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 RESUMO 

O diabetes tipo 2 está atingindo proporções epidêmicas em todo o 

mundo. A Organização Mundial de Saúde estima que 9% dos adultos com mais 

de 18 anos têm diabetes, sendo a maioria classificada como tendo diabetes 

tipo 2. A elevada produção de glicose hepática, a redução da secreção de 

insulina, a resistência à insulina e as alterações do metabolismo da glicose 

normalmente encontrados em indivíduos com obesidade, são os principais 

fatores relacionados à patogênese do diabetes tipo 2 e da síndrome 

metabólica. 

A adiponectina é um hormônio regulador da homeostase da glicose e 

dos lipídios ao sensibilizar a ação da insulina. Uma vez que a redução da 

sensibilidade à insulina está relacionada ao diabetes tipo 2 e à síndrome 

metabólica, a diminuição dos níveis de adiponectina pode estar relacionada ao 

desenvolvimento dessas anormalidades metabólicas. Menores concentrações 

de adiponectina estão relacionadas com maior massa de gordura intra-

abdominal. Portanto, a adiponectina pode estabelecer um elo entre gordura 

intra-abdominal, resistência à insulina e desenvolvimento da síndrome 

metabólica. Dessa forma, o objetivo do primeiro estudo foi investigar a relação 

entre os níveis de adiponectina e a síndrome metabólica em uma análise 

transversal com duas populações distintas. Primeiramente, foram analisados 

indivíduos encaminhados para triagem e avaliação de anormalidades do 

metabolismo da glicose e síndrome metabólica, submetidos a um teste de 

tolerância oral à glicose, na unidade de diabetes do Serviço de Endocrinologia 

do Hospital de Clínicas de Porto Alegre e analisados pela presença da 
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síndrome metabólica. Uma replicação da análise foi realizada em indivíduos 

submetidos à angiografia cardíaca no Hospital São Paulo da Universidade 

Federal de São Paulo. Neste estudo, também foi de nosso interesse determinar 

quais os componentes da síndrome metabólica estavam relacionadas aos 

níveis de adiponectina. Além disso, analisamos como a resistência e a 

sensibilidade à insulina e a inflamação subclínica estavam relacionadas com os 

níveis de adiponectina. Os níveis de adiponectina total e de alto peso molecular 

estão mais baixos na presença da síndrome metabólica e reduzem com o 

aumento do número de critérios para síndrome metabólica. Os níveis de 

adiponectina são, em parte, determinados por sua relação com o colesterol 

HDL, os triglicerídeos e a adiposidade abdominal. Além disso, a inflamação 

subclínica e a resistência à insulina podem explicar parcialmente por que os 

níveis de adiponectina são menores em indivíduos com síndrome metabólica 

em comparação com indivíduos sem síndrome metabólica. 

Estratégias terapêuticas de modificação de estilo de vida, que envolvem 

atividade física de intensidade moderada ou alta e perda de peso, com enfoque 

na redução da síndrome metabólica e seus componentes, mostraram-se 

efetivas para aumentar as concentrações de adiponectina. Diferentes 

intervenções dietéticas também foram identificadas como potenciais 

modificadores das concentrações de adiponectina e da sensibilidade à insulina, 

que podem ser moduladas pela ingestão de lipídios. O efeito das dietas que 

contém baixa ou elevada quantidade de gordura ou de tipos diferentes de 

gorduras nos níveis de adiponectina foi analisado em diversos estudos que 

mostraram resultados heterogêneos. De fato, maior adesão à dieta 
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mediterrânea tem sido associada com concentrações mais elevadas de 

adiponectina, que pode ser explicado pela composição da dieta que é rica em 

nozes, óleo de oliva e peixes, que são fontes alimentares de ácidos graxos 

insaturados. Outros lipídios dietéticos, tais como, o ácido linoléico conjugado, o 

colesterol e o ácido graxo poli-insaturado ômega-3 têm sido associados com 

diferentes respostas nas concentrações de adiponectina. A fim de esclarecer o 

efeito dos lipídios da dieta sobre os níveis de adiponectina, o segundo estudo 

teve como objetivo revisar e analisar sistematicamente ensaios clínicos 

randomizados que investigaram os efeitos de lipídios da dieta nas 

concentrações circulantes de adiponectina em adultos. A revisão sistemática 

com meta-análise mostrou que nos estudos de intervenção que compararam as 

dietas com baixo e elevado teor de gordura não houve associação entre a 

quantidade total de gordura com diferenças nos níveis circulantes de 

adiponectina. Observou-se que a suplementação de ômega-3 aumentou 

modestamente as concentrações circulantes de adiponectina. Por outro lado, a 

suplementação de ácido linoléico conjugado reduziu as concentrações de 

adiponectina quando comparada com a suplementação de ácido graxo 

insaturado utilizado como placebo ativo. 

As dietas contendo baixas ou elevadas quantidades de gordura podem 

também afetar os fatores determinantes da tolerância à glicose, especialmente 

a sensibilidade à insulina. Entretanto, este achado aparentemente não pode ser 

explicado pelo efeito da gordura dietética total sobre os níveis de adiponectina. 

Estudos de intervenção de médio e longo prazo têm avaliado se as dietas 

isocalóricas hiperlipídicas podem modificar a sensibilidade à insulina. No 
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entanto, os dados apresentados na literatura atual são contrários à crença de 

que dietas ricas em gordura levam à resistência à insulina. Em contraste, dieta 

com baixo teor de gordura, com menos de 10% de energia proveniente de 

gordura saturada, parece melhorar a sensibilidade à insulina. O terceiro estudo 

buscou determinar, em indivíduos com excesso de peso/obesidade e peso 

estável, o efeito de dietas com baixo ou elevado teor de gordura total e gordura 

saturada na sensibilidade à insulina, através da avaliação da supressão da 

produção de glicose endógena e da captação de glicose promovidas pela 

insulina. Quatro semanas em uma dieta rica em gordura total e gordura 

saturada diminuiu significativamente a sensibilidade à insulina em indivíduos 

com sobrepeso/obesidade, apesar da ausência de ganho de peso. No entanto, 

a dieta com baixo teor de gorduras não melhorou a sensibilidade à insulina. A 

diminuição na sensibilidade à insulina na dieta rica em gordura não pôde ser 

explicada por alterações na gordura intra-abdominal e hepática ou pela 

alteração das adipocinas. No entanto, foram observadas correlações positivas 

entre alterações de sensibilidade à insulina e gordura subcutânea. 
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ABSTRACT 

Type 2 diabetes is reaching worldwide epidemic proportions with the 

World Health Organization estimating that 9% of adults older than age 18 have 

diabetes, with the vast majority having type 2 diabetes. Elevated hepatic 

glucose production, impaired insulin secretion, and insulin resistance, 

abnormalities of glucose metabolism typically found in subjects with obesity, are 

major factors underlying the pathogenesis of type 2 diabetes and metabolic 

syndrome.  

Adiponectin is a major regulator of glucose and lipid homeostasis by its 

insulin sensitizer properties. Since decreased insulin sensitivity is linked to type 

2 diabetes and metabolic syndrome, decreased adiponectin levels may be 

related to its development. Lower adiponectin concentrations are related with 

higher intra-abdominal fat mass. Therefore, adiponectin could link intra-

abdominal fat with insulin resistance and the development of metabolic 

syndrome. Therefore, the purpose of the first study was to investigate the 

relationship between adiponectin levels with metabolic syndrome in two 

different cohorts. Firstly, screened and evaluated for abnormalities of glucose 

metabolism and metabolic syndrome were  submitted to an oral glucose 

tolerance test at the diabetes unit of the Endocrine Department of Hospital de 

Clínicas de Porto Alegre and were cross-sectionally examined according to the 

presence of metabolic syndrome. A replication analysis was performed in 

subjects undergoing cardiac angiography at Hospital São Paulo, from Federal 

University of São Paulo. We were also interested in finding out which metabolic 

syndrome components are mostly related to adiponectin levels. Additionally, we 
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analyzed how insulin resistance, sensitivity and subchronic inflammation were 

related to adiponectin levels. Our results have shown that total and high-

molecular weight adiponectin levels not only are lower in the presence of 

metabolic syndrome, but it also decreases by increasing number of metabolic 

syndrome criteria. These levels are partly determined by their relationship with 

HDL cholesterol, triglycerides and abdominal adiposity. Furthermore, chronic 

inflammation and insulin resistance may partially explain why adiponectin levels 

are lower in subjects with metabolic syndrome compared to subjects without 

metabolic syndrome. 

Therapeutic strategies that target the metabolic syndrome and its 

components have been shown to increase adiponectin concentrations, such as 

lifestyle modification involving moderate- or high intensity physical activities and 

weight loss. Different dietary interventions have also been identified as potential 

modifiers of adiponectin concentrations and insulin sensitivity, and they may be 

influenced by lipid intake. The relationship of the effect of diets containing either 

low or high amounts of fat or different type of fat have been analyzed in different 

studies and has shown heterogeneous results. Indeed, close adherence to a 

Mediterranean diet has been associated with higher adiponectin concentrations 

which can be also explained by its composition that is rich in nuts, olive oil and 

fish, all of which are dietary sources of unsaturated fatty acids. Other dietary 

lipids such as conjugated linoleic acid, dietary cholesterol and long-chain n-3 

polyunsaturated fatty acids have been associated with a variable response to 

adiponectin concentrations. In order to clarify the effect of dietary lipids on 

adiponectin levels, the second study aimed to systematically review and 
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analyze randomised controlled trials investigating the effects of dietary lipids on 

circulating adiponectin concentrations in adults. The meta-analysis has shown 

that intervention studies that compared diets with low and high fat content were 

not associated with differences in adiponectin concentrations. However, it was 

observed that n-3 polyunsaturated fatty acids supplementation modestly 

increased the circulating concentrations of adiponectin, whereas conjugated 

linoleic acid supplementation reduced the concentrations when compared with 

unsaturated fatty acid supplementation used as an active placebo. 

Diets containing either low or high amounts of fat can also affect the 

determinants of glucose tolerance, specifically insulin sensitivity. These findings 

apparently cannot be explained by the effect of total dietary fat on adiponectin 

levels. Medium to long-term diet intervention studies have examined whether 

isocaloric high-fat diets modify insulin sensitivity. However, the data presented 

in the current literature are at odds with the preconception that high fat diets 

lead to insulin resistance. In contrast, a low-fat diet with less than 10% of 

energy from saturated fat seems to improve insulin sensitivity. The third study 

sought to determine the effect of diets containing either low or high amounts of 

fat and saturated fat on insulin sensitivity, both in insulin‟s ability to suppress 

endogenous glucose production and to promote glucose uptake, and insulin 

secretion in weight-stable overweight/obese subjects. Four weeks on a diet high 

in fat and saturated fat significantly decreased insulin sensitivity in 

overweight/obese subjects despite the absence of weight gain. However, a diet 

low in fat and saturated fat did not improve insulin sensitivity.  The decrease in 

insulin sensitivity on the high-fat diet could not be explained by changes in intra-
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abdominal fat, liver fat, or adipokines. However, positive correlations between 

changes in subcutaneous fat and insulin sensitivity were observed.  
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CAPÍTULO 1 

INTRODUÇÃO 

A prevalência de síndrome metabólica (SM) e de diabetes melito tipo 2 

(DM2) na população norte-americana é de 22,9% e 9,3% respectivamente 

conforme os dados do NHANHES e CDC (Beltran-Sanchez et al., 2013 e 

National Diabetes Statistics Report, 2014). No Brasil, a prevalência da SM na 

população adulta é elevada e similar à descrita na população norte-americana. 

Em uma recente revisão sistemática de estudos transversais, a média 

ponderada da prevalência de SM foi de 29,8%, 20,1% e 41,5% na população 

adulta brasileira das regiões urbana, rural e indígena respectivamente (de 

Carvalho Vidigal et al., 2013). De acordo com resultados de um estudo 

conduzido com trabalhadores de turnos fixos de uma indústria do Rio Grande 

do Sul, ser do sexo feminino, ter idade mais avançada e ter privação de sono 

mostraram-se potenciais fatores de risco para SM, enquanto ter maior 

escolaridade e realizar maior número de refeições ao dia foram fatores de 

proteção para SM (Canuto et al., 2015). Em relação ao DM2, o Estudo 

Multicêntrico sobre a Prevalência do Diabetes no Brasil estimou uma 

prevalência de DM na população adulta em 7,6% no final da década de 1980 

(Malerbi et al., 1992). Dados de 2012 indicam que no conjunto da população 

adulta das 26 capitais e do Distrito Federal, 7,4% dos entrevistados referiu 

diagnóstico médico de DM2 através de inquérito telefônico (Vigitel, 2012). 

Outros estudos epidemiológicos indicam taxas mais elevadas, como 13,5% em 

São Carlos-SP e de 15% em Ribeirão Preto-SP (Bosi et al., 2009 e Moraes et 

al., 2010). Já na cidade de Pelotas-RS, a prevalência de DM2 diagnosticado 
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pelo médico referida em entrevista era de 7,1% no ano de 2010 (da Costa et 

al., 2010). As complicações decorrentes do DM2 resultam em uma elevada 

morbimortalidade e redução de seis anos em média na expectativa de vida 

quando a doença é diagnosticada aos 50 anos (Emerging Risk Factors 

Collaboration, 2011). Os gastos diretos e indiretos com o DM2 são de 245 

bilhões de dólares por ano nos Estados Unidos. O DM2 dobra os gastos em 

saúde quando comparados aos gastos realizados em indivíduos sem a doença 

(CDC, 2014). No Brasil, a doença também é considerada um importante 

problema de saúde pública. O custo per capita estimado da doença é de 

1.527,6 de dólares por ano. Tendo em vista que a população com DM2 no 

Brasil é estimada em 11,6 milhões de casos em adultos entre 20 e 79 anos, 

são gastos em torno de 17 bilhões de gastos diretos ao ano (IDF, 2010).  

A obesidade está associada ao desenvolvimento da SM, que é 

caracterizada pelo conjunto de fatores de risco para doença cardiovascular e 

DM2, tais como, hiperglicemia, pressão arterial elevada, triglicerídeos elevados, 

colesterol HDL baixo e obesidade central (Malik et al., 2004). Além disso, a 

obesidade e o acúmulo de gordura abdominal causam uma série de 

anormalidades metabólicas que resultam no aumento da produção hepática de 

glicose e na redução da sensibilidade à insulina no músculo esquelético, fígado 

e tecido adiposo, processos intimamente relacionados à patogênese do DM2 

(Kahn et al., 2006).  

 

 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Emerging%20Risk%20Factors%20Collaboration%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Emerging%20Risk%20Factors%20Collaboration%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Emerging%20Risk%20Factors%20Collaboration%5BCorporate%20Author%5D
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Adiponectina 

A adiponectina, hormônio expresso principalmente no tecido adiposo, é 

codificada pelo gene APM1 (cromossomo 3q27). Em humanos, os níveis 

plasmáticos de adiponectina variam de 3 a 30 µg/mL, sendo uma das proteínas 

com maior concentração plasmática. A molécula possui 247 aminoácidos e é 

secretada na circulação em três isoformas oligoméricas: trímeros (baixo peso 

molecular), hexâmeros (moderado peso molecular) e complexas, de alto peso 

molecular (Pajvani et al., 2003).  Alguns estudos sugerem que a isoforma de 

alto peso molecular é biologicamente mais ativa e seus menores níveis 

relacionados ao DM e à doença arterial coronariana (Aso et al., 2006, 

Kobayashi et al., 2004 e Pajvani et al., 2004). A adiponectina atua através de 

dois receptores chamados AdipoR1 e AdipoR2, sendo o primeiro mais 

expresso no tecido muscular e o segundo no tecido hepático. Estudos 

subsequentes demonstraram que o receptor AdipoR1 também está presente 

nas células endoteliais (Motoshima et al., 2004), cardiomiócitos (Pineiro et al., 

2005) e células beta-pancreáticas (Kharroubi et al., 2003), já o receptor 

AdipoR2 está expresso nas células endoteliais (Tan et al., 2004) e ambos 

receptores estão expressos no hipotálamo (Coope et al., 2008). A resistência à 

ação da insulina resultante da obesidade causa redução na expressão dos 

receptores da adiponectina nos tecidos muscular e hepático (Tsuchida et al., 

2004). Além disso, a expressão da adiponectina reduz com o aumento da 

insulina, do TNF-α, da endotelina-1 e dos glicocorticóides, fatores implicados 

na fisiopatogênse da resistência à insulina, inflamação subclínica, disfunção 

endotelial e regulação do metabolismo energético, aspectos intimamente 
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relacionados ao desenvolvimento da SM, DM2 e doença cardiovascular (Gil-

Campos et al., 2004). 

Nesse sentido, uma série de estudos demonstraram que os níveis de 

adiponectina encontram-se reduzidos na obesidade (Heid et al., 2006 e Kern et 

al., 2003), no DM2 (Hara et al., 2002 e Heid et al., 2006) e na  doença arterial 

coronariana (Menzaghi et al., 2007 e Schulze et al., 2005).  

A fim de testar o efeito in vivo da adiponectina na sensibilidade à insulina, 

um modelo de camundongo lipoatrofiado e que apresenta deficiência de 

adiponectina foi desenvolvido. Nesses animais, a reposição em doses 

fisiológicas de adiponectina melhorou a resistência à insulina (Yamauchi et al., 

2001). A adiponectina estimulou a oxidação dos ácidos graxos no músculo 

através do aumento da expressão de moléculas envolvidas no transporte de 

ácidos graxos (CD36), na sua combustão (acetil coenzima A oxidase) e na 

dissipação da energia via aumento de expressão da proteína desacopladora 

tipo 2 (UCP-2) (Yamauchi et al., 2001). A redução do conteúdo de triglicerídeos 

no tecido muscular esquelético associou-se ao aumento da translocação do 

GLUT-4, que levou à melhora da sensibilidade à insulina (Yamauchi et al., 

2001). A reposição de adiponectina nesses animais aumentou a expressão de 

PPAR-alfa, aumento da oxidação de ácidos graxos e maior gasto energético, 

ocasionando uma redução dos triglicerídeos no músculo e no fígado (Yamauchi 

et al., 2001). Em outro estudo conduzido pelo mesmo grupo, o tratamento 

agudo (de até seis horas) de mioblastos (células C2C12) com adiponectina, 

além de aumentar a oxidação de ácidos graxos, estimulou a captação de 

glicose via ativação da AMPK (Yamauchi et al., 2002) levando à redução das 
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enzimas que sinalizam a gliconeogênese hepática. Em outro estudo, 

camundongos selvagens, que receberam uma dieta rica em lipídios totais 

tiveram uma redução dos níveis de adiponectina comparada a uma dieta rica 

em carboidratos. A reposição de adiponectina nesses animais também 

melhorou a resistência à insulina e a hipertrigliceridemia induzidas 

especificamente pela dieta hiperlipídica (Yamauchi et al., 2001).  

Adicionalmente, foi demonstrado em camundongos selvagens e em modelos 

de camundongos ob/ob ou com DM2 induzido por estreptozotocina que um 

aumento agudo dos níveis circulantes de adiponectina leva a uma redução 

transitória do nível basal de glicose através da inibição das enzimas 

relacionadas à gliconeogênese hepática e à taxa de produção hepática de 

glicose (Berg et al., 2001 e Combs et al., 2001). Com base nesses estudos, foi 

possível demonstrar que a estimulação da oxidação de ácidos graxos no 

músculo e no fígado, o aumento da captação de glicose no músculo 

esquelético e a supressão da gliconeogênese hepática são potenciais vias 

através das quais a adiponectina regula a sensibilidade à insulina (Yamauchi et 

al., 2001, Berg et al., 2001 e Combs et al., 2001).Os dados sugerem que a 

resistência à insulina associada à dieta com alto teor de gorduras e à 

obesidade relacionam-se em parte com a redução dos níveis circulantes de 

adiponectina e que o aumento dos seus níveis protejam contra o 

desenvolvimento de diferentes aspectos da SM, especialmente aqueles 

relacionados a modulação da sensibilidade à insulina, distribuição de gordura 

corporal e metabolismo das lipoproteínas (Yamauchi et al., 2001). Entretanto, 

não está claro como diferentes intervenções dietéticas especialmente 
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relacionadas com mudanças na ingestão de gorduras resultam em mudanças 

nos níveis circulantes de adiponectina.  

 

Associação entre polimorfismos do gene da adiponectina, níveis de 

adiponectina circulante e DM2 

Estudos epidemiológicos demonstraram que o DM2 agrega-se em 

famílias, sugerindo haver uma contribuição genética para o seu 

desenvolvimento. O risco cumulativo de DM2 aos 65 anos foi de 14,8% para 

indivíduos sem história familiar de DM2, 22% para indivíduos com apenas um 

dos pais com DM2 e 41% para indivíduos em que ambos os pais são 

acometidos pela doença (Weijnen et al., 2002). 

Estudos mais recentes têm demonstrado que uma série de 

polimorfismos genéticos associa-se ao desenvolvimento da obesidade e do 

DM2 (Keramati et al., 2014 e Smemo et al., 2014). Genes que modulam o 

metabolismo do tecido adiposo e, por consequência, estão implicados nos 

processos de síntese e metabolismo dos ácidos graxos, são importantes 

determinantes da distribuição de gordura corporal e da sensibilidade à insulina, 

aspectos também relacionados às anormalidades do metabolismo da glicose e 

do desenvolvimento do DM2. Variantes genéticas do gene da adiponectina 

também foram associados com resistência à ação da insulina e ao DM2 

(Florez, 2008).  



29 

 

Estima-se que de 39 a 46% da variabilidade dos níveis de adiponectina 

circulante devem-se a fatores genéticos (Comuzzie et al., 2001 e Lindsay et al., 

2003). Neste sentido, uma recente revisão sistemática com metanálise 

compilou os dados de sete estudos que exploraram a associação entre três 

polimorfismos genéticos (do inglês single nucleotide polymorphisms; SNPs -

11391GA, +45TG e +276GT) e os níveis de adiponectina plasmática 

(Menzaghi et al., 2007). O SNP -11391GA foi associado com maiores níveis 

de adiponectina circulante nos sujeitos que carregavam o alelo A comparados 

aos sujeitos que carregavam apenas o alelo G. Não foi observada associação 

para o SNP +45TG e os níveis de adiponectina. Em relação ao SNP 

+276GT, os níveis de adiponectina mostraram uma tendência de aumento 

progressivo dos homozigotos para o alelo G quando comparados aos 

heterozigotos e os homozigotos para o alelo T (Menzaghi et al., 2007). 

Associações entre polimorfismos do gene da adiponectina e risco para 

DM2 também tem sido amplamente explorado na literatura. Dentre as nove 

regiões cromossômicas relacionadas ao DM2, três (3q, 15q e 20q) são 

encontrados em diversos grupos étnicos, tais como, japoneses, alemães e 

franceses (Okamoto Y et al., 2006). Curiosamente, a região 3q27 contém o 

gene da adiponectina sugerindo mais uma vez o papel da adiponectina como 

um determinante para a susceptibilidade ao DM2. O SNP 276 no íntron 2 (G vs. 

T) relacionou-se com fenótipos distintos em relação aos níveis de adiponectina, 

resistência à insulina e suscetibilidade para DM2. Indivíduos com o genótipo 

G/G na posição 267 tinham menores níveis de adiponectina e risco aumentado 

para DM2 comparados aos com genótipo T/T (Hara K et al., 2002). 
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Associações similares entre o gene da adiponectina e susceptibilidade para 

desenvolver DM2 também foi demonstrado em alemães e franceses (Vasseur 

F, et al., 2002 e Stumvoll M et al., 2002). 

Tendo em vista a grande quantidade de estudos que buscaram 

associações entre diferentes polimorfismos do gene da adiponectina e o DM2, 

uma recente revisão sistemática com metanálise agrupou o resultado de mais 

de 2.000 indivíduos com DM2 vs. controles para quatro SNPs -11391GA, -

11377CG, +45TG, e +276G>T (Menzaghi et al., 2007). Não foi 

demonstrada associação entre os SNPs avaliados e risco para DM2. 

Posteriormente, outra revisão sistemática com metanálise de 45 estudos (9.986 

indivíduos com DM2 vs. 16.222 controles) avaliou apenas o polimorfismo 

+45TG e, através de uma análise de subgrupo, demonstrou que nos estudos 

que incluíram asiáticos houve uma associação entre +45TG e risco para 

DM2. Entretanto, nos estudos que incluíram caucasianos não foi observada 

associação (Fan Y et al., 2015). Em relação à resistência à ação da insulina, foi 

observada uma associação entre o SNP +276GT e a resistência à insulina 

estimada pelo HOMA-IR. A resistência à ação da insulina era maior nos 

indivíduos homozigóticos para o alelo G comparados aos heterozigóticos e os 

homozigóticos para o alelo T, indicando uma maior sensibilidade à insulina nos 

sujeitos que carregavam o alelo T, o mesmo alelo que mostrou uma tendência 

à associação com maiores níveis de adiponectina (Menzaghi et al., 2007).  
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Adiponectina e Síndrome Metabólica 

Estudos têm sugerido que a expressão do gene APM1 em tecido 

adiposo abdominal visceral é menor do que em tecido adiposo abdominal 

subcutâneo (Lihn et al., 2004 e Fisher et al., 2002). Essa expressão gênica em 

tecido adiposo se correlaciona de forma significativa com seus níveis 

plasmáticos, sendo maior em indivíduos magros e naqueles com maior 

sensibilidade à ação da insulina (Kern et al., 2003). Ainda, a menor 

concentração de adiponectina relaciona-se mais fortemente a quantificação de 

gordura abdominal visceral comparado a gordura abdominal subcutânea 

sugerindo uma possível relação com a SM (Cnop et al., 2003).  

A associação inversa entre os níveis de adiponectina e os critérios que 

compõe a SM tem sido descrita na literatura (Arita et al., 1999, Daimon et al., 

2003, Iwashima et al., 2004, Okamoto et al., 2006, Matsubara et al., 2002). 

