356

Diabetes Care Volume 41, February 2018

How Does Empagliflozin Reduce
Cardiovascular Mortality? Insights
From a Mediation Analysis of the
EMPA-REG OUTCOME Trial

Silvio E. Inzucchi,1 Bernard Zinman,2
David Fitchett,3 Christoph Wanner,4
Ele Ferrannini,5 Martin Schumacher,6
Claudia Schmoor,6 Kristin Ohneberg,6
Odd Erik Johansen,7 Jyothis T. George,8
Stefan Hantel,9 Erich Bluhmki,9 and
John M. Lachin10

Diabetes Care 2018;41:356–363 | https://doi.org/10.2337/dc17-1096

OBJECTIVE

In the BI 10773 (Empagliﬂozin) Cardiovascular Outcome Event Trial in Type 2 Diabetes
Mellitus Patients (EMPA-REG OUTCOME) trial involving 7,020 patients with type 2
diabetes and established cardiovascular (CV) disease, empagliﬂozin given in addition
to standard of care reduced the risk of CV death by 38% versus placebo (hazard ratio
[HR] 0.62 [95% CI 0.49, 0.77]). This exploratory mediation analysis assesses the extent
to which treatment group differences in covariates during the trial contributed to CV
death risk reduction with empagliﬂozin.

CARDIOVASCULAR AND METABOLIC RISK

RESEARCH DESIGN AND METHODS

Effects of potential mediators, identiﬁed post hoc, on the HR for CV death with empagliﬂozin
versus placebo were analyzed by Cox regression models, with treatment group adjusted for the baseline value of the variable and its change from baseline or updated
mean (i.e., considering all prior values), each as a time-dependent covariate. HRs were
compared with a model without adjustment for covariates. Multivariable analyses also
were performed.
RESULTS

Changes in hematocrit and hemoglobin mediated 51.8% and 48.9%, respectively, of the
effect of empagliﬂozin versus placebo on the risk of CV death on the basis of changes
from baseline, with similar results in analyses on the basis of updated means. Smaller
mediation effects (maximum 29.3%) were observed for uric acid, fasting plasma glucose, and HbA1c. In multivariable models, which incorporated effects of empagliﬂozin
on hematocrit, fasting glucose, uric acid, and urine albumin:creatinine ratio, the combined changes from baseline provided 85.2% mediation, whereas updated mean analyses provided 94.6% mediation of the effect of empagliﬂozin on CV death.
CONCLUSIONS

In this exploratory analysis from the EMPA-REG OUTCOME trial, changes in markers
of plasma volume were the most important mediators of the reduction in risk of CV
death with empagliﬂozin versus placebo.
Empagliﬂozin, a highly selective sodium–glucose cotransporter 2 (SGLT2) inhibitor,
was the ﬁrst glucose-lowering agent to demonstrate a reduction in cardiovascular
(CV) death in patients with type 2 diabetes and high CV risk (1). In the BI 10773
(Empagliﬂozin) Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients
(EMPA-REG OUTCOME) trial, over a median observation time of 3.1 years, treatment
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with empagliﬂozin versus placebo in addition to standard of care led to a 14%
reduction in the risk of three-point major
adverse CV events (MACE [the composite
of CV death, nonfatal myocardial infarction, and nonfatal stroke]) (hazard ratio
[HR] 0.86 [95% CI 0.74, 0.99]; P = 0.04).
This was driven by a 38% reduction in
the risk of CV death (HR 0.62 [95% CI
0.49, 0.77]; P , 0.001) (1). The ﬁnding
led the U.S. Food and Drug Administration
to extend the indication for empagliﬂozin
to include reducing the risk of CV death in
patients with type 2 diabetes and established CV disease (2). Empagliﬂozin also
reduced the risk of hospitalization for
heart failure (HR 0.65 [95% CI 0.50, 0.85];
P = 0.002) and all-cause mortality (HR
0.68 [95% CI 0.57, 0.82]; P , 0.001) versus placebo (1).
As with other CV outcome trials,
EMPA-REG OUTCOME was not designed
to determine the mechanisms underpinning its results. Several explanations
for the reduction in CV death with
empagliﬂozin have been proposed, including hemodynamic changes related
to plasma volume reduction, a switch in
use of fuel, and direct cardiac effects
(3–9). The very early reduction in CV
death observed in this trial and the heterogeneity of the HRs for the components
of three-point MACE suggest that the predominant mechanism, at least in the early
part of the trial, was not primarily an attenuation of atherosclerosis, the traditional
consideration in CV outcome trials in patients with diabetes. The equally rapid reduction in the risk of hospitalization for
heart failure suggests that the cardioprotective beneﬁt of empagliﬂozin may be
related to improved hemodynamic status
(10). However, effects on atherogenic
processes, the myocardium, ventricular
remodeling, or vessel integrity cannot
be ruled out because the beneﬁts on
CV death were sustained over the
course of the trial, and additional mechanisms may have contributed to the reduction in the risk of CV death observed
with prolonged treatment. In the current exploratory post hoc mediation
analysis of data from the EMPA-REG
OUTCOME trial, we identiﬁed the extent to which treatment-induced changes
in speciﬁc variables, either alone or in combination, contributed to the reduction in the
risk of CV death observed with empagliﬂozin
versus placebo and, thereby, considered
potential mediators of this beneﬁt.
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RESEARCH DESIGN AND METHODS
Trial Design

