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ARTICLE INFO ABSTRACT

Aims: Hypomagnesemia (serum magnesium [Mg] <0.74 mmol/L [<1.8 mg/dL]) is commonly observed in patients
with type 2 diabetes (T2D). This study investigated the effect of treatment with dapagliflozin 10 mg on Mg con-
centrations in patients with T2D.

Methods: In this post hoc analysis, we used pooled data from 10 placebo-controlled studies of dapagliflozin over
24 weeks of treatment in patients with T2D. We evaluated the change in Mg in patients receiving dapagliflozin vs.
placebo overall, and in subgroups with baseline hypomagnesemia and normal/hypermagnesemia (>0.74 mmol/L
[>1.8 mg/dL]). We determined the proportion of patients with baseline hypomagnesemia who achieved Mg
>0.74 mmol/L (>1.8 mg/dL).

Results: A total of 4398 patients with T2D were included. The mean change from baseline to week 24 in Mg was
significantly larger with dapagliflozin vs. placebo; difference, 0.06 mmol/L (95% confidence interval [CI]: 0.05,
0.06). The proportion of patients with Mg within the population reference range after 24 weeks of treatment
was significantly higher with dapagliflozin vs. placebo; difference, 47.8% (95% Cl: 41.4, 53.9). The proportion of
patients displaying hypermagnesemia did not increase with dapagliflozin treatment.

Conclusions: Treatment with dapagliflozin 10 mg resulted in correction of Mg concentrations in patients with T2D
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1. Introduction

Magnesium (Mg) is the second most common intracellular cation
after calcium and plays a key role in multiple physiological processes,
serving as a cofactor in >300 enzymatic reactions, including those re-
sponsible for regulating glycemic control, blood pressure (BP), and
lipid peroxidation.'? Hypomagnesemia (serum Mg <0.74 mmol/L
[<1.8 mg/dL]) is observed in 14%-48% of patients with type 2 diabetes
(T2D) and is associated with increased insulin resistance, altered cellu-
lar glucose transport, and reduced pancreatic insulin secretion.>* In pa-
tients with T2D, hypomagnesemia may contribute to a worsening of
insulin resistance, which can then further reduce serum Mg
concentrations.’> Hypomagnesemia in patients with T2D is associated
with poor glycemic control; patients have higher levels of fasting and
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postprandial plasma glucose, along with higher glycated hemoglobin
(HbA;.), compared with patients with normal serum Mg
concentrations.? Additionally, hypomagnesemia is associated with a
more rapid decline in kidney function in patients with T2D® and is a
risk factor for cardiovascular disease,”® end-stage kidney disease
(ESKD),® retinopathy, nephropathy, and foot ulcers.!? Patients with
T2D and hypomagnesemia demonstrate more frequent premature ven-
tricular complexes!! and may be at an increased risk of sudden cardiac
death.'?

Sodium-glucose co-transporter 2 inhibitors (SGLT2i) are a class of
oral glucose-lowering agents recently approved for the treatment of
T2D.'3 SGLT2i block renal reabsorption of glucose, promoting glycosuria
and lowering of blood glucose without stimulating insulin release, thus
minimizing the risk of hypoglycemia.'® Notably, the antihyperglycemic
effect of SGLT2i is accompanied by cardiovascular and renal protection,
including significant reductions in systolic and diastolic BP (SBP and
DBP).">~17 Accordingly, SGLT2i are recommended as the preferred treat-
ment for patients with T2D with heart failure or chronic kidney disease
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failing to meet target HbA;. with metformin and lifestyle
modification.!® Recent evidence suggests that SGLT2i treatment, either
alone or in combination with other agents, corrects low serum Mg con-
centrations in patients with T2D, potentially contributing to improved
cardiometabolic outcomes.!°~2 Building on this emerging evidence,
the primary objective of the current post hoc analysis was to quantify
the effect of dapagliflozin treatment on serum Mg concentrations in pa-
tients with T2D. Further, it remains to be evaluated if the established BP-
lowering effect of SGLT2i differs in patients with and without hypomag-
nesemia. Therefore, a secondary objective of the current study was to
explore any potential differences in BP response across serum Mg
subgroups.

