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Abstract
Apixaban is frequently used off-label in transplant recipients. However, a po-
tential drug interaction exists with the calcineurin inhibitors. We conducted an 
open-label drug–drug interaction study to determine the pharmacokinetics of 
apixaban in lung and kidney transplant recipients who were taking a calcineurin 
inhibitor. A single dose of apixaban 10 mg was administered orally to kidney and 
lung transplant recipients maintained on either tacrolimus or cyclosporine, and 
pharmacokinetic parameters were compared to a reference cohort of 12 healthy 
subjects who used the same apixaban dose and pharmacokinetic blood sampling. 
Fourteen participants were enrolled (n = 6 kidney, n = 8 lung), with 10 main-
tained on tacrolimus and four on cyclosporine. Data from 13 participants was 
usable. Participants were taking triple therapy immunosuppression and had a 
mean (SD) of 12 (3) medications. Participants receiving tacrolimus and cyclo-
sporine had area under the plasma concentration–time curve from time zero to 
infinity (AUC0-inf) geometric least square means (90% confidence interval [CI]) of 
4312 (95% CI 3682, 5049) and 5388 (95% CI 3277, 8858), respectively. Compared 
to healthy subjects, the associated geometric mean ratios (GMRs) for apixaban 
maximum plasma concentration (Cmax), AUC from time zero to the last quan-
tifiable concentration (AUC0-tlast) and AUC0-inf were 197% (95% CI 153, 295), 
244% (95% CI 184, 323), and 224% (95% CI 170, 295) for transplant recipients 
on tacrolimus. The GMR (90% CI) Cmax, AUC0-tlast, and AUC0-inf of apixaban for 
patients on cyclosporine were 256% (95% CI 184, 358), 287% (95% CI 198, 415), 
and 280% (95% CI 195, 401). Kidney and lung transplant recipients receiving tac-
rolimus had higher apixaban exposure. A similar trend was noted for patients 
receiving cyclosporine, but additional patients are needed to confirm this inter-
action. Future studies are needed before apixaban can be safely recommended in 
this population, and the impact of dose staggering should be investigated. This 
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INTRODUCTION

New medications, such as the direct-acting oral anti-
coagulants (DOACs), offer novel solutions for improv-
ing patient outcomes. Solid organ transplant recipients 
(SOTRs), however, are neglected in the drug evaluation 
process. The use of off-label medications carries a sig-
nificant risk for drug–drug interactions (DDIs), adverse 
medication-related events, and can be a potential liability 
for prescribers.

In the general population, the four DOACS demon-
strate comparable/superior efficacy for treatment of ve-
nous thromboembolism (VTE) and stroke prevention 
in non-valvular atrial fibrillation (NVAF) with signifi-
cantly lower bleeding compared to vitamin k antagonists 
(VKAs).1–8 As such, the DOACs have been rapidly incor-
porated into standard practice. For SOTRs, a population 
with a significantly higher risk for VTE, NVAF, stroke, 
and associated negative outcomes,9–13 studies on the safe 
use of DOACs are lacking. Current evidence is limited to 
single arm descriptive reports, single-center retrospective 
cohort studies, and one single-center prospective study 
(n  =  19).14–20 Some of these studies have indicated that 
the incidence of bleeding with DOACs was similar, if not 
lower, to that of VKAs, but no pharmacokinetic studies in 
this population have been performed.15–18

Several appealing characteristics make DOACs ad-
vantageous for SOTRs. Compared to warfarin, DOACs 
have fewer drug interactions, a wider therapeutic win-
dow, and the ability to use fixed-dosing without routine 
international normalized ratio monitoring.21 Of the cur-
rently available DOACs, apixaban is postulated to be the 
safest for this population.14,20 Only 27% of an apixaban 
dose is removed by the kidneys22 and dosage adjustment 
is not necessary for compromised renal function alone. 
Apixaban's safety has been noted in other high-risk pa-
tient populations, including elderly, patients with moder-
ate renal insufficiency, and patients with prior stroke.23,24 
However, a major concern is the potential for a DDI be-
tween apixaban and the calcineurin inhibitors (CNIs), tac-
rolimus and cyclosporine. These CNIs and apixaban are 
known substrates of CYP3A4 and P-glycoprotein (P-gp). 
Cyclosporine also has the potential to inhibit systemic 
and intestinal CYP3A4/P-gp, and tacrolimus likely only 
has the potential to inhibit intestinal CYP3A4/P-gp due 
to its low systemic maximum plasma concentration (Cmax; 
at therapeutic dose) and fraction unbound in the plasma. 
Therefore, co-administration with CNIs may result in in-
creases in exposure to apixaban.14,25

A randomized crossover DDI study evaluated the 
pharmacokinetics of apixaban when co-administered 
with cyclosporine and tacrolimus in healthy volunteers 

