
INTRODUCTION

Tofacitinib (Fig. 1) is a Janus kinase (JAK) 1 and 3 inhibitor 
developed for the treatment of rheumatoid arthritis (Claxton 
et al., 2018; Sandborn et al., 2022). The drug suppresses in-
terleukins 2, 4, 7, 9, 15, and 21, which play essential roles in 
lymphocyte activation, proliferation, and functioning (Change-
lian et al., 2008; Flanagan et al., 2010). Tofacitinib was ap-
proved as the first oral JAK inhibitor for patients with mod-
erate-to-severe ulcerative colitis who were not responsive to 
methotrexate (Fukuda et al., 2019). The half-life of tofacitinib 
is approximately 3.2 h and the absolute oral bioavailability (F) 

is approximately 74% when tofacitinib (10 mg) is orally admin-
istered to healthy volunteers (Cada et al., 2013; Scott, 2013; 
Dowty et al., 2014). In addition, approximately 70% of tofaci-
tinib is metabolized by oxidation and N-demethylation by he-
patic cytochrome P450 (CYP) 3A4 and CYP2C19, while 30% 
is excreted by the kidneys in an unmetabolized form (Dowty 
et al., 2014). 

After the oral administration of tofacitinib (20 mg/kg) in male 
Sprague–Dawley rats, the F of tofacitinib was 29.1% and the 
amount remaining in the gastrointestinal tract at 24 h was 
3.16% (Lee and Kim, 2019). The urinary excretion of tofaci-
tinib was 10.0% of the 20 mg/kg dose administered orally to 
rats (Lee and Kim, 2019). In addition, the hepatic first-pass 
effect of tofacitinib is approximately 42.0% of the drug entering 
the portal vein and the intestinal first-pass effect is 46.1% of 
the intraduodenally administered dose (Lee and Kim, 2019). 
Therefore, systemic diseases that affect the function of the 
liver, intestine, or kidney could change the pharmacokinetics 
of tofacitinib owing to a significant first-pass effect of tofacitinib 
in the liver and intestines. In a streptozotocin-induced diabe-
tes mellitus rat model, the protein expression of CYP3A1/2 in 
the intestine and liver increased, resulting in an increase in 
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Tofacitinib, a Janus kinase 1 and 3 inhibitor, is mainly metabolized by CYP3A1/2 and CYP2C11 in the liver. The drug has been 
approved for the chronic treatment of severe ulcerative colitis, a chronic inflammatory bowel disease. This study investigated the 
pharmacokinetics of tofacitinib in rats with dextran sulfate sodium (DSS)-induced ulcerative colitis. After 1-min of intravenous 
infusion of tofacitinib (10 mg/kg), the area under the plasma concentration-time curves from time zero to time infinity (AUC) of 
tofacitinib significantly increased by 92.3%. The time-averaged total body clearance decreased significantly by 47.7% in DSS rats 
compared with control rats. After the oral administration of tofacitinib (20 mg/kg), the AUC increased by 85.5% in DSS rats. These 
results could be due to decreased intrinsic clearance of the drug caused by the reduction of CYP3A1/2 and CYP2C11 in the liver 
and intestine of DSS rats. In conclusion, ulcerative colitis inhibited CYP3A1/2 and CYP2C11 in the liver and intestines of DSS rats 
and slowed the metabolism of tofacitinib, resulting in increased plasma concentrations of tofacitinib in DSS rats.
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Fig. 1. Chemical structure of tofacitinib.
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the intestinal and hepatic intrinsic clearance (CLint) of tofaci-
tinib and a decrease in the plasma concentration of tofacitinib 
(Gwak et al., 2020). The F value decreased with the increased 
expression of P-glycoprotein (P-gp) as well as faster CLint in 
the intestine (Gwak et al., 2020). In a rat model of cisplatin-
induced acute renal failure, renal excretion of tofacitinib was 
significantly reduced owing to the deterioration of renal func-
tion. Additionally, drug metabolism was also reduced due to 
a significant decrease in hepatic CYP3A1/2 after intravenous 
and oral administration of tofacitinib, which resulted in an in-
creased plasma concentration of tofacitinib (Bae et al., 2020).

