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Abstract
Aims: Iron overload identified by elevated ferritin concentrations has been implicated in risks of altered glucose metabolism and diabetic complications. Relationships between ferritin and insulin resistance remains uncertain in different gender and ethnicities. This study aimed to investigate the association between ferritin and insulin resistance using homeostasis model assessment (HOMA-IR), and further to explore whether this association is gender specific. Methods: A total of 524 type 2 diabetic patients were selected cross-sectionally from a cohort participating in a diabetic control study in Taiwan. Result: Overall, tertiles of ferritin significantly associated with elevated fasting plasma glucose, hemoglobin A1c, hsCRP, HOMA-IR levels as well as western dietary pattern scores generated by factor analysis in a dose responsive manner (all p trend p<0.05). As stratified by gender, a one-tertile ferritin increase significantly correlated with 0.241 unit increase in HOMA-IR (beta= 0.241, p=0.001) in female diabetes, but not in male diabetes (beta= 0.072, p=0.232), after adjusting for various covariance including demographic, dietary, clinical and inflammatory factors.  Conclusion:  Iron overload as elevated ferritin may augment insulin resistance in female type 2 diabetes, but not in male. Longitudinal studies are warranted to establish relationships between iron stores and diabetes development in different gender and ethnicities.  
Introduction

The World Health Organization has predicted that the number of people with diabetes will increase from 135 million in 1995 to 300 million by 2025 [1] with the greatest increases in Asia [2].  The annual incidence of diabetes has reached 0.5-1.0% of the population.  It is estimated that there are at least 100, 000 new cases per year [3] and 11.5% of total medical costs covered by the national insurance system is spent on the treatment of diabetes and its complications [4]. 


Ferritin, one of the key proteins regulating iron homeostasis, is considered as a clinical biomarker to evaluate iron status.  Both case control and prospective [5-7] studies have shown that elevated serum ferritin levels independently predicted development of altered glucose metabolism as well as incidence of diabetes in healthy male and female.  In cross-sectional studies, increased ferritin concentrations also correlated with hypertension [8], dyslipidemia [9] and glucose intolerance [10].  Most of these studies were investigated in the  Caucasian population.  In animal models, iron excess may cause beta-cell oxidative stresses and decrease insulin secretory capacity [11].  Besides, it also has been suggested that iron overload can reduce insulin sensitivity [12], contributing to earlier complication in diabetes [13].  The precise molecular mechanisms underlying the pathogenesis of iron-overload-related diabetes have not been fully identified.  It has been postulated that iron overload may induce peripheral hyperinsulinemia by reducing insulin extraction capacity of the liver [29, 30] or by reducing insulin synthesis and excretion by the pancreatic beta cells [31].  Increased iron-mediated oxidation of free fatty acids may also contribute to reduced glucose uptake by muscle, leading to augment of insulin resistance [32].  Besides, iron is a potential pro-oxidant, and reactive oxygen species have been shown to interfere with insulin signaling at the cellular levels [13].  This effect may also serve as one of the major mechanism contributing to insulin resistance [33].  
The relations between body iron stores and abnormal glucose metabolism have been primarily studied in western countries, and there have limited evidence derived from Asian population [14-16].  Ferritin, an acute phase protein, can be induced in an acute or low-grade inflammatory status such as diabetes [17].  Furthermore, two earlier studies conducted in Asian reported that correlation between ferritin and insulin resistance may be specific to female gender [15, 16], and one recent investigation suggested that iron overload as elevated ferritin levels correlated with insulin resistance in men, but not in women [18].  In this study, we aimed to explore the association between serum ferritin and insulin resistance upon adjustment of various confounders including non-dietary, dietary and inflammatory factors in type 2 diabetes.  Further, we also aimed to explore whether the association was specific to gender.  
Materials and Methods
Study design and subjects