2. Materials and methods
2.1. Study design

This post hoc analysis evaluated the effect of dapagliflozin 10 mg once
daily on serum Mg concentrations over 24 weeks across 10 placebo-
controlled, double-blind clinical trials in patients with T2D (N = 4398).
Two trials included dapagliflozin monotherapy treatment arms>>-2>;
dapagliflozin was also evaluated as combination therapy with
metformin,?>~2® glimepiride,?® pioglitazone,*° sitagliptin with or without
metformin,®! or insulin.>>-> All trials were part of the dapagliflozin clin-
ical development program, were not designed to examine cardiovascular
events, and did not include measures or estimates of dietary or supple-
mental Mg intake. The trial protocols did not include specific dietary rec-
ommendations or restrictions regarding dietary or supplemental Mg.
Information on patient ethnicity was not recorded across all trial sites
and is therefore not reported in the current analysis. Further details of
the clinical trials are listed in Supplementary Table 1.

2.2. Outcomes

We evaluated the change in serum Mg over 24 weeks in patients re-
ceiving dapagliflozin 10 mg vs. placebo using laboratory assessment
data collected during the individual clinical trials. Blood samples were
collected and analyzed at a central laboratory during the trials as part
of standard clinical trial safety assessments; serum Mg was collected
at weeks 1, 4, 8, 12, 16, 20, and 24. We also evaluated change in serum
Mg stratified by baseline hypomagnesemia (<0.74 mmol/L
[<1.8 mg/dL]) and normal/hypermagnesemia (>0.74 mmol/L
[21.8 mg/dL]) and by baseline estimated glomerular filtration rate
(eGFR) <60 and >60 mL min~"' 1.73 m~2, calculated with the Modifica-
tion of Diet in Renal Disease Study equation.

We determined the proportion of patients with baseline serum Mg
<0.74 mmol/L (<1.8 mg/dL) who achieved serum Mg >0.74 mmol/L
(21.8 mg/dL) at week 24, along with the proportions of patients with
hypermagnesemia (>1.05 mmol/L [>2.6 mg/dL] and >1.27 mmol/L
[>3.1 mg/dL)).

We also evaluated changes from baseline to week 24 in SBP and DBP
(mm Hg) and heart rate (HR) (beats per minute [bpm]) in the two treat-
ment groups, along with the two serum Mg subgroups (<0.74 mmol/L
[<1.8 mg/dL] and 20.74 mmol/L [>1.8 mg/dL]). Finally, we evaluated
the occurrence of adverse events (AEs), including those according to
the Medical Dictionary for Regulatory Activities System Organ Class
“cardiac disorders.”

2.3. Statistical analyses

Descriptive statistics are used for presenting baseline characteristics
and safety data. For efficacy parameters, we derived mean changes from
baseline values and 95% confidence intervals (CIs) using a longitudinal
repeated-measures mixed model with fixed terms for study, treatment,
week, subgroup, week-by-treatment interaction, treatment-by-sub-
group interaction, and treatment-by-week-by-subgroup interaction,

along with the fixed covariates of baseline, baseline-by-study, and
baseline-by-week interactions. We used the Kenward-Roger method
to approximate the degrees of freedom in the mixed model. In the
event that the model(s) did not converge, we employed either the
Satterthwaite approximation or re-ran models using the Kenward-
Roger method with the baseline-by-study term removed. The Exact
method was used to calculate the Cls within treatment and for the dif-
ference between treatments with respect to the proportion of patients
with baseline serum Mg <0.74 mmol/L (<1.8 mg/dL) achieving serum
Mg >0.74 mmol/L (1.8 mg/dL) at 24 weeks using the last-
observation-carried-forward (LOCF) method. Week 24 LOCF was de-
rived as the last value obtained during the short-term period, regardless
of scheduled or nonscheduled.

3. Results

A total of 4398 patients were included in the study, with 2164 and
2234 patients randomized to placebo and dapagliflozin 10 mg, respec-
tively. Of the overall population, 17.6% (n = 773) of patients had hypo-
magnesemia (serum Mg <0.74 mmol/L [<1.8 mg/dL]), and 82.4% (n =
3625) of patients had normal/hypermagnesemia (serum Mg
>0.74 mmol/L [>1.8 mg/dL]). Baseline characteristics were quite similar
between the subgroups; however, the proportion of women was higher
in the hypomagnesemia subgroup vs. the normal/hypermagnesemia
subgroup, and patients with hypomagnesemia had a longer mean
duration of diabetes compared with patients with normal/
hypermagnesemia. Additionally, a larger proportion of patients with
hypomagnesemia had a history of cardiovascular disease and/or heart
failure, hypertension, dyslipidemia, and peripheral arterial disease/pe-
ripheral vascular disease and were more often treated with diuretics
compared with patients with normal/hypermagnesemia (Table 1).

