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Direct and indirect associations 
between dietary magnesium intake 
and breast cancer risk
Wu-Qing Huang1,2, Wei-Qing Long3, Xiong-Fei Mo4, Nai-Qi Zhang1, Hong Luo1, Fang-Yu Lin5, 
Jing Huang1 & Cai-Xia Zhang1,2

This study aimed to explore the effect of dietary magnesium intake on breast cancer risk both directly 
and indirectly via its effect on inflammatory markers C-reactive protein (CRP) and interleukin-6 (IL-6). 
This case-control study recruited 1050 case patients and 1229 control subjects. Inflammatory marker 
levels of 322 cases and 322 controls, randomly selected, were measured using ELISA, and data on 
dietary magnesium intake were collected using a food frequency questionnaire. Multivariable logistic 
regression was used to estimate the odds ratio (OR) and 95% confidence interval (CI), and path analysis 
was used to investigate the mediating effect. A higher magnesium intake was associated with a lower 
breast cancer risk (adjusted OR = 0.80, 95% CI = 0.65, 0.99). A positive association was found between 
the CRP level and breast cancer risk (adjusted OR = 1.43, 95% CI = 1.02–2.01). However, IL-6 was not 
found to be associated with breast cancer risk. Path analysis revealed that dietary magnesium affected 
breast cancer risk both directly and indirectly by influencing the CRP level. The results indicate that a 
direct negative association and an indirect association through influencing the CRP level were observed 
between dietary magnesium intake and breast cancer risk.

Breast cancer is the most common cancer among women, accounting for 25% of all female cancer cases1. 
Magnesium deficiency has been reported to be associated with the risk of some diseases, including cardiovascu-
lar disease, diabetes mellitus, metabolic syndrome, as well as various types of cancers2–8. Some studies have linked 
magnesium deficiency to the development and prognosis of breast cancer2,9,10, but this finding is inconsistent 
across studies. The bioavailability of magnesium depends largely on food sources8. Although a variety of foods 
and food groups, including green vegetables, beans and unrefined whole grains, are rich in magnesium, the daily 
intake of magnesium remains below the recommended daily allowance and does not meet even the estimated 
average requirement (EAR)11. The National Health and Nutrition Examination Survey reported that the magne-
sium intake of approximately 70% of American adults is insufficient because of increased consumption of refined 
foods, which are poor sources of magnesium10,12. Therefore, it is essential to investigate the effect of magnesium 
deficiency on breast cancer risk.

Magnesium plays essential roles in several biological reactions, such as inflammation, DNA replication and 
repair, cell proliferation and signalling transduction, most of which are linked to tumourigenesis13. In particular, 
there is evidence that magnesium deficiency is associated with inflammatory response, although the underlying 
mechanisms are still unclear14–18.

A possible relationship between inflammation and cancer was first suggested when Rudolf Virchow found the 
presence of leukocytes in tumours in 186319. Although studies have suggested that the development of approx-
imately 20% of all cancers is linked to chronic low-grade inflammation, the varying effects of inflammation on 
the onset of different types of cancer are still not completely clear20,21. Elevated levels of C-reactive protein (CRP) 
and several cytokines are associated with chronic low-grade inflammation22,23. The CRP level is widely used as 
a classic biomarker of systemic inflammation in epidemiological studies as it is sensitive to acute inflammation 
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and also shows a moderate increase in chronic inflammation24–26. The use of CRP level as a chronic inflammatory 
biomarker has some advantages, such as wide availability of assays and temporal stability27,28. There is growing 
evidence that an increased CRP level is associated with the risk of colorectal and lung cancers, but evidence about 
the association of CRP level with breast cancer risk is inconsistent29–35. Interleukin-6 (IL-6) is a major pleiotropic 
pro-inflammatory cytokine that also reflects the systematic chronic inflammatory status. IL-6 bridges the signal 
transducer and activator of transcription 3 (Stat-3) and nuclear factor-kappa B (NF-κB)- dependent signalling 
pathways, which regulate both inflammatory response and tissue metabolism36. To date, very few epidemiological 
studies have assessed the role of IL-6 in the risk of breast cancer37–39.

Based on the above-mentioned findings, we speculated that magnesium deficiency affects breast cancer risk by 
regulating the systematic inflammatory status. Accordingly, this study aimed to investigate the direct association 
of dietary magnesium intake and inflammatory marker levels with breast cancer risk among Chinese women 
and to explore the indirect association of dietary magnesium with breast cancer risk through the modulation of 
chronic low-grade inflammation (i.e. changes in serum CRP and IL-6 levels).

