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Abstract
Background: Patients with type 2 diabetes (T2D) are predisposed to derangements 
in serum Magnesium (Mg), which may have implications for cardiometabolic events 
and outcomes. In clinical trials, participants with T2D randomized to sodium-glucose 
co-transporter 2 (SGLT2) inhibitors have shown mild to moderate increases in 
serum Mg from baseline levels. This post hoc analysis assesses the relation between 
serum Mg with cardiovascular outcomes in 10,140 participants of the Canagliflozin 
Cardiovascular Assessment Study (CANVAS) Program.
Methods: We evaluated the association of baseline serum Mg with the primary com-
posite end point of death from cardiovascular causes, non-fatal myocardial infarc-
tion, and non-fatal stroke, and tested whether this association is modified by baseline 
serum Mg. Using mediation analysis, we determined whether change in serum Mg 
post-randomization mediates the beneficial effect of canagliflozin on cardiovascular 
outcomes.
Results: Mean serum Mg levels at baseline were 0.77 ± 0.09 mmol/L in both cana-
gliflozin group and placebo groups. The canagliflozin group experienced an average 
increase in serum Mg by 0.07 mmol/L (95% CI, 0.065–0.072 mmol/L; p < .001) for the 
duration of the trial. We found no association between baseline serum Mg levels and 
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1  |  INTRODUC TION

Magnesium (Mg) is the second most abundant intracellular cat-
ion in the body and serves as a cofactor for over 300 enzymatic 
reactions.1 Mg modulates vascular tone and cardiac rhythm and 
plays an important role in maintaining cardiovascular health.2 
Overall Mg balance depends on an interplay between intestinal 
absorption, bone exchange, and faecal and urinary excretion, 
with the kidney serving as the primary regulator of serum Mg 
homoeostasis.2

Abnormalities in serum Mg levels, especially hypomagnesae-
mia, have been implicated in various cardiometabolic outcomes.3 In 
mouse models, hypomagnesaemia leads to cardiac and renal inflam-
mation and fibrosis.4 In humans, hypomagnesaemia has been associ-
ated with atrial fibrillation,5 coronary heart disease,6 cardiovascular 
death6,7 including sudden cardiac death,7,8 and all-cause mortality.9 
Patients with type 2 diabetes (T2D) are particularly predisposed to 
hypomagnesaemia due to poor intestinal absorption and Mg wasting 
through the kidneys.10

Canagliflozin is a sodium-glucose co-transporter 2 (SGLT2) in-
hibitor, which lowers serum glucose by blocking renal glucose re-
absorption in the proximal tubule to induce glucosuria. Beyond 
improvement of glycaemic control and cardiovascular and kidney 
outcomes, these agents have also been shown to increase serum Mg 
levels in participants with T2D.11–16 The Canagliflozin Cardiovascular 
Assessment Study (CANVAS) Program found that participants ran-
domized to canagliflozin versus placebo showed a 14% risk reduc-
tion in major adverse cardiovascular events (MACE), which included 
cardiovascular death, non-fatal myocardial infarction and non-fatal 
stroke.12

This post hoc analysis leverages data from the CANVAS program 
to determine whether baseline serum Mg levels associates with or 
modifies the effect of canagliflozin, on cardiovascular outcomes. In 
addition, given prior data that SGLT2 inhibitors increase serum Mg 
levels and the association between serum Mg and cardiovascular 
outcomes, we performed a mediation analysis to assess whether 
a post-randomization change in serum Mg mechanistically plays 
a role in the attenuation of cardiovascular risk with canagliflozin 
versus placebo.

