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Abstract
Background and Objective Ruxolitinib is a tyrosine kinase inhibitor targeting the Janus kinase (JAK) and signal transducer 
and activator of transcription (STAT) pathways. Ruxolitinib is used to treat myelofibrosis, polycythemia vera and steroid-
refractory graft-versus-host disease in the setting of allogeneic stem-cell transplantation. This review describes the pharma-
cokinetics and pharmacodynamics of ruxolitinib.
Methods Pubmed, EMBASE, Cochrane Library and web of Science were searched from the time of database inception to 
march 15, 2021 and was repeated on November 16, 2021. Articles not written in English, animal or in vitro studies, letters to 
the editor, case reports, where ruxolitinib was not used for hematological diseases or not available as full text were excluded.
Results Ruxolitinib is well absorbed, has 95% bio-availability, and is bound to albumin for 97%. Ruxolitinib pharmacokinet-
ics can be described with a two-compartment model and linear elimination. Volume of distribution differs between men and 
women, likely related to bodyweight differences. Metabolism is mainly hepatic via CYP3A4 and can be altered by CYP3A4 
inducers and inhibitors. The major metabolites of ruxolitinib are pharmacologically active. The main route of elimination of 
ruxolitinib metabolites is renal. Liver and renal dysfunction affect some of the pharmacokinetic variables and require dose 
reductions. Model-informed precision dosing might be a way to further optimize and individualize ruxolitinib treatment, 
but is not yet advised for routine care due to lack of information on target concentrations.
Conclusion Further research is needed to explain the interindividual variability of the ruxolitinib pharmacokinetic variables 
and to optimize individual treatment.

Key Points 

Ruxolitinib is a tyrosine kinase inhibitor targeting the 
Janus Kinase (JAK) and Signal Transducer and Activator 
of Transcription (STAT) pathways and is used to treat 
myelofibrosis, polycythemia vera and steroid refractory 
graft versus host disease in the setting of allogeneic stem 
cell transplantation.

We describe the pharmacokinetics and pharmacodynam-
ics of ruxolitinib for myelofibrosis, polycythemia vera 
and steroid refractory graft versus host disease.

We show that the pharmacokinetics and pharmacody-
namics are well known, but further research is needed to 
explain the interindividual variability of the pharmacoki-
netic variables and to optimize the individual treatment.
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1 Introduction

Tyrosine kinase inhibitors (TKIs) specifically bind to tyros-
ine kinases and thereby selectively inactivate downstream 
kinase signaling. TKIs are widely used in the treatment of 
solid tumors and hematological malignancies [1, 2]. Janus 
kinase (JAK) is a tyrosine kinase family of cytokine recep-
tors (JAK1, JAK2 and JAK3). In conjunction with signal 
transducer and activator of transcription (STAT), the JAK 
family regulates erythropoiesis and thrombopoiesis [3, 4]. 
Under physiological conditions, JAK/STAT pathway activa-
tion leads to gene transcription of cytokines and growth fac-
tors, resulting in cell growth, differentiation and apoptosis. 
The JAK/STAT pathway thereby regulates hematopoiesis 
and modulates the immune system [4–8]. Ruxolitinib is a 
TKI that selectively targets JAK1/JAK2 and is used for the 
treatment of myelofibrosis (MF), polycythemia vera (PV) 
and steroid-refractory graft-versus-host disease (GVHD) 
in the setting of an allogeneic stem-cell transplantation. 
Ruxolitinib was first approved in 2011 by the US Food and 
Drug Administration (FDA) for MF, in 2014 for PV and in 
2019 for GVHD. The European Medicines Agency (EMA) 
approved ruxolitinib in 2012 for MF, in 2015 for PV and in 
2022 for GVHD.

The use of ruxolitinib for MF, PV and GVHD has been 
studied intensively. In addition, many new therapeutic appli-
cations of ruxolitinib are being investigated, especially in 
diseases where the immune-modulating effects of ruxolitinib 
could be of value, such as treatment of COVID-19 [9] and 
dermatological auto-immune diseases [10]. This review is 
focused on the pharmacokinetics and pharmacodynamics of 
ruxolitinib in patients with MF, PV and GVHD.

1.1  Disease Overview

PV is a myeloproliferative neoplasm (MPN) and is char-
acterized by hyperplastic hematopoiesis, leading to eryth-
rocytosis, thrombocytosis and/or leukocytosis. Symptoms 
can be splenomegaly, fatigue, itching and flushing. The 
major causes of mortality and morbidity are vascular com-
plications such as coronary heart disease and stroke [11, 
12], caused by the hyperinflammatory state leading to a 
higher risk of thrombotic events [13]. The pathogenesis 
of PV is only partly understood. Nearly all PV patients 
have an overactivated JAK/STAT-pathway (Fig. 1). Several 
activating mutations in the genes coding for the JAK/STAT 
pathway have been discovered. Most frequent is an activat-
ing somatic mutation in the gene encoding for the JAK2 
protein, the JAK2 V617F mutation, which can be found in 
95% of PV patients [6, 12, 14]. In < 10% of the patients, 
PV transforms into MF over time [11, 12].

Primary myelofibrosis (PMF) is another MPN and is 
characterized by initial hematopoietic hyperplasia and sys-
temic inflammation, leading to ineffective and extramedul-
lary hematopoiesis and splenomegaly resulting in reduced 
survival [8, 15–19]. MF progression leads to thrombocy-
topenia, anemia and complications related to these, such 
as fatigue, dyspnea and bleeding-related issues. Although 
most patients experience thrombocytopenia, thrombotic 
complications are common in this patient category, com-
parable to PV [8, 20, 21].