Ulcerative colitis and Crohn’s disease are the representa-
tive chronic inflammatory bowel diseases (Ordas et al., 2012). 
There are various causes of ulcerative colitis; however, in gen-
eral, a strong genetic predisposition, environmental factors 
(eating habits, smoking, etc.), changes in the intestinal micro-
biota due to infection, and abnormal regulation of the immune 
system are mentioned (Taurog et al., 1994; Baumgart and 
Carding, 2007; Sartor, 2008). In general, chronic inflamma-
tion increases lipopolysaccharides in the blood, which migrate 
to the liver, cause hepatic inflammation, and produce various 
inflammatory cytokines (Pastor Rojo et al., 2007), known to 
downregulate the expression and activity of CYP enzymes 
(Masubuchi and Horie, 2004; Chen et al., 2008). In patients 
with ulcerative colitis, the plasma concentration of cyclosporin 
increased by five times (Latteri et al., 2001) and that of metro-
nidazole increased by 50% (Bergan et al., 1981). In addition, 
in a dextran sulfate sodium (DSS)-induced ulcerative colitis 
mouse model, mRNA and protein expression of hepatic CYP 
isoforms decreased and the CLint of triazolam also decreased 
(Kusunoki et al., 2014). Based on the above reports, phar-
macokinetic changes of a drug may be expected due to an 
increase in plasma concentration by decreasing drug metabo-
lism in patients with ulcerative colitis.

Therefore, this study aimed to evaluate the pharmacokinetic 
changes of tofacitinib after it was administered intravenously 
and orally to DSS-induced ulcerative colitis rats and to vali-
date the activity and protein expression of drug-metabolizing 
enzymes in the liver and intestine. 

MATERIALS AND METHODS

Chemicals
Tofacitinib and hydrocortisone [an internal standard for 

high-performance liquid chromatography (HPLC) analysis] 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). To 
induce ulcerative colitis in rats, DSS was obtained from MP 
Biomedicals (Illkirch, France) and β-cyclodextrin was obtained 
from Wako (Osaka, Japan). Heparin and 0.9% NaCl-inject-
able solutions were manufactured by the JW Pharmaceuti-
cal Corporation (Seoul, Korea). Primary antibodies against 
CYP1A1/2, CYP2B1/2, CYP2C11, CYP2D1, CYP2E1, and 
CYP3A1/2 were obtained from Detroit R&D Inc. (Detroit, MI, 
USA). Primary antibodies against pregnane X receptor (PXR), 
constitutive androstane receptor (CAR), P-gp and β-actin 
were purchased from Cell Signaling Technology (Beverly, MA, 
USA). Secondary goat, rabbit, and mouse antibodies were 
supplied by Bio-Rad (Hercules, CA, USA). All the other chemi-
cals and reagents were of HPLC or analytical grade and were 
used as received without further purification.

Animals
Sprague–Dawley male rats (6 weeks old, weight 160-180 

g) were obtained from OrientBio (Seongnam, Korea). They 
were individually managed in a clean room maintained at 21-
23°C under 12 h (07:00-19:00) light and 12 h (19:00-07:00) 
dark cycles with 45-55% relative humidity through air purifica-
tion (Laboratory Animal Research Center of Ajou University 
Medical Center, Suwon, Korea). Rats were treated according 
to previously published methods (Lee and Kim, 2019; Park et 
al., 2021). All the rats were provided free access to food and 
water without any restrictions. The animal experiments and 
protocols were reviewed based on standard operating proce-
dures and were approved by the Institutional Animal Care and 
Use Committee (IACUC No. 2020-0013). 

Induction of ulcerative colitis
The rats were randomly assigned to two experimental 

groups, control (CON) and dextran sulfate sodium-induced ul-
cerative colitis (DSS) rats. Ulcerative colitis was induced in the 
DSS group for 10 days by feeding the rats 5% DSS (w/v) dis-
solved in their drinking water, while CON rats received drink-
ing water without added DSS (Hu et al., 2020). Both groups 
of rats had free access to food. The day after the last drinking 
of DSS water, plasma was obtained from CON and DSS rats 
(n=3 per group). All the rats were sacrificed by light anesthesia 
with ketamine (100 mg/kg). The entire colons were removed 
and the length of the colon was measured.

Preliminary study
The albumin, total protein, serum creatinine (SCR), gluta-

mate pyruvate transaminase (GPT) and glutamate oxaloace-
tate transaminase (GOT) levels were measured in the plasma 
samples of CON and DSS rats (Green Cross Reference Lab, 
Seoul, Korea). To estimate creatinine clearance (CLCR), urine 
samples were collected for 24 h and urine volumes and cre-
atinine levels were measured. CLCR was estimated by dividing 
the amount of creatinine excreted in the urine over 24 h by the 
area under the plasma concentration-time curve of creatinine 
from 0 to 24 h (AUC0-24 h) (Bae et al., 2020). For tissue biop-
sies, whole kidneys and livers were removed from CON and 
DSS rats and weighed. A small portion of liver, kidney, and 
colon was excised and fixed in 10% neutral buffered formalin 
(BBC Biochemical, Mount Vernon, WA, USA).

