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Liver tests and outcomes in heart failure with
reduced ejection fraction: findings from
DAPA-HF
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Aims Reflecting both increased venous pressure and reduced cardiac output, abnormal liver tests are common in patients
with severe heart failure and are associated with adverse clinical outcomes. We aimed to investigate the prognostic
significance of abnormal liver tests in ambulatory patients with heart failure with reduced ejection fraction (HFrEF),
explore any treatment interaction between bilirubin and sodium—glucose cotransporter 2 (SGLT2) inhibitors and
examine change in liver tests with SGLT2 inhibitor treatment.

Methods We explored these objectives in the Dapagliflozin And Prevention of Adverse outcomes in Heart Failure (DAPA-HF)
and results trial, with focus on bilirubin. We calculated the incidence of cardiovascular death or worsening heart failure by bilirubin
tertile. Secondary cardiovascular outcomes were examined, along with the change in liver tests at the end-of-study
visit. Baseline bilirubin was available in 4720 patients (99.5%). Participants in the highest bilirubin tertile (T3) have more
severe HFrEF (lower left ventricular ejection fraction, higher N-terminal pro-B-type natriuretic peptide [NT-proBNP]
and worse New York Heart Association class), had a greater burden of atrial fibrillation but less diabetes. Higher
bilirubin (T3 vs. T1) was associated with worse outcomes even after adjustment for other predictive variables,
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including NT-proBNP and troponin T (adjusted hazard ratio for the primary outcome 1.73 [95% confidence interval
1.37-2.17], p<0.001; and 1.52 [1.12-2.07], p = 0.01 for cardiovascular death). Baseline bilirubin did not modify
the benefits of dapagliflozin. During follow-up, dapagliflozin had no effect on liver tests.

Conclusion Bilirubin concentration was an independent predictor of worse outcomes but did not modify the benefits of
dapagliflozin in HFrEF. Dapagliflozin was not associated with change in liver tests.
Clinical Trial Registration: ClinicalTrials.gov NCT03036124.

Graphical Abstract

AIM: To explore the prognostic significance of abnormal liver function tests,
focusing on bilirubin, in ambulatory patients with heart failure and reduced
ejection fraction

POPULATION: 4720 patients enrolled in the Dapagliflozin and Prevention of
Adverse outcomes in Heart Failure trial (DAPA-HF)

[ 5 10 0 3 40

15 20 25
Total Bilirubin (umol/L)

The risk of the primary ) o Bilirubin
outcome rises with increasing The benefit of randomization Bilirubin provides incremental

bilirubin level to dapaglifiozin is not information about risk of the
modified by baseline bilirubin primary outcome when added

level to either a) hs-TnT or b) NT-
proBNP

T = tertile

Summary of key findings in analysis of liver tests in DAPA-HF. Using restricted cubic splines to model risk of the primary outcome by baseline
bilirubin level as a continuous variable shows an essentially linear relationship, with higher bilirubin associated with increased risk. Forest plot for
each outcome demonstrates the benefit of dapagliflozin is not modified by baseline bilirubin tertile. Bilirubin adds incremental information about risk
of the primary outcome after adjustment for known prognostic markers (high-sensitivity troponin T [hs-TnT] and N-terminal pro-B-type natriuretic
peptide [NT-proBNP]). Cl, confidence interval; HR, hazard ratio.

Keywords Heart failure  Dapagliflozin e SGLT?2 inhibitor e Hepatic function e Bilirubin e Alkaline
phosphatase

ntroduc ion including death. normal liver tests are thought to reflect bo

luding death.”~¢ Ab I ts are thought to reflect both
. increased venous pressure and reduced cardiac output.”~’

Liver tests are Comm0n|y abnormal in patients with severe heart Much less is known about the prevalence or the prognos-

failure (HF) and during acute decompensation.'® In both settings, - tic significance of abnormal liver tests in ambulatory patients

abnormal liver tests are predictive of worse subsequent outcomes, *  with HF, especially in such individuals receiving contemporary
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Live function tests in DAPA-HF

treatments.'®!" In the Candesartan in Heart Failure: Assessment of
Reduction in Mortality and Morbidity (CHARM) program, alkaline
phosphatase (ALP) was elevated in 14.0% of patients, total bilirubin
in 13.0%, alanine aminotransferase (ALT) in 3.1%, and aspartate
aminotransferase (AST) in 4.1% of patients.’® In CHARM, bilirubin
was the most powerful prognostic liver test and remained an inde-
pendent predictor in a multivariable model, although that model did
not include a natriuretic peptide. More recently, in the Prospective
Comparison of ARNI (Angiotensin Receptor—Neprilysin Inhibitor)
with ACEl (Angiotensin-Converting Enzyme Inhibitor) to Deter-
mine Impact on Global Mortality and Morbidity in Heart Failure
(PARADIGM-HF) trial, 11.6% of patients with HF with reduced
ejection fraction (HFrEF) were found to have elevated bilirubin
at baseline and bilirubin was again the most predictive liver test
and remained independently so in a multivariable model includ-
ing N-terminal pro-B-type natriuretic peptide (NT-proBNP).!
Whether bilirubin remains predictive when additional prognostic
biomarkers such as high-sensitivity troponin T are included is not
known.?