Está bem demonstrado que indivíduos com excesso de peso apresentam 

menores níveis de adiponectina comparados a indivíduos sem sobrepeso e que 

os níveis deste hormônio diminuem com o aumento do IMC em homens e 

mulheres (Arita et al., 1999). Além disso, maiores níveis de adiponectina 

associaram-se a uma menor incidência de DM2 em uma coorte japonesa 

acompanhada por 5 anos com o objetivo de se melhor entender os fatores 

relacionados ao desenvolvimento do DM. Os indivíduos que pertenciam ao 

menor tercil de adiponectina desenvolveram aproximadamente nove vezes 

mais DM2 do que aqueles indivíduos que pertenciam ao maior tercil (Daimon et 

al., 2003). Adicionalmente, indivíduos com menores níveis de adiponectina 

plasmática apresentam moléculas de colesterol LDL de menor tamanho, menor 
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atividade da lipoproteína lipase, menores níveis de colesterol HDL e maiores 

níveis de triglicerídeos (Okamoto et al., 2006, Matsubara et al., 2002). Em 

relação à pressão arterial, menores níveis de adiponectina circulante foram 

observados em indivíduos hipertensos comparados aos não hipertensos, 

mesmo após ajustes para obesidade, resistência à insulina e DM2 (Iwashima et 

al., 2004). Estudos sugerem um efeito da adiponectina sobre a homeostase 

pressórica. Um aumento da deposição de colágeno promovido pelo aumento 

do nível sérico do propeptídeo carboxiterminal do pró-colágeno tipo I (PICP) 

está associado a uma aceleração do processo de rigidez arterial, fenômeno 

intimamente relacionado com o processo de desenvolvimento da hipertensão 

(Liao et al., 1999) e da SM (Schillaci G et al., 2005). Foi demonstrado em um 

estudo transversal com 188 indivíduos hipertensos e sem DM2, que maiores 

níveis de adiponectina relacionam-se com menores níveis circulantes de PICP 

(Tsai et al., 2008). Reforçando essa hipótese, menores níveis de adiponectina 

associaram-se a maior rigidez da parede arterial em uma coorte de idosos 

(Snijder et al., 2009). Também já foi demonstrado um efeito da adiponectina na 

função endotelial. A adiponectina aumenta a expressão gênica e ativa a óxido 

nítrico sintase endotelial através da ativação da AMPK (Vaiopoulos et al., 

2012), estimulando a síntese de óxido nítrico, importante fator endotelial e 

potente vasodilatador (Xu e Vanhoutte et al., 2012). Adicionalmente, sabe-se 

que o sistema renina-angiotensina desempenha um papel importante na 

regulação da pressão arterial e que quando está ativado perpetua o processo 

de inflamação na parede arterial, aumentando o estresse oxidativo e 

desenvolvimento de aterosclerose (Brasier et al. , 2002 e De Kloet et al., 2010). 

Através de seus efeitos antioxidantes e anti-inflamatórios, o aumento dos níveis 
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da adiponectina inibe o efeito vascular deletério da ativação do sistema renina-

angiotensina e que está intimamente relacionado a desregulação da 

homeostase pressórica na SM (Van Stijn et al., 2014). A figura 1 mostra os 

diferentes mecanismos envolvidos na gênese da SM relacionado à 

hipoadiponectinemia. 

Apenas um estudo avaliou a relação dos diferentes critérios para SM e 

os níveis de adiponectina (Koh et al., 2011). Esse estudo incluiu apenas 

indivíduos asiáticos com mais de 40 anos e os resultados demonstraram que 

menores níveis de adiponectina relacionam-se com maior circunferência da 

cintura, maiores níveis de triglicerídeos, PCR, glicose de jejum e insulina. 

Ainda, os indivíduos com maior adiponectina circulante apresentavam maiores 

níveis de HDL-colesterol. Embora a relação entre adiponectina circulante e os 

diferentes componentes da SM tenham sido estabelecidas em diferentes 

estudos, não existem estudos que avaliem a relação dos níveis de adiponectina 

com a SM em populações não asiáticas sem e com ateroesclerose.  

 

Efeito dos lipídios dietéticos nos níveis circulantes de adiponectina  

 Estudos de intervenção demonstraram que os níveis de adiponectina 

podem ser determinados, em parte, por diferentes tipos de dieta. Visto o 

importante papel que a adiponectina desempenha no metabolismo dos 

carboidratos e lipídios, incluindo melhora da sensibilidade à insulina e aumento 

da oxidação de ácidos graxos, as dietas que modificam a quantidade e a 

qualidade dos lipídios podem ter um impacto no metabolismo e nos níveis 
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plasmáticos da adiponectina (Mantzoros et al., 2006). Diversos estudos 

buscaram mostrar o efeito de dietas com elevado ou baixo teor de lipídios totais 

na regulação dos níveis de adiponectina (Arvidsson et al., 2004, Marina et al., 

2015 e Wycherley et al., 2010). Em um ensaio clínico randomizado, que 

comparou dietas hipocalóricas restrita em gordura (27% de lipídios, 52% de 

carboidratos e 21% de proteínas) versus dieta elevada em gorduras (41% de 

lipídios, 39% de carboidratos e 20% de proteínas), não foram observadas 

mudanças nos níveis de adiponectina ao final de 10 semanas de intervenção 

(Arvidsson et al., 2004). Entretanto, outro estudo que comparou uma dieta 

hipocalórica normolipídica (30% de lipídios) versus hiperlipídica (61% de 

lipídios) demonstrou aumento de 30% e 18% nos níveis de adiponectina, após 

52 semanas de intervenção (Wycherley et al., 2010). Por outro lado, ao 

fornecer dietas isocalóricas para manutenção de peso com alto teor de 

gorduras (55% de lipídios, 27% de carboidratos, 18% de proteínas) ou baixo 

teor de gorduras (20% de lipídios, 62% de carboidratos, 18% de proteínas) não 

foi demonstrada diferença nos níveis de adiponectina após quatro semanas de 

intervenção (Marina et al., 2015). Estes resultados sugerem que a quantidade 

dos lipídios na dieta não parece ter um papel significativo na modulação dos 

níveis de adiponectina em seres humanos, diferentemente dos resultados 

encontrados no modelo de roedores citado anteriormente (Yamauchi et al., 

2001). 

A maior aderência à dieta de estilo mediterrânea, que apresenta elevado 

teor de gorduras insaturadas, tem sido associada a níveis mais elevados de 

adiponectina (Trichopoulou et al., 2003). Essa relação se deve, possivelmente, 
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não apenas à baixa carga glicêmica e ao moderado consumo de álcool dessa 

dieta, mas também ao elevado teor de oleaginosas, óleo de oliva e peixes, que 

são alimentos fonte de ácidos graxos poliinsaturados (Mantzoros et al., 2006). 

Os mecanismos através dos quais o padrão de dieta mediterrânea impacta nos 

níveis circulantes de adiponectina ainda é desconhecido, mas algumas 

hipóteses foram levantadas. Os ácidos graxos poli-insaturados do tipo ômega-3 

(AGPI ômega-3) encontrados nessa dieta podem modular os níveis de 

adiponectina através da interação com o peroxisome proliferator-activated 

receptor alfa (PPAR-α) e gamma (PPAR-) (Neschen et al., 2006). A ativação 

do receptor PPAR-α, estimulada pelo consumo de AGPI ômega-3, aumenta a 

expressão dos receptores de adiponectina (AdipoRs 1 e 2) no músculo e fígado 

melhorando a sensibilidade desse hormônio nesses tecidos (Yamauchi e 

Kadowaki, 2008). Dessa forma, a adiponectina atua reduzindo a inflamação e o 

stress oxidativo, o que leva, por fim, a uma melhora da sensibilidade à insulina 

(Tsuchida et al., 2005). Ainda, o AGPI ômega-3 ativa o PPAR-, atuando no 

aumento dos níveis de adiponectina através de uma segunda via. Em estudo 

experimental, o consumo de AGPI ômega-3 aumentou duas vezes a expressão 

do gene da adiponectina que ocorreu paralelamente ao aumento de 2-3 vezes 

na expressão do gene que codifica o PPAR- (Neschen et al., 2006). Dessa 

forma, a ativação de ambos fatores de transcrição PPAR-α e PPAR-, 

promovida pelo AGPI ômega-3, aumenta os níveis bem como a ação da 

adiponectina, o que resulta na melhora da inflamação e da resistência à 

insulina induzida pela obesidade (Yamauchi e Kadowaki, 2008).   
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 Além dos AGPI ômega-3, outros tipos de lipídios tem demonstrado efeito 

na regulação da adiponectina dentre os quais, destaca-se o ácido linoléico 

conjugado (CLA). O CLA pode causar resistência à ação da insulina por reduzir 

os níveis de adiponectina plasmática (Kennedy et al., 2010). Os níveis de RNA 

mensageiro da adiponectina foram reduzidos após a suplementação de CLA 

em ratos (Poirier et al., 2006) e em cultura de células de adipócitos humanos 

(Brown et al., 2004). Visto que o gene da adiponectina é modulado pela 

ativação do receptor PPAR-γ, a supressão do gene da adiponectina pode ser 

atribuída em parte pelo efeito antagonista do trans-10,cis-12 CLA ao PPAR-γ 

(Iwaki et al., 2003).  

 Apesar da maior parte dos estudos de intervenção com modificação da 

quantidade ou qualidade dos lipídios realizados em humanos terem como 

objetivo primário o efeito dessas intervenções em diferentes parâmetros 

metabólicos e não, necessariamente, nos níveis de adiponectina, sua dosagem 

foi avaliada antes e depois da intervenção em uma série de estudos. A análise 

conjunta dos resultados desses ensaios clínicos em populações de diferentes 

etnias, sexo, perfil metabólico e de doenças permitiria esclarecer o efeito da 

ingestão de lipídios nos níveis circulantes de adiponectina. 

 

Efeito dos lipídios dietéticos na resistência insulínica  

 Uma série de estudos demonstrou que o ganho de peso e o acúmulo de 

gordura intra-abdominal estão implicados no desenvolvimento da resistência à 

insulina, SM e DM2 (Cnop et al., 2003, Cameron et al., 2008 e Tong J et al., 
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2007). A piora da resistência à insulina deve-se, em parte, a um desbalanço na 

síntese e secreção de adipocitocinas produzidas pelo tecido adiposo visceral 

que estão implicadas no desenvolvimento dos principais aspectos relacionados 

à SM e DM2: inflamação subclínica, menor captação de glicose pelo tecido 

muscular e adiposo, inibição da oxidação de ácidos graxos e estimulação das 

citocinas que ativam a gliconeogênese hepática (TNF-α e interleucina-6). 

Adicionalmente, o acúmulo de gordura intra-abdominal associa-se a uma 

diminuição dos níveis de adiponectina (Gil-Campos et al., 2004 e Kadowaki et 

al., 2006).  Após um mês de intervenção com dieta isocalórica hiperlipídica 

(55% de lipídios totais e 25% de gordura saturada) em indivíduos obesos com 

peso estável, não houve aumento na quantidade de gordura hepática nem 

diminuição dos níveis de adiponectina, mecanismos relacionados ao 

desenvolvimento de resistência insulínica e DM2, sugerindo mais uma vez que 

a quantidade de gordura da dieta não foi capaz de se relacionar com mudanças 

nos níveis de adiponectina (Marina A et al., 2014). Estes resultados sugerem 

que a dieta hiperlipídica rica em ácidos graxos saturados induz a resistência à 

insulina e relaciona-se ao desenvolvimento do DM2 através de mecanismos 

independentes dos relacionados a variações nos níveis de adiponectina.   

Ainda, a melhora do controle glicêmico é observada em intervenções com 

dietas hipocalóricas com alto ou baixo teor de lipídios (Shai et al., 2008 e 

Guldbrand et al., 2012). Sendo assim, esse efeito parece ser atribuído pela 

redução de peso em si e não pela modificação da composição da dieta. Para 

que seja possível determinar o efeito da composição dos macronutrientes da 

dieta, especialmente dos lipídios, na sensibilidade à insulina é importante que o 

peso se mantenha constante ao longo do estudo.  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Marina%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25353663
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 Poucos estudos com intervenções de médio e longo prazo avaliaram o 

efeito de dieta isocalórica com diferentes teores de gordura na sensibilidade à 

insulina (Tabela 1). Dois estudos que compararam dietas com alto teor de 

gorduras (50-55% do VCT) versus baixo teor de gorduras (20-25% do VCT) 

não encontraram diferença na medida da sensibilidade à insulina pelo clamp 

em indivíduos saudáveis (van Herpen et al., 2011 e Eckel et al., 2006). Após 

quatro semanas de dieta com alto teor de gorduras, também não foi observada 

mudança na sensibilidade à insulina estimada pelo índice Matsuda, em idosos 

que mantiveram o peso constante (Utzschneider et al., 2013). Esses resultados 

contradizem a crença de que elevado teor de gordura na dieta resultam em 

redução na sensibilidade à insulina.    

 Em relação à qualidade do lipídio, alguns estudos buscaram 

comparações entre diferentes tipos de gorduras de dietas com elevado teor de 

gorduras totais na sensibilidade à insulina. Em um ensaio clínico que testou 

uma dieta com alto teor de gorduras saturadas (17% de gordura saturada) 

houve uma redução de 12,5% na sensibilidade à insulina em indivíduos 

saudáveis ao final de três meses (Vessby et al., 2001). Alguns mecanismos 

através dos quais a gordura saturada reduz a sensibilidade à insulina tem sido 

avaliados. Primeiramente, a gordura saturada reduz a afinidade da membrana 

à insulina gerando uma redução da ação da insulina nas células alvo (Manco et 

al., 2004). Ainda, o aumento na síntese de ceramidas através do consumo 

excessivo de gorduras saturadas também induz a resistência à insulina 

(Eissing et al., 2013). Adicionalmente, o aumento de citocinas inflamatórias, 

como o TNF-α e a interleucina-6, através do consumo elevado de gorduras 
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saturadas, reduz a sensibilidade à insulina (Kennedy et al., 2009). Por fim, as 

gorduras saturadas e insaturadas podem exercer efeitos distintos no acúmulo 

de gordura (visceral ou subcutâneo), impactando de forma distinta o 

metabolismo da glicose (Gouk et al., 2013 e Gouk  et al., 2014). Em um estudo 

de hiper-alimentação com indivíduos saudáveis, o aumento da ingestão de 

gordura saturada foi associado a um aumento duas vezes maior de gordura 

visceral abdominal quando comparado ao aumento da ingestão de gorduras 

poliinsaturadas, mesmo com o ganho de peso similar nos grupos após 7 

semanas de intervenção (Rosqvist et al., 2014). Entretanto, ainda não foi 

demonstrado na literatura o efeito de uma dieta rica em gorduras e com alto 

teor de gorduras saturadas na sensibilidade à insulina de indivíduos com o 

peso estável.  

 Diante do exposto acima, os objetivos desta tese consistem em: 

- Avaliar a associação entre os níveis de adiponectina total e de alto 

peso molecular com a presença de SM.  

- Revisar sistematicamente ensaios clínicos randomizados e controlados 

que investigaram o efeito dos lipídios dietéticos nos níveis de adiponectina em 

adultos. 

- Determinar o efeito de dietas com baixo ou elevado teor de gorduras e 

gordura saturada na sensibilidade à insulina em indivíduos com sobrepeso e 

peso estável.  
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Tabela 1: características dos estudos que avaliaram o efeito de intervenções dietéticas com modificação no conteúdo de lipídios 

na sensibilidade à insulina 

Autor 
Ano 

Desenho do 
estudo 

Tempo de 
seguimento 

Características dos 
participantes 

Composição da dieta em % kcal 
(gordura: carboidrato: proteína, VCT) 

Método de 
avaliação da 

sensibilidade à 
insulina 

Mudança da 
sensibilidade à insulina 

Bisschop 
2001 

ECR cruzado 
11 dias 

6 homens 
Idade: 29–55 anos 
IMC: 21–26 kg/m

2
 

LFD: 0:85:15 
HFD: 83:0:17 
Dietas isocalóricas. Fórmula líquida. 
VCT NR. 

CLAMP Dados gráficos. Melhora 
da SI em ambos. Na dieta 
LFD maior SI comparada 
à dieta HFD.  

Ebbeling 
2012 

ECR cruzado 
4 semanas 

21 indivíduos  
8 mulheres 
Idade: 30,3±5,7 anos 
IMC: 34,4±4,9 kg/m

2
 

LFD: 20:60:20, alta carga glicêmica 
HFD1: 40:40:20, moderada carga 
glicêmica 
HFD2: 60:10:30, baixa carga glicêmica 
Dietas isocalóricas, após perda de 10-
15% do peso inicial. VCT NR.  

OGTT LFD: ↑120% 
HFD1: ↑263% 
HFD2: ↑288% 
Final da fase de 
manutenção comparada 
ao período basal. 

Eckel 
2006 

ECR paralelo 
15 dias 

39 indivíduos 
17 mulheres 
Idade: 25–36 anos 
IMC: 18,7–50,2 kg/m

2
 

LFD: 25:55:20 
HFD: 50:30:20  
Dietas isocalóricas. VCT NR. 
 

CLAMP LFD: ↑11,3% 
HFD: ↑1,1% 
 

Gadgil 
2013 

ECR cruzado 
6 semanas 

164 indivíduos com HAS 
73 mulheres 
Idade: 53,6±10,9 anos 
IMC: 30,2±6,1 kg/m

2
 

LFD (↑carb): 27:58:15 
LFD (↑prot): 27:48:25 
HFD (↑AGMI): 37:48:15 
AGMI CARB e PROT = 13% e UNSAT 
= 21%. VCT NR. 

QUICKI LFD (↑carb): ↑0,6% Ұ 
LFD (↑prot): 1,1↑% 
HFD (↑AGMI): ↑2%* Ұ 

Jebb 
2010 

ECR paralelo 
2x2 
24 semanas 

548 indivíduos 
318 mulheres 
Idade: 30–70 anos 
IMC: 28,6±5,3 kg/m

2
 

LFD1 (↑IG): 28:55:17 
LFD2 (↓IG): 28:55:17 
HFD1 (↑AGMI /↑IG): 38:45:17 
HFD2 (↑AGMI /↓IG): 38:45:17 
HFD = 20% AGMI e LFD = 10% AGMI. 
VCT NR. 

IVGTT LFD1: ↓8,6 (-15,4, -1,1)* 
LFD2:  ↑9,9 (2,4, 18,0)* 
HFD1: ↑2,1 (-5,5, 9,8) 
HFD2:  ↓3,5 (-10,6, 4,3)  
 

Kirk 
2009 

ECR  
11 semanas 

22 obesos  
18 mulheres 

LFD: 20:65:15 
HFD: 75:10:15 

CLAMP ↑3,7%* (análise com 
ambos os grupos após 11 
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Idade: 43,6±2,5 anos 
IMC: 36,5±0,8kg/m2 

Dietas com restrição calórica (1000 
kcal/dia) 

semanas). Sem diferença 
entre as intervenções. 
 

Utzschneider 
2013 

ECR paralelo 
4 semanas 

20 idosos 
13 mulheres 
Idade: 69,3±1,6 anos 
IMC: 26,9± 0,8 kg/m

2
 

LFD: 23% gordura/7% saturada e IG < 
55 
HFD: 43% gordura/24% saturada e IG > 
70 
Dietas isocalóricas. VCT NR. 
 

OGTT (Matsuda 
índex) 

LFD: ↑22,9%* 
HFD: ↑21,8% 
 

van Herpen 
2011 

ECR  
3 semanas 

20 homens com 
sobrepeso 
Idade: 54±2,3 anos  
IMC: 29,3±0,6 kg/m

2
 

LFD: 20:65:15 
HFD: 55:30:15  
Dietas isocalóricas. VCT NR. 
 

CLAMP LFD: ↑13,5% 
HFD: ↑9,6% 
 

Vessby 
2001 

ECR paralelo 
12 semanas 

162 indivíduos 
76 mulheres 
Idade: 30-65 anos 
IMC: 22-32 kg/m

2
 

HFD1 (↑sat): 37% gordura/17% 
sat/14%MUFA/6%PUFA 
HFD2 (↑AGMI): 37% gordura/8% 
sat/23%AGMI/6%PUFA 
Dietas isocalóricas. VCT NR. 

IVGTT HFD1: ↓12,5%*Ұ 
HFD2: ↑2% 

Abreviaturas: ECR = ensaio clínico randomizado, VCT = valor calórico total, LFD = low-fat diet (dieta com baixo teor de gorduras), HFD = high-fat diet (dieta 

com elevado teor de gorduras), IMC = índice de massa corporal, TOTG = teste oral de tolerância à glicose, TTG-IV= teste intravenoso de tolerância à glicose, 

CLAMP = clamp euglicêmico hiperinsulinêmico.
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Figura 1. Relação entre hipoadiponectinemia e desenvolvimento de SM. 

 

Figura 1. A figura mostra os mecanismos através dos quais a redução dos 

níveis de adiponectina associa-se ao desenvolvimento da SM. Número 1: o 

acúmulo de gordura visceral reduz a produção de adiponectina. A inflamação 

do tecido aumenta os níveis de proteína-C reativa (PCR) e de citocinas 

inflamatórias (TNF-α e interleucina-6) que ativam a gliconeogênese hepática. 

Número 2: a gliconeogênese hepática está ativada e adicionalmente a 

sensibilidade à insulina no músculo e no fígado está reduzida gerando aumento 

dos níveis de glicose circulantes. Número 3 e 4: a redução da oxidação dos 

triglicerídeos provenientes do tecido adiposo e dos lipídios dietéticos pelo 

fígado aumenta os níveis de ácidos graxos livres (AGL) e a produção de VLDL 

gerando desbalanço do perfil lipídico (aumento do colesterol LDL, triglicerídeos 

(TG) e redução do colesterol HDL). Número 5: o aumento do nível sérico do 

propeptídeo carboxiterminal do pró-colágeno tipo I (PICP) intensifica a rigidez 

arterial e a redução da produção de óxido nitrico contribui para redução da 

vasodilatação. Esses mecanismos somados ao ambiente pró-inflamatorio 

promovem alterações da homeostase pressórica que contribuem com o 

desenvolvimento da hipertensão arterial sistêmica. 
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Abstract 

Background: Adiponectin is a major regulator of glucose and lipid homeostasis by its 

insulin sensitizer properties. Since decreased insulin sensitivity is linked to metabolic 

syndrome (MS), decreased adiponectin levels may be related to its development. The 

purpose of the study was to investigate the relationship between adiponectin levels and 

MS.  

Methods: Firstly, we cross-sectionally examined subjects with or without MS submitted 

to an oral glucose tolerance test at Hospital de Clínicas de Porto Alegre (n = 172). A 

replication analysis was performed in subjects (n = 422) undergoing cardiac 

angiography at Hospital São Paulo. Subchronic inflammation (US-CRP), coagulation 

marker (fibrinogen), insulin sensitivity and resistance (Matsuda ISI and HOMA-IR) were 

estimated. Plasma total and high molecular weight (HMW) adiponectin were measured.  

Results: Total and HMW adiponectin levels were lower in MS subjects (P< 0.05). Total 

adiponectin levels were lower in the presence of high waist circumference, low HDL-

cholesterol and elevated triglyceride criteria in both samples and by elevated blood 

pressure and glucose criteria in Porto Alegre. HMW adiponectin levels were lower in 

the presence of low HDL-cholesterol, elevated triglycerides, and glucose criteria. Total 

adiponectin levels were positively related with HDL-cholesterol and ISI Matsuda, 

negatively related with waist circumference, glucose, triglycerides, HOMA-IR, and US-

CRP and not related with blood pressure. While adjusting for sex and age, increased 

adiponectin levels remained associated with a reduced prevalence ratio for MS in both 

cohorts (P = 0.001).  

Conclusions: Adiponectin levels decreased with increasing number of MS criteria, and 

it is in part determined by its relationship with HDL, triglycerides and abdominal 

adiposity. 
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Background 

Obesity is a major public-health problem worldwide. It has been 

associated with the development of metabolic syndrome (MS) [1] which is an 

interrelated cluster of risk factors for cardiovascular disease (CVD) and type 2 

diabetes [2,3] such as hyperglycemia, raised blood pressure, elevated 

triglyceride levels, low high-density lipoprotein cholesterol levels, and central 

obesity [4]. Data from the NHANHES study has shown that 22.9% of United 

States adult population had MS in 2009/10 [5]. 

The growing rates of this obesity-related syndrome have spurred the 

search for greater insight about mechanisms contributing to the development of 

MS, especially those reflecting a dysfunction of adipose tissue, which probably 

plays a major role in its development [6]. 

Adiponectin, a hormone expressed in adipose tissue and encoded by the 

ADIPOQ gene (chromosome 3q27), plays an important role in regulating insulin 

sensitivity, glucose and lipid metabolism besides anti-inflammatory and anti 

atherogenic properties [7]. Its high molecular weight (HMW) isoform is the major 

responsible for these functions [8]. In the presence of obesity, adiponectin 

release is down regulated resulting in reduced circulating levels [9]. 

In order to investigate the relationship between total and HMW 

adiponectin levels and the presence of MS we measured its levels in two 

different cohorts. We were also interested in finding out which MS components 

are mostly related to adiponectin levels. Additionally, we analyzed how insulin 

resistance, sensitivity and subchronic inflammation were related to adiponectin 

levels. 
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Methods 

Subjects 

In order to determine the relationship between MS and adiponectin, we 

undertook a two-stage study using data from two cohorts. In the first stage, the 

relationship between adiponectin and MS was assessed in consecutive subjects 

who were referred for ambulatory care in the Metabolism Unit of Hospital de 

Clínicas de Porto Alegre, Federal University of Rio Grande do Sul (n = 172), 

whose glycemic status was not previously defined. Exclusion criteria included 

clinically significant autoimmune diseases, uncompensated hypo or 

hyperthyroidism, malignant disease that may affect 5-year survival, stage IV or 

V chronic kidney disease, AIDS, pregnancy/lactation, dementia, cirrhosis, 

hepatitis, alcohol or illicit drug abuse, glucocorticoid or anti-retroviral treatment, 

and malnutrition. The protocol was approved by the institutional review board of 

Hospital de Clínicas de Porto Alegre and the subjects provided written informed 

consent. 