The design of the EMPA-REG OUTCOME
trial has been described previously (1,11).
In brief, adults with type 2 diabetes who
were drug-naive with an HbA1c of 7.0–
10.0% (53–86 mmol/mol) or were taking
any background glucose-lowering medication with an HbA1c of 7.0–9.0% (53–
75 mmol/mol) and who had established
CV disease were eligible for inclusion. Patients were randomized (1:1:1) to receive
empagliﬂozin 10 mg, empagliﬂozin 25 mg,
or placebo. Glucose-lowering medication
was to remain unchanged for the ﬁrst
12 weeks, although intensiﬁcation was
permitted if the patient had a conﬁrmed
fasting glucose level of .240 mg/dL; in
cases of medical necessity, dose reduction or discontinuation of background
medication could occur. After week 12,
investigators were encouraged to adjust
glucose-lowering medication to achieve
glycemic control according to local guidelines. Throughout the trial, investigators
were encouraged to treat other CV risk
factors according to local guidelines. The
trial was to continue until $691 patients
experienced an adjudicated primary outcome event (three-point MACE). Patients
who prematurely discontinued study
medication continued to be followed for
ascertainment of CV outcomes and vital
status.
CV outcome events and deaths were
prospectively adjudicated by independent clinical events committees (1,11).
Analyses of CV outcomes were prespeciﬁed to compare the pooled empagliﬂozin
dose groups with the placebo group.
Traditional Mediation Analysis

A traditional mediation analysis as originally proposed by Baron and Kenny
(12) was used, taking the time-dynamic
evolvement of both the potential mediators and the outcome CV death into account. A variable must satisfy several
conditions to be a mediator of the treatment effect. Treatment must have an effect on the variable over time, and the
change in the variable over time must
have an effect on the outcome. As an additional condition, in an analysis where the
variable is included as a time-dependent
covariate over time, the effect of treatment on the outcome (represented as
the HR) must be reduced compared with
the treatment effect in an unadjusted
analysis.

Analysis of the Effect of Treatment
on CV Death

The primary analysis of CV death with
empagliﬂozin versus placebo was based
on a Cox proportional hazards regression
model, with treatment group adjusted for
the baseline variables of age, sex, BMI,
HbA1c, estimated glomerular ﬁltration
rate (eGFR), and region, in patients who
received one or more doses of study
drug (1).
Analysis of Changes in Variables
(Considered Potential Mediators)
Over Time

On the basis of evidence from previous
studies, potential mediators of the beneﬁt of empagliﬂozin on CV death were
identiﬁed post hoc from the variables
that were measured and tracked in the
trial. Those chosen for analysis involved
several mechanistic categories (Table 1):
glycemia (HbA1c, fasting plasma glucose
[FPG]), vascular tone (systolic blood pressure [SBP], diastolic blood pressure [DBP],
heart rate), lipids (LDL cholesterol, HDL
cholesterol, triglycerides, free fatty acids),
adiposity (weight, BMI, waist circumference), renal function (urine albumin:
creatinine ratio [UACR], eGFR according
to MDRD and Chronic Kidney Disease
Epidemiology Collaboration [CKD-EPI]
equations), volume status (hematocrit, hemoglobin, albumin), and other (uric acid).
Potential mediators could be physiological parameters conceivably linked to
the outcome (e.g., blood pressure) or biochemical markers of such risk (e.g., LDL
cholesterol). To be a potential mediator, a
variable should satisfy the above-stated
conditions. Differences between treatment
groups in the longitudinal changes from
baseline in each potential mediator were
analyzed individually by using a mixedeffects repeated-measures model to establish that treatment had an effect on the
variable. The model for each variable included as covariates the baseline value
of that variable, baseline HbA1c, baseline eGFR, baseline BMI, region, the last
week a patient could have had a measurement of that variable, treatment, visit,
visit by treatment interaction, baseline
HbA1c by visit interaction, and the baseline value of the variable by visit interaction as ﬁxed effects. Because of skewed
distributions, triglycerides and UACR were
log-transformed before analysis. Each
analysis used all data available for patients
who received one or more doses of study
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Table 1—Variables analyzed as potential mediators of the effect of empagliﬂozin versus placebo on risk of CV death in the
EMPA-REG OUTCOME trial
Adjusted mean (SE) difference vs. placebo in change from baseline*
Mechanistic category
and variable
Glycemia
HbA1c (%)
FPG (mg/dL)
Vascular tone
SBP (mmHg)
DBP (mmHg)
Heart rate (bpm)
Lipids (mg/dL)
LDL-C
HDL-C
TGs
FFAs

