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Resumo da Tese

Os horménios tireoideanos tém importante papel na manutencado da
homeostase metabdlica, exercendo efeitos sobre o metabolismo glicémico em
diferentes niveis. Alteragbes nos niveis de hormoénios tireoideanos, como
ocorrem no hipertireoidismo e no hipotireoidismo, estdo associados a aumento
da resisténcia a insulina. A captacdo de glicose mediada pela insulina no
musculo esquelético e no tecido adiposo, um dos fatores determinantes da
homeostase glicémica, € dependente da expressao do transportador de glicose
tipo 4 (GLUT-4) na membrana celular destes tecidos. Visto que o gene do
GLUT-4 é induzido pelos horménios tireoideanos, alteracdes na concentragao
de triiodotironina (T3) tecidual podem explicar a associacao entre alteracdes
nos niveis de hormdnios tireoideanos e resisténcia a insulina. No musculo
esquelético a ativagdo do pro-horménio tiroxina (T4) ao horménio ativo T3 é
regulada através da atividade da enzima desiodase tipo 2 (D2). Estudos em
modelos animais nocaute para o gene da enzima D2 (D2KO0) demonstraram
resisténcia a insulina aumentada nestes animais. Em humanos, um
polimorfismo da D2, no qual uma treonina (Thr) é trocada por uma alanina no
codon 92 (D2 Thr92Ala), foi associado a redugdo da atividade da D2 em
tecidos periféricos e maior resisténcia a insulina em pacientes com e sem
diabetes mellitus tipo 2 (DM2).

A associacao entre o polimorfismo Thr92Ala da D2 e aumento de risco
para DM2 nao foi demonstrada nos estudos que avaliaram esta questdo.
Entretanto, visto que DM2 é uma doenca poligénica e que os marcadores

genéticos para esta doenca tem tamanho de efeito pequeno, deve-se



considerar falta de poder estatistico como uma possibilidade para explicar os
resultados negativos.

No primeiro artigo original que compde esta Tese o objetivo foi avaliar se
o polimorfismo Thr92Ala da D2 esta associado com aumento de risco para
DM2. Para tanto, planejou-se um estudo de caso-controle seguido de uma
revisdo sistematica e meta-andlise da literatura. No estudo de caso-controle,
foram incluidos 1057 pacientes com DM2 e 516 individuos controles saudaveis.
A prevaléncia do genétipo Ala92Ala da D2 foi de 16,4% no grupo DM2 e 12,0%
no grupo controle (p=0,03), resultando em uma razédo de chances (RC) de 1,41
(1C95% 1,03-1,94, p=0,03). No mesmo trabalho realizou-se uma revisdo
sistemdtica com meta-andlise de estudos observacionais que avaliaram a
associacao entre o gendétipo Ala92Ala da D2 e DM2, sendo incluidos 4 estudos.
A meta-andlise dos 4 estudos, incluindo dados de um total de 11.033
pacientes, identificou uma RC 1,18 (IC95% 1,03-1,35, p=0,02) para a
associacao do gendtipo Ala92Ala da D2 e DM2. Portanto, os resultados do
estudo de caso-controle e da meta-analise demonstraram que o gendtipo
Ala92Ala da D2 esta associado a aumento de risco para DM2 na populacao
geral.

A gestacao caracteriza-se por uma série de alteragées hormonais. Com
respeito aos horménios tireoideanos, hd um aumento na producdo e
metabolizacdo do T4. No metabolismo glicémico, especialmente no terceiro
trimestre, h4 um estado de resisténcia a insulina, induzido pela secrecédo de
uma série de hormdnios contra-reguladores da insulina pela placenta. A
placenta também regula a transferéncia dos horménios tireoideanos da mae

para o feto através da expressao das enzimas D2 e desiodase tipo 3 (D3).



Portanto, em um contexto de resisténcia a insulina e de aumento de demanda
pela producdo de T4, um polimorfismo que estda associado a redugdo da
atividade da D2 em tecidos periféricos e maior resisténcia a insulina, pode
associar-se a pior controle glicémico durante a gestacdo. Portanto, o objetivo
do segundo artigo original que compde esta Tese foi de avaliar a associacao
entre o genotipo Ala92Ala da D2 e o controle glicémico em gestantes. Neste
estudo foram incluidas 110 gestantes (19 Ala92Ala e 91 Thr92Ala-Thr92Thr),
que foram acompanhadas até o parto. Nao foram identificadas diferengcas no
controle glicémico ao longo da gestagcédo, no peso neonatal ou em desfechos
obstétricos entre os dois grupos. Em 30 amostras de placentas obtidas no
momento do parto, realizou-se ensaios para avaliar a expressao da enzima D2.
A atividade placentaria da D2 das pacientes Ala92Ala foi 82% menor que nos
demais gendétipos (p<0,001).

Pelas potenciais implicac6es terapéuticas no futuro, o entendimento dos
mecanismos que explicam a associacao entre reducdo na atividade da D2 e

resisténcia a insulina e aumento do risco de DM2 sdo de especial interesse.
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Resumo

Os horménios tireoideanos tém importante papel na manutencao da
homeostase metabdlica, exercendo efeitos sobre o metabolismo glicémico em
diferentes niveis. Alteragcbes nos niveis de horménios tireoideanos, como
ocorrem no hipertireoidismo e no hipotireoidismo, estdo associados a aumento
da resisténcia a insulina. A captacdo de glicose mediada pela insulina no
musculo esquelético, um dos fatores determinantes da homeostase glicémica,
€ dependente da expressao do transportador de glicose tipo 4 (GLUT-4) na
membrana celular deste tecido. Visto que o gene do GLUT-4 é induzido pelos
hormonios tireoideanos, alteragdes na concentragdo de triiodotironina (T3)
tecidual podem explicar a associacao entre alteracdes nos niveis de horménios
tireoideanos e resisténcia a insulina. No musculo esquelético a ativagao do pro-
horménio tiroxina (T4) ao horménio ativo T3 é regulada através da atividade da
enzima desiodase tipo 2 (D2). Estudos em modelos animais nocaute para o
gene da enzima D2 (D2K0) demonstraram resisténcia a insulina aumentada
nestes animais. Em humanos, um polimorfismo da D2, no qual uma treonina
(Tre) é trocada por uma alanina no cdédon 92 (D2 Tre92Ala), foi associado a
reducdo da atividade da D2 em tecidos periféricos e maior resisténcia a
insulina. O entendimento dos mecanismos que explicam a associagdo entre
reducao na atividade da D2 e resisténcia a insulina sdo de especial interesse,

por suas potenciais implicacdes terapéuticas.



Introducao

Os horménios tireoideanos tém importante papel na manutencado da
homeostase metabdlica, exercendo efeitos sobre o metabolismo glicémico em
diferentes niveis. A regulacdo da ativacdo dos hormdnios tireoideanos nos
tecidos periféricos, através da atividade das enzimas desiodases, ilustra o
papel do metabolismo dos hormdnios tireoideanos no controle da homeostase

glicémica.

Metabolismo dos horménios da tiredide

Sob estimulo da tireotrofina (TSH) hipofisaria, a glandula tiredide
humana secreta diariamente cerca de 80-100ug do pré-horménio tiroxina (T4) e
30-40 pg do horménio ativo triiodotironina (T3). Em individuos eutireoideanos,
aproximadamente 80-90% do horménio T3 biologicamente ativo circulante
deriva da conversao periférica de T4 em T3 (1).

