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Abstract. Preformulation studies on tofacitinib citrate, a small molecule JAK3 specific
inhibitor, have not been previously reported in literature. We therefore conducted several
preformulation studies on tofacitinib citrate, and its free base, to better understand factors
that affect its solubility, stability, and solid-state characteristics. Further, the results of the
preformulation studies helped facilitate the development of a nebulized formulation of
tofacitinib citrate for inhalational delivery to house dust mite allergen-challenged, BALB/c
mice as a potential treatment for eosinophilic asthma. The preformulation results indicated
tofacitinib having a basic pKa of 5.2, with its stability dependent on pH, ionic strength, and
temperature. Degradation of tofacitinib follows apparent first-order kinetics. In order to
maximize stability of the drug, ionic strength and temperature should be minimized, with an
optimal range pH between 2.0 and 5.0. Additionally, our findings demonstrate that tofacitinib
citrate can successfully be nebulized at a suitable droplet size for inhalation (1.2 ± 0.2 μm
MMAD) through a nose-only chamber. Animals dosed with tofacitinib citrate demonstrated
marked reductions in BAL eosinophils and total protein concentrations following HDM
challenge. These data suggest that tofacitinib citrate represents the potential to be an
effective therapy for eosinophilic asthma.
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INTRODUCTION

Asthma affects millions of people worldwide, with its
prevalence increasing 15% in the last decade among children
and adults in the USA alone (1). Asthma is characterized as a
pulmonary disease that elicits airway hyperresponsiveness
(AHR), fibrosis, and increased proinflammatory cytokine
production, resulting in obstruction and remodeling of the
airways (2). The first-line therapy for maintenance of chronic
asthma is the use of inhaled corticosteroids (ICS), which

inhibit inflammatory and immune responses by reducing
transcription factors that produce inflammatory cytokines
and reducing mucus hypersecretion (3,4). Treatment with
corticosteroids has proven adequate in most patients suffering
from exacerbations, but there remains a population that fails
to respond to this medication (5–9). Further, complications
with prolonged used of ICS include osteoporosis, cataracts,
diabetes, and corticosteroid resistance for patients with severe
asthma (2,7). Therefore, there is a need for a new type of
drug therapy to address these gaps in the treatment of chronic
asthma.

Several of the proinflammatory cytokines that are
upregulated during chronic asthma are potentially modulated
by the JAK-STAT (Janus kinase-signal transducers and
activators of transcription) pathway. These include, but are
not limited to, interleukin-4 (IL-4), interleukin-5 (IL-5), and
interleukin-13 (IL-13) (10–14). These three cytokines are
primarily responsible for the recruitment, proliferation, and
activation of eosinophils, a primary immune cell seen in
asthmatics following an allergic response (15,16). Eosinophil
activation has been implicated in many of the aforementioned
symptoms of asthma (17). Further, the severity of the disease
may be characterized by the degree of eosinophilia witnessed
with some asthmatics, with eosinophilia being defined as the
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collection of eosinophils in the airway and increased concen-
tration of eosinophils in peripheral blood (18). Therefore,
inhibition of JAK proteins may affect the production of these
various proinflammatory, immune processes (19,20), resulting
in the suppression of eosinophilia (21–23), potentially becom-
ing a novel treatment for eosinophilic asthma. While the use
of mepolizumab, reslizumab, and recently approved
benralizumab (humanized, monoclonal antibodies specific
for the reduction of IL-5 activity (24–26)), as treatments for
eosinophilic asthma are helpful, they are only provided as
subcutaneous injections and must be taken in conjunction
with corticosteroids.

Tofacitinib, or Xeljanz®, is the first small molecule Janus
kinase (JAK) inhibitor to be approved for both moderate and
severe rheumatoid arthritis and active psoriatic arthritis, and
is currently undergoing clinical trials for several other
conditions, such as refractory dermatomyositis (27), variants
of alopecia (28), and systemic sclerosis (29). While the
relevance of tofacitinib has been explored for psoriasis,
ulcerative colitis, and Crohn’s disease, much less is known
about tofacitinib’s potential as a treatment for an allergic
airway response, such as asthma. Kudlacz et al. 2008
illustrated that tofacitinib citrate, when given via subcutane-
ous infusion, provided a significant anti-inflammatory effect in
ovalbumin allergy-induced mice (30). However, no work to
date has investigated the direct, pulmonary delivery of the
compound via inhalation.

