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Background: Studies have consistently shown that risk of type 2 diabetes (T2D) is positively associated
with dietary haem iron intake and inversely associated with dietary magnesium intake in a dose-
response way. However, interaction effects of these two clinically important nutrients on T2DM risk in
a prospective setting is unknown.
Objective: To determine the five-year risk of developing impaired fasting glucose (IFG) associated with
dietary magnesium-to-iron intake ratios (Mg/Fe), including Mg/total Fe, Mg/haem-Fe and Mg/non-haem
Fe.
Design: A cohort study of 1056 participants recruited into the Jiangsu Nutrition Study (JIN) from 2002 to
2007, aged at least 20 years and without known diabetes and IFG at baseline were followed up for five
years. Dietary magnesium and iron intake at baseline was assessed by 3-day weighed food records.
Fasting plasma glucose was measured both at baseline and follow up. Logistic regression models were
performed to determine the associations between quartiles (using bottom quartiles as referent cate-
gories) of magnesium to iron (including total Fe, haem-Fe and non-haem Fe) ratio and the risk of IFG
(>5.6mmol/L) adjusted for covariates: age, gender, body mass index (BMI), hypertension, serum ferritin,
haemoglobin and family history of diabetes.
Results: The mean (SD) intake of total Fe and magnesium was 25.0 (9.2) mg/d and 323 (125) mg/d. The
incidence of IFG during 5-year follow up was 11.8%. Inverse associations were found between quartiles (Q)
of Mg/haem-Fe and the risk of IFG in the fully adjusted model: odds ratios (OR) were 1.00, 0.59 (95%CI 0.35,
0.98), 0.49 (95%CI 0.28, 0.84), and 0.28 (95% CI 0.14, 0.55) (Q4), respectively. Weaker associations were
found for quartiles of Mg/total Fe and no association was found between Mg/non-haem Fe and IFG risk.
Conclusions: Low Mg/haem-Fe ratio is an independent risk factor for developing IFG in Chinese adults.
Future research to determine the added predictive value of assessment of low dietary Mg/haem-Fe ratio
beyond current T2D risk models in specific populations is justified.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Type 2 diabetes mellitus (T2DM) is now a major health and
economic burden in China. Using the national survey from 2007 to
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2008, the prevalence of T2DM and prediabetes was estimated to be
9.7% and 15.6% respectively [1]. Identification of novel risk factors
could help strategies to prevent diabetes, resulting in substantial
health and economic benefits.

There is a growing body of evidence suggesting several micro-
nutrients are associated with T2D risk. For instance, magnesium
(Mg) has been shown to play a key role in regulating insulin and
glucose metabolism and Mg deficiency is common among people
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Abbreviations

T2DM type 2 diabetes mellitus
Mg magnesium
Fe iron
IFG impaired fasting glucose
JIN Jiangsu Nutrition Study
BMI body mass index
Mg/Fe dietary magnesium-to iron intake
FPG fasting plasma glucose
Mg/SF Mg to serum ferritin ratio
SES socioeconomic status
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with T2D [2]. A meta-analysis of prospective studies has confirmed
an inverse association between dietary Mg intake and risk of T2DM
in a dose-response manner [3].

Conversely, dietary iron (Fe) intake and blood iron status, have
been positively associated with T2D inWestern and Asian countries
[4e6]. Iron overload may promote the development of diabetes via
stimulating oxidative stress and inflammation [7,8]. In addition,
haem Fe but not non-haem Fe intake has been suggested to be
associated with an increased risk of hyperglycaemia previously in
another of our previous studies using the same cohort [9]. Similar
results have also been found in American men in that only haem-Fe
was found to be related to diabetes [10]. A systematic review of
prospective studies has evaluated the available evidence for asso-
ciations between iron intake, body iron stores, and risk of T2DM.
The results suggest that higher haem iron intake and increased
body iron stores were significantly associated with a greater risk of
T2DM, whereas dietary total iron, non-haem iron, or supplemental
iron intakes were not significantly associated with T2DM risk [11].

