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Background: Recent studies have found that there are significant associations between body iron status and the development of 
diabetes. In the present study, we aimed to analyze the association among iron overload (IO), insulin resistance (IR), and diabetes 
in Chinese adults, and to explore the sex difference.
Methods: Men and women (age >19 years) who participated in the Chinese Health and Nutrition Survey and did not have diabe-
tes at baseline were followed between 2009 and 2015 (n=5,779). Over a mean of 6 years, 75 participants were diagnosed with inci-
dent diabetes. Logistic regression was used to assess the risk factors associated with IO. Cox proportional hazard regression was 
used to estimate the risk of incident diabetes and to determine whether the risk differed among subgroups. Causal mediation 
analysis (CMA) was used to explore the mechanism linking IO and diabetes.
Results: According to sex-stratified multivariable-adjusted Cox proportional hazards regression, IO increased the risk of incident 
diabetes. Women with IO had a higher risk of diabetes than men. Subgroup analysis with respect to age showed that the associa-
tion between IO and diabetes was stronger in older women and younger men (P<0.001). CMA showed that liver injury (alanine 
transaminase) and lipid metabolism abnormalities (triglyceride, apolipoprotein B) contributed to the association between IO and 
diabetes.
Conclusion: IO is associated with diabetes and this association is sex-specific. IO may indirectly induce IR via liver injury and 
lipid metabolism abnormalities, resulting in diabetes.
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INTRODUCTION

Iron overload (IO) is usually an excess of iron in the body that 
cannot be eliminated by physiological mechanisms. IO usually 
manifests as high ferritin (FET) and transferrin (TRF) satura-
tion. IO can cause serious problems (such as liver fibrosis and 
heart failure), but it is often overlooked because of a lack of 
specific symptoms and slow progression of the disease. Recent 
epidemiologic studies have shown a high incidence of IO in 

apparently healthy people, especially in the Asia-Pacific region 
and Africa, which does not have a genetic explanation [1-4]. 
For most patients diagnosed with IO, the treatment is relatively 
simple and clear; however, if IO is not treated, fatal organ tox-
icity will occur. Therefore, screening and diagnosis of IO is 
necessary in the general population.

Hereditary hemochromatosis was initially discovered to be 
associated with the development of diabetes [5]. Subsequently, 
some studies found that systemic iron status is also strongly as-
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sociated with the development of multiple types of diabetes 
and their complications in the general population [4,6]. Nu-
merous studies have also revealed that a much milder state of 
IO, owing to excessive dietary iron intake or a number of other 
factors, is also a risk factor for the development of type 2 diabe-
tes mellitus and gestational diabetes [5,7,8]. Nevertheless, the 
complete pathological mechanisms are not fully understood. 

Many experimental studies have been conducted to explore 
the possible effects and mechanisms of IO in diabetes. Poten-
tial explanations behind the association between IO and devel-
opment of diabetes include: (1) excess iron can increase pro-
duction of reactive oxygen species and liver steatosis; (2) IO 
can lead to abnormal metabolism of glucose and lipids; and (3) 
elevated iron levels can trigger β-cell compensation mecha-
nisms and lead to functional failure [8-10]. However, some of 
these possible mechanisms have not been examined using hu-
man data. 

Levels of circulating FET vary considerably depending on 
sex and menopause, suggesting that there may be a sex-depen-
dent relationship between FET and diabetes risk; however, this 
remains controversial [11-13]. A cross-sectional study of the 
China Health and Nutrition Survey (CHNS) showed that ele-
vated concentrations of FET were related to a higher risk of di-
abetes among men but not among women [14]. In another 
study, higher levels of FET were associated with a higher risk of 
type 2 diabetes mellitus in both sexes [15]. Menopause may 
also be an important factor in this association. It is necessary to 
explore sex differences and the influence of menopause on this 
association in a Chinese population.

In this study, we aimed to investigate the epidemiology of IO 
and risk factors for its occurrence in a general Chinese popula-
tion. We also aimed to identify the association between IO and 
diabetes according to sex. Mediation analysis was used to ex-
plore the potential mediators involved in the association. 

METHODS

Study population 
The CHNS is an ongoing open-cohort study that was approved 
by the Ministry of Health and is administered by the Universi-
ty of North Carolina at Chapel Hill, the Chinese Center for 
Disease Control and Prevention (CCDC), and the China-Ja-
pan Friendship Hospital (CJFH). Fifteen provinces and mu-
nicipal cities in China (Beijing, Chongqing, Guangxi, Guizhou, 
Heilongjiang, Henan, Hubei, Hunan, Jiangsu, Liaoning, 

Shanxi, Shandong, Shanghai, Yunnan, and Zhejiang) are par-
ticipating in the survey, and these vary in their geography, eco-
nomic development, availability of public resources, and popu-
lation health status. A multistage, random cluster process was 
used to draw the samples surveyed in each of the provinces. 
The survey has been conducted in 10 waves up to now: in 
1989, 1991, 1993, 1997, 2000, 2004, 2006, 2009, 2011, and 
2015. The participants gave their written informed consent be-
fore being included. The survey uses a questionnaire to collect 
information regarding the community, family, personal, di-
etary, and other social economic and health factors. The inves-
tigators were well trained before the survey commenced and 
all the procedures strictly observed the protocol written by the 
CHNS project team from the CJFH, Ministry of Health [16]. 