In order to confirm the relationship between adiponectin levels and MS 

we performed a second stage study (replication analysis) with data from the 

Endocrinology and Cardiovascular Units of the hospital of the Federal University 

of São Paulo (São Paulo cohort, UNIFESP) of 422 consecutive subjects who 

had complete assessment of MS criteria and underwent cardiac angiography for 

investigation of coronary heart disease, according to an indication of their 

clinician as previously described [10]. Exclusion criteria included creatinine 

clearance <50 mL/min, abnormal thyroid function, presence of active 

inflammatory disease and neoplasia. The protocol was approved by the 
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institutional committee of ethical practice of UNIFESP and subjects provided 

written informed consent. 

 

Study procedures and assays 

Subjects from the Porto Alegre and the São Paulo cohorts underwent a 

standard evaluation which included medical history, physical examination and 

anthropometric measurements. Ethnicity was classified based on self-reported 

skin color and recorded as white and non white. Current smoking was defined 

by active consumption in the last three months. Habitual alcohol consumption 

was accessed by a yes or no question. Subjects were classified as physically 

active if they practiced moderate-intensity activity for at least 150 minutes per 

week. Body weight was recorded in light clothing without shoes. Height was 

measured on a stadiometer. BMI was calculated by weight (kg)/height (m2) [11]. 

Waist circumference was taken at the midpoint between the lower costal margin 

and the iliac crest measured to the nearest 0.5 cm. 

In the Porto Alegre cohort, blood pressure measurements were 

performed one week after withdrawal of all antihypertensive medications 

whereas in the São Paulo cohort subjects were not withdrawal of medications in 

use. Office blood pressure were measured by the arm blood pressure 

oscillometric monitor device OMRON® (H-003D) with cuff adjusted for arm 

circumference while the participant was seated, in the right arm three times by 

auscultation, and the mean of the last two measurements was used to estimate 

systolic and diastolic arterial blood pressure in both cohorts. For a better 

understanding of the relationship between adiponectin and arterial blood 

pressure, ambulatory 24-h blood pressure monitoring (ABPM) was performed 
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by oscillometry (Spacelabs 90207), with a 15-min interval during the daytime 

and a 20-min interval during the nighttime in 129 subjects from the Porto Alegre 

cohort. Subjects were advised to maintain their usual daily activities. Sleep time 

was recorded as the period between the time when the patient went to bed and 

the time when the patient woke up the next morning. The means of 24-h, 

daytime, and nighttime systolic and diastolic blood pressure were recorded. 

Blood samples were drawn after an overnight fast for analysis of lipids 

(total, HDL cholesterol, and triglycerides), glycated hemoglobin (HbA1c), insulin, 

and total adiponectin in subjects from both cohorts. HMW adiponectin was 

measured in blood samples of subjects from the São Paulo cohort. Ultra-

sensitive C-reactive protein (us-CRP) and fibrinogen were measured in blood 

samples of subjects from the Porto Alegre cohort. Subjects from the Porto 

Alegre cohort were also submitted between 8:00 and 9:00 AM to a 75-g oral 

glucose tolerance test (OGTT) in which both glucose and insulin were 

measured at 0, 30, 60, 90 and 120 minutes. All subjects were classified 

according to glucose tolerance status [12] and presence of MS [4]. 

 

Assays 

Serum total and HDL-cholesterol, triglycerides, insulin, HbA1c, US-CRP 

and fibrinogen were measured in the Clinical Pathology Unit. Cholesterol and 

triglycerides were determined by means of an enzymatic method (Ádvia 1800); 

insulin by chemiluminescence (Centaur XP); HbA1c by high performance liquid 

chromatography (Tosoh Plus); US-CRP by turbidimetry (Ádvia 1800) and 

fibrinogen by coagulometric method (BCS). 
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In the Porto Alegre cohort, plasma samples for adiponectin were 

analyzed in duplicate by using ELISA kits (Invitrogen®; intra-assay coefficient of 

variation [CV] < 3.84% and inter-assay CV < 5.50%). Plasma adiponectin study 

samples respectively presented an intra and inter-assay CV of 2.99% and 

4.26%. In the São Paulo cohort, total and HMW adiponectin levels were 

measured in plasma samples using commercial ELISA kits (EZHADP-61 K and 

EZHMWA-64 K, respectively, Millipore, Saint Charles, MO). Intra- and 

interassay CV were respectively 7.4% and 10.6% for total adiponectin and 

3.41% and 9.0% for HMW adiponectin. 

 

Classification of metabolic syndrome 

MS was defined as the presence of three out of five criteria described 

below: high waist circumference (≥ 80 cm for women and ≥ 94 cm for men); 

elevated triglyceride levels (≥ 150 mg/dL [1.7 mmol/L]) or drug treatment for 

elevated triglycerides levels; reduced HDL-cholesterol (<40 mg/dL [1.0 mmol/L] 

for men and <50 mg/dL [1.3 mmol/L] for women) or drug treatment for reduced 

HDL-cholesterol levels; elevated blood pressure (systolic ≥ 130 mm Hg or 

diastolic ≥ 85 mm Hg) or antihypertensive drug treatment; and elevated glucose 

(fasting plasma glucose ≥100 mg/dL [6.1 mmol/L]) or drug treatment for 

hyperglycemia according to Consensus Societies/Joint Interim Statement [4]. 

Since subjects from the Porto Alegre cohort were submitted to the OGTT, we 

have also used the 2 h-plasma glucose criteria for impaired glucose tolerance 

(≥ 140 mg/dL[7.8 mmol/L]) in order to define the glucose criteria [4]. 
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Classification of glucose tolerance 

Based on fasting and 2 h-plasma glucose concentrations, subjects from 

the Porto Alegre cohort were categorized according to the American Diabetes 

Association criteria as having normal glucose tolerance (NGT: fasting plasma 

glucose [FPG] <100 mg/dL [6.1 mmol/L] and 2 h-plasma glucose level <140 

mg/dL [7.8 mmol/L]); impaired fasting glucose (IFG; FPG 100-125 mg/dL [6.1–

6.9 mmol/L] and 2 h-plasma glucose level <140 mg/dL [7.8 mmol/L], or impaired 

glucose tolerance (IGT; FPG <100 mg/dL [6.1 mmol/L] and 2 h-plasma glucose 

level 140-199 mg/dL [7.8–11.0 mmol/L] and diabetes (FPG ≥126 mg/dL [7.0 

mmol/L] and/or 2-h PG ≥ 200 mg/dL [11.1 mmol/L) [12]. Subjects with IFG 

and/or IGT were considered to have prediabetes and this was also used to 

define the glucose criteria of the MS. Subjects from the São Paulo cohort were 

classified based on fasting glucose as described above and/or using HbA1c 

levels according to the American Diabetes Association criteria as NGT (FPG 

<100 mg/dL [6.1 mmol/L] and HbA1c <5.7%); prediabetes (FPG 100-125 mg/dL 

[6.1–6.9 mmol/L] and/or HbA1c between 5.7 and 6.4%), and diabetes (FPG 

≥126 mg/dL [7.0 mmol/L] and/or HbA1c ≥ 6.5%). 

 

Estimation of insulin sensitivity, insulin resistance, inflammation and 

endothelium dysfunction 

Indices of insulin sensitivity or insulin resistance were determined, 

including: the homeostatic model assessment of insulin resistance (HOMA IR = 

[fasting glucose (mmol/L) * fasting insulin (μU/mL)] / 22.5) [13] and the Matsuda 

insulin sensitivity index (Matsuda ISI) that was calculated as 10,000/√ [fasting 

glucose (mmol/L) × fasting insulin (mU/L)] × [mean glucose × mean insulin 
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during OGTT] [14]. Subchronic inflammation was estimated by US-CRP and 

coagulation marker by fibrinogen [15,16]. 

 

Statistical analysis 

Data were expressed as absolute number (%), mean ± standard 

deviation (SD) or median (P25-P75). To compare demographic, clinical, and 

laboratory data utilizing the presence or the different components of MS, the 

chi-square test, independent-samples t test and one-way ANOVA were used as 

appropriate. Prevalence of MS by adiponectin tertiles was compared by chi-

square test. Variables with a non-normal distribution were log transformed 

before analyses. The significance of the correlations was examined by using the 

parametric Pearson's correlation coefficient for normally distributed or log 

transformed variables. To test the independent association of adiponectin and 

MS, multivariate regression analyses were performed using three different 

Poisson regression models. Prevalence ratio and 95% CI for continuous 

variables are shown for a 1-SD-magnitude increase (equal to 7.063 μg/mL). The 

first model contained MS as the dependent variable and age, gender and 

adiponectin as the independent variables. In the second model, US-CRP and 

HOMA-IR were added. In the third model, HOMA-IR was replaced by ISI-

Matsuda into the model. We did not include as independent variables those that 

define a criterion for MS in order to avoid double correction. A P value or a P for 

trend < 0.05 was chosen as the level of significance. Calculations were made by 

using SPSS (version 19.0; SPSS Inc, Chicago). 
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Results 

 

Subjects’ characteristics 

Porto Alegre cohort 

The Porto Alegre cohort comprised 172 subjects, of whom 124 (72%) 

were females. The clinical and laboratory characteristics are summarized in 

Table 1. Subjects were subdivided by absence (21%) or presence (79%) of MS. 

Although these two groups did not differ by gender distribution, ethnicity, 

smoking status, alcohol consumption, physical activity, total cholesterol, and 

fibrinogen subjects with MS were older and presented higher HbA1c levels, 

HOMA-IR, and US-CRP than those without MS. Prediabetes and type 2 

diabetes prevalence were higher in the presence of MS. BMI, waist 

circumference, fasting plasma glucose, triglycerides, and office blood pressure 

were also greater in subjects with MS. By ambulatory blood pressure 

monitoring, 24-h, day and night systolic blood pressures were also greater in 

subjects with than without MS (Table 1). 

Plasma adiponectin was lower in the presence of MS (11.0 [7.9 – 13.7 

μg/mL] vs 16.4 [10.2 – 22.7 μg/mL]; median [P25-P75], p < 0.001) (Figure 1A) 

and decreased significantly with an increasing number of MS criteria (Figure 

1B). Furthermore, when participants were stratified into three groups by 

adiponectin tertiles, the prevalence of MS decreased from the lowest to the 

highest adiponectin tertile (tertile 1 = 89.5%, tertile 2 = 87.9%, and tertile 3 = 

59.6%; P for trend < 0.001). 

While comparing by each MS criterion, adiponectin levels were 

significantly lower in the presence of following criteria: high waist circumference 
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(12.4 [8.1 – 14.5 μg/mL] vs 18.5 [11.9 – 26.3 μg/mL]; P = 0.002), low HDL-

cholesterol (10.9 [7.3 – 13.2 μg/mL] vs 15.6 [10.0 – 20.4 μg/mL]; P <0.001), 

elevated triglycerides (10.4 [7.1 – 12.6 μg/mL] vs 14.3 [8.7 – 18.7 μg/mL]; P = 

0.001), elevated glucose (11.8 [8.0 – 13.7 μg/mL] vs 15.7 [9.9 – 20.2 μg/mL]; P 

= 0.032), and elevated blood pressure (12.1 [8.0 – 14.0 μg/mL] vs 15.8 [9.7 – 

20.6 μg/mL]; P = 0.030). 

To examine the relationship between adiponectin levels and the different 

MS components, we determined their correlations. Adiponectin levels were 

positively correlated with HDL-cholesterol (r = 0.452, P < 0.001) and negatively 

correlated with waist circumference (r = -0.269, p < 0.001), fasting glucose (r = -

0.289; P = 0.001), and triglycerides (r = -0.252, p < 0.001). There was no 

significant correlation between adiponectin concentrations and systolic (r = -

0.135; P = 0.081) or diastolic (r = -0.143; P = 0.066) office blood pressures 

(Figure 2). There was also no significant correlation between adiponectin 

concentrations and systolic 24-h (r = -0.087; P = 0.414), systolic daytime (r = -

0.071; P = 0.504), systolic nighttime (r = -0.093; P = 0.383), diastolic 24-h (r = -

0.042; P = 0.695), diastolic daytime (r = -0.030; P = 0.779), and diastolic 

nighttime (r = -0.042; P = 0.692) blood pressures. 

Furthermore, adiponectin was negatively related to US-CRP (r = -0.154; 

P = 0.047) whereas this relationship was not found with fibrinogen (r = -0.048; P 

= 0.552). Regarding resistance and insulin sensitivity indexes (ISI), adiponectin 

was negatively associated with HOMA-IR (r = -0.218; P = 0.005) and positively 

associated with Matsuda ISI (r = 0.191; P = 0.014). 
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São Paulo cohort 

In order to confirm the relationship between adiponectin levels and MS 

we performed a second stage study in 422 subjects who were submitted to 

cardiac angiography for evaluation of coronary heart disease as indicated by 

their clinician, of whom 190 (45%) were females (Table 1). Subjects were 

subdivided by absence (9%) or presence (91%) of MS. Age, ethnicity, smoking 

status, physical activity, and total cholesterol were similar between groups. 

However, alcohol consumption was lower in the presence of MS. As we have 

already observed in the Porto Alegre cohort, glucose tolerance decreased 

whereas HbA1C and HOMA-IR increased in the presence of MS. BMI, waist 

circumference, fasting plasma glucose, triglycerides and blood pressure were 

greater in subjects with MS as expected. 

Plasma adiponectin had a similar pattern as observed in subjects from 

the Porto Alegre cohort. It was lower in the presence of MS (8.2 [5.5 – 13.8 

μg/mL] vs 12.8 [9.0 – 20.5 μg/mL]; median [P25-P75], p = 0.005) (Figure 1A) 

and it significantly decreased with an increasing number of MS criteria (Figure 

1B). Furthermore, when participants were stratified into three groups by 

adiponectin tertiles, the prevalence of MS decreased from the lowest to the 

highest adiponectin tertile (tertile 1 = 96.4%, tertile 2 = 91.5%, and tertile 3 = 

90.8%; P for trend = 0.001). 

Comparing according to the presence or absence of each MS criterion, 

adiponectin levels were significantly lower in the presence of following criteria: 

high waist circumference (10.4 [7.1 – 12.6 μg/mL] vs 18.5 [11.9 – 26.3 μg/mL]; 

P = 0.001), low HDL-cholesterol (10.6 [5.5 – 13.7 μg/mL] vs 14.4 [7.8 – 17.2 

μg/mL]; P = 0.010), and elevated triglycerides (6.7 [7.6 – 9.6 μg/mL] vs 10.3 
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[11.7 – 14.0 μg/mL]; P < 0.001). However, this relationship was not found with 

elevated glucose (11 [5.6 – 14.0 μg/mL] vs 12.3 [5.8 – 15.7 μg/mL]; P = 0.110) 

and elevated blood pressure (11.0 [5.7 – 14.1 μg/mL] vs 10.9 [5.5 – 14.5 

μg/mL]; P = 0.570). 

While analyzing the relationship between adiponectin and the different 

MS components, adiponectin concentrations were positively correlated with 

HDL-cholesterol (r = 0.371; P < 0.001) and negatively correlated with waist 

circumference (r = -0.317; P < 0.001), fasting glucose (r = -0.118; P = 0.015), 

and triglycerides (r = -0.359; P < 0.001). Similar to the Porto Alegre cohort, 

there was no significant correlation between adiponectin concentrations with 

diastolic and systolic blood pressures (Figure 2). 

HMW adiponectin had similar results as observed with total adiponectin. 

It was lower in the presence of MS (4.9 [6.2 – 7.3 μg/mL] vs 7.8 [7.9 – 13.5 

μg/mL]; median [P25-P75], p < 0.001) and it significantly decreased with an 

increasing number of MS criteria (p < 0.001). Furthermore, when participants 

were stratified into three groups by adiponectin tertiles, the prevalence of MS 

decreased from the lowest to the highest adiponectin tertile (tertile 1 = 96.2%, 

tertile 2 = 91.5%, and tertile 3 = 83.8%; P for trend = 0.007). 

Comparing according to the presence or absence of each MS criterion, 

HMW adiponectin levels were significantly lower in the presence of following 

criteria: low HDL-cholesterol (4.9 [6.3 – 7.4 μg/mL] vs 7.7 [7.3 – 11.5 μg/mL]; P 

= 0.005), elevated triglycerides (4.0 [4.6 – 5.9 μg/mL] vs 6.8 [7.7 – 9.4 μg/mL]; P 

< 0.001), and elevated glucose (5.0 [6.4 – 7.5 μg/mL] vs 7.0 [6.7 – 10.6 μg/mL]; 

P = 0.035). However, this relationship was not found with high waist 

circumference (5.0 [6.2 – 7.3 μg/mL] vs 5.9 [7.0 – 10.6 μg/mL]; P = 0.065), and 
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elevated blood pressure (5.0 [6.5 – 7.7 μg/mL] vs 6.0 [5.8 – 9.3 μg/mL]; P = 

0.170). 

While analyzing the relationship between adiponectin and the different 

MS components, HMW adiponectin concentrations were positively correlated 

with HDL-cholesterol (r = 0.378; P < 0.001) and negatively correlated with waist 

circumference (r = -0.246; P < 0.001), fasting glucose (r = -0.128; P = 0.008), 

and triglycerides (r = -0.320; P < 0.001). 

 

Association between MS and adiponectin levels while adjusting for 

possible confounders 

 

Porto Alegre cohort 

To confirm the relationship between adiponectin levels and the presence 

of MS, we performed three different multiple Poisson regression models with 

MS as the dependent variable. In the first model an increment of 1-SD of 

adiponectin levels was significantly associated with a lower prevalence ratio of 

MS (0.84 [95% CI 0.75 – 0.93; P = 0.001]) while adjusting for sex and age. In 

the second model, when US-CRP and HOMA-IR were added to the model, 1-

SD of adiponectin remained associated with a lower prevalence ratio of MS 

(0.88 [95% CI 0.79 – 0.97; P = 0.012]). The same is true while replacing HOMA-

IR by ISI Matsuda in the model (0.88 [95% CI 0.80 – 0.97; P = 0.011]). Adding 

separately smoking status, alcohol consumption, physical activity, and waist 

circumference to this model did not change these results. 
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São Paulo cohort 

We replicated similar models with data from the São Paulo cohort and 

observed similar results. In the first model, 1-SD of adiponectin levels was 

significantly associated with a lower prevalence ratio of MS (0.94 [95% CI 0.90 

– 0.97; P = 0.001]) while adjusting for sex and age. In the second model, 1-SD 

of adiponectin remained associated with decreased prevalence ratio of MS 

(0.93 [95% CI 0.88 – 0.98; P = 0.001]) when HOMA-IR were added to the 

model. Adding separately smoking status, alcohol consumption, physical 

activity, and waist circumference to this model did not change these results. 

 

Discussion 

The present study assessed the relationship between adiponectin levels 

and MS in a two-stage study using data from two cohorts. We demonstrated 

that lower circulating total and HMW adiponectin levels were associated with 

the presence of MS. Decreasing total and HMW adiponectin plasmatic levels 

were related with an increasing number of MS criteria in both cohorts. This 

association was independent of age and sex, smoking status, alcohol 

consumption, physical activity, waist circumference, insulin sensitivity, and 

subchronic inflammation as shown while adjusting for confounders in different 

multivariate models with data from the Porto Alegre cohort. In order to confirm 

these findings, we applied the same approach in an independent cohort of 

subjects with different clinical characteristics who were being investigated for 

coronary artery disease in São Paulo. The confirmation of the same 

associations in these two different cohorts would underscore that this was not a 
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spurious finding. Additionally, total adiponectin levels were lower in the 

presence of each MS criterion in the Porto Alegre cohort whereas similar 

findings were observed in the São Paulo cohort, except for the elevated blood 

pressure and elevated glucose criteria. We found similar findings with HMW 

adiponectin levels which were lower in the presence of low HDL-cholesterol and 

elevated triglycerides criteria. Different from total adiponectin, HMW adiponectin 

levels were lower in the presence of elevated glucose criterion whereas their 

levels were not different in the presence of high waist circumference criterion. 

Since HMW adiponectin levels were inversely related with waist circumference, 

we believe that HMW adiponectin levels were not statistical lower in the 

presence of MS as a matter of sample size (P = 0.065). 

Our results corroborate the findings of other studies which have analyzed 

the relationship between adiponectin levels and the MS [6,17]. Vega and 

Grundy showed that overweight and obese men with a high adiponectin/leptin 

ratio have a lower triglyceride, triglyceride/HDL levels and higher insulin 

sensitivity than those with a lower adiponectin/leptin ratio (6). Besides, Mente et 

al. suggested a possible causal relationship between low serum adiponectin 

levels and insulin resistance as measured by HOMA-IR (15). 

As an extension to these studies, our findings suggest that adiponectin is 

inversely related to MS ratios while adjusting for possible confounders. We also 

tried to explore the possible factors related to lower adiponectin levels by the 

presence of MS. Lower adiponectin levels were observed with increasing US-

CRP and HOMA-IR whereas higher adiponectin levels were related to 

increasing insulin sensitivity. Several studies have demonstrated that 

adiponectin is related to insulin sensitivity, since it sensitizes hepatocytes to the 
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effects of insulin, suppressing hepatic glucose output [18]. Adiponectin also 

promotes fatty acid oxidation in the liver and adipocytes, decreasing 

triglycerides levels [19-22] and increasing glucose uptake by skeletal muscles 

[23,24]. 

Central obesity has been related to adipose cell enlargement and the 

development of a proinflammatory state [25]. We have found a significant and 

inverse correlation in both cohorts between waist circumference and 

adiponectin plasma levels. Additionally, low adiponectin levels were related to 

high US-CRP, a marker of subchronic inflammation. In fact, the 

hypoadiponectinemia, per se, may partly determine the proinflammatory state 

found in subjects with MS in our study, especially those with central obesity. 

The strongest relationship between adiponectin levels and MS criteria 

was observed with HDL cholesterol. Some studies suggest that the association 

between adiponectin and HDL cholesterol may result from the effect of 

adiponectin in reducing triglycerides, apo A-I fractional catabolic rate [26,27], 

and hepatic lipase activity [28,29]. 

Although we found that decreasing adiponectin levels were related to 

increasing blood pressure in the Porto Alegre cohort, we were not able to find 

the same results in the São Paulo cohort with both, the total and HMW 

adiponectin. Additionally, we believe that in São Paulo, where subjects were 

investigated for coronary artery disease by coronary arteriography, a high rate 

of anti-hypertensive medications used by this population affected this 

relationship by their direct action on adiponectin levels and by their action on 

blood pressure. 
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There are potential limitations to our study. Firstly, the cross-sectional 

study design makes it difficult to infer causal relationship between low total and 

HMW adiponectin levels and MS. Secondly, the subjects are not representative 

of the general population, since they were referred for assessment and 

evaluation of MS in Porto Alegre and to coronary artery disease confirmation by 

coronary angiography in São Paulo. However, by using two samples with 

completely different profiles, we were able to replicate our results which 

strength the direction of our findings. Additionally, our study goes in the same 

direction of others that have shown an effect of adiponectin in regulating lipid 

and glucose metabolism, which corroborates our findings [6,17]. 

 

Conclusions 

In conclusion, total and HMW adiponectin levels not only are lower in the 

presence of MS, but it also decreases by increasing number of MS criteria. 

These levels are partly determined by their relationship with HDL cholesterol, 

triglycerides and abdominal adiposity. Furthermore, chronic inflammation and 

insulin resistance may contribute to the decrease in adiponectin levels. 