A producao de T3 nos tecidos periféricos € regulada localmente através
da acado das desiodases, um grupo de enzimas que representam uma etapa
critica na modulacao pré-receptor da acao dos horménios tireoideanos (2). As
desiodases tipos 1, 2 e 3 (D1, D2 e D3) constituem uma familia de oxiredutases
que catalisam a remocao de uma molécula de iodo do anel externo (D1 e D2,
ativacao) e do anel interno (D3, inativagao) dos hormdnios tireoidianos (Figura
1)(2). A via da desiodagdo € um passo critico na ativagdo e inativacao do
horménio da tiredide, permitindo rapidas modificacbes no status tireoidiano
intracelular de uma forma tecido-especifica, sem afetar as concentracdes
circulantes dos mesmos. Assim, é possivel controlar a concentragcdo e a
atividade intracelular de T3 independentemente dos niveis de T3 sérico.

A desiodacao do T4 a T3 é necessaria para ativar o principal produto
secretado pela glandula tiredide. A D2 é uma desiodase exclusiva de anel
externo que converte T4 em T3 e rT3 (T3 reverso) em T2. Ao contréario, a D1
pode promover a desiodagao tanto do anel externo quanto do anel interno
(Figura 1). Em humanos, os niveis mais altos de atividade da D1 sao
encontrados na tiredide, figado e rim. A D2 é mais expressa na hipofise,
cérebro, tiredide, pele, musculos esquelético e cardiaco (2). A D3 desempenha
exclusivamente atividade de desiodagdo do anel interno, catalisando a
conversdo de T4 a rT3 e a conversdao de T3 a 3,3-T2, ambos produtos



biologicamente inativos (Figura 1). A D3 contribui para a homeostase do
horménio da tiredide protegendo os tecidos de um excesso de hormdnio
tireoidiano, sendo a principal enzima inativadora de T3 e T4. Estudos usando
imunofluorescéncia com microscopia cofocal identificaram a D2 no reticulo
endoplasmatico, enquanto a D1 e a D3 sao localizadas na membrana
plasmatica (2).

Os hormédnios tireoideanos circulantes sao transportados através das
membranas celulares, e o T3 que ganha acesso ao nucleo celular, interage
com os receptores dos horménios tireocideanos (THRa e THRB, membros da
familia dos receptores nucleares celulares), induzindo e suprimindo a
expressao de uma série de genes, alguns com importante papel no controle do

metabolismo glicémico (2).

Controle do metabolismo glicémico

A homeostase glicémica é determinada por mecanismos complexos,
com contribuicao distinta nos periodos de jejum e pés-prandial (3). No jejum, a
producdo enddégena de glicose e a utilizacdo de glicose pelos tecidos
periféricos estdo em equilibrio. Neste periodo, o figado responde por
aproximadamente 85% da producdo de glicose, com os 15% restantes
provenientes do metabolismo renal, sendo cerca de 50% da producéo
endogena de glicose derivada de glicogendlise e 50% de gliconeogénese (3,
4).

No periodo pés-prandial, a absorgdo intestinal de glicose leva a aumento
na glicemia, o que estimula a secrecdo de insulina pelas células B
pancreaticas. Consequentemente, a hiperinsulinemia e a hiperglicemia
resultantes suprimem a producédo hepatica de glicose e estimulam a captacao
de glicose pelo figado e pelos tecidos periféricos (5). O musculo esquelético
responde por cerca de 80% da glicose captada pelos tecidos periféricos neste
periodo, e o tecido adiposo por aproximadamente 5% (5).

Portanto, no periodo de jejum, o figado e no pds-prandial; o musculo
esquelético e o tecido adiposo séo os principais determinantes da homeostase
glicémica em individuos saudaveis. De fato, estes sdo os tecidos que
determinam resisténcia a acdo da insulina e a resultante hiperglicemia em

individuos com diabetes tipo 2 (3). A resisténcia a insulina se manifesta pela



manutencdo da producdo de glicose hepatica, mesmo na vigéncia de
hiperglicemia e hiperinsulinemia, e pela reducdo na captacdo de glicose
mediada pela insulina no musculo esquelético e no tecido adiposo (3).

O papel dos horménios da tire6ide no metabolismo glicémico

Os horménios da tiredide exercem efeito sobre o metabolismo glicémico
através de interagdes em diferentes niveis. A secrecdo de insulina pelas
células B pancreaticas estd reduzida no hipotireoidismo e aumentada no
hipertireoidismo. Reconhecido como um estado de hiperglicemia reversivel, no
hipertireoidismo os horménios da tiredide induzem a expressdo hepatica de
uma série de genes envolvidos na gliconeogénese, o0 que explica o incremento
na producao de glicose pelo figado que acompanha o excesso de hormébnios
tireoideanos (6). De outra parte, no hipertireoidismo a captacdo de glicose
mediada pela insulina, no musculo esquelético e no tecido adiposo, esta
aumentada (7, 8). A resisténcia a insulina e a hiperglicemia resultantes do
excesso de hormonios tireoideanos circulantes ocorrem pelo fato de o aumento
na producéao de glicose hepatica suplantar o incremento na captacao de glicose
mediada pela insulina nos tecidos periféricos.

De forma interessante, o hipotireoidismo também esta associado a um
estado de resisténcia a insulina, visto que a reducao de hormdnios tireocideanos
circulantes leva a reducdo na captacao de glicose mediada pela insulina no
musculo esquelético (7). Devido a concomitantemente reducdo na producéo
hepatica de glicose que ocorre no hipotireoidismo, a resisténcia a insulina nos
tecidos periféricos pode nao se manifestar com hiperglicemia.

A captagao de glicose mediada pela insulina no musculo esquelético e
no tecido adiposo é dependente da expressao do transportador de glicose tipo
4 (GLUT-4) na membrana celular destes tecidos. Visto que o gene do GLUT-4
contém em sua regido promotora um elemento responsivo aos hormoénios
tireoideanos, e que estudos em modelos animais demonstraram que o
tratamento com T3 aumenta a expressao do mRNA e da proteina do GLUT-4,
pode-se supor que a reducao da captacao de glicose mediada pela insulina no
hipotiroeidismo ocorre por menor expressao do GLUT-4 associado a condicéao

9).



O papel das desiodases na resisténcia a insulina

A enzima D2 desempenha papel critico na manutencdo dos niveis
intracelulares de T3, controlando assim, de forma indireta, o metabolismo
energético e a resposta dos tecidos periféricos a insulina (10). Devido a sua
localizagdo no reticulo endoplasmatico, o T3 produzido pela D2 é
especialmente efetivo em ganhar acesso ao nucleo e interagir com o0s
receptores dos horménios tireoideanos (1, 11). Genes de proteinas envolvidas
no controle da homeostase glicémica, como GLUT-4 e proteinas
desacopladoras (UCPs), sao controlados em nivel transcripcional pelos
hormonios tireoideanos. No tecido adiposo marrom (BAT), a expressdao de
UCPs aumenta a termogénese e o gasto energético, e no musculo esquelético,
a expressao de GLUT-4 aumenta a captacao de glicose pelo tecido (9, 12). Os
efeitos positivos sobre a expressdo de UCPs e GLUT-4 induzidos pelo T3
resultam na reducao da resisténcia a insulina.

