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1.   中英文摘要及關鍵詞 

1.1.  中文摘要 

第二型糖尿病(type 2 diabetes mellitus, T2DM)是常見的內分泌疾病，其致病機轉仍然未知。T2DM

病患者雖然可自行分泌胰島素，但其細胞無法有效接收或傳遞胰島素的訊息而產生胰島素阻抗性

(insulin resistance)；長期罹病患者的胰島素分泌能力也可能受損。許多因素可能會導致T2DM，其

中以遺傳因子和環境因素最受矚目。研究可引起代謝異常的遺傳基因有助於了解糖尿病的致病因素

及發展嶄新的治療與預防策略。許多研究已證實T2DM與慢性發炎反應有密切相關性，患者體內的

急性發炎蛋白與細胞激素濃度都會增高。本文的主旨為探討細胞激素第四型介白素(interleukin-4, 

IL-4)在T2DM和新陳代謝中的角色。根據本研究之基因型分析結果，國人IL-4基因型與T2DM以及

受檢者之高密度膽固醇發病有相關性；此發現表示IL-4可能與葡萄糖/脂肪之代謝作用有關而參與

T2DM之致病。因此本實驗室進一步以細胞與動物模式檢測上述假說。實驗結果顯示IL-4可透過調

控Akt之磷酸化，提升胰島素敏感性與葡萄糖耐受性；此外，IL-4也抑制脂肪聚集而調控脂肪代謝

作用，減輕小鼠之體重與脂肪重量。簡而言之，本研究除發現IL-4基因型與T2DM之發病有關之外，

亦證實IL-4透過提高胰島素敏感性與葡萄糖耐受性並抑制脂肪堆積而調節葡萄糖/脂肪之代謝作

用。上述結果提供IL-4調控代謝作用之嶄新角色，也提出免疫作用、胰島素敏感性與新陳代謝三者

交互作用之證據。 

關鍵詞: 細胞激素、新陳代謝、介白素、糖尿病
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1.  中英文摘要及關鍵詞  

1.2. Abstract and Keywords 

Type 2 diabetes mellitus (T2DM) is usually caused by insulin resistance, and often combined with 

progressive defect in insulin secretion. However, the etiology of T2DM remained unknown. Among 

various factors which lead to the onset of T2DM, host genetics and environmental factors are the focus of 

discussion. Identification and characterization of specific genes that can result in metabolic abnormalities 

are helpful for the effective prevention and therapeutic intervention of diabetes mellitus. Accumulating 

evidences have proved that T2DM is closely correlated with chronic inflammation, with increased levels 

of circulatory acute response proteins and cytokines in affected subjects. The aim of the present study is to 

investigate the roles of cytokines, mainly interleukin-4 (IL-4) in metabolism and T2DM. Significant 

association between IL-4 secreting genotypes and T2DM as well as that between the IL-4 genotypes and 

the lower circulatory HDL-C level was observed. It indicated that IL-4 levels might contribute to T2DM 

pathogenesis through participating in the regulation of lipid and glucose metabolism. We further 

elucidation the roles IL-4 in the diabetic pathogenesis as well as interactions between adipose tissues and 

immune responses. Our results reveal that IL-4 improves insulin sensitivity and glucose tolerance through 

up-regulating Akt phosphorylation while attenuating GSK-3β activities. IL-4 is also involved in lipid 

metabolism by inhibiting lipid accumulation in fat tissues which lead to decreased weight gain and fat 

mass. The above results suggest that IL-4 regulates glucose and lipid metabolism by promoting insulin 

sensitivity, glucose tolerance, and inhibiting lipid deposits. The present study uncovers the novel roles of 

IL-4 in metabolism and provides new insights in the interaction between cytokines/immune responses, 

insulin sensitivity and metabolism. Accomplishments of the immune-related genetic studies in a particular 

ethnic population can lead not only to the understanding of the interactions between immune responses 

and T2DM, but also potential clues for the designing of personalized type 2 diabetic treatment in the 

future. 

Keywords: interleukin-4, glucose/lipid metabolism, insulin sensitivity, type 2 diabetes mellitus 
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2.1. INTRODUCTION 

Insulin resistance, the major cause of type 2 diabetes mellitus (T2DM), is occurred when 

insulin-target cells can not effectively transduce insulin signaling and eventually become less sensitive to 

insulin stimuli. The consequences of impaired insulin signaling include reduced glucose uptake and 

disposal as well as increased hepatic gluconeogenesis.1 In addition to T2DM, abundant evidence 

demonstrates that insulin resistance also plays an important role in other metabolic abnormalities, such as 

obesity, dyslipidemia, hypertension and cardiovascular diseases.2,3 

    T2DM is a chronic inflammatory state of elevated circulatory pro-inflammatory cytokines, such as 

interleukin-1β, interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α).4,5 These increased cytokines act 

as negative regulators to modulate glucose homeostasis and contribute as a link between immune 

responses and T2DM. Excessive intake of glucose and macronutrients also induce oxidative stress and 

cytokine mediators, which subsequently block insulin signaling.6-10 Triacylglycerols storage in adipose 

tissues is impaired by chronic inflammation, which leads to the elevation of circulating free fatty acids 

(FFA) and triacylglycerols, and eventually insulin resistance.11 Accordingly, cytokines are associated 

with systemic insulin resistance, metabolic diseases and diabetes. Therefore, it is tempting to determine 

whether other cytokines are also involved in the pathogenesis of T2DM. 

Interleukin-4 (IL-4) is a pleiotropic cytokine secreted by activated Th2 cells, FcεR1+ cells and 

eosinophils. IL-4 plays an important role in inflammatory reactions by modulating growth, differentiation 

and cytokine production.12 While IL-4 signaling is known to trigger phosphorylation of insulin receptor 

substrate 2 (IRS2),13,14 chronic insulin and glucose treatment attenuates IL-4-dependent IRS2 

phosphorylation.15 It suggests that IL-4 can positively regulate insulin signaling pathway. In addition, our 

recent study reveals a significant association between IL-4 genotypes and T2DM.16 Nevertheless, the 

influence of IL-4 on metabolism has not been extensively addressed and deserves further investigation. In 

this context, the present study aimed at investigating in vivo effects of IL-4 on metabolism using mice 

T2DM model induced by single low-dose STZ administration and high-fat diet (HFD).17-20 Our results 

show that IL-4 overexpression leads to better glucose utilization. In addition, body weights and fat mass 

of mice with IL-4 treatment are significantly lower than their counterparts. These observations suggest 

that IL-4 is involved in mediating glucose and lipid metabolism. 
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2.2. MATERIALS AND METHODS 

Cell culture and adenovirus expansion 

Human AD293 embryonic kidney cells were cultured in DMEM containing glucose (4.5 g/L) and 10% 

FBS. Recombinant adenoviruses expressing IL-4 (AdIL-4) and β-galactosidase (AdLacZ, as a negative 

control) were kindly provided by Dr. Nagayama.21 AdIL-4 and AdLacZ were respectively propagated in 

AD293 cells and purified by cesium chloride density gradient ultracentrifugation, followed by dialysis in 

PBS with 10% glycerol. Number of viral particles was determined by measuring the absorbance at 260 

nm. 

Animal experiments 

All mice were obtained from National Laboratory Animal Center and caged in groups of 5. For 

adenovirus experiments, 8-week-old male C57BL/6 mice were i.p. injected twice (once daily for 2 

consecutive days) with 5 x 1011 particles of AdIL-4 or AdLacZ. The adenovirus-injected mice were i.p. 

administered with STZ (100 mg/kg; Sigma-Aldrich, St Louis, MO, USA) on the second day.21 

Intraperitoneal glucose tolerance test (IGTT), intraperitoneal insulin tolerance test (IITT) and circulatory 

biochemical parameters were assessed on the third day. For long-term IL-4 administration experiments, 

4-week-old C57BL/6 mice were fed with HFD (60% kcal) or standard diet (SD), and i.p. administered 

with IL-4 (1,000 pg per mouse; BD Pharmingen) every other day for 8 weeks. Then the mice were 

sacrificed after IGTT, IITT and biochemical tests were performed. In IL-4 neutralization experiments, 

BALB/c mice with relatively high IL-4-secreting ability were used instead of low IL-4-secreting 

C57BL/6 mice.22 Four-week-old male mice were first fed with SD or HFD for 10 weeks, then divided to 

4 groups: (1) SI group received i.p. STZ-injection followed by IL-4 antibody administration on the 

second, third and fifth day (50 µg per mouse; Biosource, Camarillo, CA, USA); (2) IS group received 

IL-4 antibody administration on the first, second and fifth day, and STZ injection on the third day; (3) 

STZ group received only STZ treatment on the first day; and (4) Control group received citrate buffer 

(0.05 M, pH 4.5; USB, Cleveland, Ohio, USA) administration. Then the mice were sacrificed after IGTT, 

IITT and biochemical tests were performed. Animal protocols were reviewed and approved by the Chung 

Shan Medical University animal studies committee. 

IGTT, IITT and blood parameters 

IGTT was performed and blood glucose was measured using OneTouch monitoring system (LifeScan) 

before and after i.p glucose injection (2 g/kg; Sigma-Aldrich, Steinheim, Gremany) at the indicated time. 

IITT was conducted and blood glucose was monitored at the time points indicated after i.p. injection of 
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recombinant human insulin (1 U/kg; Eli Lily, Indianapolis, IN, USA). Serum levels of insulin (Mercodia, 

Uppsala, Sweden), IL-4 (R&D, Minneapolis, MN, USA), leptin (Millipore, Billerica, MA, USA), 

adiponectin (Millipore, Billerica, MA, USA), and FFA (BioVision, Mountain View, CA, USA) were 

measured after overnight fast using ELISA kits according to manufacturers’ instruction. The epididymal 

fat pads were taken and weighted, and the adipocytic cross-sectional areas from staining images were 

calculated. 

Western blot 

Protein extracts from muscle and epididymal fat tissues were obtained after the tissues were homogenized 

using T-PER tissue protein extraction reagent (Pierce, Rockford, IL, USA) supplied with phosphatase and 

protease inhibitors (Roche, Indianapolis, IN, USA). Protein lysates were normalized using Bio-Rad 

protein reagent and resolved by SDS-PAGE, then electrotransferred to PVDF membrane. The membranes 

were blocked and incubated with mouse anti-actin monoclonal IgG (Abcam, Cambridge, UK), mouse 

anti-phospho-Akt serine 473, rabbit anti-Akt, rabbit anti-phospho-GSK3β serine 9 and rabbit anti-GSK3β, 

respectively. All primary antibodies were purchased from Cell Signaling (Danvers, MA, USA), except 

where otherwise indicated. Then, membranes were incubated with HRP-conjugated anti-mouse or 

anti-rabbit antibodies. Results were developed using ECL reagents and quantitated by densitometer. All 

secondary antibodies and ECL reagents were purchased from Millipore (Temecula, CA, USA). 

Statistical Analysis 

Results were presented as Mean ± SEM and the significant difference between groups was analyzed by 

one-way or two-way ANOVA using SPSS software. Statistical difference was defined as p<0.05 for all 

test.
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2.3. RESULTS 

Effects of in vivo IL-4 overexpression on glucose metabolism  

To establish a mouse model with high IL-4 levels, 8-week-old C57BL/6 mice were first subjected to 

i.p. injection with AdIL-4, followed by STZ treatment (AdIL-4 mice). Mice with either citrate buffer 

(control mice) or AdLacZ administration and STZ treatment (AdLacZ mice) were served as controls. 

Serum IL-4 level of AdIL-4 mice (10.16±1.72 pM) was significantly higher than that of control 

(1.17±0.44 pM) and AdLacZ (1.64±0.65 pM) mice (Table 1). It indicated that the adenovirus 

administration can successfully turn the low-IL-4 secreting C57BL/6 mice into high-IL-4-expressing 

animal model. Biochemical parameters including adiponectin, leptin, insulin, and FFA were then 

analyzed to examine the effects of in vivo IL-4 overexpression on metabolism. As listed in Table 1, levels 

of adiponectin, leptin and insulin were all significantly increased in AdIL-4 mice. AdIL-4 mice had 

higher FFA levels, however, this difference did not reach statistical significance.  

The effects of IL-4 overexpression on glucose homeostasis and insulin sensitivity were subsequently 

examined. The results showed that IGTT curves from control and AdLacZ mice were quire similar (Fig. 

1A). Whereas, AdIL-4 mice demonstrated better glucose tolerance with a lower peak glucose level 

(approximately 13.89 mM) and a shorter time required for reaching glucose homeostasis (about 90 min). 

Consistent with the IGTT observations, IITT results showed that insulin sensitivity and glucose tolerance 

of AdIL-4 mice were significantly better than that of control and AdLacZ mice (Fig. 1B).  

