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Abstract
LCZ696 (sacubitril/valsartan) is a first-in-class angiotensin receptor neprilysin inhibitor that simultaneously inhibits 

neprilysin and blocks the angiotensin II receptor. LCZ696 has been recently approved for treatment of HF and likely 
be co-administered with digoxin or warfarin. The drug interaction potential between LCZ696 and digoxin or warfarin 
was evaluated because of their potentially shared metabolic/elimination pathways. Two separate drug-drug interaction 
studies were conducted in healthy subjects: LCZ696 200 mg twice daily was co-administered with digoxin 0.25 mg once 
daily (n=24) and warfarin 25 mg single dose (n=26), respectively. The pharmacokinetic profiles of the LCZ696 analytes 
(sacubitril, LBQ657 and valsartan), digoxin and R- and S-warfarin, the pharmacodynamic effects of warfarin and the 
safety and tolerability of the investigational drugs were assessed. The geometric mean ratio (GMR) and 90%confidence 
interval (90% CI) for Cmax and AUCs of R- and S-warfarin, digoxin, and pharmacologically active LCZ696 analytes were 
within the bioequivalence range of 0.8-1.25 when co-administered. The GMR and 90% CI of warfarin pharmacodynamics 
effects were also within 0.8-1.25 range when co-administered with LCZ696. LCZ696 was generally safe and well-
tolerated when administered alone or in combination with digoxin/warfarin. No drug-drug interaction was observed upon 
co-administration of LCZ696 with digoxin/warfarin in healthy subjects.

Keywords: LCZ696; Digoxin; Warfarin; Drug-Drug interaction;
Neprilysin; Angiotensin-II receptor

Abbreviations: AE: Adverse Event; AUC: Area Under the
Plasma Concentration-Time Curve; AUCinf: Area Under the 
Plasma Concentration−Time Curve With the Last Concentration 
Extrapolated; AUClast: Area Under the Plasma Concentration−Time 
Curve Up To the Last Measurable Concentration; AUC0-12h: Area 
Under the Plasma Concentration−Time Curve from Time Zero to the 
End of the Dosing Interval (0-12 hours); AUC0-24h: Area Under the 
Plasma Concentration−Time Curve from Time Zero to 24 Hours; b.i.d: 
twice daily; BMI: Body Mass Index; CI: Confidence Interval; Cmax, ss: 
Maximum (peak) Observed Steady-State Drug Concentration; CYP: 
Cytochrome P450; GMR: Geometric Mean Ratio; INR: International 
Normalised Ratio; MRP2: Multidrug Resistance-Associated Protein 2; 
OATP: Organic Anion Transporting Polypeptide; Pgp: P-Glycoprotein; 
PT: Prothrombin Time; q.d: Once Daily; SAE: Serious Adverse Event; 
SD: Standard Deviation; Tmax: Time to Reach Maximum (peak) 
Concentration Following Drug Administration; t1/2: Half-Life 

Introduction
LCZ696 (sacubitril/valsartan) is a first-in-class angiotensin 

receptor neprilysin inhibitor that simultaneously inhibits neprilysin 
and blocks the angiotensin II receptor 1 (AT1). LCZ696 is developed 
for the treatment of heart failure [1,2] and has now been approved to 
reduce the risk of cardiovascular death and hospitalisation for heart 
failure in patients with chronic heart failure (NYHA Class II-IV) and 
reduced ejection fraction [3]. Following oral administration of LCZ696, 
systemic exposure to sacubitril (pro-drug), LBQ657 (neprilysin 
inhibitor) and valsartan (AT1 receptor blocker) is observed. Peak 
concentrations of sacubitril, LBQ657 and valsartan are observed within 
a median time (Tmax) of 1-3 hours [4]. LBQ657 is predominantly 
eliminated by the renal route, whereas valsartan is primarily eliminated 
by the biliary route. In vitro studies have indicated that sacubitril, 
LBQ657 and valsartan are not metabolised by cytochrome P450 (CYP) 
enzymes to a significant level. Sacubitril exhibits a weak inhibition 

potential for CYP 2C8 (IC50: ~15 µM) and CYP 2C19 (IC50: ~20 µM), 
and LBQ657 exhibits a weak inhibition potential for CYP 2C9 (IC50 
~40 µM; Data on file), whereas valsartan shows no inhibition potential 
for any CYP enzyme [5,6]. In vitro data from Caco-2 cells suggest that 
P-glycoprotein (Pgp) is implicated in the transport of sacubitril [7].
Valsartan is transported by organic anion transporting polypeptide
1B1 (OATP1B1), 1B3 (OATP1B3) and multidrug resistance-associated 
protein 2 (MRP2) [8].