Rat plasma protein binding of tofacitinib
Equilibrium dialysis (Kim et al., 1999) was performed to 

measure the plasma protein binding of tofacitinib using fresh 
plasma obtained from CON and DSS rats (n=3, each group). 
Briefly, 1 mL of plasma from CON or DSS rats was dialyzed 
against an equal volume of isotonic Sørensen phosphate buf-
fer (pH 7.4) through a Spectra/Por 2 membrane (molecular 
weight cutoff 12,000-14,000 Da; Spectrum Medical Indus-
tries, Los Angeles, CA, USA). To minimize the time required 
to reach equilibrium, 10 µg/mL tofacitinib was spiked into the 
plasma compartment (Svein and Theodor, 1982; Shin et al., 
1991). After incubation at 37°C in a water bath at 50 opm for 
24 h, 50 µL was aliquoted from each compartment and the 
concentration of tofacitinib in the plasma (CP) and buffer (CB) 
compartments was analyzed using HPLC (Kim et al., 2020). 
Percent binding (%) was calculated as follows:
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Percent binding (%) = CP – CB × 100
CP

Intravenous and oral administration of tofacitinib
For the intravenous study, the jugular vein and carotid ar-

tery were cannulated using polyethylene tubing 50 (Clay Ad-
ams, Parsippany, NJ, USA) for drug administration and blood 
collection, respectively. For the oral study, the rats were fasted 
overnight and only the carotid artery was cannulated for blood 
collection. All surgical procedures were performed after an-
esthesia with ketamine (100 mg/kg) and experiments com-
menced after a sufficient recovery time of 3-4 h after anesthe-
sia (Park et al., 2021). 

For the intravenous study, tofacitinib (dissolved in 0.9% 
NaCl-injectable solution containing 0.5% β-cyclodextrin) 
was administered intravenously via the jugular veins of the 
CON (n=7) and DSS (n=6) rats at a dose of 10 mg/kg. Blood 
samples (0.12 mL) were obtained at 0 (prior to drug admin-
istration), 1, 5, 15, 30, 45, 60, 90, 120, 180, 240, and 360 
min through the carotid artery. Tofacitinib (the same solution 
used in the intravenous study) was also administered orally to 
CON (n=6) and DSS (n=6) rats at a dose of 20 mg/kg. Blood 
samples (0.12 mL) were collected through the carotid artery 
at 0 (prior to drug administration), 5, 15, 30, 45, 60, 90, 120, 
180, 240, 360, 480, 600, and 720 min. After collecting blood 
samples, 0.3 mL of heparinized 0.9% NaCl-injectable solution 
(10 IU/mL) was immediately flushed into the carotid artery to 
prevent blood clotting. Blood samples were centrifuged for 1 
min at 8,000 g and plasma (50 µL) was collected (Kim et al., 
2020). 

At 24 h, the abdomen of each rat was opened and the en-
tire gastrointestinal tract was collected, cut into small pieces, 
and immersed in a beaker containing 50 mL of methanol. After 
evenly mixing the contents of the beaker, 50 µL of the super-
natant was collected (Kim et al., 2020). Urine samples were 
collected 24 h after drug administration. After measuring the 
urine volume, two 100 µL aliquots of each urine sample were 
collected (Kim et al., 2020). All samples were stored at –80°C 
in a deep freezer until HPLC analysis for tofacitinib was per-
formed (Kim et al., 2020).

Tissue distribution of tofacitinib
Rats were treated according to previously published meth-

ods (Lee and Kim, 2019; Park et al., 2021). Approximately 30 
min after the intravenous administration of tofacitinib (10 mg/
kg) to CON and DSS rats (n=3 in each group), maximum pos-
sible volume of blood was collected from the carotid artery and 
immediately centrifuged to obtain plasma. Fat, brain, kidney, 
heart, liver, large intestine, mesentery, lung, small intestine, 
muscle, stomach, and spleen were removed and rinsed in 
phosphate buffer solution (pH 7.4) to remove the remaining 
blood. Approximately 1 g of each tissue was added to four 
volumes of homogenizing buffer, homogenized (T25 Ultra-
Turrax, IKA Labortechnik, Staufen, Germany), and centrifuged 
at 8,000 g for 10 min. An aliquot (50 µL) of the supernatant 
was collected and stored at –80°C until HPLC analysis of to-
facitinib was performed (Kim et al., 2020).