Our study investigates tofacitinib citrate as a potential
treatment for eosinophilic asthma via inhalational delivery,
which would result in an overall lower dose in comparison to
systemic delivery. Little data is available regarding
preformulation studies performed on tofacitinib and there-
fore we aimed to gain a better understanding of the physical
and chemical properties of tofacitinib to facilitate the
development of formulations, regardless of the dosage form.
These results were utilized to create a formulation suitable
for aerosol delivery to house dust mite (HDM) allergen-
challenged BALB/c mice. Our findings demonstrate that
tofacitinib citrate can be successfully formulated and nebu-
lized at a suitable droplet size for inhalation. Additionally, in
allergen-challenged mice, tofacitinib citrate is capable of
reducing eosinophilia and total protein in lavage fluid, which
is indicative of reduced vascular permeability. These data
suggest that tofacitinib citrate has the potential to be an
effective treatment for eosinophilic asthma, at a lower dose
and with direct delivery to the lungs, in comparison to
currently marketed medications.

MATERIALS AND METHODS

Materials

Reference standards of tofacitinib and tofacitinib citrate
were both purchased from Vesino Industrial Co., Ltd.
(Tianjin, China). HPLC grade acetonitrile (ACN) and boric
acid were obtained from Fisher Chemical (Fair Lawn, NJ,
USA). Ethanol was acquired from Decon Labs (King of
Prussia, PA, USA). Ammonium acetate, sodium hydroxide,
monopotassium phosphate, disodium phosphate, and hydro-
chloric acid were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Citric acid was obtained from VWR

International (West Chester, PA, USA). Sodium chloride
and propylene glycol (PG) were acquired from Spectrum
Chemical MFG Corp. (New Brunswick, NJ, USA). A
Millipore (Billerica, MA, USA) Milli-Q Ultrapure Water
purification system with a 0.22-μm filter was used for water.
House dust mite allergen was purchased from Greer Labs
(Lenoir, NC, USA). Protein BCA (bicinchoninic) assay was
acquired from Pierce Biotechnology (Rockford, IL). Cell
stain protocol for differential cell count was obtained from
DADE Diagnostics (Aquada, PR).

Methods

High-Performance Liquid Chromatography

Reverse-phase high-performance liquid chromatography
(HPLC) was used to analyze tofacitinib drug concentrations
from known standards and experimental formulations. All
samples were analyzed with a Waters 2690 separation module
coupled with a Waters 996 photodiode array ultraviolet
detector (Waters Corp., Milford, MA, USA). An Alltima
HP C18 5 μm 2.1 mm × 150 mm column was used for all
samples. A gradient separation method was developed to
quantify tofacitinib. A sample injection volume of 10 μL, with
an initial mobile phase composition of 85:15% (v/v)
water:0.01 M ammonium acetate in acetonitrile at a flow rate
of 0.4 mL/min. After 5.0 min, the mobile phase linearly
changed over 30 s to 40:60% (v/v) water:0.01 M ammonium
acetate in acetonitrile at a flow rate of 0.4 mL/min. After
11 min, the mobile phase linearly changed over 30 s back to
85:15% (v/v) water:0.01 M ammonium acetate in acetonitrile
at a flow rate of 0.4 mL/min. The total run time for this
method was 15 min, with tofacitinib eluting at 7.6 min,
detected at 285 nm. The data were collected and analyzed
using Water Empower Pro 2 chromatography data software.

Stability Studies

The long-term effect of pH, temperature, and ionic
strength on the stability of tofacitinib citrate was determined
using an acetate buffer in the pH range of 4–5, a phosphate
buffer in the range of 6–8, and a borate buffer at pH 9.
Buffers were prepared at a constant concentration of 0.1 M.
Buffers were pH-adjusted as needed with NaOH and HCl,
and ionic strength was adjusted with NaCl, as needed.
Samples were prepared in triplicate, with a target tofacitinib
citrate concentration of 150 μg/mL. Degradation was ob-
served up to 104 weeks at 4, 25, 37, 48, and 67°C. The amount
of tofacitinib citrate remaining was determined using the
HPLC gradient method, under those conditions mentioned
above. No pH change was recorded in any of the samples
over the course of the study.

pH and Cosolvent Solubility Studies

Solubilization studies were carried out using tofacitinib
citrate. The effect of pH or cosolvent on the solubility of
tofacitinib was determined using a universal buffer (31).
Samples were prepared using an excess of tofacitinib citrate
and adjusted for pH as needed using sodium hydroxide and
hydrochloric acid. Samples were monitored for equilibration
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by HPLC. Following equilibration at room temperature,
samples were filtered using a 0.22-μm PTFE filter and assayed
by HPLC. The effect of pH was evaluated over a range from
2.8 to 8.5 and the effect of cosolvent was evaluated at pH 7
over a range of 2.5% to 10% v/v of either ethanol of
propylene glycol.