In patients receiving dapagliflozin 10 mg, the difference from pla-
cebo in increase in mean serum Mg from baseline to week 24 was
0.06 mmol/L in the overall T2D population, 0.08 mmol/L in patients
with hypomagnesemia, and 0.05 mmol/L in patients with normal/
hypermagnesemia (Table 2). In patients with hypomagnesemia at base-
line, serum Mg increased to within the population reference range at
24 weeks in 29.5% (n = 108/366) and 77.3% (n = 307/397) of patients
randomized to placebo and dapagliflozin 10 mg, respectively. The differ-
ence between treatments in patients achieving normal serum Mg was
47.8% (95% CI: 41.4, 53.9) (Fig. 1). At 24 weeks, the proportion of pa-
tients with baseline serum Mg 20.74 mmol/L (21.8 mg/dL) with
hypermagnesemia (serum Mg >1.05 mmol/L [>2.6 mg/dL]) was low:
0.7% (n = 13/1781) and 1.7% (n = 31/1811) in the placebo and
dapagliflozin 10 mg groups, respectively (Fig. 2).

In patients receiving dapagliflozin 10 mg, the adjusted changes in
mean serum Mg were similar in patients with eGFR below and above
60 mL min~—' 1.73 m™—2 at baseline: 0.08 mmol/L in patients with hypo-
magnesemia and 0.05-0.06 mmol/L in patients with normal/
hypermagnesemia (Fig. 3A and B).

The adjusted changes from baseline to week 24 in mean SBP were
—0.85 mm Hg (95% CI: —1.39, —0.32) and —3.87 mm Hg (95% CI:
—4.40, —3.35) with placebo and dapagliflozin 10 mg, respectively;
difference, —3.02 mm Hg (95% CI: —3.73, —2.31). The adjusted
changes from baseline to week 24 in mean DBP were
—0.45 mm Hg (95% CI: —0.78, —0.12) and —1.77 mm Hg (95% CI:
—2.10, —1.45) with placebo and dapagliflozin 10 mg, respectively;
difference, —1.33 mm Hg (95% CI: —1.77, —0.88). The adjusted
changes from baseline to week 24 in mean HR were 0.69 bpm (95%
CI: 0.32, 1.06) and —0.06 bpm (95% CI: —0.41, 0.30) with placebo
and dapagliflozin 10 mg, respectively; difference, —0.75 bpm (95%
Cl: —1.24, —0.25). In the dapagliflozin 10 mg group, no clinically
meaningful differences were observed in placebo-adjusted mean
changes in SBP, DBP, and HR in patients with hypomagnesemia vs.
patients with normal/hypermagnesemia (Supplementary Fig. 1).
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Table 1
Baseline characteristics.

Hypomagnesemia serum Mg <0.74 mmol/L
(<1.8 mg/dL)

Normal/hypermagnesemia serum Mg >0.74
mmol/L
(21.8 mg/dL)