2  |  METHODS

2.1  |  Study design

The CANVAS Program pooled data from CANVAS and CANVAS-R 
trials, which together randomized 10,142 participants, ages ≥30 years 
with T2D at high risk for cardiovascular events, to canagliflozin ver-
sus placebo. Participants in CANVAS were assigned to canagliflozin 
100 mg, canagliflozin 300 mg and placebo in a 1:1:1 fashion, while 
participants in CANVAS-R were assigned to canagliflozin at an initial 
dose of 100 mg with option to increase to 300 mg at week 13 (of which 
71.4% of participants in the canagliflozin did so), versus placebo. Mean 
follow-up time was 188 weeks. Major exclusion criteria included type 
1 diabetes, not being on a stable antihyperglycaemic regimen for at 
least 8 weeks, cardiovascular events within 3 months of screening or 
planned revascularization, and eGFR <30 ml/min/1.73 m2. Further de-
tails regarding study design, participant inclusion and exclusion crite-
ria, and main results can be found in the original manuscript.12

2.2  |  Exposure: Serum Mg

Serum Mg was collected as part of the Serum Chemistry Panel, and 
measured at baseline, post-randomization weeks 6, 13, 18, 26, 39, 52, 
and then at 26-week intervals per protocol. Testing was performed 
by a central laboratory, with exception of local laboratory processing 
in situations where immediate testing was necessary for clinical care. 
This analysis includes only participants who had a baseline and post-
baseline Mg measurement up to individual trial completion. We used 
a SAS® macro to determine whether the exposure should be mod-
elled as continuous/linear, categorical, quadratic or spline. Baseline 
serum Mg is modelled as a categorical variable, in quintiles, based on 
optimal model fit and interpretability of the results.17

2.3  |  Outcomes

The primary outcome for the present analysis was MACE, a com-
posite of cardiovascular death, non-fatal myocardial infarction and 

the primary composite end point, and no evidence of effect modification by baseline 
Mg levels. Change in serum Mg post-randomization was not a mediator of the effects 
of canagliflozin on cardiovascular outcomes.
Conclusions: In participants of the CANVAS Program, baseline and post-randomization 
serum Mg levels are not associated with cardiovascular outcomes.

K E Y W O R D S
canagliflozin, cardiovascular outcomes, magnesium, type 2 diabetes
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TA B L E  1 Baseline characteristics of the study cohort overall and stratified by quintile of baseline serum Mg

Total
N = 10,140

Quintile 1
N = 1841

Quintile 2
N = 2002

Quintile 3
N = 2184

Quintile 4
N = 1976

Quintile 5
N = 2137

Baseline Mg—mmol/L 0.77 ± 0.09 0.63 ± 0.05 0.72 ± 0.02 0.77 ± 0.01 0.82 ± 0.01 0.89 ± 0.05

Age—year 63.3 ± 8.2 63.8 ± 7.7 62.8 ± 8.3 62.7 ± 8.2 63.2 ± 8.3 64.1 ± 8.5

Female sex—no. (%) 3632 (35.8) 776 (42.2) 783 (39.1) 771 (35.3) 628 (31.8) 674 (31.5)

Race—no. (%)

White 7942 (78.3) 1568 (85.2) 1628 (81.3) 1725 (79.0) 1499 (75.9) 1522 (71.2)

Asian 1284 (12.7) 124 (6.7) 172 (8.6) 275 (12.6) 305 (15.4) 408 (19.1)

Black 336 (3.3) 54 (2.9) 76 (3.8) 73 (3.3) 63 (3.2) 70 (3.3)

Other 578 (5.7) 95 (5.2) 126 (6.3) 111 (5.1) 109 (5.5) 137 (6.4)

Current smoker—no. (%) 1806 (17.8) 299 (16.2) 375 (18.7) 393 (18.0) 377 (19.1) 362 (16.9)

Duration of diabetes—yr 13.6 (7.8) 14.3 (7.3) 13.7 (7.7) 13.1 (7.5) 13.3 (7.8) 13.5 (8.3)

Disease history—no. (%)

Hypertension 9123 (90.0) 1716 (93.2) 1833 (91.6) 1962 (89.8) 1734 (87.8) 1878 (87.9)

Heart failure 1460 (14.4) 251 (13.6) 264 (13.2) 327 (15.0) 308 (15.6) 310 (14.5)

Amputation 238 (2.3) 45 (2.4) 45 (2.2) 51 (2.3) 40 (2.0) 57 (2.7)