Measurement of Vmax, Km, and CLint

The experiments were conducted as previously reported 
(Bae et al., 2020; Gwak et al., 2020) for the preparation of 

hepatic and intestinal microsomes. Protein concentrations of 
hepatic and intestinal microsomes were estimated using the 
bicinchoninic acid method. Microsomes (1 mg/mL protein con-
tent), 1 µL of various concentrations of tofacitinib (0.5, 0.75, 1, 
2, 5, 10, and 20 µM) and a nicotinamide adenine dinucleotide 
phosphate hydrogen-generating system (Corning Inc., Corn-
ing, NY, USA) were combined to simulate an in vivo metabolic 
system. The total volume of the system was adjusted to 1 mL 
by adding 0.1 M phosphate buffer (pH 7.4). The contents were 
incubated at 50 oscillations per min (opm) in a 37°C water 
bath for 15 min and the reaction was terminated by adding 
twice the volume of methanol. Kinetic constants, maximum ve-
locity (Vmax) and apparent Michaelis–Menten constant (Km; the 
concentration at which the rate is one-half of Vmax for the me-
tabolism of tofacitinib) were measured using a Lineweaver–
Burk plot followed by nonlinear regression analysis (Duggleby, 
1995; Gwak et al., 2020) using Prism 5 (GraphPad Software 
Inc., San Diego, CA, USA). The CLint for tofacitinib metabolism 
was calculated by dividing Vmax by Km (Duggleby, 1995; Gwak 
et al., 2020).

Immunoblot analysis
Hepatic and intestinal microsomes (20-40 µg protein per 

lane) were resolved by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis and transferred to a nitrocellulose 
membrane for 1 h. For immunodetection, blots were incu-
bated on a shaker overnight with primary antibodies against 
CYP1A1/2, CYP2B1/2, CYP2C11, CYP2D1, CYP2E1, CY-
P3A1/2, P-gp, PXR, or CAR diluted in Tris-buffered saline with 
0.1% Tween 20 (TBS-T) containing 5% bovine serum albu-
min (1:2,000) at 4°C. The blots were then incubated with a 
horseradish peroxide-conjugated secondary antibody diluted 
1:10,000 in TBS-T containing 5% skim milk for 1 h at room 
temperature. Protein expression was visualized by enhanced 
chemiluminescence (Bio-Rad) using an Image Quant LAS 
4000 Mini (GE Healthcare Life Sciences, Piscataway, NJ, 
USA) and band density was measured using ImageJ 1.45s 
software (NIH, Bethesda, MA, USA). β-Actin was used as an 
internal standard (Bae et al., 2020).

HPLC analysis
Analysis of tofacitinib concentration in biological samples 

was performed using previously published method (Kim et al., 
2020). Briefly, 50 µL of biological sample was mixed with 1 µL 
of hydrocortisone (an internal standard, 5 mg/mL) and then 
20% ammonia solution (20 µL) was added. The mixture was 
vortexed for 30 s and extracted with 750 µL of ethyl acetate. 
The organic layer was collected and evaporated under a gen-
tle flow of nitrogen gas at 40°C (Eyela, Tokyo, Japan). The 
residue was then redissolved in 130 µL of 20% acetonitrile 
and 50 µL of the supernatant was analyzed using a reversed-
phase column (C18; 250×4.6 mm, 5 µm; Young Jin Biochrom, 
Seongnam, Korea). 

The concentration of tofacitinib in the biological samples 
was determined using a Prominence LC-20A HPLC system 
(Shimadzu, Kyoto, Japan). The mobile phase consisted of 10 
mM ammonium acetate buffer (pH 5.0) and acetonitrile in a 
69.5:30.5 (v/v) ratio with a flow rate of 1 mL/min. Measure-
ments were performed using a UV detector set at 287 nm. 
The retention times of tofacitinib and hydrocortisone were ap-
proximately 7.21 and 11.3 min, respectively. The lower limits 
of quantitation of tofacitinib in rat plasma and urine were 0.01 
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and 0.1 µg/mL, respectively. The intraday assay precisions 
(coefficients of variation, CVs) in rat plasma and urine were 
3.69%-5.88% and 4.21%-6.18%, respectively and the corre-
sponding inter-day assay precisions were 5.06% and 5.46%, 
respectively (Kim et al., 2020).

Pharmacokinetic analysis
The following pharmacokinetic parameters were deter-

mined by non-compartmental analysis (WinNonlin, Pharsight 
Corporation, Mountain View, CA, USA) using standard meth-
ods (Gibaldi and Perrier, 1982): terminal half-life, time-aver-
aged total body clearance (CL), renal clearance (CLR), nonre-
nal clearance (CLNR), apparent volume of distribution at steady 
state (Vss), and AUC. The AUC values were calculated using 
the trapezoidal rule–extrapolation method (Chiou, 1978), 
while peak plasma concentration (Cmax) and time to reach Cmax 
(Tmax) were obtained directly from the plasma concentration-
time profiles. 

Statistical analysis
All experimental results are presented as mean ± standard 

deviation (SD) and only Tmax is expressed as a median (range) 
value. Comparisons between the two groups were performed 
using an unpaired Student’s t-test. A p value <0.05 was deter-
mined statistically significant. 