Guideline-recommended treatment of heart failure includes 
administration of renin−angiotensin−aldosterone system inhibitors, 
aldosterone antagonists and beta blockers [9] In addition, digoxin 
maybe co-prescribed as it is considered potentially beneficial in patients 
with heart failure with reduced left ventricular ejection fraction, and 
has been shown to decrease hospitalisation rates [9]. Indeed, in the 
recently concluded PARADIGM-HF trial about 30% of participating 
subjects were administered with digoxin as a concomitant medication 
[2] In patients with chronic heart failure with atrial fibrillation or
other additional risk factors for cardio-embolic stroke (e.g., history of
hypertension, diabetes mellitus, previous stroke or transient ischemic
attack or age ≥75 years), oral anticoagulants such as warfarin maybe
prescribed [9]. Both digoxin and warfarin are narrow therapeutic index 
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were collected for up to 12 hours to determine the pharmacokinetics 
of LCZ696 analytes (sacubitril, LBQ657, valsartan). The subjects were 
discharged from the study centre on Day 5 after the 24-hour sample 
of Day 4.

After a washout period of 4–7 days and baseline measurements, 
in treatment period 2, the subjects were domiciled for 15 days and 
received digoxin 0.25 mg once daily (q.d.) for 14 days, with LCZ696 
200 mg b.i.d. co-administered from Day 11–14. Pre-dose blood samples 
were collected on Days 8, 9, 12 and 13 to measure digoxin trough 
levels. Serial post-dose blood samples were collected on Day 10 for 
24 hours to determine the steady-state pharmacokinetics of digoxin. 
Pre-dose samples were collected on Days 13 (prior to the morning and 
evening LCZ696 doses) and 14 (prior to the morning LCZ696 dose) 
to measure trough levels of LCZ696 analytes. On Day 14, serial blood 
samples were collected for 12 and 24 hours post-dose to determine the 
pharmacokinetics of LCZ696 and digoxin, respectively.

LCZ696–warfarin drug interaction study: This was a single-blind, 
randomised, two-period, cross-over study in healthy subjects (Figure 
1B). The subjects underwent a screening period (Days −21 to −2), 
two baseline periods (Day −1) and two treatment periods separated 
by a washout period of 10−14 days. In each period, the subjects were 
domiciled for at least 11 days and received either LCZ696 200 mg b.i.d. 
or matching placebo for 10 days with a single dose of warfarin 25 mg 
co-administered on Day 5. Pre-dose blood samples for LCZ696 were 
collected on Day 3 (morning and evening LCZ696/placebo dosing) 
and on Day 4 (morning only) to measure trough levels of LCZ696 
analytes. Post-dose serial blood samples were collected on Day 4 for up 
to 12 hours post-morning dose to determine the pharmacokinetics of 
LCZ696 and on Day 5 and for up to 144 hours thereafter to determine 
the pharmacokinetic and pharmacodynamic profiles of warfarin.

Pharmacokinetic assessments

The plasma samples were analysed using validated liquid 
chromatography–tandem mass spectrometry with a lower limit of 
quantification at 1.0 ng·mL−1 for LCZ696 analytes (sacubitril, LBQ657 
and valsartan) [20] and 0.1 ng·mL−1 for digoxin and 2.0 ng·mL−1 for 
warfarin enantiomers [14].

The plasma pharmacokinetic parameters were determined using 
the non-compartmental method (WinNonlin Pro; version 5.2). The 
pharmacokinetic parameters for LCZ696 analytes and digoxin were the 
maximum observed steady-state drug concentration (Cmax,ss), Tmax 
and area under the plasma concentration−time curve (AUC) from time 
zero to the end of the dosing interval (0 to 12 hours [AUC0-12h] for 
LCZ696 analytes and from 0 to 24 hours [AUC0-24h] for digoxin). 
Pharmacokinetics parameters for warfarin enantiomers were Cmax, 
AUC up to the last measurable concentration (AUClast), AUC with 
the last concentration extrapolated (AUCinf) and half-life (t1/2).

Pharmacodynamic assessments

Pharmacodynamic parameters were assessed in the LCZ696–
warfarin drug interaction study. Blood samples were collected in 3.8% 
sodium citrate-containing tubes at screening, at baseline (periods 1 and 
2), just prior to warfarin administration (pre-dose, Day 5) and at 4, 8, 
12, 24, 36, 48, 60, 72, 96, 120 and 144 hours post warfarin dose of each 
treatment period. The PT (seconds) and international normalised ratio 
(INR) values were determined [14] The mean PT (AUCPT/144; AUC 
for PT divided by time interval 144 hours [seconds]), peak PT (the 
maximum observed PT over 144 hours), mean INR (AUCINR/144; 
AUC for PT divided by time interval 144 hours [seconds]) and peak 

drugs. Digoxin undergoes Pgp-mediated transport in the intestine and 
kidney [10-12] and have a variable bioavailability rate of 60%–85% [13] 
It has been shown that concomitant treatment with drugs sharing the 
same transport or elimination mechanism, or those that inhibit Pgp, 
affect the disposition of digoxin [10,12] Pharmacokinetic interaction 
data for digoxin obtained from healthy subjects have been previously 
used to support prescription guidance [14-16].

