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Abstract

Background: Sodium-glucose cotransporter 2 (SGLT-2) inhibitors 
have been reported to more effectively suppress cardiovascular events 
(CVEs) in patients with type 2 diabetes. The underlying mechanism, 
however, remains unknown. SGLT-2 inhibitors have the unique bene-
ficial effect of ameliorating hypomagnesemia, which is a well-known 
independent risk factor for CVE. However, the mechanism by which 
SGLT-2 inhibitors increase the serum magnesium (Mg) levels also 
remains unknown. We hypothesized that SGLT-2 inhibitor-induced 
visceral fat loss might also be correlated with the serum Mg levels.

Methods: We conducted a sub-analysis of the data of 31 patients with 
type 2 diabetes who were treated with luseogliflozin in the LIGHT study. 
The correlations between changes in the serum Mg concentration (ΔMg) 
and the baseline patient characteristics/changes in the values of clinical 
parameters at 24 weeks were analyzed by multiple regression analysis.

Results: The ΔMg was significantly associated with the baseline se-
rum Mg concentration (β = -0.47, 95% confidence interval (CI): -0.84 
- -0.13; P = 0.01) and Δ visceral fat volume (VFV) (β = -0.33, -0.59 
- -0.09; P = 0.03).

Conclusions: We found that elevation of serum Mg concentrations 
after SGLT-2 inhibitor treatment was associated with two factors; low 
serum Mg concentrations before the start of treatment and decrease in 

the VFV after treatment.

Keywords: Type 2 diabetes; SGLT-2 inhibitors; Visceral fat; Magne-
sium; Cardiovascular events; Metabolic syndrome; Obesity

Introduction

Reducing the risk of cardiovascular events (CVEs) is a key 
goal in the treatment of type 2 diabetes mellitus, although even 
large studies, including the UKPDS [1], have failed to clearly 
establish that conventional metabolic control can decrease the 
risk of CVE [2-4]. Since 2007, the Food and Drug Administra-
tion (FDA) has mandated non-inferiority testing; that is, af-
ter adjusting for existing risk factors such as hemoglobin A1c 
(HbA1c), blood pressure, lipid profile, and smoking status, it 
must be demonstrated that newly developed antidiabetic drugs 
do not increase the risk of CVE as compared to existing drugs. 
Unlike other oral antidiabetic drugs, sodium-glucose cotrans-
porter 2 (SGLT-2) inhibitors have been shown to suppress 
CVE [5, 6]. According to these studies, SGLT-2 inhibitors ap-
pear to decrease the risk of CVE even from the early stages of 
treatment. Since the effects of metabolic improvement would 
be expected to take several years to appear, this observation 
cannot be explained by the effects of metabolic improvement 
alone. Although various hypotheses have been proposed [7], 
there is so far no widely accepted consensus on the underlying 
mechanism.

SGLT-2 inhibitors have the unique effect of improving hy-
pomagnesemia [8]. Magnesium (Mg) is a coenzyme for vari-
ous enzymes involved in both insulin secretion and sensitivity 
[9], and hypomagnesemia has been shown to be associated 
with both the development of diabetes mellitus and obesity. In 
addition, because Mg has anti-inflammatory, antisympathetic, 
and antiarrhythmic effects [9], Mg deficiency is also a risk fac-
tor for the development of CVE; and correction of the serum 
Mg concentration has been shown to reduce CVE and sudden 
death [10-12]. Systemic Mg depletion is common in obese and 
diabetic patients, and is often overlooked because the serum 
concentrations are often within the reference range [9]. Based 
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on the above findings, we hypothesized that SGLT-2 inhibi-
tors suppress the risk of CVE by improving hypomagnesemia 
[13, 14]. The exact mechanism by which SGLT-2 inhibitors 
increase serum Mg concentrations remains unknown [15]. In-
sufficient glycemic control may increase the urinary Mg ex-
cretion, leading to hypomagnesemia [16], and SGLT-2 inhibi-
tors may suppress urinary Mg excretion, thereby correcting 
the serum Mg levels. However, while there are no data yet to 
lend support to this hypothesis, negative data have also been 
reported [17]. Therefore, we proposed a different hypothesis 
from the effect of the drug on the urinary Mg excretion.