Recently sodium—glucose cotransporter 2 (SGLT2) inhibitors
have been introduced as a treatment for the treatment of
HFrEFE">* Due to their effect on proximal renal tubular reab-
sorption of glucose, coupled with sodium, these agents cause an
initial osmotic diuresis and natriuresis which might relieve hepatic
congestion and improve liver tests.”>~"7 It has also been suggested
that SGLT2 inhibitors might reduce liver fat in patients with type
2 diabetes, a condition linked to obesity and frequently associated
with non-alcoholic fatty liver disease.'®-2°

We have investigated the prevalence and predictive importance
of abnormal liver tests in the Dapagliflozin And Prevention of
Adverse outcomes in Heart Failure (DAPA-HF) trial and the effect
of dapagliflozin on liver tests in this trial.’>?’

Methods

DAPA-HF was a randomized, double-blind, placebo-controlled trial
in patients with HFrEF, which evaluated the efficacy and safety of
dapaglifiozin 10 mg once daily, added to standard care.’?! Ethics
Committees at each of the 410 participating institutions in 20
countries approved the protocol, all patients provided written
informed consent and the study complied with the Declaration of
Helsinki.

Study patients

Men and women aged >18years, in New York Heart Association
(NYHA) functional class II-1V, with a left ventricular ejection fraction
(LVEF) <40%, and an elevated NT-proBNP level, were eligible provided
they were receiving optimal pharmacological and device therapy in the
opinion of the investigator.’>?! The main exclusion criteria included
type 1 diabetes mellitus, symptomatic hypotension, systolic blood
pressure <95 mmHg and estimated glomerular filtration rate (eGFR)
<30 ml/min/1.73 m2. Patients with an AST or ALT more than three
times the upper limit of normal, or total bilirubin more than two times
the upper limit of normal were also excluded, as were patients judged
to have a life expectancy of <2years due to a condition other than
HF_‘I3,21

Measurement of liver tests

Alkaline phosphatase, ALT, AST, and total bilirubin were measured at
enrolment and at the end-of-study visit. Samples were processed in
a central laboratory. Our main analysis of change in liver tests used
the end-of-study measurement, which could fall at 12, 16, 20, or
24 months. Although not required, some patients had measurements
taken at other scheduled visits, at the investigator’s discretion, or at
unscheduled visits. In an exploratory analysis, we included the results
from this unplanned sampling, allocating them to the nearest scheduled
visit.

Pre-specified trial outcomes

The primary outcome of DAPA-HF was the composite of worsening
HF (HF hospitalization or urgent visit for HF requiring intravenous
therapy) or cardiovascular (CV) death, whichever occurred first.
Pre-specified secondary endpoints included HF hospitalization or CV
death; and HF hospitalizations (first and recurrent) and CV deaths.
The change from baseline to 8 months in Kansas City Cardiomyopathy
Questionnaire total symptom score (KCCQ-TSS) was an additional
secondary endpoint, with the proportion having a 5-point or more
increase or decrease in their score at 8 months determined as previ-
ously described.’?! There was also a pre-specified secondary renal
composite outcome, but this was not evaluated further in this study
because of the small number of events.

Definition of elevated liver tests

The upper limits of normal were 35 IU/L for AST and ALT, 1.0 mg/dI
for bilirubin, and 120 IU/L for ALP22 Given the evidence that bilirubin
is the most prognostically important liver test, this was the focus of
our analysis of the association with subsequent clinical outcomes, as
described in the statistical analysis section below.

Statistical analysis

Patients were grouped by baseline bilirubin measurement into tertiles
and baseline characteristics were summarized as means (standard
deviations), median (interquartile ranges [IQR]), or percentages.
Logistic regression was used to explore associations with elevated
bilirubin at baseline, examining candidate variables in a univariable
model and those with a p-value <0.2 being added into a stepwise
logistic regression model.

Kaplan—Meier estimates and Cox proportional-hazards models,
stratified by diabetes status, and adjusted for treatment-group assign-
ment and history of HF hospitalization (except for all-cause death)
were used to examine the primary and secondary outcomes across
bilirubin tertiles, with further models adjusted for known predictors
of risk of HF endpoints (age, sex, race, region, systolic blood pressure,
heart rate, LVEF, eGFR, NT-proBNP [log-transformed], NYHA class,
hypertension, previous stroke, previous myocardial infarction, atrial
fibrillation, and HF aetiology). A second adjusted model included the
same listed variables and the addition of high-sensitivity troponin T
(log-transformed). A semi-parametric proportional-rates model was
used to evaluate recurrent HF hospitalizations and CV death.??

Each liver test was considered as a continuous variable in Cox
regression models for the same outcomes and adjustments after being
log-transformed to normalize distribution. The relationship between
continuous liver tests and each outcome was further explored using
restricted cubic splines to examine for a non-linear relationship.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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As NT-proBNP and troponin T are established powerful predictors
of outcome in HF, the incremental predictive value of bilirubin added
to these biomarkers was examined. Rates of the primary outcome
were assessed in groups defined by tertile of both bilirubin and either
NT-proBNP or troponin T to evaluate the effect of elevation of both
markers on the occurrence of the primary outcome. Groups defined
by combinations of tertiles of both biomarkers were compared in a
Cox model.