Health Research Foundation (SHRF), 
as well as the College of Pharmacy and 
Nutrition, University of Saskatchewan. 
The funds to conduct the investigator-
initiated healthy volunteer study 
were provided by an ARISTA-USA 
grant administered by Bristol-Myers 
Squibb and Pfizer. At the time of this 
study, Babar Bashir was supported 
by a National Institutes of Health 
(NIH) institutional training grant 
T32GM008562.

study highlights the importance of pharmacokinetic studies in actual patient 
populations.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Apixaban is frequently used off label in transplant recipients. However, a potential 
drug interaction exists with the calcineurin inhibitors. A randomized crossover 
drug–drug interaction study in healthy subjects suggested that the combination 
of apixaban and calcineurin inhibitors is safe, but this has not been evaluated in 
actual patients.
WHAT QUESTION DID THIS STUDY ADDRESS?
This study explored the pharmacokinetics of apixaban in lung and kidney trans-
plant recipients in a real-world setting to determine the impact of calcineurin use 
on apixaban systemic exposure.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Kidney and lung transplant recipients receiving tacrolimus experienced signifi-
cantly higher apixaban exposure compared with healthy subjects receiving apixa-
ban alone, and there was a similar trend for patients receiving cyclosporine.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
Significantly higher apixaban exposure suggests that future studies are needed 
before this drug can be safely recommended in this population, and highlight the 
importance of pharmacokinetic studies in actual patient populations.
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at Thomas Jefferson University.26 Twelve subjects re-
ceived apixaban 10 mg alone; cyclosporine 100 mg daily 
for 3 days, followed by apixaban; or tacrolimus 5 mg daily 
for 3 days, followed by apixaban. All subjects received all 
three treatments. Following multiple doses of the CNI, 
and compared to apixaban alone, the apixaban area 
under the plasma concentration–time curve from time 
zero to the last quantifiable concentration (AUC0-tlast) 
and Cmax increased by 20% and 43% with cyclosporine, 
but decreased by 22% and 13% with tacrolimus, respec-
tively. These results, which were clinically insignificant, 
suggested that the combination of apixaban and CNIs in 
healthy subjects is safe.26

Pharmacokinetic studies in healthy volunteers are a 
first step for characterizing DDIs, but follow-up studies 
in the actual patient population are essential for ensur-
ing safety. The goal of this single dose DDI study was to 
explore the pharmacokinetics of apixaban in lung and 
kidney transplant recipients in a real-world setting to 
determine the impact of CNI use on apixaban systemic 
exposure. Because stopping the CNI was not feasible for 
providing a control condition, the pharmacokinetic data 
from the previous study in healthy subjects26 was used as 
the comparator.

MATERIALS AND METHODS

A prospective, open-label, DDI clinical trial was under-
taken in kidney and lung transplant recipients on cy-
closporine or tacrolimus. Stable adult SOTRs (≥18 years 
old) who received their transplant more than 6 months 
ago were eligible to participate. All patients provided 
informed consent before their inclusion in the study. 
Participants were required to have a creatinine clear-
ance above 15 ml/min (Cockcroft–Gault formula as per 
the Canadian product monograph for Eliquis27), a hemo-
globin of at least 80 g/L, and no clinically significant 
bleeding risk or hepatic disease defined by the Child-Pugh 
score B or C. Patients who were taking an antiplatelet or 
anticoagulant (except acetylsalicylic acid 81 mg) or strong 
inhibitors of both CYP3A4 and P-gp (e.g., ketoconazole 
and voriconazole), as described in the Canadian product 
monograph,27 were excluded from participation, as well 
as those who had CNI dosage changes within the previ-
ous 2 weeks. Participants had to refrain from smoking for 
at least 6 months prior, avoid drinking grapefruit juice, 
or consuming natural health products (for 2 weeks) and 
cannabis (for 2 days) prior to and during the study period. 
The study was approved by the Biomedical Ethics Board 
at the University of Saskatchewan (Beh-235; Clinicaltrials.
gov #NCT04023760) and was performed in accordance 
with the ethical standards laid down in an appropriate 

version of the 2000 Declaration of Helsinki as well as the 
Declaration of Istanbul 2008.

