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Abstract
Purpose Interactions between ticagrelor and atorvastatin or
simvastatin were investigated in two-way crossover studies.
Methods Both studies were open-label for statin; the ator-
vastatin study was placebo-controlled for ticagrelor. For
atorvastatin, volunteers (n024) received ticagrelor (loading
dose 270 mg; 90 mg twice daily, 7 days) or placebo, plus
atorvastatin calcium (80 mg; day 5). For simvastatin, vol-
unteers (n024) received simvastatin 80 mg, or ticagrelor
(loading dose 270 mg; 180 mg twice daily, 7 days) plus
simvastatin (80 mg; day 5). In each study, volunteers re-
ceived the alternate treatment after washout (≥7 days).
Results Ticagrelor increased mean atorvastatin maximum
plasma concentration (Cmax) and area under the plasma
concentration-time curve from zero to infinity (AUC) by
23 % and 36 %, respectively. Simvastatin Cmax and AUC
were increased by 81 % and 56 % with ticagrelor. Ticagrelor
also increased Cmax and AUC of analysed atorvastatin
metabolites by 13–55 % and 32–67 %, respectively, and
simvastatin acid by 64 % and 52 %, respectively. Co-
administration of ticagrelor with each statin was well
tolerated.

Conclusions Exposure to ticagrelor and its active metabo-
lite, AR-C124910XX, was generally unchanged by a single
dose of either statin, except for a minor increase in ticagrelor
Cmax in the presence of simvastatin. Effects of ticagrelor on
atorvastatin pharmacokinetics were modest and unlikely
clinically relevant, while with simvastatin, changes were
slightly larger, and simvastatin doses >40 mg with ticagrelor
should be avoided.
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Introduction

Ticagrelor is a reversibly binding adenosine diphosphate
P2Y12 receptor antagonist that, unlike the thienopyridine
antiplatelet agent, clopidogrel, does not require metabolic
activation to exert its antiplatelet effect [1–4]. The clinical
benefits of ticagrelor over standard treatment with clopidog-
rel have recently been demonstrated in the phase 3 PLATelet
inhibition and Outcomes (PLATO) trial, where treatment
with ticagrelor vs. clopidogrel significantly reduced the rate
of the composite of myocardial infarction, stroke, and death
from vascular causes [5]. Furthermore, ticagrelor was asso-
ciated with a similar rate to clopidogrel of overall major
bleeding, but was associated with a higher rate of major
bleeding not related to coronary artery bypass grafting;
dyspnoea and ventricular pauses also occurred more fre-
quently in patients treated with ticagrelor [5]. Based on
these findings, ticagrelor is now approved in more than 70
countries, including the EU [6] and the USA [7], for the
reduction of thrombotic events in patients with acute coro-
nary syndromes (ACS). The clinical regimen for ticagrelor
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is a single 180 mg loading dose, then 90 mg twice daily
thereafter [6, 7].

Ticagrelor is rapidly absorbed and exhibits linear and pre-
dictable pharmacokinetics over a wide dose range [8–10]. It is
metabolised to the major metabolite AR-C124910XX; this
metabolite is also active, and present in the plasma at a
concentration approximately 30 % that of the parent com-
pound [3, 11, 12]. Cytochrome P450 (CYP) 3A4 and 3A5
are the enzymes predominantly responsible for the metabo-
lism of ticagrelor to AR-C124910XX [13]. In vitro metabo-
lism studies in human liver microsomes have shown that
ticagrelor is a substrate and weak inhibitor of CYP 3A [13],
suggesting a potential for drug interactions with other CYP
3A substrates. In these studies, complex interactions were
observed between ticagrelor and different CYP 3A substrates
[13], as would be expected due to well documented substrate-
dependent interactions. Ticagrelor partially inhibited testoster-
one hydroxylation (23–30 % at 5–50 μM ticagrelor) and
inhibited midazolam 4-hydroxylation (IC50 8.2 μM), markers
of CYP3A activity [13].

Conditions that are often co-morbid with ACS result
in patients receiving multiple medications post-ACS [14,
15]. The cholesterol-lowering drugs, statins, are one such
class widely used by patients with ACS, because of
their ability to significantly reduce cardiovascular risk
[16–20]. For example, atorvastatin (10–80 mg once dai-
ly) [21] and simvastatin (5–80 mg once daily) [22] are
prescribed for the treatment of hypercholesterolaemia.
Indeed, in the PLATO trial, of the 18,624 ACS patients,
51 % received atorvastatin and 44 % received simvasta-
tin post-randomisation (AstraZeneca, data on file).