Atherosclerotic vascular disease

Coronary 5721 (56.4) 1046 (56.8) 1073 (53.6) 1210 (55.4) 1132 (57.3) 1260 (59.0)

Cerebral 1957 (19.3) 352 (19.1) 374 (18.7) 439 (20.1) 359 (18.2) 433 (20.3)

Peripheral 2113 (20.8) 367 (19.9) 422 (21.1) 456 (20.9) 390 (19.7) 478 (22.4)

Any 7323 (72.2) 1308 (71.0) 1402 (70.0) 1583 (72.5) 1419 (71.8) 1611 (75.4)

Microvascular disease

Retinopathy 2129 (21.0) 409 (22.2) 423 (21.1) 429 (19.6) 406 (20.5) 462 (21.6)

Nephropathy 1774 (17.5) 360 (19.6) 351 (17.5) 378 (17.3) 339 (17.2) 346 (16.2)

Neuropathy 3110 (30.7) 545 (29.6) 621 (31.0) 682 (31.2) 608 (30.8) 654 (30.6)

Body mass index 32.0 ± 5.9 33.0 ± 6.0 32.5 ± 6.1 32.1 ± 5.8 31.4 ± 5.8 30.9 ± 5.8

Blood pressure—mmHg

Systolic 136.6 ± 15.8 137.9 ± 15.8 136.9 ± 16.0 136.2 ± 15.5 136.4 ± 15.4 135.9 ± 16.0

Diastolic 77.7 ± 9.7 77.9 ± 9.7 77.9 ± 9.7 78.0 ± 9.5 77.9 ± 9.6 76.9 ± 9.8

Glycated haemoglobin—% 8.2 ± 0.9 8.3 ± 0.9 8.3 ± 0.9 8.3 ± 1.0 8.2 ± 0.9 8.1 ± 0.9

Cholesterol—mmol/L

Total 4.41.2 4.2 ± 1.1 4.4 ± 1.2 4.4 ± 1.2 4.4 ± 1.1 4.4 ± 1.1

HDL 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.3 1.2 ± 0.3

LDL 2.3 ± 0.9 2.1 ± 0.9 2.3 ± 0.9 2.3 ± 1.0 2.3 ± 0.9 2.4 ± 1.0

Ratio of LDL to HDL 2.0 ± 0.9 1.9 ± 0.9 2.0 ± 0.9 2.1 ± 0.9 2.1 ± 0.9 2.1 ± 0.9

Triglycerides—mmol/L 2.0 ± 1.4 2.2 ± 1.6 2.1 ± 1.6 2.0 ± 1.3 1.9 ± 1.3 1.9 ± 1.2

eGFR—mL/min/1.73 m2 76.5 ± 20.5 75.8 ± 19.8 78.9 ± 20.8 78.2 ± 20.1 76.8 ± 20.0 72.7 ± 21.1

Albuminuria—no. (%)

Median ACR 
(IQR)—mg/g

12.3 (6.7–42.1) 16.5 (8.0–62.3) 13.2 (7.0–44.6) 11.8 (6.6–37.8) 11.0 (6.1–34.3) 10.5 
(6.1–35.4)

Normoalbuminuria 7005 (69.1) 1150 (62.5) 1365 (68.2) 1535 (70.3) 1428 (72.3) 1527 (71.5)

Microalbuminuria 2266 (22.3) 505 (27.4) 464 (23.2) 476 (21.8) 398 (20.1) 423 (19.8)

Macroalbuminuria 760 (7.5) 169 (9.2) 157 (7.8) 151 (6.9) 124 (6.3) 159 (7.4)

Diuretic use—no. (%) 4490 (44.3) 970 (52.7) 893 (44.6) 922 (42.2) 809 (40.9) 896 (41.9)

Plus-minus values are means ± SD.
Abbreviations: ACR, albumin to creatinine ratio; IQR, interquartile range.
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non-fatal stroke. Cardiovascular death included death from myocar-
dial infarction, heart failure, stroke, sudden cardiac death, among 
other related causes. Cardiovascular outcomes were determined by 
an independent events adjudication committee blinded to the treat-
ment group.