Longitudinal data of prospective population based studies might be used to 

understand the role of adiponectin in the development of MS. 
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Table 1 

Subjects’ demographic, clinical and laboratory characteristics according to the presence of metabolic syndrome (MS) 

 Porto Alegre cohort MS São Paulo cohort MS 

 Absence Presence P valuea Absence Presence P valuea 

N 36 136 - 38 382 - 

Female sex 28 (78%) 96 (71%) 0.531 10 (26%) 181 (47%) 0.010 

Age (years) 48 ± 12 54 ± 11 0.010 59 ± 12 60 ± 10 0.647 

Etnicity (% of white) 28 (78%) 114 (84%) 0.676 20 (51%) 233 (61%) 0.286 

Tabagism 5 (14%) 18 (13%) 0.740 26 (67%) 302 (79%) 0.334 

Habitual alcohol consumption 3 (8%) 11 (8%) 0.937 5 (13%) 10 (3%) 0.016 

Physical activity   0.082   0.061 

Sedentary 17 (46%) 79 (58%)  18 (46%) 111 (29%)  

Active (≥150 min per week) 19 (54%) 57 (42%)  21 (54%) 271 (71%)  

BMI (Kg/m2) 28 ± 6 33 ± 6 - 23 ± 3 29 ± 5 - 

Overweight 12 (33%) 48 (36%) - 9 (24%) 130 (34%) - 

Obesity 12 (33%) 79 (59%) - 1 (3%) 149 (39%) - 

Waist circumference (cm)       

Females 91.4 ± 14.2 105.5 ± 12.5 - 80.7 ± 8.0 97.8 ± 12.4 - 

Males 101.1 ± 16.8 106.7 ± 11.8 - 84.9 ± 6.2 100.6 ± 1.1 - 

Glucose Tolerance Status   <0.001   <0.001 

Normal Glucose Tolerance 32 (89%) 16 (12%)  20 (53%) 50 (13%)  

Prediabetes 1(3%) 76 (56%)  12 (32%) 123 (31%)  

Type 2 diabetes 3 (8%) 44 (32%)  6 (16%) 209 (56%)  

Fasting plasma glucose (mg/dL) 91 ± 11 114 ± 41 - 100 ± 24 126 ± 47 - 

2 h-plasma glucose (mg/dL) 111 ± 43 191 ± 81 - - - - 

HbA1c (%) 5.5 ± 0.6 6.4 ± 1.2 0.001 5.7 ± 0.8 6.9 ± 1.6 <0.001 

HOMA-IR 1.6 (1.1 – 2.4) 3.3 (1.9 – 4.7) 0.002 0.5 (0.3-0.6) 1 (0.6-1.6) <0.001 

Total cholesterol (mg/dL) 201 ± 41 205 ± 42 0.749 272 ± 48 270 ± 54 0.861 

HDL- cholesterol (mg/dL) 55 ± 13 47 ± 12 - 46 ± 12 38 ± 10 - 
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Triglycerides (mg/dL) 100 ± 40 162 ± 91 - 96 ± 26 163 ± 92 - 

US-CRP (mg/L) 1.8 (1.5 – 4.6) 4.0 (5.4 – 8.3) 0.003 - - - 

Fibrinogen (mg/dL) 349 (300 – 385) 384 (372 – 412) 0.107 - - - 

Systolic Blood Pressure (mm Hg) 125 ± 19 144 ± 22 - 138 ± 24 141 ± 23 - 

Diastolic Blood Pressure (mm Hg) 79 ± 11 87 ± 13 - 79 ± 15 80 ± 13 - 

Systolic 24-h Blood Pressure (mm Hg) 118.4 ± 12.6 134.3 ± 15.2 0.010 - - - 

Diastolic 24-h Blood Pressure (mm Hg) 71.5 [65 – 79.3] 79.0 [70.5 – 87.0] 0.087 - - - 

Systolic daytime Blood Pressure (mm Hg) 121.3 ± 12.8 137.9 ± 15.1 0.010 - - - 

Diastolic daytime Blood Pressure (mm Hg) 75.0 [68.3 – 83.0] 83.0 [75.0 – 90.0] 0.107 - - - 

Systolic nighttime Blood Pressure (mm Hg) 112.3 ± 13.3 126.6 ± 17.0 0.023 - - - 

Diastolic nighttime Blood Pressure (mm Hg) 65.6 ± 10.0 71.5 ± 11.9 0.114 - - - 

Medicines:       

Antihypertensive 8 (22) 68 (52) 0.014 20 (54) 316 (86) <0.001 

Statin 3 (9) 23 (18) 0.671 11 (28) 235 (61) <0.001 

Hypoglycemic 0 (0) 0 (0) 0.998 9 (23) 85 (20) 0.854 

Data expressed as absolute number (%), mean ± SD or median (P25-75). SI conversion factors: triglycerides, mg/dL x 0.01129 = mmol/L; 

cholesterol, HDL-cholesterol, and LDL-cholesterol, mg/dL x 0.02586 = mmol/L; glucose, mg/dL x 0.0556 = mmol/L. aP value for 

comparisons between two groups was tested by χ2 test for categorical variables or Student‟s t test for continuous variables and were 

adjusted for age and sex by multiple logistic regression analysis. Since the sample was grouped by the presence of MS, P values were 

not expressed for comparison of its components (all P values were < 0.05). 
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Figure 1 

 

Figure 1. Adiponectin levels according to the presence of metabolic 

syndrome (MS). Comparison by independent T test (A). Adiponectin levels 

according to the number of components of MS. Comparison by ANOVA (B).
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Figure2 

  
 
Figure 2. Relationship between adiponectin levels and metabolic syndrome criteria. DBP = diastolic blood pressure; SBP = 
systolic blood pressure. 
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Abstract 

 

Different dietary interventions have been identified as potential modifiers 

of adiponectin concentrations, and they may be influenced by lipid intake. We 

identified studies investigating the effect of dietary lipids (type/amount) on 

adiponectin concentrations in a systematic review with meta-analysis. A 

literature search was conducted until July 2013 using databases such as 

Medline, Embase and Scopus (MeSH terms: „adiponectin‟, „dietary lipid‟, 

„randomized controlled trials (RCT)‟). Inclusion criteria were RCT in adults 

analysing adiponectin concentrations with modification of dietary lipids. Among 

the 4930 studies retrieved, fifty-three fulfilled the inclusion criteria and were 

grouped as follows: (1) total dietary lipid intake; (2) dietary/supplementary n-3 

PUFA; (3) conjugated linoleic acid (CLA) supplementation; (4) other dietary lipid 

interventions. Diets with a low fat content in comparison to diets with a high-fat 

content were not associated with positive changes in adiponectin  

concentrations (twelve studies; pooled estimate of the difference in means: -

0.04 (95% CI -0.82, 0.74) µg/ml). A modest increase in adiponectin 

concentrations with n-3 PUFA supplementation was observed (thirteen studies; 

0.27 (95% CI 0.07, 0.47) µg/ml). Publication bias was found by using Egger‟s 

test (P=0.01) and funnel plot asymmetry. In contrast, CLA supplementation 

reduced the circulating concentrations of adiponectin compared with 

unsaturated fat supplementation (seven studies; -0.74 (95% CI -1.38, -0.10) 

µg/ml). However, important sources of heterogeneity were found as revealed by 

the meta-regression analyses of both n-3 PUFA and CLA supplementation. 

Results of new RCT would be necessary to confirm these findings. 
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Introduction 

Adiponectin, a hormone expressed mostly in adipose tissue and encoded 

by the APM1 gene (chromosome 3q27), plays an important role in regulating 

insulin sensitivity, glucose and lipid metabolism besides its anti-inflammatory 

and anti-atherogenic properties (1). It has been suggested that the synthesis 

and secretion of adiponectin are influenced by body fat distribution, sex and 

ethnicity. Low levels of adiponectin are found in patients with obesity, type 2 

diabetes mellitus and coronary artery disease (1,2). More recently, we also 

found that the presence of the metabolic syndrome and the increasing number 

of its components are associated with decreased adiponectin concentrations 

(3). Therapeutic strategies that target the metabolic syndrome and its 

components have been shown to increase adiponectin concentrations, such as 

lifestyle modification involving moderate- or high-intensity physical activities and 

weight loss (4,5).  

Although different nutrients may affect adiponectin concentrations,it is not 

clear how changes in the amount and quality of macronutrients affect its 

concentrations (6). In one study (7) where subjects were randomised to receive 

hypoenergetic moderate-fat/moderate-carbohydrate v. low-fat/high-

carbohydrate diets, no changes in adiponectin concentrations were observed 

over 10 weeks of dietary intervention. In other intervention studies, the 

comparison between diets with low and high fat content showed conflicting 

results. While adiponectin concentrations were not affected in one study (8), 

intake of a low-fat diet was associated with a 30% increase in the 

concentrations of adiponectin in another study (9). These differences probably 
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suggest that the quality rather than the amount of fat may have a significant 

influence on adiponectin concentrations. This may be exemplified by analysing 

the effect of a Mediterranean diet on adiponectin concentrations. Close 

adherence to a Mediterranean diet has been associated with higher adiponectin 

concentrations (10). This may be explained not only by its low glycaemic load 

and moderate alcohol consumption, but also by its composition that is rich in 

nuts, olive oil and fish, all of which are dietary sources of unsaturated fatty acids 

(6,11,12). As a result, these data pointed out that lipids are outstanding among 

potential dietary modulators of circulating adiponectin.  

Other dietary lipids such as conjugated linoleic acid (CLA), dietary 

cholesterol and long-chain n-3 PUFA have been associated with a variable 

response to adiponectin concentrations (12). Regarding n-3 PUFA, a well-

conducted systematic review and meta-analysis showed that its intake was 

associated with a significant increase in adiponectin concentrations (13). 

However, the results of that meta-analysis need to be interpreted with caution 

as a significant and unexplained heterogeneity was present between studies 

included in its results. Therefore, the present meta-analysis aimed to 

systematically review and analyse randomised controlled trials (RCT) 

investigating the effects of dietary lipids on circulating adiponectin 

concentrations in adults. 

 



84 

 

Methods 

A systematic review was conducted using a predetermined protocol 

established according to the Cochrane Handbook‟s recommendations (14). 

Results are reported in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) statement (15). 

 

Search strategy 

A literature review was conducted by searching the electronic databases 

Medline, Embase and Scopus until July 2013 to identify RCT that reported the 

effect of dietary lipids on adiponectin concentrations in adults. The initial search 

included the key search terms „dietary lipid‟ and „adiponectin‟. It also included 

the entry terms associated with a high-sensitivity strategy for the search of RCT 

(available at http://www.sign.ac.uk/methodology/filters.html#random). The 

complete „Medline‟ search strategy is described in the online supplementary 

material. 

 

Inclusion and exclusion criteria 

We included only those RCT that analysed the effect of dietary lipids on 

fasting concentrations of circulating total adiponectin. The outcome was 

changes in adiponectin concentrations from baseline to the end of the study. 

Studies that met the initial criteria were identified, regardless of language or 

publication date. 
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We excluded the studies that did not report the outcome, were not 

randomised, or included children or pregnant women. Controlled trials that 

analysed the interaction between dietary interventions and changes in 

adiponectin concentrations corresponding to different polymorphisms were also 

excluded if they did not report the overall outcome regardless of 

polymorphisms. Although studies that did not report means and standard 

deviations for the outcome (separately for each group at baseline and at the 

end of the intervention, or changes from baseline for each group) were included 

in the review, these studies were not included in the meta-analysis. If data 

necessary for the review were missing, we contacted the authors by e-mail 

and/or telephone. The study was excluded if the reply was not received within 4 

weeks. Of the thirteen authors who were contacted, nine (16 – 24) replied back. 

Of these nine authors, three (16,17,24) provided the requested data to be 

included in the present meta-analysis. 

 

Study selection and data extraction 

For the present meta-analysis, two reviewers (A. D. v. F. and F. M. S.) 

independently analysed the titles and abstracts of the articles retrieved from the 

literature search, reviewed the full text of the published articles, and extracted 

the data using a standard data extraction protocol. Any disagreements between 

the reviewers regarding study inclusion were resolved by a third investigator (J. 

C. d. A. or F. G.).  



86 

 

The extracted data included the number of participants, study design, 

trial duration, and patients‟ demographic and anthropometric characteristics 

(age, sex, height, weight, BMI, presence of obesity, the metabolic syndrome, 

hypertension, and dyslipidaemia). Data on total energy, macronutrients (type 

and amount) and dietary compliance were collected from the description of the 

intervention and control diets. Data extracted for dietary fat composition 

included the following: total, saturated, monounsaturated and polyunsaturated 

fats (g or percentage of total energy intake); n-3 PUFA (g); n-6 PUFA (g); 

cholesterol (mg). However, data for n-3 and n-6 PUFA were not available in 

most of the included studies. Data on means and statistical dispersion for 

adiponectin concentrations at baseline and at the end of the study were 

extracted. Percentage changes in adiponectin concentrations at the end of each 

study were calculated for all studies that presented baseline adiponectin values. 

The included studies were grouped according to the following 

interventions: (1) total dietary lipid intake; (2) dietary/supplementary n-3 PUFA; 

(3) CLA supplementation; (4) other dietary lipid interventions. 

 

Assessment of bias and quality of studies 

The quality of the studies was assessed independently by two reviewers 

(A. D. v. F. and F. M. S.), and any disparity was resolved by a third reviewer (J. 

C. d. A. or F. G.). Biases were classified into six domains: selection; 

performance; detection; attrition; reporting; other (15,25). The „other‟ domain 

included the assessment of dietary compliance. The risk of bias in each domain 
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was classified as high, low or unclear. Regarding dietary compliance, the risk of 

bias was classified as „low‟ if the study described the method for the 

assessment of dietary compliance. 

 

Statistical analyses 

Changes in adiponectin concentrations were reported as absolute 

differences between the values of arithmetic means and standard deviations at 

baseline and at the end of the study (26). Heterogeneity between studies was 

assessed by Cochran‟s Q test, and a P for trend ≤0.10 was considered 

statistically significant. The I2 test was also performed to evaluate the magnitude 

of heterogeneity, which was considered high if I2 ≥ 50.0 %. Pooled estimates of 

the weighted mean differences (WMD) between dietary intervention and control 

groups were calculated using a random-effects model of DerSimonian & Laird 

(27) because a significant heterogeneity between the included studies was 

identified in preliminary models. Furthermore, this approach provides a more 

conservative assessment of the average effect size. 

Potential sources of heterogeneity between trials were assessed by 

meta-regression analyses. Variables were chosen based on biological 

relevance before the meta-analysis was conducted. All meta-regression models 

included the following variables: age (less than the mean value, or equal to or 

greater than the mean value); sex (male, %); study location (Europe/North 

America v. others); time of the follow-up (equal to or less than the mean value, 

or greater than the mean value); BMI (<30 and ≥30 kg/m²); differences in weight 
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change between groups. Blinding of participants/personnel was included in the 

n-3 PUFA meta-analysis as a meta-regression variable. This variable was 

neither included in the total dietary lipid meta-analysis as blinding was not clear 

in all studies, nor in the CLA supplementation meta-analysis as the risk of bias 

was low in all the studies. Additionally, specific variables were included in the 

three different meta-analyses according to relevance and availability. For total 

dietary lipid intake, a cut-off point for the amount of lipid intake was not defined 

as exclusion criteria. The difference in total energy intake, total dietary lipid 

intake between groups (difference in total caloric intake < 1256 kJ/day v. > 1256 

kJ/day [300 kcal/day]), median percentage point difference in lipid intake 

between groups (≤10% v. > 10% of lipid intake), and mean carbohydrate 

content in control groups (<30% v. >30% of TCI) were included in the meta-

regression models. Mean carbohydrate content was analysed only in the control 

group because it is expected to be dependent on the differences in the amount 

of lipid intake between groups. For n-3 PUFA and CLA supplementation, the 

amount of supplementation and the type of oil used as a placebo were also 

considered in the meta-regression models. 

Subsequently, sensitivity (subgroup) analyses were conducted by 

including the variables with a positive adjusted R2 value in meta-regression 

analyses, to determine how much of the between-study difference could be 

explained by these variables. 

Publication bias was assessed by funnel plot asymmetry and Begg‟s or 

Egger‟s tests (28 – 30). The bias was considered significant if P<0.10 (29,30). 

The non-parametric trim-and-fill method was used to assess the potential 
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influence of publication bias on sensitivity analyses, and provided a theoretical 

pooled estimate accounting for estimated missing studies (28). 

All statistical analyses were performed using Stata 11.0 software (Stata). 

Significance was set at P<0.05, and 95% CI are quoted throughout. 

 

Results 

A total of 4930 studies were identified from the literature search (Fig. 1). On the 

basis of the titles and abstracts, ninety-one studies were selected for the full-

text review, of which fifty-three fulfilled the final inclusion criteria. The included 

studies were grouped according to the following interventions: (1) total dietary 

lipid intake (7–9,16,18,19,31 – 39); (2) n-3 PUFA intake (21,22,24,40–55); (3) 

CLA supplementation (17,56–61); (4) other dietary lipid interventions(20,23,62–

71). The main results of the studies included in the meta-analysis are presented 

in Tables 1–3, whereas those included only in qualitative analyses are 

presented in online supplementary Table S2.  

 

Total dietary lipid intake 

Of the total selected studies, fifteen (7–9,16,18,19,31–39) investigated 

the effects of a diet with a low-fat content (20–37% of energy from lipids) on the 

circulating concentrations of adiponectin compared with a control diet with a 

high fat content (35–61% of energy from lipids), as shown in Table 1. To test 

how differences in lipid quantity (expressed as the percentage of daily energy) 
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may affect adiponectin concentrations, the diet with the lowest fat content was 

classified as an intervention diet in each study. 

The median follow-up time was 14 weeks (5 d–144 weeks). These 

studies included seventeen to 322 participants (mean age 50 years). Most (71·4 

%) of the studies included both sexes (8,16,19,31,33–36,38,39). The mean 

difference in total dietary lipid intake between the intervention and control 

groups was 12.0% of the total energy intake. Of these studies, seven 

(16,31,32,35,37–39) did not describe the lipid type and four (7,18,36,38) had no 

information about energy consumption. Differences in energy intake were not 

found to be significant in most of the studies, but were statistically significant 

only in one study (32). Among all the other studies that did not report a 

statistical difference in energy intake between the intervention and control 

groups, two studies were found to have an energy intake difference of 2173 and 

1382 kJ (519 and 330 kcal). In the first study, there were no changes and 

differences in adiponectin concentrations between the groups throughout the 

study (34), while in the other study, there was an increase in adiponectin 

concentrations within the groups, but not between the groups (35). 

The risk of bias in the studies included in the quantitative analysis is 

summarised in online supplementary Table S1. The risk of selection bias was 

unclear in the majority of the studies, taking into account the lack of information 

about random sequence generation and allocation concealment. Performance 

bias was also unclear in all studies. Information about the blinding of outcome 

assessors was described in only one study (39). Regarding attrition bias, the 

rates of dropouts and/or withdrawals were less than 20% in nine studies 
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(7,9,16,18,32–34,37,38). Reporting bias was low in all studies. Dietary 

compliance was assessed in most studies.  

Among the fifteen selected studies, twelve (7–9,16,18,31,32,34,35,37–

39) reported sufficient data and were thus included in the meta-analysis. The 

remaining three studies (19,33,36) were excluded due to the lack of sufficient 

data for quantitative analysis. Among these three studies that were excluded 

from the quantitative analysis, one (36) showed a greater increase in 

adiponectin concentrations in the control group than in the intervention group, 

another (19) showed an increase in the concentrations of adiponectin in the 

control group than in the intervention group, and in the last one it was not 

possible to describe the differences between intervention and control groups 

because the results were not described separately by groups (33). 

Overall, the intervention diet (28–37% of the total energy intake from fat) 

did not increase adiponectin concentrations compared with the control diet (39–

61% of the total energy intake from fat) (WMD -0.04 (95% CI -0.82, 0.74) µg/ml; 

I2 83.7 %, P for heterogeneity <0.001; Fig. 2(a)). Given the significant 

heterogeneity between the included studies, we performed a meta-regression 

analysis by including one variable per model age (adjusted R² = -9.6 %, P = 

0.63), sex (adjusted R² = -16.5, P = 0.90), study location (adjusted R² = -9.8%, 

P = 0.61), time of follow-up (adjusted R² = -12.7%, P = 0.87), BMI (adjusted R² 

= -10.3%, P = 0.91), weight loss difference between intervention and control 

groups (adjusted R² = -11.1%, P = 0.66), differences in caloric intake between 

intervention and control group (adjusted R² = -5.7%, P = 0.41), percentage 

points difference in total dietary lipid intake between intervention and control 
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diets (adjusted R² = -15.1%, P = 0.65), and carbohydrate content in control 

group (adjusted R² = -16.4%, P = 0.88). In three studies (32,34,37), a significant 

change in body weight between the intervention and control groups was 

observed at the end of each trial. We also performed a sensitivity analysis with 

body weight used as a variable, which showed no significant change in the 

results. Publication bias was not observed in the present meta-analysis (Begg‟s 

test, P=0.89; Egger‟s test, P=0.21), and asymmetry was also not detected, as 

shown in the funnel plot (Fig. 3(a)). 

 

n-3 PUFA intake 

Of the total selected studies, nineteen analysed the effect of n-3 PUFA 

intake on adiponectin concentrations: sixteen (21,22,24,40 – 42,45 – 52,54,55) 

with n-3 PUFA supplementation and three (43,44,53) with diets composed of n-

3 PUFA-rich foods. The details of these studies are summarised in Table 2. The 

median follow-up time was 10 weeks (3–24 weeks). These studies included 

twenty-six to 324 participants, and most studies (54 %) included both sexes. 

Dietary composition was described in ten studies 

(21,22,40,41,43,44,50,51,53,54). Comparisons between intervention (diet or 

supplementation) and fatty acid intake from different sources (placebo) were 

made in twelve studies (21,22,24,40,42,45–48,51,52,55). Among the dietary 

intervention studies, one (43) used different amounts of n-3 PUFA from plant 

and marine sources, while two (44,53) used different types of fish.  
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The risk of selection bias was unclear in the majority of the studies, 

taking into account the lack of information about random sequence generation 

and allocation concealment. In general, performance bias was low in most 

studies. Information about the blinding of outcome assessors was described in 

only three studies (24,42,51). Attrition bias was low in ten studies 

(21,24,41,42,46–50,55). Reporting bias was low in all studies. Dietary 

compliance was analysed in the majority of the studies (online supplementary 

Table S1).  

Of these nineteen studies, thirteen (21,22,24,40–42,46–51,55) presented 

the data that could be pooled and used in a meta-analysis. Different oils were 

used as a placebo: four studies (21,42,47,48) used olive oil; three (24,46,51) 

used sunola oil; one (22) used soyabean oil; one (55) used maize oil; two 

(41,50) used paraffin oil; one study(40) used a mixture of linoleic and oleic oil; 

one study(49) did not describe the oil type. Of these thirteen studies, only five 

(21,40,41,50,51) reported the dietary composition in both intervention and 

control groups. None of these studies showed any differences in total energy or 

in the proportion of macronutrient intake between the two groups. Furthermore, 

no studies described the consumption of n-3 and n-6 PUFA.  

Studies that had analysed the effects of n-3 PUFA-rich foods on 

adiponectin concentrations (43,44,53) were not included in the quantitative 

analysis. In addition, one study (45) that combined n-3 PUFA intake with CLA 

supplementation in the intervention group, as well as two studies (52,54) in 

which data extraction was not available were excluded from the analysis. 

Among these six excluded studies (43–45,52–54), four did not show any 
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significant change in adiponectin concentrations at the end of the intervention 

(43–45,54). However, in two studies (52,53), an increase in adiponectin 

concentrations was observed at the end of the trial. 

The pooled data from thirteen studies did show a modest and significant 

effect of n-3 PUFA supplementation on adiponectin concentrations (WMD 0.27 

(95% CI 0.07, 0.47) µg/ml; I2 79.6 %, P for heterogeneity <0.001; Fig. 2(b)). 

Given the high heterogeneity between the included studies, we performed a 

meta-regression analysis by including one variable per model. The independent 

variables were as follows: age (adjusted R² = -24.2, P = 0.16); sex (adjusted R² 

= -11.2, P = 0.11); study location (adjusted R² = -28.8% , P = 0.59); follow-up 

time (adjusted R² = -47.0%, P = 0.58); BMI (adjusted R² = -39.5%, P = 0.42); 

blinding of participants/personnel (adjusted R² = -103.0%, P = 0.71); amount of 

n-3 PUFA (g/day; adjusted R² = -64.8%, P = 0.85); EPA (adjusted R² = -65.9%, 

P = 0.83); DHA (adjusted R² = -87.0%, P = 0.60); fat type used as a placebo 

placebo (vegetable oil v. paraffin oil; adjusted R² = 100%, P = 0.04); change in 

body weight over the study period between the intervention and control groups 

(adjusted R² = -21.9%, P = 0.60). 

Subsequently, we performed a sensitivity analysis with fat type as 

placebo (unsaturated oil or paraffin oil), which revealed that n-3 PUFA 

supplementation was still associated with an increase in adiponectin 

concentrations. Studies that had used unsaturated oil as placebo showed an 

effect of n-3 PUFA supplementation on adiponectin concentrations (WMD 0.23 

(95% CI 0.04, 0.42) µg/ml; I2 40.2 %, P for heterogeneity=0.09) as well as those 

that had used paraffin oil as placebo (WMD 1.19 (95% CI 0.24, 2.13) µg/ml; I2 
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39.5 %, P for heterogeneity=0.20). Studies that had used paraffin oil as placebo 

showed a greater increase (0.96 µg/ml) in adiponectin concentrations than 

those that had used vegetable oils as placebo. 

Significant evidence of publication bias was found by Egger‟s test 

(P=0.01) but not by Begg‟s test (P=0.95). Visual inspection of the funnel plot 

confirmed the existence of asymmetry (Fig. 3(b)). In fact, a theoretical pooled 

estimate of 0.08 (95% CI -0.13, 0.30) µg/ml (P=0.46) was obtained by using the 

trim-and-fill correction method after the addition of six theoretically unreported 

studies.  

 

Conjugated linoleic acid supplementation 

Of the total selected studies, seven (17,56–61) assessed the effect of 

CLA (mixture containing cis-9, trans-11 and trans-10, cis-12) supplementation 

on adiponectin concentrations. The median follow-up time was 13.0 weeks (8–

24 weeks). These studies included twenty-eight to eighty participants, aged 18 

to 80 years. The details of these studies are summarized in Table 3. 

In most studies, CLA supplementation (intervention) was compared with 

unsaturated fatty acid supplementation (placebo) such as olive oil (56,57,60), 

safflower oil (58,61) or soyabean oil (17). Only one study (59) compared CLA 

supplementation with saturated fatty acid intake (placebo, mixture of fatty acids 

in capsules). The median CLA supplementation was 4.1 (range 3.0–8.0) g/d, 

with an equal mix of the two predominant isomers. Only two studies (58,59) 

described the dietary composition. 
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The risk of selection bias was unclear in the majority of the studies, 

taking into account the lack of information about random sequence generation 

and allocation concealment. Performance bias was low in most studies. 

Information about the blinding of outcome assessors was described in only two 

studies (58,61). Attrition bias was low in five (17,56,57,59,60) out of seven 

studies (17,56–61). Reporting bias was low in all studies. Dietary compliance 

was analysed in the majority of the studies (online supplementary Table S1). 

All these seven studies (17, 56–61) were pooled in the meta-analysis. 

The pooled data did not show any significant effect of CLA supplementation on 

circulating adiponectin concentrations (WMD -0.18 (95% CI -0.84, 0.48) µg/ml; 

I2 97.7 %, P for heterogeneity <0.001; Fig. 2(c)). A high level of heterogeneity 

was detected. The visual inspection of the funnel plot revealed the existence of 

asymmetry (Fig. 3(c)), suggesting a publication bias, although neither Begg‟s 

test (P=0.76) nor Egger‟s test (P=0.48) showed any evidence of the same. In 

fact, a theoretical pooled estimate of -0.64 (95% CI -1.83 to 0.55) µg/ml 

(P=0.29) was obtained by using the trim-and-fill correction method after the 

addition of one theoretically unreported study. 