Atorvastatin and simvastatin are both metabolised by
CYP3A4 and CYP3A5 [23–25], although CYP3A5 plays a
lesser role in the metabolism of atorvastatin [25]. Given the
role of the CYP3A enzyme family in the metabolism of both
ticagrelor and several statins [13, 23, 24], together with the
likelihood of their combination in clinical practice, two studies
were carried out early in the clinical development programme
to investigate the effects of co-administration of ticagrelor and
atorvastatin or simvastatin in healthy volunteers. The primary
objectives of the present studies were to examine the pharma-
cokinetics of each statin when administered in the presence
and absence of ticagrelor. The effects of each statin on the
pharmacokinetics of ticagrelor, as well as safety and tolerabil-
ity during co-administration, were also assessed.

Methods

Study populations

Inclusion criteria were: age 18–45 years; weight at least
50 kg; body mass index (BMI) 18–30 kg/m2; normal

physical and laboratory examination results; and if female,
postmenopausal or surgically sterile. Key exclusion criteria
included a history of hypersensitivity or adverse reactions to
dicalcium phosphate and lactose excipients; history of my-
opathy; co-administration of known CYP3A4/5 inhibitors
and inducers within 30 days previously; known allergy to
statins or history of myositis with statins; previous compli-
cations during statin therapy; and use in the previous
2 weeks of aspirin, ibuprofen, or other drugs known to
increase the propensity for bleeding.

Since a drug interaction was predicted based on in vitro
data [13], the sample sizes were calculated such that any
interaction would be fully characterised, i.e. the studies were
powered to show a lack of interaction. Sample sizes were
based on between-subject coefficients of variation for area
under the plasma concentration-time curve from zero to
infinity (AUC) and maximum plasma concentration (Cmax)
in healthy volunteers receiving 40 mg atorvastatin calcium
or simvastatin [26, 27].

For the simvastatin study, assuming an intrasubject cor-
relation of 0.65 for AUC and Cmax, similar variability
assumptions and log-normal distribution of data, 16 evalu-
able volunteers would provide at least 80 % power that 90 %
confidence intervals (CIs) for the Cmax ratio would be
contained within the range 0.7–1.43, if there was no clini-
cally significant interaction.

For the atorvastatin study, assuming an intrasubject cor-
relation of 0.5, similar variability assumptions and log-
normal distribution of data, 20 evaluable volunteers would
provide at least 80 % power that 95 % CIs for Cmax ratio
would be contained within the range 0.7–1.43, if there was
no clinically significant interaction. In this study, two-sided
95 % CIs were used to reflect an adjustment for a planned
interim analysis that was performed to ascertain if the trial
should be extended (randomising further volunteers) or
stopped. As the 95 % CI was not contained within the limits
of 0.7–1.43, recruitment of additional volunteers was not
required.

All volunteers provided written, informed consent. The
final protocols were approved by independent institutional
review boards (atorvastatin study: Southern Institutional
Review Board, Miami, Florida, USA; simvastatin study:
Heartland Institutional Review Board, Lenexa, Kansas,
USA). The studies were performed in accordance with the
Declaration of Helsinki, and were consistent with
International Conference on Harmonisation/Good Clinical
Practice guidelines, AstraZeneca’s bioethics policy, and ap-
plicable regulatory requirements.

Design and treatment

Both studies (D5130C00025 [atorvastatin] and D5130C00024
[simvastatin]) were randomised, two-period, two-way
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crossover studies (Fig. 1). In each study, volunteers received
each of two treatments over two periods, crossing over to the
alternate treatment after the washout period. Follow-up visits
were scheduled 4–7 days after the end of the last treatment
period.

In the atorvastatin study, given the side-effect profile of
statins and their potential for muscle-related adverse events
(AEs), use of ticagrelor was placebo controlled in order to
assess the safety of the co-administered combination more
objectively. Patients were enrolled between May and June
2005, after the phase 3 study dose (90 mg twice daily) had
been selected; this ticagrelor dose is now used clinically [6,
7]. Ticagrelor and placebo treatments were blinded to both
investigator and volunteer; however, the study was open
label with regard to the statin. The atorvastatin study con-
sisted of two sequential 9-day periods, with a washout
period of 7–10 days between treatments. Volunteers
remained in the clinical research unit from day −1 until
discharge on day 8 of each study period. Patients were
randomised (1:1) sequentially to receive initially either tica-
grelor or placebo (Fig. 1). After a single loading dose of
ticagrelor (270 mg) or placebo, patients received either
ticagrelor 90 mg twice daily or placebo twice daily for
7 days. On day 5, patients received a single dose of atorvas-
tatin 80 mg. After the washout period, volunteers were
crossed over to receive the other regimen (ticagrelor or
placebo). For the atorvastatin study, the blinding remained
unbroken for planned analyses until all data evaluability had
been established.