The study subjects were type 2 DM patients who participated in the Diabetes Management through Integrated Delivery System (DMIDS) project (NCT00288678 ClinicalTrial.gov).  The DMIDS project was a single-blind, randomized controlled trial aimed to investigate the effect of implementing case management for type 2 diabetic patients in primary care clinics in Taiwan.  The patient recruitment period of the DMIDS project was between August of 2003 and December of 2005; the intervention was carried out through December 2007 and subjects were followed till the end of December 2009.  Patients had been routinely followed in order to complete anthropometric measures, survey of status of self-management of diabetes, dietary habits and clinical parameter checkups every year.  Patients between 30 and 70 years old receiving treatment at primary healthcare clinics were recruited, and they were diagnosed or newly diagnosed type 2 diabetes by primary physicians based on the criteria established by the American Diabetes Association (ADA) [19]. The exclusion criteria for recruitment included type 1 diabetes, pregnancy, dialysis,  dialysis or presence of major diabetic complications such as amputation, co-morbid blindness, cancer or cardiovascular disease based on physician diagnosis of myocardial infarction or stroke on national insurance claim forms. The study protocol was approved by the IRBs of National Health Research Institutes/Taiwan and Kaohsiung Medical University Hospital. All patients signed the written informed consents.

In February of 2009, we cross-sectionally selected five hundred twenty four subjects with complete measurements of ferritin, hsCRP, insulin resistance assessment and dietary records as food frequency questionnaires from this cohort for investigation this study.  A semi-quantitative food frequency questionnaire was used to assess dietary intakes in the previous year. Consumption frequency of each food item was converted to weekly equivalents. 
Measurement of clinical parameters

Venous blood after overnight fasting for at least 8 hours was collected for biochemical analysis.  All clinical parameters were sent to a laboratory (Union Clinical Laboratory, Taipei, Taiwan) certified by the College of American Pathology and US Commission on Office Laboratory Accreditation.  HbA1c assay was performed using high-performance liquid chromatography (The G7, Tosoh Kobe, Japan).  Fasting plasma glucose, cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL-Cholesterol), high-density lipoprotein cholesterol (HDL-Cholesterol), uric acid and creatinine were analyzed using an auto-analyzer (Beckman Coulter LX20, Beckman Coulter, Fullerton, California, USA). High sensitivity    c-reactive protein (hs CRP) was analyzed based on immunoturbidimetric method (Cobas Integra 800, Roche, Fullerton, California, USA). Medical charts were reviewed to obtain information regarding patient use of medications. 
Ferritin was analyzed using chemiluminescence method (ADVIA Centaur, Siemens, Tarrytown, New York, USA).  Insulin was measured by a chemiluminescent immunometric assay (Immulite 1000; Diagnostic Products, Los Angeles, CA). Insulin resistance was then assessed using the homeostatic model (HOMA-IR= insulin (μU/ml) x fasting plasma glucose (mmol/L)/22.5 (Diabetologia 1985;28:412-9). 
Statistical Analysis

We examined the assumption of normality for all parameters by Kolmogorov-Smirnov test, and variables were log-transformed if they do not fit the assumption of normality.  For descriptive analysis, analysis of variance and Pearson Chi-squared test were used to test the differences in different variables across ferritin tertiles.  Bonferroni Post Hoc Test was used to compare the differences between two groups among three tertile levels; simple linear regression was used to exam a trend of the dependent variable across the ordered levels of ferritin.  

Factor analysis (principal component factor) was carried out to identify major dietary patterns, based on the 34 food items.  This multivariate statistical technique is used to reduce the complexity of diet into fewer independent factors.  Factor scores for specific dietary patterns were analyzed and compared across three tertiles of ferritin levels.  To simply the interpretation, the factors were rotated by orthogonal transformation (varimax rotation) to maintain uncorrelated factors variables called principal components or patterns. The factor scores of each identified factor were calculated by summing intakes of food items multiplied by their corresponding factor loadings. Dietary patterns were labeled based on the food items presenting a high factor loading. In this study, we used a cut-point of equal or greater than ±0.3 to determine if individual food item is an important contributor to a dietary pattern.  


