 1226 252 1774  27.5% 1.16 [0.95, 1.42]
Mori 2001 (Japan) 65 640 31 500 16.7% 1.71[1.10, 2.67] -
Total (95% CI) 5774 6532 100.0% 1.04 [0.80, 1.35]
Total events 739 891
Heterogeneity: Tau® = 0.05; Chi? = 14.88, df = 3 (P = 0.002); I* = 80% f t 1 t {
Test fo? over:Il effect: Z = 6.30 (P=0.76) ( : bl B t o 106
CMP Healthy
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Figure Al. LDH cytotoxicity assay in C2C12 cells. Control represents medium of
untreated cells. EPS treatment represents medium from EPS-treated cells and cytolysis
describes the control for cell death.

Table A1l. List of antibodies used in Western Blot analyses.

Antibody Dilution Cat.Numbers Company
UCP1 1:1000 PA1-24894 Invitrogen
PGC-1a 1:1000 ab77210 Abcam ° 5 ° & -3
: o E R
IL6 1:500 P620 Invitrogen 2 2 > =
. u w i Go ¢
GAPDH 1:2000 AB2302 Millipore i prk ] 5 <2
i s
Anti-Mouse ~ 1:10.000  A9044 Sigma- Aldrich & &1 B g3
Anti- Rabbit 1:10.000 7074P2 Cell Signalin " "
gnaTing " H k| - e .

- ?{

Figure A2. Original Blots for UCP1, PGC1-3, IL-
6 and GAPDH in 3T3-L1 cell line.
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Figure A3. Original Blots for PGC1-a, IL-6 and GAPDH in C2C12 cell line.
* This blot’s bands can be better visualized once opened with appropriate software (e.g. image j)
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Appendix
Supplement to Chapter 4

Characteristics of the protocols used in electrical pulse
stimulation of cultured cells for mimicking in vivo exercise:

A systematic review, meta-analysis and meta-regression

1.1 Materials and Methods

1.1.1. Search Strategy

The following algorithm has been used both in EMBASE and PubMed and was accordingly modified, when needed.

The search term combination was the following for both databases:

COCCCCCCLULC((pulse*[Title/Abstract])) OR (electric*[Title/Abstract])) OR (stimul*[Title/Abstract])) OR
(contract*[Title/Abstract])) OR (frequency[Title/Abstract])) OR (electrode*[Title/Abstract])) OR (field[Title/Abstract])) OR
(train[Title/Abstract])) OR (bipolar[Title/Abstract])) OR (pacemaker[Title/Abstract])) OR (c-pace[Title/Abstract]))) AND
(CCCCCLCC(((cell line*[Title/Abstract])) OR (cell culture*[Title/Abstract])) OR (cell*[Title/Abstract])) OR (musc*[Title/Abstract]))
OR  (myotube*([Title/Abstract])) OR  (myoblast*[Title/Abstract])) OR  (muscle cell*[Title/Abstract])) OR
(myofiber*[Title/Abstract])) OR  (skeletal[Title/Abstract])) OR  (myofibril*[Title/Abstract])) =~ OR (contractile
activity[Title/Abstract]))) AND ((((physical activity[Title/Abstract])) OR (exercise[Title/Abstract])) OR

(training[Title/Abstract]))) AND (((in vitro[Title/Abstract])) NOT (in vivo[Title/Abstract]))

1.1.2. Data extraction
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Author, Year

Results- Outcomes

Barlow, 2019 [231]

Molecules released as a consequence of acute skeletal muscle
contraction, may improve insulin secretion by cells in obese

prediabetic and T2D patients who have controlled hyperglycaemia

Beiter T., 2018 [215]

The cell culture system does not allow to directly monitor long-term
adaptation processes following endurance exercise training, but is

quite suitable to analyze acute contraction

Blas A. Guigni, 2019 [236]

Results suggest that the beneficial effect of electrical field stimulation
derives from the activation of mechanotransductive pathways that
downregulate proteolysis and preserve mitochondrial content protect

against the atrophic effects of chemotherapeutics

Broholm C., 2011 [245]