The S-enantiomer of warfarin is primarily metabolised by CYP2C9, 
whereas the R-enantiomer is metabolised by CYP1A2, CYP3A4, 
CYP2C19 [17]. Co-administration with compounds that inhibit 
these CYP enzymes could potentially increase the R- and S-warfarin 
concentrations, thereby increasing their anticoagulant effect and risk 
of bleeding [18]. Pharmacokinetic and pharmacodynamic interaction 
data for warfarin obtained from healthy subjects have been previously 
used in various studies to support prescription guidance [14,19].

Based on in vitro observations, the potential for drug interaction 
between LCZ696 and digoxin via a Pgp mechanism and between 
LCZ696 and warfarin via a CYP2C9 interaction exists. Therefore, 
two separate clinical studies were conducted in healthy subjects to 
determine the potential drug interaction between LCZ696 and digoxin 
or warfarin.

Methods
Subjects

Healthy men and women between 18 and 45 years of age 
were included in both the clinical studies. Men using acceptable 
contraception during the studies and women of non-childbearing 
potential were eligible to participate in the studies. The major exclusion 
criteria for both the studies included history of smoking, use of any

prescription drugs or herbal supplements within 4 weeks prior 
to the initial dosing, use of over-the-counter medication or dietary 
supplements (vitamins included) within 2 weeks prior to the initial 
dosing and a history or presence of cardiovascular disease, including 
arrhythmias.

The studies were conducted at Triumpharma LLC (Amman, 
Jordan) in accordance with Good Clinical Practice guidelines and the 
principles of the Declaration of Helsinki, following approval from the 
local institutional review board at the University of Jordan and the 
University Hospital, Amman, Jordan. All participants provided written 
informed consent before participating in the study. 

A total of 24 subjects were enrolled in LCZ696–digoxin drug 
interaction study to ensure that at least 19 subjects complete the study 
to detect a change of at least 25% in digoxin pharmacokinetics with 80% 
power. A total of 26 subjects were enrolled in LCZ696–warfarin drug 
interaction study to ensure that at least 20 subjects complete the study 
to detect a change of at least 15% in warfarin pharmacokinetics with 
90% power. The magnitude of change in exposure that can be detected 
with adequate power is appropriate for these narrow therapeutic index 
drugs.

LCZ696–digoxin drug interaction study: This was an open-
label, two-period, single-sequence study in healthy subjects (Figure 
1A). After screening (Days −21 to −2) and baseline measurements 
(Day−1), in treatment period 1, the subjects were domiciled for 5 
days and received LCZ696 200 mg twice daily (b.i.d.) for 3 days and 
a single (morning) dose of LCZ696 200 mg on Day 4. Pre-dose blood 
samples were collected on Day 3 (morning and evening dose) and Day 
4 to measure LCZ696 trough levels. On Day 4, serial blood samples 
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INR (the maximum observed INR over 144 hours) were determined 
from the PT and INR values.

Safety and tolerability assessments

Safety assessments consisted of recording all adverse events 
(AEs) and serious AEs (SAEs), with their severity and relationship 
to the study drugs. Physical examinations and regular monitoring/
assessment of haematology, blood chemistry urine, vital signs and 
electrocardiograms were conducted.

Statistical analysis

For statistical analysis, co-administration of digoxin or warfarin 
with LCZ696 was considered as the test treatment, whereas the 
individual treatments (LCZ696, digoxin or warfarin) were considered 
as reference. The primary analysis was conducted on log-transformed 
pharmacokinetic parameters. The point estimates and confidence limits 
were back-transformed to the original scale as geometric mean ratios 
(GMRs) and the corresponding 90% confidence interval (CI) limits.

In the LCZ696–digoxin drug interaction study, digoxin steady-
state pharmacokinetic parameters were compared between period 
2 Day 14 (LCZ696 + digoxin) and period 2 Day 10 (digoxin alone). 
Similarly, LCZ696 steady-state PK parameters were compared between 
period 2 Day 14 (LCZ696 + digoxin) versus period 1 Day 4 (LCZ696 
alone). 