Effects of IL-4 neutralization on glucose metabolism 

To verify the above observations, high IL-4 producing BABL/c mice were used to examine if the 

effects of IL-4 on metabolism could be reversed by depleting IL-4. BALB/c mice were first fed either 

with SD or HFD for 10 weeks, and their IL-4 bioactivities were neutralized before or after STZ treatment 

as described in Methods. IGTT results showed that blood glucose of all the mice groups with SD reached 

the peak levels at about 30~40 min, with high glucose levels sustained till 120 min in SI, IS and STZ 

mice (Fig. 1C). Interestingly, blood glucose levels in mice with IL-4 neutralization (SI and IS) were 

consistently and significantly higher than mice without IL-4 depletion (control and STZ; Fig. 1C). Similar 

phenomena were also observed in HFD-fed mice: glucose levels in mice with IL-4 neutralization 

remained high still 120 min after glucose injection, compared to control and STZ mice groups (Fig. 1D). 

These data suggested that mice with IL-4 overexpression had better glucose tolerance and metabolism.  

Effects of in vivo IL-4 on Akt and GSK3β phosphorylation 

To further examine the mechanism of IL-4 promoting glucose tolerance, influences of IL-4 to the 
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activity of the insulin downstream signaling mediators, Akt and GSK3β, were explored. Akt 

phosphorylation were significantly increased in muscle cells of AdIL-4 mice; whereas, no significant 

alterations of Akt phosphorylation were observed in epididymal fat (Table 2). It suggests that the 

IL-4-improved glucose tolerance might result from enhancing insulin action by up-regulating Akt 

activities in muscle cells. On the contrary, levels of phosphorylated GSK3β were decreased in AdIL-4 

mice (Table 2). 

Effects of long-term IL-4 treatment on lipid and glucose metabolism 

The in vivo elevated IL-4 levels in mice with AdIL-4 administration could only last transiently for 

about 3 days. For creating mice model with long-term high IL-4 levels, mice were i.p. injected with 

recombinant IL-4 every other day for 8 weeks, and fed with either SD or HFD. Our results showed IL-4 

levels in mice with IL-4 administration (IL-4, 12.02 ± 3.90 pM; HFD+IL-4, 11.34 ± 4.21 pM) were 

significantly higher than their counterparts (control, 3.14 ± 1.78 pM; HFD, 3.19 ± 1.33 pM; Table 1). It 

indicated that mice model with long-term high IL-4 levels can be achieved by this strategy. Similar trend 

were also observed in serum levels of adiponectin and FFA, with IL-4-treated mice having higher levels 

than control and HFD mice (Table 1). However, leptin levels were decreased in IL-4-treated groups (IL-4, 

0.30 ± 0.12 nM; HFD+IL-4, 0.47 ± 0.10 nM), compared to mice without IL-4 treatment (control, 0.49 ± 

0.09 nM; HFD, 0.82 ± 0.11 nM; Table 1). 

Interestingly, body weights and fat mass of mice with IL-4 treatment (IL-4 and HFD+IL-4 mice) 

were significantly lower than the counterparts without IL-4 injection (Fig. 2A and Table 3; with the 

original data of Fig. 2A listed in Table S1). Weights of the epididymal fat pads were decreased in 

IL-4-treated mice (IL-4, 0.16 ± 0.02 g; HFD+IL-4, 0.92 ± 0.31 g), compared to the mice without IL-4 

treatment (control, 0.28 ± 0.03 g; HFD, 1.08 ± 0.09 g; Table 3). The adipocytic cross-sectional areas in 

IL-4-treated mice were significantly smaller (with relative ratio to control mice: IL-4, 0.61 ± 0.03; HFD, 

1.19 ± 0.05; HFD+IL-4, 1.01 ± 0.06; Table 3). The same phenomenon was also observed in epididymal 

adipocytes of AdIL-4 administered mice (with relative ratio to control mice: AdLacZ, 1.03 ± 0.11; 

AdIL-4, 0.66 ± 0.07; Table 3). Taking the results of decreased fat mass and the increased serum FFA 

levels (Table 1) in IL-4-treated mice together, it implied that overexpressed IL-4 may inhibit lipid 

accumulation in fat tissues and lead to the elevated levels of circulatory FFA. 

IGTT and IITT were then conducted to analyze the effects of long-term IL-4 treatment on glucose 

and insulin tolerance. Consistent with the results from adenovirus administration experiments, 

IL-4-treated mice (IL-4 and HFD+IL-4) had better glucose tolerance than their control counterparts, with 

a shorter time required for reaching glucose homeostasis (IL-4, 60 min; HFD+IL-4, about 90 min) after 

glucose injection (Fig. 2B). Likewise, the IITT results showed that insulin sensitivity and glucose 
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tolerance of IL-4-treated mice were significantly better than that of the corresponding control mice (Fig. 

2C). 

Effects of long-term IL-4 treatment on Akt and GSK3β phosphorylation 

The Akt phosphorylation was significantly decreased in muscle of HFD+IL-4 mice; nevertheless, it 

was dramatically increased in the epididymal fat of IL-4 and HFD+IL-4 mice (Table 2). It suggested that 

under long-term IL-4 treatment, the improved glucose tolerance and insulin sensitivities might result 

mainly from the enhanced insulin action by up-regulating Akt activities in fat tissues. The levels of 

phosphorylated GSK3β were significantly decreased both in the muscle and fat tissues of IL-4 and 

HFD+IL-4 mice, comparable to the results from adenovirus experiments, (Table 2). 



 11 

2.4. DISCUSSION 

T2DM is associated with chronic inflammation. Although the correlation between IL-6/TNF-α and 

insulin resistance has been extensively studied,23-25 relatively few is known about the roles of other 

cytokines in diabetic pathogenesis. IL-4, another cytokine secreted by Th2 cells, participates in the 

regulation of inflammation by modulating expression of other pro-inflammatory cytokines and 

inflammation mediators.26,27 Our present study uncovers the roles of IL-4 in glucose/lipid metabolism and 

insulin sensitivity using animal model.  

In AdIL-4 experiments, our results suggest that transient IL-4 treatment improves glucose tolerance 

and insulin sensitivity (Fig. 1, A&B). This effect is also observed in the IL-4 neutralization experiments, 

in which glucose tolerance and insulin sensitivity are exacerbated in mice injected with IL-4 antibodies 

(Fig. 1, C&D). In mice with long-term exposure to high IL-4 levels, the capacity of IL-4 to promote 

glucose tolerance and insulin sensitivity is further confirmed (Fig. 2). Interestingly, while Akt 

phosphorylation is significantly induced in muscle of mice with transient IL-4 treatment, it is significantly 

induced in fat cells of mice with long-term IL-4 exposure (Table 2). It indicates that better glucose 

tolerance and insulin sensitivity under IL-4 treatment may be resulted from its capacity to promote insulin 

signaling. 

In addition to the roles in promoting insulin signaling, the observation that insulin levels are 

significantly increased in AdIL-4 mice (Table 1) implies transient IL-4 treatment promotes 

insulin-secreting function of β-cells. The results that both transient and long-term IL-4 treatments 

significantly inhibit GSK3β phosphorylation in muscle and fat cells (Table 2) support the previous 

evidence that IL-4 mediates glucose metabolism by regulating glycolytic enzymes.28,29 It is intriguing that 

IL-4 promotes glucose tolerance through activating Akt activities while suppressing GSK3β 

phosphorylation. There are 2 possible explanations to this contradictory observation. First of all, IL-4 

might display differential regulatory function to different insulin-targeted organs for maintaining 

metabolic hemeostasis. The reduced GSK3β activities in muscle and fat tissues might not be applied to 

liver, the critical target organ of glycogen synthesis. Besides, a recent study reveals that fibroblast growth 

factor 19 facilitates postprandial hepatic protein and glycogen synthesis through a insulin-independent 

pathway.30 Therefore, the downregulated GSK3β activities in fat and muscle cells may not represent that 

glycogen synthesis is suppressed in hepatocytes. Secondly, this contradictory regulatory effect of IL-4 

might be in response to the increased energy needs from cells to maintain homeostasis for avoiding 

cellular apoptosis, as previous described.31 

Production of the pro-inflammatory cytokine IL-6 is essential to induce glucose intolerance and 
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insulin resistance.25 Lee et al. reveals that the genetic inactivation of PKCζ  leads to a 

hyper-inflammatory state with increased synthesis of pro-inflammatory cytokine IL-6 in obese mice 

which are more glucose intolerant and insulin resistant.32 Their study shows that PKCζ is a critical 

negative regulator of IL-6 in the control of obesity-induced inflammation because the glucose intolerance 

and insulin resistance phenotypes are corrected to normal by silencing IL-6 expression in PKCζ-deficient 

mice. The positive regulatory role of IL-4 to glucose tolerance and insulin sensitivity uncovered by this 

study is consistent to the conclusion from Lee et al. since PKCζ serves as a critical role in the 

anti-inflammatory effects of IL-4.33,34 Accordingly, it supports our hypothesis that the positive regulatory 

role of IL-4 to glucose tolerance and insulin sensitivity may originate from its anti-inflammatory function 

by inhibiting the production of cytokines inducing insulin resistance, such as TNF-α and IL-6.35 

    Our results also suggest that IL-4 participates in lipid metabolism by regulating the circulatory levels 

of adiponectin and leptin. Intriguingly, adiponectin and leptin levels are both elevated under transient IL-4 

treatment; whereas leptin levels are significantly decreased in HFD mice with long-term IL-4 

administration. In addition, serum FFA levels are both increased after IL-4 treatments (Table 1). These 

data further support the capacity of IL-4 to promote insulin sensitivity and glucose metabolism because 

adiponectin has been shown to elevate insulin sensitivity and inhibit hepatic gluconeogenesis.36 However, 

the inducing ability of IL-4 to β-cell insulin secretion is not observed in long-term IL-4 experiments, 

discrepancy in leptin levels is also observed in mice with different duration of IL-4 treatment (Table 1). 

Elevated levels of leptin and IL-4 in rats with acute pancreatitis are reported for increasing pancreatic 

resistance against inflammatory damages.37 The increased levels of leptin in transient IL-4-treated mice 

support the suggestion of the above study, whereas, the food intake (e.g. HFD in this study) plays a 

dominant role in regulating leptin secretion. We suggest that the absence of induced insulin and leptin 

secretion under long-term IL-4 administration might be an adaption to the consistently elevated cytokine 

exposure for maintaining insulin levels and homeostasis. 

The weekly weight gain in the IL-4-treated mice is lower (IL-4 and HFD+IL-4; Fig. 2 and Table S1), 

moreover, long-term IL-4 treatment leads to a reduction of fat mass and the cross-sectional areas of fat 

cells (Table 2). As evidence has revealed that leptin secretion is positively correlated with the amount of 

adipose tissues,38 and adiponectin concentrations are reduced as adiposity increases,39,40 we suggest that 

the significantly slower weight gain might result from the increased lipolysis in fat cells, which leads to 

the elevated circulatory FFA in IL-4 treated mice. Although the exact underlying mechanisms await 

further investigation, our results support the previous report that IL-4 transgenic mice contain less and 

smaller sized dermal fat tissues.41 Our data also support another study in which documents that IL-4 

secretion and Akt activity are both promoted in fatless A-ZIP/F1 diabetic mice.42 
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  In summary, overexpression of IL-4 may promote glucose tolerance and insulin sensitivity through 

boosting insulin signaling by altering Akt and GSK3β activities. IL-4 is also involved in lipid metabolism 

by regulating adipokines and FFA levels. We suggest that IL-4 regulates metabolism by promoting insulin 

sensitivity, glucose tolerance, and inhibiting lipid deposits. The present study reveals evidence to uncover 

the novel roles of IL-4 in metabolism, and provide new insights in the interaction between 

cytokines/immune responses, insulin sensitivity and metabolism. 
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2.6. TABLES 

Table 1. Biochemical Profile of Mice Groups Divided by Treatment of Adenovirus Administration, IL-4 

and Diet 

 IL-4 
(pM) 

Adiponectin 
(pM) 

Leptin 
(nM) 

Insulin 
(nM) 

Free fatty acid 
(mM) 

Adenovirus treatment*      

Control 1.17±0.44 185.67±4.3 0.08±0.02 0.06±0.01 8.56±3.57 

AdLacZ 1.64±0.65 187.67±15.67 0.41±0.16a 0.28±0.19 9.96±2.67 

AdIL-4 10.16±1.72a,b 216.0±6.3a,b 0.58±0.10a 0.79±0.21a,b 14.7±3.14 

IL-4/diet treatment**      

Control 3.14±1.78 185.67±6.0 0.49±0.09 0.08±0.01 7.39±0.88 

IL-4 12.02±3.90c 206.33±14.67 0.30±0.12 0.10±0.002 8.25±1.52 

HFD 3.19±1.33d 235.33±10.7c 0.82±0.11c,d 0.09±0.01 13.9±3.74 

HFD+IL-4 11.34±4.21c,e 251.67±17.0c,d 0.47±0.10e 0.10±0.03 20.3±4.67c,d 

*8-week-old mice fed with standard chow diet were subjected to i.p. adenovirus injection. All parameters were 

measured after 16 hours of overnight fast. Data were presented as Mean ± SEM; n=7. ap<0.05 versus control; 
bp<0.05 versus AdLacZ. 