The pathogenesis of MF is partly understood. Most MF 
patients have an overactivated JAK/STAT pathway. Several 
mutations of the genes coding for the JAK/STAT path-
way are found in MF. The most frequent mutation is JAK2 
V617F, which is found in 65% of MF patients [17, 18, 21, 
22]. Other JAK/STAT-pathway activating mutations that are 
found are mutations in the gene encoding the thrombopoietin 
receptor (MPL) and the endoplasmic reticulum chaperone 
protein, calreticulin (CALR) [23].

A third indication for ruxolitinib is GVHD. Allogeneic 
hematopoietic stem-cell transplantation (HSCT) is a treat-
ment used for patients with hematological malignancies, 
inborn errors, or bone marrow failure syndromes. GVHD 
is a complication of allogeneic HSCT which presents as a 
systemic inflammatory condition primarily mediated by the 
immune system of the donor. GVHD with an onset in the 
first 3 months is acute GVHD (aGVHD) and GVHD with a 
later onset is chronic GVHD (cGVHD), although onset time 
is not the only difference between aGVHD and cGVHD [24, 
25]. Corticosteroids are the first-line treatment for aGVHD 
and cGVHD. Patients with steroid-refractory GVHD (srG-
VHD) can be treated with cyclosporine, tacrolimus or 
sirolimus as second-line immunosuppressive treatment 
[26]. Ruxolitinib can be a successful treatment for srGVHD 
with response rates of 55% [27, 28]. Based on the pivotal 
REACH1, REACH2 and REACH3 trials [28–30], the FDA 
and EMA approved ruxolitinib to treat srGVHD.

2  Methods

2.1  Literature Search

For this review, conducted according to the PRISMA guide-
lines, four databases were assessed on March 15, 2021: Pub-
Med, EMBASE, Cochrane Library and Web of Science. The 
search terms used were combinations of ‘INCB018424’, 
‘ruxolitinib’, ‘INC424’, ‘pharmacology’, pharmacological 
and toxicological phenomena’, ‘Drug administration sched-
ule’, ‘pharmacodynamics’, ‘pharmacological parameters’, 
‘pharmacokinetics’, ‘adverse events’, ‘toxicology’, ‘dose’, 
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‘dosing’, ‘dosage’, and ‘interaction’. See supplement I in 
the electronic supplementary material for the exact search. 
The following publications were excluded: not written in 
English, animal or in vitro studies, letters to the editor, case 
reports, where ruxolitinib was not used for hematological 
diseases, or not available as full text. On November 16, 2021 
the search was repeated to search for publications between 
March 15, 2021 and November 16, 2021.

From the combined literature search, 5511 articles were 
identified, 1249 from PubMed, 2833 from EMBASE, 570 
from Cochrane Library and 859 from Web of Science. Of 
these articles, 1233 duplicates were removed, which led to 
4278 articles left for screening. Another 4058 articles were 
excluded based on their title and/or abstract, leaving 220 
articles suitable for this review. Three websites and 19 extra 
articles were added (Fig. 2).

3  Results and Discussion

3.1  Pharmacokinetics

3.1.1  Absorption and Distribution

Ruxolitinib (base) has an acid dissociation constant (pKa) of 
5.9 [31] and is considered a class I compound due to its high 
solubility (100.8 mg/L) in water of pH 1-8 [32, 33]. Rux-
olitinib is formulated in immediate-release (IR) tablets, is 
almost completely absorbed and in healthy subjects reaches 
its maximum concentration (Cmax) on average within 1 h, 
ranging from 0.5 to 6.0 h and an absorption rate constant 
(Ka) of 3.43  h−1 [34]. Bio-availability of ruxolitinib is over 
95%. The protein binding to albumin is approximately 97%. 
The plasma concentration over time is linear for a dose rang-
ing from 5 mg to 200 mg [32, 35]. Table 1 provides an over-
view of the pharmacokinetic variables.

Fig. 1  JAK/STAT dysregulation in myelofibrosis and polycythemia vera. CAL-R calreticulin gene, DC dendritic cell, JAK Janus kinase, NK natu-
ral killer cell, STAT  signal transducer and activator of transcription, Treg regulatory T cells
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The ingestion of food (high fat and high calorie) decreases 
Cmax by 24.3% compared with ingestion without food. Also, 
time to reach Cmax (Tmax) is postponed with ingestion of 
food, while the area under the plasma concentration–time 
curve from zero to infinity (AUC 0-∞) is not affected [36]. 
Furthermore, ruxolitinib pharmacokinetics can be described 
with a two-compartment model with a first-order absorption 
and linear elimination.

The use of ruxolitinib in patients with GVHD involv-
ing the gut could result in altered ruxolitinib absorption. 
Isberner et al. studied ruxolitinib exposure in patients with 
GVHD, of whom 31% had involvement of the gut, and found 
that ruxolitinib exposure was actually increased in GVHD 
patients in comparison with myelofibrosis patients. Since 
this difference was related to reduced ruxolitinib clearance, it 
is unlikely that ruxolitinib absorption is hampered in patients 
with GVHD of the gut [37].

Volume of distribution for the central compartment for a 
typical/average patient of 72.9 kg was 58.6 L, with a percent 

relative standard error (%RSE) of 2.80% and a peripheral 
volume of 11.2 L, %RSE 18.6% [34].