Mean (SE) at baseline

Week 12 or 28†

Week 164

Placebo

Empa 10 mg

Empa 25 mg

Empa 10 mg

Empa 25 mg

Empa 10 mg

Empa 25 mg

8.08 (0.02)
153.45 (0.91)

8.08 (0.02)
153.23 (0.91)

8.07 (0.02)
151.81 (0.90)

20.54 (0.02)
220.36 (1.12)

20.60 (0.02)
223.80 (1.12)

20.31 (0.04)
28.24 (1.92)

20.42 (0.04)
213.94 (1.91)

135.79 (0.36)
76.83 (0.21)
68.41 (0.25)

134.91 (0.35)
76.60 (0.20)
68.76 (0.24)

135.65 (0.35)
76.68 (0.20)
68.27 (0.25)

24.01 (0.40)
21.48 (0.23)
20.63 (0.26)

23.72 (0.40)
21.24 (0.23)
21.12 (0.26)

23.33 (0.58)
20.52 (0.34)
20.32 (0.39)

22.58 (0.58)
20.19 (0.34)
20.60 (0.39)

84.80 (0.74)
44.04 (0.24)
170.79 (2.53)
14.69 (0.15)

86.29 (0.77)
44.65 (0.25)
168.49 (2.67)
14.50 (0.14)

85.46 (0.74)
44.49 (0.25)
172.78 (2.77)
14.57 (0.15)

2.17 (0.82)
1.47 (0.22)
27.32 (3.03)
0.70 (0.20)

3.27 (0.83)
1.98 (0.22)
29.99 (3.04)
1.01 (0.20)

0.49 (1.22)
1.18 (0.32)
22.46 (5.46)
1.09 (0.30)

1.66 (1.22)
2.00 (0.32)
22.57 (5.43)
1.26 (0.30)

Renal
UACR (mg/g)‡
25.99 (477.32) 25.51 (452.73) 25.38 (439.71) 0.86 (0.82, 0.90) 0.82 (0.78, 0.87) 0.78 (0.71, 0.85) 0.81 (0.74, 0.88)
eGFR (MDRD)
74.34 (0.45)
74.08 (0.44)
21.48 (0.31)
21.96 (0.31)
2.69 (0.52)
2.70 (0.52)
(mL/min/1.73 m2) 73.80 (0.44)
eGFR (CKD-EPI)
(mL/min/1.73 m2) 75.45 (0.41)
75.89 (0.41)
75.68 (0.41)
21.66 (0.26)
21.96 (0.26)
2.49 (0.44)
2.38 (0.44)
Adiposity
Weight (kg)
BMI (kg/m2)
WC (cm)

86.68 (0.40)
30.67 (0.11)
105.0 (0.3)

85.97 (0.39)
30.59 (0.11)
104.8 (0.3)

86.53 (0.40)
30.62 (0.11)
104.8 (0.3)

21.20 (0.08)
20.43 (0.03)
21.0 (0.1)

21.49 (0.08)
20.53 (0.03)
21.1 (0.1)

21.60 (0.19)
20.56 (0.07)
21.5 (0.2)

21.98 (0.19)
20.69 (0.07)
21.6 (0.2)

Volume status
Hematocrit (%)
Hemoglobin (g/dL)
Albumin (g/dL)

41.28 (0.09)
13.72 (0.03)
4.41 (0.01)

41.29 (0.09)
13.71 (0.03)
4.42 (0.01)

41.44 (0.09)
13.76 (0.03)
4.43 (0.01)

2.18 (0.08)
0.60 (0.02)
0.04 (0.01)

2.46 (0.08)
0.69 (0.02)
0.06 (0.01)

2.57 (0.14)
0.78 (0.04)
0.04 (0.01)

2.66 (0.14)
0.80 (0.04)
0.05 (0.01)

Other
Uric acid (mg/dL)

6.01 (0.03)

5.91 (0.03)

5.97 (0.03)