Solid-State Characterization

The solid-state characteristics of tofacitinib and
tofacitinib citrate were analyzed using differential scanning
calorimetry (DSC) and powder X-ray diffraction (PXRD).
Thermal analysis was performed with a Q1000 DSC with an
autosampler (TA Instruments, New Castle, DE, USA).
Samples were weighed into a standard aluminum pan and
crimped with an aluminum lid. Samples were heated at
5°C/min up to 200°C for the free base, and 300°C for the
citrate. Powder X-ray diffraction patterns of both reference
standards were collected at room temperature with a
PanAnalytical X’pert diffractometer (PANalytical Inc.,
Westborough, MA, USA) with copper (Kα) radiation (λ =
1.5406 Å) at 45 kV (40-mA target current). Scans were taken
between 2-theta of 5.00 and 80.00° per minute at ambient
temperature. Samples were placed on a silica zero back-
ground holder and diffraction was measured with an X-
celerator detector.

Nose-Only Chamber Preparation

Before any mice were exposed to the 36-port, nose-only
chamber (In-Tox Products, Moriarty, NM), an aqueous
solution of 3 mg/mL of tofacitinib citrate was formulated
(tofacitinib citrate was added to water until a 3 mg/mL
concentration was achieved, then adjusted to pH 3 with a
couple drops of 0.1 N HCl) and nebulized through the
chamber to determine appropriate dose and aerodynamic
particle size. A Philips Respironics Sidestream reusable jet
nebulizer was used, with the nose-only chamber being held at
12 in. Hg vacuum pressure and 35 psi air pressure at a 5.2-L/
min air flow rate. Dose variation was accomplished on the test
chamber by varying the amount of time. Filters were fitted on
one of the chambers of the apparatus and collected after each
Blow-dose^ run (15 min of nebulization on test chamber) and
Bhigh-dose^ run (30 min of nebulization) and soaked in a
50:50 acetonitrile:water solvent to determine dose concentra-
tion (32). An aliquot was collected and directly filtered (0.2-
μm PTFE membrane) into an HPLC vial, and analyzed for
tofacitinib concentration using the previously described
gradient method. The resulting concentration values are then
used to calculate the dose delivered, with the methods
described in detail by Alexander et al. 2008 (33). The aerosol
properties were measured by a Model 3321 Aerodynamic
Particle Sizer (APS). The particle counts, mass mean
aerodynamic diameter (MMAD), and geometric standard
deviation (GSD) were recorded after each low and high dose.

Experimental Mice

BALB/c female mice (36 total), aged 3–4 weeks, were
obtained from The Jackson Laboratory (Bar Harbor, ME,
USA) and were housed in the University Animal Care facility

at the University of Arizona. Each cage contained four mice,
with microisolator pans and sterile water and were provided a
NIH-31 Modified Mouse Diet (Harlan Teklad, Madison, WI,
USA) ad libitum. Animal cages were housed in a constant
temperature facility with controlled lighting (12-h light/dark
cycles). Animals were treated and handled in accordance with
the Institutional Animal Care and Use Committee policies
and regulations. Mice were randomized into test groups and
weighed on a weekly basis for the duration of the study to
ensure their health and well-being were intact. The three
groups to be exposed to an aerosol atmosphere were
acclimated to the tubes of the 36-port, nose-only dosing
chamber while aging to 8 weeks of age.

In vivo Protocol

Table I lists the five different groups of mice in the study,
and their experimental conditions. Briefly, once the mice
were 8 weeks of age, all mice except those in the control
group received the first of three exposures to house dust mite
(HDM); mice were anesthetized by isoflurane inhalation and
given a 45-μL dose of a 2 mg/mL solution of HDM in normal
saline via oropharyngeal delivery. Then, each day for the
following 3 days after HDM challenge, the appropriate
groups receiving treatment (either nebulized vehicle, low
dose of tofacitinib citrate, or high dose of tofacitinib citrate)
were placed in the nose-only chamber. HDM+LD group was
exposed to an aerosolized 3 mg/mL tofacitinib citrate
formulation for 15 min; the HDM+HD group was exposed
to an aerosolized 3 mg/mL tofacitinib citrate formulation for
30 min; and the HDM+V group was exposed to aerosolized
deionized water vehicle for 30 min. The mice were then
allowed to rest for 3 days, and the challenge and dosing
schedule was repeated for two additional weeks. Twenty-four
hours after the last treatment (on week 3), the mice were
sacrificed via carbon dioxide asphyxiation and harvested. A
simple schematic of the timeline of this study is illustrated in
Fig. 9a.