In order to decrease Cmax, and to reduce the risks of 
adverse events, a study with modified-release preparations 
was performed [38]. Two different sustained-release (SR) 
formulations of ruxolitinib, SR-1 and SR-2, were compared 
with the commercially available IR formulation. Both male 
and female healthy subjects as well as 38 patients with MF 
were included in this study and were given SR-1 or SR-2 
ruxolitinib 25 mg IR.

The Cmax of IR ruxolitinib in healthy volunteers (6 males 
and 3 females) was 1100 nM (0.34 mg/L); Tmax was 0.9 
h. The Cmax of SR-1 and SR-2 ruxolitinib was 333 nM 
(0.10 mg/L) and 394 nM (0.12 mg/L). Tmax of SR-1 and 
SR-2 ruxolitinib was prolonged compared with IR, 2.4 h and 
2.9 h, respectively. The relative bioavailability, compared 
with IR, of SR-1 and SR-2 ruxolitinib was 76% and 87%. 
The 38 MF patients were treated for 16 weeks with SR (not 
specified which SR) ruxolitinib 25 mg or 50 mg once daily 

Fig. 2  Prisma flow diagram
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and thereafter continued treatment with IR ruxolitinib. Tmax 
was 2.0 h and 3.0 h for 25 mg SR and 50 mg SR ruxolitinib, 
respectively. Cmax was 464 nM (0.14 mg/L) and 730 nM 
(0.22 mg/L) for 25 mg SR and 50 mg SR, respectively. An 
interesting finding was that both clearance for SR (18.3 vs 
34.8 L/h) and volume of distribution (Vc/F) during the termi-
nal phase (218 vs 304 L) were lower in women than in men. 
For IR ruxolitinib, a sex-based difference in clearance was 
also found [38]. Two other studies found the same results 
for sex-based difference for volume of distribution [34, 38].

3.1.2  Metabolism

In a study by Shilling et al., six healthy male subjects were 
given 25 mg  [14C]-ruxolitinib and radioactivity was meas-
ured in plasma. Ruxolitinib was predominant and nine 
metabolites of ruxolitinib could be identified. Metabo-
lites were recovered both in urine and in feces [32]. These 
metabolites of ruxolitinib are pharmacologically active [34, 
39]. Ruxolitinib is mainly metabolized by the cytochrome 
P450 (CYP) enzyme CYP3A4 [36, 39]. It is unknown if 
CYP3A5 has a role in ruxolitinib metabolism. CYP2C9 has 
a minor contribution to the metabolism of ruxolitinib [40, 
41]. Shi et al. found eight metabolites of ruxolitinib. The 
metabolites contributed 13% of the pharmacological activity 
of ruxolitinib, whereas Chen et al. calculated 17% pharma-
cological activity of ruxolitinib [42]. In combination with 
the CYP3A4 inducer rifampicin, the metabolites contributed 
31% to the pharmacological activity [39].

3.1.3  Excretion

The main route of elimination for ruxolitinib and its metabo-
lites is renal. In the previously mentioned study by Shil-
ling et al., using 25 mg  [14C]-ruxolitinib given to healthy 
individuals, 74% of radioactivity was found in urine and 
96% of radioactivity could be detected in urine and feces 
together. Unchanged  [14C]-ruxolitinib was found for < 1% 
in both the urine and feces, which indicates that the pri-
mary elimination route of ruxolitinib is metabolic and the 
metabolites are predominantly renally eliminated [32]. In a 
study performed by Shi et al., ruxolitinib was administered 
in doses of 5–200 mg twice daily. Elimination half-life  (T½) 
was approximately 3 h and clearance (CL/F) was 20 L/h and 
dose independent. The mean Cmax and AUC 0-∞ increased in 
a linear manner indicating a non-saturable clearance [32, 
36]. The previously discussed study with two different SR 
formulations and an IR formulation found that the T½ of 
SR-1 and SR-2 formulations was almost two times longer 
compared with the IR formulation, 5.3 and 6.1 h versus 2.8 
h. The CL/F was almost the same for IR, SR-1 and SR-2, 
respectively 22.8 L/h, 27.2 L/h and 24.6 L/h [38]. These 
differences can be explained by the different characteristics 

of IR and SR formulations. Similar results were found in a 
study with healthy volunteers in Japan [43]. In a population-
based pharmacokinetic study where data from three differ-
ent studies in patients with MF and PV were pooled, T½ 
was 3.76 h for men and 4.07 h for women. Another popula-
tion pharmacokinetic analysis found CL/F of 22.1 L/h for 
males and 17.7 L/h for females [34]. This difference between 
men and women might be explained by differences in body 
weight, although in both female and male patients there was 
no relationship between CL/F and body weight. The under-
lying disease might have played a role. Isberner et al. stud-
ied ruxolitinib in patients with GVHD and found a CL/F of 
9.74 L/h, whereas Chen et al. studied healthy volunteers and 
found a CL/F ranging from 18.6 to 23.5 L/h [34, 37]. The 
authors did not find an explanation for why their findings 
differ from other studies [37]. In patients with PV, CL/F was 
13.7–20.7 L/h, further indicating that the underlying disease 
might play a role [35].