In this study, we used the data of participants in three waves 
of the CHNS conducted between 2009 and 2015; only 2009 
blood data were available. In the 2009 wave of the CHNS, 8,607 
adult participants were recruited. We defined people of >19 
years old as adult, according to the World Health Organization 
(WHO) age group definition [17]. Participants with a history 
of myocardial infarction (MI) or stroke were excluded. MI or 
stroke related to inflammation may have a higher FET lever 
and the cause is complicated, which may just be a phenome-
non accompanying the disease and cannot properly reflect the 
iron storage in the body. On the other hand, people suffering 
from MI and stroke tend to change their lifestyle including diet 
and behavior [18]. We excluded participants with incomplete 
baseline data (physical examination, dietary assessment, fast-
ing blood glucose, and behavioral status). We also excluded 
participants who had diabetes prior to the study and who had 
unknown diabetes statuses before or during the study. Ulti-
mately, data from a total of 5,779 adults were analyzed.

This survey was approved by Institutional Review Boards at 
the University of North Carolina, Chapel Hill (Chapel Hill, 
NC), and the National Institute of Nutrition and Food Safety, 
China Center for Disease Control and Prevention (Beijing, 
China), and each participant provided written informed con-
sent. Further details of the study population, survey design, 
sample, data collection, and quality control procedures are 
available at http://content.digital.nhs.uk/npid and https://
www.cpc.unc.edu/projects/china.

Physical examination and behavioral survey 
Height and body mass were measured by trained investigators, 
following a standard protocol that is recommended by the 
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WHO. Height was measured to the nearest 0.1 cm without 
shoes, and body mass was measured to the nearest 0.1 kg in 
lightweight clothing [19,20]. Body mass index (BMI) was cal-
culated as body mass in kg divided by height in meters, 
squared. Systolic and diastolic blood pressures were measured 
three times and the mean values were analyzed. Smoking sta-
tus and alcohol intake status were collected using a structured 
questionnaire and were categorized as yes or no in the analyses.

Dietary assessment 
Three consecutive 24-hour records for individuals and a food 
inventory for each household were made over the same 3-day 
periods and were combined to determine dietary intake 
[20,21]. All the participants were interviewed to determine 
their food consumption both away from home and at home on 
a 24-hour recall basis. Household food was weighed and the 
change in the inventory from the start to the end of each day 
was calculated. The consumption of food according to individ-
ual and household data was compared for each individual, and 
if significant discrepancies were found, the household and in-
dividual measurements in question were repeated to resolve 
these discrepancies. The Chinese Food Composition Table was 
used for food composition analysis [22]. 

Fasting blood measurements 
Participants were asked to fast for at least 8 hours overnight 
before venipuncture. Blood samples were collected into three 
tubes by certified technicians under strict quality control by 
the CJFH. The sample collected in one 4-mL ethylenediamine-
tetraacetic acid (EDTA) tube was used for routine analyses on 
site, a second sample in a 4-mL separation gel tube was used 
for biochemical tests in a local laboratory, and a third sample 
collected in the same type of tube was frozen and transported 
to the central laboratory of the CJFH in Beijing (medical labo-
ratory accreditation certificate ISO 15189:2007) for further 
biochemical analyses, immunological testing, and storage.

Glycosylated hemoglobin (HbA1c) was measured in provin-
cial laboratories; these met all the requirements for accurate 
measurement. Glucose concentration was analyzed using a 
Hitachi 7600 analyzer and glucose oxidase phenol 4-aminoan-
tipyrine peroxidase kits (GOD-PAP, Randox, County Antrim, 
UK) [14]. The hemoglobin concentration in whole blood was 
measured using a Beckman Coulter LH750 (Beckman Coulter, 
Brea, CA, USA). Low-density lipoprotein cholesterol (LDL-C), 
high-density lipoprotein cholesterol (HDL-C), triglyceride 