Bronchoalveolar Lavage Analysis

Bronchoalveolar lavage (BAL) fluid was obtained via
tracheal cannulation followed by lavage with 1.5 mL of PBS
(with 0.1 mM EDTA) at 25°C. Cells obtained from the BALs
were resuspended in RBC lysis buffer (150 mM NH4Cl,
10 mM KHCO3, 0.1 mM EDTA) and incubated on ice for
10 min. Cells were then resuspended in buffer (HBSS −Ca/
−Mg, 10 mM EDTA, 5% FCS) and total leukocyte counts
were determined using a hemacytometer. For differential
monocyte and eosinophil analysis, 200 μL of BAL fluid was
applied to a glass slide using a Cytospin 3 (Shandon,
Pittsburgh, PA) and cells were stained using Diff-Quick
protocol (DADE Diagnostics, Aquada, PR). Monocyte and
eosinophil subpopulations were determined by light micros-
copy using standard morphological criteria on 100 cells.

For the protein bicinchoninic (BCA) assay, a 1:4 ratio of
standard/unknown sample to working reagent was added to
each microplate well and mixed thoroughly on a plate shaker
for 30 s. The plate was incubated at 37°C for 30 min. The
plate was left to cool to room temperature; then, the
absorbance was measured at 562 nm on a plate reader. The
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background value was subtracted from the test values for
each sample and the test sample values were interpolated
from the standard curve.

RESULTS

Solubility

pH Solubility Profile

The effects of pH solubilization on tofacitinib are
presented in Fig. 1. Tofacitinib solubilization was evaluated
from pH 2.8 to pH 8.5 and equilibrated at room temperature
for 7 days. Tofacitinib solubility was shown to increase
exponentially with decreasing pH below its pKa. The pKa

was determined to be 5.2 by best fit by residual sum squares
(RSS) of a theoretical base using the Henderson-Hasselbalch
equation, with the total amount of drug in solution being the
sum of the ionized and unionized form (assuming the
unionized concentration remains constant). This value was
in good agreement with the predicted value calculated using
the ACD/Labs PhysChem software version 7.0. The intrinsic
solubility was determined to be 147 μg/mL. Additionally,
tofacitinib was evaluated at pH 2.2 and pH 3.5 where its
solubility was determined to be 5.2 mg/mL and 1.8 mg/mL
respectively.

Cosolvent Solubility

The effect of two commonly used cosolvents, ethanol and
propylene glycol, on tofacitinib solubility were evaluated a
pH 7.1 + 0.3 after an equilibration period of 15 days. Figure 2
shows the exponential increase of the solubility of tofacitinib with
increasing volume fraction of both cosolvents and presents the
solubilization slopes (σ) obtained for each cosolvent. There is
good agreement between the solubilization slope of ethanol and
the value predicted according to Eq. 1 (34), which gives a
predicted slope of 2.9 based on a CLogP of 1.8.

σ ¼ 1:143þ 0:939logKow ð1Þ

Propylene glycol can be seen to have a greater effect of
increasing tofacitinib solubility and has a significantly greater
slope than would be predicted by Eq. 2 (35).

σ ¼ 0:174þ 0:714logKow ð2Þ

Stability

Effect of pH

The stability of tofacitinib citrate was tested under six
different pH conditions, ranging from pH 2.0 to 9.0, utilizing
various buffer species such as acetate, citrate, phosphate, and
borate. Samples were tested under five different temperature
conditions (4, 25, 37, 48, and 67°C) at a constant ionic
strength of 0.2 M. Representative kinetic rate profiles for the
extended stability of tofacitinib at 37°C (pH 4.0–9.0) can be
seen in Fig. 3. The kinetic rate profiles in Fig. 3 illustrate
tofacitinib citrate degrading under apparent first-order kinet-
ics from pH values 2.0 to 9.0. The pH values below 4.0 (data
not shown) parallel the same stability as the samples between
pH 4.0–6.0, even at accelerated conditions (67°C). However,
tofacitinib citrate degraded more quickly under more basic
conditions, with the highest rate of degradation occurring at
pH 9.0. These data were further analyzed by Eq. 3 which was
used to calculate the degradation rate constants (κ) from the
slope of each log-linear best fit regression line. The rate
constants were then used to plot a representative pH-rate
profile for tofacitinib citrate at 37°C (Fig. 4).