The simvastatin study was all open label. Volunteers were
randomised (1:1) to receive initially either ticagrelor for
7 days with a single dose of simvastatin on day 5 or just a
single simvastatin 80-mg dose on day 5. After a washout
period of ≥7 days, volunteers were crossed over to receive
the other regimen. The ticagrelor regimen consisted of a
single loading dose of ticagrelor (270 mg) followed by
ticagrelor 180 mg twice daily for 7 days (Fig. 1).
Ticagrelor 180 mg twice daily was used, as this study
preceded the phase 2 DISPERSE2 study [2] in which the
90-mg twice-daily dosing regimen was established.

For both studies, all study medications were taken with
240 ml of room-temperature water. All volunteers had
standardised meals that were identical for each study period,
and no other food was permitted. During the treatment
periods, no consumption of alcohol, caffeine-containing
products, Seville oranges or grapefruit-containing products
was permitted.

Pharmacokinetic sampling

During collection of blood samples, volunteers fasted over-
night prior to dosing and until 4 h postdosing; water con-
sumption was restricted.

For the atorvastatin study, blood samples for ticagrelor
and AR-C124910XX analyses were collected predose (0)
and 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12 h postdose on days 4
and 5. Predose samples were also collected on days 1 and 3.
Following atorvastatin dosing on day 5, blood samples for
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Period 1 (9 days)

Ticagrelor + atorvastatin

Day 1 AM: 1 ×T 270 mg

Day 1 PM: 1 ×T 90 mg

Days 2–7: T 2 ×90 mg (bid)

Day 5 AM: 1 ×A 80 mg

Period 1 (9 days)

Placebo + atorvastatin

Day 1 AM: 1 ×P 270 mg

Day 1 PM: 1 ×P 90 mg

Days 2–7: P 2 ×90 mg (bid)

Day 5 AM: 1 ×A 80 mg

Period 2 (9 days)

Placebo + atorvastatin

Day 1 AM: 1 ×P 270 mg

Day 1 PM: 1 ×P 90 mg

Days 2–7: P 2 ×90 mg (bid)

Day 5 AM: 1 ×A 80 mg

Period 2 (9 days)

Ticagrelor + atorvastatin

Day 1 AM: 1 ×T 270 mg

Day 1 PM: 1 ×T 90 mg

Days 2–7: T 2 ×90 mg (bid)

Day 5 AM: 1 ×A 80 mg

Period 1 

Simvastatin alone

Day 5: 1 ×80 mg dose 

Period 1 (9 days)

Ticagrelor + simvastatin

Day 1 AM: 1 ×T 270 mg

Day 1 PM: 1 ×T 180 mg

Days 2–7: T 2 ×180 mg (bid)

Day 5: 1 ×S 80 mg

Period 2 (9 days)

Ticagrelor + simvastatin

Day 1 AM: 1 ×T 270 mg

Day 1 PM: 1 ×T 180 mg

Days 2–7: 2 ×T 180 mg (bid)

Day 5: 1 ×S 80 mg

Period 1 

Simvastatin alone

Day 5: 1 ×80 mg dose

Washout (7–10 days) Washout ( 7 days)

Fig. 1 Study designs. T ticagrelor, S simvastatin, A atorvastatin, bid twice daily
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analysis of atorvastatin and its metabolites (atorvastatin
lactone, 2-hydroxy atorvastatin and 4-hydroxy atorvastatin)
in plasma were collected predose (0) and 0.25, 0.5, 1, 2, 3, 4,
6, 8, 10, 12, 18, 24, 36, 48 and 72 h postdose.

For the simvastatin study, blood samples for ticagrelor/
AR-C124910XX analyses were collected predose (0) and
0.5, 1, 2, 3, 4, 6, 8, 10, 12 h postdose on days 4 and 5, and
additionally at 18, 24, 36, 48 and 72 h postdose following
the day 5 dose. Blood samples for analysis of simvastatin
and the metabolite simvastatin acid were collected predose
(0) and 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 18, 24, 36, 48 and
72 h postdose.

For all analyses, 2-ml venous blood samples were col-
lected into lithium-heparin tubes and kept on ice. Plasma
was prepared within 30 min by centrifugation (1500g,
10 min, 4 °C), and stored at −20 °C.