(TG), and total cholesterol (TC) concentrations were mea-
sured enzymatically using a Hitachi 7600 automated analyzer 
(Kyowa, Japan) [19]. Total protein concentration was deter-
mined using the biuret method on a Hitachi 7600 automated 
analyzer (Randox). Apolipoprotein A (Apo-A), apolipoprotein 
B (Apo-B), and lipoprotein (a) concentrations were measured 
using the immunoturbidimetric method using a Hitachi 7600 
automated analyzer. High-sensitivity C-reactive protein (HS-
CRP) concentrations was measured using the immunoturbidi-
metric method on a Hitachi 7600 automated analyzer (Denka 
Seiken Co. Ltd., Niigata, Japan) [23]. Alanine aminotransferase 
(ALT) activity and albumin concentration were measured us-
ing the International Federation of Clinical Chemistry (IFCC) 
enzyme and bromocresol green methods, respectively, on a 
Hitachi 7600 automated analyzer. Insulin (INS) and FET con-
centrations were analyzed radioimmunologically on a gamma 
counter (XH-6020, North Institute of Bio-Tech, Beijing, Chi-
na) and TRF concentration was measured using the nephe-
lometry method (B-type natriuretic peptide assay; Siemens, 
München, Germany). Only the results of blood tests in 2009 
were available and were finally included in our analysis. 

Definitions of variables and diseases 
Iron deficiency (ID), anemia, and iron deficiency anemia 
(IDA) were defined in accordance with the WHO thresholds 
[24]. IDA was defined as the existence of both anemia and ID, 
and the threshold was adjusted for pregnancy status and alti-
tude. IO was defined as a FET concentration >300 μg/L for 
adult men and >200 μg/L for adult women [25]. Insulin resis-
tance (IR) was defined as a fasting INS concentration ≥12 
mU/L [26,27]. The menopause was defined in this study as 
women of age equal to or greater than 52 years old [28]. Diabe-
tes was identified using the self-reported questionnaire with a 
tick box response to the question: “Have you ever been diag-
nosed with diabetes by a doctor?” (yes/no) [19].

Statistical analysis 
Continuous variables are expressed as mean±standard devia-
tion or median (interquartile range) and differences between 
participants with and without IO were identified using the un-
paired t-test or the Kruskal-Wallis test. Categorical variables 
are expressed as percentages and data were compared using 
Fisher’s exact test. 

We used binary logistic regression to explore the underlying 
variables at baseline that were associated with IO, and the data 
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were adjusted for 13 independent variables including age, 
physical examination findings, and biological, behavioral, and 
dietary factors. In order to avoid high correlations between the 
variables, we have used variance inflation factor to test multi-
collinearity.

Cox proportional hazards models were used to calculate the 
hazard ratio (HR) for incident diabetes, comparing partici-
pants without (reference standard) to participants with IO. To 
avoid an effect of sex difference in diabetes prevalence, we de-
cided a priori to stratify the models according to sex [29,30]. 
The formula ([β0]−[βn])/(β0)×100 was used to describe 
which groups of covariates were associated with a disparity in 
incident diabetes between the groups. We used multiple mod-
els to explore the relationships between each risk factor group 
and incident diabetes [29]. In model 1, only age was adjusted 
for, and in subsequent models, we added each risk factor group 
to the previous model in order, beginning with the biological 
factors (model 2) and ending with the behavioral factors 
(model 5). The final adjusted model (model 5) included all the 
risk factor groups. In a second modeling approach, we estimat-
ed the percentage reduction in the β estimates for each set of 
covariates from the base model, without adjusting for other 
sets of covariables. The proportional hazards assumption was 
tested, and no violations of this assumption were identified.

Causal mediation analysis (CMA) was used to determine 
the effect of IO on the development of diabetes and identify 
possible mediators of the relationship. ALT, TG, and TC were 
ln-transformed because of their skewed distributions. Sub-
group analysis was conducted according to age and BMI 
group. We excluded some variables because of possible collin-
earity among some of the covariates. A two-tailed P value of 
<0.05 was considered to represent statistical significance. R 
version 3.6.2 (R Foundation for Statistical Computing, Vienna, 
Austria) was used for all the analyses.

RESULTS

We excluded 203 participants who had MI and stroke and 
1,403 participants who were unable to provide baseline data 
for at least one risk factor of interest. We also excluded 199 
participants who had diabetes at baseline, 960 participants 
who were lost to follow-up at baseline, and 63 participants 
whose diabetes status was undetermined. In total, 5,779 par-
ticipants were included in the analysis. A flow chart for the 
participants is shown in Supplementary Fig. 1. A comparison 

of the baseline characteristics of the included and excluded 
participants is presented as Supplementary Table 1.