It is well known that hypomagnesemia associated with 
obesity can be ameliorated by reducing the weight by dieting 
or bariatric surgery [18]. In addition, reduction of the viscer-
al fat volume (VFV) by bariatric surgery has been shown to 
be correlated with increased serum Mg concentrations [19]. 
Therefore, we hypothesized that reduction of the VFV by any 
means, even other than by bariatric surgery, could increase the 
serum Mg levels. To verify this hypothesis, data on the VFV 
and serum Mg concentration would be needed, and these data 
had already been collected in the LIGHT study (Luseogliflo-
zin: the Components of Weight Loss in Japanese Patients with 
Type 2 Diabetes Mellitus) [20], in which SGLT-2 inhibitors 
were demonstrated to reduce the VFV. We attempted to deter-
mine the correlation between the serum Mg levels and VFV 
reduction by conducting a sub-analysis of the data from the 
LIGHT study.

Materials and Methods

Since the methodology is described in detail in the LIGHT 
study [20], we shall only present an outline here. Patients re-
cruited for this study were between 20 and 65 years of age, 
and had type 2 diabetes mellitus, with glycated hemoglobin 
(HbA1c) levels in the range of 7.0-10.5%, and body mass in-
dex (BMI) values in the range of 20.0 - 35.0.

The patients were treated through the study period accord-
ing to the standard diet therapy protocol indicated by the Japan 
Diabetes Society [21]. After the period of observation, SGLT-2 
inhibitor treatment was added-on for those with poor glycemic 
control. The patients received 2.5 mg of luseogliflozin once 
daily, in the morning, with an optional titration up of the dose 
to 5 mg once daily from week 12 or later, in case of insufficient 
efficacy. No patients are taking drugs such as proton pump in-
hibitors (PPIs) and diuretics that change serum Mg levels.

Evaluated variables and the evaluation time-points

In the LIGHT study, the patients were followed up for up to 52 
weeks, but in this sub-analysis, we conducted the evaluation 
using data measured at 24 weeks. Since there was no signifi-
cant change in metabolism or fat mass from 24 weeks to 52 
weeks, we thought that it was appropriate to use the data meas-
ured at 24 weeks. BMI was calculated as follows: weight (in 
kilograms) divided by height (in meters) squared. The fasting 
plasma glucose (FPG), HbA1c (National Glycohemoglobin 

Standardization Program (NGSP)), estimated glomerular fil-
tration rate (eGFR), serum levels of adiponectin (ADP), tri-
glyceride (TG), high-density lipoprotein cholesterol (HDL-C), 
Mg, calcium (Ca), potassium (K), sodium (Na), and phosphate 
(P), and the subcutaneous fat volume (SFV) and VFV were 
measured at the start of the treatment as well as at the end of 
24 weeks of treatment.

The values at 24 weeks minus the values at the baseline 
are expressed as Δ values (e.g., ΔMg = (Mg concentration at 
24 weeks) - (Mg concentration at the baseline)). All variables 
were collected from all 31 patients before and after treatment.

Laboratory methods

The laboratory tests were outsourced to LSI Medience Corpo-
ration (Tokyo, Japan). The body components were measured 
using whole-body dual-energy X-ray absorptiometry (DXA; 
Hologic/Discovery, Hologic/Delphi; Hologic Inc., Marlbor-
ough, MA, USA; or GE/Lunar Prodigy enCORE 2006; GE 
Healthcare, Madison, WI, USA). The VFV and SFV were 
determined in coronal computed tomographic images of the 
abdomen at the level of the umbilicus. Evaluation of the ab-
dominal computed tomographic images was carried out at a 
designated institution by a single predefined radiologist. The 
SFV and VFV were analyzed using Slim Vision (CYBERNET 
SYSTEMS CO., LTD., Tokyo, Japan).