However, the interactions between magnesium and iron intake
is less studied. In the limited evidence, one of our previous studies
using the same cohort found an inverse linear association between
magnesium-to-total Fe intake ratio and diabetes, which was inde-
pendent of known risk factors for diabetes [12]. And such associa-
tion was only significant when iron intake was higher than the
mean iron intake. However, prospective studies assessing iron
intake and the risk of diabetes are lacking. In addition, they did not
separate haem-Fe and Non-haem Fe when looking at the in-
teractions between dietary magnesium and iron intake.

Chinese population has high intake of vegetables and low intake
of animal foods, compared with West populations, whether the
different composition of iron intake affects the relation with the
risk of diabetes in China is unclear. No study has examined the
interaction between magnesium and iron intake including differ-
entiating haem Fe and non-haem Fe in regards to the diabetes risk
prospectively.

Therefore, the current study aimed to investigate the interaction
betweenmagnesium and iron intake in regards to IFG prospectively
in a Chinese populationwhere such interaction has been found in a
cross-sectional study design [6]. In addition, the difference of haem
Fe and non-haem Fe will be tested. Interactions between risk fac-
tors and dietary magnesium to iron intake ratio (Mg/Fe), including
Mg/total Fe, Mg/haem-Fe and Mg/Non-haem Fe will also be
examined.

2. Materials and methods

2.1. Participants

Data from the Jiangsu Nutrition Study (JIN) cohort with subjects
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older than 20 years old were used in the current study. Detailed
methodology has been described previously [13]. In brief, in 2002,
2849 adults at least 20 years old living in two cities and six rural
areas in Jiangsu Province took part in the Chinese National Nutri-
tion and Health Survey. In 2007, an attempt to re-contact all the
original participants was made. Due to the attrition, 1682 were
identified for follow-up, 1492 participated in the follow-up inter-
view resulting in a response rate of 52.4%, and 1175 of them had
fasting blood samples measures. For the current analysis, we
included only those subjects with a fasting plasma glucose
<5.6mmol/l at baseline and without known diabetes (n¼ 1056).
The study was conducted aligning with the guidelines in the
Declaration of Helsinki, and all procedures were approved by the
Jiangsu Provincial Centre for Disease Control and Prevention [14].
Informed consent for participation was obtained from each
participant.

2.2. Data collection and measurements

Participants were interviewed at their homes by trained health
workers using a pre-coded questionnaire. Interviews took about 2 h
to completed and included questions on diet, sociodemographic
information, medical history, cigarette smoking, physical activity
and other lifestyle factors.

2.3. Dietary measurements

Dietary data including magnesium and iron intake were ob-
tained by food weighing plus consecutive individual 3-day food
records (including one weekend) [15]. At the beginning and end of
the 3-day survey, investigators weighed all the food stocked in the
household. All purchases, home production, and processed snack
foods were weighed and recorded each day. Nutrient intake was
calculated using the Chinese Food Composition Table [16]. Infor-
mation about food supplements was not included in this study due
to the small number of users.

2.4. Haemoglobin, serum ferritin and fasting plasma glucose
measurements

All the participants were asked to take a fasting blood sample in
the morning. The samples were analysed for plasma glucose and
haemoglobin at the local Centres for Disease Control and Preven-
tion. Haemoglobin was measured by the cyanmethaemoglobin
method [17]. Serum ferritin (baseline only) was analysed in a lab-
oratory in the National Centre for Disease Control and Prevention in
Beijing using a commercially available RIA kit (Beijing North Insti-
tute of Biological Technology, Beijing, China). IFG at follow-up
(2007) was defined as fasting plasma glucose>5.6mmol/l [18].

2.5. Anthropometric measurement and other variables

In both 2002 and 2007 anthropometry was conducted using
standard protocols and techniques. Body weight was measured in
light indoor clothing without shoes to the nearest 0.1 kg. Height
was measured without shoes to the nearest mm using a stadi-
ometer. Body mass index (BMI, kg/m2) was categorised into four
groups underweight (<18.5 kg/m2), normal weight (18.5e23.9 kg/
m2), overweight (24e27.9 kg/m2) and obese (�28 kg/m2) respec-
tively according to the guideline for Chinese adults [19]. Waist
circumference was measured to the nearest mm midway between
the inferior margin of the last rib and the crest of the ilium, in the
mid-auxillary line in a horizontal plane. Blood pressure was
measured twice with a mercury sphygmomanometer on the right
upper arm of the subject, who was seated for 5min before the
 from ClinicalKey.com.au by Elsevier on April 10, 2019.
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measurement. The mean of these two measurements was used in
the analyses. Hypertensionwas defined as a systolic blood pressure
above 140mmHg and/or a diastolic blood pressure above 90mmHg
or the use of antihypertensive drugs.