In the LCZ696–warfarin drug interaction study, the LCZ696 
steady-state pharmacokinetic parameters were compared between 
Day 5 (LCZ696 + warfarin) and Day 4 (LCZ696 alone), considering 
only the period where warfarin was administered. All the above 
comparisons were made using a paired t-test on log-transformed PK 
data and the difference estimate and 90% CI was back-transformed 
to obtain GMR and 90% CI of GMR. Since warfarin pharmacokinetic 
parameters for warfarin + LCZ696 and warfarin alone were collected 
in 2 × 2 cross-over set-up, a mixed model analysis of log-transformed 
pharmacokinetic data to obtain the difference estimates and 90% CI 
was used. The model included sequence, treatment and period as fixed 
effects and random effects from subject nested in sequence. GMR and 
90% CI were obtained by back-transformation.
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Figure-1: Study designs of the (A) LCZ696-digoxin drug interaction study and the (B) LCZ696−warfarin drug interaction study.
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presence of warfarin. The mean Cmax,ss and AUC0-12h for LBQ657 
and valsartan, and the mean AUC0-12h for sacubitril were similar to 
those observed following individual treatments (within the no-effect 
range of 0.8−1.25). The mean Cmax,ss for sacubitril increased by 18% 
in the presence of warfarin, with the upper limit of 90% CI being 1.5 
(Table 2).

Effect of LCZ696 on the pharmacokinetics of digoxin

The mean Cmax,ss of digoxin was 1.5 ng·mL−1 (GMR [90% CI]: 
0.96 [0.9, 1.0]) at approximately 1 hour when administered alone or 
in combination with LCZ696 (Figure 4A). The mean AUC0-24h for 
digoxin was similar when administered alone (15.3 ng·h.mL−1) or in 
the presence of LCZ696 (14.2 ng·mL−1; GMR [90% CI]: 0.9 [0.9, 0.96]; 
(Table 3).

Effect of LCZ696 on the pharmacokinetics and 
pharmacodynamics of warfarin

The plasma concentration–time profile of R- and S-warfarin 
(Figure 4B, Figure 4C) showed that Cmax was achieved within 2 hours 
when warfarin was administered alone (median Tmax: 2.0 and 1.0 
hours for R- and S-warfarin, respectively), and remained unchanged 
in the presence of LCZ696. LCZ696 did not affect the pharmacokinetic 
parameters of warfarin enantiomers, including Cmax, AUClast and 
AUCinf. The 90% CIs of the estimated GMRs were within the no-effect 
range of 0.8-1.25 (Table 4). Co-administration of warfarin and LCZ696 
and co-administration of warfarin and placebo were associated with 
similar effects on pharmacodynamics of warfarin PT, maximal PT, INR 
and maximal INR (Figure 5). The adjusted GMRs (90% CI) between 
the LCZ696 + warfarin and LCZ696 + placebo treatments for mean 
PT, maximal PT, INR and maximal INR remained within the no-effect 
range of 0.8-1.25 (Table 5).

Safety and tolerability

All of the AEs reported with LCZ696 in combination with digoxin 
or warfarin were mild-to-moderate in severity, except one incidence of 
severe AE of headache in the LCZ696–digoxin drug interaction study. 
There were no SAEs or deaths in either of the studies. 

In the LCZ696–digoxin drug interaction study, the proportion of 
subjects with at least one AE with LCZ696 (29.2%) was similar to digoxin 
(25.0%) and was slightly higher during the co-administration treatment 
phase (i.e. period 2; 41.7%). The most frequently reported AEs were 
diarrhoea, dyspepsia, headache and abdominal pain. Diarrhoea was 
more commonly reported during co-administration of LCZ696 and 
digoxin (29.2%) compared with LCZ696 (4.2%) or digoxin (0%) alone, 
whereas dyspepsia was more common with LCZ696 administration 
(12.5%) compared with digoxin (4.2%) or their combination (0%). One 
subject discontinued the study due to an AE of vomiting, which was 
not considered to be related to the study drug by the study investigator, 
and the event resolved on the same day without treatment.

In the LCZ696–warfarin drug interaction study, 40.0%, 24.0%, 
32.0% and 19.2% of subjects on LCZ696, warfarin + LCZ696, warfarin 
+ placebo and placebo, respectively, had AEs. Headache and back pain 
were the most commonly reported AEs. Headache was reported by five 
subjects (20.0%) each on LCZ696 + warfarin and warfarin + placebo 
treatments and two subjects (8.0%) on LCZ696 alone. Back pain was 
more common in subjects taking LCZ696 alone (20.0%) compared 
with the other treatments (none on LCZ696 + warfarin and placebo + 
warfarin and 7.7% with placebo). Two subjects discontinued the study 
due to AEs, one subject due to facial swelling secondary to a tooth 
abscess and another subject due to a mild wound due to a cut. The facial 

The pharmacodynamic analysis of warfarin (mean PT, peak 
PT, mean INR and peak INR) was conducted on log-transformed 
pharmacodynamics parameters using a linear mixed-effects model. 
Sequence (1, 2), period (1, 2) and treatment (factors were included in 
the model as fixed effects and subjects as a random effect).