3.2  Renal Dysfunction

Ruxolitinib is mainly excreted as metabolites via the kidneys 
[32]. Therefore, renal dysfunction can increase the expo-
sure of active metabolites of ruxolitinib. In a study by Chen 
et al. [42], patients with various stages of renal impairment 
(mild, moderate, severe and patients on hemodialysis) were 
given a single dose of ruxolitinib 25 mg. Their major finding 
was that the pharmacokinetic variables (Tmax, T½, AUC 0-∞, 
CL/F and Vz/F [terminal volume of distribution]) of ruxoli-
tinib were not affected by renal dysfunction, while T½ and 
AUC 0-∞ of the metabolites increased with severity of renal 
impairment [42].

Improvement of renal function has been reported in 
ruxolitinib-treated patients with PMF [44]. The study used 
estimated glomerular filtration rate (eGFR)-based renal 
function improvement measured as best percentage change 
in eGFR during treatment as compared with baseline. By 
choosing best percentage change in eGFR there could have 
been a positive bias overestimating the finding that ruxoli-
tinib improves renal function. An alternative explanation is 
that the disease (MF, PV, GVHD) might be the cause of 
renal failure, and ruxolitinib thus indirectly improves renal 
function by reversing the disease effect on the kidney [45].

3.3  Liver Dysfunction

Ruxolitinib is metabolized by the liver, mostly by CYP3A4 
[36, 39]. In a study by Chen et al., patients with various 
stages of hepatic impairment (none, mild, moderate and 
severe hepatic impairment based on the Child-Pugh classifi-
cation) received a single dose of ruxolitinib 25 mg [42]. Cmax 
was unchanged in all groups, but AUC 0-∞ in the mild, mod-
erate and severe hepatic impairment groups was significantly 
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higher compared with healthy subjects: 6590  nM*h 
(2.04 mg/L*h), 4510 nM*h (1.39 mg/L*h) and 5830 nM*h 
(1.80 mg/L*h) versus 3520 nM*h (1.09 mg/L*h), respec-
tively. Furthermore,  T½ was increased (from 2.7 to 4.5 h) in 
the mild hepatic impairment groups and increased to 4.9 h 
in the severe hepatic impairment group. Tmax also showed a 
prolongation in hepatic impairment.

3.4  Drug–Drug Interactions

GVHD patients that require ruxolitinib are usually treated 
with multiple other drugs like corticosteroids, anti-mold and 
anti-fungal drugs, antimicrobial drugs and immune suppres-
sants. Many drugs in these classes are either a substrate, 
inductor or inhibitor of CYP3A4, the major enzyme involved 
in ruxolitinib metabolism, and drug–drug interactions 
(DDIs) can be expected. Table 2 summarizes the effects of 
CYP3A4 inhibition or induction on the pharmacokinetics 
of ruxolitinib.

Co-administration of erythromycin, a moderate CYP3A4 
inhibitor, influences the pharmacokinetics of ruxolitinib. 
Healthy volunteers were given erythromycin which resulted 
in a 27% increase (2670 nM*h [0.83 mg/L*h]) of the area 
under the curve from zero to 24h (AUC 0–24h) compared with 
ruxolitinib alone (2130 nM*h [0.66 mg/L*h]), a T½ increase 
of 10% (4.5 h vs 4.1 h), a Cmax increase of 8% (609 nM 
[0.19 mg/L] vs 562 nM [0.17 mg/L]), and a 20% reduction 
of CL/F (11.8 vs 15.0 L/h) [39].

In a study by Shi et al., the effect of CYP3A4 on the 
metabolism of ruxolitinib was evaluated. In this study, 
healthy volunteers were given the CYP3A4 inducer 
rifampicin, resulting in a 71% decrease (3710  nM*h 
[1.15 mg/L*h]) of the AUC 0–24h compared with ruxolitinib 
alone (12100 nM*h [3.74 mg/L*h]) [39]. Furthermore, 
rifampicin decreased the  T½ with almost 50% and increased 
the first-pass effect. For the major five metabolites of ruxoli-
tinib (> 90% combined plasma AUC 0–24h), pharmacokinetic 
analyses have been performed with and without rifampicin. 
The Cmax of the active metabolites increased 30–50% in 
combination with rifampicin [39].

Co-administration with fluconazole (CYP3A4 and 
CYP2C9 inhibitor) resulted in an increased Cmax of 

approximately 50%, increased AUC 0-∞ with 234% and 
increased the T½ with a factor of 2.5. The CL/F decreased 
from 29.5 L/h to 8.85 L/h [40, 41]. An interaction study with 
ruxolitinib and voriconazole, a potent CYP3A4 inhibitor, 
showed similar pharmacokinetic results [46]. Patients were 
given ruxolitinib 5 mg followed by voriconazole 200 mg 
for 5 days. On day 5, the patients were given a single dose 
of ruxolitinib 5 mg again. Ruxolitinib in combination with 
voriconazole compared with ruxolitinib alone increased 
Cmax (0.073 mg/L vs 0.048 mg/L), T½ (5.5 h vs 3.0 h), area 
under the curve from time zero to last (AUC last) (210.1 ng/
mL*h [0.210 mg/L*h] vs 100 ng/mL*h [0.100 mg/L*h]) and 
decreased CL/F (43.6 L/h vs 100 L/h) [46].

Ketoconazole, a CYP3A4 inhibitor, also influences 
the pharmacokinetics of ruxolitinib. Compared with rux-
olitinib alone, ketoconazole in combination with ruxoli-
tinib increases the Cmax (850 nM [0.26 mg/L] vs 644 nM 
[0.20 mg/L]), T½ (5.6 h vs 3.5 h), AUC 0-∞ (4970 nM*h 
[1.54 mg/L*h] vs 2600 nM*h [0.80 mg/L*h]) and decreases 
CL/F (6.57 L/h vs 12.6 L/h), Tmax remains equal to 1.0 h 
[39].