Following protein precipitation, reversed phase chroma-
tography and tandem mass spectrometry were used to de-
termine plasma concentrations of atorvastatin and the
metabolites atorvastatin lactone, 2-hydroxy atorvastatin
and 4-hydroxy atorvastatin (lower limit of quantification
[LLOQ] for all compounds 0.25 ng/ml), simvastatin and
simvastatin acid (LLOQ 0.25 ng/ml), and ticagrelor and
AR-C124910XX (LLOQ 5.0 and 2.5 ng/ml, respectively)
[28].

Safety assessments

Safety and tolerability were assessed throughout the studies.
As mentioned above, in the atorvastatin study, ticagrelor
was placebo-controlled to better characterise the safety pro-
file of co-administered ticagrelor and atorvastatin.
Information on serious AEs (SAEs) was collected from the
time of informed consent until 14 days after the last dose of
study drug (atorvastatin study) or the follow-up visit (sim-
vastatin study). Non-serious AEs were monitored during
both studies, from the time of first drug administration to
the follow-up visit.

Data analyses

Pharmacokinetic parameters were estimated by standard
non-compar tmenta l methods , us ing WinNonl in
Professional (Pharsight Corporation, Mountain View,
California, USA).

Steady-state pharmacokinetic parameters estimated for
ticagrelor and AR-C124910XX were Cmax, time to Cmax

(tmax), area under the plasma concentration-time curve from
zero to 12 h (AUC0–12), and metabolite–parent Cmax and
AUC0–12 ratios.

Single-dose pharmacokinetic parameters estimated for
atorvastatin and simvastatin, and their respective metabo-
lites, were Cmax, tmax, half-life (t½) and AUC. t½ was

calculated as 0.693/λz, where λz was the terminal elimina-
tion rate constant calculated by log-linear regression of the
terminal portion of the concentration-time profile. AUC was
calculated using the linear trapezoidal method up to the last
measurable concentration and thereafter by extrapolation of
the terminal elimination phase to infinity.

Statistical analyses were performed using SAS Version
8.0 (SAS Institute, Cary, North Carolina, USA).
Pharmacokinetic data were summarised descriptively by
treatment. Following log-transformation, Cmax and AUC
data were analysed by analysis of variance fitting terms for
period, sequence, and treatment. Volunteer within sequence
was included as a random effect in the models. Geometric
least squares mean ratio point estimates and CIs (95 % for
the atorvastatin study; 90 % for the simvastatin study) for
the difference in treatments were constructed using within-
volunteer error terms. The no clinically significant effect
limits were 0.80–1.25 for 95 % CIs for the effect of tica-
grelor on atorvastatin, and for the effect of atorvastatin on
ticagrelor and AR-C124910XX pharmacokinetic parame-
ters. The no clinically significant effect limits were 0.80–
1.25 for 90 % CIs for the effect of ticagrelor on simvastatin,
and vice versa.

Results

Demographics and baseline characteristics

Of the 24 volunteers randomised and treated in the atorvas-
tatin study, 19 (79 %) were male; 18 were Hispanic (75 %),
five (21 %) were black, and one (4 %) was Caucasian. Mean
(standard deviation [SD]) age was 32.5 (8.8) years and mean
(SD) BMI was 24.8 (2.9) kg/m2. Of the 24 volunteers
randomised and treated in the simvastatin study, 18 (75 %)
were male, 14 (58 %) were Caucasian, and 10 (42 %) were
black. Mean (SD) age was 28.8 (8.3) years and mean (SD)
BMI was 25.6 (2.5) kg/m2. Three and four volunteers dis-
continued the atorvastatin and simvastatin studies, respec-
tively. No concomitant medication was taken during the
atorvastatin study. During the simvastatin study, six volun-
teers took concomitant medication preapproved by the in-
vestigator, and considered unlikely to have a major effect on
the pharmacokinetic data.