No drug interaction was concluded if the GMR and the 
corresponding 90% CIs were within the bioequivalence range of 0.8-
1.25. If 90% CI bounds were outside of this range, the clinical relevance 
of a change in GMR was evaluated.

Results
Baseline characteristics and subject disposition Of the 24 subjects 

enrolled in the LCZ696–digoxin drug interaction study, 23 (95.8%) 
subjects completed the study and one subject discontinued due to an 
AE. In this study, all subjects were Caucasian males with a mean (± 
standard deviation [SD]) age of 26.9 ± 5.80 years and a body mass index 
(BMI) of 23.1 ± 3.0 kg/m2. 

In the LCZ696–warfarin drug interaction study, a total of 26 
subjects were enrolled; of these, 24 (92.3%) subjects completed the 
study and two subjects discontinued due to AEs. All the subjects 
enrolled in this study were Caucasian males with a mean (± SD) age of 
27.3 ± 6.4 years and a BMI of 23.6 ± 3.2 kg/m2.  In both studies, none 
of the AEs leading to discontinuations were suspected to be related 
to the study treatments. AEs are further described in the safety and 
tolerability section.

Assessment of steady-state concentrations of LCZ696 analytes 
and digoxin

The trough concentrations of the LCZ696 analytes as measured 
on Days 3 and 4 of the treatment in LCZ696-digoxin drug interaction 
study and Days 3-5 in LCZ696-warfarin drug interaction study indicate 
that steady state was achieved by Day 3 in both the studies following 
b.i.d. dosing (Table 1). The results of trough concentrations for digoxin 
as measured on Days 8–10 of the treatment also indicated that steady-
state concentrations were achieved by Day 8 of the treatment as the 
Ctrough (mean ± SD) on Days 8, 9 and 10 were 0.5 ± 0.1, 0.5 ± 0.1 and 
0.5 ± 0.1 ng·mL−1, respectively.

Effect of digoxin on the pharmacokinetics of LCZ696 analytes

The plasma concentration–time profiles of LCZ696 analytes were 
not altered when LCZ696 was co-administered with digoxin (Figure 2). 
The corresponding pharmacokinetic parameters for LCZ696 analytes 
are summarised in Table 2. LCZ696 analytes (sacubitril, LBQ657 
and valsartan) were rapidly absorbed into systemic circulation when 
administered alone (median values of Tmax: 0.5, 2.5 and 1.5 hours, 
respectively) or in the presence of digoxin (median values of Tmax: 
0.5, 2.0 and 1.5 hours, respectively). The mean Cmax,ss of sacubitril 
decreased by 2% in the presence of digoxin, based on the estimated 
GMR (90% CI) of 0.98 (0.8, 1.25). The 90% CIs and respective GMRs 
for Cmax,ss for LBQ657 and valsartan, and AUC0-12h for LBQ657, 
sacubitril and valsartan in the presence of digoxin were within the no-
effect range of 0.8-1.25 (Table 2).

Effect of warfarin on the pharmacokinetics of LCZ696 
analytes

The plasma concentration−time profiles of the LCZ696 analytes 
were not altered when co-administered with warfarin (Figure 3). 
The median values of Tmax were 0.5, 2.0 and 1.5 hours for sacubitril, 
LBQ657 and valsartan, respectively, and remained unchanged in the 
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LCZ696 
analyte

Treatment Ctrough (ng·mL−1)
Day 3*/13** Day 4*/14** Day 5***

Morning Evening Morning Evening Morning Evening
LCZ696–digoxin drug interaction study 

Sacubitril LCZ696 alone 3.9 ± 2.9 2.4 ± 4.0 2.4 ± 1.6 1.4 ± 1.1 - -
LCZ696 + digoxin 2.7 ± 3.3 0.8 ± 0.8 1.5 ± 1.6 1.0 ± 0.8 - -

LBQ657 LCZ696 alone 2552.1 ± 588.3 2253.3 ± 499.2 2318.3 ± 474.5 2201.7 ± 538.2 - -
LCZ696 + digoxin 2444.6 ± 504.5 2492.6 ± 447.2 2549.1 ± 536.2 2534.8 ± 529.7 - -

Valsartan LCZ696 alone 310.8 ± 155.0 383.5 ± 207.4 289.9 ± 183.1 381.8 ± 220.0 - -
LCZ696 + digoxin 363.5 ± 306.9 316.5 ± 157.0 325.7 ± 184.2 392.6 ± 187.2 - -

