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Abstract 
Aim: The EMPA-REG OUTCOME study reported that the sodium-glucose 
cotransporter 2 inhibitor (SGLT2-i) suppressed cardiovascular (CV) events in 
patients with type 2 diabetes; we recently suggested that increase of the serum 
magnesium (Mg) by SGLT2-i’s can, in part, explain this reduction. The objec-
tive of this study was to elucidate the mechanism underlying the elevation of 
the serum Mg level induced by treatment with SGLT2-i’s. Methods: We ana-
lyzed the data of 37 patients with type 2 diabetes who underwent clinical 
evaluation and laboratory assessment at baseline and the end of 3 months. To 
investigate the relationship between the changes in the serum Mg concentra-
tions during 3 months’ treatment (ΔMg) and other variables, we carried out 
simple linear regression analysis and multiple linear regression analysis. Re-
sults: Three months’ treatment with the SGLT2-i resulted in a significant im-
provement of the body weight (BW), BMI, hemoglobin A1c (HbA1c), and 
fasting plasma glucose levels. The serum Mg increased significantly. Simple 
linear regression analysis revealed an association between the ΔMg and the 
serum triglyceride, serum Mg at baseline, change of the BW (ΔBW), and 
change of the HbA1c. Multiple linear regression analysis revealed a significant 
association between the ΔMg and the serum Mg level at the baseline (r = 
−0.55, P < 0.001) and the ΔBW (r = −0.34, P < 0.05). Conclusion: Our study 
revealed that a lower serum Mg level at the baseline and BW reduction were 
significantly associated with an increase in the serum Mg following 3 months’ 
treatment with SGLT2-i’s. 
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1. Introduction 

The EMPA-REG OUTCOME study revealed that the sodium-glucose cotrans-
porter 2 inhibitor (SGLT2-i) empagliflozin suppressed the occurrence of cardi-
ovascular events (CV) in patients with type 2 diabetes within a short period after 
the start of treatment [1]. This rapid effect of the drug is difficult to explain 
based on the beneficial effect of empagliflozin on the glucose and lipid metabol-
ism, which is of much slower onset. Various hypotheses have been proposed, 
and the ketone body hypothesis and hematocrit hypothesis have attracted the 
most attention [2]; however, the precise mechanism(s) remain unknown. 

It has been reported that treatment with SGLT2-i’s induces an increase of the 
serum magnesium (Mg) levels [3] [4]. We recently suggested that the increase of 
the serum Mg level associated with SGLT2-i treatment could explain, at least in 
part, the reduction of the CV risk observed in the EMPA-REG OUTCOME 
study [5], because hypomagnesemia is known to be associated with an elevated 
risk of CV events and several studies have shown a reduction in the risk of CV 
events associated with improvement of hypomagnesemia [6] [7]. However, the 
mechanism of increase in the serum Mg induced by SGLT2-i treatment remains 
unknown [3]. Hypomagnesemia has been reported to be associated with various 
factors, including obesity, metabolic syndrome, elevated blood glucose, diuretic 
use, alcohol dependence, diarrhea, etc. [8]; therefore, we considered these factors 
as candidates associated with an increase in the serum Mg levels after SGLT2-i 
treatment. The objective of this study was to elucidate the mechanism underly-
ing the elevation of the serum Mg level induced by treatment with SGLT2-i’s. 

2. Methods 
2.1. Subjects, and Physical and Laboratory Examination Findings 

This is a prospective cohort study, and patients recruited for this study were be-
tween 40 and 80 years of age, with type 2 diabetes who had been started on 
treatment with SGLT2-i’s in the period between June 2014 and April 2016 at the 
Nerima General Hospital. We excluded patients who were treated with insulin, 
GLP-1 analogues or Mg preparation. After obtaining informed consent, 37 out-
patients were enrolled in the study.  