2.4  |  Statistical analyses

The mean change from baseline Mg level by treatment group was 
determined using a mixed-model repeated-measures analysis. A Cox 
proportional hazards model was used to examine the association of 
baseline Mg quintile with cardiovascular outcomes, with the third 
quintile serving as the reference group. Results are reported as haz-
ard ratios (HR) and 95% confidence intervals (CI).

Baseline quintile of serum Mg was assessed as an effect mod-
ifier on the effects of canagliflozin on cardiovascular outcomes, 
to determine whether participants with lower baseline Mg levels 
benefited differently than participants with normal-high baseline 
Mg levels given the expected increase in serum Mg with cana-
gliflozin. A Cox proportional hazards model was used to present 
the effect of canagliflozin versus placebo on MACE stratified by 
baseline Mg quintile. This survival model analyses time to first 
event; any event that occurs any time during the data period is 
considered an eligible event. Subjects not experiencing an event 
are censored at the last trial contact date or end of the respec-
tive data period, whichever date comes earlier. A multiplicative 
interaction term was included for canagliflozin and quintile of 
baseline Mg.

Serum Mg was identified post hoc as a potential mediator, as it is 
changed by canagliflozin and has been shown to associate with car-
diovascular outcomes in prior studies. The counterfactual method 
was utilized to perform the mediation analysis.18

All Cox regression models were stratified by study and history of 
cardiovascular disease. Covariates in multivariable models included 
baseline age, sex, race, current smoker, history of hypertension, his-
tory of heart failure, duration of diabetes, history of amputation, 
body mass index (BMI), blood pressure, glycated haemoglobin, cho-
lesterol, level of albuminuria, estimated glomerular filtration rate 
(eGFR) and diuretic use.

All analyses were completed using SAS Enterprise Guide, version 
7.11 (Cary, North Carolina). P-Values <  .05 were considered to be 
statistically significant.

3  |  RESULTS

3.1  |  Baseline characteristics

From the original CANVAS cohort, two participants were missing 
baseline serum Mg and thus excluded. A total of 10,140 participants 
were included in the present analysis, with 5794 participants rand-
omized to canagliflozin and 4346 participants randomized to placebo. 
Mean age of participants at enrolment was 63.3 years, with 35.8% 
being women (Table  1). In the lower baseline Mg quintiles, there 
tended to be higher proportions of women, whites, presence of al-
buminuria, and use of diuretics. Participants with baseline hypomag-
nesaemia (defined as baseline serum Mg < 0.66 mmol/L) were 9.9%.

3.2  |  Changes in serum Mg levels during the trial

Mean baseline serum Mg level was 0.77 ± 0.09 mmol/L in the cana-
gliflozin group and 0.77  ±  0.09  mmol/L in the placebo group. By 
week 6, the mean serum Mg level increased to 0.86 ± 0.09 mmol/L 
in the canagliflozin group versus 0.78 ± 0.09 mmol/L in the placebo 

F I G U R E  1 Mean Magnesium values in 
the canagliflozin and placebo groups over 
the duration of the trial. Mixed-model 
repeated-measures analysis using all 
data up to individual trial completion in 
participants who had a baseline and post-
baseline measurement
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group. Changes in serum Mg levels from baseline levels were sus-
tained throughout the trial duration (Figure 1). The mean difference 
in change from baseline serum Mg between the canagliflozin group 
and the placebo group during the trial was 0.07  mmol/L (95% CI 
0.065–0.072 mmol/L, p < .001).

3.3  |  Baseline serum Mg and 
cardiovascular outcomes

We found no significant association between baseline quintile of 
serum Mg and MACE, cardiovascular death, sudden cardiac death, 
or heart failure in adjusted models (Table 2). Event rates were low 
for cardiovascular death, sudden cardiac death and heart failure. 
Unadjusted hazard ratios between baseline quintile of serum Mg and 
cardiovascular outcomes can be found in Table S1. We also found no 
evidence that baseline serum Mg modified the beneficial effect of 
canagliflozin versus placebo on MACE (Figure 2, p = .88).