De fato, estudos com camundongos nocaute para o gene da D2 (D2K0)
demonstraram que a ndo-expressao da enzima D2 leva a manifestagdo de um
fenétipo de aumento da resisténcia a insulina e de tendéncia a ganho de peso
nestes animais (12, 13). De forma interessante, os camundongos D2KO
manifestam fendtipo de aumento da resisténcia a insulina mesmo quando
submetidos a dietas que nao induzem alteracdo no peso, 0 que sugere uma
associagao direta entre diminuicao da atividade da D2 e resisténcia a insulina
(13).

Em humanos, sabe-se que polimorfismos nos genes das desiodases
podem interferir na expressdo destas enzimas, potencialmente alterando o
metabolismo dos horménios tireoideanos (1, 14-17). Um polimorfismo de
nucleotideo unico (SNP) da D2, no qual uma treonina (Tre) € trocada por uma
alanina no cédon 92 (D2 Tre92Ala), foi associado com reducédo da atividade da
D2 em tecidos periféricos e maior resisténcia a insulina em individuos néo-
diabéticos e em pacientes com diabetes tipo 2 (14, 18).

Acredita-se que no musculo esquelético de individuos com o gendtipo
Ala92Ala da D2 a geragdo de T3 intracelular pela D2 esteja diminuida,
resultando em um estado de hipotireoidismo intracelular relativo, com
consequente reducdo da expressdao de genes induzidos pelo T3, como o
GLUT-4 e UCPs, o que resulta em um fenétipo de aumento da resisténcia a



insulina. Entretanto, cabe ressaltar que estudos funcionais n&o identificaram
modificacdes significativas nas propriedades bioquimicas da enzima mutante, o
gue sugere que esta variante parece ser um marcador de expressao anormal
da D2, mas que a mutacdo per se nao justifica a reducdo de atividade da
enzima (14).

E interessante notar que o polimorfismo Tre92Ala da D2 também ja foi
associado a outras condicbes como aumento do risco para oestoartrose,
hipetensao arterial sistémica, Doenca de Graves, alteracdes no quociente de
inteligéncia associados a deficiéncia de iodo, bem-estar psicolégico e resposta
ao tratamento com T3 ou T4, reducao da massa éssea e maior furnover 6sseo
(19-24). A maioria destas associagdes € independente dos niveis séricos de
hormonios tireoideanos, o que ressalta a importancia da regulagao local do
metabolismo dos hormonios tirecideanos nos tecidos periféricos.

Conclusao

Os hormbnios tireoideanos exercem efeitos sobre o metabolismo
glicémico em diferentes niveis, e alteragcbes no metabolismo dos horménios
tireoideanos estdo associados a aumento da resisténcia a insulina. No musculo
esquelético a captagdo de glicose mediada pela insulina é dependente da
expressao do GLUT-4 na membrana celular deste tecido. Visto que o gene do
GLUT-4 é induzido pelos horménios tireoideanos, alteracdes na concentragao
de T3 tecidual através de modulagdo da atividade da enzima D2 podem
explicar a associacdo entre alteragdes nos niveis teciduais de hormdnios
tireoideanos e resisténcia a insulina. Estudos em modelos animais D2K0 e do
polimorfismo D2 Tre92Ala em humanos sugerem que a reducao da atividade
da D2 leva a um estado de hipotireoidismo intracelular relativo, com
consequente reducdo da expressdao de genes induzidos pelo T3, como o
GLUT-4, o que resulta em um fenétipo de aumento da resisténcia a insulina.

O entendimento dos mecanismos moleculares que explicam a
associacao entre reducdo na atividade da D2 com aumento da resisténcia a
insulina, sugere um papel central da regulagdo do T3 intracelular na
fisiopatologia, e sinalizam o potencial de desenvolvimento de moléculas com

alvo terapéutico especifico.



Referéncias

1. Maia AL, Kim BW, Huang SA, Harney JW, Larsen PR. Type 2
iodothyronine deiodinase is the major source of plasma T3 in euthyroid
humans. J Clin Invest. 2005 Sep;115(9):2524-33.

2. Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR. Biochemistry,
cellular and molecular biology, and physiological roles of the iodothyronine
selenodeiodinases. Endocr Rev. 2002 Feb;23(1):38-89.

3. Mitrakou A, Kelley D, Veneman T, Jenssen T, Pangburn T, Reilly J, et al.
Contribution of abnormal muscle and liver glucose metabolism to postprandial
hyperglycemia in NIDDM. Diabetes. 1990 Nov;39(11):1381-90.

4. Rothman DL, Magnusson |, Katz LD, Shulman RG, Shulman Gl.
Quantitation of hepatic glycogenolysis and gluconeogenesis in fasting humans
with 13C NMR. Science. 1991 Oct 25;254(5031):573-6.

5. Ferrannini E, Bjorkman O, Reichard GA, Jr., Pilo A, Olsson M, Wahren J,
et al. The disposal of an oral glucose load in healthy subjects. A quantitative
study. Diabetes. 1985 Jun;34(6):580-8.

6. Feng X, Jiang Y, Meltzer P, Yen PM. Thyroid hormone regulation of
hepatic genes in vivo detected by complementary DNA microarray. Mol
Endocrinol. 2000 Jul;14(7):947-55.

7. Dubaniewicz A, Kaciuba-Uscilko H, Nazar K, Budohoski L. Sensitivity of
the soleus muscle to insulin in resting and exercising rats with experimental
hypo- and hyper-thyroidism. Biochem J. 1989 Oct 1;263(1):243-7.

8. Romero R, Casanova B, Pulido N, Suarez Al, Rodriguez E, Rovira A.
Stimulation of glucose transport by thyroid hormone in 3T3-L1 adipocytes:
increased abundance of GLUT1 and GLUT4 glucose transporter proteins. J
Endocrinol. 2000 Feb;164(2):187-95.

9. Torrance CJ, Devente JE, Jones JP, Dohm GL. Effects of thyroid
hormone on GLUT4 glucose transporter gene expression and NIDDM in rats.
Endocrinology. 1997 Mar;138(3):1204-14.

10. Bianco AC, Maia AL, da Silva WS, Christoffolete MA. Adaptive activation
of thyroid hormone and energy expenditure. Biosci Rep. 2005 Jun-Aug;25(3-
4):191-208.

11. Silva JE, Larsen PR. Pituitary nuclear 3,5,3'-triiodothyronine and
thyrotropin secretion: an explanation for the effect of thyroxine. Science. 1977
Nov 11;198(4317):617-20.

12.  Castillo M, Hall JA, Correa-Medina M, Ueta C, Kang HW, Cohen DE, et
al. Disruption of thyroid hormone activation in type 2 deiodinase knockout mice
causes obesity with glucose intolerance and liver steatosis only at
thermoneutrality. Diabetes. 2011 Apr;60(4):1082-9.