Cigarette smoking was assessed by asking the frequency of daily
cigarette smoking in the past 30 days. Alcohol consumption was
asked regarding the frequency (no, 1e2/week, 3e4/week and
daily). Education was recoded into either ‘Low’ (illiteracy, primary
school); ‘Medium’ (junior high school); or ‘High’ (senior high school
or higher), based on six categories of education levels in the
questionnaire. Occupation was recoded into ‘Manual’ or ‘Non-
manual’ based on a question with 12 occupational categories.
Sedentary activity was recoded into four categories: <1 h/d, 1e2 h/
d. 2e3 h/d, and�3 h/d based on questions asked on hours spent per
day on sedentary activities including watching TV, reading, com-
puter use and video games. Urban/rural area information was also
obtained by asking detailed residence. Village and town were
defined as rural.

2.6. Statistical analysis

Descriptive data are presented as the mean (SD) or as percent-
age. Chi-square tests were used to compare the differences be-
tween categorical variables, and ANOVAwas performed to compare
differences in continuous variables between groups. TheMg/Fe was
recoded into quartiles, and the highest quartile was compared with
the lowest quartile (reference group). The association between the
quartiles of Mg/Fe at baseline and the risk of IFG at follow up was
assessed using multivariable logistic regression models. A set of
models were used: model 1 adjusted for age, sex, energy intake;
model 2 further adjusted for income, education, region, smoking,
alcohol consumption, and sedentary activity; model 3 further
adjusted for BMI, hypertension, magnesium intake, total iron
intake, highest quartile of serum ferritin and highest quartile of
haemoglobin; model 4 further adjusted for family history of dia-
betes. Interactions between Mg/Fe and separate dietary magne-
sium and iron intake (including haem-Fe and non-haem Fe, as well
demographic, lifestyle and chronic conditions were conducted by
adding a multiplicative term as categorical variables and the
dichotomised Mg/Fe (<50% vs� 50% of Mg/Fe) in the model.
Sensitivity analyses were performed by examining the association
between Mg to serum ferritin ratio (Mg/SF) and IFG, and the in-
teractions between Mg/Fe and sex-specific dichotomised serum
ferritin (<50% vs� 50%) in relation to IFG. We also repeated the
main analysis after excluding low serum ferritin (<15 mg/L) to
explore the potential confounding effect of low serum ferritin.
Statistical significance was considered when P< 0.05. All statistical
analyses were performed with STATA V14 (Stata Corporation, Col-
lege Station, TX, USA).

3. Results

A total of 1417 households were included with 1308 men and
1541 women at baseline. After 5-year follow up, we identified 125
cases of IFG, among them 23 had diabetes. The mean intake of total
Fe and Mg was 25.0mg/d (non-haem Fe 23.4mg/d)and 323mg/d.
Most of total Fe intake was from non-haem Fe (91.4%). Table 1
presents the sample characteristics based on the extreme quar-
tiles of Mg/Fe at baseline. Participants in the lowest quartile of Mg/
Fe intake ratio were more likely to have higher social economic
status (SES), being smokers, non-manual workers, living in the
urban areas and have higher risk of hyperglycaemia, compared
with the highest quartile. Similar results are observed in the lowest
quartile of the Mg/haem-Fe in terms of SES, smoking, manual
occupation, residence and the risk of hyperglycaemia, compared
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with the highest quartile. No difference of the risk of IFG was found
between the lowest and highest quartile of the Mg/Non-haem Fe.

Dietary magnesium intake alone was not associated with the
risk of IFG (Table 2). However, separate haem-Fe intake but not total
Fe nor non-haem Fe intake was positively associated with the risk
of IFG. In the fully adjusted model, comparing with the lowest
quartile of haem-Fe intake, the highest quartile was associatedwith
177% increase of risk of IFG (odds ratio (OR) 2.77, 95% CI (1.42, 5.41),
p for trend <0.001).