Multiple linear regression analysis was used to test independent association between ferritin and insulin resistance as HOMA-IR by adjusting for various confounders including CRP.  All statistics statistical operations were performed on SPSS Version 12.0.  All reported P values are two-sided and p<0.05 was considered statistically significant.
Results
Demographic characters among three levels of ferritin were shown in Table 1. The mean age and years of diabetes duration were not different among three levels of ferritin.  The proportion of male was 32.8%, 59.4% and 68.6% (p<0.001) in the first, the second and the third tertile of ferritin.  It also appears that number of subjects with smoking (19.5% (n=34), 39.4% (n=69), 42.3% (n=74), p<0.001) and drinking habits (7.5% (n=13), 14.3% (n=25), 18.9% (n=33), p=0.008) were significantly increased from the lowest ferritin to the highest ferritin level respectively.  The rest of the demographic characters such as hypertension, education years, betel nut use and exercise habits were similar across three ferritin levels. 

Overall, female subjects (159.1+150.3 ng/mL) had a significantly lower level of ferritin than male subjects (261.8 +194.9 ng/mL) (p<0.001) . In addition, female subjects in the menstrual stage (123.3 +111.4 ng/mL) had significantly lower iron ferritin levels than menopausal females (173.1+166.0 ng/mL) (p=0.001) (data not shown).  Further, the tertile levels of ferritin for menstrual stage women were 25.6, 86.3 and 254.1 ng/mL and those for menopausal women were 50.3, 124.4 and 344.6 ng/mL, respectively (Table 2).  The normal range of serum ferritin is commonly considered to be 12-300μg/L.  Level of ferritin <12μg/L and >300μg/L  indicates iron deficiency and abnormal high iron stores (Am J Clin Nutr. 2001;73(3):638-46).  Gender-specific cut-off points for high iron stores were suggested as serum ferritin >300 μg/L and >200μg/L for men and women, respectively (Am J Clin Nutr. 2001; 73(3):638-46).  Application of this gender-specific cut-off points for high iron stores were also reported in studies describing iron status of the Taiwanese elderly in the Elderly Nutrition and Health Survey in Taiwan (1999-2000) (Asia Pac J Clin Nutr 2005;14 (3): 278-284).  In the current investigation, approximately two third of male (67.9%) and female (65.1%) subjects had ferritin concentrations within normal ranges (female: 12-200μg/L; male: 12-300μg/L), while 33.8% of males and 27.6% of females had a high iron store as ferritin>300 μg/L in male and >200 μg/L in female, respectively.

Some metabolic parameters were correlated with ferritin levels in a dose response manner. BMI and waist line were similar among three ferritin levels.  Levels of many metabolic parameters including fasting glucose, HbA1c, serum concentrations of triglyceride, BUN and creatinine were increased as ferritin increased in a dose response pattern (p trend=0.023-0.002).  Levels of glomerular filtration rate (GFR) were similar among three tertile groups.  On the other hand, HDL-cholesterol were decreased as ferritin tertile level increased (p trend=0.004). For inflammatory marker and insulin resistance, mean serum levels were 0.23, 0.29 and 0.38 mg/dl for hsCRP  and 2.8, 2.9 and 3.5 for HOMA-IR in the 1st, 2nd and 3rd tertile level of ferritin respectively, suggesting that ferritin may represent, to some extent, inflammatory status and development of insulin resistance. 
We performed factor analysis (Table 3) based on food frequency questionnaires to generate three major dietary patterns. Factor 1 was labeled as a Western dietary pattern with high consumption of meats, processed meats, fried foods, eggs, seafood, sugary juice, western bread, and always eating outside. Factor 2 was labeled as a Traditional Chinese dietary pattern with frequent consumption of can meats, soy products, noodles, picked vegetables, Chinese staple, dressing with starchy sauce, nuts, and fermented foods and factor 3 as a prudent dietary pattern characterized by frequent consumption of fresh fish, white meats, milk, yogurt, and fresh vegetables.   As shown in Table 4, only Western dietary pattern had significant association with ferritin tertiles (p-trend=0.001). The factor score was positively correlated with ferritin tertiles. After constructing Bonferroni Post Hoc Test, we found tertile 3 had significantly higher factor score compared to tertile 1 or tertile 2 of ferritin level (p<0.05)    