The effects of randomized treatment on outcomes within each
tertile of bilirubin was evaluated and modification of treatment effects
by baseline bilirubin tertile was assessed using a global interaction
test. The differences between treatment groups in the proportion
of patients with a clinically significant (>5 points) improvement or
deterioration in KCCQ-TSS at 8 months was analysed using the
methods described previously and presented as an odds ratio for each
baseline bilirubin category.'®?' The effect of dapaglifiozin compared
with placebo on each endpoint was examined across the range of
baseline bilirubin as a continuous variable using restricted cubic splines.
This was repeated for the other liver tests for the primary endpoint.

Change in liver tests was analysed using a least-square means
regression and by the ratio of geometric means between baseline and
end-of-study visit. To use additional unplanned samples, recordings at
12 or 16 months of follow-up were combined (either a recording at 12
or 16 months or if both present the mean of the two recorded values)
as well as 20- and 24-month follow-up and analysed in the same manner.

Safety analyses were performed in randomized patients who had
received at least one dose of dapagliflozin or placebo. The interaction
between baseline bilirubin tertile and randomized treatment on the
occurrence of the pre-specified safety outcomes was tested in a logistic
regression model.

All analyses were conducted using Stata version 17.0 (StataCorp,
College Station, TX, USA) and SAS version 9.4 (SAS Institute, Cary,
NC, USA). A p-value <0.05 was considered statistically significant.

Results

A baseline measurement of bilirubin was available in 4720 patients
(99.5%) and showed a right-skewed distribution (online supplemen-
tary Figure S 7); ALP was available in 4729 patients, ALT in 4714, and
AST in 4681. Baseline median (IQR) values were: total bilirubin 10
(7—14) pmol/L (1 mg/dl = 17.1 pmol/L for conversion); ALP 76
(62-96) IU/L; ALT 18 (13-24) IU/L; and AST 21 (17-26) IU/L.
The proportion of patients with a level above the upper limit of
normal was: 661 (14.0%) for bilirubin; 471 (10.0%) for ALP; 393
(8.3%) for ALT; and 368 (7.9%) for AST. A total of 537 patients had
either elevated AST or ALT or both, and in 86 patients this was
accompanied by a raised bilirubin.

Baseline characteristics

There were many significant differences according to baseline
bilirubin level (Table 7). Each of ALP, ALT and AST were higher in
participants with higher bilirubin. Participants with higher bilirubin
were more likely to be male (T3 85.3% vs. T1 67.6%), to have lower
systolic blood pressure (120.0+15.6 vs. 123.8 +16.9 mmHg),
lower LVEF (30.5 +7.0% vs. 31.7 + 6.4%), and higher NT-proBNP
(1815 [1044—3406] vs. 1217 [741-2220] pg/ml) (all p <0.001).
Patients with higher bilirubin were more likely to be in NYHA

class III/IV (than class Il) and to have a lower (worse) KCCQ-TSS
than those in the lowest bilirubin tertile (Table 7). Other differ-
ences between patients in bilirubin T3 versus T1 included a lower
prevalence of diabetes (42.4% vs. 48.1%) but a substantially higher
prevalence of atrial fibrillation (49.1% vs. 27.9% by medical history,
34.3% vs. 14.5% with baseline electrocardiogram in atrial fibrilla-
tion or flutter) (Table 7). Patients in the highest bilirubin tertile
were more likely than those in the lowest tertile to be treated
with digoxin, an oral anticoagulant or a mineralocorticoid recep-
tor antagonist, and less often treated with an antiplatelet agent and
statin. Among patients with diabetes, fewer in the highest bilirubin
tertile were prescribed treatments for diabetes, although glycated
haemoglobin was similar across baseline bilirubin tertiles.

The baseline characteristics identified through stepwise logis-
tic regression independently associated with bilirubin are shown
in online supplementary Table S7. Higher NT-proBNP higher
haemoglobin, atrial fibrillation, higher (worse) NYHA class, male
sex, lower pulse pressure, higher ALP, higher AST and lower
KCCQ-TSS score were associated with bilirubin above the normal
range at baseline.

Cardiovascular outcomes according to
baseline bilirubin

Primary and secondary trial outcomes related
to bilirubin level

Incidence rates for the primary and secondary outcomes of the
trial were substantially higher in patients in bilirubin T3, compared
to T1 (Table 2, Figure 7). The elevated risk associated with higher
bilirubin persisted after comprehensive adjustment for other
predictors of worse outcomes, including LVEF, NT-proBNP and
troponin T, with a fully adjusted hazard ratio (aHR) in bilirubin
T3 versus T1 for the primary outcome of 1.73 (95% confidence
interval [CI] 1.37-2.17, p <0.001). The aHR for CV death (T3 vs.
T1) was 1.52 (1.12-2.07; p = 0.01). Given more patients in the
highest bilirubin tertile were male, this analysis was repeated in
male patients only, with consistent results (online supplementary
Table S2).

Analyses using baseline bilirubin concentration as a continu-
ous variable showed an essentially linear relationship between
event rates and bilirubin level (Figure 2). For each unit increase in
log-transformed total bilirubin, in adjusted Cox models, the aHR
for the primary endpoint was 1.66 (1.39-1.98; p <0.001); for
hospitalization or urgent visit for HF 1.94 (1.56—-2.40; p <0.001);
for death from CV causes 1.46 (1.16—1.85 p = 0.001); and
for death from any cause 1.33 (1.07-1.64; p = 0.01) (online
supplementary Table S3).