An inverse association was found across quartiles of both Mg/
total Fe intake and Mg/haem-Fe and the risk of IFG (Table 3).
Comparing with the lowest quartile, the highest quartile of Mg/
total Fe intake andMg/haem-Fe intake ratio had an odds ratio of IFG
0.56 (95% CI 0.32, 0.97) and 0.30 (95% CI 0.16, 0.58) respectively
after adjusting for demographic and lifestyle factors. However, after
further adjusting for BMI, hypertension, highest quartile of serum
ferritin highest quartile of haemoglobin and family history of dia-
betes, the association was no longer significant between the quar-
tiles of Mg/total Fe and IFG, but remained consistently between the
quartiles of Mg/haem-Fe and IFG.

Interactions between subgroups andMg/haem-Fe are presented
in Fig. 1. In general, no significant interactions were detected.
However, current smoker and drinker seemed to benefit more from
a high ratio of Mg/haem-Fe intake against the risk of IFG. There was
an interaction betweenMg/haem-Fe and sex-specific dichotomised
serum ferritin (<50% vs� 50%) in relation to incident IFG inwomen.
The inverse association between Mg/haem-Fe and IFG was only
found among those with low serum ferritin inwomen (supplement
Fig 1). However, no such interaction was found in men. In addition,
no association was found when replacing iron intake with serum
ferritin, i.e. examining the association between Mg/SF and IFG.
When we excluded those with serum ferritin <15 mg/L, the inverse
association between Mg/haem-Fe and IFG remained (data not
shown).

4. Discussion

In this prospective study, we found inverse associations be-
tween quartiles of Mg/Fe and the risk of IFG in the Chinese popu-
lation. In specific, we found a consistent inverse association
between quartiles of Mg/haem-Fe and the risk of IFG. No associa-
tionwas found between Mg/non-haem Fe and the risk of IFG. There
are generally no interactions between risk factors andMg/haem-Fe.

The inverse association between quartiles of Mg/total Fe (un-
adjusted) was found in this prospective study is consistent with the
finding in the previous cross-sectional study using the same cohort
[12]. This confirms the interaction between magnesium and iron
intake when looking at the risk of diabetes prospectively, as sug-
gested by previous evidence that magnesium intake may neutralize
the inflammatory effect of iron by increasing utilization of iron and
reducing free iron production [20,21]. However, this association
was no longer significant when further adjusting for BMI, hyper-
tension, magnesium intake, total iron intake, serum ferritin, hae-
moglobin and family history of diabetes. This may suggest that in a
prospective point of view, the protective effect of Mg/total Fe intake
ratio on IFG may not be that strong, which highlights the impor-
tance to differentiate the composition of iron intake.

Indeed, when we looked at haem-Fe and non-haem Fe sepa-
rately, we found a consistent inverse association between Mg/
haem-Fe intake (not non-haem-Fe) through all the models. This
finding was consistent with our previous cross-sectional study and
the prospective Nurse Health Study that found haem-Fe but not
non-haem Fe was associated with diabetes [9,22]. In the Health
Professionals Follow-up Study cohort, hame-iron derived from red
meat but not total iron intake, was positively associated with risk of
ide from ClinicalKey.com.au by Elsevier on April 10, 2019.
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Table 1
Characteristics according to extreme quartiles (Q1 lowest and Q4 highest) of magnesium to iron intake ratio baseline in the Jiangsu Nutrition Study (n¼ 1056).