Table 5 shows the independent association between various factors and HOMA-IR.  After adjusting possible confounding factors including age, gender, BMI, DM duration, hypertension, education year, smoking and alcohol drinking, female (beta=0.234, SE=0.037) and ferritin tertiles (beta=0.182, SE=0.018) were significantly correlated with HOMA-IR index (p<0.001). In model 2 and model 3, we additionally adjusted for dietary factors and metabolic indices including triglyceride, HDL-cholesterol, BUN, and creatinine besides factors adjusted in model 1, gender and ferritin remained significantly and positively associated with HOMA-IR (all p < 0.001).  Because ferritin is normally responsive to acute or low-grade chronic inflammatory status [17], we also additionally adjusted for a commonly used inflammatory factor, hsCRP (model 4) and found that female gender (beta=0.246, SE=0.039) and ferritin tertiles (beta=0.154, SE=0.018) were significantly correlated with HOMA-IR (p<0.001).


Based on the above findings, gender seemed to play some roles in the association; we then stratified by different gender, and performed multivariable regression analysis to explore the relationship between ferritin levels and insulin resistance.  All models in female patients were additionally adjusted for menstrual cycle status. It was clear that, only in female, ferritin (beta=0.241, SE=0.026, p=0.001) showed positive associations with HOMA-IR after adjusting for demographic characters (model 5), dietary factors (model 6), clinical indices (model 7) and inflammatory indicator, hsCRP (model 8). In all models (model 5-model 8) examined in female subjects,  menopause status did not correlate significantly with HOMA-IR (p=0.512-0.603) (data not shown).  In men, there were no significantly correlations between ferritin and insulin resistance after adjusting for multiple classes of covariances (model 9-model 12, all p> 0.05). 
Discussion


The major finding of this study was that elevated ferritin levels correlated independently with insulin resistance only in female type 2 diabetic patients, but not in male after adjusting for possible confounding factors which including demographic, dietary, metabolic and inflammatory covariates.  Besides the current study, gender-specific (women) associations have been reported only in two other studies conducted in Asian 
 ADDIN EN.CITE 
[15, 16]
.  One study conducted in healthy Taiwanese population reported that elevated ferritin correlated with insulin resistance in female (p<0.002) but not in male adults by adjusting for only age and BMI [16].  The second study conducted in Jiangsu Province of China found that odds ratio of diabetes in the upper quartile of ferritin was 3.79 (95% CI: 1.72-8.36) compared with the rest (1-3 quartiles) in women, but not in men [15].  On the other hand, a larger cross-sectional study conducted in Korean men and women receiving health checkups reported that ferritin were associated with insulin resistance and risks of impaired glucose tolerance, metabolic syndrome and diabetes in men, but only with risks of impaired glucose tolerance in women [18].    

The incidence of metabolic alteration including development of insulin resistance increases substantially during menopause stage (Climacteric, 2010, 13 (3):203-209).   In our study, female subjects in the menstrual stage had significantly lower mean ferritin levels compared with menopausal females.  Thus, we adjusted menstrual cycle status in female patients using multivariable regression analysis and results demonstrated independent association between ferritin tertiles and HOMA-IR. In another study conducted in healthy Taiwanese population with approximately 37% menopausal women, association between ferritin and insulin resistance in female subjects was remained (p<0.04) after further adjusting for the menopausal in the multivariable regression model (16).  The study conducted in Jiangsu Province of China (15) did adjust for many potential confounders; the menopausal status, however, was not considered as covariance for adjusting.   Our study as well as other investigation (16) suggested roles of ferritin to modulate insulin resistance may be independent of menstrual cycle stage. 

Without stratification by gender, several lines of evidence clearly demonstrated the associations between ferritin and glucose homeostasis. First, type 2 diabetes is very prevalent in hemochromatosis, an inherited disease with status of iron overload [20]. Increased ferritin status also correlated with  risks of altered glucose homeostasis in several different populations including Finnish men with metabolic syndromes [10], Caucasians [6] or Chinese [14] with type 2 diabetes, women with gestational diabetes [21] and, further, patients with thalassemia [22]. A large-scale prospective cohorts conducted in US nurses [6, 23] also indicated that elevated ferritin levels predict incidence of type 2 diabetes.  Ferritin concentrations observed in the above investigations ranged from 109-198 ng/mL in non-diabetic and diabetic Caucasians men and from 72-107 ng/mL in women [6, 23].  The mean serum ferritin levels in diabetic men and women in current study was 261 and 159 (ng/mL) respectively.  These levels appeared to be comparable to those reported in healthy Taiwanese men (224 ng/mL ) and women (108 ng/mL), but they were greater compared to non-diabetic and diabetic men (132 ng/mL) and women (71 ng/mL) in a study conducted in Jiangsu Province of China [15].  It is possible that differences in ferritin concentrations among gender, ethnicities and status of glycemic control may all partially cause discrepancies of results among different studies.  Furthermore, dietary iron intake and genetic makeup may also cause variations in ferritin concentrations and most of the studies did not take them into considerations.  