Subjects were recruited from the Saskatchewan 
Transplant Program between October 2019 and March 
2020. All signed written informed consent and a patient-
centered approach was undertaken, whereby the re-
searchers collaborated to determine mutually convenient 
logistics. On the day of the study, subjects reported to  
St. Paul's Hospital in Saskatoon, Saskatchewan. A single 
dose of apixaban 10  mg was orally administered (two 
5  mg tablets -Eliquis; Bristol-Myers Squibb Canada Co., 
and Pfizer Canada ULC). Participants fasted for at least 8 h 
overnight to 2 h after administration of apixaban. Blood 
samples for apixaban plasma concentrations were col-
lected prior to apixaban administration at 0 h, and then 
at ~1, 2, 3, 4, 6, 12, 24, 48, and 72 h. Because this was a 
real-world study conducted in a medical setting versus 
in a clinical trials unit, the blood samples were drawn as 
close as possible to the specified time, and the actual time 
in hours and minutes was recorded. Tacrolimus or cyclo-
sporine trough levels were collected at 0, 12, 24, and 72 h. 
Participants remained at the site until the 6-h blood draw 
was performed and then met the study nurse for the 12-h 
blood draw and safety assessment (either at the study lo-
cation or participant’s residence or hotel). The 24, 48, and 
72-h blood draws were performed either at: (a) St. Paul's 
Hospital, (b) the participant's local laboratory, or (c) the 
participant's home, depending on patient preference and 
convenience. Safety and tolerability of apixaban when 
co-administered with tacrolimus or cyclosporine was as-
sessed by adverse events, vital sign measurements, physi-
cal examinations, and clinical laboratory tests (a summary 
of the safety assessments is shown in Figure 1). The study 
conditions (e.g., fasting and sampling times) were consis-
tent with the Thomas Jefferson historical control.26

Sample analysis

The CNI plasma levels and laboratory safety tests were 
processed immediately by the clinical diagnostic labo-
ratory at the Saskatchewan Health Authority. The CNI 
levels were determined using electrochemiluminescence 
immunoassay. Whole blood for apixaban samples was 
collected into 7 ml plain red top tubes, and centrifuged 
once clotted. The serum was stored at −20°C until the 
end of the study, when the tubes were sent on dry ice 
to the St. Paul's Hospital Department of Pathology and 
Laboratory Medicine. Plasma apixaban concentrations 
were determined using a validated liquid chromatog-
raphy tandem mass spectrometry (LC–MS/MS) assay 
(SCIEX 5500QTrap).28 Briefly, 50 μl of calibrators, qual-
ity controls, and patient samples were mixed with 25 μl 
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of internal standard solution, and then precipitated with 
400 μl of 10  g/L zinc sulfate w/v in 70:30 MeOH:water 
in a 2  ml deep 96-well plate. The 96 deep well plant 
was mixed, centrifuged, and 10 μl of supernatant in-
jected into the LC–MS/MS system. Calibrators were pre-
pared in-house by spiking apixaban (Toronto Research 
Chemicals) into blank plasma. Apixaban-d3 (Santa Cruz 
Biotechnology, Inc.) was used as the internal standard. 
The assay was linear over a range of 2.5–500 ng/ml. Based 
on a comparison of quadratic curve to linear calibration 
curve results, levels above 500 ng/ml were expected to 
be underestimated by ~2%–4%. Two comparison studies 
were performed for the coefficient of determination; one 
with another LC–MS/MS assay (r2 value = 0.96; n = 24), 
and another with the house hematology ACL TOP700 
AntiCoag (r2 value  =  0.95; n  =  23). The lower limit of 
quantification was 2.86 ng/ml. The between-run impre-
cision was between 5.3% and 6.6% coefficient of variation 
(CV) at levels from 2.54 to 426.4 ng/ml. Apixaban within 
run (intraday) imprecision (CV) was between 1.9% and 
4.0% at levels from 2.54 to 426.4 ng/ml. Recovery was be-
tween 98.2% and 103% at low and high levels. Analytical 
interferences and ion suppression effects were not ob-
served in the assays.

Samples from the cohort at Thomas Jefferson 
University26 were analyzed based on existing literature 
for direct oral anticoagulant measurement by LC–MS/
MS,29 using commercial calibrators (Hyphen Biomed) 
with d4-rivaroxaban as an internal standard (Santa Cruz 
Biotechnology). The calibration curve in plasma is lin-
ear over the range of 2.0–600 ng/ml. The between-run 
precision for all levels of quality control samples was 
below 10% CV; accuracy/recovery centered on 100%. No 
analytical interferences or ion suppression effects was 

observed in precedent LC–MS/MS assays. Calibration 
took place on each day of actual testing.