Analysed as a continuous variable, higher levels of ALP were
associated with a higher risk of the primary outcome, components
of the primary outcome, death from CV cause and any cause and
recurrent HF hospitalization and CV death. In the adjusted model
including NT-proBNP and high-sensitivity troponin T, the relation-
ship remained significant for death from any cause only. Neither
AST nor ALT level was associated with the risk of any outcome
in either adjusted or unadjusted models (online supplementary
Table S3).

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 Baseline characteristics according to tertile of total bilirubin at baseline

Bilirubin range (pmol/L) p-value
............................................................................... (trend)
Tertile 1 (3-8) Tertile 2 (8.6-12) Tertile 3 (13-63)
(n=1612) (n =1602) (n = 1506)
Age (years) 66.0+10.6 66.9+10.7 66.2+11.3 0.145
Female sex, n (%) 522 (32.4) 361 (22.5) 222 (14.7) <0.001
BMI (kg/m?2) 28.5+6.5 28.0+5.7 28.0+5.6 0.270
BMI categories <0.001
Underweight and normal weight 468 (29.0) 475 (29.7) 398 (26.4)
Overweight 552 (34.2) 569 (35.6) 592 (39.3)
Obesity class | 324 (20.1) 356 (22.2) 328 (21.8)
Obesity class Il-IlI 268 (16.6) 200 (12.5) 188 (12.5)
Race (%) 0.025
White 1132 (70.2) 1125 (70.2) 1059 (70.3)
Black 97 (6.0) 76 (4.7) 52 (3.5)
Asian 356 (22.1) 378 (23.6) 376 (25.0)
Other 27 (1.7) 23 (1.4) 19 (1.3)
Region (%) <0.001
North America 232 (14.4) 270 (16.9) 169 (11.2)
South America 312 (194) 296 (18.5) 203 (13.5)
Europe 718 (44.5) 668 (41.7) 761 (50.5)
Asia/Pacific 350 (21.7) 368 (23.0) 373 (24.8)
SBP (mmHg) 123.8+16.9 121.5+16.2 120.0+15.6 <0.001
Pulse pressure (mmHg) 50.6+13.3 484+ 123 459+11.8 <0.001
HR (bpm) 712+ 111 71.0+£11.6 7241124 0.025
Alkaline phosphatase (IU/L) 75.0 [62.0-92.0] 76.0 [62.0-95.0] 78.0 [63.0-103.0] <0.001
Aspartate transaminase (IU/L) 19.0 [16.0-24.0] 21.0 [17.0-26.0] 22.0 [18.0-28.0] <0.001
Alanine transaminase (IU/L) 17.0 [13.0-23.0] 18.0 [13.0-25.0] 18.0 [14.0-25.0] <0.001
eGFR (ml/min/1.73 m?) 65.1+20.2 65.3+19.0 66.9+188 0.003
eGFR <60 ml/min/1.73 m2, n (%) 702 (43.5) 641 (40.0) 573 (38.0) 0.002

NT-proBNP (pg/ml) 1217.0 [740.9-22204]  1423.6 [862.8-2413.7]  1814.8 [1044.1-34062]  <0.001
NT-proBNP if baseline ECG AF/flutter (pg/ml) 1879.8 [1245.8-2974.7]  1826.4[1220.0-2834.0]  2165.8 [1296.0-3490.4]  0.009
NT-proBNP if baseline ECG not AF/flutter (pg/ml) ~ 1112.8 [687.0-2025.1] 13009 [779.0-22942]  1619.6 [906.0-3360.2]  <0.001

Baseline blood urea nitrogen (mg/dl) 21.3[16.7-27.7] 21.0 [17.0-26.9] 21.0 [17.0-27.2] 0.857
HbATc (%) 6.2 [5.7-7.0] 6.0 [5.7-6.8] 6.1 [5.7-6.7] 0.003
HbA1c in patients without diabetes (%) 5.8 [5.5-6.0] 5.7 [5.5-6.0] 5.8 [5.5-6.0] 0.870
HbA1c in patients with diabetes (%) 7.1 [6.5-8.1] 6.9 [6.4-8.0] 6.9 [6.4-7.8] 0.031
Urate (mg/dl) 6.0+1.7 6.1+17 63+17 <0.001
Haemoglobin (g/dl) 13.0+£15 13.6+1.6 140+ 1.6 <0.001
Haematocrit (%) 40.1+4.7 41.6+4.8 42.8+52 <0.001
Ischaemic aetiology, n (%) 920 (57.1) 911 (56.9) 830 (55.1) 0.275
HF diagnosis duration, n (%) 0.211

0-3 months 52 (3.2) 49 (3.1) 46 (3.1)

>3-6 months 146 (9.1) 124 (7.7) 118 (7.8)

>6-12months 209 (13.0) 186 (11.6) 160 (10.6)

>1-2years 251 (15.6) 212 (13.2) 219 (14.5)

>2-5years 360 (22.3) 385 (24.0) 357 (23.7)

>5years 594 (36.8) 646 (40.3) 606 (40.2)
Time from last HF hospitalization to 0.377

randomization, n (%)

0-3 months 116 (7.2) 117 (7.3) 130 (8.6)

>3-6 months 139 (8.6) 145 (9.1) 124 (8.2)

>6—12 months 196 (12.2) 167 (10.4) 159 (10.6)