20.34 (0.03)

20.35 (0.03)

20.29 (0.05)

20.30 (0.05)

Mediation analyses adjusting for changes from baseline in covariates or updated mean covariate values were based on changes before CV death, not at
week 12, 28, or 64. bpm, beats per minute; Empa, empagliﬂozin; FFA, free fatty acid; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TG, triglyceride;
WC, waist circumference. *Mixed-model repeated-measures analysis using all data up to individual trial completion in treated patients who had a baseline and
postbaseline measurement for the respective outcome. The model included baseline HbA1c and baseline of the outcome in question as linear covariates and
baseline eGFR, region, BMI, the last week a patient could have had a measurement of the outcome in question, treatment, visit, visit by treatment interaction,
baseline HbA1c by visit interaction, and baseline of the outcome in question by visit interaction as ﬁxed effects. †Week 12 for variables other than heart rate,
LDL-C, HDL-C, TGs, and FFAs (which were not measured at week 12). ‡Baseline data are geometric mean (geometric coefﬁcient of variation); differences vs.
placebo are adjusted geometric mean ratio (95% CI) obtained from mixed-model repeated-measures analysis applied on log-transformed data.

drug and had a baseline and postbaseline
measurement for the variable in question.
Analysis of Potential Mediation of
the Reduction in CV Death With
Empagliﬂozin
Univariable Analyses

We considered that empagliﬂozin could
have a direct effect on the risk of CV death
or could affect CV death indirectly through
its effects on one or more of the aforementioned potential mediators. Each variable
was analyzed as a time-dependent covariate in Cox regression models with the outcome time to CV death. The effect of a
speciﬁc covariate was analyzed by using
two approaches.
1. Analysis of the current change from baseline to the most recent value available
before CV death, reﬂecting the acute

effect of the variable on the risk of CV
death. In the example below, the current
change from baseline in a mediator Y
(changeY) is calculated as the difference in the current value to baseline:
changeYti 5 Yti 2 Y0

2. Analysis of the mean value considering
all prior values (updated mean), reﬂecting the cumulative effect of all prior
values of the variable on the risk of
CV death (see example illustration in
the Supplementary Data). In the example below, the updated mean of a mediator Y (upmeanY) is calculated as the
updated weighted mean, weighted for
the length of time intervals:

upmeanY ðti until ti11 Þ5


.
∑0,tj #ti Ytj21 1Ytj 23ðtj 2tj21 Þ
ti

The mediating effect of the current
change from baseline in a variable, and
of the updated mean of the variable, on
the treatment effect of empagliﬂozin versus placebo with respect to CV death were
analyzed by using separate Cox regression
models, with treatment group adjusted
for the baseline value of the variable and either the change from baseline in the variable or the updated mean of the variable
as time-dependent covariates. The models
provided the estimated HR for CV death
associated with a 1-unit increase in the
variable (current change from baseline or
updated mean). The results were compared with a model adjusting for treatment
group alone (i.e., without adjusting for the
baseline value of the variable and the longitudinal values of the variable [change or
updated mean]).
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To be regarded as a mediator, the timedependent covariate should have an effect
on CV death; this was considered to be fulﬁlled if the 95% CI of the HR did not include
1.0. In addition, the effect of empagliﬂozin
on CV death must be reduced in the analysis adjusted for the time-dependent covariate. Mediation was indicated if the HR for
CV death between treatment groups adjusted for the covariate (current change or
updated mean) was closer to unity than the
HR from the model with treatment group
alone. Complete mediation would be indicated by an HR of 1.0 in the model adjusted
for the covariate. Percentage mediation
was calculated as follows:
Mediation % 5 100 3

lnHR 2 lnHRC
lnHR

where HR is the HR for the comparison of
the treatment groups in the model with
treatment group alone, and HRC is the HR
for the comparison of the treatment
groups in the model adjusting for the
baseline and on-study time-dependent
covariate values (change from baseline or
updated mean). The closer HRC is to 1.0,
the greater the mediation effect of that
covariate on the treatment effect of
empagliﬂozin on the risk of CV death.
Multivariable Analyses

Additional analyses investigated how selected individual mediators from all the
mechanistic categories jointly contribute
to the effect of empagliﬂozin. Because
variables pertaining to the same mechanistic category may be biologically and
statistically redundant, only the mediator
with the largest mediating effect in the
univariable analyses from each mechanistic category was chosen for the multivariable model. A step-up procedure for
multivariable model building was used
to provide a ranking of the various mechanistic categories with regard to their
potential as mediators. In each step, the
representative variable from the mechanistic category with the largest mediating
effect was added. For an investigation of
the statistical stability of the results, a
bootstrap resampling procedure was
used on the basis of 100 bootstrap samples (sampling with replacement) of the
same size as the original data set. The
unadjusted Cox model and the Cox model
adjusted for the ﬁnal selected mediators
were ﬁtted in each bootstrap sample. The
stability of the relationship between the
resulting treatment effect estimates