3.4  |  Change in serum Mg as a mediator

An exploratory mediation analysis was performed to examine 
pathways whereby canagliflozin leads to risk reduction in MACE. 
Mediation analysis seeks to disentangle the total effect of the expo-
sure on the outcome through estimates of the indirect effect (how 
much of the total intervention effect acts through the mediator), 
and the direct effect (how much of the total intervention effect is 
not explained by the mediator). In addition to better understanding 
of the causal pathway between an exposure and an outcome, iden-
tification of mediators may also help identify potential targets for 
future interventions. The total effect represents the combination of 
direct effects of canagliflozin on MACE and indirect effects through 
the intermediate variable, serum Mg, measured post-randomization 
(Figure 3).

In this analysis, the direct effect of canagliflozin on MACE was 
0.86 (95% CI, 0.73–1.00) and indirect effect through serum Mg 
was 1.03 (95% CI, 0.95–1.11), with a percent mediation of −18.6% 
(p = .49). Thus, we found no evidence that serum Mg mediates the 
effect of canagliflozin on MACE. Of note, the discrepancy between 
the total effect measured from this mediation analysis (HR 0.88; 
95% CI, 0.77–1.00) and the original CANVAS analysis (HR 0.86; 95% 
CI, 0.75–0.97) is due to slight differences in the cohorts included 
in each analysis. Of the original cohort, our mediation analysis ex-
cluded participants missing a baseline serum, follow-up serum Mg 
measurements, or if they experienced an event prior to a follow-up 
serum Mg measurement.

4  |  DISCUSSION

This post hoc analysis of the CANVAS program included 10,140 par-
ticipants, allowing for a robust analysis of the treatment effect of TA

B
LE

 2
 
A
ss
oc
ia
tio
n 
be
tw
ee
n 
ba
se
lin
e 
se
ru
m
 M
g 
qu
in
til
e 
an
d 
ris
k 
of
 c
ar
di
ov
as
cu
la
r o
ut
co
m
es
 in
 a
dj
us
te
d 
C
ox
 m
od
el
s

M
g—

m
m

ol
/L

M
AC

E
C

ar
di

ov
as

cu
la

r d
ea

th
Su

dd
en

 c
ar

di
ac

 d
ea

th
H

ea
rt

 fa
ilu

re

Ev
en

ts
/

to
ta

l
A

dj
us

te
d 

H
R 

(9
5%

 C
I)

p-
Va

lu
e

Ev
en

ts
/t

ot
al

A
dj

us
te

d 
H

R 
(9

5%
 C

I)
p-

Va
lu

e
Ev

en
ts

/T
ot

al
A

dj
us

te
d 

H
R 

(9
5%

 C
I)

p-
Va

lu
e

Ev
en

ts
/T

ot
al

A
dj

us
te

d 
H

R 
(9

5%
 C

I)
p-

Va
lu

e

Q
1:
 0
.6
3 
± 
0.
05

16
9/

18
41

0.
94

 (0
.7

6,
 1

.1
5)

.2
0

67
/1

84
1

0.
92

 (0
.6

7,
 1

.2
8)

.1
7

27
/1

84
1

0.
87

 (0
.5

2,
 1

.4
6)

.7
9

53
/1
84
1

1.
50
 (0
.9
8,
 2
.3
0)

.3
2

Q
2:

 0
.7

2 
± 

0.
02

20
8/

20
02

1.
16

 (0
.9

5,
 1

.4
1)

94
/2

00
2

1.
34
 (0
.9
9,
 1
.8
1)

34
/2
00
3

1.
18
 (0
.7
3,
 1
.9
1)

51
/2

00
2

1.
51
 (0
.9
9,
 2
.3
2)

Q
3:
0.
77
 ±
 0
.0
1 

(R
ef

)
20

7/
21

84
1.

00
85

/2
18

4
1.