Pharmacokinetic analysis

Plasma concentrations over time were used to determine 
the single dose pharmacokinetic parameters of apixaban 
administered to transplant recipients. Individual phar-
macokinetic parameters were determined by noncom-
partmental methods using GraphPad Prism software 
(version 9.0.1). The Cmax and the time required to achieve 
the Cmax (Tmax) were determined by visual inspection of 
the plasma concentration–time curves. The AUC0-tlast 
and extrapolated to infinity (AUC0-inf) were calculated 
using the log-linear trapezoidal method. The slope of the 
terminal phase of the plasma concentration–time curve 
(λz) was estimated by the least squares method (natural 
log-linear regression of at least three data points) with a 
weighting factor of one. The half-life was estimated as 
0.693/λz, while the equation dose/(λz*AUC0-inf) was used 
to calculate the apparent volume of distribution (Vz/F), 
and oral clearance (CL/F) was estimated by dividing the 
oral dose by AUC0-inf. Geometric least square means and 
90% confidence intervals (CIs) were calculated from the 
fitted models for the cyclosporine and tacrolimus groups. 
The raw data was obtained from the Thomas Jefferson 
study,26 and pharmacokinetic parameters were analyzed 
using the linear up log down trapezoidal method for 
AUC estimation. Because AUC estimation depends upon 
the method used, the resulting pharmacokinetic param-
eters may show slight differences. Hence, we opted to re-
analyze the Thomas Jefferson data so that both datasets 
could be compared using the same approach.

F I G U R E  1   Safety assessments

CBC= complete blood cell count, CMP= complete metabolic profile, PT= prothrombin time, PTT= partial 
prothrombin time, CsA= cyclosporine, Tac = tacrolimus; UA = uric acid 
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The pharmacokinetic data from the SOTR and healthy 
subjects26 were compared using recommended methods 
for parallel design drug–drug studies and accepted thresh-
olds for DDIs (no-effect boundary of 80%–125%).30,31 Cmax, 
AUC0-tlast, and AUC0-inf were log-transformed and analy-
sis of variance tests were performed in SAS (version 9.4) 
to obtain point estimates and 90% CIs. Results were back-
transformed to the original scale to present adjusted geo-
metric mean ratios (GMRs) and corresponding 90% CIs for 
the difference in means between the test (transplant recipi-
ents) and reference (apixaban with and without tacrolimus 
or cyclosporine in healthy subjects). Unpaired parametric 
t-tests were used to test for significant differences between 
the groups in terminal half-life, Vz/F and CL/F, and within 
each CNI cohort of transplant recipients to explore poten-
tial differences among demographic variables (organ type, 
sex, body weight, and serum creatinine) and pharmacoki-
netic parameters. The significance level was p < 0.05.

RESULTS

To determine the presence of a clinically significant DDI 
between the CNIs and apixaban, 14 stable transplant 

participants were enrolled in the study, including six kid-
ney and eight lung recipients. Ten of the participants were 
maintained on tacrolimus, whereas four participants re-
ceived cyclosporine. All participants were receiving triple 
therapy immunosuppression, consisting of their respec-
tive CNI, an antiproliferative (either a mycophenolic acid 
derivative or azathioprine) and prednisone at a dose of 5 
or 10 mg of day. Participants were taking a mean of 12.1 
(2.9) medications (Table  S1). Concurrent medications 
were taken at approximately the same time in all patients, 
with the exception of one participant (tacrolimus, kid-
ney 2), who took their other medications ~35 min prior 
to apixaban dosing. One participant (who also had cystic 
fibrosis) was concurrently taking an additional moderate 
inhibitor of CYP3A4 and/or P-gp (diltiazem; cyclosporine, 
lung 1) and one participant (cyclosporine, lung 2) was tak-
ing divalproex, a potential CYP3A4 inhibitor. Table 1 de-
scribes the participant demographics. No serious adverse 
events were noted and no statistically significant differ-
ences in the tacrolimus and cyclosporine plasma concen-
trations were observed before and after the administration 
of apixaban.

Although a larger sample size was originally 
planned, enrollment was stopped in March 2020, due 

T A B L E  1   Participant demographics

All transplant 
participants 
(n = 14)

Transplant 
participants taking 
tacrolimus (n = 10)

Transplant 
participants taking 
cyclosporine(n = 4)

Healthy subjects from 
Thomas Jefferson 
study26(n = 12)

Age, years Mean (SD) 59 (7) 61 (6) 53 (3) 41 (11)

Range 50, 68 50, 68 50, 56 25, 54

Organ type n (%) Kidney 6 (43) 4 (40) 2 (50) Not applicable

Lung 8 (57) 6 (60) 2 (50)

Sex n (%) Male 7 (50) 4 (40) 3 (75) 12 (100)

Female 7 (50) 6 (60) 1 (25) 00

Weight, kg Mean (SD) 77 (14) 74 (15) 84 (9) 89 (13)

Range 54, 98 54, 98 75, 97 73, 106

BMI, kg/M2 Mean (SD) 28 (5) 27 (5) 29 (7) 29 (3)

Range 22, 37 22, 36 22, 37 24, 33

Creatinine, μmol/L Mean (SD) 149 (57) 136 (47) 182 (73) 81 (9)