**4-week-old mice were subjected to i.p. IL-4 injection every 2 days and fed with either SD or HFD diet for 

8 weeks. All parameters were measured as described. Data were presented as Mean ± SEM; n=5-10. cp<0.05 

versus control; dp<0.05 versus IL-4; 
ep<0.05 versus HFD.
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Table 2. Relative Levels of Phosphorylated Akt and GSK3β of Muscle and Epididymal Fat in Mice Groups 

Divided by Treatment of Adenovirus Administration, IL-4 and Diet 

Epididymal  Muscle  

pAkt/Akt pGSK3β/GSK3β   pAkt/Akt 
pGSK3β/GSK3

β  

Adenovirus treatment      

Control 0.26±0.03 0.33±0.21  0.20±0.03 0.90±0.27 

AdLacZ 0.30±0.04 0.13±0.04  0.22±0.01 1.07±0.09 

AdIL-4 0.24±0.06 0.03±0.01a  0.35±0.02a,b 0.10±0.02a,b 

IL-4/diet treatment      

Control 0.26±0.02 2.04±0.22  0.65±0.04 0.47±0.08 
IL-4 1.97±0.39c 1.26±0.04c  0.85±0.08 0.24±0.08c 
HFD 0.68±0.17d 1.55±0.27  1.24±0.65 0.48±0.03d 
HFD+IL-4 1.76±0.29c,e 1.37±0.19c  0.57±0.05e 0.40±0.02c,e 

*Data are presented as mean ± SEM which indicate the relative levels of phosphorylated protein using actin 

as represent an internal control. ap<0.05 versus control mice in adenovirus treatment; bp<0.05 versus 

AdLacZ; cp<0.05 versus control mice in IL-4/diet treatment; dp<0.05 versus IL-4; 
ep<0.05 versus HFD. 
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Table 3. Weights and Adipocytic Cross-sectional Areas of Epididymal Fat Pads in Mice Groups Divided by 

Treatment of Adenovirus Administration, IL-4 and Diet 

 Cross-sectional area (AU)*  Epididymal fat weight (g) 
Adenovirus treatment    

Control 1 ± 0.17  - 

AdLacZ 1.03 ± 0.11  - 

AdIL-4 0.66 ± 0.07a,b  - 

IL-4/diet treatment    

Control 1 ± 0.05  0.28 ± 0.03 

IL-4 0.61 ± 0.03c  0.16 ± 0.02 

HFD 1.19 ± 0.05d  1.08 ± 0.09c,d 

HFD+IL-4 1.01 ± 0.06d  0.92 ± 0.31c,d 

*Data are presented as mean ± SEM which indicate the relative ratios of cross-sectional areas (AU: 

arbitrary units) using that from corresponding control mice as control. ap<0.05 versus control mice in 

adenovirus treatment; bp<0.05 versus AdLacZ; cp<0.05 versus control mice in IL-4/diet treatment; dp<0.05 

versus IL-4.  
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2.7. FIGURES	  

     

     

 

Figure 1. Glucose Tolerance and Insulin Sensitivity Are Improved by IL-4 Overexpression. (A-B) 

IGTT and IITT were conducted in overnight-fasting control (-●-), AdLacZ (-○-), and AdIL-4 (-▼-) mice 

after adenovirus and STZ treatments, respectively. Data were expressed as Mean ± SEM; n=7. *p<0.05 v.s. 

AdIL-4. (C-D) IGTT was performed for overnight-fasting control (-∆-), SI (-●-), IS (-○-), and STZ (-▼-) 

mice after 10 weeks of SD (B) or HFD (C) feeding and treatment with IL-4 antibodies and/or STZ. Data 

were expressed as Mean ± SEM; n=4. *p<0.05 v.s. control; §p<0.05 v.s. STZ. 

(A) (B) 

(C) (D) 
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Figure 2. Effects of Long-term IL-4 Treatment on Body Weights and Glucose Metabolism. (A) Body 

weights of IL-4-treated mice groups (IL-4: -○-; HFD+IL-4: -∆-) were significantly increased than their 

control counterpart without IL-4 administration (control: -●-; HFD: -▼-). *p<0.05 v.s. control; #p<0.05 v.s. 

IL-4; §p<0.05 v.s. HFD; n=10. (B-C) Results of IGTT and IITT in mice with long-term IL-4 injection. Data 

were expressed as Mean ± SEM; n=5. *p<0.05 v.s. control; §p<0.05 v.s. IL

(A) 

(B) 

(C) 
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Type 2 diabetes mellitus (T2DM) is usually caused by insulin resistance, and often combined with 
progressive defect in insulin secretion. However, the etiology of T2DM remained unknown. Among 
various factors which lead to the onset of T2DM, host genetics and environmental factors are the 
focus of discussion. Identification and characterization of specific genes that can result in metabolic 
abnormalities are helpful for the effective prevention and therapeutic intervention of diabetes mel-
litus. Accumulating evidences have proved that T2DM is closely correlated with chronic inflamma-
tion, with increased levels of circulatory acute response proteins and cytokines in affected subjects. 
The aim of this article is to provide a general overview on the epidemiology, classification, and roles 
of cytokines in metabolism and T2DM. In addition to focusing on the cytokines-related literatures 
of diabetic studies, a summary of our study results concerning the polymorphisms of cytokine genes 
among diabetic patients is also included. Accomplishments of the immune-related genetic studies in 
a particular ethnic population can lead not only to the understanding of the interactions between 
immune responses and T2DM, but also potential clues for the designing of personalized type 2 dia-
betic treatment in the future. 

Key words: cytokines; metabolism; interleukins; diabetes 
 

Epidemiology and Classification of Diabetes 
Mellitus 

Diabetes mellitus (DM) is a syndrome of abnormal me-
tabolism with inappropriate hyperglycemia due either to 
an absolute deficiency of insulin secretion or a reduction 
in the biologic effectiveness of insulin, or both. DM patients 
with long duration have the propensity to develop uni-
versal microangiopathy, neuropathy and atherosclerosis. 

Traditionally, diabetes is classified according to the 
patients’ age at onset of symptoms (juvenile-onset versus 
adult-onset). In 1997, the National Diabetes Data Group 
of American Diabetes Association recommended that 
DM be classified into one of two major types according 
to the correlation of diabetic onset and immune response: 
T1DM (T1DM; formerly designated as insulin-dependent 

DM, IDDM) and T2DM (T2DM; formerly designated as 
non-insulin dependent DM, NIDDM). T1DM is a severe 
form of DM and is associated with ketosis in the un-
treated state. It is a catabolic disorder in which circulating 
insulin is virtually absent, plasma glucagon is elevated, 
and the pancreatic β cells fail to respond to all known 
insulinogenic stimuli. T2DM is characterized by abnor-
mally high blood glucose resulting from a relative defi-
ciency of insulin [1]. Insulin secretion in T2DM patients 
is preserved, and such cases can be treated with dietary 
changes combined with oral antidiabetic drugs [2]. 
Therefore, patients are not necessarily dependent on ex-
ogenous insulin therapy to sustain life. Genetic factors 
are important in the aetiology of T2DM, and linkage 
studies have localized some of the genes that influence 
the development of this disorder [3, 4]. T2DM, in fact, 
comprises a heterogeneous group of the milder forms of 
diabetes, occurs predominantly in adults but may occa-
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sionally have its onset in childhood. Treatment of diabe-
tes and its complications are an increasing health-care 
burden in our society [5]. 

Diabetic patients worldwide are estimated to be ap-
proximately 200 million, among which approximately 
60~80% are obese [6]. The global prevalence of diabetes 
in year 2000 is about 2.8%, however, this prevalence is 
estimated to reach 4.4% in year 2030. Number of the 
diabetic patients is rapidly increasing globally. The 
population of global diabetic patients was 151 million in 
year 2000 and predicted to be 221 million in year 2010, 
with the increased rate of 46% within a single decade 
[5]. The prevalence of T2DM varies among different 
ethic populations, with the highest rate found in Pima 
Indians (as high as ~50%) [7]. Accompanied with the 
more and more westernized food-uptake habits, the liv-
ing standard of people in Taiwan has been continuously 
elevated. Unfortunately, the prevalence of chronic 
metabolic diseases such as cardiovascular diseases and 
diabetes are also increasing. In Taiwan, more than 98% 
of DM patients are characterized as T2DM [8], affecting 
more than 1 million individuals. Type 2 diabetic preva-
lence in Taiwanese population is much lower than that of 
Caucasians (4~16%) [9]. The discrepancy indicates that 
unique genetic characteristics and possibly distinct etio-
logical/environmental factors may be involved in the 
pathogenesis of T2DM in Taiwan.  

T2DM, Acute-phase Response and Immune 
Responses 

The etiology of T2DM is still an enigma. Though insulin 
resistance seems to be a central abnormality, the origin 
of the impaired insulin action and how it explains the 
many other abnormalities of T2DM await to be investi-
gated. Pickup et al. first discovered that blood concentra-
tions of acute-phase response markers, such as C-reactive 
protein and cortisol, as well as the cytokine mediators, 
such as interleukin-6 (IL-6), in circulation of type 2 dia-
betic patients are increased [8]. Since then, accumulating 
evidences have shown that T2DM is an acute-phase dis-
ease in which increased concentrations of cytokines are 
secreted from many cells under the influence of various 
stimuli such as overnutrition, increasing age, genetic or 
fetal metabolic preprogramming[10,11]. Their study 
implicated that acute inflammatory phenomena will result 
in glucose intolerance and diabetes, and many of the 
clinical biochemical features and the complications of 
T2DM may be explained by the augmented acute-phase 
response. Cytokines, mainly IL-1, IL-6 and tumor ne-

crosis factor-alpha (TNF-α), act on the liver to produce 
the characteristic dyslipidaemia of T2DM (increased 
very low density lipoprotein [VLDL] and decreased high 
density lipoprotein [HDL]) and may contribute to obe-
sity, hypertension and insulin resistance. Treating ani-
mals and humans with cytokine can induce hyper-
triglyceridaemia and insulin resistance [12,13]. For ex-
ample, TNF-α is a potent inhibitor of the tyrosine kinase 
activity of the insulin receptor and has been implicated 
in the insulin resistance of T2DM and obesity [14]. Re-
peatedly giving IL-1β in vivo to normal rats would result 
in reduced glucose-stimulated first-phase insulin release 
from the isolated islets, without altering the islet insulin 
content or ultrastructure [15]. Moreover, many observa-
tions suggest that diabetes may be associated with en-
hanced cytokine production, raising the possibility that 
some of the metabolic abnormalities associated with 
diabetes may be due to or exacerbated by cytokine over-
production [16-19]. 

Polymorphisms of Cytokine Genes and 
T2DM in Taiwan 

Accordingly, immune responses and inflammation are 
suggested to play certain roles in the development and 
complications of T2DM[10,11]. Among the elevated 
cytokines in T2DM subjects, IL-6 is one of the type 2 T 
helper cell (Th2) cytokines that contribute to the exquisite 
regulation of balance between Th1 and Th2 cells [re-
viewed in ref. 20]. In addition to IL-6, other cytokines 
that affect the Th1/Th2 balance include IL-4, IL-10, etc. 
Because proinflammatory cytokine production is in-
creased in T2DM, it is intriguing to investigate if other 
Th2 cytokines are also involved in the pathogenesis of 
T2DM. Additionally, cytokine production ability is tightly 
controlled at the level of gene transcription [20], that is, 
the promoter activity. Therefore, it is tempting for us to 
identify whether the promoter polymorphisms that in-
fluence the transcription activity and the resulting cyto-
kine secretion ability contribute to Taiwanese T2DM 
pathogenesis. 

For verifying the above hypothesis that cytokines 
and immune response are involved in T2DM pathogene-
sis, genomic DNA was extracted from peripheral blood 
cells of T2DM patients and control subjects, with their 
information of body height, weight, body mass index 
(BMI), age, clinical biochemical parameters including 
fasting blood glucose level, renal function index 
(creatinine [CRE] and blood urea nitrogen [BUN]), and 
lipid profile filed and analyzed. Ten polymorphisms of 4 
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cytokine genes (IL-4: -34T>C, -81A>G, -285C>T and 
-589T>C [manuscript revised in submission]; IL-6: 
-174G>C [7]; IL-10: -592A>C and -819T>C [21]; and 
TNF-α: G-238A and G-308A [22]) and the α chain of 
IL-4 receptor (IL-4Rα: E400A [manuscript in submis-
sion]) were subsequently investigated by polymerase 
chain reaction and restriction fragment length polymor-
phism. Several significant associations between these 
cytokine genes and T2DM and/or the clinical biochemical 
parameters were found using multiple linear regression 
analysis with adjustment for subjects’ age, sex and diabetic 
status (Table 1). First of all, polymorphisms in IL-4 (-34T>C 
and -589T>C) and IL-10 (-592A>C and -819T>C) were 
found to be associated with T2DM. Second, several 
polymorphisms, including IL-4 -589T>C, IL-4Rα E400A 
and TNF-α -238G>A were associated with circulatory 
HDL-C levels. Third, TNF-α -308G>A polymorphisms 
was associated with fasting glucose concentrations. 
Fourth, significant correlations between IL-4Rα E400A 
genotypes with blood pressure, as well as with BUN, 
were also observed in lean control subjects. 