Pharmacokinetic findings

Atorvastatin

The atorvastatin median tmax was unchanged during co-
administration with ticagrelor (Table 1). However, relative
to administration with placebo, Cmax and AUC of atorvas-
tatin were increased in the presence of ticagrelor (Table 1,
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Table 1 Pharmacokinetic parameters of atorvastatin, simvastatin and their respective metabolites following a single dose with or without ticagrelor

Parameter Atorvastatin 80 mg+ticagrelor
90 mg twice daily (n021)

Atorvastatin 80 mg+placebo (n021) Geometric mean ratio
(95 % CI)a

Atorvastatin

Cmax (ng/ml)c 54.9 (60.9) 44.7 (61.3) 1.23 (0.96–1.58)

AUC (ng.h/ml)c 223.4 (59.3) 164.7 (58.1) 1.36 (1.16–1.58)d

AUC0–t (ng.h/ml)c 220.4 (53.9) 156.5 (52.9) 1.41 (1.24–1.61)d

t½ (h)e 9.2 (3.9) 9.0 (4.6) –

tmax (h)
f 0.5 (0.5–2.0) 0.5 (0.5–2.0) –

Atorvastatin lactone

Cmax (ng/ml)c 15.7 (75.3) 11.3 (75.8) 1.39 (1.11–1.73)

AUC (ng.h/ml)c 153.8 (65.2) 116.9 (72.5) 1.32 (1.15–1.50)g

AUC0–t (ng.h/ml)c 147.3 (65.5) 111.2 (71.7) 1.33 (1.17–1.51)g

t½ (h)e 8.6 (3.2) 8.6 (3.4) –

tmax (h)
f 2.0 (1.0–8.0) 2.0 (1.0–8.0) –

2-hydroxy atorvastatin

Cmax (ng/ml)c 59.6 (40.9) 52.6 (56.3) 1.13 (0.89–1.44)

AUC (ng.h/ml)c 350.3 (36.6) 263.8 (39.6) 1.33 (1.16–1.52)

AUC0–t (ng.h/ml)c 342.9 (37.6) 255.0 (40.8) 1.35 (1.17–1.55)

t½ (h)e 11.0 (3.7) 10.8 (3.2) –

tmax (h)
f 1.0 (0.5–3.0) 1.0 (0.5–2.0) –

4-hydroxy atorvastatin

Cmax (ng/ml)c 1.84 (69.8) 1.19 (72.4) 1.55 (1.35–1.78)

AUC0–t (ng.h/ml)c 25.3 (87.7) 15.2 (94.5) 1.67 (1.38–2.01)

t½ (h)e 16.5 (9.9) 13.5 (8.4) –

tmax (h)
f 8.0 (0.5–10.0) 7.0 (0.5–10.0) –

Simvastatin 80 mg+ticagrelor
180 mg twice daily (n020)

Simvastatin 80 mg alone (n020) Geometric mean ratio
(90 % CI)b

Simvastatin

Cmax (ng/ml)c 29.6 (77.5) 16.3 (81.4) 1.81 (1.49–2.21)

AUC (ng.h/ml)c 146.0 (59.6) 93.5 (70.1) 1.56 (1.30–1.87)

AUC0–t (ng.h/ml)c 140.4 (60.5) 87.7 (73.2) 1.60 (1.32–1.94)

t½ (h)c 6.9 (46.8) 8.2 (47.0) –

tmax (h)
f 1.0 (0.5–6.0) 2.0 (0.5–8.0) –

Simvastatin acid

Cmax (ng/ml)c 6.5 (66.1) 3.9 (82.4) 1.64 (1.38–1.95)

AUC (ng.h/ml)c 69.7 (64.6) 46.0 (85.6) 1.52 (1.30–1.78)

AUC0–t (ng.h/ml)c 63.5 (60.6) 39.7 (87.0) 1.60 (1.36–1.88)

t½ (h)c 7.7 (78.9) 8.5 (97.7) –

tmax (h)
f 3.5 (1.0–8.0) 4.0 (3.0–18.0) –

aGeometric least squares mean ratio of ticagrelor + atorvastatin/placebo + atorvastatin
bGeometric least squares mean ratio of ticagrelor + simvastatin/simvastatin alone
cGeometric least squares mean (coefficient of variation [%]), based on log-transformed data
d n019
eMean (standard deviation)
fMedian (range)
g n020

AUC area under the plasma concentration-time curve from zero to infinity, AUC0–t area under the plasma-concentration time curve from zero to
time t, CI confidence interval, Cmax maximum plasma concentration, t½ half-life, tmax time to Cmax

Note: there were insufficient data to calculate the AUC of 4-hydroxy atorvastatin
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Fig. 2a): Cmax increased by 23 % and AUC by 36 %, with
95 % CIs outside the no clinically significant effect limits of
0.80–1.25 for each parameter (Table 1). When ticagrelor and
atorvastatin were co-administered, considerable interindi-
vidual variability in exposure to atorvastatin was observed.
However, this variability was no greater than that observed
with atorvastatin alone (coefficients of variation for Cmax

and AUC were 60.9 % and 59.3 %, respectively).
Increases in Cmax, AUC and area under the plasma

concentration-time curve from zero to time t (AUC0–t)
were observed for the metabolites atorvastatin lactone
(39 %, 32 %, 33 %, respectively), 2-hydroxy atorvastatin
(13 %, 33 %, 35 %, respectively), and 4-hydroxy ator-
vastatin (Cmax: 55 %; AUC0–t: 67 %), following co-
administration with ticagrelor (Table 1, Fig. 2b–d).
However, in general, tmax and t½ of the atorvastatin

metabolites were unchanged during ticagrelor co-
administration (Table 1, Fig. 2b–d).

