
INTRODUCTION

Tofacitinib, [3-[(3R,4R)-4-methyl-3-[methyl-(7H-pyrrolo[2,3-
day]pyrimidin-4-yl) amino]piperidin-1-yl]-3-oxopropanenitrile] (Fig. 
1), a novel Janus kinase (JAK) 1 and 3 inhibitor (Coombs et 
al., 2010; Gupta et al., 2012), was developed for the treatment 
of rheumatoid arthritis. Tofacitinib blocks several cytokine 
receptors for interleukin-2, -4, -7, -9, -15, and -21 by inhibit-
ing JAK 1 and 3, and modulates multiple immune responses 
(LaBranchem et al., 2012). Tofacitinib was thus approved to 
treat rheumatoid arthritis, particularly in patients that are intol-
erant to methotrexate therapy (Claxton et al., 2018). Tofacitinib 
was also approved for the treatment of moderate to severe ul-
cerative colitis in 2018 (Fukuda et al., 2019) and was the first 
oral JAK inhibitor approved for chronic use by ulcerative colitis 
patients (Antonelli et al., 2018). Furthermore, tofacitinib is cur-
rently being evaluated in the clinic for various diseases, such 
as psoriasis (Bachelez et al., 2015; Papp et al., 2015), alope-
cia (Kennedy Crispin et al., 2016), atopic dermatitis (Levy et 

al., 2015), and ankylosing spondylitis (Tahir, 2018). 
Tofacitinib is rapidly absorbed and eliminated and has a ter-

minal half-life of approximately 3.3 h (Lawendy et al., 2009; 
Dowty et al., 2014). Tofacitinib is primarily metabolized via cy-
tochrome P450 (CYP) 3A4 followed by CYP2C19 in humans 
(Gupta et al., 2012; Dowty et al., 2014); thus, approximately 
70% is eliminated non-renally, while 30% is excreted renally 
in humans (Lawendy et al., 2009; Dowty et al., 2014). Tofaci-
tinib is known as a substrate of P-glycoprotein (P-gp) (Hussa, 
2014). The pharmacokinetics of tofacitinib was investigated in 
patients with a variety of diseases, including rheumatoid arth-
ritis (Riese et al., 2010), psoriasis (Ma et al., 2018), and re-
nal transplant recipients (Vincenti et al., 2012). However, its 
pharmacokinetic changes under diabetic conditions is not well 
known. One of the most frequent diseases in patients with dia-
betes is osteoporotic arthritis, but the association between di-
abetes and rheumatoid arthritis has been increasing because 
of the accompanied chronic inflammation, which is similar to 
that in osteoporotic arthritis (Molsted et al., 2018). 
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Tofacitinib, a Janus kinase inhibitor, was developed for the treatment of rheumatoid arthritis. Recently, it has been associated with 
an increased change in arthritis development in patients with diabetes. Herein, we evaluated the pharmacokinetics of tofacitinib 
after intravenous (10 mg/kg) and oral (20 mg/kg) administration to rats with streptozotocin-induced diabetes mellitus and con-
trol rats. Following intravenous administration of tofacitinib to rats with streptozotocin-induced diabetes mellitus, area under the 
plasma concentration-time curve from time zero to infinity of tofacitinib was significantly smaller (33.6%) than that of control rats. 
This might be due to the faster hepatic intrinsic clearance (112%) caused by an increase in the hepatic cytochrome P450 (CYP) 
3A1(23) and the faster hepatic blood flow rate in rats with streptozotocin-induced diabetes mellitus than in control rats. Following 
oral administration, area under the plasma concentration-time curve from time zero to infinity of tofacitinib was also significantly 
smaller (55.5%) in rats with streptozotocin-induced diabetes mellitus than that in control rats. This might be due to decreased ab-
sorption caused by the higher expression of P-glycoprotein and the faster intestinal metabolism caused by the higher expression 
of intestinal CYP3A1(23), which resulted in the decreased bioavailability of tofacitinib (33.0%) in rats with streptozotocin-induced 
diabetes mellitus. In summary, our findings indicate that diabetes mellitus affects the absorption and metabolism of tofacitinib, 
causing faster metabolism and decreased intestinal absorption in rats with streptozotocin-induced diabetes mellitus.
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A diabetic animal model can be established using diabeto-
genic chemicals, such as alloxan, streptozotocin, and the zinc 
chelator (Pickup and Williams, 1991; Watkins and Sandeors, 
1995). Streptozotocin induces structural changes in pancre-
atic beta cells within 48 h after intravenous or intraperitoneal 
administration, causing the diabetic status to maintain for 4 
months (Watkins and Sandeors, 1995). Moreover, the diabetic 
condition induced by streptozotocin caused a decrease in bile 
flow rate and changes in bile compositions (Carnovale et al., 
1986), impaired kidney function (Nadai et al., 1990; Park et 
al., 1996), and hepatotoxicity (Watkins and Sherman, 1992). 
Streptozotocin-induced diabetes mellitus (SIDM) profoundly 
affects the disposition of drugs, especially absorption and meta-
bolism, due to the alteration in the expression of CYP isoforms 
(major drug metabolizing enzymes) and P-gp (a major efflux 
transporter) in the liver and intestine. Although the relationship 
between the expression of CYP isoforms and P-gp has not 
been reported, alterations of CYP isoforms and P-gp expres-
sion induced by diabetes might play a role in the disposition 
of drugs. The expression and activity of hepatic CYP isoforms 
in diabetes mellitus was assessed using different diabetic rat 
models (Lee et al., 2010). However, adequate evaluation of 
the changes in CYP isoforms and P-gp expression in the in-
testine of diabetes mellitus rats have not been performed.