>1-2years 127 (7.9) 114 (7.1) 106 (7.0)

>2-5years 118 (7.3) 124 (7.7) 92 (6.1)

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 1 (Continued)

Bilirubin range (pmol/L) p-value
....................................................................... (trend)
Tertile 1 (3-8) Tertile 2 (8.6-12) Tertile 3 (13-63)
(n=1612) (n =1602) (n = 1506)
>5years 82 (5.1) 101 (6.3) 83 (5.5)
No prior HF hospitalization, n (%) 834 (51.7) 834 (52.1) 812 (53.9)
Ejection fraction (%) 31.7+64 30.9+6.9 305+7.0 <0.001
NYHA class lII/1V, n (%) 459 (28.5) 494 (30.8) 581 (38.6) <0.001
Total KCCQ score at baseline 79.2 [58.3-93.8] 79.2 [60.4-91.7] 75.5[57.3-91.7] 0.013
Hypertension, n (%) 1195 (74.1) 1205 (75.2) 1109 (73.6) 0.768
Type 2 diabetes, n (%) 776 (48.1) 714 (44.6) 638 (42.4) 0.001
Duration of type 2 diabetes, n (%) 0.007
<1 year 89 (12.1) 83 (12.6) 80 (13.9)
1-5years 151 (20.5) 157 (23.8) 155 (26.9)
5-10years 160 (21.7) 162 (24.5) 139 (24.1)
>10years 338 (45.8) 258 (39.1) 202 (35.1)
History of atrial fibrillation, n (%) 449 (27.9) 624 (39.0) 739 (49.1) <0.001
Baseline ECG AF or flutter, n (%) 233 (14.5) 376 (23.5) 516 (34.3) <0.001
Hospitalization for HF, n (%) 778 (48.3) 768 (47.9) 694 (46.1) 0.227
Previous myocardial infarction, n (%) 709 (44.0) 726 (45.3) 650 (43.2) 0.661
Previous stroke, n (%) 155 (9.6) 167 (10.4) 143 (9.5) 0.925
Chronic obstructive pulmonary disease, n (%) 209 (13.0) 212 (13.2) 158 (10.5) 0.038
Smoking status, n (%) 0.026
Current 267 (16.6) 234 (14.6) 191 (12.7)
Former 696 (43.2) 724 (45.2) 663 (44.0)
Never 649 (40.3) 644 (40.2) 652 (43.3)
ACEi/ARB/ARNI, n (%) 1527 (94.7) 1494 (93.3) 1397 (92.8) 0.024
Diuretic, n (%) 1498 (92.9) 1492 (93.1) 1423 (94.5) 0.080
Digoxin, n (%) 256 (15.9) 288 (18.0) 341 (22.6) <0.001
Beta-blocker, n (%) 1549 (96.1) 1550 (96.8) 1436 (95.4) 0.303
Mineralocorticoid receptor antagonist, n (%) 1114 (69.1) 1128 (70.4) 1114 (74.0) 0.003
Oral anticoagulant, n (%) 511 (31.7) 696 (43.4) 754 (50.1) <0.001
Antiplatelet, n (%) 965 (59.9) 885 (55.2) 730 (48.5) <0.001
Statin, n (%) 1098 (68.1) 1103 (68.9) 960 (63.7) 0.011
Amiodarone, n (%) 218 (13.5) 275 (17.2) 234 (15.5) 0.108
ICD/CRT-D, n (%) 400 (24.8) 450 (28.1) 386 (25.6) 0.575
Diabetes treatments in patients with T2DM, n (%) n=776 n=714 n =638
Biguanide 404 (52.1) 336 (47.1) 272 (42.6) <0.001
Sulfonylurea 181 (23.3) 143 (20.0) 109 (17.1) 0.004
DPP-4 inhibitor 130 (16.8) 117 (16.4) 62 (9.7) <0.001
GLP-1 receptor agonist 12 (1.5) 4 (0.6) 4 (0.6) 0.064
Insulin 215 (27.7) 187 (26.2) 137 (21.5) 0.008

Continuous variables are expressed as mean + standard deviation, or median [interquartile range], as appropriate.

ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor—neprilysin inhibitor; BMI, body mass
index; BP, blood pressure; COPD, chronic obstructive pulmonary disease; CRT-D, cardiac resynchronization therapy-defibrillator; DPP-4, dipeptidyl peptidase-4; ECG,
electrocardiogram; eGFR, estimated glomerular filtration rate; GLP-1, glucagon-like peptide-1; HbA1c, glycated haemoglobin; HF, heart failure; HR, heart rate; ICD, implantable
cardioverter-defibrillator; KCCQ, Kansas City Cardiomyopathy Questionnaire; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association;
SBP, systolic blood pressure; T2DM, type 2 diabetes mellitus.

A p-value for trend across tertiles of bilirubin is reported, using the Cochran—Armitage test for binary response variables and the Jonckheere—Terpstra test for continuous
variables. Multiple level categorical variables were compared using a chi-squared test.

For conversion of bilirubin units, 1 mg/dl = 17.1 pmol/L.