13.  Marsili A, Aguayo-Mazzucato C, Chen T, Kumar A, Chung M, Lunsford
EP, et al. Mice with a targeted deletion of the type 2 deiodinase are insulin
resistant and susceptible to diet induced obesity. PLoS One. 2011;6(6):€20832.
14.  Canani LH, Capp C, Dora JM, Meyer EL, Wagner MS, Harney JW, et al.
The type 2 deiodinase A/G (Thr92Ala) polymorphism is associated with
decreased enzyme velocity and increased insulin resistance in patients with
type 2 diabetes mellitus. J Clin Endocrinol Metab. 2005 Jun;90(6):3472-8.

15.  Grozovsky R, Ribich S, Rosene ML, Mulcahey MA, Huang SA, Patti ME,
et al. Type 2 deiodinase expression is induced by peroxisomal proliferator-
activated receptor-gamma agonists in skeletal myocytes. Endocrinology. 2009
Apr;150(4):1976-83.



16. Heemstra KA, Soeters MR, Fliers E, Serlie MJ, Burggraaf J, van Doorn
MB, et al. Type 2 iodothyronine deiodinase in skeletal muscle: effects of
hypothyroidism and fasting. J Clin Endocrinol Metab. 2009 Jun;94(6):2144-50.
17.  Coppotelli G, Summers A, Chidakel A, Ross JM, Celi FS. Functional
characterization of the 258 A/G (D2-ORFa-Gly3Asp) human type-2 deiodinase
polymorphism: a naturally occurring variant increases the enzymatic activity by
removing a putative repressor site in the 5' UTR of the gene. Thyroid. 2006
Jul;16(7):625-32.

18.  Mentuccia D, Proietti-Pannunzi L, Tanner K, Bacci V, Pollin T, Poehlman
ET, et al. Association between a novel variant of the human type 2 deiodinase
gene Thr92Ala and insulin resistance: evidence of interaction with the Trp64Arg
variant of the beta-3-adrenergic receptor. Diabetes. 2002 Mar;51(3):880-3.

19.  Meulenbelt I, Min JL, Bos S, Riyazi N, Houwing-Duistermaat JJ, van der
Wik HJ, et al. Identification of DIO2 as a new susceptibility locus for
symptomatic osteoarthritis. Hum Mol Genet. 2008 Jun 15;17(12):1867-75.

20. Gumieniak O, Perlstein TS, Williams JS, Hopkins PN, Brown NJ, Raby
BA, et al. Ala92 type 2 deiodinase allele increases risk for the development of
hypertension. Hypertension. 2007 Mar;49(3):461-6.

21.  Chistiakov DA, Savost'anov KV, Turakulov RI. Screening of SNPs at 18
positional candidate genes, located within the GD-1 locus on chromosome
14023-932, for susceptibility to Graves' disease: a TDT study. Mol Genet
Metab. 2004 Nov;83(3):264-70.

22. Guo TW, Zhang FC, Yang MS, Gao XC, Bian L, Duan SW, et al. Positive
association of the DIO2 (deiodinase type 2) gene with mental retardation in the
iodine-deficient areas of China. J Med Genet. 2004 Aug;41(8):585-90.

23. Panicker V, Saravanan P, Vaidya B, Evans J, Hattersley AT, Frayling
TM, et al. Common variation in the DIO2 gene predicts baseline psychological
well-being and response to combination thyroxine plus triiodothyronine therapy
in hypothyroid patients. J Clin Endocrinol Metab. 2009 May;94(5):1623-9.

24. Heemstra KA, Hoftijzer H, van der Deure WM, Peeters RP, Hamdy NA,
Pereira A, et al. The type 2 deiodinase Thr92Ala polymorphism is associated
with increased bone turnover and decreased femoral neck bone mineral
density. J Bone Miner Res. 2010 Jun;25(6):1385-91.



125!

@ Q —CH—LOOH

125 i

Ativacao Thyroxine (T,)

D1,I:7 \T I:l)r::ativagéo
o e

125i

Triiodothyronine (T,) \\1 D3 Reverse T3(rT3)

Inativacao D1, D2

125!

%}@

3,3’diiodothyronine(T,)

DL:V \01, bz
HOQOO HO—QOGR

3’-monoiodothyronine (T1) 3’-monoiodothyronine (T1)

Figure 1. Metabolismo dos Horm énios Tireoidianos.



Association of the type 2 deiodinase Thr92Ala
polymorphism with type 2 diabetes: case-control
study and meta-analysis.

José Miguel Dora'?, Walter Escouto Machado', Jakeline Rheinheimer’', Daisy

Crispim' and Ana Luiza Maia'.

Thyroid Section, Endocrine Division' and Clinical Pathology Division?, Hospital
de Clinicas de Porto Alegre, Porto Alegre, Brazil,

Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.

Running title: D2 Thr92Ala polymorphism and type 2 diabetes

Keyword words: Type 2 Diabetes Mellitus, lodothyronine Deiodinase Type Il,
Thr92Ala polymorphism, Risk Factor, Meta-analysis

Word Count: Text: 3,852; Abstract: 250; Tables: 02; Figures: 02.

Correspondence and Reprints:
Ana Luiza Maia, MD, PhD.

Servico de Endocrinologia

Hospital de Clinicas de Porto Alegre
Ramiro Barcelos 2350, 90035-003
Porto Alegre, RS, Brazil

Phone: 55-51-3331.0207

Fax: 55-51-3332.5188

E-mail: almaia@ufrgs.br

Disclosure information: All authors declare that there is no conflict of interest
that would impair the impartiality of this scientific study.

Grant support: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico

(CNPq), and Fundo de Incentivo a Pesquisa (FIPE), Brazil.



Abstract

Objective: The type 2 deiodinase (D2) is a key enzyme for intracellular T3 generation.
A single nucleotide polymorphism in D2 (Thr92Ala) has been associated with increased
insulin resistance in non-diabetic and type 2 diabetes (DM2) subjects. Our aim was to
evaluate whether the D2 Thr92Ala polymorphism is associated with increased risk for
DM2. Design and Methods: A case-control study with 1057 DM2 and 516 non-diabetic
subjects was performed. All participants underwent genotyping of the D2 Thr92Ala
polymorphism. Additionally, systematic review and meta-analysis of the literature for
genetic association studies of D2 Thr92Ala polymorphism and DM2 was performed in
Medline, Embase, LiLacs, SciELO, and major meetings databases using the terms
"rs225014" OR "thr92ala" OR "T92A" OR "dio2 a/g". Results: In the case-control
study, the frequencies of D2 Ala92Ala homozygous were 16.4% (n=173) vs. 12.0%
(n=62) in DM2 vs. controls, respectively, resulting in an adjusted odds ratio (OR) of
1.41 (Cl95% 1.03-1.94, P=0.03). The literature search identified 3 studies that
analyzed the association of the D2 Thr92Ala polymorphism with DM2, with the
following effect estimates: Mentuccia (OR 1.40 [CI95% 0.78-2.51]), Grarup (OR 1.09
[CI95% 0.92-1.29]) and Maia (OR 1.22 [CI95% 0.78-1.92]). The pooled effect of the 4
studies resulted in an OR 1.18 (Cl95% 1.03-1.36, P=0.02). Conclusions: Our results
indicate that in a case-control study, the homozygosity for D2 Thr92Ala polymorphism
is associated with increased risk for DM2. These results were confirmed by a meta-
analysis including 11,033 individuals and support a role for intracellular T3

concentration in skeletal muscle on DM2 pathogenesis.