Results
In this case–control study, 1050 case patients and 1229 control subjects completed a food frequency questionnaire 
(FFQ). Data on the diet and serum samples of 941 and 1006 of these cases and controls were available, respec-
tively, and 322 cases and 322 controls were randomly selected from them. The serum samples of these selected 
participants were used to measure serum IL-6 and CRP levels. The IL-6 levels of 312 cases (96.9%) and 302 con-
trols (93.79%) and CRP levels of 315 cases (97.83%) and 307 controls (95.34%) were within the standard curve of 
the assay, whereas those of the remaining cases and controls were beyond the standard curve (Fig. 1).

Comparison of baseline characteristics between cases and controls. As shown in Table 1, com-
pared with controls, cases reached menarche at an earlier age and had higher body mass index (BMI). They 
were also more likely to have a lower educational level, history of passive smoking, history of first-degree rela-
tive with cancer, history of benign breast disease and more children, and were less likely to be physically active. 
Moreover, compared with controls recruited in the experiments, a higher number of cases had a lower income 
level, history of passive smoking, first-degree relative with cancer and benign breast disease. All of these variables 
were regarded as potential confounders and were adjusted for in the subsequent multivariable logistic analyses. 
Compared with controls, cases tended to have a higher intake of fat and a lower intake of magnesium, calcium, 
phosphorus and dietary fibre. However, no significant difference was found in the intake of energy and carbohy-
drate between them.

Association between dietary magnesium, IL-6, CRP and overall breast cancer risk. The odds 
ratios (ORs) and 95% confidence interval (CIs) of dietary magnesium intake, IL-6 level, CRP level and overall 
breast cancer risk are shown in Table 2. A higher dietary magnesium intake was associated with a lower breast 
cancer risk (crude OR = 0.75, 95% CI = 0.62, 0.92). This association remained significant after adjusting for 
basic characteristics (OR = 0.78; 95% CI = 0.63, 0.95) in Model 2 and after further adjusting for dietary factors 
(OR = 0.80; 95% CI = 0.65, 0.99) in Model 3. As shown in Fig. 2, there was a trend of reduced risk of breast cancer 
associated with increasing magnesium intake (P-trend < 0.001). A marginal positive association was observed 
between the IL-6 level and breast cancer risk when IL-6 levels were categorised into two groups based on the 
1.5-pg/mL cut-off value (crude OR = 1.38; 95% CI = 1.00, 1.90). However, the association became non-significant 
after adjusting for potential confounders. Compared with participants with CRP values ≤3000 ng/mL (the lower 
group), those with CRP values >3000 ng/mL (the higher group) had a 1.43 times higher breast cancer risk (95% 

Figure 1. Flow chart of study participants (IL-6, Interleukin-6; CRP, C-reactive protein).
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Variables
Samples recruited for questionnaire Samples recruited for experiments
Cases (n = 1050) Controls (n = 1229) P value Cases (n = 322) Controls (n = 322) P value