Simvastatin

Simvastatin tmax and t½ values were similar with or without
co-administration of ticagrelor (Table 1). In addition, com-
pared with administration alone, simvastatin Cmax and AUC
were increased by 81 % (90 % CI: 1.49–2.21) and 56 %
(90 % CI: 1.30–1.87), respectively, during co-administration
with ticagrelor (Table 1, Fig. 3a). There was considerable
interindividual variability in the magnitudes of the changes
in pharmacokinetic parameters when ticagrelor was co-
administered with simvastatin, but variability was no greater
than that observed with simvastatin alone. Although the
mean increases in Cmax and AUC were 81 % and 56 %
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atorvastatin, over time following administration of a single dose of atorvastatin 80 mg with ticagrelor 90 mg (n021) or placebo (n021)
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respectively, in some individual volunteers 2–3-fold
increases in the Cmax and AUC of simvastatin were ob-
served (Fig. 4).

Relative to administration of simvastatin alone, little
change was observed in tmax and t½ for simvastatin acid
during ticagrelor co-administration (Table 1, Fig. 3b).
Similar to simvastatin, Cmax and AUC for simvastatin acid
were increased in the presence of ticagrelor by 64 % (90 %
CI: 1.38–1.95) and 52 % (90 % CI: 1.30–1.78), respectively
(Table 1, Fig. 3b).

Ticagrelor and AR-C124910XX

Steady-state plasma concentration-time profiles of ticagrelor
and AR-C124910XX were similar after treatment with tica-
grelor alone and in combination with either atorvastatin or

simvastatin (Fig. 5). Relative to administration of ticagrelor
alone, no clinically significant changes in the pharmacokinetic
parameters of ticagrelor and AR-C124910XX were observed
during co-administration with either atorvastatin or simvasta-
tin, except for a 14% increase in ticagrelor Cmax following co-
administration with simvastatin; the geometric mean ratio for
ticagrelor Cmax was 1.14 (90 % CI: 1.00–1.30), with the upper
confidence limit marginally outside the no clinically signifi-
cant effect limits (Table 2).

Safety and tolerability

Study medication was generally well tolerated in both stud-
ies. One volunteer discontinued due to atrial fibrillation in
the simvastatin study. This event was considered mild and
since the volunteer had a history of palpitations with exer-
cise prior to enrolling in the study, it may have predated the
study. In the same study, one volunteer experienced an SAE
8 days after the last dose of study medication: chronic
mediastinitis considered moderate and not treatment-related.

All other AEs were mild and the majority had resolved
before the end of the studies. Two volunteers receiving tica-
grelor and atorvastatin had ecchymoses (classified as minor
bleeding), which were considered treatment-related. Three
volunteers receiving ticagrelor and simvastatin had dyspnoea
(two events considered treatment related) and four experienced
one minor bleeding event each (epistaxis, cephalhaematoma,
haematuria [considered treatment-related], and ecchymosis).

Discussion

Since ticagrelor is a weak inhibitor of CYP 3A in vitro, and
several statins that are commonly administered in ACS are
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also metabolised by CYP 3A, the nature of a possible
pharmacokinetic interaction with ticagrelor was investigat-
ed early in the clinical development programme. Our
findings showed that ticagrelor increased the plasma expo-
sures of simvastatin and atorvastatin, whereas the pharma-
cokinetic parameters of ticagrelor and AR-C124910XX
during co-administration with atorvastatin or simvastatin
were generally unchanged relative to the administration
of ticagrelor alone, except for a minor increase in ticagre-
lor Cmax in the presence of simvastatin, considered to be
of minimal clinical relevance despite lying outside the no
clinically significant effect limits.