Statistical analysis

For analysis of the changes in individual data, the last obser-
vation carried forward imputation method was applied. Data 
are presented as means ± standard deviation (SD). Differenc-
es in the variables between the groups were compared using 
the Student’s t-test for paired data. When the data were not 
normally distributed, they were shown by interquartile range 
(IQR) and the Wilcoxon singed-rank test was used.

To investigate the correlations between the ΔMg and oth-
er variables, Pearson’s correlation coefficient test was used. 
When the data were not normally distributed, Spearman’s rank 
correlation coefficient was calculated. Multiple linear regres-
sion analysis (forced-entry method) was used to identify fac-
tors that were significantly associated with the ΔMg. The sta-
tistical analyses were performed using the SPSS software v25. 
P < 0.05 was set as being indicative of statistical significance.

Institutional review board approval

The study protocol was reviewed and approved by the In-
stitutional Review Board of the Jikei University School of 
Medicine on January 15, 2015 (approval number: 26-278) 
and the Institutional Review Board of Nerima General Hos-
pital on February 17, 2015 (approval number: 20150217-1). 
The study was registered in advance at the University Hos-
pital Medical Information Network Clinical Trials Registry 
(UMIN000015112).
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Ethical considerations

The present study was carried out in compliance with the 
Declaration of Helsinki, and the ethical guideline for clinical 
research published by the Ministry of Health, Labor and Wel-
fare, Japan.

Results

Clinical characteristics at the baseline and after 24 weeks 
of luseogliflozin treatment

As shown in Table 1, the data of 31 Japanese patients with 
type 2 diabetes were analyzed in this study, after excluding 
six of the 37 patients included in the LIGHT study (data on 
the Mg concentrations were not available in two patients, 
and data on the fat areas were not available in the remaining 
four patients). The study cohort consisted of 22 men and nine 
women with a mean age of 53.3 ± 7.9 years. Clinical param-

eters evaluated prior to the start of luseogliflozin treatment 
are summarized in Table 1. After 24 weeks of luseogliflozin 
treatment, a significant increase of the serum Mg concentra-
tion, and improvement of the BMI, body weight (BW), FPG, 
HbA1c, and serum ADP level were observed. While the VFV 
was found to be significantly reduced in the LIGHT study, 
the reduction of the VFV did not reach statistical significance 
in this sub-analysis, presumably because six cases were ex-
cluded for the reasons described above.

Analysis of the correlations of the ΔMg with various clini-
cal parameters

To identify factors influencing the changes in the serum Mg 
concentrations after 24 weeks of treatment, analysis of the cor-
relations between the ΔMg and various parameters is shown in 
Table 2. The ΔMg was significantly correlated with the base-
line serum Mg concentration (r = -0.77, P < 0.01), ΔHbA1c 
(r = -0.42, P < 0.05), ΔVFV (r = -0.37, P < 0.05), and ΔP (r = 
-0.37, P < 0.05). No statistically significant changes of any of 

Table 1.  Clinical Characteristics at the Baseline and at 24 Weeks After the Administration of Luseogliflozin

At the base line At 24 weeks
P value

Mean SD Mean SD
Age (n = 31), years 53.3 7.9
BMI (n = 31), kg/m2 28.2 3.5 27.3 3.5 < 0.01
BW (n = 31), kg 79.1 13.3 76.6 13.2 < 0.01
FPG (n = 31), mg/dL 164.8 38.2 139.9 27.9 < 0.01 Wilcoxon
HbA1c (n = 31), % 7.6 0.6 7.2 0.9 < 0.01 Wilcoxon
eGFR (n = 31), mL/min/1.73 m2 83.5 20.7 84.3 21.4 0.61
ADP (n = 31), mg/dL 5.9 1.9 6.3 2.2 < 0.05 Wilcoxon
HDL-C (n = 31), mg/dL 52.2 15.6 53.9 18.7 0.37
LDL-C (n = 31), mg/dL 122.6 30.8 129.2 38.8 0.19
Mg (n = 31), mg/dL 2.11 0.17 2.17 0.15 < 0.05 Wilcoxon
Ca (n = 31), mg/dL 9.34 0.28 9.31 0.39 0.75 Wilcoxon
K (n = 31), mg/dL 4.19 0.26 4.14 0.29 0.25
P (n = 31), mg/dL 3.41 0.49 3.52 0.49 0.22
Na (n = 31), mg/dL 140.1 2.2 140 2.2 0.1