(logHR from the unadjusted and adjusted
models) was graphically displayed and described by linear regression.
RESULTS
Effects of Empagliﬂozin on the Time
Course of Potential Mediators

Table 1 shows the mean of each potential
mediator at baseline and the differences
with empagliﬂozin versus placebo in
changes from baseline at week 12 or
28 and week 164. Over the course of the
study, empagliﬂozin was associated with
small reductions versus placebo in HbA1c,
weight, waist circumference, uric acid, SBP
and DBP, no change in heart rate, and
small increases in LDL and HDL cholesterol
(1). An initial decrease in eGFR (CKD-EPI)
with empagliﬂozin was observed followed
by stabilization during prolonged treatment
in contrast to a gradual decline in eGFR in
the placebo group (13). Empagliﬂozin led
to signiﬁcant reductions in UACR versus
placebo from week 12, regardless of albuminuria status at baseline (14). An initial
increase in hematocrit with empagliﬂozin
was observed followed by stabilization
compared with no notable change in the
placebo group (Fig. 1).
Effects of Change in Potential
Mediators on the Risk of CV Death

In analyses adjusting for change from baseline, models showed that increases in FPG,
heart rate, logUACR, and uric acid were
associated with an increased risk of CV
death, whereas increases in SBP, HDL

cholesterol, eGFR, weight, BMI, hematocrit, hemoglobin, and albumin were associated with a reduced risk of CV death
(Supplementary Table 1). In analyses
that were based on the updated mean,
models showed that increases in HbA1c,
FPG, heart rate, LDL cholesterol, logUACR,
and uric acid were associated with an increased risk of CV death, whereas increases
in HDL cholesterol, eGFR, hematocrit, hemoglobin, and albumin were associated with a reduced risk of CV death
(Supplementary Table 2).
Univariable Analysis: Effects of
Individual Potential Mediators on the
HR for CV Death With Empagliﬂozin
Versus Placebo

Table 2 presents the HRs for CV death
with empagliﬂozin versus placebo after
adjusting for the current change from
baseline in each covariate and the percentage mediation compared with the
HR adjusting for treatment group alone.
Treatment group differences in changes
from baseline in hematocrit and hemoglobin mediated 51.8% and 48.9%, respectively, of the effect of empagliﬂozin
versus placebo on the reduction in risk of
CV death. Changes in albumin and uric
acid mediated 25.5% and 24.6%, respectively. The other potential mediators investigated, including HbA1c, FPG, weight,
BMI, SBP and DBP, LDL and HDL cholesterol, triglycerides, free fatty acids, eGFR,
and UACR, had no or negligible effects in
these analyses.

Figure 1—Hematocrit over time in patients treated with empagliﬂozin 10 mg, empagliﬂozin 25 mg,
and placebo. Mixed-model repeated-measures analysis using all data up to individual trial completion in patients treated with one or more doses of study drug who had a baseline and postbaseline
measurement.
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Table 2—Univariable mediation analysis of risk of CV death with empagliﬂozin
versus placebo: time-dependent covariate analysis adjusting for the change from
baseline in each variable
HR for CV death with
empagliﬂozin vs. placebo (95% CI)
Unadjusted

0.615 (0.491, 0.770)

Adjusted for
HbA1c
FPG
SBP
DBP
Heart rate
LDL-C
HDL-C
logTG
FFAs
logUACR
eGFR (MDRD)
eGFR (CKD-EPI)
Weight
BMI
WC
Hematocrit
Hemoglobin
Albumin
Uric acid

0.624 (0.496, 0.785)
0.665 (0.529, 0.837)
0.593 (0.473, 0.743)
0.614 (0.490, 0.769)
0.621 (0.495, 0.780)
0.596 (0.475, 0.748)
0.636 (0.506, 0.799)
0.604 (0.482, 0.758)
0.586 (0.463, 0.741)
0.649 (0.518, 0.815)
0.631 (0.504, 0.790)
0.632 (0.505, 0.791)
0.579 (0.461, 0.727)
0.578 (0.460, 0.726)
0.598 (0.477, 0.750)
0.791 (0.626, 1.000)
0.780 (0.619, 0.983)
0.696 (0.555, 0.873)
0.693 (0.553, 0.869)

Percentage mediation

CONCLUSIONS
3.0
16.1
27.5
20.3
2.0
26.5
6.9
23.7
29.9
11.1
5.3
5.6
212.4
212.8
25.8
51.8
48.9
25.5
24.6

Cox proportional hazards regression analysis in patients treated with one or more doses of study
drug. FFA, free fatty acid; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TG, triglyceride; WC,
waist circumference.