00
36
/2
18
4

1.
00

37
/2
18
4

1.
00

Q
4:

 0
.8

2 
± 

0.
01

18
5/

19
76

0.
93
 (0
.7
6,
 1
.1
3)

93
/1
97
6

1.
17

 (0
.8

7,
 1

.5
7)

33
/1
97
6

0.
97

 (0
.6

0,
 1

.5
7)

44
/1

97
6

1.
23
 (0
.7
9,
 1
.9
1)

Q
5:

 0
.8

9 
± 

0.
05

24
2/
21
37

1.
00
 (0
.8
3,
 1
.2
1)

11
4/
21
37

1.
10
 (0
.8
3,
 1
.4
7)

49
/2
13
7

1.
11
 (0
.7
1,
 1
.7
3)

58
/2
13
7

1.
33
 (0
.8
7,
 2
.0
3)

A
bb
re
vi
at
io
ns
: H
R,
 h
az
ar
d 
ra
tio
; Q
, q
ui
nt
ile
; R
ef
, r
ef
er
en
ce
.

a M
od

el
s 

ar
e 

st
ra

tif
ie

d 
by

 s
tu

dy
, h

is
to

ry
 o

f c
ar

di
ov

as
cu

la
r d

is
ea

se
, a

nd
 ra

nd
om

iz
ed

 g
ro

up
. 

b A
dj
us
te
d 
m
od
el
s 
in
cl
ud
e 
ag
e,
 s
ex
, r
ac
e,
 c
ur
re
nt
 s
m
ok
er
, h
is
to
ry
 o
f h
yp
er
te
ns
io
n,
 h
is
to
ry
 o
f h
ea
rt
 fa
ilu
re
, d
ur
at
io
n 
of
 d
ia
be
te
s,
 h
is
to
ry
 o
f a
m
pu
ta
tio
n,
 B
M
I, 
sy
st
ol
ic
 B
P,
 g
ly
ca
te
d 
ha
em
og
lo
bi
n,
 c
ho
le
st
er
ol
, 

al
bu
m
in
ur
ia
 (n
or
m
o,
 m
ic
ro
, m
ac
ro
), 
eG
FR
 a
nd
 d
iu
re
tic
 u
se
. 



6 of 9  |     WANG et al.

canagliflozin on serum Mg concentrations in participants with T2D 
and elevated cardiovascular risk. Our analysis found that participants 
randomized to canagliflozin experience sustained increases in serum 
Mg levels compared to placebo. However, baseline serum Mg in this 
cohort was not associated with cardiovascular outcomes and did not 
modify the effect of canagliflozin on cardiovascular outcomes. In ad-
dition, we did not find that changes in serum Mg levels mediate the 
beneficial effects of canagliflozin on cardiovascular outcomes.

The mean difference in serum Mg of 0.07  mmol/L (95% 
CI, 0.065–0.072  mmol/L) between participants randomized to 

canagliflozin versus placebo is consistent with prior studies of 
SGLT2 inhibitors showing mild to moderate increases in serum Mg 
of 0.05–0.10 mmol/L, supporting evidence of a class effect.15,19-21 
While the mechanism remains unknown, proposed explanations in-
clude decreased renal Mg excretion and transcellular shift of serum 
Mg into intracellular compartments.22 Anecdotally, SGLT2 inhibitors 
have been shown to decrease renal fractional excretion of Mg in 
patients with T2D and genetic disorders in renal Mg reabsorption. 
SGLT2 inhibitors induce volume depletion and the renin-angiotensin 
system, and angiotensin II may enhance tubular reabsorption of Mg 
by solvent drag.23,24 Other direct or indirect effects on renal Mg 
transporters may also be possible. SGLT2 inhibitors decrease insulin, 
which would theoretically shift Mg out of cells. However, a care-
ful euglycaemic hyperinsulinemic clamp study demonstrated only a 
modest increase in serum Mg.25 Thus, larger studies are necessary 
to elucidate the mechanisms.