Inflammation has been postulated to be one of the mechanism to modulate modulate not only ferritin mRNA and protein levels but also its secretion [24].  As a result, elevated ferritin levels may reflect systemic inflammation behind elevated body iron stores, and inflammation status may also appear to be important confounders to be adjusted.  In fact, a more recent study has investigated the effects of inflammation on the association between ferritin and risks of metabolic syndrome or diabetes in Chinese [25] and concluded that iron overload as elevated ferritin levels correlated with the metabolic alteration even after adjusting for various inflammatory factors.  Besides, increasing evidence suggests that body iron stores [6, 26] as well as  heme-iron in the diet all correlated with elevated risks of diabetes in western countries [27, 28]. A very recent study also found similar results that serum ferritin and total iron intake were significantly associated with risks of diabetes [15].  Consumption of foods by human is often characterized by a group of foods rather than consuming certain food items. Using factor analysis, we were able to identify factor scores derived from high meat dietary pattern were linearly associated with tertile levels of ferritin (p trend = 0.001); traditional Chinese and prudent dietary patterns did not correlate with ferritin concentrations.  The strength of our study was that we explored the correlations between ferritin and insulin resistance by adjusting many confounding factors including high-meat intake dietary pattern scores and inflammatory marker such as hsCRP.  As we stratified by gender, the correlations remained only in women after adjustment for all of the potential confounding factors. However, clear mechanism to explain this gender-specific association remained largely unclear at the present time.

 Iron overload as increased ferritin not only alter insulin sensitivity [12, 34]. Increasing evidence also showed that iron overload may initiate vascular damage and subsequently lead to macrovascular complications in diabetes [17] and microvascular complications remained largely unexplored. It is also possible that risks maybe enhanced in individuals with elevated serum and organ irons. Two studies included moderate sample size found that [35, 36] ferritin concentrations were significantly higher in diabetes patients with retinopathy than those without retinopathy.  In our study, we observed that clinical renal function indicators including creatinine (p trend=0.003) and BUN (p trend =0.023) were progressively elevated as ferritin levels elevated in a dose responsive manner; distribution of prevalence of chronic kidney disease defined as GFR<60 (mL/min/1.73m2) among ferritin tertile groups, however, was similar. It is still uncertain whether elevated ferritin, in part, may lead to development of nephropathy in type 2 diabetic patients. Additionally, the relationships between serum ferritin levels and other microangiopathic complications also remained largely uninvestigated.   Thus, larger sample size and prospective study design were warranted to clarify the causal relationships between iron stores and diabetic complications.

There are some limitations in this study. Serum ferritin is widely accepted biomarkers to reflect body iron storages in epidemiological investigations [20].  Serum ferritin also serves as an acute phase protein which may be affected by extent of inflammation. In this study, we attempted to minimize this potential confounding effect by adjusting CRP in our multivariabe liner regression analysis. However, we still unable to adjust for all relevant confounding variables, and residual confounding effects could have influenced our results. Another limitation of this study is that results from a cross-sectional study design with limited number of subjects participating in this investigation were not able to make inferences about the causal effects between serum ferritin levels and insulin resistance although there has been accumulated evidence demonstrating that increased iron stores may alter glucose homeostasis.   

In conclusion, elevated ferritin levels correlated with insulin resistance only in female type 2 diabetic patients, but not in male. The underlying mechanism to explain the gender-specific association between ferritin concentrations and insulin resistance warrants further examination. Whether increased ferritin levels may serve as prognostic factor for development of diabetic complications also acquire further studies. 
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