Introduction

Thyroxine (T4), a major secretory product of the thyroid gland, needs to be
converted to triiodothyronine (T3) to exert its biological activity. Type 2 deiodinase (D2)
catalyzes T4 to T3 conversion, and plays a critical role in maintaining intracellular T3
levels in specialized tissues, such as the anterior pituitary, central nervous system, and
brown adipose tissue (BAT) (1). D2 gene (DIO2) expression has also been reported in
pituitary, thyroid, placenta, heart and skeletal muscle, and testis (2-8). Recently, it has
been suggested that D2 also contributes for a fraction of the serum T3 levels in
euthyroid and hypothyroid individuals (9).

Previous studies have demonstrated that polymorphisms in the deiodinase
genes might interfere in the phenotypic expression of these enzymes (6, 10).
Interestingly, a study described a single nucleotide polymorphism in D2, in which a
threonine (Thr) change to alanine (Ala) at codon 92 (D2 Thr92Ala) was associated with
an approximately 20% lower glucose disposal rate in non-diabetic subjects (11). In
addition, the Ala allele in homozygosis was associated with greater insulin resistance in
type 2 diabetes patients and decreased enzyme activity in human tissues (6). The
mechanism of reduced D2 activity, however, is still not clear since no significant
changes in the biochemical properties of the mutant enzyme has been detected
(12), thus suggesting that this variant could be only a marker for abnormal Dio2
expression. The D2 Thr92Ala polymorphism has also been linked to increased risk for
osteoarthritis (13), hypertension (14), Graves' disease (15), intelligence quotient
alterations associated with iodine deficiency (16), psychological well-being and
response to T3 or T4 treatment (17), and decreased bone mass and higher bone
turnover (18). Intriguingly, most of these associations are independent of serum
thyroid hormone levels, which highlight the importance of local regulation of thyroid

hormones in peripheral tissues.



Type 2 diabetes is a heterogeneous group of disorders, with varying degrees of
insulin insufficiency and insulin resistance, which result in increased blood glucose
concentrations. At last, insulin resistance results either from inappropriately increased
hepatic gluconeogenesis and/or decreased glucose disposal rate in tissues such as
skeletal muscle and adipose tissue. Glucose transporter type 4 (GLUT4), the insulin-
responsive glucose transporter, mediates the rate-limiting step of glucose metabolism.
Thyroid hormones are known to up-regulate the expression of GLUT4 in skeletal
muscle, and consequently increase glucose uptake (19). Thus, one could speculate
that a lower intracellular D2-generated T3 in skeletal muscle could create a state of
relative intracellular hypothyroidism, decreasing the expression of genes involved in
energy use, such as GLUT4, resulting in increased insulin resistance. Nevertheless,
population-based studies failed to demonstrate an association between the D2
Thr92Ala polymorphism and increased risk for type 2 diabetes (20-22).

Clinical and experimental data support a biological plausibility for a role of the
D2 Thr92Ala variant in predisposition to type 2 diabetes, a heterogeneous disease with
many environmental and genetic factors interactions. In this setting, where both
environment factors and multiple genes play a role in pathophysiology, it is not
unexpected that genetic association studies fail to show an association, even when it
actually exists. Accordingly, diabetes has been called “a geneticist’s nightmare” and, in
this context, a huge number of patients may be needed to clarify the collaboration of a
single polymorphism for this polygenic disease (23). Here, we sought to further test the
hypothesis that homozygosity for the D2 Thr92Ala polymorphism is associated with
increased risk for type 2 diabetes. In an attempt to address the study limitations
highlighted above, we performed a case-control study in a Brazilian population and a

meta-analysis of the literature on the subject.



Research Design and Methods

Case-Control Study

Type 2 diabetes Population

The sample population consists of 1057 type 2 diabetes patients participating in
a multicenter study that started recruiting patients in Southern Brazil in 2002. That
study aimed to evaluate risk factors for type 2 diabetes and its complications. Initially, it
included four centres located at general hospitals in the State of Rio Grande do Sul,
namely Grupo Hospitalar Conceicdo, Hospital Sao Vicente de Paula, Hospital
Universitario de Rio Grande, and Hospital de Clinicas de Porto Alegre. The detailed
description of that study can be found elsewhere (24). The sample population
presented here includes a subgroup of 183 patients described in a previous
study (6).

All patients were of European ancestry (mostly descendants of Portuguese,
Spanish, ltalians and Germans). The ethnic group was defined on the basis of self-
classification and subjective classification (skin color, nose and lip shapes, hair texture,
and family history). A standard questionnaire was used to collect information about
age, age at type 2 diabetes diagnosis, and drug treatment. All patients underwent
physical and laboratory evaluations. They were weighed without shoes and in light
outdoor clothes and had their height measured. Body mass index (BMI) was calculated
as weight (kg) / height (meters)?. Blood pressure (BP) was measured twice after a 5-
min rest in the sitting position using a mercury sphygmomanometer (Korotkoff phases |
and V). The mean value of two measurements was used to calculate systolic and
diastolic BP.

Diabetes was defined as treatment with either insulin or an oral hypoglycemic
agent or a fasting plasma glucose of at least 126 mg/dL (7.0 mmol/L) at two or more

examinations, 2-hour 75¢g oral glucose tolerance test plasma glucose of at least 200



mg/dL (11.1 mmol/L), or random plasma glucose of 200 mg/dL (11.1 mmol/L) or higher
(25). Patients were classified as type 2 diabetes based on patients' age (30 year old or
older), upon the need or not for insulin at diagnosis, and absence of ketones in the

urine. Micro and macrovascular complications were accessed at study entry.

Non- diabetic Control Population

A group of 516 non-diabetic volunteers attending the blood-donation facility of
Hospital de Clinicas de Porto Alegre (Porto Alegre, Brazil) constituted our control
group. A standard questionnaire was used to collect information about age, sex, skin
color, and presence of comorbidities (eg. systemic arterial hypertension) and drug

treatment from controls.

Protocol Ethical Approval
The information obtained from the study did not influence the patient’s diagnosis
or treatment. The local Ethics Committee approved the protocol, and all patients signed

an informed consent form.

Laboratory Tests

In type 2 diabetes mellitus patients, a serum sample was collected after a 12-h
fast. Glucose levels were determined by a glucose oxidase method and glycated
hemoglobin (A1c) by an ion-exchange HPLC procedure (Merck-Hitachi L-9100
glycated hemoglobin analyzer, Merck, Darmstadt, Germany; reference range: 2.7—
4.3%). Serum insulin was measured by electrochemiluminescence (ElecsysR
Systems 1010/2010/modular analytics E170, Roche Diagnostics, Indianapolis, IN).

The intra-assay and inter-assay coefficient of variation were 1.5% and

4.9%, respectively. Insulin sensitivity was estimated by homeostasis model



assessment [HOMA = fasting insulin (milliunits per milliliter) x fasting glucose
(millimoles per liter)/22.5], as recently described and validated (26). Additionally,
triglyceride and cholesterol levels were measured by enzymatic methods and low-
density lipoprotein-cholesterol calculated using the Friedewald equation (LDL
cholesterol = total cholesterol — HDL cholesterol — triglycerides/5).