Mg is vital in maintenance of calcium, potassium and phos-
phate homeostasis. While hypomagnesaemia has been inversely 
associated with risk of atrial and ventricular arrhythmias, coronary 
artery disease, and cardiovascular death, studies on the associ-
ation between serum Mg concentrations, dietary Mg intake and 
cardiovascular outcomes have also yielded conflicting results.5-9,26 
Rotterdam Study investigators analysed serum Mg samples from 
9820 participants and found that those with lower serum Mg had 
increased risk of coronary artery disease mortality (HR 1.36, 95% CI 
1.09 to1.69) and sudden cardiac death (HR 1.54, 95 CI% 1.12–2.11).7 
The Atherosclerosis Risk in Communities Study recruited 14,232 
participants and found that those in the highest compared to lowest 
quartile of serum Mg had 38% risk reduction in sudden cardiac death 
(HR 0.62, 95% CI 0.42–0.93). The Paris Prospective II study enrolled 
4035 men and found those with serum Mg in the highest category 

F I G U R E  2 Association between canagliflozin and MACE, and effect modification by baseline serum Mg in unadjusted and adjusted 
models. Q, quintile. P, p-value for interaction. Models are stratified by study, history of cardiovascular disease, and randomized group. 
†Adjusted model includes age, sex, race, current smoker, history of hypertension, history of heart failure, duration of diabetes, history of 
amputation, BMI, systolic BP, glycated haemoglobin, cholesterol, albuminuria (normo, micro, macro), eGFR and diuretic use

F I G U R E  3 Mediation of effect of canagliflozin on the MACE 
composite by change in serum Magnesium (Mg). The total 
effect of canagliflozin on the composite MACE outcome can 
be deconstructed into the indirect effect mediated by changes 
in serum Mg and the direct effect, which represents the effect 
of the exposure through pathways unrelated to serum Mg. Mg 
magnesium, MACE major adverse cardiovascular events, HR hazard 
ratio
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had 40% risk reduction in all-cause death compared to the lowest 
category (HR 0.6, 95% 0.4–0.8), although there was no association 
for cardiovascular death (HR 0.6, 95% CI 0.2–1.2).27 Meanwhile, data 
from the Framingham Heart Study offspring cohort showed no as-
sociation between the highest quartile of serum Mg and incidence 
of cardiovascular disease (HR 0.91, 95% CI 0.72–1.17, p = .47) or all-
cause mortality (0.92, 95% CI 0.68–1.24, p = .57).28 These conflicting 
results are likely due to differences in study population, method-
ology and outcomes of interest. The majority of prior studies have 
been observational and thus limited in their ability in establishing a 
causal pathway between serum Mg and cardiovascular disease and/
or death. Observational studies of dietary Mg intake have shown 
inverse association with cardiovascular outcomes, but these are sub-
ject to recall bias or other confounding as they often rely on data 
collection through self-administered questionnaires.29,30

Our study did not find an association between serum Mg levels 
and cardiovascular outcomes; however, it also differs significantly 
from prior observational studies in terms of patient cohort, study 
design and follow-up. All participants randomized in the CANVAS 
Program had long-standing T2D, 65.6% had history of cardiovas-
cular disease, and 30.3% had micro-macroalbuminuria. These co-
morbidities contrast from studies that recruited younger, healthier 
participants with no underlying cardiovascular disease to study in-
cident cardiovascular outcomes. In addition, the median follow-up 
in CANVAS was 2.4 years, whereas follow-up time in other studies 
spanned up to 19  years, allowing for time to accrue greater num-
bers of events.9 Strengths of the CANVAS study include outcomes 
adjudicated by a committee, while some prior studies relied on less 
definitive sources such as death certificates, leaving risk for misclas-
sification.9 The CANVAS Program also had the benefit of access to 
repeated Mg measurements whereas other analyses were based on a 
single baseline serum Mg level.7 Finally, prior randomized controlled 
trials studying the effect of Mg supplementation in various cardio-
vascular outcomes have been limited in number, with results being 
equivocal. Three larger trials studying intravenous Mg supplementa-
tion in suspected acute myocardial infarction showed inconsistent 
results in mortality benefit, and a meta-analysis including these and 
other trials found it unlikely that Mg reduces mortality in acute myo-
cardial infarction but may reduce incidence of ventricular and other 
severe arrhythmias.30-32 There remains a paucity of well-designed 
trials examining the potential causal role of Mg and cardiovascular 
outcomes, including disease incidence and death.