Baseline characteristics of all the participants 
Baseline characteristics of the 5,779 participants were classified 
on the basis of their iron status and sex, shown in Table 1. A to-
tal of 3,131 (54.18%) women and 2,648 (45.82%) men were in-
cluded, with mean age 50.94 years. Of these participants, 
20.76% (1,200) had abnormal iron status, with 9.22% (533) 
having ID and 11.54% (667) having IO, the numbers of partici-
pants with IO were 215 and 452 in women and men respec-
tively. At the baseline examination, more men (20.58%) than 
women (7.37%) had IO and the mean age of women with IO 
was higher than that of men with IO. Although some of these 
indexes were still within the normal range, participants with 
IO tended to have higher BMI, HbA1c, HS-CRP, glucose, TG, 
TC, ALT, and Apo-B than those without IO (P<0.001). In ad-
dition, IR was more prevalent in participants with IO. Women 
with IO have shown the slightly elevated level of mean INS, 
and men have shown the normal level of mean INS. With re-
spect to dietary factors, there were no differences in the macro-
nutrient or energy intake between participants with and with-
out IO. Behavioral factors did not significantly differ with re-
spect to IO, except that men with IO drank more alcohol.

Relationships of biological, dietary, and behavioral factors 
with IO 
We further explored baseline characteristics that were associ-
ated with IO using a logistic regression model. In this model, 
categorical data, including IR, smoking, and alcohol intake and 
continuous data including age, HS-CRP, TG, Apo-B, ALT, car-
bohydrate, protein, fat, BMI, and systolic pressure were ana-
lyzed at baseline. For women, old age, TG, Apo-B, and ALT 
were associated with the development of IO, whereas for men, 
old age, HS-CRP, TG, Apo-B, ALT, BMI, and alcohol intake 
were associated with the development of IO (Table 2).

Relationship between IO and incident diabetes 
Over the mean 6 years of follow-up (29,428 person-years), 75 
participants developed diabetes. Table 3 shows the HRs for dia-
betes and the percent reductions in β estimates for each model. 
IO was significantly associated with incident diabetes, but this 
association was shown to be affected by sex using the models 
stratified according to sex. In the basic model, women with IO 
had a much higher risk of developing diabetes than men with 
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Table 1. Participant characteristics at baseline (2009 to 2010), according to sex and the presence or absence of iron overload

Characteristic
Women (n=3,131) Men (n=2,648)

Non-iron overload 
(n=2,916)

Iron overload 
(n=215) P value SMD Non-iron overload 

(n=2,196)
Iron overload 

(n=452) P value SMD

Age, yr 50.14±14.03 62.03±10.54 <0.001 0.958 51.30±14.83 49.01±13.03 0.002 0.164

Physical examinations

   Height, cm 155.52±6.37 153.73±6.40 <0.001 0.280 166.38±6.68 166.78±6.65 0.241 0.061

   Weight, kg 56.54±9.54 57.81±10.02 0.061 0.129 63.77±11.18 68.60±11.13 <0.001 0.433

   BMI, kg/m2 23.34±3.46 24.37±3.46 <0.001 0.299 22.96±3.32 24.60±3.31 <0.001 0.493

   Systolic pressure, mm Hg 122.82±19.51 131.97±21.12 <0.001 0.450 125.74±17.65 125.91±15.86 0.850 0.010

   Diastolic pressure, mm Hg 78.81±11.00 81.37±11.73 0.001 0.225 81.49±10.96 83.40±10.94 0.001 0.174

Biological

   Glucose, mmol/L 5.08 (4.71–5.54) 5.39 (5.01–6.17) <0.001 0.457 5.09 (4.70–5.58) 5.36 (4.89–5.89) <0.001 0.307

   HbA1c, mmol/L 5.50 (5.20–5.80) 5.70 (5.40–6.10) <0.001 0.345 5.50 (5.20–5.80) 5.60 (5.20–6.00) <0.001 0.225

   INS, μIU/mL 10.45 (7.53–14.86) 12.44 (8.49–18.73) <0.001 0.102 10.05 (6.92–14.48) 11.44 (7.75–16.65) <0.001 0.056

   IR    

      No 1,768 (60.6) 106 (49.3) 0.001 0.229 1,398 (63.7) 242 (53.5) <0.001 0.207

      Yes 1,148 (39.4) 109 (50.7) 798 (36.3) 210 (46.5)

   Hemoglobin, g/L 132.00 (122.00–140.00) 133.00 (125.00–142.00) 0.095 0.059 151.00 (141.00–162.00) 155.00 (146.00–165.00) <0.001 0.242

   HS-CRP, mg/L 1.00 (0.00–2.00) 2.00 (1.00–4.00) <0.001 0.174 1.00 (1.00–2.00) 1.00 (1.00–3.00) <0.001 0.115

   FET, ng/mL 46.38 (22.15–81.95) 301.87 (235.48–499.30) <0.001 2.217 105.24 (66.56–155.58) 556.36 (416.61–787.13) <0.001 2.628