Type 2 diabetes mellitus was diagnosed according to the Japan Diabetes Asso-
ciation criteria [9]; Confirmation of chronic hyperglycemia is essential for the 
diagnosis of diabetes mellitus. When plasma glucose levels are used to determine 
the categories of glycemia, patients are classified as having a diabetic type if they 
meet one of the following criteria: (i) fasting plasma glucose level of ≥126 mg/dL 
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(≥7.0 mmol/L); (ii) 2-h value of ≥200 mg/dL (≥11.1 mmol/L) in 75 g oral glucose 
tolerance test (OGTT); or (iii) casual plasma glucose level of ≥200 mg/dL (≥11.1 
mmol/L). Re-examination is conducted on another day, and if “diabetic type” is 
reconfirmed, diabetes mellitus is diagnosed. HbA1c ≥ 6.5% is now also consi-
dered to indicate diabetic type. if the plasma glucose values (any of criteria) and 
the HbA1c ≥ 6.5% in the same blood sample both indicate diabetic type, diabetes 
mellitus is diagnosed based on the initial examination alone. 

All the patients underwent a clinical evaluation and laboratory assessment. 
The body mass index (BMI) was calculated using the following equation: weight 
(in kilograms) divided by height (in meters) squared. The fasting plasma glucose 
(FPG), hemoglobin A1c (HbA1c) (NGSP), serum levels of triglyceride (TG), 
high-density lipoprotein cholesterol (HDL-C), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), creatinine (Cr), magnesium (Mg), and 
the urine magnesium-to-creatinine ratio (u-Mg/cr) were measured at the start of 
treatment and at the end of 3 months’ treatment. The data at 3 months minus 
the data at the baseline are expressed as Δ. (e.g., ΔMg (Mg concentration at 3 
months) - (Mg concentration at the baseline)) 

2.2. Laboratory Methods 

HBA1c was estimated using enzyme immunoassay kits (Abbott Diagnostics, Il-
linois). A glucose analyzer (glucose oxidase method) was used for the blood 
glucose estimation. The biochemical analyzer TBA-80FR (Toshiba, Tokyo, Ja-
pan) was used for determination of the serum TG, HDL-C, TC, AST, ALT, Mg 
and Cr by enzymatic methods. 

2.3. Statistical Analysis 

Data are presented as the means ± SD. Differences in the parameters between 
the groups were compared using the Student t-test for paired data.  

To investigate the relationships between the ΔMg and other variables, a sim-
ple linear regression analysis was performed. A multiple linear regression analy-
sis was used to identify predictors of the ΔMg. The main objective is to examine 
the correlation between ΔMg and various parameters. When assuming that the 
correlation coefficient is 0.4 or more, calculating necessary samples will be 24 
and sample size 37 is enough. 

The statistical analyses were performed using the Systat J11 software (Hyu-
links, Chicago, IL, USA). P values of <0.05 were considered as indicating signi-
ficance. 

2.4. Ethical Approval 

The present study was conducted in full accordance with the World Medical 
Association Declaration of Helsinki. The study protocol was reviewed and ap-
proved by the Ethics Committee at the Public Interest Incorporated Foundation, 
Tokyo Healthcare Foundation. Informed consent was obtained from patients. 
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All patient data were anonymized prior to the analysis. 

3. Results 
3.1. Patient Characteristics at the Baseline and after 3 Months of 

Treatment with a SGTL2-I (Table 1) 

The study cohort consisted of 25 men and 12 women, with a mean age of 55.4 ± 
9.3 years and a mean duration of disease of 8.4 ± 5.6 years. One patient was 
drug-naive, 33 patients were receiving metformin, 29 patients had received 
dipeptidyl-peptidase 4 inhibitors (DPP4-i), 28 patients had received both met-
formin and DPP4-i, 8 patients had received sulfonylureas, 6 patients had re-
ceived glinides, 6 patients had received alpha-glucosidase inhibitors, and 4 pa-
tients had received pioglitazone. Twenty-four patients were receiving antihyper-
tensive medications and 15 patients were receiving statins. 