LCZ696–warfarin drug interaction study 
Sacubitril LCZ696 3.0 ± 3.9 1.4 ± 1.4 4.2 ± 6.3 1.0 ± 0.9 3.9 ± 5.6 0.7 ± 1.0
LBQ657 LCZ696 2412.8 ± 882.3 2390.8 ± 952.1 2485.2 ± 815.7 2360.8 ± 783.0 2748.0 ± 900.0 2614 ± 860.5
Valsartan LCZ696 358.5 ± 217.2 387.1 ± 301.2 378.7 ± 241.6 425.3 ± 211.3 374.4 ± 239.9 431.9 ± 240.6

Values are expressed as mean ± SD.
*Concentration of LCZ696 when administered alone.
**Concentration of LCZ696 when administered with digoxin during treatment period 2.
***Concentration of LCZ696 when warfarin was co-administered on Day 5.
SD, standard deviation; Ctrough, the minimum observed drug concentration at the end of the dose interval during multiple dosing.

Table 1: Trough concentrations of LCZ696 analytes. 

LCZ696
analytes

Treatments N pharmacokinetic parameters
Tmax 
(hours)

Cmax,ss
(ng·mL−1)

AUC0-12h 
(ng·h mL−1)

LCZ696–digoxin drug interaction study 

Sacubitril LCZ696 alone 24  
0.5 (0.5–4.0)

1426 ± 661 1864 ± 787

LCZ696+digoxin 23
0.5 (0.5–3.0)

1374 ± 694 1774 ± 522

GMR* (90% CI) 0.98 (0.8, 1.3) 0.97 (0.9, 1.1)

LBQ657 LCZ696 alone 24  2.5 (1.0–4.0) 7935 ± 1442 52458 ± 9377

LCZ696+digoxin 23 2.0 (1.5–4.0) 9082 ± 1665 59831 ± 10405

GMR* (90% CI) 1.14 (1.1, 1.2) 1.13 (1.1, 1.2)

Valsartan LCZ696 alone 24  1.5 (1.0–4.0) 2390 ± 982 12662 ± 5439

LCZ696+digoxin 23 1.5 (1.0–4.0) 265 6 ± 1193 13916 ± 6098

GMR* (90% CI) 1.06 (0.9, 1.3) 1.07 (0.9, 1.2)

LCZ696–warfarin drug interaction study

Sacubitril LCZ696 alone 25  0.5 (0.5–3.0) 1262 ± 708 1701 ± 519

LCZ696+warfarin 25  0.5 (0.5–3.0) 1431 ± 591 1712 ± 466

GMR* (90% CI) 1.18 (0.9, 1.5) 1.02 (0.95, 1.1)

LBQ657 LCZ696 alone 25  2.0 (1.5–4.0) 8339 ± 1639 56270 ± 11001

LCZ696+warfarin 25 2.0 (1.0–4.0) 888 4 ± 1564 60350 ± 12664

GMR* (90% CI) 1.07 (1.0, 1.1) 1.07 (1.1, 1.1)

Valsartan LCZ696 alone 25 1.5 (1.0–4.0) 3324 ± 1393 16530 ± 7196

LCZ696+warfarin 25 1.5 (1.0–4.0) 3192 ± 1406 15880 ± 7475

GMR* (90% CI) 0.93 (0.8, 1.1) 0.94 (0.8, 1.1)

Data are shown as mean (± SD) except for Tmax values, which are presented as median (min–max).*Ratio = (LCZ696+digoxin or warfarin)/LCZ696.
AUC, area under the plasma concentration−time profile; AUC0-12h, AUC from 0 to 12 hours; Cmax,ss, maximum (peak) observed steady-state drug concentration; CI, 
confidence interval; GMR, geometric mean ratio; Tmax, time to reach maximum (peak) concentration following drug administration; SD, standard deviation

Table 2: Pharmacokinetics parameters for LCZ696 analytes when administered alone or in combination with digoxin or warfarin.
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Pharmacokinetic parameters Digoxin alone LCZ696 + digoxin GMR* (90% CI)
N=24 N=23  

Tmax, 
(hours; median [range])

1 (0.5–2.0) 1 (0.5–3.0) –

Cmax,ss
 (ng·mL−1)

1.5 ± 0.3 1.5 ± 0.6 0.96 (0.89, 1.03)

AUC0-24 h 
(ng·h·mL−1)

15.3 ± 3.3 14.2 ± 3.6 0.92 (0.88, 0.96)

Data are shown as mean (± SD) except for Tmax values, which are presented as median (min–max).*Ratio = (LCZ696+digoxin)/LCZ696.
AUC, area under the plasma concentrationtime curve; AUC0-24h, AUC from 0 to 24 hours; Cmax,ss, maximum (peak) observed steady-state drug concentration; CI, 
confidence interval; GMR, geometric mean ratio; Tmax, time to reach maximum (peak) concentration following drug administration; SD, standard deviation.

Table 3: Pharmacokinetics parameters for digoxin when administered alone or in combination with LCZ696. 