At the base line At 24 weeks
P value

Q1 Q2 Q3 Q1 Q2 Q3
TG (n = 31), mg/dL 105 137 216 89 120 178 0.5
FFA (n = 31), mg/dL 0.50 0.56 0.67 0.51 0.59 0.78 0.2
SFV (n = 31), cm3 338.6 523.2 745.8 276.0 570.5 662.8 0.94
VFV (n = 31), cm3 276.9 413.5 522.1 233.1 379.2 506.5 0.24

Data are presented as means ± standard deviation (SD). Differences in the variables between the groups were compared using the Student’s t-test 
for paired data. When the data were not normally distributed, they were shown by interquartile range (IQR) and the Wilcoxon singed-rank test was 
used. BMI: body mass index; BW: body weight; FPG: fasting plasma glucose; HbA1c (National Glycohemoglobin Standardization Program (NGSP)): 
hemoglobin A1c; eGFR: estimated glomerular filtration rate, ADP: adiponectin; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density li-
poprotein cholesterol; TG: triglyceride; FFA: free fatty acid; SFV: subcutaneous fat volume; VFV: visceral fat volume; Mg: magnesium; Ca: calcium; 
K: potassium; P: phosphate; Na: sodium.
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the other variables were observed.

Multivariate linear regression analysis

To identify the determinants of the ΔMg after 24 weeks of 
luseogliflozin treatment, multiple regression analysis (forced-
entry method) was performed.

The baseline serum Mg, ΔHbA1c, ΔVFV and ΔP were re-
garded as independent variables, since all of these variables 
were significantly correlated with the ΔMg, as shown in Table 
2. Furthermore, BMI, age, and gender were considered to be 
important factors and were added as independent variables. 
The results are shown in Table 3. The ΔMg was significant-
ly associated with the baseline serum Mg concentration (β = 
-0.47, 95% confidence interval (CI): -0.84 - -0.13; P = 0.01) 
and ΔVFV (β = -0.33, -0.59 - -0.09; P = 0.03). The other five 
variables did not contribute significantly to changes in serum 
Mg levels.

Discussion

Hypomagnesemia is often observed in patients with diabe-
tes mellitus and obesity [9]. Hypomagnesemia is known as 
a risk factor for acute myocardial infarction, exacerbation of 
heart failure, fatal arrhythmias, and sudden death [10, 11]. It 

has also been reported that a Mg-rich diet and correction of 
hypomagnesemia reduce the risk of CVE [12]. Since SGLT-2 
inhibitors are known to correct hypomagnesemia [8, 15], it 
would be reasonable to hypothesize that decrease the risk of 
CVE by SGLT-2 inhibitors is mediated by elevated serum Mg 
levels [13, 14]. However, the mechanism by which SGLT-2 
inhibitors increase the serum Mg concentrations remains un-
clear [8, 15]. This study was conducted with the objective of 
elucidating the underlying mechanism.

In this analysis, SGLT-2 inhibitor-induced elevation of 
the serum Mg concentrations were found to be significantly 
correlated with the decreased VFV observed after treatment, 
as well as low serum Mg concentrations at the study base-
line. The former is found in all SGLT-2 inhibitors, the latter 
in at least canagliflozin [22]. Therefore, this effect is con-
sidered to be common not only to luseogliflozin but also to 
other SGLT-2 inhibitors. These results will be discussed in 
order below.