Our observations suggested that while TNF-α 
polymorphisms are not associated with the prevalence of 
Taiwanese T2DM, its secretion levels might be linked to 
insulin resistance and diabetic complications. On the 
contrary, IL-10 polymorphisms may play certain roles in 
determining susceptibility to diabetes, but do not seem to 
be important in the clinical manifestations of T2DM. 
Notably, significant associations between IL-4 polymor-
phisms and HDL-C levels, as well as between polymor-
phisms in IL-4Rα and HDL-C levels, are identified. The 
correlation between IL-4Rα and the HDL-C levels is 
observed both in non-obese control individuals and the 

obese T2DM patients, which further implies that IL-4 
might be involved in HDL-C and lipid metabolism. It 
might be premature to make solid conclusion regarding 
the role of cytokines in lipid metabolism, nevertheless, 
in addition to the external environmental factors such as 
food intake and lifestyle, we hypothesize that genotypes 
of cytokine genes might be one of the internal factors 
which affect lipid metabolism. 

Possible role of IL-4 and IL-4α in Lipid 
Metabolism 

It is intriguing to explain the correlation between IL-4 
and lipid metabolism. In hypercholesterolemia, the ac-
cumulated low density lipoproteins (LDL) in the artery 
wall would be oxidized to release oxidation products that 
lead to activation of inflammatory responses. In mice 
model, severe hypercholesterolemia is associated with a 
switch to Th2 immune response, with increased IL-4 
expression in the atherosclerotic lesions [23]. IL-4 
mRNA can also be detected in atherosclerotic lesions in 
human body [24]. The microenvironmental IL-4 in the 
atherosclerotic lesions has multiple effects on athero-
genesis, such as the augmentation of LDL cholesterol 
esterification by a concentration- and time- dependent 
manner [25]. In addition, IL-4 can regulate the expres-
sion of 15-lipoxygenase (15-LO), a key enzyme in LDL 
oxidation [26, 27]. Elbe-Burger et al. further demon-
strated that the adipocyte layer in the dermis is reduced 
in IL-4 transgenic mice [28]. Accordingly, local micro-
environmental expression of IL-4 is suggested to be in-
volved in the atherogenic process. 

Table 1.  Association between cytokines polymorphisms and T2DM in Taiwan 
Association Genotype 

T2DM Clinical parameter 
Reference 

IL-4   [Manuscript revised in submission]
-34T>C + -  
-81A>G - -  
-285C>T - -  
-589T>C + HDL-C  

IL-4R   [Manuscript in submission] 
E400A - blood pressure 

BUN 
HDL-C 

 

IL-6    
-174G>C - - [7] 

IL-10    
-592A>C + - [21] 
-819T>C + -  

TNF-a    
-238G>A - HDL-C [22] 
-308G>A - Fasting glucose  
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IL-4Rα is a crucial component for binding and sig-
nal transduction of IL-4 [29]. It is reasonable that poly-
morphisms located in IL-4Rα, which alter the binding 
affinity to IL-4 or downstream signaling pathways and 
thus contribute to the fine tune of IL-4 responsive phe-
notypes, would also be linked to disease development. 
Several studies have reported that genetic polymor-
phisms of IL-4 and IL-4Rα are associated with genetic 
predisposition to diseases, possibly through their influ-
ences on the activity of these genes or their products 
[30-33]. Georgea et al. studied the influence of IL-4 to 
fatty streak formation using IL-4 knockout mice and 
found that HDL and triglycerides in the IL-4-deficient 
mice were higher [34]. In support of the previous stud-
ies, our observations provide further evidence that IL-4 
may be involved in lipid metabolism. We hypothesize 
that the contribution of IL-4Rα to HDL-C and lipid me-
tabolism is likely due to influencing the strength of both 
IL-4:IL-4R interaction and the downstream IL-4 signal-
ing, then eventually the lipid metabolism and the result-
ing diabetic incidence. Nevertheless, this speculation 
awaits further study. 

Inter-ethnic Differences in T2DM 

While more and more evidences regarding the investiga-
tion of cytokine genotypes in patients with T2DM are 
documented, some reported correlations are still contro-
versial because discrepancies among different studies 
exist. Ethnic differences may play a role in these con-
flicting results, as the distribution of genetic polymor-
phisms in a certain gene is diverse among study subjects 
with different racial origins.  

For example, the prevalence of IL-6 -174 C allele is 
reported to be ranged from 4.45% in Afro Caribbean 
[35], 13.85% in Gujarati Indians [35], 40~50% in Cau-
casians [36] to 62% in Spanish Caucasians [37]. Studies 
demonstrated that individuals carrying IL-6 -174C/C 
genotype have an increased insulin sensitivity index than 
carriers of the G allele with similar age and body com-
position [38, 39]. Study from Vozarova et al. [40] also 
demonstrated that the IL-6 -174G/G genotypes are asso-
ciated with T2DM in Spanish Caucasian subjects and 
American Indian subjects with non-Pima admixture. The 
above results demonstrated that individuals carrying IL-6 
-174 G allele would be more susceptible to develop in-
sulin resistance and T2DM. However, contradictory re-
sults existed. Insulin sensitivity, glucose oxidation rates 
and nonoxidative glucose disposal are decreased in 
healthy Finnish normoglycemic subjects with IL-6 -174 

C/C genotype, compared with the subjects carrying the 
heterologous C/G and homologous G/G genotypes [41]. 

Our previous report showed that the IL-6 -174G>C 
polymorphisms, which affects insulin sensitivity in 
Caucasians [40], is unlikely to play a role in develop-
ment of T2DM in Taiwanese, because no polymorphism 
has been identified at this position in our population [7]. 
Taken the results of IL-6 in diabetic studies together, it 
reflects the unique genetic characteristics and possible 
distinct etiological/environmental factors may be in-
volved in pathogenesis of Taiwanese T2DM. 

Conclusions 

Although the initiation and etiology of T2DM still await 
to be identified, accumulating evidences have proved the 
hypothesis that T2DM is a state of chronic inflammation, 
with increased acute phase proteins and various cyto-
kines. Genetic studies regarding the exploration of sus-
ceptible or resistant genes for T2DM could provide clues 
for understanding the mystery of diabetic pathogenesis 
and for future designing of diabetic treatment. Particu-
larly, the achievements of genetic studies in Taiwanese 
diabetic population should be able to echo the needs for 
the development of personalized medicine based on the 
contribution of distinct genetic heterogeneity to diabetic 
development and complications. Hopefully, this article 
can provide valuable references to this metabolic tragedy. 
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第二型糖尿病(type 2 diabetes mellitus, T2DM)是常見的內分泌疾病，其致病機轉仍然未知。T2DM
病患者雖然可自行分泌胰島素，但其細胞無法有效接收或傳遞胰島素的訊息而產生胰島素阻抗性

(insulin resistance)；長期罹病患者的胰島素分泌能力也可能受損。許多因素可能會導致T2DM，其

中以遺傳因子和環境因素最受矚目。研究可引起代謝異常的遺傳基因有助於了解糖尿病的致病因

素及發展嶄新的治療與預防策略。許多研究已證實T2DM與慢性發炎反應有密切相關性，患者體內

的急性發炎蛋白與細胞激素濃度都會增高。本文的主旨為討論糖尿病的流行病學與分類，以及細

胞激素在T2DM和新陳代謝中的角色。此外，本文亦納入本實驗室近年來有關T2DM病患細胞激素

基因型的研究結果，提供參考。特定族群的糖尿病免疫基因學研究結果不僅有助於釐清免疫反應

與T2DM的相關性，也可供發展個人化醫療與疾病預防的參考資訊。 
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Abstract

Many factors have been implicated in the onset of type 2 diabetes mellitus (T2DM). Recently, immune response and inflammation were
suggested to play certain roles in the development and complications of T2DM. The aim of this study is to investigate the putative correlation
between the promoter polymorphisms of interleukin-4 (IL-4), one of the immune-regulatory type 2 helper T-cell cytokines, and T2DM.
Genomic DNA from 425 Taiwanese T2DM patients and 148 nondiabetic control study subjects were extracted, and their IL-4 promoter
polymorphisms were analyzed by polymerase chain reaction–restriction fragment length polymorphism. Both of the distribution of IL-4
C-589T (P = .013) and C-34T (P = .05) genotypes were significantly different between T2DM patients and control subjects. Significant
association between IL-4 C-589T alleles (P = .002) and T2DM, as well as C-34T alleles and T2DM (P =.024), was also identified. In
addition, a statistically significant association between homologous IL-4 −589 C/C genotype and lower circulatory high-density lipoprotein
cholesterol levels was observed. Our results suggested that IL-4 promoter polymorphisms are associated with T2DM. A significant
association between IL-4 −589 C/C genotype and lower circulatory high-density lipoprotein cholesterol level was observed as well. The
above results suggested that IL-4 may participate in lipid metabolism and diabetic susceptibility.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (T2DM) is caused by insulin
resistance and often combined with symptoms of progres-
sive defect in insulin secretion. The number of the diabetic
patients is rapidly increasing globally, with an estimated
increased rate of 46% from year 2000 to 2010. The
prevalence of T2DM varies among different ethic popula-
tions, with the highest rate found in Pima Indians (as high

as ∼50 [1]). Type 2 diabetes mellitus prevalence in the
Taiwanese population (about 1.5%) is much lower than that
in whites (4∼16%) [2]. The discrepancy indicates that
unique genetic characteristics and possibly distinct etiologic/
environmental factors may be involved in the pathogenesis
of T2DM in Taiwan.

Many factors can lead to T2DM onset; however, host
genetic factors are the focus of discussion. Crook et al [3]
and Pickup et al [4] first proved that T2DM is an
inflammatory condition characterized by elevated concen-
trations of acute phase inflammatory reactants in the
plasma. These acute phase proteins are synthesized in liver
and stimulated by cytokines, mainly interleukin-1 (IL-1),
IL-6, and tissue necrosis factor-α. The circulatory IL-6
levels in T2DM patients are also increased, despite the
basal production of IL-6 in cultured diabetic blood cells
being markedly depressed [4,5]. Consequently, T2DM is
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an acute phase disease in which increased concentrations
of cytokines contributing to the regulation of balance
between Th1 and Th2 cells are involved [6,7]. These
studies implicate that acute inflammation will result in
glucose intolerance and diabetes, and many of the clinical
and biochemical T2DM features as well as its complica-
tions may be explained by the augmented acute phase
response. Moreover, many observations suggest that
diabetes may be associated with enhanced cytokine
production, raising the possibility that some of the
diabetes-associated metabolic abnormalities may be due
to or exacerbated by cytokine overproduction [8].

Accordingly, immune response and inflammation are
suggested to play certain roles in the development and
complications of T2DM. Type 2 T helper cell (Th2) cytokine
IL-6, which contributes to the exquisite regulation of Th1/
Th2 balance, is one of the well-studied cytokines in diabetic
research (reviewed by Paul and Seder [7]). In addition to
IL-6, other cytokines that affect the Th1/Th2 balance might
also participate in T2DM development. Therefore, it is
intriguing to investigate if other Th2 cytokines are involved
in the pathogenesis of T2DM. Nevertheless, studies
regarding the correlation between Th2 cytokines other than
IL-6 and T2DM are limited.

Interleukin-4, mainly secreted by activated T cells,
FcɛR1+ cells, and eosinophils, is an important anti-
inflammatory cytokine that can inhibit the secretion of
the proinflammatory cytokines from macrophages [9,10].
The production of IL-4 is tightly controlled at the level of
gene transcription [11]. Several single nucleotide poly-
morphisms (SNPs) have been identified in the promoter
region of the IL-4 gene, such as the SNPs located at
positions −589 (C to T), −285 (C to T), −81 (A to G), and
−34 (C to T) from the transcription start site [12-14]. These
SNPs have been identified to influence promoter strength
and thus mediate transcription and expression of IL-4 gene.
Several studies have examined the possible correlation of
IL-4 genotypes and type 1 diabetes mellitus (T1DM)
pathogenesis, with the association of IL-4 SNPs and T1DM
reported in some [15,16] but not all studies [17,18]. This
may be, in part, the result of different ethnic populations
being studied.

The putative association between IL-4 and the more
prevalent T2DM did not cause much attention until a recent
study demonstrated that the genetic polymorphisms of IL-4
intron-3 could serve as susceptibility indicators for T2DM
in the Indian population [19]. Therefore, it is tempting to
identify whether the IL-4 promoter polymorphisms that
influence the transcription activity and cytokine secretion
ability would contribute to T2DM pathogenesis. The
present study aimed at investigating if the IL-4 gene
promoter SNPs are associated with Taiwanese T2DM. To
inspect this hypothesis, the inheritance of the IL-4 promoter
SNPs among patients with T2DM and the association of
these polymorphisms with patients' biochemical features
were examined.