Age, years 47.79 ± 9.42 47.88 ± 9.48 0.817 48.3 ± 9.5 47.8 ± 9.8 0.513
Age at menarche, years 14.41 ± 1.90 14.75 ± 1.86 <0.001 14.8 ± 1.8 14.7 ± 1.7 0.742
Age at first live birtha, years 25.57 ± 3.79 25.46 ± 3.55 0.491 25.7 ± 3.7 25.5 ± 3.1 0.439
BMI, kg/m2 23.06 ± 3.26 22.60 ± 3.11 0.001 23.34 ± 3.35 22.54 ± 3.19 0.002
Marital status 0.869
  Married 989 (94.2) 1155 (94.0) 0.831 302 (93.8) 303 (94.1)
  Unmarried/divorced/widowed 61 (5.8) 74 (6.0) 20 (6.2) 19 (5.9)
Educational level 0.001 0.079
  Primary school or below 273 (26.0) 336 (27.3) 81 (25.2) 81 (25.2)
  Junior high school 299 (28.4) 288 (23.4) 97 (30.1) 79 (24.5)
  Senior high school 255 (24.3) 286 (23.3) 82 (25.5) 72 (22.4)
  Secondary technical school 133 (12.7) 151 (12.3) 34 (10.6) 43 (13.4)
  College or above 90 (8.6) 168 (13.7) 28 (8.7) 47 (14.6)
Occupation 0.377 0.534
  Blue collar worker 284 (27.0) 323 (26.3) 75 (23.3) 84 (26.1)
  Administrator/other white collar worker 195 (18.6) 257 (20.9) 67 (20.8) 67 (22.4)
  Unemployed/other 571 (54.4) 649 (52.8) 180 (55.9) 166 (51.6)
Income level (yuan/month) 0.949 0.032
  ≤2000 144 (13.7) 177 (14.4) 27 (8.4) 17 (5.3)
  2001~5000 289 (27.5) 328 (26.7) 95 (29.5) 76 (23.6)
  5001~8000 325 (31.0) 384 (31.2) 113 (35.1) 112 (34.8)
  ≥8001 292 (27.8) 340 (27.7) 87 (27.0) 117 (36.3)
Leisure-time physical activity 0.002 0.636
  Never 446 (42.5) 446 (36.3) 135 (41.9) 124 (38.5)
  Seldom (1 time/week) 66 (6.3) 62 (5.0) 15 (4.7) 14 (4.3)
  Often (≥1 time/week) 538 (51.2) 721 (58.7) 172 (53.4) 184 (57.1)
Breastfeeding historyb 885 (84.3) 1070 (87.1) 0.325 264 (82.0) 274 (86.1) 0.289
Regular drinker 87 (8.3) 80 (6.5) 0.105 23 (7.1) 20 (6.2) 0.636
Regular smoker 15 (1.4) 13 (1.1) 0.536 2 (0.6) 2 (0.6) 0.367
Passive smoking 639 (60.9) 620 (50.4) <0.001 198 (61.5) 153 (47.5) <0.001
First-degree relative with cancer 179 (17.0) 91 (7.4) <0.001 70 (21.7) 42 (13.0) 0.004
History of benign breast disease 387 (36.9) 267 (21.7) <0.001 117 (36.3) 88 (27.3) 0.014
Menopausal status 0.551 0.514
  Premenopausal 668 (63.6) 767 (62.4) 198 (61.5) 206 (64.0)
  Postmenopausal 382 (36.4) 462 (37.6) 124 (38.5) 116 (36.0)
Parity 0.001 0.635
  0 46 (4.4) 36 (2.9) 17 (5.3) 12 (3.7)
  1~2 762 (72.6) 830 (67.5) 236 (73.3) 239 (74.2)
  ≥3 242 (23.0) 363 (29.5) 69 (21.4) 71 (22.0)
Ever used an oral contraceptive 88 (8.4) 73 (5.9) 0.551 22 (6.8) 21 (6.5) 0.875
Hormone replacement therapy use 46 (4.4) 41 (3.3) 0.194 5 (1.6) 8 (2.5) 0.401
Magnesium, mg/d 211.9 (169.0,266.7) 227.2 (181.6,283) <0.001 186.3 (149.8,234.4) 217.7 (180.7,268.0) <0.001
Calcium, mg/d 364.1 (281.1,471.9) 413.3 (321.2,547.9) <0.001 336.3 (253.5,438.6) 398.8 (324.0,522.0) <0.001
Phosphorus, mg/d 827.8 (699.6,986.5) 855.9 (725.2,1019.6) 0.001 797.1 (640.3,937.9) 873.2 (737.2,1024.3) <0.001
Dietary fiber, g/d 8.3 (6.7,10.3) 9.1 (7.4,11.3) <0.001 8.2 (6.5,9.9) 8.9 (7.2,10,7) <0.001
Energy, kcal/d 1373 (1178,1638) 1367 (1178,1637) 0.706 1340 (1140,1635) 1359 (1194,1618) 0.593
Carbohydrate, g/d 215.7 (184.2,258.2) 216.2 (188.4,265.3) 0.276 214.4 (184.2,254.5) 211.4 (190.2,262.7) 0.840
Protein, g/d 61.2 (49.8,72.6) 62.2 (51.3,74.7) 0.077 57.0 (46.6,66.9) 64.2 (53.1,75.9) <0.001
Fat, g/d 55.3 (42.4,71.3) 52.8 (42.1,69.1) 0.040 60.3 (47.7,76.2) 51.2 (40.0,67.3) <0.001
IL-6, pg/mL / / / 1.8 (1.1,3.3) 1.6 (1.0,2.8) 0.034
CRP, ng/mL / / / 2476.0 (912.0,5900.0) 2032.0 (768.0,5204.0) 0028
Sex hormone statusc

  ER+ & PR+ 447 (42.6) / / 195 (60.6) / /
  ER− & PR− 210 (20.0) / / 80 (24.8) / /

Table 1. Characteristics data of breast cancer cases and controls. Abbreviation: IL-6, interleukin-6; CRP, 
C-reactive protein; ER, estrogen receptor; PR, progesterone receptor. Age, age at menarche, age at first live birth 
and BMI were shown as mean ± standard deviations and t-test was used to test the differences between the case 
and control subjects. Magnesium, calcium, phosphorus, dietary fiber, energy, carbohydrate, protein, fat, IL-6 
and CRP were shown as median (interquartile range) and Wilcoxon rank-sum test was used for the comparison 
between cases and controls. Categorical variables were shown as number (percentage) and Chi-square test was 
used to test the differences. aAmong women who had a live birth. bAmong breast-feeding women. cAmong cases.
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CI = 1.04–1.97). The association in the adjusted model remained significant with an OR of 1.43 and a 95% CI of 
1.02–2.01.