Treatment with SGLT2-i induced a significant improvement of the body 
weight (BW), BMI, HbA1c, and FPG level after 3 months of treatment. Serum 
Mg increased from 1.9 ± 0.2 to 2.0 ± 0.2 mg/dL after the start of treatment with 
an SGLT2-i. No change was observed in the urinary magnesium-to-creatinine 
ratio. The other parameters are summarized in Table 1. 

3.2. Simple Linear Regression Analysis to Identify Factors  
Associated with the ΔMg (Table 2) 

The parameters entered into the simple regression analysis are shown in Table 
2. The results revealed an association of the ΔMg with the baseline serum TG (R  

 
Table 1. Characteristics at the baseline and after 3 months of treatment. 

  
n 

Base line  After treatment 
P 

  mean SD mean SD 

BW Kg 37 82.5 12.2 80.4 12.1 <0.01 

BMI Kg/m2 37 30.5 4.61 29.7 4.54 <0.01 

HbA1c % 37 9.1 1.7 8.0 1.1 <0.01 

AST U/L 37 29.1 19.6 25.9 12.7 0.26 

ALT U/L 37 32.9 18.9 28.3 15.6 <0.03 

HDL mg/dl 37 48.1 8.6 49.6 10.7 0.17 

TC mg/dl 37 190 46 186 39 0.54 

TG mg/dl 37 228 161 197 94 0.19 

FPG mg/dl 37 206 69 166 55 <0.01 

Cre mg/dl 37 0.75 0.18 0.79 0.18 <0.01 

sMg mg/dl 37 1.9 0.2 2.0 0.2 <0.02 

uMg/Cr mg/gCr 34 58 58 66 49 0.051 

The data are presented as means ± SD. Three data of uMg/Cr can not be obtained and the number is 34. 
Abbreviations: BW = body weight; HbA1c = hemoglobin A1c (NGSP); Cre = serum creatinine; TC = serum 
total cholesterol; TG = serum triglyceride; HDL = serum high density lipoprotein cholesterol; AST = serum 
aspartate aminotransferase; ALT = serum alanine aminotransferase; s-Mg = serum magnesium. uMg/cr = 
urinary magnesium-to-creatinine ratio. 
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Table 2. Simple linear regression analysis to determine the relationship of the ΔMg with 
various parameters. 

 R P value  R P value 

Age 0.29 0.08    

BW 0.03 0.88 ΔBW −0.36 <0.05 

HbA1c −0.16 0.34 ΔHbA1c 0.54 <0.01 

s-Cr −0.02 0.9 Δs-Cr 0.27 0.11 

TC <0.01 1 ΔTC <0.01 1 

TG −0.45 <0.01 ΔTG <0.01 1 

HDL <0.01 1 ΔHDL 0.25 0.14 

AST −0.07 0.69 ΔAST 0.21 0.12 

ALT −0.14 0.42 ΔALT 0.24 0.15 

s-Mg −0.69 <0.01    

R, correlation coefficient. Δ: The data at 3 months minus those at the baseline (ex. ΔMg = (Mg concentra-
tion at 3 months) - (Mg concentration at the baseline)). Abbreviations: BW = body weight; HbA1c = he-
moglobin A1c (NGSP); Cre = serum creatinine; TC = serum total cholesterol; TG = serum triglyceride; 
HDL = serum high density lipoprotein cholesterol; AST = serum aspartate aminotransferase; ALT = serum 
alanine aminotransferase; s-Mg = serum magnesium. 

 
= −0.45, P < 0.001) and serum Mg (R = −0.69, P < 0.01) and with changes of the 
BW (ΔBW) (R = −0.36, P < 0.05) and HbA1c (ΔHbA1c) (R = 0.54, P < 0.01) 
during the treatment. 

3.3. Multivariate Linear Regression Analysis 

To identify the determinants of the ΔMg after 3 months of SGLT2-i treatment, a 
multiple linear regression analysis was performed. Serum TG, serum Mg, ΔBW 
and ΔHbA1c were regarded as dependent variables, as they were identified by 
simple linear regression analysis to be significantly associated with the ΔMg. The 
results identified the baseline serum Mg level (r = −0.55, P < 0.001) and ΔBW (r 
= −0.34, P < 0.05) as being significantly associated with the ΔMg. The regression 
equation was as follows: 

ΔMg = 1.25 − 0.64 X (initial s − Mg) − 0.02ΔBW (R2 = 0.54, F = 20.1, P < 0.01). 