Leukemia Inhibitory Factor (LIF) mRNA is induced in human skeletal
muscle following resistance exercise and LIF protein is secreted from

electrically stimulated cultured myotubes

Burch N., 2010 [167]

EPS of muscle cells in culture triggers an increase in fatty acid b-
oxidation resembling the adaptations of this pathway in chronic
endurance exercise. Future combining EPS with mechanical stretch or
might further

temporary hypoxia help to approximate the

environment a fiber a trained muscle's fibre is exposed to

Christensen C.S., 2015

[169]

Due to the lack of blood flow, innervation and skeletal connection the

EPS HSkM model cannot precisely mimic in vivo exercise. However,
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Main outcomes

and characteristics

of the included
studies are
presented in the
following  tables.
TableS1. Main

outcomes of the

included studies
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the protocol applied elicited molecular adaptations that more likely

resemble resistance exercise

GDF15 is a potentially novel exerkine produced by skeletal muscle
Laurens C., 2020 [221] contraction and able to target

human adipose tissue to promote lipolysis

Studies revealed elevated DNA binding in response to contractile
activity. This was paralleled by increases in Spl protein levels.
Variations in the rate of mitochondrial ATP synthesis are important in
Connor M.K., 2001 [232]
determining cytochrome c gene expression in muscle cells and this is

mediated, in part, by Spl-induced increases in cytochrome c

transcription

EPS enhanced oxidative capacity of glucose in myotubes from all
Feng YZ.,2014 [217] subjects, in contrast to oleic acid that affected only in lean subjects.

Human myotubes display the same phenotype as intact muscle in vivo

ATF3 is induced by EPS and regulates chemokine mRNA expression in
Fernandez-Verdejo R.,
C2C12 myotubes. Part of the ATF3 up-regulation in contracting
2017 [233]
skeletal muscle occurs in myofibers

Contractile activity not only enhances myotube maturation in vitro,
but additionally induces changes in the sense of a fast-to-slow
Fujita H., 2010 [234]

transition. Successfully managed to have artificially exercised C2C12

myotubes

The secretion of IL-6 increased, following muscle contraction, in the
Furuichi Y., 2018 [235] absence of cellular damage, suggesting the presence of a secretory

machinery in skeletal muscle cells

Gong H., 2016 [46] EPS stimulation significantly increased intracellular ATP levels

EPS induced excessive ROS production in contracting C2C12 myotubes
Horie M., 2015 [237] and metabolism of ROS resulting from Nrf2 activation protected the

myotubes from EPS-induced apoptosis

A ON period of 5 min in a 45 min stimulation cycle is sufficient to
Kubis HP., 2002 [249] induce MHCI e pression and reduce MHClId expression (MRNA and

protein levels). Shorter ON periods of 1.5 min in a 45 min cycle failed
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to induce a fast-to-slow transition

Lambertucci RH., 2012 Moderate electrical stimulation increases ROS and NO production by

[222] primary rat skeletal muscle cells

Acute and chronic EPS increased the secretion and expression of
metrnl into conditioning media and cell lysates and the
Lee J.0..,2020 [272] phosphorylation of AMPK2a in C2C12 myotubes . Metrnl improves
glucose metabolism via AMPK-2 and is a promising therapeutic

candidate for glucose-related diseases such as type 2 diabetes

Acute myotube contraction activates signaling of LKB1, AMPK and
Li Z., 2018 [45]
CaMKIl to increase surface GLUT4 levels

C2C12 model is suitable for defining the physiological role of
Manabe Y., 2012 [224]
intracellular signaling evoked by muscle contraction

Leucine supplementation may augment skeletal muscle functional
capacity, validates the use of engineered skeletal muscle for highly-
Martin N.R.W., 2017 [239]

controlled investigations into nutritional regulation of muscle

physiology.