Mg/Total Fe Mg/Haem Fe Mg/Non-haem Fe

Q1 (n¼ 264) Q4 (n¼ 264) p-value Q1 (n¼ 264) Q4 (n¼ 264) p-value Q1 (n¼ 264) Q4 (n¼ 264) p-value

Median magnesium to iron intake ratio 10.6 15.7 67.6 -a 11.9 17.4
Age, mean (SD) 48.5± 13.8 49.3± 13.4 0.83 47.5± 13.0 50.8± 13.2 0.010 50.1± 13.4 48.5± 13.4 0.20
BMI mean (SD) 23.4± 3.1 23.3± 3.4 0.79 23.3± 3.1 23.8± 3.4 0.057 23.3± 3.3 23.2± 3.2 0.73
Nutrients intake (mean± SD)
Carbohydrate (g/d) 302.1± 96.0 341.0± 94.2 <0.001 271.9± 78.6 383.3± 109.0 <0.001 328.1± 105.6 308.3± 82.8 0.009
Protein (g/d) 73.5± 22.2 75.1± 22.2 0.002 76.4± 19.3 67.6± 23.5 <0.001 70.8± 24.5 76.8± 21.1 <0.001
Fat (g/d) 86.1± 35.7 79.2± 35.5 0.14 88.4± 33.8 67.5± 38.6 <0.001 82.3± 39.1 84.8± 36.3 0.39
Energy (Kcal/d) 2317.0± 644.4 2415.5± 661.5 0.20 2249.5± 573.6 2422.9± 76.1 0.006 2345.4± 673.5 2355.5± 630.6 0.99
Magnesium (mg/d) 282.6± 83.8 380.2± 148.2 <0.001 276.0± 77.4 395.7 ± 168.3 <0.001 306.1± 111.2 348.4± 144.4 <0.001
Total Fe (mg/d) 29.0± 9.6 23.2± 7.9 <0.001 24.2± 8.1 28.4± 11.1 <0.001 29.3± 10.2 22.5± 7.6 <0.001
Haem Fe (mg/d) 4.3± 5.3 1.5± 1.6 <0.001 5.8± 4.8 0.3± 0.3 <0.001 1.8± 2.2 3.3± 3.9 <0.001
Non-haem Fe (mg/d) 24.7± 9.4 21.8± 7.9 <0.001 18.4± 5.7 28.2± 11.0 <0.001 27.5± 10.1 19.2± 7.0 <0.001

SES (%) 0.014 <0.001 0.018
Low 20.2 31.2 12.6 58.2 33.1 20.3
Medium 34.6 34.6 28.6 28.5 32.7 33.3
High 45.2 34.2 58.8 13.3 34.2 46.4

Smoker (%) 34.5 26.1 0.038 34.1 25.0 0.040 30.3 28.4 0.57
Alcohol drinker (%) 28.4 27.3 0.29 30.3 22.7 0.093 23.9 26.5 0.71
Physical activity (%) 0.11 <0.001 0.36
<1 h 13.3 17.0 10.2 27.7 15.9 13.3
1e2 h 25.0 35.2 25.4 39.8 31.8 28.8
2e3 h/day 47.0 36.7 48.1 27.3 40.5 42.4
>¼3 h/day 14.8 11.0 16.3 5.3 11.7 15.5

Manual occupation (%) 41.7 58.0 0.002 38.6 69.3 <0.001 45.8 51.1 0.14
Residence (%) <0.001 <0.001 0.004
Urban 22.0 10.2 20.1 7.6 18.9 11.4
Rural 78.0 89.8 79.9 92.4 81.1 88.6

IFG (%) 15.9 9.5 0.068 18.9 6.1 <0.001 12.9 12.5 0.86
Family history of diabetes (%) 3.2 2.9 0.22 3.0 1.1 0.29 3 3 0.55
Serum ferritin (mg/L) (mean± SD) 101.7 (76.6) 89.8 (76.3) 0.21 101.1 (80.2) 82.2 (77.6) 0.010 90.6 (73.0) 93.5 (75.6) 0.88
Haemoglobin (g/L) (mean± SD) 131.7 (18.0) 132.7 (17.8) 0.66 130.6 (17.2) 136.0 (16.2) 0.001 131.9 (17.6) 130.7 (17.5) 0.17

BMI, body mass index.
SES, social economic status.
IFG, impaired fasting glucose.

a No intake of haem-Fe (e.g. vegetarians).

Table 2
Odds ratio of impaired fasting glucose of intake of magnesium, total Fe intake, haem Fe and Non-haem Fe in the Jiangsu Nutrition Study (n¼ 1056).