In the present study, we investigated the effects of diabe-
tes mellitus on the disposition of tofacitinib using an SIDM rat 
model after intravenous and oral administration of 10 and 20 
mg/kg of the drug, respectively. Alterations in activities and 
protein expression of the CYP isoforms in the hepatic and in-
testinal microsomal proteins were also evaluated.

MATERIALS AND METHODS

Chemicals
Tofacitinib citrate, streptozotocin, and hydrocortisone, the 

internal standard for high-performance liquid chromatogra-
phy (HPLC) analysis, were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). Heparin and 0.9% NaCl-injectable solution 
were purchased from JW Pharmaceutical Corporation (Seoul, 
Korea). Ethyl acetate, methanol and acetonitrile was procured 
from J.T. Baker (Phillipsburg, NJ, USA), and β-cyclodextrin 
was obtained from Wako (Osaka, Japan). The primary anti-
bodies against CYP1A1/2, CYP2B1/2, CYP2C11, CYP2D6, 
CYP2E1, and CYP3A1(23) were purchased from Detroit R & D 
Inc (Detroit, MI, USA). P-gp and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) were obtained from Cell Signaling 
Technology (Beverly, MA, USA) and Sigma-Aldrich, respec-
tively. Secondary rabbit and mouse antibodies were products 
of Bio-Rad (Hercules, CA, USA). All other chemicals were of 
HPLC-grade and were used without further purification.

Animals 
Male Sprague-Dawley rats (age, 7-8 weeks and weight, 240- 

260 g) were purchased from OrientBio Korea (Seongnam, 
Korea), housed in a clean room under condition of a tempera-
ture of 22 ± 1°C, relative humidity of 50 ± 5% and 12-h light 
(7:00-19:00) and 12-h dark (19:00-7:00) cycles with air filtra-
tion (Laboratory Animal Research Center of Ajou University 
Medical Center, Suwon, Korea). Rats had access to food and 
water ad libitum. All experimental procedures and protocols 
were reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC No. 2014-0053) of the Laborato-
ry Animal Research Center of Ajou University Medical Center. 

Induction of diabetes mellitus 
Diabetes mellitus was induced in rats by a single intraperi-

toneal injection of streptozotocin (60 mg/kg, dissolved in 10 
mM sodium citrate buffer, pH 4.5), while the control group was 
injected with 10 mM sodium citrate buffer only (Choi et al., 
2008). Rats were fasted overnight with free access to water. 
Blood sugar levels were measured in rats on 7th day after 
injecting streptozotocin or 10 mM sodium citrate buffer using 
a glucose detection kit (Caresens, Seoul, Korea). Rats with a 
blood glucose level higher than 250 mg/dL were selected for 
the study (Choi et al., 2008). 

Preliminary study
For the preliminary study, plasma samples were collected 

from SIDM and control rats (n=3, each group). Subsequently, 
albumin, total protein, urea nitrogen, glutamate oxaloacetate 
transaminase (GOT), glutamate pyruvate transaminase (GPT), 
and creatinine levels were measured (Green Cross Reference 
Lab, Seoul, Korea). Urine samples were collected for 24 h and 
the exact urine volume and creatinine levels were also mea-
sured. Whole liver and kidney of each rat were then excised 
and weighed. 

Intravenous and oral administration of tofacitinib 
The pretreatment and surgical procedures for intravenous 

and oral administration were similar to those described previ-
ously (Kim et al., 1993; Lee and Kim, 2019). For oral admin-
istration, rats were fasted overnight with free access to water. 
Rats were then anesthetized with ketamine (100 mg/kg), and 
their carotid arteries and jugular veins (intravenous only) were 
cannulated using polyethylene tubing (Clay Adams, Parsip-
pany, NJ, USA) for blood sampling and drug administration, 
respectively. 