Co-administration of ticagrelor with atorvastatin resulted in
an increase in the AUC of atorvastatin by a mean of 36 % and
Cmax by a mean of 23%. In addition, the AUC and Cmax of the

metabolites of atorvastatin were also increased by 13–67 %.
Following co-administration of ticagrelor and simvastatin, the
magnitude of the interaction was greater than with atorvastatin,
with mean increases in simvastatin AUC and Cmax of 56% and
81 %, respectively. Increases in the simvastatin acid metabolite
were also observed (52–64 %) following co-administration.
Given the significance of CYP3A4 in the metabolic pathway
of atorvastatin and simvastatin [29, 30], it is considered that the
increased exposure to atorvastatin and simvastatin and their
respective metabolites during co-administration with ticagrelor
is mostly due to inhibition of CYP3A4 by ticagrelor. This is
concordant with previously reported data showing that other
CYP3A4 inhibitors, such as itraconazole and cyclosporine,
increase exposure to atorvastatin and simvastatin when co-
administered [31, 32]. A similar effect could also be expected
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when ticagrelor is co-administered with lovastatin, another
substrate for CYP3A [33].

However, the role of organic anion transporting polypep-
tide (OATP) 1B1 in these interactions cannot be ruled out.
Indeed, many statins have been shown to be substrates of
OATP1B1, including atorvastatin and simvastatin acid [34].
Itraconazole is also a substrate for OATP1B1, and cyclospor-
ine is an inhibitor [34], which could at least in part explain the
increased exposure to atorvastatin and simvastatin when these
agents are co-administered. Gemfibrozil is also an inhibitor of
OATP1B1 [34]. However, in the absence of data regarding the
effect of ticagrelor on OATP1B1 in vitro, the role of
OATP1B1 in the interaction between ticagrelor and atorvas-
tatin and simvastatin cannot be further elucidated with the
observations in these two studies.

Although the ethnicity of the enrolled volunteers was dif-
ferent in the atorvastatin and simvastatin studies, the variability
in the pharmacokinetics of both statins with and without tica-
grelor is consistent with other findings. Previously, substantial
intra- and interindividual variability were observed in the
pharmacokinetics of these agents [35, 36]. Indeed, the phar-
macokinetics of atorvastatin have been shown to be affected by
several factors, including age, gender, and liver function [37,
38]. Furthermore, since CYP3A5 and P-glycoprotein contrib-
ute to atorvastatin and simvastatin metabolism [24, 39], inter-
individual variability of statin dispositionmay result from gene
polymorphisms in CYP3A5 and ABCB1 (which encodes P-
glycoprotein) [39, 40]. These polymorphisms may also help to
explain the large interindividual variability in simvastatin

exposure. In vitro studies have also shown that ticagrelor is a
substrate and inhibitor of the P-glycoprotein transporter
(AstraZeneca, data on file), of which atorvastatin and
simvastatin are also substrates and inhibitors [30, 31,
39, 41]. Hence, ticagrelor’s effects on transport proteins
may also contribute to the increased exposure to atorvas-
tatin and simvastatin in the present study.

The simvastatin study was performed before the phase 2
study DISPERSE2 [2], in which the 90-mg twice-daily and
180-mg twice-daily dosing regimen [6, 7] were assessed and
subsequently the 90-mg twice-daily regimen was selected for
the phase 3 trial, PLATO. In contrast, the atorvastatin study
was performed later in the development of ticagrelor than the
simvastatin study, after the 90-mg twice-daily dosing regimen
had been established. Thus, the interaction between ticagrelor
and simvastatin was examined using ticagrelor 180 mg twice
daily, whereas the interaction between ticagrelor and atorvas-
tatin was examined using ticagrelor 90 mg twice daily.
Therefore, compared with atorvastatin, the greater increase
in exposure to simvastatin reported here may be partly due
to the different doses of ticagrelor used in each study. It would
be expected that the extent of interaction between ticagrelor
and simvastatin would be smaller with ticagrelor 90 mg twice
daily, than that observed in the current study with 180 mg
twice daily. However, although the mean simvastatin expo-
sure was only modestly increased in the presence of ticagrelor
(180 mg twice daily), in some volunteers a greater than two-
fold increase in simvastatin AUC was observed. This increase
is unlikely to be explained solely by the use of a higher dose of

Table 2 Pharmacokinetic parameters of ticagrelor and AR-C124910XX following multiple ticagrelor dosing alone or with a single dose of
atorvastatin or simvastatin

Parameter Ticagrelor 90 mg
twice dailye+
atorvastatin 80
mg (n021)

Ticagrelor 90 mg
twice dailye alone
(n021)

Geometric mean
ratio (95 % CI)a

Ticagrelor 180
mg twice dailyf+
simvastatin 80 mg
(n020)