Placebo Dapagliflozin 10 mg Placebo Dapagliflozin 10 mg
N =370 N =403 N =1794 N = 1831
Age, years 61.2 (8.9) 60.8 (9.6) 58.7 (10.1) 58.0 (10.0)
Women, n (%) 182 (49.2) 188 (46.7) 728 (40.6) 768 (41.9)
Race, n (%)
White 332 (89.7) 369 (91.6) 1529 (85.2) 1541 (84.2)
Black or African American 13 (3.5) 14 (3.5) 56 (3.1) 63 (34)
Asian 13 (3.5) 9(2.2) 138 (7.7) 146 (8.0)
Other® 12 (3.2) 11 (2.7) 71 (4.0) 81 (44)
Duration of T2D, years 11.1 (8.1) 115 (8.3) 8.6 (7.9) 8.6 (7.9)
Disease history, n (%)
Cardiovascular disease and/or heart failure 256 (69.2) 271 (67.2) 858 (47.8) 863 (47.1)
Hypertension 334 (90.3) 352 (87.3) 1392 (77.6) 1368 (74.7)
Dyslipidemia 286 (77.3) 316 (78.4) 1188 (66.2) 1194 (65.2)
Amputation 8(2.2) 6 (1.5) 19 (1.1) 17 (0.9)
PVD/PAD 74 (20.0) 66 (16.4) 214 (11.9) 230 (12.6)
Antihypertensives 331(89.5) 377 (93.5) 1647 (91.8) 1674 (91.4)
Diuretics 148 (40.0) 157 (39.0) 528 (29.4) 502 (27.4)
Loop diuretics 58 (15.7) 46 (11.4) 202 (11.3) 188 (10.3)
Thiazide diuretics 113 (30.5) 121 (30.0) 362 (20.2) 360 (19.7)
ACEi/ARB 304 (82.2) 321 (79.7) 1215 (67.7) 1191 (65.0)
Body weight, kg 93.9 (174) 92.8 (20.7) 89.9 (19.3) 90.5 (19.4)
SBP, mm Hg 134.0 (14.4) 132.8 (14.8) 131.3(14.9) 131.5 (15.4)
DBP, mm Hg 78.6 (9.8) 77.8 (9.2) 78.6 (8.9) 78.6 (9.1)
Heart rate, bpm 737 (10.2) 73.6 (10.7) 723 (10.1) 72.2 (10.2)
Mg, mmol/L .7 (0.1) 0.7 (0.1) .8 (0.1) 0.8 (0.1)
HbA:., % 2 (0.9) 8.2 (0.9) 2 (1.0) 8.2 (1.0)
eGFR, mL min~' 1.73 m 2 79.9 (20.1) 81.5(20.5) 81 5 (19.0) 81.7 (18.9)
<60 mLmin~'1.73 m™2 n (%) 55 (14.9) 51 (12.7) 209 (11.7) 212 (11.6)
>60 mLmin~' 1.73 m 2, n (%) 314 (84.9) 352 (87.3) 1585 (88.4) 1619 (88.4)

Data are represented as mean (SD) unless otherwise stated.

ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; bpm, beats per minute; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; HbA,
glycated hemoglobin; Mg, magnesium; PAD, peripheral artery disease; PVD, peripheral vascular disease; SBP, systolic blood pressure; SD, standard deviation; T2D, type 2 diabetes.
¢ Includes patients with a reported race of American Indian/Alaska Native, Native Hawaiian/other Pacific Islander, or other.

AEs (including serious AEs) were observed in 56.1% (n = 1213/
2164) and 59.9% (n = 1338/2234) of patients in the placebo and
dapagliflozin 10 mg groups, respectively. Cardiac disorder AEs were ob-
served in 3.8% (n = 83/2164) and 3.5% (n = 78/2234) of patients in the
placebo and dapagliflozin 10 mg groups, respectively (Supplementary
Table 2). In patients with baseline hypomagnesemia, the proportion of
cardiac disorder AEs was numerically higher with placebo vs.
dapagliflozin 10 mg at 24 weeks (5.7% vs. 3.5%, respectively); in patients
with baseline normal/hypermagnesemia, the proportion of cardiac dis-
order AEs was similar over the 24-week treatment period (3.5% in both
treatment groups) (Supplementary Table 2).

4. Discussion

This post hoc analysis included 10 clinical trials with a pooled sam-
ple size of >4000 patients,?>>> providing a robust analysis of the effect

Table 2
Adjusted changes from baseline to week 24 in serum Mg levels.

of treatment with dapagliflozin 10 mg on serum Mg concentrations in
patients with T2D. The prevalence of hypomagnesemia in patients
with T2D (17.6%) reported in this study was within the 14%-48%
range previously reported.>* As predicted by the literature, a larger pro-
portion of patients with baseline hypomagnesemia had a history of car-
diovascular disease and/or heart failure,”1135-3% hypertension,*®
dyslipidemia,*® and peripheral arterial disease/peripheral vascular
disease*’ compared with patients with normal/hypermagnesemia.
The mean change from baseline to week 24 in serum Mg was signif-
icantly larger with dapagliflozin 10 mg vs. placebo. Changes in serum
Mg were more pronounced in patients with hypomagnesemia vs.
those with normal/hypermagnesemia. The proportion of patients with
hypomagnesemia at baseline whose serum Mg was within the popula-
tion reference range after 24 weeks of treatment was significantly
higher with dapagliflozin 10 mg vs. placebo. We observed very low
rates of hypermagnesemia at baseline and week 24. Overall,