For intravenous administration, tofacitinib, dissolved in 0.9% 
NaCl-injectable solution containing 0.5% β-cyclodextrin, was 
injected via the jugular vein for 1 min at a dose of 10 mg/
kg to control (n=9) and SIDM (n=7) rats. Blood samples (110 
µL) were collected via the carotid artery at times 0 (prior to 
drug administration), 1 (at the end of drug infusion), 5, 15, 
30, 45, 60, 90, 120, 180, 240, 360, 480, and 600 min, and im-
mediately centrifuged at 8,000 g for 10 min and plasma was 
collected. Urine samples were collected over 24 h. In addition, 
each metabolic cage was rinsed with 20 mL of distilled water 
24 h after drug administration, and the rinses were combined 
with their corresponding 24-h urine samples. The volumes of 
the combined urine samples were measured and two 50-µL 
aliquots of each were collected. At 24 h, the abdomen of each 
rat was opened and the entire gastrointestinal tract, including 
its contents and feces, was removed, transferred to a bea-
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Fig. 1. Structure of tofacitinib.
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ker containing 50 mL methanol, cut into small pieces, stirred 
manually, and two 50-µL aliquots of each supernatant were 
collected. All samples collected above were stored at –80°C 
until HPLC analysis of tofacitinib (Lee and Kim, 2019).

For oral administration, approximately 1 mL of 20 mg/kg 
tofacitinib was administered to control (n=8) and SIDM (n=7) 
rats. Blood samples (110 µL) were collected via the carotid 
artery at times 0 (prior to drug administration), 5, 15, 30, 45, 
60, 90, 120, 180, 240, 360, 480, 600, and 720 min. Urine and 
gastrointestinal tract samples were obtained over 24 h and 
were processed similarly using the above procedure. 

Tissue distribution of tofacitinib 
Rats were handled and processed as described previously 

(Lee and Kim, 2019). Tofacitinib (10 mg/kg) was intravenously 
administered to control and SIDM rats (n=3, each group). After 
30 min, the maximum attainable blood was collected from the 
carotid artery. Blood samples were immediately centrifuged 
and plasma was collected. Rats were sacrificed by cervical 
dislocation. Thereafter, approximately 1 g of each brain, fat, 
heart, kidney, large intestine, liver, lung, mesentery, muscle, 
small intestine, spleen, and stomach was removed, rinsed 
with phosphate-buffered solution (pH 7.4), and blotted dry 
with paper towels to remove any remaining blood. Each tissue 
sample was added to 4 volumes of homogenizing buffer, ho-
mogenized using a tissue homogenizer (T25 Ultra-Turrax, IKA 
Labortechnik, Staufen, Germany) and centrifuged at 8,000 g 
for 10 min. A 50-µL aliquot of each supernatant was collected 
and stored at –80°C until HPLC analysis of tofacitinib (Lee and 
Kim, 2019). 

Measurement of Vmax, Km, and CLint 
The procedures used for the preparation of hepatic and 

intestinal microsomes were similar to a previously reported 
method (Choi et al., 2008). Protein contents in hepatic and 
intestinal microsomes were measured using a BCA assay. 
The maximum velocity (Vmax) and apparent Michaelis–Menten 
constant (Km; the concentration at which the rate is one-half of 
Vmax) for the disappearance of tofacitinib were determined af-
ter the above microsomes (equivalent to 1 mg proteins) were 
incubated with 5 µL of dimethylsulfoxide containing final to-
facitinib concentrations of 1, 1.5, 2, 3.5, 5, 10, 50, 100, 200 
and 300 µM, and NADPH generating system. The volume was 
adjusted to 1 mL by adding 0.1 M phosphate buffer (pH 7.4), 
and the components were incubated in a water-bath shaker 
maintained at 37°C and 50 oscillations per min (opm) for 15 
min. The above microsomal incubation conditions were in the 
linear range of the reaction rate. After incubation, the reaction 
was terminated by adding 2 volumes of acetonitrile. Thereaf-
ter, two 50-µL aliquots of the reaction mixture were collected. 
The kinetic constants (Km and Vmax) for the disappearance of 
tofacitinib were calculated using a Lineweaver-Burk plot (Dug-
gleby, 1995; Choi et al., 2008). The intrinsic clearance (CLint) 
for the disappearance of tofacitinib was calculated by dividing 
the Vmax by the Km.