   TRF, mg/gL 291.00 (259.00–329.00) 274.00 (246.00–308.00) <0.001 0.380 277.00 (246.00–311.00) 274.00 (245.00–311.25) 0.588 0.001

   Apo-A, g/L 1.12 (0.98–1.31) 1.14 (0.96–1.36) 0.549 0.048 1.09 (0.93–1.30) 1.03 (0.88–1.23) <0.001 0.181

   Apo-B, g/L 0.88 (0.73–1.08) 1.06 (0.85–1.25) <0.001 0.564 0.88 (0.72–1.05) 0.96 (0.81–1.15) <0.001 0.334

   LDL-C, mmol/L 2.94 (2.40–3.60) 3.26 (2.60–4.14) <0.001 0.302 2.88 (2.33–3.45) 2.94 (2.26–3.65) 0.300 0.053

   HDL-C, mmol/L 1.45 (1.24–1.70) 1.39 (1.15–1.61) 0.004 0.178 1.36 (1.15–1.62) 1.23 (1.02–1.50) <0.001 0.288

   LP-A, mg/dL 83.00 (44.00–179.00) 93.00 (52.50–200.00) 0.151 0.108 75.00 (38.00–161.25) 64.00 (30.75–134.75) 0.001 0.083

   TG, mmol/L 1.20 (0.83–1.76) 1.70 (1.21–2.71) <0.001 0.542 1.19 (0.81–1.86) 1.84 (1.17–2.89) <0.001 0.508

   TC, mmol/L 4.80 (4.18–5.52) 5.41 (4.65–6.17) <0.001 0.501 4.72 (4.16–5.32) 4.95 (4.38–5.81) <0.001 0.337

   ALB, g/L 46.90 (45.00–49.10) 47.40 (45.55–49.75) 0.011 0.183 47.40 (45.20–49.70) 48.20 (46.00–50.40) <0.001 0.197

   ALT, U/L 16.00 (12.00–23.00) 22.00 (15.00–34.50) <0.001 0.460 20.00 (15.00–28.00) 27.00 (18.00–42.00) <0.001 0.448

   TP, g/L 77.90 (74.70–81.30) 77.80 (75.20–82.10) 0.311 0.081 76.50 (73.10–79.80) 76.30 (73.20–79.60) 0.564 0.040

Diet

   Calorie, kcal 1,994.50±605.06 1,935.67±586.26 0.168 0.099 2,366.86±691.93 2,357.75±678.95 0.798 0.013

   Carbohydrate, g 278.29±94.09 267.27±90.88 0.097 0.119 327.23±107.88 318.21±107.60 0.106 0.084

   Fat, g 70.05±38.54 68.72±35.48 0.626 0.036 80.58±39.30 81.97±42.67 0.500 0.034

   Protein, g 61.77±21.00 61.56±21.58 0.884 0.010 72.57±24.80 74.10±23.97 0.230 0.063

Behavioral

   Smoke 

      No 2,837 (97.3) 204 (94.9) 0.054 0.124 782 (35.6) 175 (38.7) 0.217 0.064

      Yes 79 (2.7) 11 (5.1) 1,414 (64.4) 277 (61.3)

   Alcohol 

      No 2,662 (91.3) 198 (92.1) 0.802 0.029 868 (39.5) 140 (31.0) 0.001 0.180

      Yes 254 (8.7) 17 (7.9) 1,328 (60.5) 312 (69.0)

Values are presented as mean±standard deviation, median (interquartile range), or number (%).
SMD, standard mean difference; HbA1c, glycosylated hemoglobin; INS, insulin; IR, insulin resistance; HS-CRP, high-sensitivity C-reactive pro-
tein; FET, ferritin; TRF, transferrin; Apo, apolipoprotein; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein choles-
terol; LP-A, lipoprotein (a); TG, triglyceride; TC, total cholesterol; ALB, albumin; ALT, alanine aminotransferase; TP, total protein.
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IO (HR, 4.74; 95% confidence interval [CI], 2.29 to 9.79 vs. 
HR, 3.28; 95% CI, 1.66 to 6.46). In model 2, we adjusted for the 
biological factors (HS-CRP, TG, TC, Apo-B, ALT, IR, LDL-C) 
and found the disparity in diabetes HR estimates for IO disap-
peared in men (HR, 2.13; 95% CI, 0.99 to 4.57). After further 
adjustment for dietary, physical, and behavioral factors, the HR 
estimates for diabetes in men were further reduced whereas 
the estimates for women remained significant (P<0.05). 
Whether in men or women, adjustment for the biological fac-
tors was associated with the largest percentage reduction in β 
estimates (25.64% for women and 36.48% for men). The physi-
cal examination findings were associated with the second larg-
est percentage reduction in β estimates in both sexes (Table 3).