Modelling the relationship between liver tests and risk of - supplementary Figure S2). The lack of relationship between AST
each outcome flexibly using restricted cubic splines showed an © and ALT and any outcome was confirmed.
essentially linear relationship between elevated ALP and risk of Allocating patients to groups defined by tertiles of biliru-
outcomes, with some plateauing at very high levels of ALP (online *  bin and troponin T showed a marked increase in the rate of

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 2 Hazard ratios/rate ratios for key study outcomes according to tertile of total bilirubin at baseline

Primary endpoint, n (%)
Event rate, no. of cases per 100 patient-years (95% CI)
Unadjusted hazard ratio (95% ClI)
Adjusted hazard ratio 1 (95% Cl)
Adjusted hazard ratio 2 (95% ClI)
HF urgent visit or hospitalization, n (%)
Event rate, no. of cases per 100 patient-years (95% Cl)
Unadjusted hazard ratio (95% ClI)
Adjusted hazard ratio 1 (95% Cl)
Adjusted hazard ratio 2 (95% ClI)
Death from cardiovascular causes, n (%)
Event rate, no. of cases per 100 patient-years (95% Cl)
Unadjusted hazard ratio (95% CI)
Adjusted hazard ratio 1 (95% ClI)
Adjusted hazard ratio 2 (95% ClI)
Death from any cause, n (%)
Event rate, no. of cases per 100 patient-years (95% Cl)
Unadjusted hazard ratio (95% ClI)
Adjusted hazard ratio 1 (95% ClI)
Adjusted hazard ratio 2 (95% Cl)

Total HF hospitalizations and cardiovascular deaths, n

Event rate, no. of events per 100 patient-years (95% Cl)
Unadjusted rate ratio (95% Cl)

Adjusted hazard ratio 1 (95% Cl)

Adjusted hazard ratio 2 (95% ClI)

Tertile 1 Tertile 2 p-value Tertile 3 p-value
(n=1612) (n = 1602) (n = 1506)

215 (13.3) 287 (17.9) 383 (25.4)

9.3 (8.1-10.6) 12.8 (11.4-14.4) 19.4 (17.6-21.5)

1.00 (reference) 1.41(1.18-1.68)  <0.001 2.17 (1.83-2.56)  <0.001
1.00 (reference) 1.23 (1.02-1.47)  0.03 1.66 (1.38-1.99)  <0.001
1.00 (reference) 1.25(0.99-1.58)  0.06 1.73 (1.37-2.17)  <0.001
125 (7.8) 180 (11.2) 256 (17.0)

5.4 (4.5-6.4) 8.0 (6.9-9.3) 13.0 (11.5-14.7)

1.00 (reference) 1.53(1.22-1.92)  <0.001 2.51 (2.02-3.11)  <0.001
1.00 (reference) 1.32(1.04-1.67)  0.02 1.95 (0.54-2.45)  <0.001
1.00 (reference) 1.39 (1.03-1.87)  0.03 2.10 (1.57-2.82)  <0.001
120 (7.4) 165 (10.3) 214 (14.2)

5.0 (4.2-6.0) 7.0 (6.0-8.2) 10.0 (8.7-11.4)

1.00 (reference) 1.43(1.13-1.81)  0.003 2.06 (1.64-2.57)  <0.001
1.00 (reference) 1.25(1.98-1.60)  0.07 1.47 (1.15-1.88)  0.002
1.00 (reference) 1.33(0.98-1.81)  0.07 1.52 (1.12-2.07)  0.01
154 (9.6) 208 (13.0) 242 (16.1)

6.4 (5.5-7.5) 8.8 (7.7-10.1) 11.3 (9.9-12.8)

1.00 (reference) 1.41 (1.14-1.73)  0.001 1.81(1.47-221)  <0.001
1.00 (reference) 1.24 (1.00-1.54)  0.05 1.35(1.08-1.69) 0.01
1.00 (reference) 1.30 (0.99-1.71)  0.06 1.37 (1.04-1.81) 0.03
297 423 584

124 (11.0-139) 18.0 (16.4-19.8) 27.3 (25.2-29.6)

1.00 (reference) 1.49 (1.29-1.73)  <0.001 2.30 (2.00-2.65)  <0.001
1.00 (reference) 1.30 (1.11-1.51)  0.001 1.72 (1.48-2.00)  <0.001
1.00 (reference) 142 (1.17-1.72)  <0.001 1.85(1.53-2.24)  <0.001

Cl, confidence interval; HF, heart failure.

For the primary endpoint, HF urgent visit or hospitalization, cardiovascular death, and death from any cause, models are adjusted for previous hospitalization for HF and
treatment allocation and stratified by diabetic status. For death from any cause, models are adjusted for treatment allocation and stratified according to diabetic status. Adjusted
model 1 includes additional adjustment for age, sex, race, region, systolic blood pressure, heart rate, left ventricular ejection fraction, estimated glomerular filtration rate,
N-terminal pro-B-type natriuretic peptide (log-transformed), haemoglobin, New York Heart Association class, hypertension, previous stroke, previous myocardial infarction,

atrial fibrillation, and HF aetiology. Adjusted model 2 has the same variables as model 1 with plus high-sensitivity troponin T (log transformed).

the primary outcome when both bilirubin and troponin T were
in the highest tertile (Graphical Abstract). A similar outcome
was seen with tertiles of bilirubin and NT-proBNP (Graphical
Abstract).