Immunoblot analysis
For immunoblot analysis, the hepatic and intestinal micro-

some protein samples (20-40 µg protein per lane) were re-
solved via sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) on a gel (10%) and transferred to 
nitrocellulose for 1 h. For immunodetection, blots were incu-

bated overnight with the appropriate diluted primary antibody 
(1:1,000) in 5% bovine serum albumin (BSA) and tris-buffered 
saline (TBS) with 0.1% tween 20 (TBS-T) at 4°C with gentle 
shaking; this was followed by incubation with a secondary an-
tibody conjugated to horseradish peroxidase for 1 h at room 
temperature. Protein expression level was detected via en-
hanced chemiluminescence (Detroit R & D Inc.) using an Im-
ageQuant LAS-4000 mini (GE Healthcare Life Sciences, Pis-
cataway, NJ, USA). Band density was quantified using ImageJ 
1.45s software (NIH, Bethesda, MD, USA). GAPDH was used 
as an internal standard (Bae et al., 2018).

Rat plasma protein binding study of tofacitinib 
The values for protein binding of tofacitinib to fresh plas-

ma from control and SIDM rats (n=3, each group) were de-
termined using equilibrium dialysis (Kim et al., 1999). Briefly, 
1 mL of rat plasma from control or SIDM rats was dialyzed 
against the same volume of isotonic Sørensen phosphate 
buffer (pH 7.4) containing 3% dextran (“the buffer”) to mini-
mize volume shift (Shin et al., 1991; Kim et al., 1999) using a 
dialysis cell (Spectrum Medical Industries, Los Angeles, CA, 
USA) and a Spectra/Por 2 membrane (molecular weight cut-
off 12,000-14,000 Da; Spectrum Medical Industries). To mini-
mize the time to reach equilibrium, 10 µg/mL tofacitinib was 
spiked in the plasma compartment (Svein and Theodor, 1982; 
Shin et al., 1991). After the dialyzed cells were incubated at 
a rate of 50 opm in a water-bath shaker at 37°C for 24 h, a 
50-µL aliquot was withdrawn from each compartment, and the 
concentrations of tofacitinib in the buffer (CB) and rat plasma 
(CP) compartments were measured. Percent binding (%) was 
calculated as:

100×=

P

BP

C

C-C

%  

HPLC analysis
One microliters of hydrocortisone (internal standard, 5 mg/

mL) and 20 µL of 20% ammonia solution were added to 50-
µL aliquots of biological samples and mixed for 30 s with a 
vortex mixer. Each solution was extracted with 750 µL of ethyl 
acetate by centrifugation at 12,000 rpm for 5 min. The organic 
layer was collected and dried on a dry thermobath (Eyela, To-
kyo, Japan) under a gentle stream of nitrogen gas at 40°C. 
The samples were reconstituted in 130 µL of 20% acetonitrile, 
and 50 µL of resuspended samples were analyzed by HPLC 
(Lee and Kim, 2019).

The concentrations of tofacitinib in the prepared biological 
samples were determined using a Prominence LC-20A HPLC 
system (Shimadzu, Kyoto, Japan), consisting of a pump (LC-
20A), an auto-sampler (SIL-20A), a column oven, and a de-
tector (SPD-20A/20AD), controlled with a CBM-20A system 
controller. The samples were filtered and separated on a re-
versed-phase column (C18; 25 cm×4.6 mm, 5 µm; Young Jin 
Biochrom, Seongnam, Korea). The mobile phase consisted 
of 10 mM ammonium acetate buffer (pH 5.0) and acetonitrile 
in a 69.5:30.5 (v/v) ratio. Flow rate was 1.0 mL/min. Column 
effluent was monitored by a UV detector at 287 nm. The re-
tention times of tofacitinib and the internal standard were ap-
proximately 7.21 and 11.3 min, respectively. The lower limits 
of quantitation of tofacitinib in rat plasma, urine, and tissue 
homogenates were 0.01, 0.1, and 0.1 µg/mL, respectively, with 
intraday assay precision (coefficients of variation) of 3.69-
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5.88%, 4.21-6.18%, and 1.11-8.74%, respectively. The inter-
day assay precision was 5.06% for rat plasma and 5.46% for 
rat urine.

Pharmacokinetic analysis
Pharmacokinetic parameters, including the area under the 

plasma concentration-time curve from time zero to infinity 
(AUC), apparent volume of distribution at steady state (Vss), 
mean residence time (MRT), time-averaged total body (CL), 
renal (CLR) and nonrenal (CLNR) clearances were calculated 
by noncompartmental analysis (WinNonlin, Pharsight Cor-
poration, Mountain View, CA, USA) using standard methods 
(Gibaldi and Perrier, 1982). 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 experimental data. 

The glomerular filtration rate (GFR) was estimated by cal-
culating creatinine clearance (CLCR), with the assumption that 
kidney function was stable during the experimental period. 
The CLCR was calculated by dividing the total amount of 
unchanged creatinine excreted in the urine over 24 h by the 
AUC0-24 h of creatinine in plasma.

Statistical analysis
The results are expressed as mean ± standard deviation 

(SD), except that of Tmax, which was expressed as median 
(range). Comparisons between 2 means were carried out us-
ing Student’s unpaired t-tests. A p value<0.05 was considered 
statistically significant.