2. Materials and methods

2.1. Study subjects

Fasting venous blood samples were taken from 425
T2DM patients attending the diabetic clinic in the Depart-
ment of Internal Medicine, Chung Shan Medical University
Hospital. Fasting blood samples form 148 nondiabetic
control subjects were collected from the Physical Check
Up Unit, Taichung Veterans General Hospital. Written
consents were obtained from all the study subjects after the
nature of the procedure was explained. The information on
body height, weight, age, fasting blood glucose, and renal
function index (creatinine [CRE], blood urea nitrogen
[BUN]), etc; listed in Table 1) were collected for further
statistical analysis.

2.2. Analysis of IL-4 promoter polymorphisms

Genomic DNA was extracted from peripheral blood
mononuclear cells (PBMCs). An aliquot of the genomic
DNA (50-100 ng) was used for amplifying the promoter
region containing each polymorphism by polymerase chain

Table 1
Demographic and biochemical data of study subjects in this study

Control subjects
n = 148 (n = 98)b

T2DM patients
n = 425 (n = 328)b

Pc

Male/female 75/73
(48/50)

198/187
(166/162)

NS
NS

Age (y) 57.93±10.62
(58.16±10.91)

57.24±11.44
(57.07±11.56)

NS
NS

BMI (kg/m2) 24.52±3.40
(24.43±3.51)

25.36±3.27
(25.34±3.16)

.014

.021
Fasting glucose
(70-110 mg/dL)a

95.69±6.79
(96.07±6.63)

177.70±68.50
(180.38±70.65)

b.001
b.001

Systolic pressure
(120-140 mm Hg)a

125.42±19.18
(123.45±17.19)

134.76±18.56
(135.22±18.19)

b.001
b.001

Diastolic pressure
(70-90 mm Hg)a

79.20±10.38
(78.28±9.33)

80.30±10.80
(79.99±10.51)

NS
NS

BUN 15.86±5.09
(15.60±4.39)

17.54±8.00
(17.58±8.07)

.025

.023
CRE (0.6-1.4 mg/dL)a 1.11±0.42

(1.09±0.24)
1.04±0.44
(1.04±0.44)

NS
NS

Cholesterol
(125-240 mg/dL)a

201.18±37.51
(202.62±39.21)

198.2±42.22
(198.02±42.12)

NS
NS

HDL-C (N35 mg/dL)a 58.35±13.88
(59.24±14.58)

46.49±13.38
(46.52±13.43)

b.001
b.001

TC/HDL-C 3.59±0.90
(3.56±0.89)

4.50±1.31
(4.51±1.31)

b.001
b.001

Triglycerides
(20-200 mg/dL)a

142.54±125.52
(139.45±122.86)

184.00±153.24
(184.51±153.74)

.004

.008
Uric acid
(2.4-7.2 mg/dL)a

6.56±1.64
(6.79±1.67)

6.11±1.87
(6.12±1.88)

.021

.003

NS indicates nonsignificant; BMI, body mass index.
a Numbers in parentheses indicate the reference range of each

biochemical test.
b Numbers in parentheses indicate the information of each demo-

graphic and biochemical variables from the data of 98 control and 328
diabetic subjects with available IL-4 −34 genotypic results.

c Student t test.
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reaction (PCR). Generally, DNA amplification was per-
formed in a 20-μL volume containing 10 pmol of each
primer, 4.5 mmol/L MgCl2, 0.25 mmol/L of each dNTP,
1 unit Taq polymerase, and 1.5-mmol/L buffer with a 95°C
initial incubation for 5 minutes, followed by 30 amplification
cycles and a final extension. Promoter polymorphisms were
examined by restriction fragment length polymorphism
(RFLP). Specific primers and PCR conditions, and respec-
tive enzyme digestion and conditions in RFLP were as
described previously [20] and listed in Table 2.

2.3. Analysis of IL-4 secretion

Peripheral blood mononuclear cells were isolated from
whole blood using Ficoll-Paque (Pharmacia Biotech,
Uppsala, Sweden) gradient centrifugation. A total of 2 ×
106 PBMCs were cultured in RPMI medium (Hyclone,
South Logan, UT) containing 10% fetal bovine serum
(GIBCO, Mexico). After 24 hours of 10-μg/mL concanav-
alin A (Con A, Sigma, Steinheim, Germany) treatment,
secreted IL-4 by the activated PBMC was determined using
IL-4 enzyme-linked immunosorbent assay kit (R&D,
Minneapolis, MN).

2.4. Statistical analysis

Data analysis started with descriptive statistics, including
mean and standard deviation for continuous variables and
frequency for categorical variables. If necessary, natural
logarithm transformation was used to enhance normality for
blood biochemistry parameters with skewed distribution.
Student t test was applied for comparisons of age, body mass
index, and each of the blood biochemistry parameters
between diabetic subjects and controls; and χ2 test was
used for comparing frequencies of different genotypes and
sex between groups. Moreover, 1-way analysis of variance
was applied to compare means of respective blood
biochemistry parameters among subjects with different
IL-4 genotypes. Finally, multiple linear regression analysis
was used to assess the associations between IL-4 genotypes
and the biochemical parameters, with adjustment for diabetes

status, age, and sex. The statistical software of SAS version 8
(SAS Institute, Cary, NC) was applied for the analyses. An α
level of 0.05 was used for all statistical tests.

3. Results

Our study aimed at investigating the distribution of the
IL-4 promoter SNPs among control and T2DM subjects to
test the possible correlation between IL-4 genetic poly-
morphisms and T2DM. Polymorphisms of IL-4 C-589T
were successfully investigated in all study subjects,
whereas the subject numbers of other IL-4 SNPs investi-
gated were variable, probably because of the insufficient
quantity and/or quality of genomic DNA from certain study
subjects. Demographic data and clinical biochemical
manifestations of the patients with available genotypic
data are listed in Table 1.

3.1. Significant association of IL-4 promoter polymorphisms
with T2DM

Results regarding the distribution of the IL-4 promoter
SNPs among the control and diabetic subjects are summa-
rized in Table 3. Significant difference in distribution of IL-4
C-589T genotypes between T2DM patients and control
subjects was observed (P = .013), as well as between IL-4
−589 alleles and T2DM (P = .002). In addition, significant
difference of IL-4 C-34T genotypic distribution between
T2DM and control individuals was also observed (P = .05).
Although this genotypic difference only reached marginal
significance, a strong association of IL-4 −34 alleles and
T2DM was discovered (P = .024). Interestingly, no
polymorphisms at IL-4 −81 and −285 positions were
found. The above observations demonstrated that the IL-4
polymorphisms were associated with T2DM.

Table 2
The primer sequences used in the analysis of IL-4 promoter polymorphisms
and reverse transcriptase PCR

Primer designation Primer sequence

IL4 −589F 5′-TGGGTAAGGACCTTATGGACC -3′
IL4 −589R 5′- GGTGGCATCTTGGAAACTGTC -3′
IL4 −285F 5′-TGGGTAAGGACCTTATGGACC-3′
IL4 −285Rb 5′-GAAGCAGTTGGGACGTGAGA-3′
IL4 −81F 5′-CCAGCAGCAGCCCCAAGCTGA-3′
IL4 −81R 5′-TGCAGTGAGAATGTGAGGCAA-3′
IL4 −34Fa 5′-CTCATTTTCCGTCGGTTTCAGC-3′
IL4 −34Rb 5′-GAAGCAGTTGGGACGTGAGA-3′

a One base-exchange substitution from C to G position at position −50
destroyed the MnlI restriction site.

b One base-exchange substitution from G to C position at position +9
destroyed the MnlI restriction site.

Table 3
Comparison of IL-4 −34 C/T and −589 C/T polymorphisms between T2DM
subjects and controls

Genotype/allele Control subjects
n (%)

T2DM patients
n (%)

Pa

−589 C/T 148 425
T/T 96 (64.86%) 324 (76.24%) .013
T/C 45 (30.41%) 93 (21.88%)
C/C 7 (4.73%) 8 (1.88%)
T allele 237 (80.07%) 741 (87.18%) .002
C allele 59 (19.93%) 109 (12.82%)
−34 C/T 98 328
T/T 63 (64.29%) 250 (76.22%) .05
T/C 32 (32.65%) 69 (21.04%)
C/C 3 (3.06%) 9 (2.74%)
T allele 158 (80.61%) 569 (86.74%) .024
C allele 38 (19.39%) 87 (13.26%)
−285 C/T 132 140 –
C/C 132 (100%) 140 (100%)
−81 A/G 125 114 –
A/A 125 (100%) 114 (100%)

a χ2 test.
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3.2. Significant association between high IL-4 secreting
ability and T2DM

To further investigate the association of IL-4 and T2DM,
IL-4 secreting levels of Con A–activated PBMC from study
subjects were determined (Table 4). The results showed that,
although the basal IL-4 levels were similar in control and
T2DM groups (0∼8 pg/mL, data not shown), IL-4 secreting
level after Con A stimulation was significantly higher in
T2DM patients (19.01 ± 1.27 pg/mL, n = 106) compared
with that in control subjects (5.44 ± 1.42 pg/mL, n = 26, P b
.001). The results indicated that PBMC from T2DM patients
had higher IL-4 secreting ability.

3.3. Association of homologous IL-4 −589 C/C genotype
with high-density lipoprotein cholesterol levels and the ratio
of total cholesterol to high-density lipoprotein cholesterol

In addition to the significant association between IL-4
C-589T polymorphisms with T2DM, we further investigated
the correlation between this polymorphism and study
subjects' biochemical data using multiple linear regression
analysis adjusted for age, sex, and diabetes status (Table 5).
When the biochemical data of individuals carrying C/C
genotype were compared with those of individuals carrying
T/T genotype, a significant difference was found in high-
density lipoprotein cholesterol (HDL-C) (P = b.01) and the
ratio of total cholesterol (TC) to HDL-C (P b .01). These
findings indicated that individuals with IL-4 −589 C/C
genotype tend to have lower HDL-C (parameter estimate
[standard error; SE] = −0.42) and higher TC/HDL-C
(parameter estimate [SE] = 0.41). No significant difference
of the biochemical data between subjects with T/C genotype
and T/T genotype was found. The results implied that IL-4
−589 C/C genotype might be associated with HDL-C
metabolism and, therefore, contribute to the observed
difference of TC/HDL-C.

4. Discussion

Cytokines, secreted by a variety of activated cells and
acting as regulators of immune responses, are believed to be
involved in immune response–induced destruction of islet
β-cells in T1DM [21]. In animal models, transgenic
expression of IL-4 in β-cells [22] and systemic IL-4
administration [23] can prevent NOD mice from insulitis
and diabetes. Interleukin-4 is suggested to protect human

islets from cytotoxic damage induced by proinflammatory
and Th1 cytokines [24]. However, IL-4 expression is
reported not to correlate with destructive and benign insulitis
in T1DM patients [25]. Another study shows that long-term
exposure of rat pancreatic islets to IL-4 results in an
inhibitory action to some of the islet functions [26], probably
due to an influence on the islet glucose metabolism.

Several studies have documented the correlations
between the genotypes of IL-4/IL-4 receptor (IL-4R) and
diabetic status. Mirel et al (n = 282) [27] and Bugawan et al
(n = 90) [16] revealed that IL-4R genotypes were associated
with protection from T1DM; however, no significance was
observed between IL-4 SNP and T1DM. On the contrary,
other studies suggested that IL-4R genotype were not
associated with T1DM [18,28-30]. Possible factors that
contribute to the above conflicting results include linkage
disequilibrium of IL-4 and/or IL-4R gene to a nearby
noncausative polymorphism, or confounding due to either
ethnic admixture or the source(s) of population stratifica-
tion. Besides, sample size is also suggested to be one of the
major factors that affect the results and interpretation.

Despite the inconsistent conclusions concerning the
association between IL-4 and T1DM, it is intriguing to
examine if IL-4 is involved in the more prevalent T2DM that
has been proven to be closely associated with inflammation.
However, very little is known regarding this issue. The major
finding in the present study was the significant difference in
the IL-4 −589 genotypic distribution between healthy and
T2DM individuals (P = .002, Table 3). It suggested that
individuals with IL-4 high-secreting genotypes might be
more predisposed to T2DM. Individuals carrying either
heterozygous or homozygous IL-4 −589 T allele are reported
to be associated with higher IL-4 secreting ability [31,32].
Gervaziev et al [33] demonstrated that higher serum IL-4
levels are associated with IL-4 −34 T and −589 T alleles in
the Russian population. It is also reported [34] that coronary
artery bypass grafting patients with IL-4 −589 T/T genotype
had significantly higher circulating levels of IL-4 postoper-
atively compared with patients with C/C and C/T genotypes.
The observation that T2DM patients have higher IL-4
secreting ability (Table 4) further supported our speculation.

Table 4
Interleukin-4 secreting levels of activated PBMC from control and
T2DM subjects

Control subjects
n = 26

T2DM
n = 106

Pa

Mean concentrations (pg/mL) 5.44 ± 1.42 19.01 ± 1.27 b.001

a Wilcoxon test.