Stratified analyses. The results of the stratified analyses according to menopausal status, BMI and sex hor-
mone status are shown in Table 3. A negative association was found between dietary magnesium intake and 
breast cancer risk among premenopausal women in Model 3 (adjusted OR = 0.75; 95% CI = 0.57, 0.98), but not 
among postmenopausal women. Stratified analysis by sex hormone status showed that dietary magnesium intake 
had a significant negative association with oestrogen receptor (ER)-positive (ER+) and progesterone receptor 
(PR)-positive (PR+) breast cancer risk in Model 3 (adjusted OR = 0.71; 95% CI = 0.53, 0.95). After adjusting for 
potential confounders, stratified analysis by BMI showed that a higher dietary magnesium intake was associated 
with a lower breast cancer risk among overweight or obese women (Model 3: adjusted OR = 0.69, 95% CI = 0.48, 
0.99), but not among women with normal weight. Irrespective of the amount of calcium intake, no association 
was found between dietary magnesium intake and breast cancer risk after stratification.

Direct and indirect associations between dietary magnesium intake and breast cancer risk.  
Table 4 shows the total, direct and indirect effects of dietary magnesium and calcium intake on breast cancer risk. 
Figure 3 displays the path model and the estimates of direct effects. Posterior predictive P value in this model was 
0.55, indicating that this model could appropriately fit the data. The total effects of magnesium and calcium intake 
on breast cancer risk were −0.22 (95% CI = −0.34, −0.11; P < 0.05) and −0.03 (95% CI = −0.22, 0.17; P > 0.05), 

Cases/
controls (n) Model 1a Model 2b Model 3c

Magnesium

<280 mg/d 832/912 1.00 1.00 1.00

≥280 mg/d 218/317 0.75 (0.62,0.92) 0.78 (0.63,0.95) 0.80 (0.65,0.99)

P value 0.005 0.016 0.047

IL-6

≤1.5 pg/mL 134/146 1.00 1.00

>1.5 pg/mL 178/156 1.38 (1.00,1.90) 1.33 (0.95,1.87)

P value 0.051 0.076

CRP

≤3000 ng/mL 174/196 1.00 1.00

>3000 ng/mL 141/111 1.43 (1.04,1.97) 1.43 (1.02,2.01)

P value 0.029 0.037

Table 2. Odds ratios (ORs) and 95% confidence intervals (95%CI) of dietary magnesium, interleukin-6, 
C-reactive protein and overall breast cancer risk in a Chinese case-control study, 2011–2016. Abbreviation: IL-6, 
interleukin-6; CRP, C-reactive protein. aValues were showed as crude OR and 95%CI; IL-6 values ≤1.5 pg/mL 
as reference group; CRP values ≤3000 ng/mL as reference group; Magnesium values <280 mg/d as reference 
group. bORs of magnesium and breast cancer risk were adjusted for age at menarche, BMI, educational level, 
passive smoking, physical activity, parity, first-degree relative with cancer and history of benign breast disease. 
ORs of IL-6, CRP and breast cancer risk were adjusted for passive smoking, body mass index, first-degree 
relative with cancer, history of benign breast disease and income level. cAdjusted for confounders from model 2 
plus intakes of energy, fat, calcium, phosphorus and dietary fiber.

Figure 2. Dose–response relationship between magnesium intake and breast cancer risk in Chinese women.
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respectively. Direct and indirect effects of dietary magnesium were statistically significant for breast cancer risk 
with estimates of −0.21 and −0.01, and the CRP level played a mediating role in the association between dietary 
magnesium intake and breast cancer risk.