Table 3 presents the mediating effect
after adjusting for the updated mean of
each covariate and the baseline value.
Adjusting for the updated mean of hematocrit and hemoglobin mediated
51.8% and 45.7%, respectively, of the effect of empagliﬂozin versus placebo on
the reduction in the risk of CV death. Adjusting for the updated mean of albumin
and uric acid mediated 31.6% and 18.5%,
respectively. Adjusting for the updated
mean of HbA1c and FPG mediated 22.8%
and 29.3%, respectively, of the treatment
group effect, which were notably stronger
mediating effects than in the change from
baseline analysis (3.0% and 16.1%, respectively). The other potential mediators investigated, including weight, BMI, SBP and
DBP, LDL and HDL cholesterol, triglycerides,
free fatty acids, eGFR, and UACR, had no or
negligible effects in these analyses.
Multivariable Analysis: Effects of
Combinations of Potential Mediators
on the HR for CV Death With
Empagliﬂozin Versus Placebo

In the current change from baseline analysis, the strongest mediator was hematocrit, representing the volume category
(proportion of the effect of empagliﬂozin
on CV death mediated: 51.8%). The addition of FPG as representative of the

of the updated mean FPG by the updated
mean HbA1c resulted in 85.1% mediation.
Results of stability analyses on the basis of
bootstrap resampling are shown in
Supplementary Figs. 1 and 2.

glycemia category led to a proportion mediated of 70.9%. The addition of uric acid
increased the proportion mediated to
84.4%. Finally, the addition of logUACR
as representative of the renal function category led to an estimated HR for CV death
with empagliﬂozin versus placebo of 0.931
(95% CI 0.732, 1.183) (Supplementary
Table 3), with the total proportion mediated being 85.2%. In a sensitivity analysis
wherein hematocrit was replaced by hemoglobin as representative of the volume category, the estimated HR for CV death with
empagliﬂozin versus placebo was 0.927
(95% CI 0.730, 1.176), thus showing a similar proportion mediated of 84.4%.
In the updated mean analysis, the results were similar. The strongest mediator
was again hematocrit (proportion of the
effect of empagliﬂozin on CV death mediated: 51.8%). The addition of FPG in the
next step led to a proportion mediated of
84.9%. The addition of uric acid led to a
proportion mediated of 92.2%. Finally,
the addition of logUACR led to an estimated HR for CV death of 0.974 (95% CI
0.753, 1.261) (Supplementary Table 4),
with a total proportion mediated being
94.6%. In the updated mean analysis,
the replacement of hematocrit by hemoglobin showed a similar result (proportion
mediated: 91.2%). Similarly, replacement

We conducted this exploratory analysis to
identify potential mechanisms underlying
the 38% reduction in the risk of CV death
observed with empagliﬂozin versus placebo in patients with type 2 diabetes
and established CV disease in the EMPAREG OUTCOME trial. Our approach used a
traditional mediation analysis (15,16),
taking the time-dynamic evolvement of
the potential mediators and the outcome
of CV death into account. This method
has been used by others to determine
or conﬁrm the underlying mechanisms
behind a treatment strategy’s effect on
disease outcomes (17–19). Therein,
change in the point estimate of the HR
denoting a treatment effect is measured
after sequential controlling for a variety
of plausible variables, which are known to
be ameliorated with therapy. The variables that bring the HR closest to 1.0 are
said to be the major mediators of the treatment effect, suggesting, but not proving, a
cause-and-effect relationship. In the
Diabetes Control and Complications Trial
(DCCT)/Epidemiology of Diabetes Interventions and Complications (EDIC) study,
for example, improvement in HbA1c was
found to mediate essentially 100% of
the beneﬁt of intensive insulin therapy
on the development and progression of
retinopathy (19). Such an outcome was
logical and expected because the goal of
that trial was to reduce glycemia, as measured by HbA1c, in an effort to reduce
long-term microvascular damage. In contrast, multiple mechanisms contribute to
the CV risk in patients with type 2 diabetes. The precise contributions of individual hypothesized mechanisms to the
reduction in CV death with empagliﬂozin
remain to be elucidated, and a mediation
analysis such as this may be used to drive
future research.
In the current analysis, changes in hematocrit (and hemoglobin) appeared to
be the variables with the largest impact
on the HR for CV death with empagliﬂozin
versus placebo. Therefore, these variables can be considered important mediators of this beneﬁt, mediating ;50% of
the treatment group effect. Results were
consistent in analyses that were based on
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Table 3—Univariable mediation analysis of risk of CV death with empagliﬂozin
versus placebo: time-dependent covariate analysis adjusting for the updated
mean of each variable
HR for CV death with
empagliﬂozin vs. placebo (95% CI)
Unadjusted