Improved cardiovascular outcomes with canagliflozin do not ap-
pear to be mediated by the change in serum Mg with canagliflozin. 
There was no evidence that the canagliflozin-induced rise in serum 
Mg mediated the beneficial effects of canagliflozin on cardiovascu-
lar outcomes. In a meta-analysis of prospective studies with moder-
ate inter-study heterogeneity (I2 = 49.5%), a 0.2 mmol/L incremental 
change in circulating Mg was associated with a 30% risk reduction 
in cardiovascular disease, including incidence and death (RR 0.7, 
95% CI 0.56–0.88). Of the nine studies, five were conducted in the 
United States, the other four conducted in Europe; eight studies 
had cohorts with ≤10% diabetes; four excluded participants with 

baseline cardiovascular disease and no studies reported prevalence 
of chronic kidney disease. There was no association with circulating 
Mg and ischaemic heart disease or mortality.33 A possible explana-
tion for differences in our study results may be that physiologically, 
the mean difference of 0.07 mmol/L between the canagliflozin and 
placebo groups may not have been large enough to warrant a clini-
cal effect. Alternatively, other direct and indirect effects of SGLT2 
inhibitors may be responsible for their cardiovascular benefits. In a 
mediation analysis of empagliflozin using data from the EMPA-REG 
trial, the most significant mediators for cardiovascular death were 
changes in haemoglobin and haematocrit, possibly reflecting a re-
duction in circulatory load.34 A mediation analysis using data from 
the CANVAS Program also found that markers of plasma volume, in 
addition to serum urate and urine albumin-to-creatinine ratio, had 
the largest mediation effects in canagliflozin versus placebo and 
reduction of heart failure. Serum Mg levels were not investigated 
as potential mediators in that analysis. Furthermore, while Mg sup-
plementation has been studied in small T2D cohorts and appears 
to improve glycaemic control and insulin sensitivity, there is lack of 
clinical evidence that Mg supplementation in patients with T2D ex-
perience improves cardiovascular health.35,36

An inherent limitation of any post hoc analysis includes the pos-
sibility that associations found in the study may be spurious; all 
analyses are exploratory and require further clinical investigation. 
We also note limitations specific to this study. Due to incomplete 
medication information for all participants, there was inability to 
adjust for specific agents that may decrease serum Mg (eg thiazide-
type diuretics, proton pump inhibitors) or medications that may 
increase serum Mg (eg mineralocorticoid antagonists, amiloride). 
There was no information on participants’ dietary Mg intake or al-
cohol use, the latter of which is associated with Mg depletion due 
to low intake, low body stores and renal wasting.37,38 We also did 
not have information on urinary levels of Mg to determine whether 
participants experienced changes in fractional excretion of Mg. A 
final consideration is that serum Mg may not be the most accurate 
measurement of total body stores. Over 99% of total body Mg is 
stored in bone, muscles and soft tissue, with <1% contained in the 
serum and red blood cells.2 Normal serum Mg levels may be seen 
in patients with Mg deficiency, typically due to recruitment of in-
tracellular stores (rapidly through muscle stores, and over weeks 
through bone stores).39-41 However, serum Mg measurements re-
main the most commonly used test by clinicians due to relative ease 
and cost.41

5  |  CONCLUSION

In the CANVAS Program, participants randomized to canagliflozin 
showed a mean increase in serum Mg levels during the course of the 
study; however, there was no association between baseline serum 
Mg levels and cardiovascular outcomes, and the beneficial effect 
of canagliflozin does not vary by baseline serum Mg. Changes from 
baseline serum Mg levels in the canagliflozin group during the trial 
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did not mediate the beneficial effects of canagliflozin on cardiovas-
cular outcomes. Given that this investigation is exploratory, further 
physiologic or mechanistic studies specifically designed to elucidate 
the relationship between serum Mg and cardiovascular outcomes 
may be beneficial.
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