Overall T2D population

Hypomagnesemia serum
Mg <0.74 mmol/L
(<1.8 mg/dL)

Normal/hypermagnesemia serum
Mg >0.74 mmol/L
(21.8 mg/dL)

Placebo Dapagliflozin 10 mg Placebo Dapagliflozin 10 mg Placebo Dapagliflozin 10 mg
N# 1849 1956 306 353 1543 1603
Baseline mean (SD), mmol/L 0.81 (0.10) 0.81 (0.11) 0.66 (0.05) 0.66 (0.05) 0.84 (0.08) 0.84 (0.09)
Week 24 mean (SD), mmol/L 0.80 (0.09) 0.86 (0.09) 0.69 (0.08) 0.77 (0.08) 0.82 (0.08) 0.87 (0.08)
Adjusted change from baseline, mean 0.00 0.05 0.05 0.13 —0.01 0.04
(95% CI) (0.05, 0.06) (0.12,0.13) (—0.02, —0.01) (0.04, 0.04)

(—0.01, 0.00)

Difference vs. placebo (95% CI) 0.06 (0.05, 0.06)

(0.04, 0.06)

0.08 (0.07, 0.09) - 0.05 (0.05, 0.06)

CI, confidence interval; Mg, magnesium; N#, number of randomized patients with nonmissing baseline and week 24 values; SD, standard deviation.; T2D, type 2 diabetes.
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achieving serum Mg >0.74 mmol/L (21.8 mg/dL) at week 24 (LOCF). ® Proportion of
patients with baseline hypomagnesemia (<0.74 mmol/L [<1.8 mg/dL]) whose serum Mg
level increased to 20.74 mmol/L (21.8 mg/dL) after treatment with either placebo or
dapagliflozin 10 mg once daily at week 24 (LOCF). CI, confidence interval; LOCF, last-
observation-carried-forward; Mg, magnesium; N#, number of randomized patients with
week 24 LOCF values; X, number of responders.

dapagliflozin 10 mg reduced SBP and DBP from baseline, with no clini-
cally meaningful differences observed between serum Mg subgroups.
Consequently, the BP-lowering effects of dapagliflozin in patients with
T2D do not appear to be affected by hypomagnesemia.

Our results are consistent with recently published data on SGLT2i
treatment and serum Mg.'%?° A meta-analysis reported mean increases
of 0.1, 0.09, 0.07, and 0.05 mmol/L in serum Mg with dapagliflozin
10 mg, canagliflozin 300 mg, empagliflozin 25 mg, and ipragliflozin
50 mg treatment, respectively.'® Similarly, a post hoc analysis of 26-
week canagliflozin treatment reported mean increases of 0.11 and
0.12 mmol/L in serum Mg with canagliflozin 100 and 300 mg treatment,
respectively, in patients with T2D and hypomagnesemia.?® The results
from this study are consistent with an SGLT2i class effect.!®-22 Possible
mechanisms underpinning this include increases in glucagon levels*?
leading to increases in Mg absorption in the distal convoluted
tubule,?°?? decreases in insulin levels causing movement of intracellu-
lar Mg to the extracellular volume,?*** small increases in serum Mg
due to hemoconcentration,?? reduced Mg excretion through transient
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Fig. 2. Proportion of patients with baseline and week 24 LOCF serum Mg >1.05 mmol/L
(>2.6 mg/dL) and >1.27 mmol/L (>3.1 mg/dL). LOCF, last-observation-carried-forward;
Mg, magnesium; N, number of randomized patients with nonmissing week 24 LOCF
values.
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receptor potential ion channel 6,°°?? and reductions in insulin resis-

tance leading to decreases in renal Mg wasting.??