0.615 (0.491, 0.770)

Adjusted for
HbA1c
FPG
SBP
DBP
Heart rate
LDL-C
HDL-C
logTG
FFAs
logUACR
eGFR (MDRD)
eGFR (CKD-EPI)
Weight
BMI
WC
Hematocrit
Hemoglobin
Albumin
Uric acid

0.687 (0.543, 0.868)
0.709 (0.559, 0.898)
0.610 (0.485, 0.766)
0.618 (0.493, 0.774)
0.623 (0.497, 0.782)
0.591 (0.471, 0.741)
0.629 (0.500, 0.789)
0.603 (0.481, 0.757)
0.587 (0.463, 0.743)
0.672 (0.536, 0.844)
0.601 (0.480, 0.752)
0.597 (0.477, 0.748)
0.588 (0.466, 0.741)
0.588 (0.466, 0.742)
0.602 (0.480, 0.755)
0.791 (0.620, 1.009)
0.768 (0.604, 0.978)
0.717 (0.571, 0.900)
0.673 (0.536, 0.845)

Percentage mediation

22.8
29.3
21.7
1.0
2.7
28.2
4.6
24.1
29.6
18.2
24.7
26.1
29.2
29.2
24.4
51.8
45.7
31.6
18.5

Cox proportional hazards regression analysis in patients treated with one or more doses of study
drug. FFA, free fatty acid; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TG, triglyceride; WC, waist
circumference.

the current change from baseline or the
updated mean. For uric acid and measures of glycemia, modest mediation effects were found, with those of HbA1c and
FPG appearing to be stronger in analyses
that were based on the updated mean,
which assessed the more chronic effects
of these measures. In contrast, the mediation effects of other variables, including
changes in classical CV risk factors, such
as BMI, blood pressure, lipids, and other
parameters of renal function, were absent or negligible.
In the multivariable models, a much
higher percentage mediation was demonstrated (up to 85.2% in the change from
baseline analysis and up to 94.6% in the
updated mean analysis). These models incorporated widely disparate effects of
empagliﬂozin, including those on hematocrit, FPG, uric acid, and UACR. These
data suggest that although the major inﬂuence governing the reduction in CV
death may have been plasma volume
reduction (as reﬂected in the increased
hematocrit), other variables may have
played more modest, yet complementary
roles, and multiple mechanisms may be
responsible for the reduction in CV death
with empagliﬂozin in patients with type 2
diabetes and established CV disease.

Empagliﬂozin is a selective inhibitor of
SGLT2 in the proximal tubule of the kidney
(20). Inhibition of SGLT2 by empagliﬂozin
leads to reduced renal glucose reabsorption and increased urinary glucose excretion (21). Treatment with empagliﬂozin
reduces volume and sodium load through
its glucuretic, diuretic, and natriuretic
properties (22,23). The initial increase in
hematocrit with empagliﬂozin followed
by stabilization during the rest of the trial
likely reﬂect hemodynamic changes related to plasma volume contraction. The
same pattern was observed for changes
in eGFR with empagliﬂozin, which also are
believed to reﬂect hemodynamic alterations involving renal blood ﬂow (13).
The resulting decrease in circulatory
load, especially reduced ventricular ﬁlling
pressures and cardiac workload, could be
an important mechanism behind the mortality beneﬁts seen with empagliﬂozin
(5,9). This ﬁnding is supported by the
observation that the most frequent
modes of CV death are those typically
seen in patients with heart failure (sudden death, death as a result of heart failure, and presumed CV death, the latter
designated when insufﬁcient data exist
for the adjudication committees to
attribute a cause of death) (24). Although