RESULTS

Preliminary study
Blood glucose level, plasma chemistry data, CLCR, and oth-

er related physiological data in control and SIDM rats are sum-
marized in Table 1. Compared to control rats, plasma levels of 
GOT and GPT were significantly higher by 60.7% and 94.3%, 
respectively, in SIDM rats. The values in SIDM rats were also 
higher than the reported normal ranges for rats (i.e., 45.7 and 
17.5 IU/L for GOT and GPT, respectively (Mitruka and Rawns-
ley, 1981). The relative weight of the liver did not significantly 
differ between the 2 groups and no histological changes were 
observed in the liver of both control and SIDM rats. These 
findings suggest that the hepatic function was not severely 
impaired in SIDM rats compared to control rats. The plasma 
level of urea nitrogen was significantly higher (by 115%) and 
relative weight of the kidney was significantly greater (33.3% 
increase) in SIDM rats than control rats. In addition, serum 
creatinine (SCR) level was significantly greater by 79.9%, while 
CLCR was significantly slower by 38.8% in SIDM rats relative 
to control rats. There were no significant changes in the kidney 
histology of both groups. Such findings suggest that kidney 
function was impaired in SIDM rats. The plasma levels of total 
proteins and albumin did not significantly differ between the 
2 groups; these values were similar to the reported ranges in 
normal rats (Mitruka and Rawnsley, 1981).

Pharmacokinetics of tofacitinib after intravenous and oral 
administration 

Fig. 2A displays the mean arterial plasma concentration–
time profiles of tofacitinib after the intravenous administration 
of 10 mg/kg to control and SIDM rats. Their relevant pharma-
cokinetic parameters are summarized in Table 2. Compared 
to control rats, SIDM rats had lower mean arterial plasma 
concentration of tofacitinib; thus, SIDM rats had significantly 
smaller AUC values (by 33.6%) than control rats. CL, CLR, and 
CLNR  were significantly higher (by 51.1%, 87.5%, and 43.8%, 
respectively) in SIDM rats than those in control rats. Further, 
Vss value was significantly greater (by 262%) in SIDM rats than 
that in control rats, but the percentage of the dose excreted in 
urine for 24 h (Ae0-24 h) and terminal half-life of tofacitinib re-
mained unchanged in the 2 groups. The remaining percentage 
of the tofacitinib dose in the gastrointestinal tract (including its 
contents and feces) at 24 h (GI24 h) was low (the values were 
0.0935% and 0.282% in control and SIDM rats, respectively).

Fig. 2B displays the mean arterial plasma concentration–
time profiles of tofacitinib after the oral administration of 20 
mg/kg to control and SIDM rats. Some of the relevant phar-
macokinetic parameters of tofacitinib are summarized in Table 
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Table 1. Body weight, urine output, plasma chemistry data and relative 
organs weight in control and streptozotocin-induced diabetes mellitus 
(SIDM) rats

Parameters Control (n=3) SIDM (n=3)

Body weight (g)
   Initial 267 ± 8.77 271 ± 6.31
   Final 281 ± 19.6 243 ± 13.6***
Blood glucose (mg/dL) 151 ± 19.5 444 ± 117***
Urine output (mL/kg/24 h) 110 ± 22.6 136 ± 24.7*
Plasma
   Total protein (g/dL) 5.80 ± 0.379 5.53 ± 0.231
   Albumin (g/dL) 3.90 ± 0.30 3.73 ± 0.153
   Urea nitrogen (mg/dL) 16.3 ± 3.21 35.0 ± 2.00***
   GOT (IU/L) 59.3 ± 5.77 95.3 ± 21.4*
   GPT (IU/L) 35.0 ± 6.24 68.0 ± 11.9**
   SCR (mg/dL) 0.778 ± 0.102 1.40 ± 0.173
CLCR (mL/min/kg) 2.50 ± 0.232 1.53 ± 0.390*
Plasma protein binding (%) 23.1 ± 1.82 21.9 ± 1.21
Liver weight (% of body weight) 3.67 ± 0.623 3.72 ± 0.640
Kidney weight (% of body weight) 0.803 ± 0.185 1.07 ± 0.088**