Quartiles of intake

Magnesium intake Q1 Q2 Q3 Q4 P for trend N

Model1 1.00 0.72 (0.43, 1.20) 0.46 (0.25, 0.86)* 0.69 (0.34, 1.40) 0.123 1056
Model2 1.00 0.73 (0.43, 1.24) 0.51 (0.27, 0.96)* 0.87 (0.41, 1.83) 0.330 1048
Model3 1.00 0.80 (0.47, 1.37) 0.51 (0.27, 0.98)* 0.96 (0.44, 2.08) 0.397 1035
Model4 1.00 0.82 (0.48, 1.40) 0.52 (0.27, 1.00) 0.97 (0.45, 2.13) 0.438 1035

Total Fe intake Q1 Q2 Q3 Q4

Model1 1.00 0.94 (0.54, 1.65) 1.03 (0.56, 1.90) 1.23 (0.63, 2.39) 0.513 1056
Model2 1.00 0.94 (0.54, 1.66) 1.04 (0.56, 1.92) 1.39 (0.70, 2.77) 0.340 1048
Model3 1.00 0.89 (0.50, 1.58) 1.00 (0.53, 1.88) 1.31 (0.65, 2.65) 0.423 1035
Model4 1.00 0.87 (0.49, 1.56) 0.99 (0.53, 1.86) 1.30 (0.64, 2.62) 0.438 1035

Haem-Fe intake Q1 Q2 Q3 Q4

Model1 1.00 1.40 (0.75, 2.63) 2.03 (1.11, 3.69)* 3.06 (1.71, 5.48)** <0.000 1056
Model2 1.00 1.22 (0.63, 2.36) 1.66 (0.86, 3.18) 2.51 (1.33, 4.74)** 0.001 1048
Model3 1.00 1.38 (0.70, 2.73) 1.90 (0.96, 3.77) 2.83 (1.45, 5.53)** 0.001 1035
Model4 1.00 1.35 (0.68, 2.67) 1.87 (0.94, 3.71) 2.77 (1.42, 5.41)** 0.001 1035

Non-haem Fe intake Q1 Q2 Q3 Q4

Model1 1.00 0.89 (0.52, 1.51) 0.66 (0.37, 1.20) 0.63 (0.31, 1.26) 0.128 1056
Model2 1.00 0.93 (0.54, 1.59) 0.72 (0.39, 1.31) 0.79 (0.38, 1.63) 0.375 1048
Model3 1.00 0.91 (0.52, 1.58) 0.68 (0.37, 1.27) 0.74 (0.35, 1.56) 0.291 1035
Model4 1.00 0.89 (0.51, 1.55) 0.67 (0.36, 1.25) 0.73 (0.35, 1.54) 0.272 1035

Model 1 adjusted for age, sex and energy intake.
Model 2 further adjusted for social economics status, smoking and alcohol consumption.
Model 3 further adjusted for BMI, hypertension, highest quartile of serum ferritin and highest quartile of haemoglobin.
Model 4 further adjusted for family history of diabetes.
P for trend was performed using nutrients intake as continuous variables in different models.
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Table 3
Odds ratio of impaired fasting glucose of intake of magnesium: total Fe, magnesium: haem Fe and magnesium: non-haem Fe in the Jiangsu Nutrition Study (n¼ 1056).