Correlation between increase of the serum Mg concentra-
tions and decrease of the VFV

In this study, we report for the first time that increased serum 
Mg levels observed following SGLT-2 inhibitor therapy were 
associated with a decreased VFV. This correlation between 
VFV and serum Mg levels is not unique to patients receiving 

Table 2.  Analysis of the Correlations of ΔMg With Various Parameters

Initial Changes in the values at 24 weeks
Correlation coefficient P value Correlation coefficient P value

BW (n = 31) 0.09 0.62 ΔBW (n = 31) -0.27 0.14
FPG (n = 31) -0.09 0.63 ΔFPG (n = 31) -0.28 0.13
HbA1c (n = 31) 0.15 0.41 ΔHbA1c (n = 31) -0.42 < 0.05
eGFR (n = 31) 0.12 0.51 ΔeGFR (n = 31) -0.31 0.06
ADP (n = 31) -0.21 0.26 ΔADP (n = 31) 0.02 0.93
HDL-C (n = 31) -0.12 0.54 ΔHDL-C (n = 31) 0.34 0.06
LDL-C (n = 31) 0.02 0.93 ΔLDL-C (n = 31) -0.04 0.83
TG (n = 31) 0.06 0.76 ΔTG (n = 31) -0.26 0.16
FFA (n = 31) 0.14 0.47 ΔFFA (n = 31) -0.06 0.75
SFV (n = 31) 0.09 0.61 ΔSFV (n = 31) -0.11 0.54
VFV (n = 31) 0.29 0.11 ΔVFV (n = 31) -0.37 < 0.05
Mg (n = 31) -0.77 < 0.01 ΔCa (n = 31) 0.03 0.86
Ca (n = 31) 0.26 0.14 ΔK (n = 31) 0.00 1.00
K (n = 31) 0.12 0.52 ΔP (n = 31) -0.37 < 0.05
P (n = 31) 0.02 0.91 ΔNa (n = 31) 0.12 0.5
Na (n = 31) 0.12 0.50

The data at 24 weeks minus the data at the baseline are expressed as Δ (e.g., ΔMg = (Mg concentration at 24 weeks) - (Mg concentration at the 
baseline)). BW: body weight; FPG: fasting plasma glucose; HbA1c (National Glycohemoglobin Standardization Program (NGSP)): hemoglobin A1c; 
eGFR: estimated glomerular filtration rate; ADP: adiponectin; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; 
TG: triglyceride; FFA: free fatty acid; SFV: subcutaneous fat volume; VFV: visceral fat volume; Mg: magnesium; Ca: calcium; K: potassium; P: phos-
phate; Na: sodium.
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SGLT-2 inhibitor therapy. Dietary weight reduction is known 
to be associated with elevated serum Mg levels [18]. Decrease 
of the VFV following bariatric surgery is also reported to be 
correlated with an increase of the serum Mg levels [19]. Based 
on these findings, together with the findings of this sub-anal-
ysis, we believe that reduction of the VFV by any method (di-
etary/surgical) is likely to be associated with increase of the 
serum Mg concentrations.

Serum Mg levels are regulated by renal excretion, absorp-
tion from the intestinal tract, and intracellular and extracellu-
lar redistribution [9]. So far, little has been discussed about 
the relationship between the serum Mg concentrations and the 
VFV. In obese individuals, excess visceral fat induces insulin 
resistance, which results in hypomagnesemia due to the greater 
need for intracellular Mg, which is a coenzyme for enzymes 
involved in insulin secretion and sensitivity. When insulin 
resistance is alleviated by weight reduction, the intracellular 
need for Mg is reduced, and Mg is redistributed extracellularly 
with increase of the serum Mg concentrations. Alternatively, 
we hypothesize that the increased binding of Mg to the vis-
ceral fat in association with increased VFV results in lower 
serum Mg levels. There is as yet no evidence that Mg binds to 
visceral fat, but such binding is considered plausible, because 
Mg binds directly to plasma non-esterified fatty acids (NEFA) 
resulting in reduced plasma Mg concentrations [23].