Given the significant heterogeneity between the included studies, we 

performed a meta-regression analysis by including one variable per model: age 

(adjusted R² = -21.1, P = 0.75); sex (adjusted R² = -5.6, P = 0.44); study 

location (adjusted R² = 41.9% , P = 0.07); time of follow-up (R² = 29.5%, P = 

0.13), BMI (adjusted R² = 11.6%, P = 0.23); change in body weight over the 

study period between the intervention and control groups (adjusted R² = -9.0%, 

P = 0.53); amount of CLA supplementation (< 4.8 g/d v. > 4.8 g/d; adjusted R² = 
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11.6%, P = 0.23), and fat type used as placebo (unsaturated v. saturated fat; 

adjusted R² = 56.0%, P = 0.02). 

Subsequently, a sensitivity analysis was performed with fat type used as 

a placebo (unsaturated or saturated fat). The analysis revealed a reduction in 

adiponectin concentrations with CLA supplementation after the removal of one 

study that had used saturated fat as placebo (WMD -0.74 (95% CI -1.38, -0.10) 

µg/ml; I2 97.3 %, P for heterogeneity <0.001). However, the analysis showed a 

high level of heterogeneity among the studies that used unsaturated fat as 

placebo. 

 

Other dietary lipid interventions 

Among the total selected studies, three analysed the effect of fatty acid 

intake on adiponectin concentrations (saturated fat(63), a-lipoic acid (69) and n-

6 PUFA (68)) and nine analysed the effect of the food source of lipids on 

adiponectin concentrations (eggs (64), partially-hydrogenated oil (20,65), nuts 

(66,67,71) and flaxseed (23,62,70)). The details of these studies are 

summarized in online supplementary Table S2. The median follow-up time was 

9 weeks (4 d–48 weeks). These studies included fifteen to 160 participants, 

aged 20 to 80 years. However, these studies were not included in the meta-

analysis due to the variability in dietary intervention.  

A high consumption of saturated fat (63), n-6 PUFA (68) and a-lipoic acid 

(69) did not show a significant effect on adiponectin concentrations. In contrast, 

intake of eggs increased the circulating concentrations of adiponectin (64). 
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Flaxseed intake reduced adiponectin concentrations in one study (62), but did 

not change its concentrations in other two studies (23,70). Intake of nuts 

increased adiponectin concentrations in two studies (66,67), with no effect 

being found in one study (71). 

 

Discussion 

The present systematic review with meta-analysis analysed how different 

types or amounts of dietary lipids affect circulating adiponectin concentrations. 

Intervention studies that compared diets with low and high fat content were not 

associated with any differences in adiponectin concentrations. However, it was 

observed that n-3 PUFA supplementation modestly increased the circulating 

concentrations of adiponectin, whereas CLA supplementation reduced the 

concentrations when compared with unsaturated fatty acid supplementation 

used as an active placebo. 

In the present meta-analysis, a difference of 18·0% of energy intake from 

total lipids between the intervention and control groups was not associated with 

changes in adiponectin concentrations, corroborating the idea that the quality of 

fat, rather than its amount, might have a more important role in modulating the 

concentrations of adiponectin. Although we found a high level of heterogeneity 

between the studies included in the present meta-analysis, this could not be 

explained by any factor in the exploratory analysis. Differences in carbohydrate 

content between the low-fat and high-fat dietary arms could also have an impact 

on adiponectin concentrations. We also performed a meta-regression analysis 
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by including the differences in carbohydrate content between the study arms; 

however, this could not explain the high level of heterogeneity found between 

the included studies. In addition, differences in carbohydrate content may affect 

insulin resistance, which is a potential modifier of adiponectin concentrations 

(33). However, it was unlikely to explore the aspects associated with insulin 

resistance due to the lack of data in most studies. 

The protective effect of high intake of oily fish on the risk of type 2 

diabetes has been demonstrated in a recent metaanalysis (53). Improvement in 

insulin sensitivity resulting from the intake of n-3 PUFA has been shown to be 

strongly associated with the increase in adiponectin concentrations. In fact, the 

utilisation of EPA and DHA in the culture medium of human and rat adipocytes 

increased the synthesis and secretion of adiponectin by the activation of PPARg 

that acts as an insulin sensitizer (72). In the present meta-analysis, n-3 PUFA 

supplementation modestly increased the circulating concentrations of 

adiponectin, suggesting the beneficial effect of this supplementation on 

adipocyte metabolism. Additionally, the well-known effect of n-3 PUFA intake on 

reducing TAG and increasing HDL-cholesterol levels (73) may be partially 

associated with its effect on adiponectin secretion, which also improves lipid 

metabolism through the modulation of insulin sensitivity and fatty acid oxidation 

(74).  

In contrast to the study of Wu et al. (13), we found a possible explanation 

for the heterogeneity identified in the meta-analysis of n-3 PUFA 

supplementation. While updating the results published by Wu et al. (13) by the 

addition of three studies (50,51,55), we showed using the meta-regression 
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analysis that the type of the placebo oil (vegetable oil v. paraffin oil) could 

explain part of the heterogeneity found between the studies included in the 

meta-analysis. Studies that had used paraffin oil as placebo showed a greater 

increase in adiponectin concentrations than those that had used vegetable oils 

as placebo. We believe that the biological effect promoted by vegetable oils 

used as a placebo could reduce the difference in adiponectin concentrations 

between the intervention and control groups. Interestingly, even after grouping 

only those studies that used vegetable oils as placebo, the effect of n-3 PUFA 

intake remains to be significantly associated with an increase in adiponectin 

concentrations. However, it is likely that studies with negative results were not 

published. The inclusion of the studies that were not published would probably 

reduce the effect of n-3 PUFA intake on adiponectin concentrations, as we have 

already found. Therefore, caution needs to be exercised in the interpretation of 

the effect of n-3 PUFA intake on adiponectin concentrations.  

CLA fatty acids are lipids derived from fatty tissues of ruminant animals. 

Some studies suggested that either the trans-10, cis-12 or cis-9, trans-11 

isomer increased insulin resistance, but not a mixture of both isomers (56,75). 

Additionally, it was found that supplementation of the trans-10, cis-12 isomer 

increases C-reactive protein, a well-defined marker of subchronic inflammation 

associated with insulin resistance, but not the supplementation of isomeric 

mixture (75). A commercially prepared oil contains a 50:50 mixture of the trans-

10, cis-12 and cis-9, trans-11 isomers. All studies included in the present meta-

analysis assessed the effect of CLA oil as a mixture containing the cis-9, trans-

11 and trans-10, cis-12 isomers compared with placebo. Although we showed 
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no changes in adiponectin concentrations with CLA v. placebo supplementation, 

data from the sensitivity analysis suggested that CLA supplementation resulted 

in a reduction of circulating adiponectin concentrations when compared with 

unsaturated fat supplementation (17,56–58,60,61). This result could be 

attributed to the antioxidant properties of unsaturated fatty acids that might be 

more effective in modulating the concentrations of adiponectin (61). The high 

level of heterogeneity found between these studies could not be explained by 

BMI, the amount of CLA supplementation, and the change in body weight over 

the study period between the intervention and control groups. However, we 

found the role of blinding of subjects/personnel to be significant in explaining 

this heterogeneity. As a result, we should be cautious in concluding that there is 

no effect of CLA supplementation on adiponectin concentrations. Further 

intervention studies should address the role of CLA as a dietary supplement as 

well as the mechanisms by which CLA acts to regulate vital steps in the 

modulation of insulin sensitivity and adiponectin metabolism. Although other 

types of fatty acid interventions (diet or supplementation) were identified, they 

were not included in the meta-analysis due to the lack of sufficient studies. Our 

data suggest that the consumption of nuts (66,67), but not flaxseed (23,62,70), 

is associated with increasing adiponectin concentrations; however, this effect 

needs to be further explored in RCT. 

Although the literature search was conducted using multiple databases 

and was not restricted to the English language, the present meta-analysis has 

some limitations. First, despite several attempts to contact the authors of the 

published articles that had missing data by e-mail or telephone, some studies 
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were excluded from the meta-analysis due to the delay in response. Second, 

funnel plot asymmetry was apparent with n-3 PUFA and CLA supplementation 

and may, in part, explain the heterogeneity found between the studies included 

in the present meta-analysis. To better understand this issue, we performed 

meta-regression and sensitivity analyses. These analyses revealed that the 

type of oil used as a placebo (paraffin oil or vegetable oil) in the studies that had 

used n-3 PUFA supplementation could explain part of the heterogeneity found 

in the present meta-analysis. Third, the lack of data on the actual consumption 

of n-3 PUFA has to be taken into account because it may have an influence on 

adiponectin concentrations. Fourth, differences in dietary composition between 

the control and intervention groups were not analysed because most of the 

included studies had limited data, hindering the analysis of the content of other 

dietary components, such as n-3 PUFA, n-6 PUFA, fibre and whole grains, that 

have been shown to affect adiponectin concentrations. Fifth, as complete data 

about the presence of diabetes and the metabolic syndrome, being associated 

with decreased adiponectin concentrations, were not identified in most of the 

studies included in the meta-analysis, the results of dietary intervention on 

subjects with and without them may distinctly affect its concentrations. Lastly, 

none of the studies included in the meta-analysis presented intention-to-treat 

analysis, a statistical approach that is usually associated with more 

conservative results (76).  

In conclusion, the present systematic review with meta-analysis of RCT 

suggests that, among the different interventions on dietary lipid intake, intake of 

low-fat diets were not associated with differences in adiponectin concentrations. 
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n-3 PUFA supplementation was associated with moderate increases in 

adiponectin concentrations, whereas CLA supplementation seemed to be 

associated with a decrease in adiponectin concentrations compared with 

unsaturated fat intake. Caution needs to be exercised in interpreting these 

results because important sources of heterogeneity were found in the meta-

analyses of n-3 PUFA and CLA supplementation. Therefore, future RCT are 

necessary to confirm these findings. 
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TABLE 1 
Characteristics of the studies investigating changes in adiponectin concentrations by modifying the amount of total dietary lipid intake 

Author 
Year 

Reference 

Study design 
Follow-up 

Sample 
Dietary Intervention 
and Control groups 

Dietary composition (%): 
fat:carbohydrate:protein; total energy 

intake 

Difference  in 
percentage  

points of lipid 
intake between 

groups 

Changes on 
adiponectin 

µg/mL  
(% of change) 

Arvidsson 
2004 

7
 

parallel 
10 weeks 

80 obese women 
21-49 years 
BMI (kg/m²) 
30.9-47.7 

I: Low-fat diet 
C: High-fat diet 

I: 27:52:21 
C: 41:39:20 

Hypocaloric diets (- 500 kcal/d) 
without difference between them 

Ratio of saturated to 
monounsaturated to polyunsaturated 

fatty acids 2:2:1 

14 

I: 2.3 ± 2.18 
(↑12.6%) 

 
C: 0.5 ± 1.67 

(↑3.1%) 
 

Cardillo 
2006 

31
 

parallel 
144 weeks 

132 subjects 
55 ± 10 years 
8.03% males 
BMI (kg/m²) 

>35 

I: Lower fat diet 
C: Low-carbohydrate 

diet 

I: 32:47:20 1940 kcal 
C: 42:39:19; 1940 kcal 

Total energy intake did not differ 
between I e C groups 

 

10 

I: -1.1 ± 12.5 
C: -6.68 ± 34.8 

(% of change NA) 

 

Ng 
2007 

32
 

parallel 
16 weeks 

35 males with 
MetS 

Age not reported 
BMI (kg/m²) 35.2 

± 1.0 
 
 

I: Lower fat diet 
C:  Weight-

maintenance diet 

I: 25:55:20; 1668 kcal  
C: 35:40:20; 2327 kcal  

Total energy intake did differ 
between I e C groups 

 

10 

I: 0.7 ± 0.3* 
(↑17.9%) 

C: 0.1 ± 0.4 
(↑2.9%) 

Keogh 
2008 

8
 

parallel 
8 weeks 

107 subjects 
24 - 64 years 
Gender not 

reported 
BMI (kg/m²) 

27- 44 

I:   Low-fat, low-SFA 
diet 

C:  High-fat, high 
SFA diet 

I: 30:46:24; 1433 kcal 
(<8.0% SFA) 

C: 61:4:35; 1433 kcal 
(20.0%  SFA) 

Total energy intake did not differ 
between I e C groups 

31 

I: 0.4 ± 2.26 
(↑7.6%) 

C: 0.3 ± 2.16 
(↑5.0%) 

Al-Sarraj 
2009 

34
 

parallel 6 
weeks 

39 subjects with 
MetS 

18-50 years 
36.0% males 

I:  Lower fat diet 
(AHA) 

C:  Low-carbohydrate 
diet 

I: 28:53:19; 2046 kcal 
C: 48:25;28;  2565 kcal 

(mainly MUFA and PUFA, with 
restriction of  SFA) 

20 

I: 0.04 ± 3.95 
(↑0.04%) 

C: -0.42 ± 4.22 
(↓3.9%) 
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BMI (kg/m²)  
38.7 ± 7.6 

Total energy intake did not differ 
between I e C groups 

 
 
 

Brons 
2009 

18
 

crossover 
5 days 

(7 weeks 
washout) 

26 males 
30-31 years 
BMI (kg/m²) 
23.4 ± 2.4 

I: Lower fat diet 
C: High-fat, high-

calorie diet 

I: 35:50:15; calories not reported; 1/3 
MUFA, 1/3PUFA,1/3 SFA 

C: 50.0% extra energy as 60:33:8;  
calories not reported 

8 

I: 7.61 ± 3.9* 
C: 8.63 ± 4.3*† 

(% of change NA) 

 

Wycherley 
2009 

9
 

parallel 52 
weeks 

49 subjects with 
MetS 

50 ± 1.1 years 
34.7% males 

BMI (kg/m²) 33.7 
± 0.6 

I: Lower fat diet 
C: High-fat diet 

 

I: 30:46:24; 1536 kcal 
(<8.0%  SFA) 

C: 61:4:35; 1598 kcal 
(20.0%  SFA) 

Total energy intake did not differ 
between I e C groups 

31 

I: 4.6 ± 1.9* 
(↑29.9%) 

C: 2.8 ± 2.8* 
(↑17.8%) 

Vetter 
2010 

35
 

parallel 
24 weeks 

144 patients with 
type 2 DM 

60.84 ± 10.13 
years 

48.6% males 
BMI (kg/m²) 
38.2 ± 6.0 

I: Low-fat, calorie-
restricted diet 

C: Low-carbohydrate, 
ad libitum diet 

I: 37:44:22; 1587 kcal 
C: 44:33:18; 1917 kcal 

Total energy intake did not differ 
between I e C groups  

7 

I: 2.6 ± 8.4 * 
(↑16.3%) 

C: 4.3 ± 14.6 * 
(↑32.1%) 

Summer 
2011 

37
 

parallel 
24 weeks 

81 females 
35-50 years 
BMI  (kg/m²) 

30 – 35 

I: Lower fat diet  
(AHA) 

C: Low-carbohydrate  
ad libitum diet 

(Atkins) 

I: 31:50:19; 1342 kcal 
C: 49:27:24; 1405 kcal 

Total energy intake did not differ 
between I e C groups 

18 
I: 0.9 ± 1.4 (↑9.8%) 

C: 1.9 ± 1.4* 
(↑19.0%) 

Blüher 
2012 

16
 

parallel 
48 weeks 

322 subjects 
52 years 

86.0% males BMI 
(kg/m²) 

≥ 27 

I:  Lower fat diet  
(AHA) 

C: Low-carbohydrate  
diet 

I: 30:51:19; 1500 kcal for females 
and 1800 kcal for males 

C: 39:40:22; no energy restriction 
Total energy intake did not differ 

between I e C groups  

9 

I: 0.8 ± 2.9 
(↑11.0%) 

C: 1.5 ± 3.5 
(↑20.8%) 
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Abbreviations: I, intervention; C, control; BMI, body mass index; MetS, metabolic syndrome; SFA, saturated fatty acids; AHA, American Heart Association; 

DM, diabetes; MUFA, monounsaturated fat acids; PUFA, polyunsaturated fat acids; NA, not available. Adiponectin concentrations expressed as means ± SDs 

or median (25th – 75th percentile). *Significant change from baseline (P < 0.05). 

Heggen 
2012 

38
 

parallel 
12 weeks 

181 subjects 
49.8 ± 8.1 years 

41.6% males 
BMI (kg/m²) 33.0 

± 2.7 
 

I:  Lower fat diet   
C: Low-Gycemic-

Load Diet 

I: 32:45:19 
C: 37:37:21 

Hypocaloric diets (- 500 kcal/d) 
without difference between them 

5 

I: -0.7 ± 10.1 
(↓3.7%) 

C: 0.4 ± 10.4 
(↑2.3%) 

Rajaie   
2012 

39
 

crossover 
6 weeks 

 

30 females with 
MetS 

BMI>25 kg/m 
42.4 ± 7.2 

I: Lower fat diet 
C: High-fat diet  

I: 20-25:60-65:20 
C: 36-40:43-47:20 
Hypocaloric diets  

(- 350 to 700 kcal/d)  without 
difference between them 

15 

I: -1.7 ± 2.3* 
(↓16.0%) 

C: -0.5 ± 2.2 
(↓4.9%) 
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TABLE 2 
Characteristics of the studies investigating changes in adiponectin concentrations by n-3 PUFA intake 

Author 
Year 

Reference 

Study 
design 

Follow-up 
Sample 

Dietary Intervention and 
Control groups 

n-3 PUFA dose 
(EPA + DHA) 

Dietary composition (%):  
fat:carbohydrate: 

protein; total energy intake 

Changes on adiponectin 
(% of change) 

 

Krebs 
2006 

40
 

parallel 
24 weeks 

 

116 
hyperinsulinemic 

females 
44.7 ± 13.2 

years 
BMI (kg/m²) 
35.0 ± 5.5 

I: 5.0g/d of fish oil with  
dietary  and physical 

activity advice 
C

1
: 5.0 g/d of placebo oil 

(each capsule with 2.8 g 
linoleic and 1.4g oleic)  

with dietary  and physical 
activity advice 

C
2
: 5.0 g/d of placebo oil  

without dietary advice 

I: 4.2 g/d (1.3 g 
EPA + 2.9 DHA g) 

I: 35:50:15; 
2500 kcal 

C
1
: 35:50:15; 

2500 kcal 
C

 2
: not reported 

 

(µg/mL) 
I: 2.33 ± 6.21*† 

(22.2%) 
C

1
: 0.22 ± 6.28 † 

(1.9%) 
C

 2
:  0.53 ± 6.82*† 

(5.8%) 
 
 

 
Kabir 

2007 
41

 

parallel 
8 weeks 

26 
postmenopausal 

females with 
DM2 

40-60 years 
BMI (kg/m²) 

27 – 40 

I
 
: 3.0g/d of fish oil 

C: 3.0 g/d of placebo oil 
(paraffin oil) 

 
I: 1.8 g/d (1.08g  

EPA + 0.72g 
DHA) 

I: 30:55:15; 1460 kcal 
C: 30:55:15; 1527 kcal 

(µg/mL) 

I
 
: 0.5 ± 5.3 (8.5%) 

C: -0.4 ± 0.78 (5.7%) 
 

Damsgaard 
2008 

42
 

parallel 
8 weeks 

64 males 
24.9 ± 3.9 years 

BMI (kg/m²) 
23.1 ± 1.9 

 

I
 1
: 5.0 mL fish oil, 

sunflower oil and Becel
®
 

margarine 
I
 2
: 5.0 mL fish oil, 

rapeseed oil and a 
rapeseed oil-enriched 

butter spread 
C

1
: 5.0 mL olive oil,  

sunflower oil and Becel
®
 

margarine 
C

 2
: 5.0 ml olive oil, 

rapeseed oil and a 
rapeseed oil-enriched 

butter spread 

I
 1
: 3.1 g/d (1.8g 

EPA + 1.3 g DHA) 
I
 2
: 3.1 g/d (1.8g 

EPA + 1.3 g DHA) 

not reported 

(µg/mL) 
I
1
:  0.4 ± 0.78 * 

(6.0%) 
I
 2
: -1.3 ± 1.03 

(18.6%) 
C

1
: 0.1 ± 0.75 

(1.6%) 
C

 2
: 0.4 ± 0.79 

(5.9%) 
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Micallef 
2009 

46
 

parallel 
3 weeks 

60 
hyperlipidemic 

subjects 
55.4  ± 1.0 years 

45.0% males 
BMI (kg/m²) 
26.9± 0.5 

I
 1
: 4.0g/d  of tuna oil + 

2.0g/d of plant sterols 
I
 2
: 4.0g/d  of tuna oil  

C
 1
: 4.0g/d of sunola oil + 

2.0g/d of plant sterols 
C

 2
:  4.0g/d of sunola oil 

I
 1
: 1.4 g/d (0.3g 

EPA + 1.1 g DHA) 
I
 2
: 1.4 g/d (0.3 g 

EPA + 1.1 g DHA) 

not reported 

(µg/mL) 
I
 1
: 0.2 ± 0.19 * 

(11.8%) 
I
 2
: 0.2 ± 0.22 

(13.3%) 
C

 1
: 0.4 ± 0.2  

(21.1%) 
C

 2
: 0.5 ± 0.2  

(23.8%) 

Rizza 
2009 

47
 

parallel 
12 weeks 

50 subjects 
29.9± 6.2 years 
50.0% males 
BMI (kg/m²) 
26.2 ± 4.3 

I: 2.0g/d of fish oil 
C:  2.0g/d of refined olive 

oil 
 

I: 1.7 g/d (in a 
ratio of 0.9–1.5 
EPA:1 DHA) 

not reported 

(µg/mL) 
I: 1.7 ± 4.88 

(22.0%) 
C: -2.2 ± 5.18 

(20.8%) 

Troseid 
2009 

24
 

factorial 
144 

weeks 

563 men with 
righ risk of CVD 

64-76 years 
BMI (kg/m²) 
24.1 - 28.7 

 
I:  n-3 PUFA 

supplementation (2.4g/d) 
C:  placebo ( 56% linoleic 

+ 32% oleic + 10% 
palmitic – sunola oil) 

 
I: 1.32 g/d (0.84 g 

EPA + 0.48 g 
DHA) 

not reported 

(µg/mL) 

I: 0.72 ± 3.3 (8.0%) 

C: 0.20 ± 3.9 (2.5%) 
 
 

Sofi 
2010 

21
 

parallel 
48 weeks 

11 subjects with 
NAFLD 

> 18 years 
80.0% males 
BMI (kg/m²) 
29.3 ± 4.1 

 
I: 6.5 ml g/d olive oil 
(0.83g n-3 PUFA) + 

dietary recommendations 
C:  6.5 g/d of olive oil + 

dietary recommendations 

 
I: 0.71 g/d (0.47g  

EPA + 0.24 g 
DHA) 

I: 31:49:19; 1936 kcal 
C: 29:51:18; 2135 kcal 

(µg/mL) 

I
 
: 0.3 ± 0.19 (30.2%) 

C: 0.08 ± 0.08 (6.9%) 

Vargas 
2010 

22
 

parallel 
6 weeks 

51 patients with 
polycystic 

ovary syndrome 
20-45 years 
BMI (kg/m²) 

25-45 

 
 

I
 1
: 6 capsules of fish oil 

I
 2
: 6 capsules of flaxseed 

oil 
C: 6 capsules of soybean 

oil 
 

I
 1
: 3.6 g/d (2.2 g 

EPA + 1.5 g DHA) 
I
 2
: 3.5 g/d 

 

 
All groups 

analyzed together 
35: 48:17 
1735 kcal 

 
 
 

(ng/mL) 

I
 1
: 0.1 ± 0.2 * (1.3%) 

I
 2
: -0.4 ± 0.1 (5.0%) 

C: -0.3 ± 0.1 (4.6%) 

Gammelmark 
2012 

48
 

parallel 
6 weeks 

49 subjects 
55 years 

I: 2.0g/d of fish oil 
C: 2.0 g/d of olive oil 

I: 1.1 g/d (0.64 g 
EPA + 0.48 g 

not reported 
(µg/mL) 

I: 0.52 ± 5.3 (↑7.3%) 
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Abbreviations: C, control; BMI, body mass index; PUFA, polyunsaturated fat acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. Adiponectin 

concentrations expressed as means ± SDs or median (25th to 75th percentile). * Significant change from baseline (P < 0.05); † Significant difference between 

intervention and control groups (P < 0.05). 

 

 49.0% males 
BMI (kg/m²) 

30 

DHA) 
 

C: 0.02 ± 5.32 (↑0.22%) 

Koh 
2012 

49
 

parallel 
8 weeks 

150 subjects 
52-56 years 
58.0% males 
BMI (kg/m²) 

24 – 28 

I
 1
:  2.0g/d of fish oil 
I
 2
: 160.0 mg/d of  

fenofibrate 
C: 2.0g/d (did not 

describe placebo oil) 

I
 1
:  1.7 g/d (0.93 g 
EPA + 0.75 g 

DHA) 

Low-fat diet for all groups 
Dietary information not 

reported. 