Risk factors mediating the relationship between IO and IR 
The effects of IO on IR could be accounted for completely by 
ALT in women (Fig. 1A) and partially in men (Fig. 1B). ALT 
also acted as a partial mediator for the differences in TG me-
tabolism (Fig. 1C and D). We found the significant completely 

mediation effect of TG in the association between IO and Apo-
B metabolism (P<0.05) (Fig. 2A and B). In addition, Apo-B 
showed a partial mediation effect on IR (Fig. 2C and D). These 
results applied to both men and women, although the indirect 
effects were generally more pronounced in men than women 
(Supplementary Table 2).

Subgroup analyses of the association between IO and 
incident diabetes 
The incidence of diabetes did not significantly differ between 
young women or old men with IO and those without. Howev-
er, in women, age ≥52 years was significantly associated with 
the risk of incident diabetes; this association was the opposite 
in men: age <52 years was significantly associated with the risk 
of incident diabetes. In BMI subgroup analysis, there was a 
stronger association between IO and diabetes among partici-
pants with higher BMI after adjusting for age and HS-CRP. 
Women with BMI <24 showed a stronger association between 
IO and diabetes, but this was not the case in men (Table 4).

Table 2. Odds ratios and 95% CIs for iron overload, according to baseline risk factors

Characteristic
Women Men

Odds ratio 95% CI Z P value Odds ratio 95% CI Z P value
Age 1.07 1.06–1.09 10.12 <0.001 1.00 0.99–1.01 –0.66 0.507

HS-CRP 1.00 0.99–1.01 1.24 0.214 1.02 1.00–1.03 2.50 0.013

TG 1.26 1.15–1.38 5.06 <0.001 1.23 1.15–1.31 6.45 <0.001

Apo-B 1.94 1.13–3.31 2.43 0.015 2.05 1.35–3.11 3.35 0.001

ALT 1.02 1.01–1.03 5.87 <0.001 1.01 1.01–1.02 4.84 <0.001

IR

   No Reference Reference Reference Reference Reference Reference Reference Reference

   Yes 1.02 0.74–1.39 0.12 0.908 0.99 0.79–1.25 –0.07 0.947

Carbohydrate 1.00 1.00–1.00 –0.73 0.468 1.00 1.00–1.00 –1.30 0.194

Protein 1.01 1.00–1.02 2.11 0.035 1.00 1.00–1.01 0.56 0.574

Fat 1.00 0.99–1.00 –0.65 0.514 1.00 1.00–1.00 –0.22 0.823

BMI 1.03 0.98–1.07 1.17 0.243 1.08 1.04–1.12 4.27 <0.001

Systolic pressure 1.00 0.99–1.01 –0.64 0.520 1.00 0.99–1.00 –1.38 0.167

Smoke

   No Reference Reference Reference Reference Reference Reference Reference Reference

   Yes 1.05 0.50–2.01 0.14 0.892 0.85 0.68–1.07 –1.38 0.168

Alcohol

   No Reference Reference Reference Reference Reference Reference Reference Reference

   Yes 0.84 0.46–1.43 –0.61 0.545 1.39 1.10–1.76 2.73 0.006

CI, confidence interval; HS-CRP, high-sensitivity C-reactive protein; TG, triglyceride; Apo, apolipoprotein; ALT, alanine aminotransferase; IR, 
insulin resistance; BMI, body mass index.
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Table 3. Hazard ratios for incident diabetes in participants with and without iron overload and the percentage reductions in the 
parameter estimatesa

HRs by model
Women Men

IO HR 
(95% CI)

Reduction 
in β, %b P value IO HR 

(95% CI)
Reduction 

in β, %b P value

Baseline risk factor adjustment (method 1)

   Model 1: age 4.74 (2.29–9.79) Reference <0.001 3.28 (1.66–6.46) Reference 0.001

   Model 2: model 1+biologicalc 3.18 (1.56–6.48) 25.64 0.001 2.13 (0.99–4.57) 36.48 0.053

   Model 3: model 2+dietd 3.47 (1.69–7.14) 20.05 0.001 2.11 (0.98–4.52) 37.15 0.055

   Model 4: model 3+physical examinationse 3.34 (1.55–7.2) 22.56 0.002 1.85 (0.86–3.97) 48.19 0.114

   Model 5: model 4+behavioralf 3.35 (1.54–7.26) 22.37 0.002 1.91 (0.88–4.13) 45.49 0.100

Baseline risk factor adjustment (method 2)

   Model 1+biologicalc 3.18 (1.56–6.48) 25.64 0.001 2.13 (0.99–4.57) 36.48 0.053

   Model 1+dietd 4.95 (2.36–10.36) –2.76 <0.001 3.16 (1.6–6.25) 3.03 0.001

   Model 1+physical examinationse 4.18 (1.97–8.88) 8.03 <0.001 2.31 (1.18–4.55) 29.32 0.015