Range 76, 241 76, 224 89, 241 71, 97

(mg/dl) Mean (SD) 2 (1) 2 (1) 2 (1) 1 (0)

Range 1, 3 1, 3 1, 3 1, 1

Estimated creatinine 
clearancea (ml/min)

Mean (SD) 54 (23) 53 (22) 56 (29) 141 (27)

Range 30, 105 30, 105 34, 96 82, 188

Hemoglobin, g/L Mean (SD) 124 (20) 122 (23) 129 (9) unavailable

Range 93, 167 93, 167 120, 142

Abbreviation: BMI, body mass index.
aEstimated creatine clearance calculated by the Cockcroft-Gault equation (using actual body weight).
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to study restrictions with the coronavirus disease 2019 
(COVID-19) pandemic. One of the participants from 
the tacrolimus group (lung 1) was removed from the 
analysis because the study nurse was only able to col-
lect three blood samples. Apixaban samples were stored 
in a −20°C freezer until they were batched and sent to 
the processing laboratory. During the COVID-19 pan-
demic lockdown, samples were moved between freezers 
and 13 of the 130 samples could not be retrieved (total 
missing data = 10%). Missing timepoints are shown in 
Table S2.

Tacrolimus drug-interaction study

The effect of tacrolimus on apixaban oral exposure met-
rics was determined in SOTRs stabilized on tacrolimus 
and administered a single-dose of apixaban. The plasma 
concentration–time profiles and summary pharmacoki-
netic parameters of apixaban are shown in Figure 2 and 
Table  2. The geometric least square mean (90% CI) was 
353 (90% CI 306, 407) for Cmax and 4312 (90% CI 3682, 
5049) for AUC0-inf. Using the data from healthy subjects 
on apixaban + tacrolimus as a reference, the GMR (90% 

F I G U R E  2   Plasma apixaban 
concentration–time profiles in transplant 
recipients (n = 9) stabilized on tacrolimus 
following a single oral dose of apixaban 
(10 mg)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
0

100

200

300

400

500

600

time (h)

ap
ix

ab
an

 c
on

c 
(n

g/
m

l)

Lung 2
Lung 3

Lung 4
Lung 5
Lung 6
Kidney 1 
Kidney 2
Kidney 3
Kidney 4

T A B L E  2   Summary of apixaban pharmacokinetic parameters following a single oral dose (10 mg) administration to transplant 
recipients (N = 9) on tacrolimus compared with healthy subjects (n = 12)

Transplant 
recipients 
(n = 9) Healthy subjects (n = 12)

Transplant recipients 
vs. healthy subjects 
on apixaban + 
tacrolimus26

Transplant 
recipients versus 
healthy subjects on 
apixaban26

Pharmacokinetic 
parameter

Apixaban + 
tacrolimus

Apixaban + 
tacrolimus Apixaban alone

Point estimate of 
GMR (90% CI)

Point estimate of 
GMR (90% CI)

Cmax (ng/ml) 353 [306, 407] 157 [125, 196] 179 [145, 221] 2.25 [1.72, 2.55] 1.97 [1.53, 2.95]

AUC0-tlast (h ng/ml) 4243 [3606, 4992] 1374 [1151, 1641] 1741 [1394, 2172] 3.09 [2.43, 3.92] 2.44 [1.84, 3.23]

AUC0-inf (h ng/ml) 4312 [3682, 5049] 1511 [1221, 1870] 1926 [1484 2500] 2.85 [2.30, 3.54] 2.24 [1.70, 2.95]

Tmax (h) 2.3 (0.7)
[1, 3.1]

2.6 (0.9)
[1, 4]

2.7 (0.8)
[1, 4]

t1/2 (h) 8.6 (2.2)
[4.9, 12.2]

7.0 (2.1)
[2.1, 9.8]

10.5 (5.9)
[4.5, 21.7]

n.s. (p = 0.11) n.s. (p = 0.37)

CL/F (L/h) 2.4 (0.6)
[1.6, 3.5]

7.0 (2.3)
[4.3, 11.8]

5.6 (2.6)
[3.1, 10.9]

p < 0.0001 p <  0.002

Vz/F (L) 29 (7)
[17, 41]

71 (29)
[13, 124]