The lower the serum Mg concentration before the start of 
treatment, the greater the degree of increase of the serum 
Mg concentration after SGLT-2 inhibitor treatment

This has already been reported by another group [22], although 
the underlying mechanism still remains to be identified. In the 
LIGHT study, we observed that the greater the VFV in the 
baseline, the greater the decrease in VFV accompanied by 
treatment with SGLT-2 inhibitor. Therefore, we thought that 
the low serum Mg level might be normalized proportional to 
the decrease in VFV.

Correction of hypomagnesemia is important, because hy-
pomagnesemia is a strong risk factor for the development of 
CVE. As obesity predisposes to hypomagnesemia, obese indi-
viduals are probably the most likely to benefit from the CVE-

reducing effect of SGLT-2 inhibitor treatment.

Is it possible that SGLT-2 inhibitors increase serum Mg 
levels by reducing urinary Mg excretion?

It has been suggested that poor glycemic control can lead to 
hypomagnesemia by increasing the urinary Mg excretion [16]. 
Therefore, SGLT-2 inhibitors may increase the serum Mg 
levels by reducing the urinary Mg excretion. However, there 
has been no investigation on the effect of SGLT-2 inhibitor 
treatment on the urinary Mg excretion since the 2009 report 
of elevation of the serum Mg concentration by SGLT-2 inhibi-
tors [8, 14]. Recently, it was reported that SGLT-2 inhibitor 
treatment exerted no effect on the urinary Mg excretion [17]. 
We have no data to prove in this regard. This is an issue to be 
solved in the future.

Limitation of this study

This is an uncontrolled study with limited power. Therefore, 
due to unidentifiable bias, nonspecific effects or regression to 
the normal range may be mistakenly shown as a result of anal-
ysis. However, in sub-analyzing the previous LIGHT study, an 
underlying study for present paper, we have found that there 
is an association between reduced VFV and recovery of se-
rum Mg levels in patients with low serum Mg. Moreover, the 
greater the VFV was in the baseline, the greater the decrease 
in VFV accompanied by treatment with SGLT-2 inhibitor. We 
consider that in order to understand the unknown mechanism 
for the recovery of Mg, based on this observation, a more ac-
curate elucidation should be conducted by a controlled trail 
using more cases.

In conclusion, the increase in the serum Mg concentra-
tions observed following treatment with SGLT-2 inhibitors 
was strongly associated with low serum Mg concentrations 
at the baseline and the reduced VFV after treatment. In other 
words, the observed increase in the serum Mg concentrations 
after treatment with luseogliflozin can be explained by the de-
crease in the VFV observed after treatment, rather than by an 
inherent pharmacologic effect of SGLT-2 inhibitors.

Table 3.  The Determinants of the ΔMg After 24 Weeks of Luseogliflozin Treatment

β 95% CI P value
Baseline serum Mg concentrations -0.47 -0.84, -0.13 0.01
ΔVFV -0.33 -0.59, -0.09 0.03
ΔHbA1 -0.24 -0.46, 0.03 0.15
ΔP -0.15 -0.36, 0.09 0.36
BMI 0.12 -0.12, 0.32 0.45
Age -0.11 -0.31, 0.11 0.47
Sex 0.04 -0.09, 0.13 0.76

To identify the determinants of the ΔMg after 24 weeks of luseogliflozin treatment, multiple regression analysis (forced-entry method) was performed. 
The data at 24 weeks minus the data at the baseline are expressed as Δ (e.g., ΔMg = (Mg concentration at 24 weeks) - (Mg concentration at the 
baseline)). Mg: magnesium; VFV: visceral fat volume; HbA1c (NGSP): hemoglobin A1c; P: phosphate; BMI: body mass index; CI: confidence interval.
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