In a study in human immunodeficiency virus (HIV)-pos-
itive patients, the concomitant use of the CYP3A4 inducer 
efavirenz increased the CL/F of ruxolitinib compared with 
concomitant use of integrase inhibitors [47]. Patients on efa-
virenz or integrase inhibitors were administered ruxolitinib 
10 mg twice daily for 5 weeks. CL/F at week 1 in the efa-
virenz group and the integrase inhibitor group was 22.3 L/h 
and 13.8 L/h, respectively. CL/F at week 4/5 in the efavirenz 
group and the integrase inhibitor group was 20.8 L/h and 
12.7 L/h, respectively [47].

The studies discussed above generally have studied DDIs 
between two single drugs. In clinical practice however, 
patients often receive combinations with either additive or 
opposed effects. Model informed precision dosing (see sec-
tion 3.10) may then be of help.

Ruxolitinib (base) has an acid dissociation constant (pKa) 
of 5.9 [31], therefore it is unlikely that ruxolitinib absorp-
tion is affected by an increasing gastric/intestinal pH due to 
the use of proton pump inhibitors (PPI) or other drugs that 
increase the gastric/intestinal pH, such as magnesium or cal-
cium preparations. As expected, use of a PPI did not affect 

Table 2  Impact of CYP3A4 
inhibition or induction on 
pharmacokinetic variables and 
parameters

AUC  area under the curve, CL/F apparent clearance, Cmax maximum drug concentration, CYP3A4 
cytochrome P450 3A4, T½ elimination half-life.

AUC (%) T½ (%) Cmax (%) CL/F (%)

CYP3A4 inhibition (erythromycin) [42] + 27 + 10 + 8 − 20
CYP3A4 inhibition (ketoconazole) [42] + 90 + 60 + 30 − 50
CYP3A4 inhibition (fluconazole) [43, 44] + 234 + 250 + 50 − 70
CYP3A4 inhibition (voriconazole) [49] + 100 + 80 + 50 − 50
CYP3A4 induction (rifampicin) [42] − 71 − 50 − 30 to 50 + 300
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the exposure of ruxolitinib [37]. It is also suggested that rux-
olitinib is not a substrate for the efflux pump P-glycoprotein 
(P-gp) based on in-vitro data [39], and therefore drugs that 
inhibit P-gp have limited effects on ruxolitinib pharmacoki-
netics [32, 48]. This is contradicted by the results of Ebert 
et al., who found that there is a correlation between P-gp 
expression and the JAK-inhibiting effect of ruxolitinib [49].

3.5  Adverse Events and Toxicity

The most reported non-hematologic adverse events (AEs) 
of ruxolitinib are peripheral edema and diarrhea. Patients 
who were longer exposed to ruxolitinib often experience less 
AEs than patients with a shorter period of exposure. Another 
common AE in patients treated with ruxolitinib is infection, 
such as sepsis, viral infections, pneumonia and urinary tract 
infections [50, 51]. Immune responses and hematopoiesis 
are inhibited by ruxolitinib through JAK1/2 inhibition and 
patients’ blood count should be checked regularly [52]. 
The hematological AEs such as bone marrow depression 
and low blood cell counts can be explained by the mecha-
nism of action of ruxolitinib as a JAK1/2 inhibitor. In the 
COMFORT-II trial, 55% of the patients experienced one or 
more serious adverse events (SAE), such as anemia, throm-
bocytopenia, abdominal pain and cardiac failure [13, 19]. 
Twenty-five percent of the patients’ AEs, such as anemia 
and thrombocytopenia, led to discontinuation of ruxolitinib. 
Ruxolitinib AEs are mostly treated by dose reductions, sup-
portive care or with concomitant medication such as cor-
ticosteroids, antibiotics or blood transfusions [13, 38, 53, 
54]. In the EXPAND study, similar results were found [55]. 
This study was performed with MF patients with low platelet 
count divided into two strata (75 to < 100 ×  109/L and 50 to 
< 75 ×  109/L). All 69 patients experienced at least one AE 
such as anemia, thrombocytopenia, decreased platelet count 
and fatigue, where thrombocytopenia was the most common 
reason to discontinue the treatment with ruxolitinib [55].

Renal failure has been observed during treatment with 
ruxolitinib [13]. Several other TKIs also cause renal fail-
ure, but the mechanism is unknown. A possibility is that 
the disease (MF, PV, GVHD) can be the cause of the renal 
failure and not necessarily the use of ruxolitinib [45]. Kid-
ney function should be closely monitored during ruxolitinib 
treatment, because loss of kidney function decreases the 

clearance of ruxolitinib active metabolites which can be a 
reason to reduce the dose.

Ruxolitinib has no effect on the QTc interval. Punwani 
et al. performed a study where healthy subjects received pla-
cebo, a single dose of ruxolitinib 25 mg, a single dose of rux-
olitinib 200 mg or a single dose of moxifloxacin 400 mg, a 
drug known for its QTc prolonging effect, which was used as 
positive control [56]. The overall change of QTc time ranged 
between − 3.09 and 3.28 ms for both ruxolitinib doses. The 
largest change in the single-dose ruxolitinib 25-mg group 
was 1.69 ms and for the single-dose ruxolitinib 200-mg 
group, 3.28 ms. Not one of the subjects in the ruxolitinib 
group had a change of QTc interval larger than 10 ms. The 
largest change in the moxifloxacin group was 10.65 ms and 
there was a positive linear relationship between moxifloxacin 
plasma concentration and prolongation of QTc time. There 
was no relationship between ruxolitinib plasma concentra-
tion and change in the QTc interval [56].