(µg/mL) 

I
 1
: -0.3 ± 0.1 (12.2%) 

I
 2
: 0.2 ± 0.1*† (↑8.4%) 

C: 0.06 ± 0.07 (↑2.5%) 

Mohammadi 
2012 

50
 

parallel 
8 weeks 

31  PCOS 
female 

20-35 years 
BMI (kg/m²)   

25-40  
 

I:  4 g/d of fish oil  
C: 4 capsules (500 mg 
each) of liquid paraffin 

I:  1.2 g/d (720 g 
EPA + 480 g 

DHA) 

I: 35:50:15; 1668 kcal 
C: 35:50:15; 1680 kcal 

 

(µg/mL) 
I: 1.7 ± 3.0*† (↑14.4%) 

C: -0.3 ± 3.4 (2.4%) 

Munro 
2012 

51
 

parallel 
14 weeks 

32 subjects 
18-60 years 

18.7 % males 
BMI (kg/m²)   

30 – 40  
 

I: 6 g/d of fish oil  
C: 6 g/d of sunola oil   

I: 2.04 g/d (0.42 g 
EPA + 1.62 g 

DHA) 

I: 16:40:40; 717 kcal for 4 
weeks 

C: 16:40:40; 717 kcal for 4 
weeks 

After 4 weeks ~1600 
kcal/day 

(µg/mL) 
I: 0.9 ± 1.7† (↑9.4%) 
C: 1.0 ± 4.2 (↑2.0%) 

Spencer 
2013 

55
 

parallel 
12 weeks 

33 subjects with 
insulin 

resistance 
51.0 years 

33.3% males 
BMI (kg/m²)   

33.0  

I: 4 g/d of fish oil 
C: 4 g/d of corn oil 

(identically 
Packaged) 

I: 3.32  g/d (1.86 g 
EPA + 1.46 g 

DHA) 
Not reported 

(µg/mL) 
I: -0.2 ± 0.71 

(↓0.2%) 
C: -0.1 ± 0.8 

(↓2.5%) 
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TABLE 3  
Characteristics of the studies investigating changes in adiponectin concentrations by conjugated linoleic acid (CLA) intake 

Author 
Year 

Reference 

 
Study 
design 

Follow-up 

Sample 
Dietary Intervention and 

Control groups 

 
Dietary composition (%): 

fat:carbohydrate:protein; total energy 
intake 

 
Changes on adiponectin 

µg/mL (% of change) 

Risérus 
2004 

56
 

parallel 
12 weeks 

57 males 
53.0  ± 10.1 years 

BMI (kg/m²) 
30.2 ± 1.8 

I
 1
: 3.4 g/d of CLA 

I
 2
: 3.4 g/d of t10c12CLA 
C: 3.4 g/d of olive oil 

Dietary information not reported 

I
 1
: 0.26 ± 1.50  

(3.5%) 
I
 2
: 0.01 ± 2.50 

(0.13%) 
C: 0.49 ± 1.50  

(7.0%) 

Syvertsen 2007 
57

 
parallel 

24 weeks 

49 subjects 
18-65 years 
31.0% males 
BMI (kg/m²) 

28-32 

I: 3.4 g/d (37.5% cis-9 trans-
11 e 38.0% trans-10 and cis-

12 CLA) 
C:  4.5 g/d of olive oil 

Dietary information not reported 

I: -0.6  ± 0.4 
(↓5.6%) 

C:   0.27 ± 0.3  

(2.8%) 
 

Norris 
2009 

58
 

crossover 
16 weeks 
(4 weeks 
washout) 

55 postmenopausal 
females with type 2 DM 

60.1 ± 7.3 years 
BMI (kg/m²) 

36.3 ± 6.1 kg/m² 

I: 6.4 g/d (CLA isomers) 
C: 8.0 g/d of safflower oil 

I: 38:44:33; 1530 kcal 
C: 38:44:33; 1592 kcal 

I: 0.80 ± 0.6 

(25.3%) 
C: 2.4 ± 0.8*  

(11.0%) 

Zhao 
2009 

59
 

parallel 
8 weeks 

 

80 hypertensive subjects 
59.4 ± 2.4 years 

55.0% males 
BMI (kg/m²) 
31.2 ± 1.4 

 
I: 4.5 g/d of CLA (50:50 
c9t11 and c10c12 CLA) 

C: control oil (SFA) 
 

I: 22:64:14; 2443 kcal 
C: 33:55:12; 2777 kcal 

I: 2.5 ± 1.35 *† 

(37.3%) 
C: 0.1 ± 0.46  

(1.5%) 

MacRedmond 
2010 

60
 

parallel 
12 weeks 

 
28  mild asthmatics 

subjects 
19-40 years 
50.0% males 
BMI (kg/m²) 

27.9  (ranged 24.6 – 31.2) 
 
 

 
I:  4.5 g/d of CLA (36.4% of 

cis-9, 37.0% of trans-11 
trans-10-cis-12) 

C: 4.5 g/d of olive oil 
 

Dietary information not reported 

I: 0.8 ±  1.5 

(4.6%) 
C: 0.8 ±  1.7 

(5.2%) 

Joseph crossover 36 overweight males I
 1
: 3.5 g/d (50:50 of t10, c12 Dietary information not reported I

 1
: -0.8 ± 0.7  
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Abbreviations: C, control; BMI, body mass index; SFA, saturated fatty acids; DM, diabetes. Adiponectin concentrations expressed in as means ± SDs. 

* Significant change from baseline (P < 0.05); † Significant difference between intervention and control groups (P < 0.05). 

2011 
61

 8 weeks 
(4 weeks 
washout) 

18 – 60 years 
BMI (kg/m²) 

≥ 25 

and c9, t11 CLA) 
I
 2
: 3.5 g/d (c9,t11 CLA) 

C:  3.5 g/d of safflower oil 

(6.5%) 
I
 2
: -0.5 ±  0.3 

(4.1%) 
C: 0.0 ± 0.5 

(0%) 

Shademan 
2011 

17
 

parallel 
8 weeks 

42 patients with type 2 
diabetes 

35-50 years 
46.2% males 
BMI (kg/m²) 

25 – 30 

 
I: 3.0 g/d (50:50 of t10, c12 

and c9, t11 CLA) 
C: 3.0 g/d of soybean oil 

Dietary information not reported 

I:  -0.004 ±  0.03 

(5.3%) 
C: -0.0005 ± 0.03 

(0.8%) 
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Figure 1 

 
 

Figure 1. Flow chart of the literature search and the study selection process(77). 

CLA, conjugated linoleic acid. 
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Figure 2 
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Figure 2 

 

Figure 2. Forest plots (meta-analyses, random-effects models) of the effect of fatty 

acid interventions on circulating adiponectin concentrations (µg/ml): (a) diet with a 

low fat content; (b) n-3 PUFA supplementation; (c) conjugated linoleic acid (CLA) 

supplementation. % EI, percentage of energy intake. For the Troseid et al.(24) study, 

data for the main effect of fish oil intake on adiponectin concentrations were obtained 

directly from the authors and used in the pooled meta-analysis. 
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Figure 3 

 

 

Figure 3. Funnel plots of changes in circulating adiponectin concentrations in randomised trials with (a) a diet with a low fat 

content, (b) n-3 PUFA supplementation and (c) conjugated linoleic acid (CLA) supplementation. 
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Supplementary Material. Medline search strategy 

(((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((

((((((Diet[Title/Abstract]) OR Diet, Fat-Restricted[Title/Abstract]) OR Diet, Fat 

Restricted [Title/Abstract]) OR Fat-Restricted Diet [Title/Abstract]) OR Diets, Fat-

Restricted [Title/Abstract]) OR Fat Restricted Diet [Title/Abstract]) OR Fat-Restricted 

Diets [Title/Abstract]) OR Diet, Low-Fat [Title/Abstract]) OR Diet, Low Fat 

[Title/Abstract]) OR Diets, Low-Fat [Title/Abstract]) OR Low-Fat Diet [Title/Abstract]) 

OR Low-Fat Diets [Title/Abstract]) OR Diet, Fat-Free [Title/Abstract]) OR Diet, Fat 

Free [Title/Abstract]) OR Diets, Fat-Free [Title/Abstract]) OR Fat-Free Diet 

[Title/Abstract]) OR Fat-Free Diets[Title/Abstract]) OR Diet Therapy[Title/Abstract]) 

OR Therapy, Diet [Title/Abstract]) OR Diet Therapies [Title/Abstract]) OR Therapies, 

Diet[Title/Abstract]) OR lipids[Title/Abstract]) OR Fats[Title/Abstract]) OR Dietary Fats 

[Title/Abstract]) OR Fats, Dietary [Title/Abstract]) OR Dietary Fat [Title/Abstract]) OR 

Fat, Dietary[Title/Abstract]) OR Cholesterol, Dietary[Title/Abstract]) OR Dietary 

Cholesterol[Title/Abstract]) OR Fats, Unsaturated [Title/Abstract]) OR Unsaturated 

Dietary Fats [Title/Abstract]) OR Dietary Fat, Unsaturated [Title/Abstract]) OR Fat, 

Unsaturated Dietary [Title/Abstract]) OR Fats, Unsaturated Dietary [Title/Abstract]) 

OR Unsaturated Dietary Fat [Title/Abstract]) OR Dietary Oils [Title/Abstract]) OR 

Dietary Oil [Title/Abstract]) OR Oil, Dietary [Title/Abstract]) OR Oils, 

Dietary[Title/Abstract]) OR Fatty Acids, Omega-3 [Title/Abstract]) OR Acids, Omega-

3 Fatty [Title/Abstract]) OR Fatty Acids, Omega 3 [Title/Abstract]) OR Omega-3 Fatty 

Acids [Title/Abstract]) OR Omega 3 Fatty Acids [Title/Abstract]) OR ômega-3  PUFA 

[Title/Abstract]) OR ômega-3  Fatty Acids [Title/Abstract]) OR Fatty Acids, ômega-3  

[Title/Abstract]) OR n 3 Fatty Acids [Title/Abstract]) OR ômega-3  Polyunsaturated 

Fatty Acid [Title/Abstract]) OR n 3 Polyunsaturated Fatty Acid[Title/Abstract]) OR 

alpha-Linolenic Acid[Title/Abstract]) OR alpha Linolenic Acid[Title/Abstract]) OR 

Linolenic Acid[Title/Abstract]) OR Docosahexaenoic Acids[Title/Abstract]) OR Acids, 

Docosahexaenoic [Title/Abstract]) OR Docosahexenoic Acids [Title/Abstract]) OR 

Acids, Docosahexenoic[Title/Abstract]) OR Eicosapentaenoic Acid[Title/Abstract]) 

OR Eicosapentanoic Acid [Title/Abstract]) OR Acid, Eicosapentanoic[Title/Abstract]) 

OR omega-3-Eicosapentaenoic Acid [Title/Abstract]) OR omega 3 Eicosapentaenoic 

Acid[Title/Abstract]) OR Fatty Acids, Omega-6 [Title/Abstract]) OR Acids, Omega-6 

Fatty [Title/Abstract]) OR N-6 Fatty Acids [Title/Abstract]) OR Acids, N-6 Fatty 

[Title/Abstract]) OR Fatty Acids, N-6 [Title/Abstract]) OR N 6 Fatty Acids 

[Title/Abstract]) OR Omega-6 Fatty Acids [Title/Abstract]) OR Omega 6 Fatty Acids 

[Title/Abstract]) OR Fatty Acids, Omega 6[Title/Abstract]) OR Linolenic Acids 

[Title/Abstract]) OR gamma-Linolenic Acid[Title/Abstract]) OR gamma Linolenic 

Acid[Title/Abstract]) OR alpha Linolenic Acid[Title/Abstract]) OR Linolenic 

Acid[Title/Abstract]) OR Linoleic Acid[Title/Abstract]) OR Linoleic Acids, 

Conjugated[Title/Abstract]) OR Acids, Conjugated Linoleic [Title/Abstract]) OR 

Conjugated Linoleic Acids[Title/Abstract]) OR Fatty Acids[Title/Abstract]) OR Fatty 
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Acids, Monounsaturated[Title/Abstract]) OR Acids, Monounsaturated Fatty 

[Title/Abstract]) OR Monounsaturated Fatty Acids[Title/Abstract]) OR Oleic 

Acids[Title/Abstract]) OR Oleic Acid[Title/Abstract]) OR Acid, Oleic [Title/Abstract]) 

OR cis-9-Octadecenoic Acid [Title/Abstract]) OR Acid, cis-9-Octadecenoic 

[Title/Abstract]) OR cis 9 Octadecenoic Acid [Title/Abstract]) OR 9-Octadecenoic Acid 

[Title/Abstract]) OR 9 Octadecenoic Acid [Title/Abstract]) OR Acid, 9-Octadecenoic 

[Title/Abstract]) OR Oleate[Title/Abstract]) OR Trans Fatty Acids[Title/Abstract]) OR 

Acids, Trans Fatty [Title/Abstract]) OR Fatty Acids, Trans [Title/Abstract]) OR Trans-

Fatty Acids [Title/Abstract]) OR Acids, Trans-Fatty[Title/Abstract]) OR Arachidonic 

Acids [Title/Abstract]) OR Acids, Arachidonic [Title/Abstract]) OR Eicosatetraenoic 

Acids [Title/Abstract]) OR Acids, Eicosatetraenoic[Title/Abstract]) OR Arachidonic 

Acid[Title/Abstract]) OR Fatty Acids, Essential [Title/Abstract]) OR Acids, Essential 

Fatty [Title/Abstract]) OR Essential Fatty Acids[Title/Abstract]) OR Oils[Title/Abstract]) 

OR Fish Oils[Title/Abstract]) OR Oils, Fish [Title/Abstract]) OR Fish Liver Oils 

[Title/Abstract]) OR Liver Oils, Fish [Title/Abstract]) OR Oils, Fish Liver[Title/Abstract]) 

OR Cod Liver Oil[Title/Abstract]) OR Liver Oil, Cod [Title/Abstract]) OR Oil, Cod 

Liver[Title/Abstract]) OR Plant Oils[Title/Abstract]) OR Oils, Plant [Title/Abstract]) OR 

Oils, Vegetable [Title/Abstract]) OR Vegetable Oils[Title/Abstract] Field: Title/Abstract 

 AND ((((((((((((((Adiponectin[Title/Abstract]) OR Adipocyte Complement-Related 
Protein 30-kDa [Title/Abstract]) OR Adipocyte Complement Related Protein 30 kDa 
[Title/Abstract]) OR Adipose Most Abundant Gene Transcript 1 [Title/Abstract]) OR 
apM-1 Protein [Title/Abstract]) OR apM 1 Protein [Title/Abstract]) OR ACRP30 
Protein [Title/Abstract]) OR Adipocyte, C1q and Collagen Domain Containing 
Protein[Title/Abstract]) OR Adipokines[Title/Abstract]) OR 
Adipocytokines[Title/Abstract]) OR Adipokine[Title/Abstract]) OR Peptide 
Hormones[Title/Abstract]) OR Hormones, Peptide [Title/Abstract]) OR Polypeptide 
Hormones [Title/Abstract]) OR Hormones, Polypeptide[Title/Abstract] Field: 
Title/Abstract AND (((((((((((randomized controlled trials as topic/)) OR (randomized 
controlled trial/)) OR (random allocation/)) OR (double blind method/)) OR (single 
blind method/)) OR (clinical trial/)) OR (exp clinical trials as topic/))) OR ((((((((clinic$ 
adj trial$1) AND .tw.)) OR (((single OR double OR treb$ OR triple) AND adj AND 
(blind$3 OR mask$3)) AND .tw.)) OR (placebos/)) OR (placebo$.tw.)) OR (randomly 
allocated.tw.)) OR ((allocated adj2 random) AND .tw.)))) NOT ((((((case report.tw.)) 
OR (letter/)) OR (historical article/)) OR (review, multicase.pt.)) OR (review of 
reported cases.pt.)) Field: Title/Abstract 
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Supplementary Table S1. Assessment of risk of bias  

 
Selection bias 

Performance 
bias 

Detection bias Attrition bias Reporting bias 
Other bias 

 Random 
sequence 
generation 

Allocation 
concealment 

Blinding of 
participants and 

personnel  

Blinding of 
outcome 

assessment 

Incomplete 
outcome data 

Selective reporting 
Dietary 

compliance 
assessed 

 Amount of total dietary lipid intake 

Arvidsson, 2004 Unclear Unclear Unclear Unclear Low Low Low 

Cardillo, 2006 Unclear Unclear Unclear Unclear High Low Low 

Ng, 2007  Unclear Unclear Unclear Unclear Low Low Low 

Keogh, 2008  Low Low Unclear Unclear Low Low Low 

Al-Sarraj, 2009  Unclear Unclear Unclear Unclear Low Low Low 

Brons, 2009  Unclear Unclear Unclear Unclear Low Low Low 

Wycherley, 2009  Unclear Unclear Unclear Unclear Low Low Low 

Vetter, 2010  Unclear Unclear Unclear Unclear High Low Unclear 

Summer, 2011  Unclear Unclear Unclear Unclear Low Low Low 

Blüher, 2012  Unclear Unclear Unclear Unclear Low Low Low 

Hegen, 2012  Unclear Unclear Unclear Unclear Low Low Unclear 

Rajaie, 2012  Unclear Unclear Unclear Low High Low Low 

 n-3 PUFA intake 

Krebs, 2006  Unclear Unclear Low Unclear High Low Unclear 

Kabir, 2007  Unclear Unclear Low Unclear Low Low Low 

Damsgaard, 2008  Unclear Unclear Low Low Low Low Low 
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Micallef ,2009  Unclear Unclear Low Unclear Low Low Low 

Rizza, 2009  Unclear Unclear Low Unclear Low Low Low 

Trosseid, 2009  Unclear Unclear Unclear Low Low Low Low 

Sofi, 2010  Unclear Unclear Unclear Unclear Low Low Low 

Vargas, 2010  Unclear Unclear Low Unclear High Low Unclear 

Gammelmark 
2012  

Unclear Unclear Low Unclear Low Low Low 

Kon Koh, 2012  Low Low High Unclear Low Low Low 

Mohammadi, 2012  Unclear Unclear Low Unclear Low Low Low 

Munro, 2012  Low Low Low Low High Low Low 

Spencer, 2013  Unclear Unclear Unclear Unclear Low Low Low 

 Conjugated linoleic acid supplementation 

Risérus, 2004  Unclear Unclear Low Unclear Low Low Unclear 

Syvertsen, 2007  Unclear Unclear Low Unclear Low Low Low 

Norris, 2009  Low Low Low Low High Low Low 

Zhao, 2009  Unclear Unclear Unclear Unclear Low Low Low 

MacRedmond, 
2010  

Unclear Unclear Low Unclear Low Low Low 

Joseph, 2011  Unclear Unclear Low Low High Low Low 

Shademan, 2011  Unclear Unclear Low Unclear Low Low Low 
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Supplementary Table S2 
Characteristics of the studies investigating changes in adiponectin concentrations by modifying the amount of total dietary lipid intake (qualitative 
analyses). 

Author 
Year 

Reference 

Study 
design 

Follow-up 
Sample 

Dietary 
Intervention and 
Control groups 

Dietary composition (%): 
fat:carbohydrate:protein; total 

energy intake 

Difference of 
percentage points 
between groups 

Changes on adiponectin 
µg/mL  

(% of change) 

Keogh 
2007 

33
 

parallel 
12 weeks 

36 subjects 
20 – 65 years 
32.0% males 
BMI (kg/m²) 

27 - 44 

I: Lower fat diet 
C:  Low-

carbohydrate diet 

I: 20:60:20; 1433 kcal 
(4.0% SFA, 5.0% PUFA, 

7.0%MUFA) 
C: 27:33:40; 1433 kcal ( 7.0% 

SFA, 6.0% PUFA, 13.0% 
MUFA) 

7 
Not reported separately by 

groups 

Yeung 
2010 

36
 

crossover 
18 weeks 
(3 weeks 
washout) 

161 pre- and 
stage-1 

hypertensive 
adults 

53.5 ± 11 
years 

55.0% males 
BMI (kg/m²) 

30.3 ± 6 

I
1
: Lower fat, 

high-
carbohydrate diet 

I
 2
: Lower fat, 

high-protein diet 
C:  High-fat diet 

 
I
 1
: 27:58:15; calories not 

reported 
I
 2
:27:48:25; calories not 

reported 
C: 37:48:15 

(8.0% MUFA) 
 

10 
Absolute values not 

reported 
 

Varady 
2011 

19
 

parallel 
6 weeks 

17 subjects 
18-50 years 
29.3% males 
BMI (kg/m²) 

30 – 39 

I: Lower fat diet 
C: High-fat diet 

 

I: 25:55:20; 1967kcal 
( 9.0% MUFA,  9.0% PUFA, 
299.0 mg cholesterol,  0.0% 

trans) 
C: 60:5:35; 1868 kcal 

(26.0% saturated fat, 24.0%  
MUFA, 9.0% PUFA, 448.0 mg 

cholesterol,  1.0% trans) 

35 
Absolute values not 

reported 
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Supplementary Table S2 
Characteristics of the studies investigating changes in adiponectin concentrations by n-3 PUFA intake (qualitative analyses). 

Author 
Year 

Reference 

Study 
design 

Follow-up 
Sample 

Dietary 
Intervention and 
Control groups 

n-3 PUFA dose (EPA + DHA) 

Dietary 
composition (%): 

fat:carbohydrate:pr
otein; total energy 

intake 

Changes on adiponectin 
(% of change) 

 

Kratz 
2008 

43
 

parallel 
14 weeks 

26 subjects 
37.8 ± 13.6 

years 
38.5% males 
BMI (kg/m²) 
30.1 ± 1.1 

I: diet rich in n–3 
PUFAs from both 
plant and marine 

sources 
C: 0.5% of energy 

intake from n–3 
PUFAs 

I: 3.6 ± 0.1% of energy intake 
(EPA and DHA not reported) 

I: 35:50:15; 1800 
kcal 

C: 35:50:15; 1800 
kcal 

(µg/mL) 
I: 0.59 ± 1.62 

(14.0%) 
C: 0.15 ± 1.73 

(3.5%) 
 

Ramel 
2008 

44
 

parallel 
8 weeks 

324 subjects 
20 – 40 years 
42.6% males 
BMI (kg/m²) 
27.5 –32.5 

I
 1
:  450.0 g /w of  

lean fish 
I
 2
:   450.0 g/w of 

fatty fish 
I
 3
:  3.0 g/d of fish 
oil, no other 

seafood 
C:   no seafood 
and 3.0 g/d of 
sunflower oil 

I
 1
:  0.26 g/d 

I
 2
: 2.1 g/d 

I
3
: 1.3 g/d 

(EPA and DHA not reported in 
all groups) 

For all groups: 
30:50:20; 

diet restricted of 
energy 

to 70.0% of usual 
diet 

(µg/mL) 
I
 1
: -0.2 (1.2 to -1.9) 

(1.9%) 
I
 2
: -0.9 (0.7 to -2.1) 

(8.7%) 
I
 3
: -0.5 (1.0 to -2.1) 

(4.6%) 
C: -0.5 (0.9 to -2.2) 

(4.0%) 
 
 

Sneddon 
2008 

45
 

crossover 
12 weeks 
(12 weeks 
washout) 

59 males 
grouped 

according age 
(Young = 30.5 

± 4.9 years 
and Older = 
56.3 ± 4.2 

I: 3 capsules  of 
fish oil + 3 

capsules of  CLA 
(760.0 mg) 

C: 6  capsules 
(800.0 mg palm 
oil and 200.0 mg 

I: 1.53 g/d (0.9 g EPA + 0.63 g 
DHA) 

not reported 

(µg/mL) 
Young lean: 

I: -0.14 ± 0.35 (1.4%) 

C: -0.79 ± 0.27 (7.9%) 
Young obese: 

I: 0.21 ± 0.22† (2.8%) 

C: -0.79 ± 0.39† (9.0%) 
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years)   
BMI (kg/m²) 

Lean =  23.6 ± 
1.5 

Obese = 32.1 
± 1.7 

soybean oil)  
Older lean: 

I:  -0.16 ± 0.20 (1.5%) 
C: 0.00 ± 0.28 (0%) 

Older obese: 

I: -0.57 ± 0.37 (8.0%) 

C: -0.05 ± 0.33 (0.7%) 

Simão 
2012 

52
 

parallel 
12 weeks 

65 females 
with the 

metabolic 
syndrome 

47.9 ± 10.0 
years 

BMI (kg/m²)   
35.4 

I
1
: 3 g/d of fish oil 

I
2
: 3 g/d of fish oil 

+ 29 g/d of tosted 
ground soya bean 

I
3
: 29 g/d of 

tosted ground 
soya bean 

C: usual diet 

I
1
 e I

2
: 0.9 g/d (0.54 g EPA + 

0.36 g DHA) 
 

Not reported 

(µg/mL) 
I
1
: 18.4* (↑27.0%) 

I
2
: 12.6  

(↑17.4%) 
I
3
: 21.2* (↑22.5%) 

C: 0.4  
(↑0.4%) 

(∆  statistical dispersion 
not reported) 

Zhang 
2012 

53
 

parallel 
8 weeks 

 

127 
dyslipidemic 

females 
35-70 years 
BMI (kg/m²) 
26.4 ± 6.1 

I
1
: salmon group 

(5d/week) 
I
2
: herring group 

(5d/week) 
I
3
: pompano 

group (5d/week) 
C: 

pork/chicken/beef
/lean fish 
(5d/week)  

I
1
: 3.2 ± 0.1 g/d 

I
2
: 2.8 ± 0.1 g/d 

I
3
: 2.1 ± 0.1 g/d 

C: 1.1 ± 0.1 g/d 

I
1
: 32:51:17; 1650 

kcal 
I
2
: 32:51:17; 1676 

kcal 
I
3
: 32:51:17; 1671 

kcal 
C: 32:51:17; 1727 

kcal 

(µg/mL) 
I
1
: 0.7 ± 2.76* (↑0.7%) 

I
2
: 0.9 ± 3.15* 

(↑0.9%) 
I
3
: 0.6 ± 2.35 (↑0.6%) 

C: 0.4 ± 3.02 (↑5.6%) 

Guebre-
Egziabher 

2013 
54

 

parallel 
10 weeks 

12 chronic 
kidney 

disease 
patients 

(glomerular 
filtration rate 
<20 mL/min) 
50.5 years 
50% males 
BMI (kg/m²)   

<27.0  

I
1
: 6 g/d of fish oil  
I
2
: 12 g/d of fish 

oil 

I
1
: 2.04 g/d (1.08 g EPA + 0.96 

g DHA) 
I
2
: 4.08 g/d (2.16 g EPA + 1.92 

g DHA) 

I
1
: 39:44:17; 1973 

kcal 
I
2
: 39:42:18; 1703 

kcal 
 

(µg/mL) 
I
1
: 1.7 ± 4.7 (↑1.7%) 

I
2
: 1.3 ± 2.4 
(↑1.3%) 
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Supplementary Table S2 
Characteristics of the studies investigating changes in adiponectin concentrations by other lipid dietary interventions (qualitative analyses). 