Variables

Magnesium

 P interactiond<280 mg/d ≥280 mg/d

Menopausal status 0.016

Premenopausal

No.Cases/controls 527/555 141/212

Model 1a 1 0.70 (0.55,0.89)

Model 2b 1 0.73 (0.56,0.94)

Model 3c 1 0.75 (0.57,0.98)

Postmenopausal

No.Cases/controls 305/357 77/105

Model 1a 1 0.86 (0.62,1.20)

Model 2b 1 0.86 (0.61,1.22)

Model 3c 1 0.90 (0.62,1.29)

Sex hormone status 0.992

ER+ & PR+

No.Cases/controls 367/912 80/317

Model 1a 1 0.63 (0.48,0.82)

Model 2b 1 0.69 (0.52,0.91)

Model 3c 1 0.71 (0.53,0.95)

ER− & PR−

No.Cases/controls 168/912 42/317

Model 1a 1 0.72 (0.50,1.03)

Model 2b 1 0.80 (0.55,1.16)

Model 3c 1 0.79 (0.53,1.17)

Body mass index 
(BMI) 0.008

Normal weight (BMI ≥ 18.5&BMI < 24)

No.Cases/controls 494/565 121/184

Model 1a 1 0.75 (0.58,0.98)

Model 2b 1 0.81 (0.62,1.07)

Model 3c 1 0.83 (0.62,1.10)

Overweight or obese (BMI ≥ 24)

No.Cases/controls 288/269 81/112

Model 1a 1 0.68 (0.49,0.94)

Model 2b 1 0.67 (0.48,0.95)

Model 3c 1 0.69 (0.48,0.99)

Calcium intake 0.001

Low (<800 mg/d)

No.Cases/controls 812/889 194/262

Model 1a 1 0.81 (0.66,1.00)

Model 2b 1 0.84 (0.67,1.04)

Model 3c 1 0.83 (0.66,1.04)

High (≥800 mg/d)

No.Cases/controls 24/55 20/23

Model 1a 1 0.50 (0.23,1.08)

Model 2b 1 0.54 (0.22,1.32)

Model 3c 1 0.47 (0.18,1.22)

Table 3. Odds ratios (ORs) and 95% confidence intervals (95%CI) of dietary magnesium and breast cancer risk 
in stratified analyses. aValues were showed as crude OR and 95%CI; Magnesium values <280 mg/d as reference 
group. bORs of magnesium and breast cancer risk were adjusted for age at menarche, BMI, educational level, 
passive smoking, physical activity, parity, first-degree relative with cancer and history of benign breast disease. 
cAdjusted for confounders from model 2 plus intakes of energy, fat, calcium, phosphorus and dietary fiber. dP 
value for interactive effect.
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Discussion
This study showed that dietary magnesium intake was inversely associated with breast cancer risk and that higher 
CRP level was a risk factor for breast cancer development. Path analysis revealed that the serum CRP level, but not 
the serum IL-6 level, mediated the association between dietary magnesium intake and breast cancer risk.

This study focused on the association between dietary magnesium intake and breast cancer risk because diet is 
an easy target for intervention. The results showed an inverse association between dietary magnesium intake and 
overall breast cancer risk. To date, few epidemiological studies have investigated the association between dietary 
magnesium intake and breast cancer risk. Consistent with our result, an Italian case–control study found that 
the serum magnesium level was significantly lower among breast cancer patients than among control subjects2. 
Magnesium deficiency has been found to be involved in both the risk and prognosis of cancers, including breast 
cancer2,6,40,41. Some studies have focused on the effect of dietary magnesium on the prognosis of breast cancer9,10. 
Their results suggest that higher dietary magnesium intake is inversely associated with mortality among breast 
cancer patients.

Several experimental studies have suggested that magnesium affects tumourigenesis through two mecha-
nisms, namely inflammation and free radicals-induced oxidative stress, both of which may cause DNA damage, 
subsequently leading to tumour onset41. In particular, dietary magnesium has been reported to play a crucial 
role in the regulation of systematic chronic low-grade inflammation, especially the circulating CRP level14–18. 
A meta-analysis including seven cross-sectional studies suggested an inverse association between dietary mag-
nesium intake and serum CRP levels14. Another meta-analysis of 11 randomised controlled trials indicated 
that magnesium supplementation reduces circulating CRP levels in individuals with inflammation (CRP levels 
>3000 ng/mL)15. These findings indicate that magnesium intake may play a protective role in the management of 
inflammation, which may be one of the mechanisms of tumourigenesis. Therefore, the present study also explored 
how dietary magnesium affects breast cancer risk through inflammation. This was the first study to explore die-
tary magnesium together with inflammatory markers as the risk factor for breast cancer. The results showed that 
dietary magnesium intake affected breast cancer risk both directly and indirectly by modifying the CRP level. 
This result supports the hypothesis proposed in previous experimental studies that the potential beneficial effect 
of dietary magnesium intake on breast cancer prevention may, at least in part, be explained by the inhibition of 
inflammation41.