A study performed with tofacitinib, also a JAK1 and 
JAK2 inhibitor, for the treatment of rheumatoid arthri-
tis found a concerning AE [57]. In a follow-up period of 
4 years the incidence of cancer (excluding nonmelanoma 
skin cancer) was higher with tofacitinib compared with a 
tumor necrosis factor inhibitor with an incidence of 4.2% 
and 2.9%, respectively. Although tofacitinib is not used for 
the treatment of MF, PV or GVHD, it acts as a JAK inhibi-
tor like ruxolitinib. Therefore, ruxolitinib might show the 
same finding over a longer period. To date, there have been 
no safety signals that ruxolitinib induces (secondary) cancer 
development.

3.6  Pharmacodynamics

Ruxolitinib has a pyrrolo pyrimidine structure (Fig. 3), and 
works by competitively inhibiting the ATP-binding catalytic 
site of JAK1 and JAK2 [2]. JAK1 and JAK2 antagonism is 
selective and reversible and indirectly inhibits STAT medi-
ating the signaling of cytokines and growth factors, which 
are important for hematopoiesis and immune function (see 
Fig. 1). JAK1 and JAK2 can be found in several immune 
cells such as T-regulatory cells (Treg), natural killer cells 
(NK cells) and dendritic cells (DC). Half maximal inhibi-
tory concentration  (IC50) for ruxolitinib is defined as the 
ruxolitinib concentration at which 50% of STAT inhibition 
is achieved. The ex-vivo  IC50 is 254 nM (0.079 mg/L) for a 
single dose and 225 nM (0.070 mg/L) in vivo [36]. Shi et al. 
found an  IC50 of single-dose ruxolitinib 10 mg of 191 nM 
(0.059 mg/L) [39].

Ruxolitinib has a chiral carbon atom with an R-enanti-
omer and an S-enantiomer. The S-enantiomer is approxi-
mately ten times less active than the R-enantiomer, with the 
R-enantiomer having an  IC50 of 0.40 nM (0.00012 mg/L) 
compared with 5.0 nM (0.0015 mg/L) for the S-enantiomer, Fig. 3  Chemical structure of ruxolitinib. Created with Chemwindow
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and only the R-enantiomer binds to the ATP-binding site 
on JAK [58]. The R-enantiomer is used in the registered 
ruxolitinib product  Jakavi®.

3.7  Pharmacokinetic/Pharmacodynamic 
Relationships

There is a correlation between ruxolitinib dose and inhibi-
tion of phosphorylated STAT (pSTAT). The inhibition of 
pSTAT3 ranged from 40 to > 90%, with a single ruxolitinib 
dose of 5 mg and 200 mg, respectively. STAT inhibition is 
measured as a percent decrease of IL-6-stimulated STAT 
compared with baseline. For multiple dosing of ruxolitinib, 
the inhibition of pSTAT is also dose dependent and ranges 
from approximately 65–95% inhibition with 15 mg twice 
daily and 100 mg once daily, respectively. The time period 
during which ruxolitinib plasma concentrations are greater 
than  IC50 (209 nM [0.065 mg/L]) with 15 mg and 50 mg 
twice daily is 8 h and 18 h of a 24-h period, respectively 
[36]. After a single dose of ruxolitinib 25 mg, pSTAT3 
was inhibited to a maximum of 60–70% within 1 h, which 
declined to 25% inhibition at 12–16 h after administra-
tion. STAT inhibition is prolonged in patients with renal or 
hepatic impairment [42].

In these patients, STAT is also inhibited within 1 h after 
administration and is inhibited for 24 h. The inhibition of 
both JAK1/2 and STAT is important, however it remains 
unclear which of these proteins plays the dominant role. It 
is unknown for how long and for what percentage STAT 
should be inhibited to achieve the maximum pharmacody-
namic effect.

Due to pharmacokinetic variation, there will be a 
subpopulation with higher exposure and probably also 
increased risk of AEs. There is preliminary evidence for 
a dose–response and exposure–response relationship in 
decreasing platelet count and spleen size reduction with 
increasing ruxolitinib exposure. No exposure–response rela-
tionship was found for efficacy and safety endpoints in the 
analysis of the two phase III trials of ruxolitinib in aGVHD 
and cGVHD [59]. However, this finding might be incon-
clusive since there was a limited exposure range [39]. The 
exposure–response relationship of ruxolitinib and platelet 
count was further characterized in a population pharma-
cokinetic/pharmacodynamic model. The model described 
for aGVHD an initial reduction in platelet count after start of 
ruxolitinib, which is manageable with dose reductions, and 
platelet recovery towards the end of treatment [39].