In non-diabetic subjects no laboratory measures were performed.

Genotyping

DNA was extracted from peripheral blood leukocytes by a standardized salting-
out procedure. Primers and probes contained in the Human Custom TagMan
Genotyping Assay 40x (Applied Biosystems, Foster City, CA; USA) were used for
genotyping our samples. One allelic probe was labeled with VIC dye and the other was
labeled with FAM dye. The reactions were conducted in a 96-well plate, in a total 5 pl
reaction volume using 2ng of genomic DNA, TagMan Genotyping Master Mix 1x
(Applied Biosystems), and Custom TagMan Genotyping Assay 1x. The plates were
then positioned in a real-time PCR thermal cycler (7500 Fast Real PCR System;
Applied Biosystems) and heated for 10 minutes at 95° C followed by 50 cycles of
95°C for 15 seconds and 63°C for 1 minute. Fluorescence data files from each
plate were analyzed using automated allele-calling software (SDS 2.1; Applied
Biosystems).

Patients were classified in groups of Ala/Ala or Ala/Thr-Thr/Thr according to the
presence of the Ala allele. All amplification reactions were performed twice. The
genotyping success was more than 95%, with a calculated error rate based on PCR

duplicates of 0%.



Statistical Analyses

Results are expressed as frequencies, mean + standard deviation (27) or
median and percentile 25-75 (P25-75). Allelic frequencies were determined by gene
counting, and departures from the Hardy-Weinberg equilibrium were verified using x*
tests. Clinical and laboratory data were compared using %, unpaired Student’s t test,
Mann-Whitney U test, ANOVA, Kruskal-Wallis H test or multiple logistic regression
analysis as appropriate. A two-tailed P < 0.05 was considered statistically significant,

and all analyses were performed by SPSS version 15.0 (SPSS, Chicago, IL, USA).

Meta-Analysis

Search Strategy

The electronic databases Medline, Embase, LiLacs and SciELO were searched
for studies of genetic association between the D2 Thr92Ala polymorphism and type 2
diabetes. We also searched the abstracts of the major diabetes and thyroid meetings
over the last four years. We limited the search to humans and used the following
strategy: "rs225014" OR "thr92ala" OR "T92A" OR "dio2 a/g". The reference lists of all
identified articles were also searched, and authors of included studies were consulted
to obtain additional information when needed. For inclusion in the meta-analysis, we
considered as attending the inclusion criteria both: 1) observational studies (cohort,
case-control and cross-sectional studies) on the D2 Thr92Ala polymorphism; 2) that
included patients with and without type 2 diabetes.

Two investigators (JMD and WEM), blinded to each other’s rating,
independently assessed study eligibility. All data were independently abstracted in
duplicate using a standardized abstraction form. Differences in data extraction were

resolved by a third party (ALM) and by referencing the original publication.

Statistical Analyses



Data from the selected studies were retrieved and annotated according to the
presence or absence of type 2 diabetes. The frequencies of each genotype of the D2
Thr92Ala polymorphism, in type 2 diabetes and in non-diabetic controls from all studies
were pooled. The odds ratios (OR) and their 95% confidence intervals (ClI95%) for
individual studies, and for the pooled effect were calculated with the Mantel-Haenszel,
the DerSimonian and Laird, and the Peto’s methods, using random-effects and fixed-
effects models. Heterogeneity was tested with the Cochran Q test and inconsistency
accessed through the I°. Additionally, sensitivity analysis was performed omitting one
study at a time to evaluate the influence of each study on the pooled estimate. We
used the programs Review Manager 5 (28) and MIX version 1.7 (29) for data analysis,
and the study was designed and described in accordance with current guidelines (30-
32).

Results

Case-Control Study

The baseline characteristics of the 1057 type 2 diabetes patients and 516 non-
diabetic control subjects regarding age in years and sex were, respectively, the
following: mean age 59.3 + 10.0 (age at diagnosis 47.4 = 10.9) and 46.2 + 8.8, P=0.02;
females comprised 53% (n = 558) and 37% (n = 191) of study groups, P<0.005 (Table
1).

The frequency of the minor Ala allele was 0.38 in type 2 diabetes patients and
control subjects. In the type 2 diabetes group, 381 (36%) individuals were homozygous
for the Thr allele, 503 (47.6%) were heterozygous (Thr/Ala), and 173 (16.4%) were
homozygous for the Ala allele. In the group control, 195 subjects for the Thr allele
(37.8%), 259 (50.2%) were heterozygous and 62 (12.0%) were homozygous for Ala

allele. The genotypes were in Hardy-Weinberg equilibrium (P=0.96). The frequency

of homozygotes for the Ala allele was significantly higher in the type 2 diabetes group



than in controls (16.4% vs. 12.0%, respectively; P=0.03). This resulted in an OR of
1.43 (CI95% 1.05-1.96, P=0.03) for the Ala/Ala genotype in type 2 diabetes patients.
Because the type 2 diabetes and control groups differed by age and sex (Table 1), we
performed a multiple logistic regression analysis with age, sex, and genotype as
independent variables and type 2 diabetes as the dependent variable. The Ala/Ala
genotype remained significantly associated with type 2 diabetes with an adjusted OR of
1.41 (C195% 1.03-1.94, P=0.03).

Assuming a recessive model, patients with Ala/Thr and Thr/Thr genotypes were
grouped and compared with patients with Ala/Ala genotype. The diabetes duration (10
[5-17] years), systolic (142 + 23 mmHg) and diastolic (85 * 13 mmHg) BP,
microvascular (67%) and macrovascular (58%) complications, renal function (creatinine
0.9 [0.8-1.1] mg/dL) and non-glycemic metabolic control (HDL cholesterol 45 = 12
mg/dL; LDL cholesterol 129 + 42 mg/dL; total cholesterol 208 + 46 mg/dL and
triglycerides 150 [105-217] mg/dL) were similar across the D2 genotypes in the type 2
diabetes patients (data not shown). There was a tendency towards higher fasting
glucose levels in the type 2 diabetes patients harboring the Ala/Ala genotype (fasting
glucose 173 + 71 mg/dL vs. 167 £ 63 mg/dL, for Ala/Ala vs. Ala/Thr-Thr/Thr,
respectively, P=0.06). Confirming our previous report, subjects with the Ala/Ala
genotype had increased insulin levels (fasting insulin 16.8 [8.9-25.8] mIU/mL vs. 11.3
[6.7-18.1] mIU/mL, for Ala/Ala vs. Ala/Thr-Thr/Thr, respectively, P=0.01) and increased
insulin resistance (HOMA index 8.5 [5.2-14.1] vs. 4.5 [2.5-8.1], for Ala/Ala vs. Ala/Thr-
Thr/Thr, respectively, P<0.005). Moreover, the glicemic control, assessed by Aic
levels, were worst in the group of patients with the Ala/Ala genotype (A1c 8.4 + 2.6 %
vs. 7.6 + 2.5 %, respectively, P=004), despite comparable anti-diabetic therapy
(metformin 42.7% vs. 37.7%, p=0.44; sulfonylureas 34.7% vs. 31.7, p=0.60; insulin
41.4% vs. 40.2%, p=0.82 for Ala/Ala vs. Ala/Thr-Thr/Thr, respectively). Eighty-four

patients (8%) were not receiving drug therapy (diet / exercise alone).