The signalling pathways linked to both STAT3 and NF-κB have been suggested to play important roles in the 
communication between inflammatory cells and cancer cells42,43. In particular, IL-6 has been proven to activate 
NF-κB and STAT3 pathways to facilitate a tumour micro-environment36,42,43. However, there is little evidence 
from observational studies investigating the effect of IL-6 level on breast cancer risk37–39. Consistent with our 
result, a combined analysis of two prospective studies revealed no significant relation between the IL-6 level and 
overall breast cancer risk39. In contrast with our result, a Korean case–control study found that the IL-6 level was 
significantly higher in breast cancer patients than in control subjects37. Given these contradictory results, more 
epidemiological studies with larger sample sizes should be conducted to explore the effect of IL-6 level on breast 
cancer risk.

Fundamental experiments have revealed that the moderately high levels of pro-inflammatory markers in 
chronic inflammatory status are responsible for the formation of an inflammatory micro-environment, which 

Magnisium Calcium

Estimates 95% CI Estimates 95% CI

Total effect −0.22* −0.34,−0.11 −0.03 −0.22,0.17

Direct effect −0.21* −0.32,−0.09 −0.03 −0.22,0.17

Indirect effect −0.01* −0.04,0 0 —

Table 4. Total, direct and indirect effects of dietary magnesium and calcium intake in Path analysis of breast 
cancer. *P value < 0.05.

Figure 3. Path model of associations between magnesium and calcium intake, inflammatory marker levels 
(IL-6 and CRP) and breast cancer risk in Chinese women. Values are estimates of direct effects; *P value < 0.05.
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affects the process of epithelial–mesenchymal transition44,45. CRP is a classic inflammatory marker that is highly 
sensitive to inflammatory response24–26. Several studies have attempted to investigate the association between 
the circulating CRP level and breast cancer risk, most of which have reported consistent results30,33,35,38,39,46–52; 
however, few such studies have been conducted on Chinese populations. To date, four meta-analyses have sum-
marised previous studies30,39,49,51, three30,49,51 of which consistently supported a positive association between the 
CRP level and breast cancer risk as observed in our study. The other meta-analysis including 12 prospective stud-
ies suggested a marginal association between the CRP level and breast cancer risk39. A cohort study comprising 
17 402 Chinese females showed that women with high CRP levels (>3000 ng/mL) at baseline had a significantly 
higher breast cancer risk (adjusted RR = 1.80; 95% CI = 1.03, 3.15) than women with low CRP levels (<1000 ng/
mL)52. Thus, the results of the present study support the hypothesis that high CRP levels (>3000 ng/mL) are a risk 
factor for breast cancer among Chinese women.

The present study found an inverse relationship between dietary magnesium intake and breast cancer risk 
among overweight or obese women but not among women with normal weight. It is well-known that obesity is 
highly correlated with inflammatory response and increased free radical levels53–56. One plausible reason is that 
women with more adipose tissue are more sensitive to the effect of inflammation; thus, even if dietary magnesium 
has only a small anti-inflammatory effect, it is likely to affect breast cancer risk in overweight or obese women.

Stratified analyses by menopausal status revealed a negative relationship between dietary magnesium intake 
and breast cancer risk among premenopausal women. Oestrogen is derived mainly from the ovaries in premeno-
pausal women and from aromatase in postmenopausal women; both of these sources have been found to be reg-
ulated by pro-inflammatory cytokines in distinct ways57,58. Differences in the oestrogen biosynthesis mechanisms 
may account for the different effects of inflammatory marker levels on breast cancer risk between pre- and post-
menopausal women57,59–61. Dietary calcium intake has been suggested to have an interactive effect with magne-
sium on breast cancer risk. The protective effect of magnesium on breast cancer was stronger among women with 
adequate calcium intake than among those with calcium deficiency, although the association was non-significant 
partially due to the small sample size. Magnesium and calcium belong to the same family in the periodic table and 
share similar metabolic pathways62. A previous study on postmenopausal women suggested that compared with 
an adequate magnesium intake, dietary magnesium deficiency increases calcium retention63. The findings on the 
association between calcium intake and breast cancer risk remain controversial64.