Quartiles of magnesium to iron intake ratio

Q1 Q2 Q3 Q4 P for trend N

Mg/Total Fe
Model1 1.00 0.64 (0.39, 1.06) 0.60 (0.36, 0.99)* 0.51 (0.29, 0.87)* 0.016 1056
Model2 1.00 0.69 (0.41, 1.15) 0.62 (0.37, 1.04) 0.56 (0.32, 0.97)* 0.042 1048
Model3 1.00 0.86 (0.51, 1.45) 0.61 (0.35, 1.07) 0.66 (0.38, 1.15) 0.074 1035
Model4 1.00 0.89 (0.52, 1.51) 0.62 (0.35, 1.08) 0.66 (0.38, 1.15) 0.070 1035
Mg/Haem-Fe 1.00
Model1 1.00 0.63 (0.39, 1.02) 0.44 (0.26, 0.75)** 0.26 (0.14, 0.48)** <0.001 1056
Model2 1.00 0.60 (0.37, 0.98)* 0.47 (0.28, 0.81)** 0.30 (0.16, 0.58)** <0.001 1048
Model3 1.00 0.60 (0.36, 0.99)* 0.49 (0.28, 0.85)* 0.27 (0.14, 0.55)** <0.001 1035
Model4 1.00 0.59 (0.35, 0.98)* 0.49 (0.28, 0.84)* 0.28 (0.14, 0.55)** <0.001 1035
Mg/Non-haem Fe 1.00
Model1 1.00 0.87 (0.51, 1.48) 0.86 (0.51, 1.47) 0.99 (0.59, 1.67) 0.972 1056
Model2 1.00 0.89 (0.52, 1.53) 0.89 (0.51, 1.53) 0.95 (0.56, 1.61) 0.849 1048
Model3 1.00 0.97 (0.55, 1.70) 0.96 (0.55, 1.69) 1.02 (0.59, 1.76) 0.968 1035
Model4 1.00 0.94 (0.54, 1.65) 0.94 (0.54, 1.65) 1.01 (0.59, 1.74) 0.953 1035

Model 1 adjusted for age, sex and energy intake.
Model 2 further adjusted for social economics status, smoking and alcohol consumption.
Model 3 further adjusted for BMI, hypertension, highest quartile of serum ferritin and highest quartile of haemoglobin.
Model 4 further adjusted for family history of diabetes.
P for trend was performed using nutrients intake as continuous variables in different models.
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type 2 diabetes [23]. This may suggest that haem-Fe was associated
with other unknown factors in red meat, however, adjusting red
meat did not change the association betweenmagnesium: haem-Fe
intake ratio (data not shown), suggesting that the effect of haem-Fe
on hyperglycaemia is independent of red meat intake. One sys-
tematic review and meta-analysis on the haem iron, red meat and
the risk of type 2 diabetes found that processed red meat is asso-
ciated with increased risk, with a small increased risk may possibly
from high intakes of redmeat [24]. The possible mechanismmay be
involved with glycation and lipoxidation endproducts, and the
protein modifications present in processed red meat may influence
insulin output by pancreatic islet cells. However, we do not have
processed red meat information, so that the effect of processed
meat cannot be checked in this study. These results are also
consistent with the general protective effect of plant sourced foods
versus animal sourced foods in terms of development diabetes.

In addition, dietary Mg intake alone was not associated with the
risk of IFG found in this study, which is consistent with the previous
cross-sectional study using the same cohort [12] and another cross-
sectional study in China [25]. However, other prospective studies
have reported an inverse association between dietary Mg and the
diabetes risk (e.g The Coronary Artery Risk Development in Young
Adults (CARDIA) Study and the Health Professionals' Follow-up
Study (HPFS) [26,27]. The inconsistent results may be explained
by following possibilities: 1) both CARDIA and HPFS investigated
the American population, where magnesium-enriched foods are
more likely to be consumed by people frommiddle-up SES, and the
benefit of reduced risk of T2DM may also be attributed to a general
high quality and healthy life. China has the opposite situation that
people from lower SES are more likely to consume magnesium
enriched foods as they are relatively cheaper in China, but the
benefit of reduced risk of T2MD may be overshadowed by poor life
habits and quality; 2) both CARDI and HPFS used food question-
naires using self-reported dietary intake to estimate magnesium
intake, where our study used 3-dayweighing plus food records. The
difference in nutrients assessment may be contribute to the
inconsistent results; 3) both CARDI and HPFS have a long following
up period (�12 years), whereas we only had 5-year follow-up. It is
possible that 5-year follows is not long enough to detect any dif-
ference in dietary Mg intake against the risk of T2DM. However,
when looked at the ratio between Mg/haem-Fe, a consistent
Downloaded for Anonymous User (n/a) at University of Adela
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inverse association was present. This suggests an interaction be-
tween dietary Mg and haem-Fe against the risk of T2DM that di-
etary Mg protects against the increased T2DM conferred by haem-
Fe intake.