Effect of dapagliflozin on primary and secondary trial
outcomes

The efficacy of dapagliflozin in preventing the primary outcome of
CV death or worsening HF did not differ across bilirubin tertiles (p
for interaction = 0.07). The efficacy of dapagliflozin in preventing
CV death, worsening HF events and all-cause death also did not
differ by bilirubin tertile (Table 3, Graphical Abstract). The results
were similar when bilirubin was treated as a continuous variable
(online supplementary Figure S3).

The proportion of patients with a 5-point or more decrease
in KCCQ-TSS (worsening) was smaller in those randomized to
dapagliflozin, and the proportion of patients with a 5-point or
more increase in KCCQ-TSS score (improvement) was higher in
those randomized to dapagliflozin, irrespective of baseline bilirubin
tertile (Table 3).

There was no significant interaction between ALP, AST or ALT
and randomized treatment on the occurrence of the primary
outcome with the liver tests being modelled as continuous variables
(online supplementary Figure $4).

Effect of dapagliflozin on liver tests

End-of-study visit samples were spread as follows: 13.5% at
12 months, 25.9% at 16 months, 33.5% at 20 months, 23.9% at
24 months, and 3.2% at 28 months. Although this analysis suggested
a small increase in bilirubin at the end-of-study visit in patients
assigned to dapagliflozin (Table 4), the supplementary analysis using
additional results from unplanned samples showed no change in
bilirubin or any other liver tests with dapagliflozin (online supple-
mentary Table S4). There was no difference in change in liver tests
when diabetic patients were analysed separately (data not shown).

Safety and adverse events

Each of the adverse events of interest was uncommon. A similar
proportion of patients experienced adverse events across bilirubin

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Unadjusted estimates for the cumulative incidence of the main study endpoints in tertiles of baseline bilirubin. Kaplan—Meier curves
for each tertile of baseline bilirubin for the primary composite endpoint (A), hospitalization or urgent visit for heart failure (B), death from

cardiovascular causes (C), or death from any cause (D).

tertiles (online supplementary Table S5). The rate of adverse events
did not differ notably between patients assigned to placebo or
dapagliflozin, in any bilirubin tertile (online supplementary Table S5).

Discussion

In a contemporary, well-treated ambulatory cohort of patients with
HFrEF, most of whom had mild symptoms, the prevalence of abnor-
mal liver tests was low (ranging from 8% to 15% for the various liver
tests measured), although patients with significant hepatic disease
were not enrolled in DAPA-HF. Bilirubin was the most frequently
elevated liver test, and it remained an independent predictor
of outcomes, despite adjustment for other prognostic variables,
including NT-proBNP and high-sensitivity troponin T, a finding we
believe has not been reported before. ALP was also independently
predictive of outcome. The benefit of dapagliflozin was consistent
across the range of bilirubin concentrations measured at baseline.

The proportion of patients in DAPA-HF in which bilirubin was
elevated (14.7%) was similar to that observed in PARADIGM-HF

(11.6%) and in the patients with reduced ejection fraction (15.8%)
recruited approximately 20 years ago in CHARM when background
therapy was markedly different.’®!" In all three studies, bilirubin
was associated with both the composite outcome of CV death or
worsening HF and all-cause mortality in predictive models includ-
ing an array of clinical and routinely measured biochemical vari-
ables. In PARADIGM-HEF, bilirubin was an independent predictor of
each outcome in multivariable models including these variables and
NT-proBNP, which is the single most powerful predictor of out-
comes in HFrEF (NT-proBNP was not measured in CHARM).™"24
High-sensitivity troponin has emerged as one of the few additional
biomarkers to consistently add prognostic information when added
to NT-proBNP'2252%6 |n DAPA-HF we tested whether bilirubin
retained its independent predictive value even in models contain-
ing both NT-proBNP and troponin, in addition to clinical variables.
We found that bilirubin provided incremental prognostic informa-
tion even when added to these other biomarkers and the fully
aHR for each outcome related to bilirubin level was not attenu-
ated to any significant extent compared to the unadjusted hazard
ratio.

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Association between total bilirubin as a continuous variable and the risk of the main study endpoints. Restricted cubic splines for
the risk of the primary composite endpoint (A), hospitalization or urgent visit for heart failure (B), death from cardiovascular causes (C), or
death from any cause (D) with the median bilirubin value (10 pmol/L) as reference.

The interesting question is what aspect of HF pathophysiology
is measured by bilirubin? Bilirubin is associated with high cen-
tral venous/right atrial pressure in patients with HF and this find-
ing raises the possibility that bilirubin provides different informa-
tion about central haemodynamics than NT-proBNP, which may
be more reflective of left- than right-sided pressures.”~® Because
bilirubin is associated with high central venous/right atrial pressure,
we anticipated that dapagliflozin would reduce bilirubin as SGLT2
inhibitors have a diuretic action that might alleviate hepatic con-
gestion.”>~17 However, we did not find this, possibly because the
diuretic action of SGLT?2 inhibitors is short-lived and might not have
led to a sustained decrease in bilirubin (there were small numbers
of bilirubin measurements before 12 months after randomization,
therefore early change could not be assessed).”>~"7 Moreover, tri-
als examining haemodynamic measurements have reported incon-
sistent findings. In a recent placebo-controlled invasive haemo-
dynamic study, 3 months of treatment with empagliflozin did not
reduce right-sided pressures.”’ Conversely, in a trial in patients
with an implanted pulmonary artery pressure sensor, empagliflozin

significantly reduced pulmonary artery end-diastolic pressure after
1 week, with a difference of 1.7 (95% Cl 0.3—-3.2) mmHg, compared
with placebo (p = 0.02), by 12 weeks.?®