RESULTS

Induction of ulcerative colitis
Ulcerative colitis was induced by drinking 5% DSS (w/v) 

dissolved in water. Surrogate symptoms of ulcerative colitis, 
such as diarrhea and bloody excrement, were observed in 
DSS rats. Body weight gain was not observed in DSS rats 
(1.14% decrease) compared to CON rats (52.4% increase). 
In addition, a significant decrease in colon length (49.0% de-
crease) was also found in DSS rats compared to CON rats 
(Fig. 2, 3A). Considerable tissue alterations were observed 
in the colon microscopy of DSS rats, including loss of crypt, 
edema with thickened tissue, and inflammation (Fig. 3B). 

Plasma concentrations of total protein, GOT, GPT, and SCR 
were similar and were not significantly different between CON 
and DSS rats (Fig. 2). However, albumin was significantly 
decreased by 15.8% and urea nitrogen was significantly in-
creased by 86.4% in DSS rats (Fig. 2). The relative weights 
(% of body weight) of the liver and kidney did not significantly 
differ and there were no histological changes in the liver and 
kidney between CON and DSS rats (Fig. 2, 3B).

Plasma protein binding of tofacitinib
The plasma protein binding of tofacitinib to 4% human se-

rum albumin, similar to the ratio in rat plasma (Mitruka and 
Rawnsley, 1981), was independent of tofacitinib concentra-
tions, ranging from 1 to 100 µg/mL (Kim et al., 2020). There-
fore, 10 µg/mL tofacitinib was chosen for the plasma protein-
binding study. The protein binding values of tofacitinib to fresh 
plasma from CON and DSS rats were 39.4 ± 2.17% and 37.4 
± 4.71%, respectively (Fig. 2). There were no significant differ-
ences between the two groups of rats. 

Intravenous administration study
Fig. 4A shows the mean arterial plasma concentration ver-
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sus time curves of tofacitinib following a 1-min intravenous in-
fusion of tofacitinib at a dose of 10 mg/kg to CON (n=7) and 
DSS (n=6) rats. The relevant pharmacokinetic parameters are 
listed in Table 1. The plasma concentration of tofacitinib de-
clined polyexponentially, with terminal half-lives of 31.0 and 
42.0 min in CON and DSS rats, respectively. The plasma 
concentration of tofacitinib in DSS rats was higher than that 
in CON rats and the AUC of tofacitinib in DSS rats was sig-
nificantly greater (92.3% increase) than that in CON rats. The 
greater AUC of tofacitinib was presumed to be due to the slow-
er CL (47.7% decrease) in DSS rats. This result supported the 
slowing down of tofacitinib metabolism by slower CLNR (45.3% 
decrease) in DSS rats than in CON rats. The CLR of tofacitinib 
was also significantly slower (77.6% decrease) in DSS rats 
that in CON rats (Table 1). Furthermore, the Vss value was 
significantly lower by 43.2% in DSS rats than in CON rats. 
However, the remaining percentages of tofacitinib in the gas-
trointestinal tract 24 h after drug administration (GI24 h) were 
low, 0.484% and 0.328% of the intravenous dose in CON and 
DSS rats, respectively, with no significant differences between 
the two groups.

Oral administration study
Fig. 4B shows the mean arterial plasma concentration ver-

sus time curves of tofacitinib following oral administration at a 
dose of 20 mg/kg to CON (n=6) and DSS (n=6) rats. The rel-
evant pharmacokinetic parameters are summarized in Table 
1. Tofacitinib was absorbed rapidly in the gastrointestinal tract 
and detected at the first blood collection time (5 min) in all 
the rats. The plasma concentrations of tofacitinib in DSS rats 
were higher than those in CON rats, with the AUC value sig-
nificantly greater by 85.5% in DSS rats than in CON rats. Ow-
ing to the relatively greater AUC values in DSS rats, the CLR 

values were significantly lower by 64.0% in DSS rats than in 
CON rats. Even though GI24 h of orally administered tofacitinib 
was significantly greater in DSS rats (1.10%) than in CON rats 
(0.124%), the values were relatively low, indicating that the 
absorption of tofacitinib from the gastrointestinal tract was al-
most complete in both groups. The F values of tofacitinib after 
oral administration were 29.3% and 28.3% in CON and DSS 
rats, respectively.

Tissue distribution of tofacitinib
The tissue concentration (µg/mL for plasma and µg/g for 

tissue) and tissue-to-plasma (T/P) ratio at 30 min after intrave-
nous administration of 10 mg/kg tofacitinib are shown in Fig. 5. 
Tofacitinib was widely distributed in rat tissues of both groups. 
However, the plasma concentration of tofacitinib was signifi-
cantly higher in DSS group than that in CON group. The con-
centrations of tofacitinib in the stomach, small intestine, and 
mesentery of DSS rats were significantly higher than those of 
CON rats, whereas the concentrations of tofacitinib in other 
tissues were not significantly different between the two groups 
(Fig. 5A). Although the T/P ratios were not statistically signifi-
cant, the ratios (except for mesentery) in DSS rats showed a 
generally lower or similar trend compared to CON rats due 
to the higher plasma concentration of tofacitinib in DSS rats 
(Fig. 5B). 