Author 
Year 

Reference 

Study 
design 

Follow-up 
Sample 

Dietary intervention and 
control groups 

Dietary composition (%): 
fat:carbohydrate:protein; 

total energy intake 

Changes on adiponectin 
(% of change) 

Nelson 
2007 

62
 

parallel 
8 weeks 

 

57 subjects 
38.5 ± 11.4 

years 
19.0% males 
BMI (kg/m²) 
30.3 ± 5.0 

I:  flaxseed oil capsules 
(increasing ALA to 5.0% of 

total energy intake) 
C: habitual diet 

I: 38.6%  of energy from 
fat;  1924.3 kcal 

C: 34.3% of energy from 
fat; 2171 kcal 

(µg/mL) 
I: -0.89 ± 5.92† (↓11.2%) 
C: 0.17 ± 4.23† (↑1,68%) 

Lithander 
2008 

63 

crossover 
3 weeks 
(4 weeks 
washout) 

 

18  
hyperlipidemic 

males 
39.7 ± 13.9 

years 
BMI (kg/m²) 
25.9 ± 4.2 

I
1:

  high SFA:USFA 
I
2:

:  lower SFA:USFA 

I
1
: 34:53:13; 3176 kcal, 
18.0% saturated fat, 

10.0% MUFA and  7.0% 
PUFA 

I
2
: 34:53:13; 3176 kcal, 
13.0% saturated fat, 

12.0% MUFA and 8.0% 
PUFA 

(µg/mL) 
I
1
: -0.5 ±  0.4  
(↓7.4%) 

I
2
: 1.1 ±  0.7 
(↑16.4%) 

 

Ratliff 
2008 

64
 

parallel 
12 weeks 

28 males 
40 – 70 years 
BMI(kg/m²) 

26 – 37 

I
1
: cholesterol/fat-free eggs 

I
2
:  Liquid whole eggs, 640 

mg additional cholesterol/d 
provided by eggs 

For both groups: 
57:17:26; 1900 kcal 

(µg/mL) 
I
1
:  0.6 ±  0.6*† 

(↑3.8%) 
I
2
: 2.8 ± 2.8*† 
(↑17.7%) 

Vega-López 
2009 

65 

 

crossover 
5 weeks 
(2 weeks 
washout) 

37  females 
64.2 ± 7.5 

years 
BMI (kg/m²) 
25.6 ± 3.6 

 
I
 1
: Corn oil 

I
 2
:  Partially-hydrogenated 

soybean oil 

 
I
1
: 2300 kcal; 12.1%  

PUFA and  0.3%  trans 
I
2
: 2312 kcal; 5.9%  PUFA 

and 4.3% trans 

 
 

Basal adiponectin level was not reported. 
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Taylor 
2010 

23
 

parallel 
12 weeks 

34 patients 
with type 2 
diabetes 

52.4 ± 1.5 
years 

50.0% males 
BMI (kg/m²) 
32.4 ± 1.0 

I
1
: bakery products 

containing 32.0 g/d milled 
flaxseed (7.4 g/d LA in 

weeks days) 
I
2
:  bakery products 

containing 13.0g/d flaxseed 
oil (7.4 g/d LA  in 6 weeks 

days) 
C:   bakery products 

containing no flax 

I
1
: 37:48:17; 1997 kcal 

I
2
: 33:46:17; 2293 kcal 

C: 38:45:18; 2052 kcal 

 
(µg/mL) 

I
1
: 0.8 ± 4.6 
(↑7.6%) 

I
2
: 0.4 ± 4.8 
(↑5.8%) 

C: 0.3 ± 5.6 
(↑3.1%) 

Bendsen 
2011 

20
 

parallel 
16 weeks 

 

49  overweight 
postmenopaus

al females 
45 – 70 years 
BMI (kg/m²) 

25 – 30 

I: 26.0 g/d of partially 
hydrogenated soybean oil 
C: 50.0:50.0% mixture of 

palm oil and high oleic 
sunflower oil 

Dietary information not 
reported 

(µg/mL) 
I: -0.57 ± 0.78 
C: 0.08 ± 5.53 

(% of change NA) 

Kalgaonkar 
2011 

66
 

parallel 
6 weeks 

31  female 
with polycystic 

ovary 
syndrome 

20 – 45 years 
BMI (kg/m²) 
35.1 ± 1.8 

I
 1
: 31.0 g/d of almond-oil 

(19.5 g MUFA, 7.5 g LA 
and no ALA) 

I
 2
:  31.0 g/d walnut-oil (4.5 

g MUFA, 19.2 g LA and 4.3 
g ALA) 

I
1
: 39:44:19; 1717 kcal 

I
2
: 40:45:17; 1540 kcal 

(ng/mL) 
I
 1
: 2.1 ± 0.8* 
(↑20.8%) 

I
 2
: 1.8 ± 0.7* 
(↑19.0%) 

Aronis 
2012 

67
 

crossover 
4 days 

(4 weeks 
washout) 

15 subjects 
with MetS 

58 ± 2.5 years 
60.0% males 
BMI (kg/m²) 
36.6 ± 1.7 

I: 48.0 g/d of walnuts, 
incorporated 

into a liquid meal 
C: diet without walnuts 

Diets with the same 
macronutrient distribution 

and calories.  More 
dietary information not 

reported. 

(µg/mL) 
I: 0.51 * 
(↑14.1%) 
C: -0.21 
(↓6.4%) 

(∆  statistical dispersion not reported) 

Bjermo 
2012 

68
 

parallel 
12  weeks 

31 healthy 
subjects 

30–65 years 
34% of males 
BMI (kg/m²)   
30.3 ± 3.7 

I: n-6 PUFA group received 
scones (baked-on 

sunflower oil), margarine, 
sunflower oil, and sunflower 

seeds 
C: SFA group received 

scones (baked-on butter) 
and butter 

I: 38:41:17; 2052 kcal 
C: 37:44:18; 1945 kcal 

 (µg/mL) 
I:  -0.02 (-0.36 – 0.36)  

(↓0.80%) 
C: -0.03 (-0.74 – 0.68) 

(↓0.84%) 
High-molecular weight adiponectin 
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Abbreviations: I, intervention; C, control; BMI, body mass index; MetS, metabolic syndrome; SFA, saturated fatty acids; MUFA, monounsaturated fat 

acids; USFA, unsaturated fatty acids; PUFA, polyunsaturated fat acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; LA, linoleic acid; 

ALA, alpha-linolenic acid; NA, not available. Adiponectin concentrations expressed as means ± SDs or median (25th – 75th percentile). *Significant 

change from baseline (P < 0.05). † Significant difference between intervention and control groups (P < 0.05). 

 

Manning 
2012 

69
 

 

parallel 
48 weeks 

 

160 subjects 
with MetS 

37.0% males 
27 – 80 years 
BMI (kg/m²) 
31.7 ± 6.2 

I
1
: 600.0 mg/d α-lipoic acid 
I
2
: 100.0 UI/d vitamin E 

I
1
 + I

2
: 600.0 mg/d  α-lipoic 

acid + 100.0 UI/d vitamin E 
C: oil composition not 

reported 

Dietary information not 
reported 

(µg/mL) 
I
1
: 0  

I
2
: 0.8 

(↑10.5%) 
I
1
 + I

2
: -0.5 

(↓7.5%) 
C: -0.2 
(↓3.0%) 

(∆  statistical dispersion not reported) 

Kontogianni 
2013 

70
 

crossover 
3 weeks 

37 healthy 
subjects 

25.6 ± 5.9 
years 

21.6% males 
BMI (kg/m²)   
21.9 ± 2.5 

I: 13.8 g/d of flaxseed oil (8 
g ALA, 3 g oleic acid) 

C: 13.8 g/d of olive oil (0.13 
g ALA, 11.3 g oleic acid) 

I: 37:44.4:15.9; 1928 kcal 
C: 39:47.6:18.4; 1805 

kcal 

(µg/mL) 
I: 0.0 ± 1.25 

C: -1.0 ± 1.30  
(↓15.4%) 

Somerset 
2013 

71
 

parallel 
10 weeks 

64 subjects 
25-55 years 
15.6% males 
BMI (kg/m²)   

27-40 

I: usual diet enriched with 
macadamia 
C: only usual diet 

I: 38:36:21; 1750 kcal.  
MUFA = 49% 

C: 38:42:17; 1750 kcal.  
MUFA = 41% 

(µg/mL) 
I
 
: 0 ± 1.3 

C: -1.0 ± 1.41 
(↓10.1%) 
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ABSTRACT  

Purpose: We sought to determine the effects of dietary fat on insulin sensitivity and 

whether changes in insulin sensitivity were explained by changes in abdominal fat 

distribution or very low density lipoprotein (VLDL) fatty acid composition.  

Methods: Overweight/obese adults with normal glucose tolerance consumed a 

control diet (35% fat/12% saturated fat/47% carbohydrate) for ten days, followed by a 

four week low fat (LFD, n=10: 20% fat/8% saturated fat/62% carbohydrate) or high fat 

diet (HFD, n=10: 55% fat/25% saturated fat/27% carbohydrate). All foods were 

provided and adjusted for weight stability. Insulin sensitivity was measured by labeled 

hyperinsulinemic-euglycemic clamps, abdominal fat distribution by MRI and fasting 

VLDL fatty acids by gas chromatography.  

Results: The rate of glucose disposal (Rd) during low- and high-dose insulin, 

decreased on the HFD but remained unchanged on the LFD (Rd-low: LFD: 

0.12±0.11 vs. HFD: -3.67±0.15 mmol/min, mean±SE, p<0.01; Rd-high: LFD: 

0.11±0.37 vs. HFD: -0.71±0.26 mmol/min, p=0.08).  Hepatic insulin sensitivity did not 

change. Changes in subcutaneous fat were positively associated with changes in 

insulin sensitivity on the LFD (r=0.78, p<0.01) with a trend on the HFD (r=0.60, 

p=0.07), whereas there was no association with intra-abdominal fat. The LFD led to 

an increase in VLDL stearic, palmitoleic and palmitic acids, while no changes were 

observed on the HFD. Changes in VLDL 22:5n6 were strongly associated with 

changes in insulin sensitivity on both diets (LFD: r=-0.77; p<0.01; HFD: r=-0.71; 

p=0.02).  

Conclusions: A diet high in fat and saturated fat adversely affects insulin sensitivity 

and thereby might contribute to the development of type 2 diabetes.  



141 

 

INTRODUCTION 

Type 2 diabetes is reaching epidemic proportions worldwide with the World 

Health Organization estimating that worldwide 9% of adults older than age 18 have 

diabetes with the vast majority having type 2 diabetes [1]. Elevated hepatic glucose 

production, impaired insulin secretion, and insulin resistance, a typical complication 

of obesity, are major factors underlying the pathogenesis of type 2 diabetes [2]. 

Weight loss induced by lifestyle measures including diet and physical activity has 

been shown to decrease the risk of developing diabetes, with a 16% reduction in risk 

for every kilogram of weight loss [3]. Insulin sensitivity is improved by hypocaloric 

dietary interventions irrespective of whether they are low or high in fat content [4-6], 

but this effect may be attributed to weight loss itself rather than diet composition. 

Thus, to determine the effects of dietary macronutrient composition on insulin 

sensitivity it is important that they be tested in the absence of weight change. 

Medium to long-term diet intervention studies have examined whether 

isocaloric high-fat diets modify insulin sensitivity. Two studies that compared a high-

fat diet (50-55% of calories as fat) versus a low-fat diet (20-25% of calories as fat) 

demonstrated no difference in insulin sensitivity measured by clamp, in healthy adults 

after three and two weeks respectively [7,8]. We also observed no significant change 

in fasting insulin concentrations or the Matsuda index measure of insulin sensitivity 

after four weeks on a high fat/high-saturated fat diet (43% calories from fat/24% 

saturated fat) in weight-stable older subjects [9].  Additionally, after 11 days on 

isocaloric low-fat, intermediate-fat or high-fat diets (0%, 41%, and 83% of fat 

respectively) insulin sensitivity did not differ between the high- and low-fat diets [10]. 
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These data are at odds with the preconception that high fat diets lead to insulin 

resistance.  

In contrast, a low-fat diet with less than 10% of energy from saturated fat 

improved insulin sensitivity after 24 weeks [11]. We also observed an improvement of 

the Matsuda index after four weeks on a low-fat/low saturated fat/low glycemic index 

diet [9]. Low fat diets are by default higher in carbohydrate content if protein content 

is kept stable. Carbohydrate content alone may modify insulin sensitivity with one 

study showing a significant increase in this parameter after eating a very high 

carbohydrate diet (85%) [12]. Diets high in carbohydrates also provide substrate to 

stimulate de novo lipogenesis (DNL) in the liver [13,14] and result in production of 

fatty acids such as stearic acid and palmitic acid that have been shown to be related 

to decreased insulin sensitivity [15]. However, increases in palmitoleate after a low 

fat diet may promote insulin sensitivity in white adipose tissue [15]. Thus, dietary 

effects on fatty acid composition may influence effects on insulin sensitivity and 

warrant investigation.   

In addition to fatty acids, body fat composition and ectopic fat storage are 

thought to be important factors in regulating glucose metabolism [16]. Potential 

mediators from adipose tissue include free fatty acids, inflammatory cytokines and 

adipokines such as leptin and adiponectin [17]. Studies have associated increased 

visceral adipose tissue [18], but not subcutaneous adipose tissue, with decreased 

insulin sensitivity [19], and fat accumulation in the liver has been associated with 

insulin resistance [20]. Visceral fat is an important source of non-esterified fatty acids 

in the portal circulation [21], draining them directly to the liver and thereby altering 

hepatic glucose and lipid metabolism [22,23] and contributing to insulin resistance 
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[24]. Recently, the impact of dietary fat on body fat deposition has been explored. In 

cross-sectional studies, diets high in saturated fat are associated with increased total 

body and trunk fat deposition compared to diets low in fat [25]. Two studies that 

examined the effect of altering diet fat quality but kept total dietary fat intake constant 

found decreases in SQF with diets high in PUFA [26,27]. To our knowledge, only two 

studies have investigated the effect of a high-fat, high-saturated fat versus a low-fat, 

low-saturated fat diet on body fat distribution in weight-stable subjects. Neither found 

a significant effect on IAF or SQF [9,20].  However, we observed an increase in 

abdominal SQF after 4 weeks on a high fat/high saturated fat diet despite weight 

stability [28]. Whether such changes in abdominal fat distribution contribute to effects 

of dietary fat content on insulin sensitivity is unclear.  

In this study, we sought to determine the effect of diets containing either low or 

high amounts of fat and saturated fat on determinants of glucose tolerance, 

specifically insulin sensitivity, both in insulin‟s ability to suppress endogenous glucose 

production and to promote glucose uptake, and insulin secretion in weight-stable 

overweight/obese subjects. We hypothesized that a diet high in fat would decrease 

insulin sensitivity while a diet low in fat would improve insulin sensitivity. Fiber intake 

was standardized across the different intervention arms so that this would not be a 

confounding factor. Since few previous studies have looked into mechanisms by 

which high fat diets affect insulin sensitivity, we further investigated possible 

mediators of diet-induced changes in insulin sensitivity by examining changes in 

abdominal fat distribution, adipokines and VLDL fatty acid analysis. We have 

previously published that the HFD led to increases in SQF [28], but examine here 
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whether such changes in body fat distribution contribute to changes in insulin 

sensitivity.  

 

RESEARCH DESIGN AND METHODS  

Study Design 

          The study was a prospective, random order, crossover, controlled dietary 

feeding study. Details on the study design have been previously published [28]. 

Briefly, subjects completed a 10-day control diet followed by four weeks on either a 

low fat diet (LFD) or high fat diet (HFD). All food was provided to the participants 

during the control, HFD and LFD periods. The seven subjects who completed both 

the HFD and LFD underwent a 6 week washout period during which subjects ate ad 

lib at home and no food was provided. The control diet was then repeated prior to the 

second intervention diet. 

A portion of the data have been published previously [28] but are reproduced here for 

ease of reference.  

 

Subjects 

          The study enrolled men and women between the ages of 18-55 years with BMI 

>27 kg/m2 and normal glucose tolerance based on fasting (<5.5 mmol/L or <100 

mg/dl) and 2 hour glucose (<7.8 mmol/L or <140 mg/dl) levels after a standard 75 

gram oral glucose tolerance test. Exclusion criteria included tobacco use, significant 

medical illness, reported alcohol consumption >2 alcoholic drinks/day, alanine 

aminotransferase (ALT) >40 U/L, serum creatinine >132.6 µmol/l (>1.5 mg/dl) in men 

and >123.8 µmol/l (>1.4 mg/dl) in women, hematocrit <33%, fasting triglycerides >3.4 
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mmol/L (>300mg/dl), fasting LDL cholesterol >5.2 mmol/L (>200 mg/dl), food 

allergies/intolerances, contraindications to MRI, and use of any medications affecting 

inflammation, insulin sensitivity or liver fat. All subjects gave written informed 

consent. The study was approved by the Institutional Review Boards of the Veterans 

Affairs Puget Sound Health Care System and the University of Washington in 

accordance with ethical standards on human experimentation.  

 

Dietary Intervention 

          Menus were designed by a research nutritionist using ProNutra (VioCare, Inc., 

Princeton, NJ) to contain the following: control: 35% energy from fat (12% saturated 

fat), 47% energy from carbohydrate, and 18% energy from protein; LFD: 20% energy 

from fat (8% saturated fat), 62% energy from carbohydrate, and 18% energy from 

protein; and HFD: 55% fat (25% saturated fat), 27% energy from carbohydrate, and 

18% energy from protein. Caloric needs were estimated using the average of the 

Mifflin-St. Jeor [29] and Harris-Benedict [30] equations, adjusted for physical activity. 

Major sources of fats in all three diets included butter and high oleic safflower oil. 

Soluble fiber (inulin) was added to the HFD to standardize fiber content across diets. 

Because fructose was limited on the HFD due to the low carbohydrate content, 

fructose was limited in all diets to <30 g/day based on a 2000 kcal/day. The mean 

fructose intake was higher on the LFD and lower on the HFD. The composition of the 

diets is described in Table 1. 

          Subjects picked up their food from the metabolic kitchen and were weighed 

twice weekly. Caloric intake was adjusted to achieve weight stability. Subjects were 

instructed to maintain regular physical activity and to eat all of the food provided, not 
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to eat any non-study food, and to report any deviations from the diet. To determine 

compliance, subjects recorded all food consumed each day using a checklist which 

was returned to the nutritionist. All foods that were not consumed were returned to 

the Nutrition Research Kitchen, and weighed to determine the actual energy intake 

and composition of consumed foods.  

 

Study Procedures 

          Study procedures were performed at the end of the control diet and at the end 

of the LFD or HFD.  Subjects were told to fast for at least 10 hours before undergoing 

study procedures.  

 

Intravenous-glucose tolerance test 

          An intravenous-glucose tolerance test (IVGTT) was performed to assess the 

acute insulin response to glucose and glucose tolerance. An intravenous line was 

established in an antecubital vein and the arm was wrapped in a heating pad to 

“arterialize” the blood. A bolus of glucose (11.4 g/m2) was injected over 60 seconds 

and blood samples were drawn at -10, -5, -1, 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 22, 

25, and 30 min relative to the start of the glucose injection. 

 

Hyperinsulinemic-euglycemic clamp 

          A two-step hyperinsulinemic-euglycemic clamp with 6,6-2d glucose isotope 

label was performed on the following day to estimate endogenous glucose production 

(EGP) and insulin sensitivity. After obtaining a baseline blood sample, a primed (200 

mg/m2 x glucose/100 over 5 minutes), continuous (2 mg/m2/minute) infusion of 6,6-2d 
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glucose was started and continued throughout the clamp procedure. Following a 

three hour basal equilibration period a three hour low dose insulin infusion (20 

mU/m2/min) followed by a two hour primed, continuous high dose insulin infusion 

(160 mU/m2/min x 5 minutes then 80 mU/m2/min) was performed. Blood glucose was 

measured every 5 minutes using an iStat machine and a variable rate infusion of 

20% dextrose enriched with 2% 6,6-2d glucose was titrated to maintain the blood 

glucose concentration at 90 mg/dl. Samples were drawn for glucose and insulin 

every 30 minutes throughout the clamp. Samples for glucose, insulin and 6,6-2d 

glucose were drawn every 15 minutes during the final half hour of the basal, low dose 

and high dose insulin infusion periods. Samples for non-esterified fatty acids 

(NEFAs) were drawn into tubes containing the lipolysis inhibitor tetrahydrolipstatin 

(orlistat) at -30, -15, -1, 10, 20, 30 and 60 minutes relative to the start of the low dose 

insulin infusion and placed immediately on ice. NEFA samples were processed within 

30 minutes and the plasma flash frozen.  

 

 

Fat Distribution  

          Total fat and lean mass were determined on the first control diet by Dual 

Energy X-Ray Absorptiometry using the QDR® 4500A bone densitometer system 

(Hologic, Inc. Bedford, MA).  

          Abdominal fat distribution (IAF and SQF) and liver fat were measured using 

MRI/MRS abdominal images as previously described [9].  The inter- and intra-scan 

CVs were 4.9% and 2.4% for IAF and 6.2% and 3.1% for SQF respectively. MRS 

was used to quantify hepatic triglyceride using a Philips Achieva 3 Tesla, version 
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2.5.3.0 (Philips, Andover, MA) whole body scanner. The inter- and intra-scan 

coefficients of variation (CVs) for liver fat were 18.6% and 1.2% respectively. 

 

Assays 

          The following assays were performed: glucose by glucose oxidase; insulin by 

automated electrochemiluminescence immunoassay (Cobas e601, Indianapolis, IN); 

adiponectin and leptin by radioimmunoassay (Millipore, Billerica, MA). Intra- and 

inter- assay CVs (%) for the adiponectin assay were respectively 6.21 and 9.25 and 

for the leptin assay were 3.7 and 5.2. VLDL fatty acids were isolated by gradient 

ultracentrifugation. Fatty acid methyl ester samples were prepared by direct trans-

esterification using the method of Lepage [31] and separated using gas 

chromatography (Agilent 5890 Gas Chromatograph with FID detector and 

ChemSation software; Supelco fused silica 100m capillary column SP-2560; initial 

160°C for 16 min, ramp 3.0°C/min to 240°C, hold for 15 min) (Agilent technology, 

Santa Clara, CA).  The CV (%) ranged from 0.7 to 13.1 depending on the type of 

VLDL fatty acid. Levels of 6,6 2d glucose were measured by mass spectrometry as 

previously described [32]. 

 

Calculations  

 

IVGTT data 

          The acute insulin response to glucose (AIRg) was calculated as the AUC 

insulin response above basal from 0 to 10 minutes. AIRg was adjusted for insulin 

sensitivity measured by the clamp method to estimate beta-cell function. The glucose 
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disappearance constant (Kg), a measure of intravenous glucose tolerance, was 

calculated as the slope of the natural log of glucose from 10 to 30 minutes.  

 

Clamp data 

          Isotopic steady state concentrations were achieved during the final 30 min of 

the basal and low- and high-dose insulin periods of the clamp. The rates of glucose 

appearance (Ra) and disappearance (Rd) were calculated based on steady-state 

equations modified to include the use of a labeled dextrose infusion [33]. 

Endogenous glucose production (EGP) was determined in the basal state and at the 

end of the low dose glucose infusion. Hepatic insulin sensitivity was determined both 

by the percent suppression of EGP from basal at the end of the low dose insulin 

infusion and as the hepatic insulin resistance index (HIR index: basal EGP x fasting 

plasma insulin).  

 

Statistical Analysis 

          Data were expressed as mean ± standard error (SE) for normally distributed 

data or median (interquartile range) for non-normally distributed data. Generalized 

Estimating Equation (GEE) analysis was performed to determine the effect of diet 

type on the change in each outcome variable (intervention diet - respective control 

diet), adjusted for diet order and type. The GEE method focuses on average changes 

in response over time and the impact of covariates on these changes. Unlike RM-

ANOVA, GEE does not require the outcome variable to have a normal distribution 

and permits use of all available data (even if the subject did not complete all study 

phases) in an unbalanced design, leading to more efficient effect estimates. 
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Individuals with missing data are considered a random subset of the sample. This 

feature benefits crossover studies in which missing data occurred and/or data are 

skewed due to a small sample size [34].  

          The significance of the associations between changes in insulin sensitivity and 

changes in abdominal fat distribution, adipokines and VLDL fatty acid composition 

were tested using non-parametric Spearman‟s correlation coefficient. A p<0.05 was 

considered significant. Statistical analyses were performed using SPSS software 

(V19.0, SPSS Inc, Chicago,IL). 

 

RESULTS 

 

Subject Characteristics  

          This  was a prospective, crossover study where a total of 13 subjects (10M/3F: 

3 African Americans, 1 Asian and 9 Caucasians; age 36±2.9 years; BMI 33.6±1.3 

kg/m2; fasting glucose 5.01±0.1 mmol/l; 2-hour glucose 5.3±0.33 mmol/l) completed 

diets and procedures. Seven participants completed both intervention diets 

(control+LFD and control+HFD, n=7) and six participants completed only one of the 

diet interventions (control+LFD, n=3) or (control+HFD, n=3). All available data was 

included in the analysis. All participants except two reported consuming all food 

provided [28]. Removing these two subjects from all analyses did not change the 

results. 
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Response to the LFD  

          Compared to the control diet, body weight did not change. The glucose 

disappearance constant, Kg, increased significantly after the LFD (Table 2), 

demonstrating improved glucose tolerance, despite no significant change in AIRg. 

Glucose and insulin levels were well matched during the clamp (Figures 1A and 1C). 

There was no significant change in insulin sensitivity as measured by the rate of 

glucose disposal (Rd) during the low and high-level insulin infusions (Figure 1E), HIR 

index, basal EGP, or insulin-mediated suppression of EGP on the LFD compared to 

the control diet (Table 2). Additionally, during the clamp there was no difference in 

the ability of low dose insulin to suppress free-fatty acids (Figure 1G). As previously 

published [28], liver fat decreased significantly during the LFD, but there were no 

significant changes in fasting glucose and insulin, IAF, SQF or adipokines (Table 2).  