Isberner et  al. performed a pharmacokinetic study 
in 29 patients with GVHD to investigate the effects of 
CYP3A4 and CYP2C9 on ruxolitinib exposure. Median 
trough serum concentrations were 0.0314  mg/L (range 
0.0022–0.229 mg/L) at various dose levels and 0.0339 mg/L 
(range 0.0056–0.0998 mg/L) for patients at a daily dose 

of 20 mg. An interesting finding is that GVHD patients 
had higher ruxolitinib concentrations compared with MF 
patients. Patients with AEs requiring dose reductions had 
significantly higher serum trough concentrations (median 
trough concentration 0.0606 mg/L) at the initial daily dose 
of 20 mg compared with patients not requiring dose reduc-
tions (median trough concentration 0.0398 mg/L). After 
dose reduction in the patients with AEs, the median serum 
trough concentration was 0.0284 mg/L, which was no longer 
different from the median trough concentration in patients 
without AE-related dose reductions. The odds ratio of hav-
ing at least three AEs was 8.8 for patients with a serum 
trough concentration above the threshold of 0.0211 mg/L 
[37]. This study indicates an exposure–toxicity relationship 
for ruxolitinib.

Studies usually focus on exposure in plasma. What mat-
ters is exposure at the site of action. The drug is distributed 
to the site of action, so there must be a relation between the 
concentration in the plasma and the concentration at the site 
of action, however the precise nature of this relationship is 
currently unknown.

A new technique that can be used to further investigate 
exposure at the tumor site (target exposure) is matrix-
assisted laser desorption/ionization mass spectrometry imag-
ing (MALDI MSI). MALDI MSI can reveal the quantitative 
distribution of ruxolitinib in tissue with high spatial resolu-
tion [60]. With this technique it is possible to investigate the 
distribution of ruxolitinib on a cellular level in relation to a 
plasma concentration.

To get better insight into the dynamics of the adverse 
events (off-target exposure), relationships need to be investi-
gated between plasma exposure (trough concentrations, peak 
concentrations and area under curve) of the parent drug and/
or its metabolites and toxic effects. As the available data on 
ruxolitinib outcomes matures and the association evalua-
tions continue, it is expected that future pharmacokinetic/
pharmacodynamic modeling reports could further assist in 
understanding the pharmacological effects of ruxolitinib as 
well as provide guidance to dose optimization.

3.8  Recommended Dose

There are different dosing regimens for ruxolitinib depend-
ing on the indication (Table 3). The starting dose for PV 
is 10 mg twice daily, for MF it is 5–20 mg twice daily, for 
aGVHD 10 mg twice daily (EMA label) or 5 mg twice daily 
(FDA label) and for cGVHD 10 mg twice daily [13, 28, 61]. 
During treatment the dose is adjusted to individual tolerance 
based on safety and toxicity. Patients often use concomitant 
medications which might requiring dose reductions [35]. 
Dose reduction to 50% is advised for patients with moderate 
or severe renal impairment or any hepatic impairment and in 
case of a platelet count of 100–150 ×  109/L [42].
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3.9  Pediatrics

The indications for ruxolitinib have recently been 
extended to children aged ≥ 12 years for aGVHD and 
cGVHD treatment. Ruxolitinib has shown positive results 
in children compared with best available therapy with 
85% overall response rate in grade 2–4 GVHD patients. 
Ruxolitinib dose in this pediatric population ranged 
between 2.5–10 mg twice daily and was based on body-
weight and tolerability. Infection incidence in children is 
lower compared with adults [62, 63]. Also, srGVHD pedi-
atric patients showed a high overall response to ruxoli-
tinib [64]. Furthermore, children treated with ruxolitinib 
show less liver toxicity than adults. Both might indicate 
that children can cope with a relative higher dose [65]. 
Two clinical trials (INC424F12201 and INC424G12201) 
are ongoing to investigate the pharmacokinetics of rux-
olitinib in children.

3.10  Model‑Informed Precision Dosing 
to Individualize Therapy

3.10.1  What is Model‑Informed Precision Dosing?

Model-informed precision dosing (MIPD) is a science-
based method that uses (1) pharmacokinetic and pharma-
codynamic principles to identify how patients are different 
in terms of parameters such as CL, V, Emax and  IC50 and 
give the dose needed to reach the target; and (2) measure-
ment of a parameter—usually the concentration of the drug 
involved—in combination with a population pharmacoki-
netic model and appropriate software to calculate the dose 
to reach that target in case of deviations from the target. 
In the next sections population modeling and MIPD are 
discussed.

3.10.2  Population Pharmacokinetics and Physiologically 
Based Pharmacokinetic Modeling

To predict plasma concentrations for guiding therapy opti-
mization (MIPD), explaining concentration-related adverse 
events or DDIs, population pharmacokinetic (popPK) mod-
eling or physiologically based pharmacokinetic (PBPK) 
modeling can be used. Shi et al. constructed a general 
PBPK model for healthy volunteers using all published 
ruxolitinib pharmacokinetic, absorption, distribution, 
metabolism and excretion data. As a model for a typical 
study subject, a 30-year-old American male with a body-
weight of 78 kg was used. The PBPK model well described 
the plasma concentration profile of ruxolitinib 10 mg sin-
gle dose compared with the known data, and the linear 
pharmacokinetic characteristics of ruxolitinib were repro-
duced [31]. DDI data obtained from the PBPK model with 
rifampicin, ketoconazole, erythromycin and fluconazole 
were comparable with the clinical observations [31, 34]. 
The PBPK model showed similar results for concomitant 
use with ketoconazole and erythromycin. Chen et al. con-
ducted a popPK analysis of ruxolitinib in patients with MF 
and PV. Pharmacokinetic data of three clinical trials, with 
different dosing strategies, were used to make a popPK 
model. Data of 272 patients was used for modeling and 
data of 142 patients was used to validate the model. A 
two-compartment model with first-order absorption and 
linear elimination was used as a structural base. The popPK 
model predicted pharmacokinetic parameters representing 
those that were found in clinical studies. In the covariate 
analysis, gender was found to be a statistically significant 
predictor of CL/F, where males have a higher CL/F com-
pared with women (22.1 L/h vs 17.7 L/h). This could be 
explained by the differences in bodyweight, however both 
males and females showed a lack of relationship between 