Meta-analysis

A literature search using the terms "rs225014" OR "thr92ala" OR "T92A" OR
"dio2 a/g", retrieved 28 articles dealing with D2 Thr92Ala polymorphism. Out of them,
18 studies were excluded because they did not include data on the presence or
absence of diabetes, 4 because the presence of diabetes was an exclusion criteria, 1
because it included only diabetic patients and 1 because data of the diabetic and non-
diabetic populations was non-extractable. Thus, we identified 3 observational studies (2
cross-sectional and 1 case-control) that analyzed the Thr92Ala polymorphism in type 2
diabetes and non-diabetic subjects (Figure 1) (20-22). Therefore, the meta-analysis
included 4 studies: the 3 identified through database search, and our case-control
study. The demographic and glycemic characteristics of the populations included in
each study are described in Table 2.

The study of Mentuccia et al.(20) looked at the Amish population (OR 1.40,
IC95% 0.78-2.51), Maia et al.(21) analyzed data from the Framingham Study (OR
1.22, 1C95% 0.78-1.92); and Grarup et al.(22) studied a large cohort of Danish (OR
1.09, 1C95% 0.92-1.29). Neither heterogeneity (Q=2.64, p=0.45) nor inconsistency
(I’>=0%) across studies were detected. Combining the results of the 4 studies, applying
the fixed-effects model resulted in an estimate Peto pooled OR of 1.18 (ClI95% 1.03-
1.36, p=0.02) (Figure 2). The results were very similar (all statistically significant),
when using the Mantel-Haenszel, the DerSimonian and Laird methods, and the
random-effects model (data not shown).

The weight of each study on the pooled estimate was as follows: Mentuccia
5.6%, Maia 9.3%, Grarup 65.3% and ours 19.7%. Omission of one study at a time was
performed to verify the impact of each study on the estimate effect. Analysis with the
omission of the studies of Mentuccia, Maia, Grarup and ours resulted in similar effect
estimates, with calculated OR of 1.18 (Cl95% 1.00-1.40, change in OR estimate
+0.4%), 1.21 (CI95% 0.99-1.47, change in OR estimate +2.8%), 1.37 (Cl95% 1.08-

1.73, change in OR estimate +16.2%), and 1.12 (ClI95% 0.96-1.31, change in OR



estimate -4.7%), respectively. All the calculations of the sensitivity analysis provided
effect estimates similar to the pooled OR of the 4 studies, reinforcing the homogeneity
between the studies included in our meta-analysis, and excluding a dominant influence

of one study in the magnitude of the effect estimate.

Discussion

Type 2 diabetes is a highly heterogeneous disease with multiple environmental
and genetic factors involved in its pathogenesis. Here, we have performed a case-
control study and a meta-analysis of genetic association studies which demonstrate
that homozygosis for the Ala allele of the single nucleotide polymorphism Thr/Ala in
codon 92 of the D2 is associated with increased risk for type 2 diabetes in the general
population.

D2 is a key enzyme in determining intracellular T3 concentration and might
have a critical role in metabolic activity of skeletal muscle, analogous to its role in BAT
(1, 33, 34). Chronic adrenergic stimulation in adult humans was found to increase both
resting energy expenditure (35) and serum T3 to T4 ratio (33), suggesting the
existence of an adrenergic dependent T4 to T3 conversion pathway (36). In addition, in
patients receiving T4 replacement, resting energy expenditure correlated directly with
free T4 and inversely with serum TSH but, interestingly, not with serum T3 (34). These
data are consistent with a role for T4 via D2-dependent intracellular T3 production in
skeletal muscle as a significant physiological determinant of energy expenditure in
humans. Moreover, recent evidence shows that BAT is present and active in adult
humans, and that D2-mediated T3 production in this tissue might be important for
thermal adaptation and metabolic activity (37).

Previous studies demonstrated that homozygosity for the Ala allele of the D2
Thr92Ala polymorphism was associated with an approximately 20% lower glucose
disposal rate in non-diabetic Caucasians (11). The frequency of the variant allele was

also found to be increased in some ethnic groups, such as Pima Indians and Mexican-



Americans, who also have a higher prevalence of insulin resistance (11). Accordingly,
we have previously demonstrated that the D2 Ala/Ala genotype was associated with
increased insulin levels and HOMA index in patients with type 2 diabetes whereas
decreased D2 activity was found in sample biopsies of individuals harboring this
genotype (7). Here, we have further confirmed the D2 Ala/Ala genotype association
with increased insulin resistance (increased HOMA index), and demonstrated that this
genotype is also associated with worse glycemic control (increased Aic levels) in a
cohort of 1057 type 2 diabetes subjects.

Taken together, these observations raised the hypothesis that the D2 Thr92Ala
polymorphism would be associated with increased risk for type 2 diabetes. However,
despite a statistically non-significant tendency, all studies performed on this subject
have failed to demonstrate such an association (Figure 2). Using cross-sectional
designs, Mentuccia et al.(20) have studied 1,268 subjects of the Old Order of Amish
(Pennsylvania, USA) whereas Maia et al.(21) evaluated a subset of 1,631 subjects
from the Offspring Cohort of the Framingham Heart Study (Massachusetts, USA). Type
2 diabetes comprised 14.1% (179 individuals) and 10.4% (170 individuals) of the
populations of Mentuccia and Maia, respectively.

Grarup et al.(22) studied 7,342 white subjects from Glostrup and Copenhagen
(Denmark), in a mixed case-control and cross-sectional design. In this study, in the
unadjusted analyses, an association was verified between the D2 Ala/Ala genotype
and glycemic traits of insulin resistance: an increased area under serum insulin curve
during the oral glucose tolerance test and elevated fasting plasma glucose in the D2
Ala/Ala group. No increased risk for type 2 diabetes was found. It is interesting to
highlight, however, that the control group of this study was comprised of patients
younger than the cases (age of 46.4 + 8.8 vs. 51.3 + 11.2 years, for controls vs. type 2
diabetes patients at diagnosis, respectively; difference 4.9 years [CI95% 4.3-5.5],

p<0.001).



The contribution of a single gene to a polygenic disease is determined by the
prevalence of the implicated allele and the magnitude of the association with the
condition (38). In this context, underpowerment is a concern in genetic association
studies in a disease such as type 2 diabetes. For instance, despite all the research
efforts on this area, the type 2 diabetes has only a 6% estimated proportion of
heritability explained by the 19 loci associated with the disease (27, 38). The
magnitude of effect of the described genetic variants associated to the disease are of
OR 1.14; 1.12-1.16 (median; P25-75) (23). In this scenario, the assumptions made in
previous studies (21, 22) for a presumed magnitude of a Thr92Ala polymorphism
association with type 2 diabetes of OR 1.9 and 1.3 might be over estimated.