The short period of contractile activity induced a significant rise in the
superoxide level detected in muscle interstitial fluid by microdialysis
McArdle F., 2001 [218]

techniques, but did not induce any significant damage to skeletal

muscle fibers

EPS protected against palmitate-induced reductions in PI3K activity,
despite the reduction in enzyme activity. Also the respond to
Nieuwoudt S., 2017 [273]

contraction stimuli happened in a predictable manner. Contraction

alone may protect muscle from lipid-induced insulin resistance

EPS did not induce toxic effects to cultured human skeletal muscle
cells and in chronic continuous, low-frequency EPS, improved lipid
Nikolic” N., 2012 [165] oxidation and glucose metabolism and a possible fiber-type switch
was detected. In vitro EPS (Acute, high-frequent as well as chronic,

low-frequent) of human myotubes may be used to study effects of
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exercise

Lgvsletten N., 2019 [247]

Challenging the cells with EPS lead to different responses in myotubes

from non-diabetic vs. diabetic subjects

Park S.,2019 [225]

Electrical pulse stimulation of primary myotubes from lean and
severely obese subjects induced improvements in insulin action, but

to a lesser extent in those with severe obesity

Pattamaprapanont P.,2016

[170]

This EPS model can mimic some, but not all the features of muscle

contraction in vivo

Pattwell DM., 2004 [244]

Skeletal muscle cells release multiple ROS during contractile activity
and the pattern of release differs depending on the nature of the ROS
species and the frequency of stimulation. The reduction of
cytochrome c in the supernatant of muscle cells is not related to the

number of contractions undertaken or the frequency of stimulation

Raschke S.,2013 [162]

DDP4 and PEDF were identified to be also secreted by skeletal muscle
cells. The release of 45 myokines is regulated by contraction and

among these factors, 18 are described as myokines for the first time.

Raschke S. 2013 [171]

This EPS model significantly enhanced PGCla mRNA expression

Sato S., 2019 [181]

The newly established in vitro muscle contraction model is suitable for
analyzing the activation of mTORC1 signaling pathway in cultured

L6.C11 myotubes

Scheler M., 2013 [248]

In vitro exercise model can be used to identify exercise- regulated
myokines and can be applied to primary human myotubes to study
outcome of exercise

molecular mechanisms of the individual

intervention

Tarum J., 2017 [219]

The study demonstrates that EPS is an in vitro exercise model
promoting the hypertrophy of human muscle cells, recapitulating a
major physiological end-point to resistance exercise in human skeletal

muscle

Thelen M.H., 1997 [243]

The opposing stimuli of T; and (chronic) contractile activity determine

the expression of SERCA1, a typical fast isoform, in skeletal muscle
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Son Y.H., 2019 [242]

High similarity and correlation observed for most parameters between
EPS and VWR. Various EPS conditions induce muscle hypertrophy and
mitochondrial

biogenesis, which are phenotypes displayed in

resistance and endurance exercise

YueY., 2019 [226]

Acute EPS-induced myotube contraction or treadmill exercise
regulated Axinl protein expression in a manner dependent on AMPK

activation, while stimulation of Racl is AMPK-dependent in both

contracted myotubes and exercised skeletal muscle

Valero-Breton M., 2020

[220]

The parameters of stimulation developed could be useful for future
studies intending to investigate the molecular responses of acute and
chronic resistance exercise in an in vitro model in the quest to develop

exercise-mimetics.

Chaves A.B., 2021 [216]

Acute aerobic exercise was able to significantly reduce T NIP and
REDD1 protein expression, which may be mediated by a PKA- or

cAMP-related mechanism, as indicated by the in vitro experiments

Kugler B.A., 2021 [246]

24 hours of EPS resulted in an improved mitochondrial network
structure towards fusion in myotubes derived from lean humans and
humans with severe obesity, which was associated with improved

skeletal muscle insulin signaling

Nakamura T., 2021 [240]

The findings suggested that exposure of 3D-engineered muscle to
acute EPS mimicked muscle fatigue during acute high-intensity

exercise in humans

Small L., 2020 [241]

Results of the study suggest that a proportion of the ability of exercise
to entrain the skeletal muscle clock driven directly by muscle
contraction. Contraction Interventions may be used to mimic some
time of day specific effects of exercise on metabolism and muscle

performance

Tamura Y., 2020 [176]