In vitro metabolism of tofacitinib
To confirm the in vitro metabolism of tofacitinib, Vmax, Km, 

and CLint values in the hepatic and intestinal microsomes of 
CON and DSS rats are shown in Fig. 6. The Vmax value in 
the hepatic microsomes of DSS rats significantly decreased 
to 15.4% of that in CON rats. The Km value in hepatic micro-
somes was comparable between CON and DSS rats. There-
fore, the CLint for the disappearance of tofacitinib in hepatic 
microsomes was significantly decreased by 75.5% in DSS rats 
compared with CON rats (Fig. 6A). 

In context of intestinal microsomes, the Vmax and Km val-
ues of tofacitinib were comparable in both CON and DSS rats 
(Fig. 6B). However, the CLint decreased by 39.1% in DSS rats 
compared with that in CON rats (5.81 vs. 3.54 µL/min/mg pro-
tein, p=0.0679). These results suggest that the metabolism 
of tofacitinib in the rat liver and intestine is affected by DSS-
induced ulcerative colitis.

Biomol  Ther 30(6), 510-519 (2022) 
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Effect of ulcerative colitis on the expression of CYP and 
other related proteins

The protein expression of hepatic and intestinal CYP iso-
zymes, nuclear receptors (PXR and CAR), and P-gp in CON 
and DSS rats is shown in Fig. 7. The protein expression of CY-
P1A1/2, CYP2B1/2, CYP2C11, CYP3A1/2, and CYP2E1 was 
remarkably decreased in the hepatic microsomes of DSS rats, 
whereas CYP2D6 was comparable between CON and DSS 
rats (Fig. 7A). Similarly, the protein expression of CYP1A1/2, 
CYP2B1/2, CYP2C11, CYP3A1/2, and CYP2E1, including 
CYP2D6, also decreased in the intestinal microsomes of DSS 
rats (Fig. 7A). These findings suggest that DSS-induced ulcer-
ative colitis affected the protein expression of CYP isozymes 
and might result in changes in the metabolism of tofacitinib. 
Furthermore, the protein expression of PXR and CAR, tran-
scriptional regulators of CYP3A and CYP2C subfamily (Wada 
et al., 2009; Daujat-Chavanieu and Gerbal-Chaloin, 2020) and 
P-gp was also decreased in the liver and intestine of DSS rats 

(Fig. 7B). 

DISCUSSION

DSS has been widely used to establish an ulcerative colitis 
model in mice and rats because pathological and etiological 
conditions as well as therapeutic reactions are similar to the 
active stage of ulcerative colitis in humans (Solomon et al., 
2010). DSS accumulates in the lamina propria mucosae of the 
colon, and is phagocytized by macrophages, thereby initiat-
ing inflammation (Okayasu et al., 1990). Typical symptoms, 
such as body weight loss and bloody diarrhea, were observed 
in rats with DSS-induced ulcerative colitis (Kusunoki et al., 
2014) as well as shortened colon lengths. The colon biopsies 
in this study also demonstrated the induction of severe ulcer-
ative colitis in rats, showing crypt loss filled with infiltration of 
immune cells, edema with thickened tissue, and infiltration of 

Table 1. Pharmacokinetic parameters of tofacitinib after 1-min intravenous infusion at a dose of 10 mg/kg and oral administration at a dose of 20 mg/kg to 
control (CON) and dextran sulfate sodium-induced ulcerative colitis (DSS) rats

Intravenous Oral

CON (n=7) DSS (n=6) CON (n=6) DSS (n=6)

Body weight (g) 297 ± 47.3 225 ± 17.4* 256 ± 10.7 187 ± 23.9***
AUC (μg∙min/mL) 271 ± 42.9 521 ± 58.4*** 159 ± 19.8 295 ± 53.7***
Cmax (μg/mL) 2.36 ± 0.587 2.46 ± 1.05
Tmax (min) 19.2 ± 12.4 25.0 ± 15.4
Terminal half-life (min) 31.0 ± 5.36 42.0 ± 11.8*
MRT (min) 20.3 ± 7.24 31.9 ± 25.5
CL (mL/min/kg) 37.1 ± 5.68 19.4 ± 2.26***
CLR (mL/min/kg) 3.07 ± 1.40 0.688 ± 0.149** 5.47 ± 4.05 1.97 ± 1.14*
CLNR (mL/min/kg) 34.0 ± 5.54 18.6 ± 1.65***
Vss (mL/kg) 767 ± 286 436 ± 164*
Ae0-24 h (% of dose) 3.97 ± 2.93 2.73 ± 1.89 4.13 ± 2.71 2.40 ± 1.26
GI24 h (% of dose) 0.484 ± 0.298 0.328 ± 0.438 0.124 ± 0.141 1.10 ± 0.782*
F (%) 29.3 28.3