Due to the intrinsic role of Mg in human physiology, reduced serum
Mg may be implicated in the etiology of multiple diseases. There is an
inverse relation between dietary Mg intake and the risk of developing
T2D,* and Mg supplementation has beneficial effects on blood glucose,
insulin resistance, lipid profile, and BP in patients with T2D.>*>4¢ How-
ever, the effects of Mg supplementation on other aspects of T2D patho-
physiology, along with the potential effect on T2D progression, remain
poorly understood.

Serum Mg is inversely and independently associated with the risk of
heart failure,>”*® and Mg depletion may worsen cardiac contractility, in-
crease vasoconstriction, and deplete cardiac energy stores in patients
with heart failure.> Hypomagnesemia in patients with heart failure is as-
sociated with complex ventricular arrhythmias that can be alleviated by
Mg supplementation.>® Additionally, increasing serum Mg concentra-
tions has been shown to lower mean arterial pressure; systolic vascular
resistance; and the frequency of isolated premature ventricular com-
plexes, couplets, and nonsustained ventricular tachyarrhythmia in pa-
tients with stable congestive heart failure secondary to coronary
artery disease.*’

The kidneys play a crucial role in Mg homeostasis.*® In advanced
chronic kidney disease, the fraction of filtered Mg excreted increases
as a result of the impaired tubular reabsorption.*® Accordingly, hypo-
magnesemia is frequently observed in patients with chronic kidney dis-
ease/ESKD*® and is a risk factor for the nonrecovery of kidney
function.*® Moreover, Mg depletion is associated with vascular pathol-
ogy, cardiovascular disease, and all-cause mortality in patients with
chronic kidney disease.!*8>° However, there remains a lack of interven-
tional studies that have assessed the risk-benefit of Mg supplementa-
tion in patients with chronic kidney disease.>®

Results from a recent meta-analysis suggest that SGLT2i treatment
reduces the risks of major adverse cardiovascular events
(i.e., cardiovascular death, myocardial infarction, stroke) in patients
with T2D and established atherosclerotic cardiovascular disease.!*
However, more prominent benefits of SGLT2i treatment appear to be re-
lated to reducing hospitalization for heart failure and decreasing the
progression of kidney disease in patients with T2D.'*'® Future prospec-
tive studies are needed to explore whether correction of hypomagnese-
mia directly or indirectly contributes to a reduction in the risk of
cardiovascular disease or progression of chronic kidney disease.

This study has several strengths. Whilst previous studies have
assessed the effects of various SGLT2i on serum Mg,'%?° this study is a
novel addition to the literature as it is the first to have specifically eval-
uated the effect of dapagliflozin on serum Mg in patients with T2D. This
allowed us to pool more clinical trials of dapagliflozin than previous
studies,'® and assemble a sizeable sample of patients in order to exam-
ine effects in highly relevant subgroups. Moreover, we had multiple
measures of serum Mg over an extended period using a uniform dose
of dapagliflozin, and, owing to inclusion of studies in multiple geogra-
phies, representative trial participants from diverse populations.

There were several important limitations. First, the trials were not
designed to examine the effects of dapagliflozin on serum Mg concen-
trations. Second, although the dose of dapagliflozin was uniform across
studies, treatment regimens were heterogenous (e.g., monotherapy and
combination therapy with other agents). Third, there were no efforts to
control dietary intake of Mg, the use of Mg supplements, or the use of
Mg-containing antacids or cathartics, some of which are available
over-the-counter. Fourth, although we collected information on con-
comitant medications, including diuretics that might augment (thia-
zide, thiazide-type, and loop diuretics) or diminish (mineralocorticoid
antagonists, amiloride) urinary Mg excretion, we did not collect timed
or spot urine collections to determine urinary Mg excretion. Fifth, we
did not collect information on outcomes that might influence serum
Mg concentrations (e.g., secondary hyperparathyroidism, alcohol in-
take, diarrhea), and these were therefore not adjusted for in the
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analyses. Finally, patient ethnicity was not recorded, and, therefore,
generalizations to ethnic groups should be made with caution.

In conclusion, treatment with dapagliflozin 10 mg resulted in correc-
tion of serum Mg concentration in patients with T2D and hypomagnese-
mia, without increased risk for hypermagnesemia. Whether the
reduction in the risk of cardiovascular and renal events induced by
SGLT2 inhibition is mediated in part by effects on serum Mg balance re-
mains to be determined.
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