Ticagrelor 180
mg twice dailyf

alone (n020)

Geometric mean
ratio (90 % CI)b

Ticagrelor

Cmax (ng/ml)c 680.4 (32.3) 695.5 (34.0) 0.98 (0.90–1.06) 1735.2 (42.5) 1520.3 (44.5) 1.14 (1.00–1.30)

AUC0–12 (ng.h/ml)c 3722.6 (39.2) 3847.0 (39.8) 0.97 (0.93–1.00) 9479.1 (37.8) 8428.6 (35.9) 1.12 (1.09–1.16)

tmax (h)
d 2.0 (1.0–4.0) 1.0 (1.0–3.0) – 2.0 (1.0–3.0) 2.0 (1.0–4.0) –

AR-C124910XX

Cmax (ng/ml)c 310.5 (34.6) 278.8 (37.5) 1.11 (1.03–1.20) 785.8 (38.5) 718.0 (36.4) 1.09 (1.00–1.20)

AUC0–12 (ng.h/ml)c 2215.5 (33.5) 1969.4 (32.5) 1.13 (1.09–1.17) 5890.1 (35.1) 5382.0 (32.4) 1.09 (1.04–1.15)

tmax (h)
d 2.0 (2.0–4.0) 2.0 (1.0–4.0) – 3.0 (2.0–4.0) 2.5 (1.0–6.0) –

aGeometric least squares mean ratio of ticagrelor+atorvastatin/ticagrelor
bGeometric least squares mean ratio of ticagrelor+simvastatin/ticagrelor
cGeometric least squares mean (coefficient of variation [%]), based on log-transformed data
dMedian (range)
e In the atorvastatin study, volunteers received a ticagrelor loading dose of 270 mg followed by 90 mg twice daily for 7 days
f In the simvastatin study, volunteers received a ticagrelor loading dose 270 mg followed by 180 mg twice daily for 7 days

AUC0–12 area under the plasma concentration-time curve during dosing interval, CI confidence interval, Cmax maximum plasma concentration, tmax
time to Cmax
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ticagrelor. Atorvastatin is thought to be less reliant than sim-
vastatin on CYP3A4metabolism [30, 42]. This has previously
been suggested as a reason for the relative difference in the
impact of CYP3A inhibitors on the pharmacokinetics of ator-
vastatin vs. other statins [43]. The results of the present study
are, therefore, consistent with these observations.

As only a single dose of each statin was administered to
volunteers in the present studies, plasma levels of simvastatin
or atorvastatin were not at steady state. Therefore, a clinically
significant interaction, although unlikely, cannot be fully ex-
cluded on the basis of the present data. Aside from this
limitation, these findings suggest that given atorvastatin’s
favourable safety profile, the level of interaction reported here
is considered unlikely to be clinically relevant. However, co-
administration of ticagrelor with greater than 40 mg simvas-
tatin could result in exposures exceeding those with 80 mg/
day, which is the maximum prescribable dose of simvastatin
[44, 45], and which the FDA has recently recommended be
restricted. Since at the highest approved simvastatin dose of
80 mg there is an increased risk of muscle injury in patients
taking the drug compared to patients taking lower doses of
simvastatin [46], patients receiving ticagrelor should avoid
simvastatin doses greater than 40 mg.

Conclusion

Co-administration of a single dose of atorvastatin or simvasta-
tin with ticagrelor had little effect on the pharmacokinetic
parameters of ticagrelor and AR-C124910XX, except for a
minor increase in ticagrelor Cmax in the presence of simvasta-
tin. Co-administration of ticagrelor with a single dose of ator-
vastatin increased the exposure to atorvastatin and its
metabolites (AUC increased by 32–67 %), but only to a
magnitude that is unlikely to be clinically relevant, given
atorvastatin’s favourable safety profile. However, although
co-administration of ticagrelor and a single dose of simvastatin
resulted in an overall modest increase in simvastatin exposure
(AUC increased by 52–60 %), variability in simvastatin con-
centrations was considerable, and in some individuals two-fold
to three-fold increases in simvastatin exposure were observed.
This finding suggests that instructing prescribers to avoid use
of simvastatin doses >40 mg daily appears appropriate and
sufficient. Indeed, since this study was performed, the FDA
has recommended that the 80-mg dose of simvastatin be re-
stricted to patients who have been taking simvastatin 80 mg for
12 months or more without evidence of muscle toxicity, irre-
spective of whether a patient is receiving ticagrelor [47].
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