Table 5
Association of IL-4 −589 genotypes and blood chemistry parameters

Outcome IL-4 genotypes
(C/C vs T/T)

IL-4 genotypes
(T/C vs T/T)

B (SE)a P value B (SE)a P value

Fasting glucose 0.04 .68 0.02 .55
BUN 0.22 .15 0.05 .39
CRE 0.09 .30 b0.01 .93
Cholesterol b0.01 .10 0.02 .49
HDL-C −0.42 b.01 −0.02 .67
TC/HDL-C 0.41 b.01 0.08 .13
Triglyceride −0.34 .24 0.14 .16
Uric acid 0.01 .96 0.01 .80

a Parameter estimate (standard error).
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In addition, we suggested that the homologous IL-4 −589
C/C genotype was associated with HDL-C metabolism,
according to the linear regression results adjusted by
variables of age, sex, and diabetic status (Table 5). It is
intriguing to explain the observation that subjects carrying
lower IL-4 secreting −589 C/C genotype would have lower
peripheral HDL-C levels, which is independent of diabetic
status. As a matter of fact, IL-4 is known to be correlated
with atherosclerosis [35-37]. In a mice model, severe
hypercholesterolemia is associated with a switch to Th2
immune response, with increased IL-4 expression in the
lesions [35]. Interleukin-4 messenger RNA can also be
detected in atherosclerotic lesions in human body [36]. The
microenvironmental IL-4 in the atherosclerotic lesions has
multiple effects on atherogenesis, such as the augmentation
of low-density lipoprotein cholesterol esterification by a
concentration- and time- dependent manner [37]. In addition,
IL-4 can regulate the expression of 15-lipoxygenase, a key
enzyme in low-density lipoprotein oxidation [38,39]. Elbe-
Bürger et al [40] further demonstrated that the adipocyte
layer in the dermis is reduced in IL-4 transgenic mice.
Moreover, by exploring the influence of IL-4 to fatty streak
formation, George et al [41] found that HDL and
triglycerides in IL-4–deficient mice were higher. The
above studies indicate that local microenvironmental
expression of IL-4 is involved in lipid metabolism and
eventually the atherogenic process. Accordingly, we spec-
ulated that, although individuals with IL-4 −589 T/T or C/T
genotypes were more susceptible to diabetic onset, diabetic
individuals with IL-4 −589 C/C genotype might be more
susceptible to diabetic complications such as atherosclerosis
and cardiovascular diseases. However, whether the interin-
dividual differences in the IL-4 secretion levels contribute to
the HDL-C metabolism and predisposition of diabetic
complications needs further investigation.

The IL-4 promoter SNPs at positions −285 (C/T), −81 (A/
G), and −34 among our patients were also characterized.
Interestingly, no polymorphisms at positions −285 and −81
were found in our population. The IL-4 −34 C/T
polymorphisms are reported to be associated with −589 C/
T SNPs [13]; that is, −34 C allele and T allele are always
associated with −589 C allele and T allele, respectively.
Therefore, the observed significance between IL-4 −34
SNPs and T2DM might be in part a result of the linkage
disequilibrium between −34 and −589 SNPs.

In addition to SNPs, IL-4 gene expression is tightly
regulated at the level of transcription by multiple transcrip-
tion factors that bind to cis-elements in the upstream
proximal promoter. The promoter activity of A to G
transition at −81 will enhance 8-fold because this transition
makes the promoter a higher affinity binding to AP-1–
specific transcription factors [14]. To the best of our
knowledge, no transcription factors are reported to bind to
IL-4 −589 promoter region. Therefore, it is also intriguing to
investigate if there is any transcription factor(s) that can bind
to this region. Once the candidate transcription factors are

found, the binding capacity of the proteins to different
genotypes and the resultant transcription ability of IL-4
promoter, as well as the effect of this SNP to HDL-C
metabolism, can subsequently be determined.

In summary, we have demonstrated that IL-4 promoter
polymorphisms are significantly associated with T2DM.
Moreover, an association between homologous IL-4 −589
C/C genotype and lower HDL-C level is characterized in
our study. Our results suggest that polymorphisms of the
IL-4 promoter may contribute to the HDL-C metabolism,
T2DM predisposition, and diabetic complications in
Taiwanese subjects.
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Regulation of glucose/lipid metabolism and insulin
sensitivity by interleukin-4
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Objective: Abundant evidence has demonstrated that long-term cytokine-mediated inflammation is a risk factor for obesity and
type 2 diabetes mellitus (T2DM). Our previous study reveals a significant association between promoter polymorphisms of
Th2-derived cytokine interleukin-4 (IL-4) and T2DM, which suggests possible roles of IL-4 in metabolism. In this study, we
focused on examining the putative regulation of glucose and lipid metabolism by IL-4.
Methods: C57BL/6 mice were intraperitoneally injected with either adenovirus containing full-length IL-4 encoding gene
(AdIL-4) or recombinant IL-4 for mimicking the status of transient and long-term IL-4 overexpression, respectively, and the
effects of the overexpressed IL-4 to glucose/lipid metabolism and insulin sensitivity were subsequently investigated.
Results: Our results reveal that IL-4 improves insulin sensitivity and glucose tolerance through upregulating Akt phosphorylation
while attenuating GSK-3b activities. IL-4 is also involved in lipid metabolism by inhibiting lipid accumulation in fat tissues, which
lead to decreased weight gain and fat mass.
Conclusions: Our results suggest that IL-4 regulates glucose and lipid metabolism by promoting insulin sensitivity, glucose
tolerance and inhibiting lipid deposits. This study uncovers the novel roles of IL-4 in metabolism and provides new insights in the
interaction between cytokines/immune responses, insulin sensitivity and metabolism.
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Introduction

Insulin resistance, the major cause of type 2 diabetes mellitus

(T2DM), is occurred when insulin-target cells cannot

effectively transduce insulin signaling and eventually

become less sensitive to insulin stimuli. The consequences

of impaired insulin signaling include reduced glucose uptake

and disposal as well as increased hepatic gluconeogenesis.1

In addition to T2DM, abundant evidence demonstrates that

insulin resistance also has an important role in other

metabolic abnormalities, such as obesity, dyslipidemia,

hypertension and cardiovascular diseases.2,3

T2DM is a chronic inflammatory state of elevated

circulatory pro-inflammatory cytokines, such as interleukin

(IL)-1b, IL-6 and tumor necrosis factor-a.4,5 These increased

cytokines act as negative regulators to modulate glucose

homeostasis and contribute as a link between immune

responses and T2DM. Excessive intake of glucose and

macronutrients also induce oxidative stress and cytokine

mediators, which subsequently block insulin signaling.6–10

Triacylglycerols storage in adipose tissues is impaired by

chronic inflammation, which leads to the elevation of

circulating free fatty acids (FFAs) and triacylglycerols, and

eventually insulin resistance.11 Accordingly, cytokines are

associated with systemic insulin resistance, metabolic dis-

eases and diabetes. Therefore, it is tempting to determine

whether other cytokines are also involved in the pathogen-

esis of T2DM.

IL-4 is a pleiotropic cytokine secreted by activated Th2

cells, FceR1þ cells and eosinophils. IL-4 has an important

role in inflammatory reactions by modulating growth,

differentiation and cytokine production.12 Although IL-4

signaling is known to trigger phosphorylation of insulin

receptor substrate 2,13,14 chronic insulin and glucose treat-

ment attenuates IL-4-dependent insulin receptor substrate 2

phosphorylation.15 It suggests that IL-4 can positively

regulate insulin signaling pathway. In addition, our recent

study reveals a significant association between IL-4 geno-

types and T2DM.16 Nevertheless, the influence of IL-4 onReceived 25 February 2011; revised 8 July 2011; accepted 11 July 2011
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metabolism has not been extensively addressed and deserves

further investigation. In this context, this study aimed at

investigating in vivo effects of IL-4 on metabolism using mice

T2DM model induced by single low-dose STZQ3 administration

and high-fat diet (HFD).17–20 Our results show that IL-4

overexpression leads to better glucose utilization. In addi-

tion, body weights and fat mass of mice with IL-4 treatment

are significantly lower than their counterparts. These

observations suggest that IL-4 is involved in mediating

glucose and lipid metabolism.

Materials and methods

Cell culture and adenovirus expansion

Human AD293 embryonic kidney cells were cultured in

Dulbecco’s modified Eagle’s medium containing glucose

(4.5 g l–1) and 10% fetal bovine serum. Recombinant adeno-

viruses expressing IL-4 (AdIL-4) and b-galactosidase (AdLacZ,

as a negative control) were kindly provided by Dr Nagayama.21

AdIL-4 and AdLacZ were respectively propagated in AD293

cells and purified by cesium chloride density gradient

ultracentrifugation, followed by dialysis in phosphate-

buffered saline with 10% glycerol. Number of viral particles

was determined by measuring the absorbance at 260 nm.

Animal experiments

All mice were obtained from National Laboratory Animal

Center and caged in groups of five. For adenovirus experi-

ments, 8-week-old male C57BL/6 mice were intraperitone-

ally (i.p.) injected twice (once daily for 2 consecutive days)

with 5�1011 particles of AdIL-4 or AdLacZ. The adenovirus-

injected mice were i.p. administered with STZ (100 mg kg–1;

Sigma-Aldrich, St Louis, MO, USA) on the second day.21

Intraperitoneal glucose tolerance test (IGTT), intraperitoneal

insulin tolerance test (IITT) and circulatory biochemical

parameters were assessed on the third day. For long-term IL-4

administration experiments, 4-week-old C57BL/6 mice were

fed with HFD (60% kcal) or standard diet (SD), and i.p.

administered with IL-4 (1000 pg per mouse; BD PharmingenQ4 )

every other day for 8 weeks. Then the mice were killed after

IGTT, IITT and biochemical tests were performed. In IL-4

neutralization experiments, BALB/c mice with relatively

high IL-4-secreting ability were used instead of low IL-4-

secreting C57BL/6 mice.22 Four-week-old male mice were

first fed with SD or HFD for 10 weeks, then divided to four

groups: (1) SI group received i.p. STZ-injection followed by

IL-4 antibody administration on the second, third and fifth

day (50 mg per mouse; Biosource, Camarillo, CA, USAQ5 ); (2) IS

group received IL-4 antibody administration on the first,

second and fifth day, and STZ injection on the third day;

(3) STZ group received only STZ treatment on the first day;

and (4) Control group received citrate buffer (0.05 M, pH 4.5;

USB, Cleveland, OH, USA) administration. Then the mice

were killed after IGTT, IITT and biochemical tests were

performed. Animal protocols were reviewed and approved by

the Chung Shan Medical University animal studies committee.

IGTT, IITT and blood parameters

IGTT was performed and blood glucose was measured using

OneTouch monitoring system (LifeScan Q6) before and after i.p.

glucose injection (2 g kg–1; Sigma-Aldrich, Steinheim,

Germany) at the indicated time. IITT was conducted and

blood glucose was monitored at the time points indicated

after i.p. injection of recombinant human insulin (1 U kg–1;

Eli Lily, Indianapolis, IN, USA). Serum levels of insulin

(Mercodia, Uppsala, Sweden), IL-4 (R&D, Minneapolis, MN,

USA), leptin (Millipore, Billerica, MA, USA), adiponectin

(Millipore) and FFA (BioVision, Mountain View, CA, USA)

were measured after overnight fast using enzyme-linked

immunosorbent assay kits according to the manufacturer’s

instructions. The epididymal fat pads were taken and

weighted, and the adipocytic cross-sectional areas from

staining images were calculated.

Western blot

Protein extracts from muscle and epididymal fat tissues were

obtained after the tissues were homogenized using T-PER Q7

tissue protein extraction reagent (Pierce, Rockford, IL, USA)

supplied with phosphatase and protease inhibitors (Roche,

Indianapolis, IN, USA). Protein lysates were normalized

using Bio-Rad Q8protein reagent and resolved by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis, then

electrotransferred to polyvinylidine fluoride membrane.

The membranes were blocked and incubated with mouse

anti-actin monoclonal immunoglobulin G (Abcam,

Cambridge, UK), mouse anti-phospho-Akt serine 473, rabbit

anti-Akt, rabbit anti-phospho-GSK3b serine 9 and rabbit

anti-GSK3b, respectively. All primary antibodies were

purchased from Cell Signaling (Danvers, MA, USA), except

where otherwise indicated. Then, membranes were incubated

with horseradish peroxidase-conjugated anti-mouse or anti-

rabbit antibodies. Results were developed using ECL reagents

and quantitated by densitometer. All secondary antibodies and

ECL reagents were purchased from Millipore (Temecula, CA,

USA).

Statistical analysis

Results were presented as mean±s.e.m. and the significant

difference between groups was analyzed by one-way or two-

way analysis of variance using SPSS software Q9. Statistical

difference was defined as Po0.05 for all test.

Results

Effects of in vivo IL-4 overexpression on glucose metabolism

To establish a mouse model with high IL-4 levels, 8-week-old

C57BL/6 mice were first subjected to i.p. injection with
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AdIL-4, followed by STZ treatment (AdIL-4 mice). Mice with

either citrate buffer (control mice) or AdLacZ administration

and STZ treatment (AdLacZ mice) were served as controls.