To the best of our knowledge, this was the first study to explore the indirect effect of dietary magnesium on 
breast cancer via its influence on inflammatory marker levels and to assess the association between dietary mag-
nesium intake and breast cancer risk among Chinese women. Despite its strengths, some limitations should be 
acknowledged. First, the sample size used for measuring inflammatory marker levels was relatively small, which 
may have affected the power of the test. Second, magnesium from hard water and supplements, which are also 
regarded as important sources of magnesium conducive to human body17,65,66, was not included in the calculation 
of dietary magnesium values. However, all study participants were natives of Guangdong province or had lived 
in Guangdong for at least 5 years, indicating that they shared similar water sources. In addition, we collected 
information about supplements and noted that few patients took magnesium supplements. Thus, magnesium 
from hard water and supplements may not have significantly affected the result. Third, selection bias and recall 
bias are inevitable in hospital-based case–control studies. To minimise selection bias, all control subjects were 
carefully recruited to exclude any diagnosis potentially related to breast cancer or dietary changes. In addition, 
the relatively high response rate also helped to reduce selection bias. To reduce recall bias, cases were interviewed 
immediately after breast cancer diagnosis. Moreover, food photographs were used to assist participants with the 
quantification of dietary intake. Fourth, it should be noted that it was impossible to include all mediators in the 
path model in which the estimates of direct and indirect effects might be affected. Moreover, the path model was 
based on the assumption that inflammatory response plays a mediating role, which should occur before the onset 
of breast cancer. However, this model could not completely avoid inverse causality due to the case–control design 
of the study. Thus, further prospective studies should be conducted to explore the mediating role of chronic 
inflammation in the association between dietary magnesium intake and breast cancer risk.

In conclusion, this study indicated that a higher dietary magnesium intake was associated with a lower breast 
cancer risk both directly and, in part, indirectly via reduction in the CRP level. The results also provided evidence 
of a positive association between the CRP level and breast cancer risk among Chinese women.

Materials and Methods
Study population. This hospital-based case–control study was conducted from September 2011 to July 
2016, the details of which have been described elsewhere67. Study cases included patients admitted to the surgical 
units of the First Affiliated Hospital of Sun Yat-sen University and Guangdong Women and Children Hospital 
between September 2011 and July 2016 and were recruited based on their fulfilment of the inclusion and exclu-
sion criteria. Patients were included if they were female, 25–70 years old, native of Guangdong province or had 
lived in Guangdong for at least 5 years and had been diagnosed with incident, primary, histologically confirmed 
breast cancer no more than 3 months before the study. Patients with a prior history of any cancer or who did not 
understand or speak Mandarin/Cantonese were excluded. Control subjects without breast cancer were frequency 
matched by age (5-year interval) to the case patients and were simultaneously recruited from the First Affiliated 
Hospital of Sun Yat-sen University. The remaining inclusion criteria for control subjects were similar to those 
for case patients. Control subjects were excluded if they were diagnosed with inflammatory disease, including 
chronic nasosinusitis, chronic otitis media, chronic tonsillitis or maxillary sinusitis.

This study followed the tenets of the Declaration of Helsinki, and all procedures involving humans were 
approved by the ethical committee of the School of Public Health, Sun Yat-sen University. All participants pro-
vided written informed consent for participation in the study before the interview.
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Data collection. During hospitalisation, all participants were interviewed in person by trained interview-
ers using a structured questionnaire that included questions on demographic information, lifestyle factors (e.g. 
regular smoking, passive smoking, regular drinking and leisure-time physical activity), self-reported weight and 
height, menopausal status, diseases, reproductive history and family history of cancer. Regular smoking was 
defined as ever smoking at least one cigarette per day for more than six consecutive months. Passive smoking 
was defined as exposure to second-hand tobacco smoke for at least 15 min per day during the previous year. 
Regular drinking was defined as drinking alcohol at least once per week during the previous year. Leisure-time 
physical activity was classified into never, seldom (1 time/week) and often (≥1 time/week). BMI was calculated 
by dividing weight (kg) by height squared (m2). Postmenopausal status was defined as at least 1 year since the last 
menstrual cycle. Relevant medical information, medical diagnosis, histological findings and ER and PR statuses 
were obtained from the hospital medical records.

A validated 81-item FFQ68 was used to collect the previous year’s dietary information before diagnosis for the 
cases or before the time of interview for controls. Magnesium, calcium, energy, macro-nutrients, phosphorus, 
and fibre intake per day was calculated from FFQ based on the frequency of food consumption, food items and 
serving sizes. Values of nutrients in foods were obtained from the 2002 Chinese Food Composition Table69.

Laboratory measurement. Fasting venous blood samples of cases were collected on the second day of 
hospitalisation prior to any drug treatment or examination. The samples were centrifuged at 3000 rpm for 10 min 
at 4 °C, and the supernatants were aliquoted into eight parts of 200 μL. All serum samples were stored at −80 °C 
in an alarmed refrigerator for continuous monitoring until analysis.