CLCR, creatinine clearance; GOT, glutamate oxaloacetate transami-
nase; GPT, glutamate pyruvate transaminase; SCR, serum creati-
nine concentration. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 2. Mean arterial plasma concentration-time profiles of tofaci-
tinib after a 1-min intravenous infusion of tofacitinib (10 mg/kg) 
to control (●; n=9), and streptozotocin-induced diabetes mellitus 
(SIDM) (○; n=7) rats (A) and oral administration of tofacitinib (20 
mg/kg) to control (●; n=8) and SIDM (○; n=7) rats (B). Vertical bars 
represent standard deviation.
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2. The absorption of tofacitinib in the gastrointestinal tract was 
rapid; tofacitinib was detected in the plasma at the first blood 
sampling time point (5 min) in all rats. Compared to control 
rats, SIDM rats had lower mean arterial plasma concentra-
tion; the AUC and Cmax values were significantly lower (by 
55.5% and 61.1%, respectively) in SIDM rats than those in 
control rats. The CLR value was significantly higher (by 145%) 
in SIDM rats than that in control rats, owing to the relatively 
smaller AUC values in SIDM rats. The GI24 h of tofacitinib re-
mained unchanged in the 2 groups, with values of 0.177% and 
0.238% when the oral dose was administered to the control 
and SIDM rats, respectively. Such findings indicate that the 
gastrointestinal absorption of tofacitinib was almost complete 
in both groups. The bioavailability (F) values of tofacitinib af-
ter oral administration were 35.5% and 23.8% for control and 
SIDM rats, respectively. 

Tissue distribution of tofacitinib 
Each tissue concentration (µg/mL for plasma or µg/g for tis-

sue) and the tissue-to-plasma (T/P) ratios of tofacitinib at 30 
min after intravenous administration of 10 mg/kg are shown 
in Fig. 3. Tofacitinib was widely distributed in both groups. Al-
though the plasma concentration of tofacitinib was lower in 
SIDM rats than control rats, the tissue concentration of tofaci-
tinib was generally higher in SIDM rats than control rats. The 
concentrations and T/P ratios of tofacitinib were significantly 
higher in the fat, heart, kidney, lung, mesentery, muscle, small 
intestine, and stomach of SIDM rats than control rats. 

In vitro metabolism of tofacitinib in the hepatic and 
intestinal microsomes

The Vmax, Km, and CLint values for the disappearance of to-
facitinib in the hepatic and intestinal microsomes from both 
groups are shown in Fig. 4. The Km values in the hepatic 
microsomes from SIDM rats were significantly smaller (by 

Table 2. Pharmacokinetic parameter of tofacitinib after intravenous (10 mg/kg) and oral (20 mg/kg) administration to control and streptozotocin-induced 
diabetes mellitus (SIDM) rats

Parameter
Intravenous Oral

Control (n=9) SIDM (n=) Control (n=8) SIDM (n=)

Body weight (g) 290 ± 17.2 245 ± 13.0*** 269 ± 16.2 241 ± 15.9**

Blood glucose (mg/dL) 158 ± 17.4 499 ± 87.2*** 142 ± 19.9 395 ± 124***

AUC (µg·min/mL) 256 ± 37.3 170 ± 29.4** 182 ± 26.4 81 ± 42.9***

Cmax (µg/mL) 1.75 ± 1.07 0.68 ± 0.36*

Tmax (min) 17.9 ± 9.1 25.7 ± 16.7
Terminal half-life2 (min) 30.2 ± 4.83 26.5 ± 2.81
MRT (min) 21.3 ± 9.28 44.3 ± 19.5*

CL (mL/min/kg) 39.9 ± 6.74 60.3 ± 11.1**

CLR (mL/min/kg) 2.56 ± 0.59 4.80 ± 1.57** 8.86 ± 13.5 21.7 ± 14.9*

CLNR (mL/min/kg) 38.6 ± 8.04 55.5 ± 9.79**

VSS (mL/kg) 986 ± 379 3565 ± 2379**

GI24 h (% of dose) 0.0935 ± 0.0367 0.282 ± 0.173 0.177 ± 0.123 0.238 ± 0.160
Ae0-24 h (% of dose) 6.99 ± 2.30 6.64 ± 1.65 7.98 ± 1.34 6.94 ± 2.42
F (%) 35.5 23.8

Ae0-24 h, the percentage of the dose excreted in urine for 24 h; AUC, area under the plasma concentration-time curve from time zero to infin-
ity; Cmax, maximum plasma concentration; CL, time-averaged total body clearance; CLNR, time-averaged non-renal clearance; CLR, time-
averaged renal clearance; F, bioavailability; GI24 h, the percentage of the dose remaining in the gastrointestinal tract at 24 h; MRT, mean 
residence time; Tmax, time to reach Cmax; VSS, volume of distribution of steady state. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 3. Mean tissue concentration (µg/g tissue) (A) and the tissue to plasma (T/P) ratios (B) of tofacitinib 30 min after a 1-min intravenous 
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44.3%, p<0.001) in SIDM rats than those in control rats. The 
Vmax and CLint values were significantly faster by 18.4% and 
112%, respectively, in SIDM rats than those in control rats, 
suggesting that the in vitro metabolism of tofacitinib was af-
fected by diabetes mellitus in the rat liver. However, Km values 
for tofacitinib in the intestinal microsome were comparable be-
tween the 2 groups, but Vmax and CLint values were significantly 
faster by 16.9% and 35.4%, respectively, in SIDM rats than 
those in control rats, suggesting that the in vitro metabolism 
of tofacitinib was also affected by diabetes mellitus in the rat 
intestine.