Changes in the percent fatty acid composition of VLDL are shown in Table 3. The 

proportion of stearic acid increased significantly whereas palmitic acid showed a 

trend to increase during the LFD. Among monounsaturated fatty acids, palmitoleic 

showed an increase during the LFD. Finally, the most abundant polyunsaturated fatty 

acid, linoleic acid, decreased significantly during the LFD.  

 

Response to the HFD 

          Compared to the control diet, there were no significant changes in body 

weight, AIRg, Kg, HIR index, EGP, or EGP suppression during the HFD (Table 2). 

Glucose and insulin levels were well matched during the clamp (Figures 1B and 1D). 

There was a significant decrease in Rd but no change in the ability of low dose 

insulin to suppress free-fatty acids (Figures 1F and 1H). There was no significant 
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change in IAF or liver fat; however, there was a significant increase in SQF with the 

HFD. All other metabolic parameters did not change (Table 2).  

There was no change in the percent fatty acid composition of VLDL during the HFD 

(Table 3). 

 

Comparison of the LFD and HFD 

          Changes from control were compared between the LFD and HFD adjusted for 

diet order and type. There was a significant difference in the change in Rd-low (LFD: 

0.12±0.11 vs. HFD: -3.67±0.15 mmol/min, mean±SE, p<0.01) with a trend for Rd-

high (LFD: 0.11±0.37 vs. HFD: -0.71±0.26 mmol/min, p=0.08). Kg was significantly 

improved on the LFD compared to the HFD (LFD: 0.26±0.12 vs. HFD: -0.36±0.18 

%/min, p<0.01). The increase in SQF on the HFD was significant compared to the 

change on the LFD (LFD: 9.3±42.9 vs. HFD: 156.4±42.3 cm3, p=0.02) (Table 2). 

There were no significant differences between changes on the LFD vs. the HFD in 

the other metabolic variables.  

 

Correlates of changes in insulin sensitivity  

          After the LFD, changes in SQF were positively associated with changes in Rd-

low (Supplemental Figure 1A: r=0.78; p<0.01) and with changes in Rd-high (r=0.83; 

p<0.01). After the HFD, increases in SQF also tended to be positively associated with 

changes in Rd-low (Supplemental Figure 1B: r=0.60; p=0.07) but not with changes in 

Rd-high (r=-0.52; p=0.13). There was no association between changes in Rd-low or 

Rd-high and IAF on either the LFD (Rd-low: r=-0.10; p=0.78; Rd-high: r=0.20; 

p=0.58) or HFD (Rd-low: r=-0.26; p=0.47; Rd-high: r=0.39; p=0.21) (Supplemental 
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Figure 1C, 1D). There were no significant associations between changes in Rd-low 

or Rd-high and changes in the SQF/IAF ratio, liver fat, or adipokines (data not 

shown) after either diet.  

          Among VLDL fatty acids, changes in VLDL 22:5n6 were strongly negatively 

associated with changes in Rd-low after both diets (LFD: r=-0.77; p<0.01; HFD: r=-

0.71; p=0.02) (Supplemental Figure 2). An increase of palmitic acid was associated 

with an increase in hepatic insulin resistance after the LFD (r=0.79; p=0.01) but not 

after the HFD (r=0.07; p=0.86). There were no significant associations between 

changes in any of the other VLDL fatty acids and changes in Rd, HIR or percent 

suppression of EGP. 

After either LFD or HFD, there were no correlations between changes in HIR index 

and changes in SQF, IAF, or liver fat. Also, after both LFD and HFD there were no 

associations between changes in EGP suppression and changes in SQF, IAF, or 

liver fat.  

 

Correlates of changes in glucose tolerance 

          After the LFD, changes in Kg were not associated with changes in AIRg, Rd- 

or Rd-high. After the HFD, changes in Kg were positively associated with changes in 

AIRg (r=0.82; p<0.01) but not with changes in Rd-low or Rd-high.  

 

DISCUSSION 

          Four weeks on a diet high in fat and saturated fat significantly decreased 

insulin sensitivity in overweight/obese subjects despite the absence of weight gain. 

However, a diet low in fat and saturated fat did not improve insulin sensitivity.  The 
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decrease in insulin sensitivity on the HFD could not be explained by changes in IAF, 

liver fat, or adipokines. However, positive correlations between changes in SQF and 

insulin sensitivity were observed. Intriguingly, changes in VLDL 22:5n6 were strongly 

negatively correlated with changes in insulin sensitivity on both the high fat and low 

fat diets. 

          We explored potential mechanisms related to the decrease in insulin sensitivity 

on the HFD. The strongest association we observed was a negative association 

between changes in insulin sensitivity and changes in VLDL 22:5n6. This association 

was observed on both the HFD and the LFD. This fatty acid is the end-product of n-6 

PUFA desaturation and elongation. Although such a correlation does not imply a 

causal role, the strength of the correlation despite small changes is intriguing and 

further study into the role of 22:5n6 in metabolic processes is warranted. 

Unfortunately, data regarding the relative amounts of this fatty acid are lacking in the 

literature.  

          The VLDL fatty acid profile is strongly correlated with the fatty acid profile 

within the liver as assessed by liver biopsies [35]. On a balanced diet (30% as fat and 

55% as carbohydrate), approximately 15% of the hepatic triglyceride is derived from 

the diet [35]. We anticipated that increasing the dietary contribution of saturated fatty 

acids would lead to increased saturated fatty acids within the liver and contribute to 

hepatic insulin resistance. However, we observed changes in Rd, reflecting mainly 

uptake of glucose into muscle, and no changes in measures of hepatic insulin 

sensitivity.   

          Other possible mechanisms whereby increased dietary fat intake decreases 

insulin sensitivity include decreases in cell membrane responsiveness to insulin 
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action through decreases in binding affinity [36]. Others have reported an 

exaggerated synthesis of ceramides from a high-fat diet enriched with saturated fatty 

acid (i.e.palmitate), which might also induce insulin resistance [37]. While others 

have proposed it is mediated by increases in inflammatory cytokines [38], we did not 

observe any changes in inflammatory markers [28] and no associations between 

changes in these markers and insulin sensitivity despite the very high saturated fat 

intake in our study (unpublished observations). This would argue against 

inflammation as a major underlying mechanism.  

          In contrast to the findings on the HFD, no improvement of insulin sensitivity 

was observed on the LFD. One possible explanation is that changes in insulin 

sensitivity on the HFD were driven by the high saturated fat content rather than total 

dietary fat intake. If this were the case, the lack of change in insulin sensitivity on the 

LFD may have been due in part to the relatively small change in saturated fat (11.9% 

control to 7.7% LFD). In contrast, the difference in saturated fat content between the 

control diet and the HFD (11.6% to 23.7%) was quite large. In a previous study, a 

high-saturated fat diet (17% of energy from saturated fat) reduced insulin sensitivity 

by 12.5% after three months of intervention in healthy subjects compared to baseline 

[39]. Our study was designed to compare a high fat diet with a low fat diet and was 

not specifically designed to determine the effect of dietary saturated fat per se. Other 

iso-energetic feeding studies have compared high PUFA vs. high saturated fat or 

high MUFA vs. saturated fat on insulin sensitivity [26,39-42]. A single liquid meal high 

in polyunsaturated fat (PUFA) improved postprandial insulin sensitivity as compared 

with a high-fat, high-saturated fat meal [41]. Additionally, after 24 hours, high-

saturated fat ingestion decreased insulin sensitivity compared to both control and 
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high PUFA interventions [40]. Longer term studies showed increases in insulin 

sensitivity after 6 and 12 weeks on a diet containing large amounts of 

monounsaturated fat (MUFA) compared to a high-carbohydrate or a high-saturated 

fat diet [42,39], and after five weeks on a diet high in PUFA vs. saturated fat [26].  

          Another possible explanation for the finding that insulin sensitivity did not 

improve on the LFD compared to the control diet may be that the effect of dietary fat 

intake on insulin sensitivity is not linear, or that there may be a threshold effect that 

reduces insulin sensitivity only at very high fat intake levels. It is possible that the 

LFD, which by default contained higher carbohydrates, stimulated deleterious 

metabolic pathways that counterbalanced beneficial effects leading to no net benefit. 

One such pathway is hepatic de novo lipogenesis, which is known to be driven by 

high carbohydrate intake. The increase we observed in the proportion of VLDL 

stearic and palmitic acid, both saturated fatty acids, on the LFD likely reflects an 

increase in de novo lipogenesis [43]. There is evidence that stearic acid in the diet or 

as free-fatty acid induces insulin resistance [44]. Moreover, in a recent cohort study, 

palmitic and stearic acids, measured in plasma phospholipids, were positively 

associated with incident type 2 diabetes [45]. In contrast, the increase of VLDL 

palmitoleate observed on the LFD might mediate insulin-sensitizing effects, in part 

due to suppressing pro-inflammatory gene expression in white adipose tissue which 

has been observed in mice [46]; however, there are conflicting data in humans 

[47,48]. One observational study found no difference in palmitoleate content, 

measured in both plasma and VLDL, in insulin sensitive or resistant obese subjects, 

which suggests that there is no association between palmitoleate availability and 

insulin resistance [47]. In a prospective study, decreasing content of free fatty acid 
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palmitoleate was associated with improvement in insulin sensitivity after one year of 

a lifestyle intervention; however, this effect was not independent of lifestyle changes 

[48]. Therefore, any potential benefit in insulin sensitivity associated with an increase 

of palmitoleate could have been attenuated by increases in stearic and palmitic acid 

resulting in no net benefit.  

          Despite the lack of effect on insulin sensitivity, the LFD did result in an 

improvement of glucose tolerance. However, there were no changes in beta-cell 

function or insulin sensitivity after the LFD. Moreover, we did not find associations 

between improvement in glucose tolerance with changes in AIRg or Rd after the LFD 

to explain this finding.  

          The strengths of our study include the controlled diet intervention, weight 

stability, measurement of abdominal fat distribution and the use of labeled clamps to 

measure insulin sensitivity. There are some limitations to the present study. While the 

HFD was designed to be high in saturated fat, our study was designed to compare 

the effects of a low vs high fat diet and not specifically designed to compare 

saturated fat vs. other types of fat. Thus, conclusions about the effect of the high 

saturated fat content vs total fat content cannot be made.  Second, because of the 

small sample size and four week time period, small effects of the LFD on insulin 

sensitivity might have been missed. Third, we studied subjects with normal glucose 

tolerance and normal liver enzymes. Thus, our findings reflect relatively healthy 

overweight/obese adults who may be more able to quickly adapt to changes in 

dietary lipid intake. The results therefore cannot necessarily be extrapolated to 

individuals with impaired glucose metabolism or diabetes. Additionally, the HFD 

contained very high fat and saturated fat, which is not typical of a diet consumed by 



158 

 

free living individuals. Finally, the complexity of dietary composition manipulation 

does not permit matching of all nutrients. While maintaining protein intake stable, as 

dietary fat content decreases, carbohydrate content increases and vice versa. The 

very low carbohydrate content on the HFD also prevented matching of fructose 

content, although this was limited in all diets. The higher fructose content in the LFD 

is unlikely to have impacted our results as the average difference between the control 

and LFD diet was only 12 g per day and both were relatively low in fructose. We did 

match fiber intake as this has been shown to affect glucose metabolism [49].  

 

CONCLUSIONS 

Based on a significant decrease in insulin sensitivity after a diet high in fat and 

saturated fat we conclude that such a diet may be detrimental for glucose 

homeostasis and could contribute to the development of type 2 diabetes. While the 

low fat, low saturated fat diet did improve intravenous glucose tolerance (Kg), we 

failed to observe any improvement in insulin sensitivity. We hypothesize that this 

could be related to counterbalancing effects of higher carbohydrate intake driving de 

novo synthesis of detrimental fatty acids. 
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Table 1: Diet composition 

 Control LFD LFD Control HFD HFD 

Daily energy (kcal) 3284 ± 125 3321 ± 150 3140 ± 120 3208 ± 92 

Fat (% of total energy) 35.8 ± 0.6 20.2 ± 0.0031 35.2 ± 0.02 54.8 ± 0.05 2,3 
 

Saturated fat (% of total energy) 11.9 ± 0.4 7.7 ± 0.011 11.6 ± 0.02 23.7 ± 0.05 2,3 

MUFA (% of total energy) 16.7 ± 0.1 7.7 ± 0.01 1 16.6 ± 0.04 22.2 ± 0.06 2,3 

PUFA (% of total energy) 4.7 ± 0.01 3.0 ± 0.01 1 4.7 ± 0.03 5.2 ± 0.04 2,3 

n-6 PUFA (% of total energy) 2.7  ±  0.05 2.04  ±  0.02 1 2.8 ±  0.04 3.8  ±  0.06 2,3 

n-3 PUFA (% of total energy) 0.12 ± 0.003 0.19 ± 0.002 1 0.13 ± 0.001 0.30 ± 0.002 2,3 

Cholesterol (mg/day) 378 ± 10 492 ± 21 1 352 ± 11 506 ± 17 2 

Trans-fat (% of total energy) 0.79  ±  0.04 0.53  ±  0.01 1 0.8  ±  0.04 1.37  ±  0.01 2,3 

Protein (% of total energy) 17.9 ± 0.01 18.1 ± 0.02 17.8 ± 0.01 17.8 ± 0.03 3 

Carbohydrate (% of total energy) 46.4 ± 0.6 61.7 ± 0.02 46.9 ± 0.01 27.4 ± 0.05 2,3 

Total fiber (g/day) 47.2 ± 2.0 46.1 ± 2.1 45.8 ± 1.8 39.8 ± 1.3 2,3 

Fructose (g/day) 34.1 ± 1.8 46.1 ± 2.1 1 33.1 ± 1.4 10.0 ± 0.3 2,3 

Data for the study diet composition is inclusive of all subjects who completed the control and 

corresponding LFD or HFD (n = 10 for each). Mean diet composition data for the subset of subjects (n = 

7) who completed both diet protocols is not listed separately here, but was similar to those who 

completed only one of the intervention diets. All data are reported as mean ± SEM. Abbreviations: 

MUFA = mono-unsaturated fatty acids, PUFA = poly-unsaturated fatty acids. 1 p < 0.017 compared to 

CONT LFD.2 p < 0.017 compared to CONT HFD.3 p < 0.017 HFD vs. LFD for the 7 subjects who 

completed both diet interventions. 
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Table 2: Effects of diets on body weight, liver fat, glucose metabolism, abdominal fat distribution and other metabolic parameters 

 Low-fat diet High-fat diet  

 

Control LFD Change Control HFD Change 

Difference 

mean between the 

change on LFD vs. HFD 

(95% CI) 

Sex (M/F)  9/1   7/3   

Weight (kg) 100.7±4.1 100.5±4.4 -0.51±0.47 104.0±5.8 104.1±5.9 0.06±0.37 -0.6 (-1.8; 0.6) 

Fasting glucose (mmol/l) 5.3±0.18 5.4±0.22 0.01±0.11 5.3±0.18 5.3±0.16 -0.03±0.12 -0.003 (-0.3; 0.3) 

Fasting insulin (pmol/l) 96.5±14.6 88.9±13.9 -7.6±8.3 115.3±25.7 104.2±22.9 -11.8±9.7 25.0 (-178.5; 229.2) 

Rd-low (mmol/min)  1.77±0.21 1.84±0.25 0.12±0.11 1.99±0.27 1.56±0.26 -0.37±0.15 1,2 0.49 (0.14; 0.83)  

Rd-high (mmol/min) 5.48±0.43 5.64±0.58 0.11±0.37  5.79±0.54 5.11±0.50 -0.71±0.26 1 0.82 (-0.09; 1.72) 

AIRg (pmol/L) 6254±825 5512±1059 -251.2±482 6682±1332 6051±1083 -625±573 374 (-1605; 2353)  

Kg (%/min)  1.8±0.19 2.3±0.3 0.26±0.12 1,2 2.4±0.3 2.1±0.3 -0.36±0.18  0.63 (0.21; 1.04)  

HIR index (EGP x fasting 

insulin; mmol.pM.min(-1)) 

11696±1596 12610±1774 105 (-3798;4128) 15249±3548 12387±3551 -1553 (-4720;1526) 1547 (-7170; 10265) 
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Basal EGP (mmol/min) 176±12 182±15 4.2±13.8 173±5.4 163±12 -19.3±12.1 23.5 (-19.2; 66.1) 

EGP supression (%) 59±3.7 58±6.2 -5.17±5.8 62±10.2 54±6.5 -7.7±7.8 2.6 (-14.1; 19.3) 

Liver fat (%) 9.4±2.4 7.2±2.4 -2.1±0.8 1 8.3±2.5 7.0±2.3 -1.2±0.7 -0.9 (-2.9; 1.1) 

IAF (cm3) 1479±331 1447±321 -74.3±54.3 1179±235 1202±238 17.2±63.4 -91.5 (-229.5; 46.4) 

SQF (cm3) 2440±316 2413±301 9.3±42.9 2704±478 2861±483 156.4±42.3 1,2 -147 (-271.7; -22.5)  

Adiponectin (µg/ml) 3.4±0.3 4.1±1.2 0.03±0.6 4.2±0.9 4.6±1.2 0.67±0.8 -0.65 (-2.9; 1.67) 

Leptin (µg/l) 13.9±3.3 15.1±3.3 0.9±0.6 17.3±3.5 16.8±4.1 -0.6±1.9 -1.5 (-5.3; 2.3) 

Data are presented as Mean±SEM or Median (p25;p75). 

Abbreviations: AIR = acute insulin response, Kg = glucose disappearance constant, EGP = endogenous glucose production, IAF = intra-abdominal fat, SQF = 

subcutaneous fat, Rd-low = rate of glucose disposal during low-level insulin infusion, Rd-high = rate of glucose disposal during high-level insulin infusion, 

Fasting glucose = average of (-10 min), (-5 min), (-1 min) during the IVGTT, Fasting insulin = average of (-10 min), (-5 min), (-1 min) during the IVGTT 

1p<0.05 vs. control; 2 p<0.05 LFD vs. HFD. 
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Table 3: The effect of a HFD and a LFD on VLDL fatty acids 

Abbreviation Trivial names Control  

(%) 

LFD  

(%) 

Change  

(%) 

Control  

(%) 

HFD  

(%) 

Change  

(%) 

Difference 

Mean (95% CI) 

Saturated fat         

16:0 Palmitic 24.65±0.77 27.31±1.15 2.7±1.11 25.43±0.62 25.57±0.51 0.5±0.6 2.26 (-0.07;1.59) 

18:0 Stearic 3.58±0.39 4.33±0.42 0.9±0.232 4.54±0.42 4.60±0.33 0.08±0.22 0.77 (0.23; 1.36) 

22:0 Behenic 0.04±0.01 0.04±0.00 -0.01±0.002 0.05±0.01 0.06±0.01 -0.01±0.01 -0.01 (-0.04; 0.01) 

MUFA         

16:1n7c Palmitoleic 3.19±0.27 3.49±0.28 0.55±0.122 3.27±0.31 2.98±0.29 -0.26±0.21 0.81 (0.36; 1.26) 

18:1n7c Vaccenic 2.15±0.13 2.19±0.10 0.06±0.05 2.23±0.13 2.22±0.09 -0.0006±0.07 0.06 (-0.08; 0.20) 

18:1n9c Oleic 35.88±1.34 32.28±0.93 -2.9±1.3 35.57±1.16 34.45±1.18 -0.4±0.9 -2.47 (-6.43; 1.48) 

20:1n9 Eicosenoic 0.29±0.02 0.26±0.02 -0.03±0.01 0.29±0.02 0.29±0.02 -0.004±0.02 -0.04 (-0.09; 0.01) 

n-6 PUFA         

18:2n6 Linoleic 19.49±1.49 18.15±1.64 -2.0±0.72 17.34±1.30 18.30±1.30 0.92±1.1 -2.88 (-5.27; -0.5) 

18:3n6 γ-linoleic 0.42±0.04 0.37±0.03 -0.06±0.03 0.39±0.04 0.39±0.05 0.0002±0.06 -0.06 (-0.19; 0.07) 

20:4n6 Arachidonic 1.32±0.10 1.30±0.10 0.02±0.09 1.22±0.07 1.31±0.11 0.09±0.12 -0.06 (-0.20; 0.08) 

22:5n6 Dpan-6 0.14±0.01 0.15±0.02 -0.01±0.01 0.13±0.02 0.15±0.02 0.02±0.02 -0.04 (-0.10; 0.02) 

22:2n6 Eicosadienoic 0.24±0.00 0.02±0.00 0.002±0.002 0.04±0.01 0.04±0.01 -0.004±0.005 0.01 (-0.00; 0.02) 
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20:3n6 Homo-γ-linoleic 0.40±0.03 0.40±0.03 -0.002±0.02 0.38±0.02 0.39±0.03 0.02±0.02 -0.02 (-0.09; 0.04) 

n-3 PUFA         

18:3n3 α-linolenic 1.01±0.14 1.15±0.09 0.05±0.17 1.04±0.11 0.99±0.13 -0.04±0.06 0.09 (-0.30; 0.48) 

20:5n3 Eicosapentaenoic 0.16±0.03 0.19±0.03 -0.006±0.04 0.16±0.02 0.17±0.02 0.009±0.02 -0.02 (-0.11; 0.08) 

22:5n3 Docosapentaenoic 0.32±0.04 0.34±0.04 0.06±0.03 0.31±0.03 0.38±0.06 0.07±0.03 -0.01 (-0.04; 0.02) 

22:6n3 Docosahexaenoic 0.46±0.05 0.48±0.09 0.01±0.03 0.35±0.06 0.43±0.07 0.06±0.04 -0.06 (-0.28; 0.16) 

Trans-fat         

18:2n6ct 9-cis 12-trans 

octadecaenoic 
0.18±0.01 0.18±0.02 0.006±0.006 0.19±0.01 0.19±0.02 -0.002±0.02 0.00 (0.00; 0.00) 
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FIGURE 1 

 

Fig 1. Glucose (A and B) and insulin (C and D) levels were well matched during the clamps.  The rate 
of glucose disposal (Rd) did not change on the LFD (E) but decreased on the HFD (F). There was no 
difference in free-fatty acid suppression after the LFD (G) and the HFD (H). Symbols: control prior to 
LFD open triangle and solid line; LFD solid triangle and dashed line; and control prior to HFD open 
circle and solid line; HFD solid circle and dashed line. Mean±SEM.  
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SUPPLEMENTAL FIGURE 1 

 

SUPPLEMENTAL FIGURE 1. Association between changes in insulin sensitivity (Rd = rate of glucose 

disposal during the low-level insulin infusion clamp) and changes in subcutaneous fat (A and B) and 

intra-abdominal fat (C and D). Symbols: LFD solid triangle; HFD solid circle.   



175 

 

SUPPLEMENTAL FIGURE 2 

 

SUPPLEMENTAL FIGURE 2. Association between changes in insulin sensitivity (Rd = rate of glucose 

disposal) and changes in VLDL 22:5n6. Rd during the low-level insulin infusion clamp (A and C). Rd 

during the high-level insulin infusion clamp (B and D). Symbols: LFD solid triangle; HFD solid circle. 
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CAPÍTULO 5 

 

 

CONSIDERAÇÕES FINAIS 
 
 

 
Os níveis de adiponectina circulante estão reduzidos na presença da 

síndrome metabólica e, ainda, diminuem com o aumento do número de critérios 

para síndrome metabólica. A relação da adiponectina com o colesterol HDL, os 

triglicerídeos e a gordura abdominal podem explicar em parte os menores 

níveis de adiponectina encontrados nos indivíduos que apresentam síndrome 

metabólica. Ainda, sugerimos que a inflamação subclínica e a resistência à 

insulina podem ser mecanismos que contribuem para a redução dos níveis de 

adiponectina. 

Com base nos achados da revisão sistemática e meta-análise, dentre as 

intervenções dietéticas avaliadas, as dietas com restrição de lipídios totais não 

demonstraram efeito na modificação da adiponectina circulante. Já a 

suplementação de ácido graxo poliinsaturado ômega-3 foi associada com 

aumento moderado da adiponectina. Em contrapartida, o ácido linoléico 

conjugado parece reduzir os níveis de adiponectina quando comparado ao 

grupo controle suplementado com gordura insaturada. Os achados em relação 

à suplementação de ômega-3 e ácido linoléico conjugado devem ser 

interpretados com cautela, visto que foi observada heterogeneidade entre os 

estudos. Outros ensaios clínicos randomizados devem ser conduzidos a fim de 

confirmar os achados desse estudo para que se possa se estabelecer 

intervenções dietéticas que aumentem os níveis de adiponectina e que tenham 
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impacto na saúde cardiovascular de indivíduos com pré-diabetes, diabetes e 

síndrome metabólica. Estes achados permitem uma melhor compreensão dos 

diferentes mecanismos pelos quais intervenções que modificam o teor e a 

qualidade da gordura da dieta, tais como o aumento da ingestão de ômega-3 

através do consumo de peixe e inclusão das oleaginosas na dieta usual, 

resultam em uma proteção para doença cardiovascular. 

Por fim, a dieta hiperlipídica rica em ácidos graxos saturados induz a 

resistência à insulina e relaciona-se ao desenvolvimento do diabetes tipo 2 

através de mecanismos independentes dos relacionados a variações nos níveis 

de adiponectina. Em indivíduos com excesso de peso e peso estável, a dieta 

restrita em lipídios, apesar de promover melhora da tolerância à glicose 

intravenosa, não melhorou a sensibilidade à insulina em quatro semanas de 

intervenção. Por conter elevado teor de carboidratos, a dieta restrita em lipídios 

possivelmente proporciona substrato para produção de ácidos graxos 

saturados através da lipogênese de novo o que pode contrabalançar os efeitos 

positivos para a sensibilidade à insulina desse padrão alimentar.   

 