4. Discussion 

It has been reported that atrial fibrillation develops more frequently in the pres-
ence of hypomagnesemia [10] and that type 2 diabetic patients with hypomag-
nesemia are at a higher risk of developing ventricular extrasystoles [11]. A high 
incidence of CV events and sudden death has also been reported in patients with 
hypomagnesemia [12]. A meta-analysis of relevant studies, including those 
without diabetes, revealed that elevation of the serum Mg level by 0.2 mmol/L 
was associated with a 30% decrease in the risk of onset of cardiovascular disease 
and 40% decrease in the risk of death from CV events [6]. These favorable effects 
of Mg on the cardiovascular system are considered to be attributable to the an-
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ti-inflammatory activity on the vascular endothelium and smooth muscle, vas-
cular relaxant activity and sympatholytic activity of magnesium [8], as well as its 
hypotensive activity [7]. In the EMPA-REG outcome study, treatment with 
SGLT2-i’s resulted in a remarkable suppression (38% decrease) of the risk of 
death from CV events [1], but no conclusion has yet been reached about the 
mechanism(s) underlying this beneficial effect of this class of drugs. We pre-
viously proposed the view that elevation of the serum Mg level induced by 
SGLT2-i treatment is probably one of the factors involved in the suppression of 
the risk of CV events observed in patients treated with this class of drugs [5]. We 
believe that elucidation of the mechanism underlying the elevation of the serum 
Mg level induced by treatment with SGLT2-i’s is important. 

The present study revealed that low serum Mg levels at the baseline (at the 
start of treatment) and weight loss during the treatment were associated with 
elevation of the serum Mg level following treatment with a SGLT2-i. The pre-
vious finding from the present study is consistent with the report by Gilbert et al. 
of a greater degree of increase of the serum Mg level induced by SGLT2-i treat-
ment in the group with low baseline serum Mg levels than in the group with 
high baseline serum Mg levels [13]. Concerning the association between serum 
Mg elevation and weight loss seems to be explained as follows; it is known that 
serum Mg levels tend to be low in obese individuals and patients with metabolic 
syndrome [14]. If weight loss alleviates obesity and metabolic syndrome, the se-
rum Mg level may be expected to rise. 

5. Limitations 

The present study failed to resolve the following two questions.First, it is known 
that in the presence of hyperglycemia, excessive glomerular filtration can reduce 
Mg reabsorption, leading to hypomagnesemia [15]. If hyperglycemia is cor-
rected, Mg reabsorption may improve, leading to elevation of the serum Mg level 
[16]. In the present study, the urinary Mg level was analyzed in randomly col-
lected urine samples, and this analysis revealed no change after treatment as 
compared to the pre-treatment level. Because this analysis did not use the 
24-hour urinary output data, it is difficult to arrive at any definitive conclusions. 
Second, the present study did not incorporate analysis of the possibility of Mg 
release from the bones. In a previous study of the markers of ossification and 
bone destruction, no significant difference was noted between a SGLT2-i treat-
ment group and the control group [17]. It is therefore difficult to comment on 
Mg release from the bones into the blood associated with SGLT2-i treatment. 

6. Conclusions 

We previously reported that elevation of the serum Mg level was probably in-
volved in suppression of the onset of CV events in the EMPA-REG outcome 
study [5]. In the present study, elevation of the serum Mg was found to be asso-
ciated with weight loss after the start of SGLT2-i treatment and to be more likely 
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to occur in patients with low serum Mg levels at the baseline. These findings 
suggest that patients with hypomagnesemia are more likely to enjoy the benefi-
cial effect of SGLT2-i treatment on the risk of CV events. 

COI Statement 

The authors received no financial support for this study. The authors report no 
conflicts of interest related to this work. 
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