Serum IL-4 level of AdIL-4 mice (10.16±1.72 pM) was

significantly higher than that of control (1.17±0.44 pM)

and AdLacZ (1.64±0.65 pM) mice (Table 1). It indicated that

the adenovirus administration can successfully turn the low

IL-4-secreting C57BL/6 mice into high IL-4-expressing

animal model. Biochemical parameters including adiponec-

tin, leptin, insulin and FFA were then analyzed to examine

the effects of in vivo IL-4 overexpression on metabolism. As

listed in Table 1, levels of adiponectin, leptin and insulin

were all significantly increased in AdIL-4 mice. AdIL-4 mice

had higher FFA levels, however, this difference did not reach

statistical significance.

The effects of IL-4 overexpression on glucose homeostasis

and insulin sensitivity were subsequently examined. The

results showed that IGTT curves from control and AdLacZ

mice were quite similar (Figure 1a). Whereas, AdIL-4 mice

demonstrated better glucose tolerance with a lower peak

glucose level (approximately 13.89 mM) and a shorter time

required for reaching glucose homeostasis (about 90 min).

Consistent with the IGTT observations, IITT results showed

that insulin sensitivity and glucose tolerance of AdIL-4 mice

were significantly better than that of control and AdLacZ

mice (Figure 1b).

Effects of IL-4 neutralization on glucose metabolism

To verify the above observations, high IL-4-producing BABL/c

mice were used to examine if the effects of IL-4 on

metabolism could be reversed by depleting IL-4. BALB/c

mice were first fed either with SD or HFD for 10 weeks,

and their IL-4 bioactivities were neutralized before or

after STZ treatment as described in Materials and methods

section. IGTT results showed that blood glucose of all the

mice groups with SD reached the peak levels at about

30B40 min, with high glucose levels sustained till 120 min

in SI, IS and STZ mice (Figure 1c). Interestingly, blood

glucose levels in mice with IL-4 neutralization (SI and IS)

were consistently and significantly higher than mice without

IL-4 depletion (control and STZ; Figure 1c). Similar phenom-

ena were also observed in HFD-fed mice: glucose levels

in mice with IL-4 neutralization remained high still

120 min after glucose injection, compared with control and

STZ mice groups (Figure 1d). These data suggested that mice

with IL-4 overexpression had better glucose tolerance and

metabolism.

Effects of in vivo IL-4 on Akt and GSK3b phosphorylation

To further examine the mechanism of IL-4 promoting

glucose tolerance, influences of IL-4 to the activity of the

insulin downstream signaling mediators, Akt and GSK3b,

were explored. Akt phosphorylation were significantly

increased in muscle cells of AdIL-4 mice; whereas, no

significant alterations of Akt phosphorylation were observed

in epididymal fat (Table 2). It suggests that the IL-4-improved

glucose tolerance might result from enhancing insulin

action by upregulating Akt activities in muscle cells. On

the contrary, levels of phosphorylated GSK3b were decreased

in AdIL-4 mice (Table 2).

Effects of long-term IL-4 treatment on lipid and glucose
metabolism

The in vivo elevated IL-4 levels in mice with AdIL-4

administration could only last transiently for about 3 days.

For creating mice model with long-term high IL-4 levels,

mice were i.p. injected with recombinant IL-4 every other

day for 8 weeks, and fed with either SD or HFD. Our results

showed IL-4 levels in mice with IL-4 administration (IL-4,

12.02±3.90 pM; HFDþ IL-4, 11.34±4.21 pM) were signifi-

cantly higher than their counterparts (control,

3.14±1.78 pM; HFD, 3.19±1.33 pM; Table 1). It indicated

that mice model with long-term high IL-4 levels can be

achieved by this strategy. Similar trend were also observed in

serum levels of adiponectin and FFA, with IL-4-treated mice

NPG_IJO_IJO2011168

Table 1 Biochemical profile of mice groups divided by treatment of adenovirus administration, IL-4 and diet

IL-4 (pM) Adiponectin (pM) Leptin (nM) Insulin (nM) Free fatty acid (mM)

Adenovirus treatment*

Control 1.17±0.44 185.67±4.3 0.08±0.02 0.06±0.01 8.56±3.57

AdLacZ 1.64±0.65 187.67±15.67 0.41±0.16a 0.28±0.19 9.96±2.67

AdIL-4 10.16±1.72a,b 216.0±6.3a,b 0.58±0.10a 0.79±0.21a,b 14.7±3.14

IL-4/diet treatment**

Control 3.14±1.78 185.67±6.0 0.49±0.09 0.08±0.01 7.39±0.88

IL-4 12.02±3.90c 206.33±14.67 0.30±0.12 0.10±0.002 8.25±1.52

HFD 3.19±1.33d 235.33±10.7c 0.82±0.11c,d 0.09±0.01 13.9±3.74

HFD+IL-4 11.34±4.21c,e 251.67±17.0c,d 0.47±0.10e 0.10±0.03 20.3±4.67c,d

Abbreviations: HFD, high-fat diet; IL, interleukin; i.p., intraperitoneal; SD, standard diet. *Eight-week-old mice fed with standard chow diet were subjected to i.p.

adenovirus injection. All parameters were measured after 16 h of overnight fast. Data were presented as mean±s.e.m.; n¼7. aPo0.05 vs control; bPo0.05 vs

AdLacZ. **Four-week-old mice were subjected to i.p. IL-4 injection every 2 days and fed with either SD or HFD diet for 8 weeks. All parameters were measured as

described. Data were presented as mean±s.e.m.; n¼5–10. cPo0.05 vs control; dPo0.05 vs IL-4; ePo0.05 vs HFD.
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having higher levels than control and HFD mice (Table 1).

However, leptin levels were decreased in IL-4-treated groups

(IL-4, 0.30±0.12 nM; HFDþ IL-4, 0.47±0.10 nM), compared

with mice without IL-4 treatment (control, 0.49±0.09 nM;

HFD, 0.82±0.11 nM; Table 1).

Interestingly, body weights and fat mass of mice with IL-4

treatment (IL-4 and HFDþ IL-4 mice) were significantly

lower than the counterparts without IL-4 injection

(Figure 2a and Table 3; with the original data of Figure 2a

listed in Supplementary Table S1). Weights of the epididymal

fat pads were decreased in IL-4-treated mice (IL-4,

0.16±0.02 g; HFDþ IL-4, 0.92±0.31 g), compared with the

mice without IL-4 treatment (control, 0.28±0.03 g; HFD,

1.08±0.09 g; Table 3). The adipocytic cross-sectional

areas in IL-4-treated mice were significantly smaller (with

relative ratio to control mice: IL-4, 0.61±0.03; HFD,

1.19±0.05; HFDþ IL-4, 1.01±0.06; Table 3). The same

phenomenon was also observed in epididymal adipocytes

of AdIL-4 administered mice (with relative ratio to control

mice: AdLacZ, 1.03±0.11; AdIL-4, 0.66±0.07; Table 3).

Taking the results of decreased fat mass and the increased

serum FFA levels (Table 1) in IL-4-treated mice together, it

implied that overexpressed IL-4 may inhibit lipid accumula-

tion in fat tissues and lead to the elevated levels of

circulatory FFA.

IGTT and IITT were then conducted to analyze the

effects of long-term IL-4 treatment on glucose and insulin

tolerance. Consistent with the results from adenovirus

administration experiments, IL-4-treated mice (IL-4 and

HFDþ IL-4) had better glucose tolerance than their control

counterparts, with a shorter time required for reaching

NPG_IJO_IJO2011168

Figure 1 Glucose tolerance and insulin sensitivity are improved by IL-4 overexpression. (a, b) IGTT and IITT were conducted in overnight-fasting control (-K-),

AdLacZ (-J-) and AdIL-4 (-.-) mice after adenovirus and STZ treatments, respectively. Data were expressed as mean±s.e.m.; n¼7. *Po0.05 vs AdIL-4. (c, d) IGTT

was performed for overnight-fasting control (-n-), SI (-K-), IS (-J-) and STZ (-.-) mice after 10 weeks of SD (b) or HFD (c) feeding and treatment with IL-4

antibodies and/or STZ. Data were expressed as mean±s.e.m.; n¼ 4. *Po0.05 vs control; yPo0.05 vs STZ.

Table 2 Relative levels of phosphorylated Akt and GSK3b of muscle and

epididymal fat in mice groups divided by treatment of adenovirus adminis-

tration, IL-4 and diet

Epididymal Muscle

pAkt/Akt pGSK3b/GSK3b pAkt/Akt pGSK3b/GSK3b

Adenovirus treatment

Control 0.26±0.03 0.33±0.21 0.20±0.03 0.90±0.27

AdLacZ 0.30±0.04 0.13±0.04 0.22±0.01 1.07±0.09

AdIL-4 0.24±0.06 0.03±0.01a 0.35±0.02a,b 0.10±0.02a,b

IL-4/diet treatment

Control 0.26±0.02 2.04±0.22 0.65±0.04 0.47±0.08

IL-4 1.97±0.39c 1.26±0.04c 0.85±0.08 0.24±0.08c

HFD 0.68±0.17d 1.55±0.27 1.24±0.65 0.48±0.03d

HFD+IL-4 1.76±0.29c,e 1.37±0.19c 0.57±0.05e 0.40±0.02c,e

Abbreviations: HFD, high-fat diet; IL, interleukin. *Data are presented as

mean±s.e.m., which indicate the relative levels of phosphorylated protein

using actin as represent an internal control. aPo0.05 vs control mice in

adenovirus treatment; bPo0.05 vs AdLacZ; cPo0.05 vs control mice in IL-4/

diet treatment; dPo0.05 vs IL-4; ePo0.05 vs HFD.
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glucose homeostasis (IL-4, 60 min; HFDþ IL-4, about 90 min)

after glucose injection (Figure 2b). Similarly, the IITT results

showed that insulin sensitivity and glucose tolerance of

IL-4-treated mice were significantly better than that of the

corresponding control mice (Figure 2c).

Effects of long-term IL-4 treatment on Akt and GSK3b
phosphorylation

The Akt phosphorylation was significantly decreased in

muscle of HFDþ IL-4 mice; nevertheless, it was dramatically

increased in the epididymal fat of IL-4 and HFDþ IL-4 mice

(Table 2). It suggested that under long-term IL-4 treatment,

the improved glucose tolerance and insulin sensitivities

might result mainly from the enhanced insulin action by

upregulating Akt activities in fat tissues. The levels of

phosphorylated GSK3b were significantly decreased both in

the muscle and fat tissues of IL-4 and HFDþ IL-4 mice,

comparable to the results from adenovirus experiments,

(Table 2).

Discussion

T2DM is associated with chronic inflammation. Although

the correlation between IL-6/tumor necrosis factor-a
and insulin resistance has been extensively studied,23–25

relatively few are known about the roles of other cytokines in

diabetic pathogenesis. IL-4, another cytokine secreted by

Th2 cells, participates in the regulation of inflammation by

modulating expression of other pro-inflammatory cytokines

and inflammation mediators.26,27 This study uncovers the

roles of IL-4 in glucose/lipid metabolism and insulin

sensitivity using animal model.

In AdIL-4 experiments, our results suggest that transient

IL-4 treatment improves glucose tolerance and insulin

sensitivity (Figures 1a and b). This effect is also observed in

the IL-4 neutralization experiments, in which glucose

tolerance and insulin sensitivity are exacerbated in mice

injected with IL-4 antibodies (Figures 1c and d). In mice with

long-term exposure to high IL-4 levels, the capacity of IL-4 to

promote glucose tolerance and insulin sensitivity is further
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Figure 2 Effects of long-term IL-4 treatment on body weights and glucose

metabolism. (a) Body weights of IL-4-treated mice groups (IL-4: -J-;

HFDþ IL-4: -n-) were significantly increased than their control counterpart

without IL-4 administration (control: -K-; HFD: -.-). *Po0.05 vs control;
#Po0.05 vs IL-4; yPo0.05 vs HFD; n¼10. (b, c) Results of IGTT and IITT in

mice with long-term IL-4 injection. Data were expressed as mean±s.e.m.;

n¼5. *Po0.05 vs control; yPo0.05 vs IL-4.

Table 3 Weights and adipocytic cross-sectional areas of epididymal fat pads

in mice groups divided by treatment of adenovirus administration, IL-4 and

diet

Cross-sectional area (AU)* Epididymal fat weight (g)

Adenovirus treatment

Control 1±0.17 F
AdLacZ 1.03±0.11 F
AdIL-4 0.66±0.07a,b F

IL-4/diet treatment

Control 1±0.05 0.28±0.03

IL-4 0.61±0.03c 0.16±0.02

HFD 1.19±0.05d 1.08±0.09c,d

HFD+IL-4 1.01±0.06d 0.92±0.31c,d

Abbreviations: AU, arbitrary unit; HFD, high-fat diet; IL, interleukin. *Data are

presented as mean±s.e.m., which indicate the relative ratios of cross-sectional

areas (AU) using that from corresponding control mice as control. aPo0.05 vs

control mice in adenovirus treatment; bPo0.05 vs AdLacZ; cPo0.05 vs control

mice in IL-4/diet treatment; dPo0.05 vs IL-4.
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confirmed (Figure 2). Interestingly, while Akt phosphoryla-

tion is significantly induced in muscle of mice with transient

IL-4 treatment, it is significantly induced in fat cells of mice

with long-term IL-4 exposure (Table 2). It indicates that

better glucose tolerance and insulin sensitivity under IL-4

treatment may be resulted from its capacity to promote

insulin signaling.