80 (46)
[26, 174]

p = 0.0002 p = 0.004

Note: Geometric least square mean [90% confidence intervals] for Cmax, AUC0-tlast, and AUC0-inf. Arithmetic mean (standard deviation) [minimum, maximum] 
for Tmax, t1/2, CL/F, and Vz/F. 
Abbreviations: AUC0-tlast, area under the plasma concentration–time curve from time zero to the last quantifiable concentration; AUC0-inf, AUC and 
extrapolated to infinity; CI, confidence interval; CL/F, oral clearance (F is oral bioavailability) based on dose divided by AUC0-inf; Cmax, observed peak plasma 
concentration; GMR, geometric least square mean ratio; n.s., not significant; t1/2, elimination half-life; Tmax, time taken to reach Cmax; Vz/F, apparent volume of 
distribution based on dose divided by the product of terminal elimination rate constant and AUC0-inf.
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CI) for apixaban Cmax, AUC0-tlast, and AUC0-inf were 225% 
(90% CI 172, 255), 309% (90% CI 243, 392), and 285% (90% 
CI 230, 354), respectively. Compared to the healthy sub-
jects on apixaban alone, the GMR (90% CI) for apixaban 
Cmax, AUC0-tlast, and AUC0-inf were 197% (90% CI 153, 
295), 244% (90% CI 184, 323), and 224% (90% CI 170, 295), 
respectively. The mean CL/F and Vz/F of apixaban were 
significantly lower in SOTRs compared to the healthy 
subjects (p < 0.005). One participant (kidney 1) achieved a 
peak level higher that 500 ng/ml. No significant difference 
was found in the mean tacrolimus trough levels before 
and after apixaban administration (7.4 [1.5] ng/ml vs. 8.0 
[2.7] ng/ml, respectively).

Within the tacrolimus transplant cohort, no signifi-
cant differences between the pharmacokinetic parameters 
were found between organ type or sex. Patients with cre-
atinine levels of greater than 133 μmol/L had significantly 
higher mean AUCs (AUC0-inf [h ng/ml] 5213 vs. 3806, 
p  =  0.035) and lower apixaban CL/F values (1.9 vs. 2.8 
[L/h], p = 0.044). Patients that weighed <60 kg had signifi-
cantly higher mean Cmax (483 vs. 327 [ng/ml], p = 0.012) 
and lower Tmax (1.4 vs. 2.6 [h], p = 0.028).

Cyclosporine drug-interaction study

The effect of cyclosporine on apixaban oral exposure met-
rics was determined in SOTRs stabilized on cyclosporine 
and administered a single-dose of apixaban. The plasma 
concentration–time profiles and summary pharmacoki-
netic parameters are shown in Figure 3 and Table 3. The 
geometric least square means (90% CI) were 458 (90% 
CI 330, 637) for Cmax and 5388 (90% CI 3277, 8858) for 
AUC0-inf. Using the data from healthy subjects on apixa-
ban + cyclosporine as a reference, the GMR (90% CI) for 
apixaban Cmax, AUC0-tlast, and AUC0-inf were 179% (90% 
CI 126, 254), 235% (90% CI 172, 321), and 229% (90% CI 

172, 303), respectively. Compared to the healthy subjects 
on apixaban alone, the GMR (90% CI) for apixaban Cmax, 
AUC0-tlast, and AUC0-inf were 256% (90% CI 184, 358), 287% 
(90% CI 198, 415), and 280% (90% CI 195, 401). The mean 
CL/F and Vz/F of apixaban in transplant recipients was 
significantly lower than healthy subjects on apixaban only 
(p < 0.03). No differences were noted in the pharmacoki-
netic parameters between demographics. No significant 
difference was found in the mean cyclosporine trough lev-
els before and after apixaban administration (146.8 [62.8] 
ng/ml vs. 147.5 [68.4] ng/ml, respectively). Two partici-
pants (lung 1 and kidney 2) achieved levels higher that 
500 ng/ml, including participant lung 1, who was on con-
current therapy with diltiazem.

DISCUSSION

Apixaban has been used off-label in SOTRs without phar-
macokinetic studies within this patient population to 
guide dosing, therefore, we undertook a real-world DDI 
study to investigate the impact CNI use on apixaban sys-
temic exposure. Although small single-center studies 
have indicated that apixaban may be safe, results from the 
present study give us pause from recommending apixaban 
at standard doses.

Patients in the current study received a 10  mg oral 
dose of apixaban to simulate a typical initial treatment 
regimen of VTE posing the highest risk for anticoag-
ulation associated bleeding. This dose also allowed a 
comparison with previous data (i.e., Thomas Jefferson 
study) obtained from healthy subjects.26 In the Thomas 
Jefferson study, compared to apixaban alone, the apix-
aban AUC in healthy subjects increased by 20% for cy-
closporine, but decreased by 22% for tacrolimus.26 In 
the present study, SOTRs experienced significantly 
higher plasma concentrations and total body exposures 

F I G U R E  3   Plasma apixaban 
concentration–time profiles in transplant 
recipients (n = 4) stabilized on 
cyclosporine following a single oral dose 
of apixaban (10 mg)
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(2 to 3-fold increase) compared to healthy subjects on 
apixaban alone. The transplant recipients had multiple 
comorbidities, an average of 12 medications, and steady-
state CNI levels of 7.4 (1.5) ng/ml and 146.8 (62.8)  
ng/ml for tacrolimus and cyclosporine, respectively. 
The reference group of healthy subjects had an abbre-
viated dosing schedule and lower systemic concentra-
tions of CNIs (tacrolimus trough level 3.8 (2.3) ng/ml  
and cyclosporine 22.4 (3.9) ng/ml). They were all male 
subjects, younger, and were not taking other medica-
tions. These results identify the limitations of healthy 
volunteer DDI studies and support the need to under-
take pharmacokinetic studies in actual patient popula-
tions to understand the true extent of DDIs.