 R-warfarin S-warfarin
Pharmacokinetic

parameters
Placebo +warfarin LCZ696+warfarin GMR* (90% CI) Placebo +warfarin LCZ696+warfarin GMR* (90% CI)

N=25 N=25 N=25 N=25  
Tmax 

(hours; median [range]) 
2.0 (0.5–4.0) 2.0 (0.5–4.0) – 1.0 (0.5–4.0) 1.0 (0.5–4.0) –

Cmax (ng·mL−1) 1399 ± 234 1343 ± 249 0.96 (0.91, 1.03) 1444 ± 271 1367 ± 277 0.95 (0.88, 1.03)
AUClast

(ng·h·mL−1)
61570 ± 11991 59860 ± 12357 0.99 (0.97, 1.01) 49810 ± 18059 49180 ± 19549 0.98 (0.95, 1.01)

AUCinf 
(ng·h·mL−1)

69010 ± 15853 66400 ± 16315 0.98 (0.96, 1.00) 56360 ± 28321 55300 ± 30143 0.97 (0.95, 1.00)

t1/2 
(hours)

43.9 ± 8.0 41.8 ± 7.4 – 40.3 ± 14.8 38.5 ± 14.1 –

Data are shown as mean (± SD) except for Tmax values, which are presented as median (min–max).*Ratio = (LCZ696+warfarin)/LCZ696.
AUC, area under the plasma concentration−time curve; AUClast, AUC up to the last measurable concentration; AUCinf, AUC with the last concentration extrapolated; 
Cmax maximum (peak) concentration; CI, confidence interval; GMR, geometric mean ratio; Tmax, time to reach maximum (peak) concentration following drug 
administration; t1/2, half-life; SD, standard deviation.

Table 4: Pharmacokinetic parameters for warfarin when administered alone or in combination with LCZ696. 

Parameter Adjusted geometric means Adjusted GMR
(90% CI)

LCZ696+warfarin
(N=26)

Placebo+warfarin
(N=25)

Mean PT (seconds) 16.5 16.5 1.00 (0.99, 1.01)

Peak PT (seconds)* 21.9 22.0 0.99 (0.97, 1.02)

Mean INR 1.3 1.3 1.00 (0.98, 1.01)

Peak INR$ 1.9 1.9 0.99 (0.95, 1.03)

For pharmacodynamics analysis of warfarin, all 26 subjects were included in the warfarin group; however, for the LCZ + warfarin group, only 25 subjects were included 
as one subject did not receive any dose of LCZ696. 
*Median time to peak PT: 35.97 hours for LCZ696 + warfarin; 35.97 hours for placebo +warfarin.
$Median time to peak INR: 35.97 hours for LCZ696 + warfarin; 35.97 hours for placebo +warfarin; mean prothrombin time = AUCPT (0-144 h)/144; mean INR = 
AUCINR(0-144 h)/144.
AUC, area under the plasma concentration−time curve; INR, international normalised ratio; GMR, geometric mean ratio; PT, prothrombin time.

Table 5: Effect of LCZ696 on warfarin pharmacodynamics.

swelling and cut resolved 10 and 22 days after the last study medication, 
respectively. A relationship between these events and study drug was 
not suspected by the study investigator. 

Discussion and conclusions
Digoxin and warfarin are narrow therapeutic index drugs that 

are commonly used to treat patients with heart failure and reduced 
ejection fraction [8]. In patients with mild-to-moderate heart failure, 
digoxin has been shown to improve health-related quality of life and 
exercise tolerance, regardless of the underlying rhythm, causes of heart 
failure or concomitant therapy [9] Warfarin is commonly prescribed 
in patients with chronic heart failure and permanent or paroxysmal 
atrial fibrillation and additional risk factors for cardioembolic stroke 

[9] Therapeutic drug monitoring of warfarin, which involves regular 
monitoring of its INR, is indicated [21] as the INR can be affected by 
numerous factors including diet [22] LCZ696 is being developed for 
the treatment of heart failure at a proposed dosing regimen of 200 mg 
b.i.d. As there is a potential for co-administration of LCZ696 with either 
digoxin or warfarin in this patient population, two clinical studies were 
conducted to evaluate the drug interaction potential between LCZ696 
and digoxin, and LCZ696 and warfarin. 