Data are shown as mean ± standard deviation.
Ae0-24 h, the drug excreted as an unchanged form in the urine for 24 h; AUC, area under plasma concentration-time curves from time zero to 
time infinity; Cmax, maximum plasma concentration; CL, time-averaged total body clearance; CLNR, time-averaged non-renal clearance; CLR, 
time-averaged renal clearance; F, absolute oral bioavailability; GI24 h, the percentage of drug remaining in the gastrointestinal tract at 24 h; 
MRT, mean residence time; Tmax, time to reach Cmax; Vss, the apparent volume of distribution at steady state. *p<0.05, **p<0.01, ***p<0.001.
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polymorphonuclear cells, such as neutrophils (Fig. 3B). 
The gastrointestinal and biliary excretion of tofacitinib rep-

resented by GI24 h was insignificant (less than 0.484% of the 
intravenous dose) in both CON and DSS rats, indicating that 
the contribution of gastrointestinal and biliary excretion of 
tofacitinib to CLNR could be negligible. This lower GI24 h was 
presumably not due to chemical or enzymatic degradation of 
tofacitinib in the gastrointestinal tract of rats because tofaci-

tinib is stable in various pH buffers (pH 2-10) and rat gastric 
juice (pH 3.5) for 24 h (Kim et al., 2020). Additionally, 0.703% 
of intravenous tofacitinib (10 mg/kg) in rats (n=3) was excreted 
in the bile for 24 h as unchanged tofacitinib (Lee and Kim, 
2019). These results indicated that the CLNR values in Table 1 
represent metabolic elimination as the contribution of GI24 h to 
CLNR was marginal. 

After intravenous administration of tofacitinib, the signifi-
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cantly greater AUC of tofacitinib appeared to be due to the 
significantly slower CL in DSS rats than in CON rats (Table 1). 
The slower CL in DSS rats was mainly due to the significantly 
slower CLNR compared to that in CON rats. The CLR of tofaci-
tinib was also significantly slower in DSS rats than that in CON 
rats, but its contribution to CL of tofacitinib seemed to be mini-
mal (8.27% and 3.55% for CON and DSS rats, respectively; 
Table 1). Thus, the contribution of CLR to other pharmacokinet-
ic parameters appeared to be minor. The slower CLNR of tofaci-
tinib in DSS rats was supported by the significantly slower in 
vitro hepatic CLint (Fig. 6A) and slower hepatic blood flow (Mori 
et al., 2005) in DSS rats compared to those in CON rats. In the 
ulcerative colitis disease model, the intestinal blood flow was 
reduced (Mori et al., 2005) and the blood flow from intestine 
supplied to the liver through the portal vein (Liu et al., 2021). 
Therefore, it was presumed that the intestinal-associated he-
patic blood flow would decrease in the DSS rats. The plasma 
protein binding of tofacitinib did not affect CLNR of tofacitinib 
by DSS-induced ulcerative colitis, because the plasma protein 
binding of tofacitinib was not high (37.4%-39.4%); thus, the 
free fractions of tofacitinib were comparable between CON 
and DSS rats (Fig. 2). 

Tofacitinib is a drug with an intermediate hepatic extrac-
tion ratio (30%-70%) because the hepatic first-pass metabo-
lism after absorption into the portal vein was 42.0% in rats 
(Lee and Kim, 2019). The slower hepatic CLint in DSS rats 
was supported by a decrease in the protein expression of 
CYP3A1/2 and CYP2C11 by 80.1% and 43.3%, respectively. 
Similar results were reported in a DSS mouse model, where 
the plasma concentration of omeprazole was increased due 
to the decreased hepatic expression of CYP1A2, CYP2D1, 
and CYP3A1 (Hu et al., 2020). The decreased expression of 
hepatic CYP3A1/2 and CYP2C11 was due to a decrease in 
the expression of PXR and CAR, the transcription factors of 
CYP isoforms, in the liver of DSS-induced ulcerative colitis 
mice (Kusunoki et al., 2014; Fan et al., 2020). Furthermore, 
lipopolysaccharide-induced ulcerative colitis causes hepatic 
inflammation by combining with toll-like receptor 4 in the he-
patic Kupffer cells of DSS-induced ulcerative colitis mice, se-
cretes cytokines such as interleukin 6, and increases nuclear 
factor-κB activity (Kusunoki et al., 2014). This reduces PXR 
and CAR transcription, which decreases the activity and ex-
pression of CYP3A and CYP2C subfamilies in a DSS-induced 
ulcerative colitis mouse model (Kusunoki et al., 2014).