only 10% of patients in the EMPA-REG
OUTCOME trial had heart failure at baseline, the trial population comprised individuals with a mean age of 63 years, of
whom 76% had coronary artery disease
and 52% were obese. Therefore, many
participants in this trial likely had unrecognized left ventricular dysfunction, particularly diastolic dysfunction, which may
eventually lead to clinical heart failure
with preserved ejection fraction (25).
Thus, a tenable conclusion is that a key
contributor to the reduction in CV death
with empagliﬂozin is the change in renal
sodium and glucose handling with resultant reductions in ﬂuid burden, ventricular stress, and risk of sudden cardiac
decompensation.
An increase in erythropoiesis could
be a complementary mechanism to the
hemodynamic changes reﬂected by an increase in hematocrit and hemoglobin in
patients treated with empagliﬂozin. Increased erythropoietin and a median 7%
increase in red blood cell mass, measured
with 51Cr-labeled erythrocytes, were observed in a small study (n = 30) of the
SGLT2 inhibitor dapagliﬂozin in patients
with type 2 diabetes (26). In a larger
study, a mean increase in erythropoietin
of 30–40% was observed 4 weeks after
initiating empagliﬂozin, which may be related to changes in blood ﬂow between
the renal cortex and the medulla (27). The
extent to which this mechanism contributes to the CV beneﬁts observed with
empagliﬂozin is unclear, however. Although an improvement in tissue oxygenation in a compromised cellular milieu
may be hypothesized to be beneﬁcial,
such a robust effect on mortality would
be unexpected on the basis of current understanding of oxygen delivery dynamics
at hemoglobin concentrations within the
normal range (28).
Improvements in the updated mean
HbA1c and FPG explained 23% and 29%,
respectively, of the beneﬁcial effect of
empagliﬂozin on CV death compared
with 3% and 16% for the current change
from baseline. In the DCCT/EDIC study
and the UK Prospective Diabetes Study
(UKPDS), CV beneﬁts of intensive glucose
control emerged but only after a prolonged follow-up period (29,30). Unlike
the UKPDS and the DCCT study, which
were designed to achieve glycemic differences, the EMPA-REG OUTCOME trial
was designed as a glycemic equipoise trial, and only a modest difference in HbA1c
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between the empagliﬂozin and placebo
groups was found. Furthermore, unlike
the UKPDS with a cumulative follow-up
of .10 years (30), trials of shorter duration did not convincingly demonstrate CV
beneﬁts from this degree of glucose lowering (31). The smaller mediation effect of
glycemia relative to hematological variables, therefore, may reﬂect these factors.
Change in uric acid had a modest mediation effect (24.6% in the analysis adjusting
for the change from baseline). Empagliﬂozin
reduces uric acid, possibly as a result of
the effect of increased glucose concentration on glucose transporter 9 in the basolateral membrane of the proximal tubule
and resulting increased uricosuria (22,32).
Serum uric acid has been associated with
an increased risk of CV death (33), but evidence is limited regarding the CV beneﬁts of reducing uric acid (34), especially
within the normal range and/or to the
small degree observed in the EMPA-REG
OUTCOME trial.
Limitations of the current analysis include that it was post hoc, and the results
can only be considered hypothesis generating, demonstrating possible associations
but not necessarily causal relationships. It
cannot be inferred that similar changes in
these variables achieved with approaches
other than empagliﬂozin treatment will
yield the mortality beneﬁts observed.
Moreover, only variables measured during
the trial could be examined, and in addition to the potential mediators we investigated, other variables such as reductions
in glomerular hyperﬁltration (35), reductions in arterial stiffness and vascular
resistance (36), direct cardiac effects
through reductions in myocardial intracellular sodium (37), and a switch in use
of cardiac fuel (4,5) have been proposed
as important. Finally, although the methods we used in the current analysis have
been used previously, they have not been
used in the context of CV death. CV death
encompasses multiple subcategories with
potentially disparate etiologies that may
not be inﬂuenced by the same mechanisms.
In conclusion, this exploratory investigation into potential mediators of the reduction in risk of CV death with empagliﬂozin
versus placebo in the EMPA-REG
OUTCOME trial found that changes in hematocrit and hemoglobindostensibly markers
of the effects of the drug on volumed
appeared to be important mediators of
the reduction in mortality risk in univariable and multivariable models. Changes in
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variables related to glycemia and urate
metabolism had smaller mediating effects. These, in addition to changes in
UACR, contributed in the multivariable
models, suggesting that the underpinnings
of empagliﬂozin’s CV mortality beneﬁt are
likely multifaceted. In contrast, changes in
some traditional CV risk factors, including
obesity, blood pressure, lipids, and renal
function, made negligible contributions.
Ongoing studies, including mechanistic
trials, the EMPEROR outcome trials
(EMPagliﬂozin outcomE tRial in Patients With
chrOnic heaRt Failure With Reduced Ejection Fraction and EMPagliﬂozin outcomE
tRial in Patients With chrOnic heaRt Failure With Preserved Ejection Fraction)
that are evaluating empagliﬂozin in patients with heart failure with and without
diabetes (NCT03057977, NCT03057951),
and studies in patients with chronic kidney
disease (38), will provide additional physiological insights into the cardioprotective
effects of this selective SGLT2 inhibitor.
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