   Model 1+behavioralf 4.72 (2.28–9.77) 0.32 <0.001 3.32 (1.69–6.54) –1.18 0.001

HR, hazard ratio; IO, iron overload; CI, confidence interval.
aThe model was adjusted for baseline risk factors, bPercent reduction in β estimate ([β0–βn]/[β0]×100). β0 indicates an age adjusted reference 
model. βn indicates the remaining models, ln HR=β, cBiological factors: high-sensitivity C-reactive protein, triglyceride, total cholesterol, apoli-
poprotein B, alanine aminotransferase, insulin resistance, low-density lipoprotein cholesterol, dDiet factors: carbohydrate intake, fat intake, pro-
tein intake, ePhysical examinations factors: body mass index, systolic pressure, fBehavioral factors: smoking status, alcohol status.

Fig. 1. Causal mediation analysis (CMA) models for the association of insulin resistance (IR) and triglyceride (TG) metabolism 
with iron overload (IO). Adjusted for age and high-sensitivity C-reactive protein. (A, B) The circles and solid lines show the point 
estimates and 95% confidence intervals for the effects of IO on IR and (C, D) TG metabolism. (A, B) The average causal media-
tion effects (ACMEs) reflect the indirect effects of IO on IR and (C, D) TG metabolism, mediated by alanine aminotransferase. 
(A, B) The average direct effects (ADEs) reflect the direct effects of IO on IR and (C, D) TG metabolism. The total effects are equal 
to ACME plus ADE. P indirect represents the P value for ACME.
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DISCUSSION

In this study, we showed that IO indirectly affects the develop-
ment of IR, which may cause incident diabetes and be mediat-
ed via liver damage and altered lipid metabolism. After adjust-
ment for biological variables, our data suggest that the risk of 
incident diabetes associated with IO in men and women could 

be reduced by 25% to 35%. Reducing BMI was the second 
most effective method, and both biological variables and BMI 
were much more effective than adjusting smoking or dietary 
habits. 

The prevalence of IO in the general population exceeded our 
expectations; more than one-tenth of adults in our study had 
IO. Previously, researchers focused on IO prevention and treat-

Table 4. Hazard ratios for incident diabetes of iron overload in men and women, according to age and BMI category

Women Men

Case Hazard ratio 95% CI P value Case Hazard ratio 95% CI P value

IO by age, yra

   <52 1,593 5.23 0.43–62.95 0.093 1,326 7.13 2.35–21.63 <0.001

   ≥52 1,538 4.47 2.13–9.36 <0.001 1,322 1.28 0.36–4.49 0.705

IO by BMI, kg/m2b

   <24 1,884 4.77 1.27–17.92 0.021 1,604 1.02 0.13–7.85 0.985

   24≤ and <28 933 4.55 0.90–23.11 0.068 815 1.70 0.51–5.70 0.393

   ≥28 314 4.09 1.38–12.15 0.011 229 4.46 1.26–15.75 0.020

BMI, body mass index; CI, confidence interval; IO, iron overload.
aThe model was adjusted for high-sensitivity C-reactive protein (HS-CRP), bThe model was adjusted for age and HS-CRP.

Fig. 2. Causal mediation analysis (CMA) models for the association of apolipoprotein B (Apo-B) metabolism and insulin resis-
tance (IR) with iron overload (IO). Adjusted for age and high-sensitivity C-reactive protein. (A, B) The circle and solid line repre-
sent the point estimates and 95% confidence intervals for the effects of IO on IR and (C, D) Apo-B metabolism. (A, B) The aver-
age causal mediation effects (ACMEs) reflect the indirect effects of IO on IR, mediated by Apo-B; and (C, D) Apo-B metabolism, 
mediated by triglyceride (TG). (A, B) The average direct effects (ADEs) reflect the direct effects of IO on IR and (C, D) Apo-B 
metabolism. The total effects are equal to ACME plus ADE. P indirect represents the P value for ACME.
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ment in hereditary hemochromatosis or red blood cell transfu-
sion. However, attention should also be given to the general 
population. In comparison with participants without IO at 
baseline, those with IO displayed more evidence of IR, liver in-
jury, and altered lipid metabolism. Participants with IO had 
higher ALT activity and TG and Apo-B concentrations, even 
though the values were within the normal ranges. The logistic 
regression model also showed these indexes were significantly 
associated with IO. Valenzuela et al. [9] found that excess he-
patic iron storage promotes liver steatosis, increases plasma 
transaminase activity, and induces oxidative stress. Recent re-
search has shown high FET concentration is associated with 
higher prevalences of dyslipidemia, metabolic syndrome, and 
type 2 diabetes mellitus, and that these associations are medi-
ated through this pathway [19,31]. In view of IO’s burden of 
disease, physicians should be aware of the presence of IO in the 
general population. We should also pay attention to the small 
increases in biochemical markers that are related to liver injury 
and lipid metabolism, even if they are within the normal range, 
especially in individuals with IO.