In this real-world study, we included all patients with 
an estimated creatinine clearance (eCrCl) >15 ml/min. 
According to the Canadian product monograph, dose ad-
justments are not necessary for patients with eCrCl 25–
30 ml/min, unless two of the following are present: age 
≥80 years, body weight ≤60 kg, or serum creatinine greater 
than or equal to 133 μmol/L (1.5  mg/dl).27 None of our 
participants required dosage adjustment according to 
the criteria. In the tacrolimus group, patients with creati-
nine levels of >133 μmol/L had significantly higher mean 
AUCs and lower apixaban oral clearance values (p < 0.05), 
and patients that weighed <60 kg had significantly higher 

mean Cmax (p < 0.03). Nevertheless, the mean AUCs in the 
patients with optimal renal function were 1.8-fold higher 
than the healthy participants. The higher exposure in all 
transplant recipients (regardless of renal function), in-
dicates that these changes are likely a result of the drug 
interaction.

This study has clinical significance. Whereas clinician 
confidence with prescribing apixaban has increased, our 
data suggest caution is warranted in transplant recipi-
ents. In healthy subjects, co-administration of a single 
dose of apixaban and ketoconazole (a strong inhibitor 
of both CYP3A4 and P-gp) resulted in a twofold and 1.6-
fold increase in apixaban AUC and Cmax, respectively.32 
Diltiazem, a moderate inhibitor of CYP3A4 and P-gp, con-
tributed to a 1.4- and 1.3-fold increase in apixaban AUC 
and Cmax, respectively.32 As such, the Canadian product 
monograph states that concomitant treatment with strong 
inhibitors of both CYP3A4 and P-gp (e.g., ketoconazole, 
itraconazole, voriconazole, or posaconazole, and HIV 
protease inhibitors) are contraindicated,27 whereas the 
US monograph states that dosage reduction by 50% is rec-
ommended in such instances.33 The higher exposures of 
apixaban in our study are comparable to those presented 
in the ketoconazole study. Hence, further investigation is 
recommended to explore the pharmacokinetics of using 
apixaban at a reduced dose.

T A B L E  3   Summary of apixaban pharmacokinetic parameters following a single oral dose (10 mg) administration to transplant 
recipients (N = 4) on cyclosporine compared with healthy subjects (n = 12)

Transplant 
recipients 
(n = 4) Healthy subjects (n = 12)

Transplant recipients 
versus healthy 
subjects on apixaban + 
cyclosporine26

Transplant 
recipients versus 
healthy subjects on 
apixaban alone26

Pharmacokinetic 
parameter

Apixaban + 
cyclosporine

Apixaban + 
cyclosporine Apixaban alone

Point estimate of GMR 
(90% CI)

Point estimate of 
GMR (90% CI)

Cmax (ng/ml) 458 [330, 637] 257 [211, 312] 179 [145, 221] 1.79 [1.26, 2.54] 2.56 [1.84, 3.58]

AUC0-tlast (h ng/ml) 4990 [3065, 8122] 2121 [1813, 2482] 1741 [1394, 2172] 2.35 [1.72, 3.21] 2.87 [1.98, 4.15]

AUC0-inf (h ng/ml) 5388 [3277, 8858] 2356 [2065, 2689] 1926 [1484 2500] 2.29 [1.72, 3.03] 2.80 [1.95, 4.01]

Tmax (h) 1.8 (0.5)
[1.1, 2.2]

2.2 (1.1)
[1, 4]

2.7 (0.8)
[1, 4]

t1/2 (h) 7.9 (1.3)
[6.2, 9.0]

7.0 (4.1)
[2.7, 18.9]

10.5 (5.9)
[4.5, 21.7]

n.s. (p = 0.68) n.s. (p = 0.41)

CL/F (L/h) 2 (0.9)
[1.3, 3.4]

4.3 (0.9)
[3.0, 5.5]

5.6 (2.6)
[3.1, 10.9]

p = 0.0006 p < 0.02

Vz/F (L) 22 (6)
[17,30]

45 (35)
[14, 151]