Protein expression of the CYP isoforms and P-gp 
The protein expression of CYP1A1/2, CYP2B1/2, CYP2E1, 

CYP2D6, and CYP3A1(23) were remarkably increased, while 
CYP2C11 was decreased in the hepatic microsome of SIDM 
rats (Fig. 5A). Similarly, the protein expression of CYP2B1/2, 
CYP2E1, CYP2D6, and CYP3A1(23) were also increased in 
the intestinal microsome of SIDM rats, while the intestinal ex-
pression of CYP1A1/2 and CYP2C11 were either comparable 
or slightly decreased in SIDM rats (Fig. 5B). The expression 
level of P-gp was decreased in the hepatic microsome of 
SIDM rats but markedly increased in the intestinal microsome 
of SIDM rats. These findings suggest that diabetes mellitus 
affected the protein expression of CYP enzymes and P-gp, 
and might result in changes in the absorption and metabolism 
of tofacitinib. 

Rat plasma protein binding of tofacitinib
The values for protein binding of tofacitinib to the fresh plas-

ma from control and SIDM rats were 23.1 ± 1.82% and 21.9 
± 1.21%, respectively (Table 1). We found no significant dif-
ferences between the protein binding values of the 2 groups. 
Lee and Kim (2019) reported that the binding of tofacitinib to 
4% human serum albumin, similar to the ratio of albumin in 
rat plasma (Mitruka and Rawnsley, 1981), was independent of 
the tofacitinib concentration ranging from 1 to 100 µg/mL; the 
mean value was 22.5 ± 1.52%. Thus, tofacitinib concentration 
of 10 µg/mL was selected for the plasma protein binding study.

DISCUSSION

According to Lee and Kim (2019), after tofacitinib was in-
travenously (5-50 mg/kg) and orally (10-100 mg/kg) admin-
istered to male Sprague–Dawley rats, the AUCs were dose-
dependent at doses higher than 50 mg/kg for both routes of 
administration. Thus, we selected 10 and 20 mg/kg for use as 
the intravenous and oral doses of tofacitinib, respectively, in 
the present study. 

Following intravenous administration of tofacitinib, the con-
tribution of gastrointestinal (including the biliary) excretion of 
unchanged tofacitinib to its CLNR was almost negligible. In fact, 
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diabetis mellitus (SIDM) rats by immunoblot analyses. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as the load-
ing control. This experiment was performed 3 times. Band density 
was estimated using ImageJ 1.45s software (NIH).
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tofacitinib was below the detection limit in GI24 h for both con-
trol and SIDM rats (data not shown); this may have not been 
due to the chemical or enzymatic degradation of tofacitinib in 
the gastric fluids of rats. Tofacitinib was found to be stable at 
37°C for a 24-h incubation in different buffer solutions with pH 
values of 2, 4, 7, 9, and 10 at a tofacitinib concentration of 5 
µg/mL. Moreover, after bile duct cannulation in 3 rats, 0.703 ± 
0.303% was the percentage of the tofacitinib intravenous dose 
(10 mg/kg) excreted in the 24-h bile sample as unchanged 
drug (Lee and Kim, 2019). The aforementioned data suggest 
that the CLNR of tofacitinib could represent its metabolic clear-
ance. Therefore, the changes in CLNR of tofacitinib listed in Ta-
ble 2 could indicate changes in its hepatic metabolism in rats. 

Following the intravenous administration of tofacitinib to 
SIDM rats, the significantly smaller AUC observed could have 
been due to a significantly faster CL than that found in control 
rats (Table 2). The faster CL in SIDM rats was mainly due to 
their significantly faster CLNR than that in control rats. Although 
the CLR of tofacitinib was also significantly faster in SIDM rats 
than that in control rats, its contribution to CL of tofacitinib was 
minor (6.42% and 7.97% for control and SIDM rats, respec-
tively) (Table 2). Thus, the contribution of the changes in CLR 
of tofacitinib to its other pharmacokinetic parameters seemed 
to be minimal. The higher CLNR of tofacitinib in SIDM rats could 
have been supported by a significantly higher in vitro hepatic 
CLint (Fig. 4) and faster hepatic blood flow rate (Sato et al., 
1991) in SIDM rats than those in control rats. This is because 
the plasma protein binding of tofacitinib was not high (21.9-
23.1%) and was not affected by SIDM; thus, the free fractions 
of tofacitinib were comparable between the 2 groups as previ-
ously mentioned. Tofacitinib is a drug with very close to an in-
termediate (30-70%) hepatic extraction ratio. This is because 
the hepatic first-pass effect after absorption into the portal vein 
was 42.0% in rats (Lee and Kim, 2019). Therefore, the higher 
hepatic CLint in SIDM rats was mainly due to an increase in 
the protein expression and/or mRNA level of CYP3A1(23), as 
that of CYP2C11 decreased in SIDM rats (Kim et al., 2005; 
Lee et al., 2010). The expression of hepatic microsomal CY-
P1A2, 2B1/2, 2E1, and 3A23 proteins increased 1.9-3.3 times 
by SIDM compared to the control, whereas the expression of 
CYP2C11 decreased to 23-37% of the control level in SIDM 
rats (Kim et al., 2005). The mRNA levels of the CYP isoforms 
showed a similar pattern to protein expression. 