Therefore, assuming a smaller magnitude of effect for the D2 Thr92Ala
polymorphism on type 2 diabetes risk and the need of a large number of patients to
rule out a role of this gene, we have designed a case-control study that included a
large number of type 2 diabetic patients (1057 individuals) and performed a meta-
analysis of the data on the subject. In the case-control study, the frequency of the Ala
allele in homozygosis was significantly higher in type 2 diabetes than in control
subjects (16.4 vs.12.0%, P=0.03). These frequencies, after adjusted for sex and age,
resulted in an OR of 1.41 (CI95% 1.03-1.94) for Ala/Ala genotype in type 2 diabetes
patients. The literature search identified 1 case-control and 2 cross-sectional studies on
the subject, detailed above (Table 2). Despite the different designs employed (case-
controls and cross-sectionals) and the different genetic background of the populations
(North-Americans, Europeans and South-Americans), the results showed neither
inconsistency nor heterogeneity in the pooled data from the 4 studies. The direction of
the estimate was the same in the 4 studies, and moreover, the sensitivity analysis
demonstrated that the effect estimate was consistent across studies. The meta-
analysis OR of 1.18 (Cl95% 1.03-1.35), reflects an increased risk for type 2 diabetes
attributable to the homozigozity of the Ala allele of around 10% (C195% 1-21%,). This is

a meaningful magnitude of effect for a single polymorphism in a polygenic disease like



type 2 diabetes. As an example, the Ala allele of the well characterized Pro12Ala
substitution in the peroxisome proliferator-activated receptor 2 (PPARy) gene accounts
for a near 20% decreased risk for type 2 diabetes (39), and most of the other genes
implicated in type 2 diabetes risk have magnitudes of effects less than 10% (23).

The finding that D2 single nucleotide polymorphism is associated with increased
risk for type 2 diabetes has relevant clinical implications. One notable aspect is that
most of the genetic loci that were identified in association studies of type 2 diabetes
seem to affect insulin secretion (23), not insulin sensitivity such is this case. In the
context of the current pandemics of obesity and obesity-attributable insulin resistance,
the identification of a pathogenic genetic trait that contributes to increased insulin
resistance and increased risk for type 2 diabetes constitutes an important step for
better understanding of the mechanism of disease. Indeed, these results might support
a role for intracellular T3 concentration in type 2 diabetes pathogenesis and might
constitute a potential target to specific therapies (1, 7, 9).

Despite of all our efforts, we are aware that some factors unrelated to
the D2 Thr92Ala polymorphism could have interfered with the findings of
this study. Meta-analysis method is notoriously prone to publication bias, and
although we have attempted to trace unpublished observations, we cannot
assure that small negative studies were overlooked. Moreover, one of the
identified studies was not included in this meta-analysis because data regarding
diabetic population was unextractable (40).

In conclusion, our results demonstrate that the Ala/Ala genotype of D2 is
associated with increased risk for type 2 diabetes. In a case-control study of 1,573
patients and in a meta-analysis of 4 studies with 11,033 subjects, this genotype was
associated with increased risk for type 2 diabetes in the general population, a finding
that might represent an advance thought understanding the genetic contribution to the

pathogenesis of the disease.
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Table 1. Characteristics of type 2 diabetes (all and according to the D2 genotype) and

non-diabetic individuals from our case-control study.

Type 2 diabetes Non-diabetics

All Ala/Ala Ala/Thr-Thr/Thr All

(n=1057) (n=173) (n=884) (n=516)

Age (years)‘a 47.4+10.9 46.9 +10.7 475%+11.0 46.2 +8.8

Female sex [n (%)]° 558 (52.8) 98 (56.6) 460 (52.0) 191 (37.1)
Fasting glucose (mg/dL) 169 + 65 173.3+71.6 167.6 +63.3 NA
Fasting insulin (mlU/mL)® 11.7 (6.8-18.7) 16.8 (8.9-25.8)  11.3 (6.7-18.1) NA
Alc (%)° 7.7+25 8.4+26 76+25 NA
HOMA index” 5.1 (2.6-8.8)  8.5(5.2-14.1) 45 (2.5-8.1) NA
A allele frequency 0.38 0.38

Data are expressed as mean = SD or median (P25-P75). NA, not available; Alc, glycated hemoglobin; HOMA,
homeostasis model assessment [fasting insulin (mIU/mL) x fasting glucose (mmols/L)/22.5]. To convert glucose from
mg/dL to mmol/L, divide by 18 or multiply by 0.055.

"For type 2 diabetes age at diagnosis was used for comparison with age of controls.

? Statistically significant comparisons between all type 2 diabetes vs. non-diabetic subjects (P=0.02 for age and P<0.005
for sex)

P Statistically significant comparisons between Ala/Ala vs. Ala/Thr-Thr/Thr genotypes (P=0.01 for fasting insulin, P=0.01
for A1c and P<0.005 for HOMA index)

Statistical analysis: unpaired Student’s t test for age, fasting glucose and Aic; Mann-Whitney U test for fasting insulin
and HOMA; and %2, for sex and A allele frequency.



Table 2. Characteristics of the populations of the 4 studies that evaluated the genetic

association of the D2 Thr92Ala polymorphism with type 2 diabetes.

Author (reference) Mentuccia (20) Maia (21) Grarup (22) Dora
Year of publication 2005 2007 2007 2010
Individuals studied (n) 1268 1631 7000 1573

Type 2 diabetes subjects [n (%)] 179 (14.1) 170 (10.4) 1405 (20.1) 1057 (67.2)

Age (years) 45.5+0.6 62.0 +9.0 48.5+9.2 548+11.4

Female sex  [n (%)] 707 (55.8) 841 (51.6) 3563 (50.9) 750 (47.7)

BMI (kg/m?) 27.2+0.2 282+52 296+53* 28.9+50*
Fasting glucose (mg/dl) 91 £1 106 £ 27 NA 169 £ 65"
Alc (%) 5.2+0.1 57+1.0 7.8+1.7* 7.7 £25"
A allele frequency 0.30 0.37 0.36 0.38

Data are expressed as mean = SD. BMI, body mass index [weight (kg) / height (meters)?]; NA, not available; Aic,
glycated hemoglobin. To convert glucose from mg/dL to mmol/L, divide by 18 or multiply by 0.055.
*Data from the type 2 diabetes subjects of the study.



28 records identified and screened
through database search with the
following terms: “thr92ala” OR “dio2 a/g”
OR “rs225014” OR “t92a"”

3 excluded because the type 2 dejodinase Thro2Ala
polymorphism was not analyzed

25 full-text articles assessed foreligibility

* 11 excluded because the presence of diabetes was
not evaluated in the study population.

* 4 excluded because systemic disease was an
exclusion criterion.

* 3 excluded because diabetes was an exclusion
criterion.

*+ 2 excluded because only diabetic subjects were
included.

* 1 excluded because data regarding diabetic
population was unextractable

* 1 excluded because it was a response letter with
nodifferentdata from the original article.

3 studies from database search included
inthe meta-analysis

[

4 studies included in
the meta-analysis

Ourstudy

Figure 1. Flowchart of search results for the meta-analysis of the D2 Thr92Ala

polymorphism association with type 2 diabetes.
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Figure 2. Individual and pooled odds ratios (OR) and 95% confidence intervals (CI95%)

estimates for type 2 diabetes association to the Ala/Ala genotype of the type 2 deiodinase.

Statistical analysis: pooled OR estimated through the Peto method (fixed-effects model); heterogeneity tested with the Cochran Q

test (Q=2.64, p=0.45) and inconsistency accessed through the T (I*=0%).