Subgroup analyses did not find significant interactions between
demographic factors, lifestyle factors and obesity and Mg/haem-Fe
intake, in relation to the risk of IFG. However, it seems that current
smoking may benefit more from a high ratio of magnesium to
haem-Fe intake to prevent developing hyperglycaemia. Active
smoking has been associated with the risk of diabetes in previous
prospective studies [28e30]. One of the mechanisms may be that
smoking generally increases insulin resistance by altering the dis-
tribution of body fat or by exerting a direct toxic on pancreatic
tissue [28,29]. Increased magnesium intake has been demonstrated
to prevent hyperlipidaemia and insulin resistance [31], which could
be an explanation of the potential interaction.

Although we focused on dietary iron intake as a predictor in the
present study, serum ferritin as well as iron intake has been asso-
ciated with increased risk of diabetes [6]. When we substituted
serum ferritin with dietary iron intake, i.e. examining the associa-
tion between the Mg/SF in relation to the risk of IFG, no significant
associations were found. This may suggest that dietary iron intake,
to an extent, particularly considering the interaction with dietary
magnesium, in relation to the risk of IFG, is a reasonable measure.
However, when we further examined interactions between Mg/
haem-Fe and the level of ferritin (<50% vs� 50%), a potential
interaction that participants with lower level of ferritin (<50%)
seem to have lower risk of IFG comparing with their counterparts.
This is consistent with the previous findings that serum ferritin
levels are also positively associated the risk of diabetes [6,32].

The prevalence of diabetes in China is higher in urban area than
the rural area [33,34]. Our study suggests that increasing dietary
intake of magnesium relative to haem-Fe may be an effective
strategy for preventing diabetes, especially in urban areas where
the consumption of animal foods is typically higher versus rural
areas. Plant-based foods have been previously shown to be asso-
ciated with lower risk of diabetes risk [35]. Despite the low con-
sumption of haem-Fe found in this cohort, our sensitivity analysis
did not change the overall findings after excluding those with low
serum ferritin. This may suggest that high dietary intake of Mgmay
be protective against developing diabetes and is independent of
ide from ClinicalKey.com.au by Elsevier on April 10, 2019.
n. Copyright ©2019. Elsevier Inc. All rights reserved.



Fig. 1. Subgroup analyses of the associations between the ratio of magnesium: haem Fe (above vs below 50%) and IFG at follow up. The cut-off of total Fe intake, haem Fe intake and
non-haem Fe intake were according to the mean value. Model 2 as shown in Table was adjusted
*the cut-off for haem Fe intake was the median value.
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serum ferritin status. Strategies that increase vegetable intake
among urban dwelling populations may be effective for diabetes
prevention.

There are several limitations of this study. First, we had a high
rate of lost to follow-up due to migration and city construction.
However, loss to follow-upmay not influence the findings since the
exposure variables were measured at baseline. Due to the small
Downloaded for Anonymous User (n/a) at University of Adelaide 
For personal use only. No other uses without permission. C
number of incident cases of diabetes, we were not able to use
diabetes as the outcome measure. No data on inflammation related
markers make it impossible to check the interactions between
inflammation and the exposure in relation to IFG, as magnesium
has been suggested to be inversely associated with systemic
inflammation and insulin resistance [36]. Although fasting glucose
is easier to collect than an oral glucose tolerant test in Chinese
from ClinicalKey.com.au by Elsevier on April 10, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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population, impaired glucose tolerance and the association with
Mg/Femay also need to be explored in the future. In addition, 3-day
food records may not be a good indicator of long-term habitual
dietary intake, further studies using other measurements such as
food frequency questionnaire are needed [37]. The strength of the
study is that we used fasting plasma glucose level as the marker of
IFG, which is not usually measured in large cohort studies.
Furthermore, nutrient intake was assessed by a weighed food re-
cord. The prospective study design raises the possibility of a causal
relation between exposure of for future longitudinal studies to
further confirm such associations.

In conclusion, this prospective study in a Chinese cohort con-
firms the association between the ratio of magnesium and iron
intake that found previously in cross-sectional analysis of the JIN
baseline data. Furthermore, it highlights the consistent indepen-
dent benefits of a high Mg/haem-Fe but not with Mg/non-haem-Fe
associated with reduce risk of IFG. Future research to confirm the
added predictive value of dietary Mg/haem-Fe to current T2D risk
models in specific populations is justified.
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