This lack of effect on bilirubin contrasts with the observation
that sacubitril/valsartan, when compared with enalapril, did reduce
bilirubin significantly in PARADIGM-HFE" It is not clear why these
two trials differed in this respect. Although there is no random-
ized controlled trial of the central haemodynamic effects of sacu-
bitril/valsartan, this agent may have greater effects on preload and
afterload than SGLT2 inhibitors as indirectly suggested by the much
larger reduction in NT-proBNP with sacubitril/valsartan compared
to SGLT2 inhibitors.??-32

Transaminase levels are not increased as often as bilirubin in
patients with HF and transaminase levels may reflect a decrease in
cardiac index and liver blood flow more than the elevation of cen-
tral venous pressure.””? In DAPA-HF dapagliflozin treatment was
not associated with a reduction in transaminases. By contrast, sacu-
bitril/valsartan did reduce AST and ALT in PARADIGM-HF, suggest-
ing either a specific effect of neprilysin inhibition on transaminase

© 2022 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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1

Table 4 Change in liver tests at end-of-study visit by comparison of geometric mean ratios and by least squared mean

regression
n Comparison of geometric means Least squared mean regression
Baseline Study end
Geometric Geometric Ratio: follow Ratio: Mean change Between
mean mean up/baseline dapagliflozin/ treatment
(95% CI) (95% CI) geometric placebo difference
mean (95% CI) (dapagliflozin
vs. placebo)
Bilirubin
Dapagliflozin 1875 9.9 (9.7-10.2) 10.0 (9.8-10.3) 1.01 (0.99-1.03) 1.04(1.01-1.07), 0.1 (-0.2,0.3) 0.4 (0.0,0.8),
Placebo 1819 9.9 (9.6-10.1) 9.6 (9.4-9.8) 0.97 (0.95-0.99) p = 0.002 —-0.2 (-0.5,0.1) p=0.05
ALP
Dapagliflozin 1893  76.5 (75.3-77.6)  74.3 (73.2-75.5) 097 (0.96-0.98)  1.01 (1.00-1.03), -2.0(-3.3,-0.7) 0.7 (-1.1,24),
Placebo 1824 767 (75.5-78.0)  73.6 (72.4-74.8)  0.96 (0.95-0.97) p=01 —3.0 (—44,-1.6) p =044
ALT
Dapagliflozin 1839  18.1 (17.7-18.5) 17.4(17.0-17.8)  0.96 (0.94-0.98)  1.02 (0.99-1.05), —0.5(-1.1,0.2) -1.2(-44,20),
Placebo 1768  18.7 (183-19.1) 17.3 (16.9-17.7)  0.93 (0.91-0.95) p=014 0.4 (-2.8, 3.6) p =045
AST
Dapagliflozin 1867  21.2 (20.8-21.5)  20.3 (19.9-20.6)  0.96 (0.94-0.97)  1.00 (0.98-1.02), -0.7(-1.3,-0.1) —2.4(-6.8,2.0),
Placebo 1809 21.6 (21.3-22.0) 20.4 (20.1-20.8)  0.95 (0.93-0.96) p =089 1.5(-3.0, 6.0 p=029

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; Cl, confidence interval.

activity or, more likely, a greater effect of sacubitril/valsartan on
preload and afterload, compared with an SGLT2 inhibitor."" Con-
sistent with this hypothesis, one recent study showed that the
improvement in cardiac index with intravenous vasodilator and
inotropic therapy in patients with advanced HF was maintained
following a switch to sacubitril/valsartan (although this was not a
controlled trial).® SGLT2 inhibitors do decrease transaminases in
patients with type 2 diabetes, but this is not thought to be haemo-
dynamically mediated and, instead, probably reflects a reduction in
visceral fat, accumulation of which is not thought to be a feature of
HFrER18-20

Baseline bilirubin level did not modify the effect of dapagliflozin,
as was also observed with sacubitril/valsartan (but was not exam-
ined with candesartan). This is important because these treatments
are beneficial even in patients at high risk related to elevated biliru-
bin levels and the absolute benefits in such patients are large.

Study limitations

This was not a pre-specified analysis. Inclusion and exclusion cri-
teria applied may have limited the generalizability of our findings.
Specifically, patients with an AST or ALT more than three times the
upper limit or normal (or bilirubin greater than twice the upper
limit or normal) were excluded. We did not collect data on his-
tory of liver disease or alcohol intake. Other measures reflecting
hepatic function, including albumin, platelet count and international
normalized ratio, were not carried out in DAPA-HF. We did not
collect information on right-sided filling pressures or right ventric-
ular function. Regional variation in prevalence of sub-hepatitis may
account for some of the variation in abnormal liver tests, as patients

were not screened for viral hepatitis.>* Scheduled sampling of liver
tests occurred only at baseline and the end-of-study visit (between
12 and 28 months after randomization). Including only end-of-study
visits may have introduced survivor bias and our supplementary
analysis, including unscheduled visits, may not be a representative
sample as there was an indication for additional investigation.

Conclusion

Baseline bilirubin concentration was an independent predictor of
worse outcomes but did not modify the benefits of dapagliflozin
on morbidity and mortality in HFrEF.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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