High-sensitivity ELISA (Thermo Fisher Scientific, Inc., Carlsbad, CA) was used to measure IL-6 levels, and an 
ELISA kit (Thermo Fisher Scientific, Inc.) was used to measure CRP levels. Serum samples from both cases and 
controls were subjected to the same tests, run in the same batch of 96 samples (16 for standard curve, 40 for case 
samples and 40 for control samples), and assayed in a random order to reduce inter-assay variation and systematic 
bias. The mean intra- and inter-assay coefficients of variation were 4.9 and 6.0% for the IL-6 level and 5.0 and 
5.0% for the CRP level, respectively.

Statistical analysis. Based on Dietary Reference Intakes for Chinese residents70, magnesium levels were 
classified as low (<280 mg/day) or high (≥280 mg/day) based on EARs, and calcium levels were categorised as 
low (<800 mg/day) or high (≥800 mg/day) based on adequate intake values. According to the Centers for Disease 
Control and Prevention/American Heart Association criteria, CRP levels were classified as low (≤3000 ng/mL) 
or high (>3000 ng/mL); this classification was originally created for the risk assessment of cardiovascular dis-
ease and has subsequently been used to explore the effect of inflammation on the development of various dis-
eases14,15,27. Similarly, IL-6 levels were also categorised as low (≤1.5 pg/mL) or high (>1.5 pg/mL). As no guideline 
is available for the categorisation of IL-6 levels, the average value among healthy populations obtained from data 
in the literature was chosen as the cut-off value37,71. T-test was used to determine the differences in age, age at 
menarche and age at first live birth between the cases and controls. Wilcoxon rank-sum test was used to evaluate 
the differences in magnesium, calcium, phosphorus, dietary fibre, energy, carbohydrate, protein, fat, IL-6 and 
CRP levels between the two groups. Chi-square test was used to compare the categorical variables between the 
groups. Multiple unconditional logistic regression analysis was used to estimate the OR and 95% CI of the associ-
ations between dietary magnesium intake, serum IL-6 level, serum CRP level and breast cancer risk. The groups 
of participants with the lowest levels were used as reference groups. The values of Model 1 were shown as crude 
OR and 95% CI. Model 2 was adjusted for age at menarche, BMI, educational level, passive smoking, physical 
activity, parity, first-degree relative with cancer and history of benign breast disease to investigate the association 
between magnesium intake and breast cancer risk. Model 3 was further adjusted for the confounders from Model 
2 in addition to the intake of energy, fat, calcium, phosphorus and dietary fibre. The associations between IL-6 
levels, CRP levels and breast cancer risk were examined after adjusting for passive smoking, BMI, first-degree 
relative with cancer, history of benign breast disease and income level. Confounders were selected by compar-
ing baseline characteristics between the cases and controls and between the current study and previous studies 
that evaluated the risk factors for breast cancer. Dietary magnesium intake was also classified into quartiles to 
explore the dose–response relationship with breast cancer risk, and then, linear trend was evaluated by entering 
the median value of magnesium intake for each quartile in the multiple regression model. Stratified analyses by 
menopausal status (premenopausal and postmenopausal), sex hormone status [ER+, or ER-negative (ER−); PR+ 
or PR-negative (PR−)], BMI (normal weight: BMI ≥ 18.5 and <24 kg/m2; overweight or obese: BMI ≥ 28 kg/m2) 
and calcium intake (<800 mg/day and ≥800 mg/day) were also performed72. The interactive effect was calculated 
by including an interaction term in the multiple regression model.

Path analyses were performed to investigate whether the inflammatory factors IL-6 and CRP were potential 
mediators contributing to the associations between dietary magnesium intake, calcium intake and breast cancer 
risk in Chinese women. Maximum likelihood is the most popular method in path analysis that is based on the 
assumption of multivariate normality. In this study, Mardia’s coefficient of multivariate kurtosis was 13.66 and the 
critical ratio was 19.91. Both values less than 1.96 indicated significant non-normality; thus, Bayesian structural 
equation modelling was used to evaluate the overall presented path analysis, and estimations were conducted 
based on the Markov Chain Monte Carlo algorithm73. The model evaluation criterion was posterior predictive P 
value ranging from 0 to 1 with an acceptable quantity of 0.5 or close to it74.

All P values are two sided, and P values of <0.05 were considered as statistically significant. Statistical analyses 
were performed using SPSS 20.0 and AMOS 17.0.
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