Several previous studies have shown that excess iron may 
cause organ-specific oxidative stress, leading to IR and abnor-
mal lipid metabolism [7,19,31]. However, Clara Podmore et al. 
[15] suggested the causal role of iron was not clear in develop-
ment of IR and diabetes, which needed to be clarified. Animal 
study showed IO may contribute to liver injury, which may re-
sult in endoplasmic reticulum stress and IR [9,32]. High INS 
concentration, which is associated with IR, inhibits fatty acid 
oxidation and increases TG synthesis by activating insulin re-
ceptor substrates 1 and 2 [33]. However, high concentrations of 
TG can increase Apo-B concentrations, which can induce en-
doplasmic reticulum stress and hepatic IR [34,35]. Others have 
also demonstrated that FET directly binds Apo-B via hemin-
mediated binding [36]. In our study, the results of logistic re-
gression did not suggest a direct causal association between IO 
and IR. However, in further mediation analysis, we found that 
ALT, TG, and Apo-B may mediate the induction of IR via IO; 
this process is summarized in Supplementary Fig. 2. To some 
extent, IO may indirectly promote IR, which is consistent with 
the results of previous studies. These findings suggest that IO is 
associated with liver injury and abnormal lipid metabolism. 
Such liver damage may lead to IR, and abnormal lipid metabo-
lism may further aggravate IR. This may be part of the explana-
tion of why people with IO are prone to develop diabetes.

Another notable finding was the sex differences in the out-

puts of the Cox proportional hazards models and CMA. In the 
EPIC-Potsdam study, high FET concentration was still associ-
ated with diabetes after adjustment for HS-CRP, γ-glutamyl 
transferase, ALT, adiponectin, HDL-C, and TG [7]. However, 
in the present study, the risk of diabetes associated with IO re-
mained in women but disappeared in men after adjustment for 
biological factors. We speculate sex hormones may explain this 
difference. Similar to previous studies [15], we found a stron-
ger association between IO and diabetes in leaner participants. 
However, this association only presents in women whose BMI 
<18.5 (data not shown). Stratification of the participants ac-
cording to age illustrated this difference: post-menopausal 
women (>52 years) showed a significant relationship between 
IO and the risk of incident diabetes, but the opposite trend was 
identified in men. Owing to menopause, it is difficult for excess 
iron to be excreted in older women. Furthermore, there is evi-
dence that estrogen counteracts iron mediated oxidative stress 
and that androgens stimulate the hematopoietic system and 
can even be used to treat anemia [37,38]. Several previous 
studies have also shown that a high FET concentration and 
marked iron deposition are associated with hypogonadism 
[39]. Taking these findings together, it is reasonable to believe 
that sex hormones affect iron metabolism. In addition, our re-
sults show old women are more likely to develop diabetes and 
that protein intake is associated with IO in women but not in 
men. Therefore, although women are more susceptible to ID, 
IO is a neglected but potentially significant problem in older 
women, who should be careful with their dietary protein in-
take.

The findings of our study contribute to the existing knowl-
edge regarding the relationship between IO and diabetes. First, 
we found that IO has a high prevalence in a general Chinese 
population. Second, we found a significant association be-
tween IO and diabetes in this prospective study. Third, we 
found that the relationship between IO and diabetes is more 
pronounced in postmenopausal women and young men. We 
also explored the potential roles of liver injury and abnormal 
lipid metabolism in the development of diabetes. 

There are several limitations in this study. The study partici-
pants were all Chinese adults; this limits the generalizability of 
the study findings. Another drawback is the limited availability 
of fasting blood samples. Because of this, we were unable to as-
sess the oxidative stress and sex hormone concentrations in the 
participants. We can’t exclude participants with clinically diag-
nosed Hereditary hemochromatosis, though according to the 
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extremely low incidence of hereditary hemochromatosis in 
China, this is unlikely to make a substantial impact on the re-
sults. Additionally, diabetes was recorded on the basis of physi-
cian-diagnosed self-reporting rather than on oral glucose tol-
erance testing, which may cause underestimation of morbidity. 

In conclusion, this prospective cohort study provided strong 
evidence to support a positive association between IO and dia-
betes, which was more pronounced in post-menopausal wom-
en and young men. Liver injury and abnormal lipid metabo-
lism partially mediates this association. Further studies are re-
quired to clarify the underlying molecular mechanisms. 
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