Table 3  Initial dose recommendations for ruxolitinib in adult patients according to indication

aGVHD acute graft-versus-host disease, BID twice a day, cGVHD chronic graft-versus-host disease, CYP3A4 cytochrome P450 3A4, MF mye-
lofibrosis, PV polycythemia vera
a Approved for use in patients > 12 years of age

Disease Starting dose Concomitant strong CYP3A4 
inhibitor

Severe renal impairment 
(< 30 mL/min)

Liver impairment

MF 5 mg, 10 mg, 15 mg or 20 mg 
BID depending on platelet 
count

Reduce dose by approximately 
50%

Reduce dose by approximately 
50%

Reduce dose by approximately 
50% or reduce to 10 mg BID

PV 10 mg BID Reduce dose by approximately 
50%

Starting dose 5 mg BID or 
reduce dose by approximately 
50%

Reduce dose by approximately 
50%

aGVHDa 10 mg BID (EMA label)
5 mg BID (FDA label)

Reduce dose by approximately 
50%

Reduce dose by approximately 
50%

Reduce dose by approximately 
50%

cGVHDa 10 mg BID Reduce dose by approximately 
50%

Reduce dose by approximately 
50%

Reduce dose by approximately 
50%
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clearance and weight. Additional popPK analyses were per-
formed and the addition of bodyweight as a covariate on 
clearance was not needed to describe the pharmacokinet-
ics of ruxolitinib [34]. For CYP3A4 DDIs, another PBPK 
model has been developed for ruxolitinib combined with 
posaconazole in GVHD patients. After composing a posa-
conazole, ruxolitinib and DDI model, the authors created 
a posaconazole and ruxolitinib DDI model. The virtual 
model patient population was given posaconazole 300 mg 
once daily and ruxolitinib 10 mg twice daily. The model-
predicted Cmax was 0.116 mg/L for ruxolitinib alone versus 
0.140 mg/L combined with posaconazole, an increase of 
21%. The model-predicted AUC last of ruxolitinib alone was 
0.240 mg/L*h versus 0.382 mg/L*h combined with posa-
conazole, an increase of 59% [66]. These studies show that 
ruxolitinib popPK and PBPK models can help to predict 
ruxolitinib behavior in various clinical scenarios.

3.10.3  Evidence for Model‑Informed Precision Dosing

MIPD might be of value for the treatment of MF, PV and 
GVHD for several reasons. The first reason is a high inter-
patient variability in pharmacokinetics, where MIPD can be 
used to individualize the dose, such that exposure is com-
parable between patients for an optimal balance between 
efficacy and adverse events. A second reason is the occur-
rence of drug–drug interactions. Most TKIs are substrates 
for CYP3A4 enzymes and are susceptible to enzyme inhibi-
tion and enzyme induction increasing pharmacokinetic vari-
ability and exposure. Currently, MIPD is not routinely used 
for ruxolitinib, because optimal serum or plasma concentra-
tions balanced between efficacy and toxicity are unknown. 
In clinical practice, ruxolitinib is dosed on effect, adverse 
events, renal impairment, liver impairment and toxicity.

Some preliminary exposure–effect studies have been 
performed with ruxolitinib. There is a relationship between 
plasma concentration and the inhibition of STAT [36]. It 
has not yet been investigated what the duration of STAT 
inhibition is in relation to the clinical effect. There are cor-
relations between inhibition of STAT and ruxolitinib blood-
serum concentrations [36, 39].

For TKIs in general, there is increasing evidence and 
rationale to use MIPD in clinical practice [67]. A large 
study performed by the Dutch Pharmacology Oncology 
Group (DPOG) showed that over half of patients using 
oral anticancer drugs were underdosed at some point dur-
ing their treatment. In 56.6% of these patients, MIPD was 
used to attain the serum concentration target again with-
out additional toxicities [68]. Taken together, the evidence 
is currently too limited to support ruxolitinib MIPD in 
routine clinical practice; however, for complex individual 
cases, ruxolitinib MIPD might be of value.

4  Conclusion

The current knowledge on the pharmacology of ruxoli-
tinib is described in this review. Pharmacodynamics and 
pharmacokinetics, liver and kidney dysfunction, DDIs, 
adverse events, toxicity and MIPD of ruxolitinib are sum-
marized for MF, PV and GVHD. No great differences in 
the pharmacokinetics of ruxolitinib were found between 
studies, except for the volume of distribution. This can be 
explained by the different methods used to determine the 
volume of distribution. There are differences in clearance 
between men and women due to body weight, although 
this is not conclusive. Liver impairment modulates the 
pharmacokinetics of ruxolitinib by increasing AUC,  T½ 
and  Tmax, whereas kidney impairment modulates the phar-
macokinetics of the active metabolites (AUC and  T½), 
requiring dose adjustment. The inhibition of STAT is also 
prolonged in patients with kidney impairment. Ruxoli-
tinib is metabolized by CYP3A4 and therefore has several 
clinically relevant DDIs with other drugs that influence 
CYP3A4. Furthermore, it could be useful to better under-
stand the pharmacokinetic/pharmacodynamic differences 
between MF, PV and GVHD patients to optimize ruxoli-
tinib treatment and to use MIPD in a beneficial way.
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