80 (46)
[26, 174]

n.s. (p = 0.22) p < 0.03

Note: Geometric least square mean [90% confidence intervals] for Cmax, AUC0-tlast, and AUC0-inf. Arithmetic mean (standard deviation) [minimum, maximum] 
for Tmax, t1/2, CL/F, and Vz/F.
Abbreviations: AUC0-tlast, area under the plasma concentration–time curve from time zero to the last quantifiable concentration; AUC0-inf, AUC extrapolated to 
infinity; CI, confidence interval; CL/F, oral clearance (F is oral bioavailability) based on dose divided by AUC0-inf; Cmax, observed peak plasma concentration; 
GMR, geometric least square mean ratio; t1/2, elimination half-life; Tmax, time taken to reach Cmax; Vz/F, apparent volume of distribution based on dose divided 
by the product of terminal elimination rate constant and AUC0-inf.
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Notably, two patients in the cyclosporine group were 
also taking drugs which could potentially interact with 
apixaban. Consistent with the literature,32 participant 
lung 1 who was taking diltiazem experienced the highest 
AUC and Cmax values in the entire cohort. Participant lung 
2 who was taking divalproex had the lowest AUC and Cmax 
values in the cyclosporine cohort. Although divalproex is 
typically considered an inhibitor, it may diminish the ther-
apeutic effect of apixaban. In a recent nested case–control 
study (n  =  89,284), patients treated with DOACs (54.8% 
apixaban) in combination with valproic acid were at sig-
nificantly higher risk of stroke or systemic embolism com-
pared with those without valproic acid (odds ratio 2.58, 
95% CI 1.5 to 4.45).34

The mechanism for a putative DDI between apixaban 
and the calcineurin inhibitors based upon concomi-
tant administration is not clear. Although, apixaban is 
a substrate for P-gp and BCRP efflux transporters,35 it 
is classified as a high permeability and high solubility 
drug and therefore might suggest that apixaban is less 
likely to experience clinically relevant DDIs at intesti-
nal efflux transporters at clinical doses. However, clini-
cally relevant DDIs at presystemic intestinal and hepatic 
CYP3A4 enzymes are possible. The literature postulates 
that clinically relevant drug interactions with apixaban 
are related to intestinal CYP3A4,36,37 but hepatic presys-
temic drug interactions at CYP3A4 can also contribute 
to the observed increase to AUC that result in enhanced 
bioavailability.

In this real-world study, we asked participants to con-
tinue their regular medications at the usual dosing inter-
vals. This resulted in the co-administration of the CNIs 
with apixaban, or in one case, the administration of tac-
rolimus 35  min prior to apixaban. If the nature of the 
apixaban-CNI is primarily intestinal as the literature sug-
gests,36,37 it is possible that spacing the doses of these med-
ications may reduce the interaction. In one study, which 
used midazolam as a probe to examine the inhibitor effect 
of CNIs in CYP3A4- and CYP3A5-expressing microsomes, 
in vitro-in vivo extrapolations estimated that separating 
the dosing times by only a few hours would eliminate this 
interaction.25

Several limitations of this study deserve consideration. 
Our study consisted of a combination of both lung and 
kidney transplant recipients and several physiologic dif-
ferences exist between these populations. These cohorts 
were specifically chosen because their immunosuppres-
sive regimens are similar, and generally consist of triple 
therapy. Our data was compared with data obtained from 
healthy subjects. Apixaban levels from both studies were 
analyzed using a validated LC–MS/MS method, and be-
cause the samples were processed from different facilities, 

some laboratory variations may be expected. However, 
these variations are expected to be negligible. Three par-
ticipants achieved levels higher than standard curve range 
for the LC–MS/MS method (500 ng/ml), and the AUCs 
on these participants may be underestimated. In a typi-
cal drug interaction study, participants are exposed to at 
least two conditions (in a crossover fashion) and phar-
macokinetic parameters are compared: (a) the drug is ad-
ministered alone (control condition) and (b) the drug is 
administered simultaneously with the potential offender. 
DDI studies in transplant recipients cannot be performed 
in this manner because the immunosuppressants cannot 
be stopped. A larger sample size would have been desir-
able for further exploring differences between the trans-
plant types and patient demographics, but our study was 
halted early due to the COVID-19 pandemic. Firm con-
clusions cannot be drawn in the cyclosporine group due 
to the small sample size and because two participants 
were taking CYP3A4 interacting medications. Finally, this 
study examined drug exposure and was not designed to 
measure clinical end points.

CONCLUSION

Significantly higher apixaban exposure in transplant re-
cipients maintained on CNIs compared with healthy sub-
jects suggests that additional studies are needed before 
apixaban can be safely recommended. Future studies are 
necessary for determining the optimal dosage of apixa-
ban or possible need for dose staggering when concomi-
tantly administering apixaban with CNIs in transplant 
recipients.
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