Following twice-daily administration of LCZ696 200 mg, steady-
state levels of LCZ696 analytes were achieved by Day 3. The median 
values of Tmax for all LCZ696 analytes were similar when LCZ696 was 
administered alone or in combination with digoxin or warfarin. The 
GMRs and 90% CIs for both Cmax and AUCs of LBQ657 and valsartan 
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were within the bioequivalence range of 0.8-1.25 when LCZ696 and 
digoxin were co-administered, suggesting that digoxin has no effect 
on the pharmacokinetics of LCZ696. Similarly, the GMRs and 90% 
CIs of Cmax and AUCs of LBQ657 and valsartan were within the 
bioequivalence range of 0.8-1.25 when LCZ696 and warfarin were co-
administered, suggesting that the steady-state pharmacokinetics of 
LCZ696 were not changed when co-administered with a single dose 
of warfarin. In contrast, the Cmax,ss of sacubitril increased by 2% and 
18% when LCZ696 was co-administered with digoxin and warfarin, 
respectively. This is not considered to be clinically relevant because 
1) the inter-subject variability of sacubitril Cmax,ss exceeded the 
observed changes (coefficient of variation: 41%–56%), 2) sacubitril is a 
prodrug and not biologically active, and 3) Cmax and AUC of LBQ657, 
the active neprilysin inhibitor, were not affected.

Digoxin transport is mainly mediated by Pgp [10,11] and a co-
administered drug with a similar transport mechanism or an inhibitor 
of Pgp may interfere with the disposition of digoxin [10,12]. The 
present study indicated that co-administration of LCZ696 does not 
alter the steady-state levels and pharmacokinetics of digoxin. The 
GMRs and 90% CIs for both Cmax and AUCs of digoxin were within 
the bioequivalence range of 0.8-1.25, suggesting that co-administration 
with LCZ696 has no effect on the pharmacokinetics of digoxin and thus 
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Values are presented as mean (standard deviation).
LCZ696 alone: LCZ696 200 mg b.i.d. for 3 days and a morning dose on Day 4. 
LCZ696+digoxin: digoxin 0.25 mg q.d. for 14 days co-administered with LCZ696 
200 mg b.i.d. from Days 11 to 14 (Day 14, morning dose).
b.i.d.; twice daily; q.d., once daily
Figure 2: Steady-state plasma concentration−time profiles of sacubitril, LBQ657 
and valsartan following the administration of LCZ696 alone or in combination 
with digoxin (A, B and C, respectively).
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dose co-administered on Day 5.
b.i.d.; twice daily
Figure 3: Steady-state plasma concentration−time profiles of sacubitril, LBQ657 
and valsartan following the administration of LCZ696 alone or in combination 
warfarin (A, B and C, respectively). 

does not influence the PgP-mediated transport of any PgP substrate.

The more potent S-enantiomer of warfarin is primarily oxidised by 
CYP2C9, whereas the R-enantiomer is oxidised by CYP1A2, CYP3A4 
and CYP2C19 [17]. The clinical effects of warfarin are primarily 
assessed by measuring PT and its derived standardised parameter, INR 
[23,24]. In vitro assessment demonstrated inhibition of CYP 2C19 by 
sacubitril (IC50 of ~20 µM) and inhibition of CYP 2C9 by LBQ657 
(IC50 ~40 µM) (Data on file). The GMRs and 90% CIs of Cmax and 
AUCs of R- and S-warfarin and the peak and mean parameters of 
PT and INR values were within the bioequivalence range of 0.8-1.25, 
suggesting that LCZ696 has no impact on the pharmacokinetics and 
pharmacodynamics of warfarin. These results indicate that LCZ696 at 
the proposed therapeutic dose does not inhibit CYP2C9. 

Overall, LCZ696 was safe and well tolerated both as monotherapy 
and in combination with either digoxin or warfarin. The reported AEs 
were mostly mild to moderate in severity and the AEs leading to study 
discontinuation were not related to the study drugs.

In conclusion, the present studies in healthy subjects indicate that 
co-administration of LCZ696 200 mg b.i.d. and warfarin 25 mg q.d. or 
digoxin 0.25 mg q.d. are not subject to a drug–drug interaction, and 
that LCZ696 does not interact with PgP-mediated drug transport or 
CYP2C9-mediated drug metabolism. 
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Digoxin alone: digoxin 0.25 mg q.d. for 10 days.
LCZ696+digoxin: Digoxin 0.25 mg q.d. for 14 days co-administered with LCZ696 
200 mg b.i.d. from Days 11 to 14 (Day 14, morning dose).
LCZ696+warfarin: LCZ696 200 mg b.i.d. for 10 days with warfarin 25 mg single 
dose co-administered on Day 5.
Placebo+warfarin: LCZ696 matching placebo for 10 days with warfarin 25 mg 
single dose co-administered on Day 5.
b.i.d.; twice daily; q.d., once daily.
Figure 4: Plasma concentration−time profiles of digoxin (A), R-warfarin (B) and 
S-warfarin (C) following the administration of digoxin or warfarin alone or in 
combination with LCZ696.
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Figure 5: Prothrombin time (A) and international normalised ratio (B) of 
warfarin when administered with placebo or in combination with LCZ696.
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