In addition to the roles in promoting insulin signaling, the

observation that insulin levels are significantly increased in

AdIL-4 mice (Table 1) implies transient IL-4 treatment

promotes insulin-secreting function of b-cells. The results

that both transient and long-term IL-4 treatments signifi-

cantly inhibit GSK3b phosphorylation in muscle and fat cells

(Table 2) support the previous evidence that IL-4 mediates

glucose metabolism by regulating glycolytic enzymes.28,29

It is intriguing that IL-4 promotes glucose tolerance through

activating Akt activities while suppressing GSK3b phosphor-

ylation. There are two possible explanations to this contra-

dictory observation. First of all, IL-4 might display

differential regulatory function to different insulin-targeted

organs for maintaining metabolic hemeostasis. The reduced

GSK3b activities in muscle and fat tissues might not be

applied to liver, the critical target organ of glycogen

synthesis. Besides, a recent study reveals that fibroblast

growth factor 19 facilitates postprandial hepatic protein

and glycogen synthesis through an insulin-independent

pathway.30 Therefore, the downregulated GSK3b activities

in fat and muscle cells may not represent that glycogen

synthesis is suppressed in hepatocytes. Second, this contra-

dictory regulatory effect of IL-4 might be in response to the

increased energy needs from cells to maintain homeostasis

for avoiding cellular apoptosis, as previous described.31

Production of the pro-inflammatory cytokine IL-6 is

essential to induce glucose intolerance and insulin resis-

tance.25 Lee et al.32 reveals that the genetic inactivation of

PKCz leads to a hyper-inflammatory state with increased

synthesis of pro-inflammatory cytokine IL-6 in obese mice,

which are more glucose intolerant and insulin resistant.

Their study shows that PKCz is a critical negative regulator of

IL-6 in the control of obesity-induced inflammation because

the glucose intolerance and insulin resistance phenotypes

are corrected to normal by silencing IL-6 expression in PKCz-
deficient mice. The positive regulatory role of IL-4 to glucose

tolerance and insulin sensitivity uncovered by this study is

consistent to the conclusion from Lee et al.32 because PKCz
serves as a critical role in the anti-inflammatory effects of

IL-4.33,34 Accordingly, it supports our hypothesis that the

positive regulatory role of IL-4 to glucose tolerance and

insulin sensitivity may originate from its anti-inflammatory

function by inhibiting the production of cytokines inducing

insulin resistance, such as tumor necrosis factor-a and IL-6.35

Our results also suggest that IL-4 participates in lipid

metabolism by regulating the circulatory levels of adiponec-

tin and leptin. Intriguingly, adiponectin and leptin levels

are both elevated under transient IL-4 treatment; whereas

leptin levels are significantly decreased in HFD mice with

long-term IL-4 administration. In addition, serum FFA levels

are both increased after IL-4 treatments (Table 1). These data

further support the capacity of IL-4 to promote insulin

sensitivity and glucose metabolism because adiponectin has

been shown to elevate insulin sensitivity and inhibit hepatic

gluconeogenesis.36 However, the inducing ability of IL-4 to

b-cell insulin secretion is not observed in long-term IL-4

experiments, discrepancy in leptin levels is also observed in

mice with different duration of IL-4 treatment (Table 1).

Elevated levels of leptin and IL-4 in rats with acute

pancreatitis are reported for increasing pancreatic resistance

against inflammatory damages.37 The increased levels of

leptin in transient IL-4-treated mice support the suggestion

of the above study, whereas, the food intake (for example,

HFD in this study) has a dominant role in regulating leptin

secretion. We suggest that the absence of induced insulin

and leptin secretion under long-term IL-4 administration

might be an adaption to the consistently elevated cytokine

exposure for maintaining insulin levels and homeostasis.

The weekly weight gain in the IL-4-treated mice is lower

(IL-4 and HFDþ IL-4; Figure 2 and Supplementary Table S1),

moreover, long-term IL-4 treatment leads to a reduction of

fat mass and the cross-sectional areas of fat cells (Table 2). As

evidence has revealed that leptin secretion is positively

correlated with the amount of adipose tissues,38 and

adiponectin concentrations are reduced as adiposity in-

creases,39,40 we suggest that the significantly slower weight

gain might result from the increased lipolysis in fat cells,

which leads to the elevated circulatory FFA in IL-4-treated

mice. Although the exact underlying mechanisms await

further investigation, our results support the previous report

that IL-4 transgenic mice contain less and smaller sized

dermal fat tissues.41 Our data also support another study in

which documents that IL-4 secretion and Akt activity are

both promoted in fatless A-ZIP/F1 diabetic mice.42

In summary, overexpression of IL-4 may promote glucose

tolerance and insulin sensitivity through boosting insulin

signaling by altering Akt and GSK3b activities. IL-4 is also

involved in lipid metabolism by regulating adipokines and

FFA levels. We suggest that IL-4 regulates metabolism by

promoting insulin sensitivity, glucose tolerance and inhibit-

ing lipid deposits. This study reveals evidence to uncover the

novel roles of IL-4 in metabolism, and provide new insights

in the interaction between cytokines/immune responses,

insulin sensitivity and metabolism.
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Type 2 diabetes mellitus (T2DM) is a common endocrine disease. The aim of 
this study is to investigate the putative correlation between the promoter 
single nucleotide polymorphisms (SNPs) of interleukin-4 (IL-4) and T2DM. 
Genomic DNA from Taiwanese T2DM patients and control study subjects 
were extracted, and their IL-4 promoter SNPs were analyzed. Both of the 
distribution of IL-4 C-589T (p=0.013) and C-34T (p=0.05) genotypes were 
significantly different between T2DM patients and control subjects. 
Significant association between IL-4 C-589T alleles (p=0.002) and T2DM, as 
well as C-34T alleles and T2DM (p=0.024), was also identified. Additionally, 
we found a statistically significant association between homologous IL-4 -589 
C/C genotypes and lower circulatory high density lipoprotein (HDL-C) levels 
using multiple linear regression analysis with adjustment for subjects’ age, 
sex and diabetic status. Our results suggested that IL-4 promoter SNPs are 
associated with T2DM, as well as the significant correlation between IL-4 
homologous C/C genotypes and the lower circulatory HDL-C level.  

ABSTRACT  

INTRODUCTION 
T2DM  is characterized by insulin resistance and abnormal insulin secretion. 
Previous reports suggested that Th2 cytokines play important roles in type 2 
diabetic development. To investigate the role of IL-4 in T2DM, genomic DNA 
was extracted from peripheral blood and IL-4 promoter C-589T/C-34T SNPs  
were analyzed. 

MATERIALS AND METHODS 

Association of IL-4 Promoter Polymorphisms in 
Taiwanese Patients with Type 2 Diabetes Mellitus 
 Kuo-Ting Ho1, Ming-Yuh Shiau2, Chien-Ning Huang3 and Yih-Hsin Chang4  
1Department of Life Sciences, National Chung Hsing University, 2Hung Kuang University, 3Department of 
Internal Medicine, Chung Shan Medical University Hospital, 4School of Medical Laboratory and 
Biotechnology, Chung Shan Medical University, Taiwan, Republic of China. 

Genomic DNA was extracted from peripheral blood of 425 Taiwanese T2DM 
patients and 148 unrelated healthy Taiwanese individuals, and IL-4 gene 
SNPs were analyzed by PCR-RFLP analysis. Student t test was applied for 
comparisons of each blood biochemistry parameter between T2DM subjects 
and controls. Others statistical significance of the difference was tested by 
Chi-squared analysis.   

CONCLUSION 

1. IL-4 promoter C-589T and C-34T polymorphism were associated 
with type 2 diabetes mellitus in Taiwan. 

2. A significant association between IL-4 -589C/C genotypes and 
lower HDL-C levels was found. This result indicated that IL-4 -589C 
might be associated with HDL-C metabolism.  

*Numbers in parenthesis indicated the normal reference range of each 
biochemical test. 
†Student t-test.  
‡Numbers in the parentheses indicated the information of each 
demographic and biochemical variables from the data of 98 control and 
328 diabetic subjects with available IL-4 -34 genotypic results.  

0.021 
0.003 

6.11±1.87 
(6.12±1.88) 

6.56±1.64 
(6.79±1.67) 

Uric acid 
(2.4-7.2 mg/dL)* 

0.004 
0.008 

184.00±153.24 
(184.51±153.74) 

142.54±125.52 
(139.45±122.86) 

Triglycerides 
(20-200 mg/dL)* 

<0.001 
<0.001 

4.50±1.31 
(4.51±1.31) 

3.59±0.90 
(3.56±0.89) TC/HDL-C 

<0.001 
<0.001 

46.49±13.38 
(46.52±13.43) 

58.35±13.88 
(59.24±14.58) 

HDL-C 
(>35 mg/dL)* 

0.025 
0.023 

17.54±8.00 
(17.58±8.07) 

15.86±5.09 
(15.60±4.39) 

Blood urea 
nitrogen  

<0.001 
<0.001 

134.76±18.56 
(135.22±18.19) 

125.42±19.18 
(123.45±17.19) 

Systolic pressure 
(120-140 mmHg)* 

<0.001 
<0.001 

177.70±68.50 
(180.38±70.65) 

95.69±6.79 
(96.07±6.63) 

Fasting glucose 
(70-110 mg/dL)* 

0.014 
0.021 

25.36±3.27 
(25.34±3.16) 

24.52±3.40 
(24.43±3.51) BMI (kg/m2) 

p † 
Type 2 diabetic patients 

n=425 (n=328)‡ 
Control subjects 
n=148 (n=98)‡ 

TABLE 1 Demographic and biochemical data of study subjects. 

＊ p<0.05 by Chi square test.  

TABLE 2 Comparison of IL-4 -34 C/T and-589 C/T SNPs between type 
2 diabetic subjects and controls. 

  9 (2.74%) 3 (3.06%) C/C   

  69 (21.04%) 32 (32.65%) T/C   0.05 

250 (76.22%) 63 (64.29%) T/T   

328 98 IL-4 -34 C/T 

  8 (1.88%) 7 (4.73%) C/C   

  93 (21.88%) 45 (30.41%) T/C   0.013 

 324 (76.24%) 96 (64.86%) T/T   

425 148 IL-4 -589 C/T 
Genotype  

p＊ Type 2 diabetic 
patients  n (%) 

Non-diabetic healthy 
control  n (%) 

        87 (13.26%)        38 (19.39%)  C 
0.024       569 (86.74%)      158 (80.61%) T 

IL-4 -34 C/T 
      109 (12.82%)        59 (19.93%) C 

0.002       741 (87.18%)      237 (80.07%)    T 
IL-4 -589 C/T 
Allele  

RESULT 

Outcome 
IL-4 genotypes 
(C/C vs. T/T) 

IL-4 genotypes 
(T/C vs. T/T) 

b (se)† p value b (se)† p value 
Fasting glucose 0.03629 0.6816 0.02147 0.5467 

BUN 0.21815 0.1476 0.04895 0.3905 

Creatinine 0.08897 0.2964 0.00324 0.9281 

Cholesterol 0.00027527 0.9973 0.01904 0.4936 

HDL-C -0.41838 0.0003 -0.01690 0.6730 

TC/HDL-C 0.41418 0.0032 0.07508 0.1286 

Triglyceride -0.34156 0.2404 0.14315 0.1584 

Uric acid 0.00510 0.9648 0.01134 0.7979 

*Other factors included in the models are: case vs. control status, age and sex. 
†Parameter estimate (standard error). 

TABLE 3 Association of IL-4 genotypes and blood chemistry 
parameters, controlling for potential confounding factors*, the results 
of multiple linear regression analysis. 
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角色。根據本研究之基因型分析結果，國人 IL-4 基因型與 T2DM 以及受檢者之高密度膽固

醇發病有相關性；此發現表示 IL-4 可能與葡萄糖/脂肪之代謝作用有關而參與 T2DM 之致

病。因此本實驗室進一步以細胞與動物模式檢測上述假說。實驗結果顯示 IL-4 可透過調

控 Akt 之磷酸化，提升胰島素敏感性與葡萄糖耐受性；此外，IL-4 也抑制脂肪聚集而調控

脂肪代謝作用，減輕小鼠之體重與脂肪重量。簡而言之，本研究除發現 IL-4 基因型與 T2DM

之發病有關之外，亦證實 IL-4 透過提高胰島素敏感性與葡萄糖耐受性並抑制脂肪堆積而

調節葡萄糖/脂肪之代謝作用。上述結果提供 IL-4 調控代謝作用之嶄新角色，也提出免疫

作用、胰島素敏感性與新陳代謝三者交互作用之證據。 
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