From a qualitative perspective, tetanus and twitch were shown to

promote metabolic adaptation in the same direction

and the type of in vitro exercise.
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extracted data. A
general description of
the included studies. In
the table are shown
the cell types, pulse
stimulator

types,

duration of exercise
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First author, date

Primary rat/mouse/rabbit cells

%)
Q@
(%)
o
i)
o
Q@
(9]
%)
>
S
©
3
K9]
(]
A
(%]
c
©
S
>
T

C2C12/L6/H2k

Primary numan celis
Custom made stimulator
Commercially available
Duration of stimulation
Resistance

High intensity

Moderate

1 |BarlowJ., 2019 [231] 6

SN

min

2 |BeiterT., 2018 [215] 90 min

3 |Blas A. Guigni, 2019 [236] 60 min

4 [Broholm C., 2011 [245] 180 min

Burch N., 2010 [167] 90 min,
90 min
daily/ 4
consecutiv
e days,24

hrs

Christensen C.S., 2015 360 min

[169]

Laurens C., 2020 [221] 180min
7 and

24h

Connor M.K., 2001 [232] 5, 15, 30,
60, or 240
8 min in one
day, 180

min/day

9 |FengV.Z., 2014 [217] 48 hrs

Fernandez-Verdejo R, 240min
10
2017 [233]
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11 |Fujita H., 2010 [234] 7-11 days
12 |FuruichiY., 2018 [235] 60min
13 |Gong H., 2016 [46] 1-15 min
Horie M., 2015 [237] 60min,
14 180min,
360min
Kubis H.P., 2002 [249] cycles of
15
45 min
Lambertucci R.H., 2012 60min
16
[222]
Lee J.0..,2020 [272] 60min,
180 min,
360 min,
17
12hrs,
24hrs, or
36 hrs
18 |LiZ., 2018 [45] 60 min
Manabe Y., 2012 [224] 60 min,
19
180 min
20 [Martin N.R.W., 2017 [239] 24 hrs
21 [McArdle A., 2001[218] 15 min
22 |Nieuwoudt S., 2017 [273] 16 hrs
Nikolic” N., 2012 [165] 5-60 min,
23 12 hrs,
24hrs
24 |Lgvsletten N., 2019 [247] 24 hrs
25 |Park S.,2019 [225] 24 hrs
Pattamaprapanont 30 min
26
P.,2016 [170]
27 |Pattwell D.M., 2004 [244] 15 min
28 [Raschke S.,2013 [162] 4t0 24 hrs
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29 |Raschke S. 2013 [171] 24 hrs
30 |Sato S., 2019 [181] 45min
Scheler M., 2013 [248] 2hr, 4hrs,
31 8hrs, 24
hrs
32 |TarumJ., 2017 [219] 8 hrs
33 [Thelen M.H., 1997 [243] 48 hrs
34 (SonY.H., 2019 [242] 60 min
35 |Yue., 2019 [226] 60 min
Breton M., 2020 [220] 30 min, 3
36
days
37 |Chaves A.B., 2022[216] 24 hrs
38 |Kugler B.A., 2020 [246] 24 hrs
39 [Nakamura T., 2021 [240] 30 min
40 |Small L., 2020 [241] 30 min
41 [Tamura Y., 2020 [176] 10 min
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Barlow, 2019 [231] 2 ms pulses

Beiter T., 2018 [215] 2 ms pulses
Blas A. Guigni, 2019 12 ms pulses
[236]

Broholm C., 2011 [245] 1 ms pulses
Burch N., 2010 [167] 1 ms pulses

Christensen C.S., 2015 2 ms pulses

[169]

Laurens C., 2020 [221] Acute=24-ms pulses / chronic = 2-ms
pulses

Connor M.K., 2001 [232]

Feng YZ., 2014 [217] 2 ms pulses

Ferndndez-Verdejo  R., 2 ms pulses
2017 [233]
Fujita H., 2010 [234] twitch contraction:

10 ms

Furuichi Y., 2018 [235] 3ms, 30ms, 50ms pulse duration

Gong H., 2016 [46] 11 ms pulses
Horie M., 2015 [237] 2 ms pulses
Kubis HP., 2002 [249] 2.5 ms pulses

Lambertucci RH., 2012

[222]

Lee J.0.,2020 [272] 1 ms pulses
LiZ.,, 2018 [45] 24 ms pulses
Manabe Y., [224] 3 ms pulses
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20V

40V
14 v

40V

0V

65V

30V

20V

1V/mm

various

voltages

30V

14, 20,

and 40V

5V

25V

20V

50V

1Hz

1Hz

1Hz

1Hz
50 Hz

1Hz

Acute=0.5 Hz/ Chronic=
0.1 Hz

5Hz

1Hz

1Hz

50 Hz

1-Hz

1,4,10,30Hz

1Hz

I, Il & V=1, IV=5 or I=10
Hz

50 Hz

1Hz
1Hz

1Hz
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Martin  N.R.W., 2017 1V/mm 10 Hz

[239]
McArdle F., 2001 [218] 2 ms pulses 30 V/well 1Hz
Nieuwoudt S., 2017 [273] 1.5V/mm | 1Hz, 0.5 Hz
Nikolic” N., 2012 [165] Acute=200 ms given every 5th second/ 50V Acute= 100 Hz/chronic=1
chronic=2 ms Hz
Lgvsletten N., 2019 [247]  2ms pulses 0V 0,1 Hz
Park S.,2019 [225] 2 ms pulses 115V 1Hz
Pattamaprapanont 2 ms pulses 30V 1Hz
P.,2016 [170]
Pattwell DM., 2004 [244] 2 ms in duration for 0.5 of a second 30V/well 1 Hz or 50 Hz
every5s
Raschke S.,2013 [162] 2 ms pulses 115V 1Hz
Raschke S. 2013 [171] 2 ms pulses 115V 1Hz
Sato S., 2019 [181] 2 ms pulses 50V 100 Hz
Scheler M., 2013 [248] 2ms pulses 4Vand14Vv 5 Hz
Tarum J., 2017 [219] 2 ms pulses 12V 1Hz
Thelen M.H., 1997 [243] 6 ms pulses 3V/cm2 2Hz
Son Y.H., 2019 [242] 1 ms pulse of 2 ms duration 115V 10 Hz
Yue Y., 2019 [226] 24 ms at 976-ms intervals 20V 1 Hz
Valero-Breton M., 2020 0.4 ms with 4 s rest between each 15V 100 Hz
[220] contraction
Chaves A.B., 2021 [216] 2 ms 115V 1Hz
Kugler B.A., 2021 [246] 2 ms pulses 115V 1Hz
Nakamura T., 2021 [240] 2 ms pulses 1V/mm 100 Hz
Small L., 2020 [241] 2 ms pulses 30V 1Hz
Tamura Y., 2020 [176] 2 ms, 13V, twitch:2 Hz
twitch and tetanus twitch and tetanus (continuous)
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and tetanus: 66

Hz (5s ON, 5 s

OFF)
2.1. Metanalytic findings
Figure S1. Correlation of the duration of stimulation with the difference in expression levels of Akt.
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tau? (estimated amount of residual heterogeneity):  0.5207
tau (square root of estimated tau® value): 0.7216
I2 (residual heterogeneity / unaccounted variability): 485 %
H? (unaccounted variability / sampling variability): 1.94 %
R2 (amount of heterogeneity accounted for): 19.82 %
Test of Moderators (coefficient 2) (p value): 0.0906
Figure S2. Correlation of the duration of stimulation with the difference in expression levels of Glucose Uptake.
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Figure S3. Correlation of the duration of stimulation with the difference in expression levels of GLUTA4.
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Figure S4. Correlation of the duration of stimulation with the difference in expression levels of PGC1a.
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Figure S5. Correlation of the duration of stimulation with the difference in expression levels of IL-6.
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