Following intravenous administration of tofacitinib, its CLR 
was estimated from the free (unbound to plasma proteins) 
fractions of the drug in plasma based on CLR (Table 2) and the 
plasma protein binding values of tofacitinib (Table 1); CLR val-
ues were estimated to be 3.33 and 6.15 mL/min/kg for control 
and SIDM rats, respectively. These values were considerably 
higher than CLCR (i.e., 2.50 and 1.53 mL/min/kg for control and 
SIDM rats, respectively) (Table 1). These findings indicate that 
tofacitinib was mainly secreted from the renal tubules of all 
rats. 

Following oral administration of tofacitinib to SIDM rats, AUC 
was also significantly smaller than that in control rats (Table 2); 
thus, the F value of tofacitinib in SIDM rats was smaller (33% 
decrease) than that in control rats. The intestinal first-pass ef-
fect of tofacitinib was 46.1% of the oral dose, but its hepatic 
first-pass effect after absorption into the portal vein was 42.0% 
of the intravenous dose; this was equivalent to 23.1% of the 
oral dose based on the 46.1% for the intestinal first-pass effect 
in rats (Lee and Kim, 2019). The significantly smaller oral AUC 

of tofacitinib in SIDM rats may have been due to an increase in 
its metabolism in the intestine. Based on the in vitro intestinal 
metabolism of tofacitinib, its Km values were comparable be-
tween control and SIDM rats but Vmax values were significantly 
faster in SIDM rats, which resulted in the faster CLint in SIDM 
rats compared to control rats (Fig. 4). The expressions of CYP 
isozymes in the intestine were not reported. Our data showed 
that similar changes of CYP isozymes were found in the intes-
tinal microsomes as well as the hepatic microsomes. Although 
the expression level of CYP2C11 was minimally decreased, 
the protein expression level of CYP3A1(23) was markedly in-
creased in the intestine of SIDM rats. The interesting result 
was that the protein level of P-gp was remarkably increased in 
the intestine of SIDM rats, indicating that the highly expressed 
P-gp decreased the absorption of tofacitinib in SIDM rats as 
tofacitinib is a substrate of P-gp (Hussa, 2014). After oral ad-
ministration of tofacitinib to SIDM rats, low AUC values were 
due to decreased absorption and faster metabolism of tofaci-
tinib through the higher expression of P-gp and CYP3A1(23) 
in the intestine and these resulted in a lower F in SIDM rats 
than control rats. 

The higher concentration and T/P ratios of tofacitinib in dif-
ferent tissues of SIDM rats were reflected in the higher Vss 
values, which increased by 262% in SIDM rats. The increase 
in Vss may not be due to the increase in free drug concen-
tration because total protein and albumin in the plasma were 
unchanged in SIDM rats and the percentage of plasma pro-
tein binding of tofacitinib remained unchanged in the 2 groups 
(Table 1). Therefore, the significant decrease in plasma con-
centration in SIDM rats was reflected in an increase in the 
tissue affinity of tofacitinib (Fig. 3). Similar results were also 
reported for drugs, such as ipriflavone (Lee et al., 2009) and 
omeprazole (Lee et al., 2007). 

Following the intravenous administration of tofacitinib to 
SIDM rats, its CLNR was found to be significantly higher than 
that of control rats. This may have been due to the higher he-
patic CLint owing to the increase in hepatic CYP3A1(23) and 
the faster hepatic blood flow rate than those found in the con-
trol rats. After tofacitinib was orally administered to SIDM rats, 
the AUC was significantly smaller than that in control rats. This 
may have been primarily due to the faster intestinal CLint due 
to the higher expression of CYP3A1(23) and a decrease in 
absorption owing to the higher expression of P-gp in the intes-
tine of SIDM rats. These pharmacokinetic changes of tofaci-
tinib in SIDM rats will provide useful information for its clinical 
application to rheumatoid arthritis patients with diabetes. Fur-
ther, they will aid in the adjustment of the tofacitinib dosage for 
these patients.
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