Following the intravenous administration of tofacitinib, CLR 
was recalculated (CLR′) from the free (unbound to plasma pro-
teins) fractions of the drug in plasma based on CLR (Table 1) 
and the plasma protein binding values of tofacitinib (Fig. 2); 
CLR′ values were estimated to be 5.07 and 1.10 mL/min/kg 
for CON and DSS rats, respectively. CLR′ of tofacitinib was 
considerably higher than CLCR in CON rats (i.e., 2.49 mL/min/
kg, Fig. 2), indicating that tofacitinib was actively secreted in 
the kidney as reported earlier (Lee and Kim, 2019). However, 
CLR′ of tofacitinib was lower than CLCR in DSS rats (2.68 mL/
min/kg, Fig. 2). This could be due to the significantly greater 
AUC due to the slower metabolism of tofacitinib in DSS rats, 
since the Ae0-24 h, CLCR, and kidney histology in DSS rats were 
not significantly different from CON rats, indicating that kidney 
function was stable in both CON and DSS rats. 

After the oral administration of tofacitinib to DSS rats, the 
AUC was also significantly greater than observed in CON 
rats, presumably due to a decrease in its metabolism in the 

intestine. Based on the in vitro intestinal metabolism of tofaci-
tinib, its Km values were comparable between CON and DSS 
rats, but Vmax values were considerably slower in DSS rats, 
resulting in a slower CLint in DSS rats than in CON rats (Fig. 
6B). The slower intestinal CLint in DSS rats was demonstrated 
by the decreased expression of CYP3A1/2 and CYP2C11 by 
99.3% and 78.5%, respectively, in the intestine of DSS rats. 
The decreased expression of intestinal CYP3A1/2 and CY-
P2C11 was also due to a decrease in the expression of PXR 
and CAR in the intestine of DSS rats (Fig. 7B). The second 
peak in Fig. 4B was due to the individual difference in plasma 
concentration of DSS rats. One of DSS rats showed a very 
slow absorption and Cmax of tofacitinib was very high at 180 
min (2.22 µg/mL), which resulted in the second peak at 180 
min in DSS rats (Fig. 4B). In addition, the protein level of P-gp 
was significantly decreased in the intestine of a DSS rat model 
(Yang et al., 2021), resulting in the improved absorption of to-
facitinib, a substrate of P-gp (Hussar, 2014). Furthermore, gut 
microbiota is one of the reasons for the decrease in intestinal 
CYP3A and P-gp levels (Gao et al., 2017). Therefore, after 
the oral administration of tofacitinib to DSS rats, the greater 
AUC of tofacitinib was due to the increased absorption of to-
facitinib due to decreased P-gp levels and slower metabolism 
of tofacitinib owing to decreased expression of CYP3A1/2 and 
CYP2C11. Increased membrane permeability may also con-
tribute to the greater AUC of a drug in DSS rats. Dysfunction 
of the epithelial paracellular barrier and increase in mucosal 
permeability in the small intestine and colon contribute to in-
creased absorption and result in significantly greater AUC of 
6-carboxyfluorescein (Kumagai et al., 2020) and phenytoin 
(Kusunoki et al., 2017) in the DSS rat model. 

Although the T/P ratios of tofacitinib were not significantly 
different between CON and DSS rats, the relatively lower T/P 
ratios in DSS rats were reflected in the lower Vss, which was 
reduced by 43.2% in DSS rats. The decrease in Vss appeared 
to be independent of plasma protein binding, which was com-
parable between the two groups (Fig. 2). Therefore, the signifi-
cant increase in the plasma concentration of tofacitinib in DSS 
rats was due to the decrease in metabolism of tofacitinib, re-
sulting in a lower Vss and T/P ratio in DSS rats. Similar results 
have been reported for drugs such as oltipraz in a rat model 
of liver cirrhosis induced by N-dimethylnitrosamine (Ahn et al., 
2009) and metformin in an acute renal failure rat model in-
duced by gentamicin (Lee et al., 2013).

In summary, our pharmacokinetic results of tofacitinib 
showed that the AUC of tofacitinib increased significantly in 
DSS rats compared with CON rats, following the intravenous 
administration of tofacitinib, because of the slower CLint in the 
liver owing to the decrease in the hepatic protein levels of CY-
P3A1/2 and CYP2C11. Similarly, after the oral administration 
of tofacitinib to DSS rats, the AUC was also significantly great-
er than that of CON rats due to slower intestinal CLint owing to 
a decrease in the intestinal protein levels of CYP3A1/2 and 
CYP2C11. Decreased expression of P-gp also affected the 
greater AUC of tofacitinib in DSS rats. The pharmacokinetic 
changes of tofacitinib in DSS rats will provide useful informa-
tion for deciding its clinical usage for patients with ulcerative 
colitis and will aid in the adjustment of tofacitinib dosage for 
these patients.
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