κ ¼ −slope� 2:303 ð3Þ

Table I. Experimental Groups

Experimental group Conditions

Control (C) (n = 4) No exposure to HDM challenge or drug treatment
HDM challenge only (HDM) (n = 8) Exposure to HDM challenge, without drug treatment
HDM challenge and Vehicle treatment (HDM+V) (n = 8) Exposure to HDM challenge; treatment with nebulized vehicle
HDM challenge and low-dose drug treatment (HDM+LD)
(n = 8)

Exposure to HDM challenge; treatment with nebulized tofacitinib citrate at a
low dose

HDM challenge and high-dose drug treatment (HDM+HD)
(n = 8)

Exposure to HDM challenge; treatment with nebulized tofacitinib citrate at a
high dose

Fig. 1. The solubilization of tofacitinib as a function of pH. The
dotted line represents the predicted solubilities using the Henderson-
Hasselbalch equation, with a pKa of 5.16
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The natural logarithm of the degradation rate constants for
pH values at 5.0 and below could not be calculated due to the
samples having a non-negative slope over the course of the study.
With a slope value of 2.1, Fig. 4 demonstrates tofacitinib citrate
undergoing base-catalyzed degradation, as well as other possible
mechanism(s) of degradation that were not explored in this study.

Effect of Ionic Strength

The stability of tofacitinib citrate was tested under four
different pH conditions, ranging from pH 2.0 to 9.0, with five
different ionic strength buffer solutions ranging from 0.2 to 4.0 M.
Samples were tested for 2 weeks at accelerated conditions, 67°C.

The rates of degradation (k) are shown as a function of
ionic strength (Fig. 5). The lowest ionic strength (0.2 M)
corresponds to the ionic strength used in both the pH and

temperature dependent stability studies. The rank order of
stability for the different pH values is the same at low ionic
strengths, as in Fig. 3, with low pH being more stable.
However, as ionic strength is increased, the degradation rate
of the pH 9.0 formulation significantly decreases and is
equivalent to the pH 2.0 degradation rate in a 4.0-M buffered
system.

Effect of Temperature

The Arrhenius equation (Eq. 4) relates the degradation
rate constant (calculated for pH stability) to temperature:

κ ¼ Ae−Ea=RT ð4Þ

Fig. 2. The solubilization of tofacitinib by ethanol and propylene glycol. (black circle,
ethanol; black up-pointing triangle, propylene glycol)

Fig. 3. Log percent (%) of tofacitinib citrate remaining versus time (days) at pH values between 4.0 and 9.0 at 37°C. (n= 3; SD)

Page 5 of 11 167AAPS PharmSciTech (2019) 20: 167



where κ is the degradation rate constant, A is the frequency of
collisions,Ea is the activation energy,R is the gas constant, andT is
temperature inKelvin. Equation 4 can be expressed in terms of the
natural log of the degradation constant, seen below as Eq. 5:

lnκ ¼ −
Ea

R

� �
1
T

þ lnA ð5Þ

When Eq. 5 is plotted as ln κ versus 1/T, the equation of the
linear regression of the best fit line provides the values for
activation energy (-slope/R) and the frequency of collisions (y-
intercept). These values can then be substituted back into Eq. 5 so
that the stability of tofacitinib citrate can be predicted at any
temperature, assuming the degradation mechanism remains
constant over the given temperature range.Using the degradation
data gathered for tofacitinib citrate at 25, 37, 48, and 67°C, an
Arrhenius plot is demonstrated in Fig. 6. Virtually, no degradation
was seen experimentally at 4°C; therefore, the data for these
temperatures are not present in the Arrhenius graph.

Solid-State Characteristics

An overlay of the DSC thermograms of tofacitinib and
tofacitinib citrate is illustrated in Fig. 7. The thermogram for the
free base of tofacitinib shows two endotherms (downward peaks):
the first with a peak maximum value at 157.9°C and the second

endotherm at 173.4°C. In contrast, the DSC thermogram of
tofacitinib citrate has one distinct endotherm that occurred at
212.6°C. This endotherm was deemed to be the melting point of
tofacitinib citrate. The raw material of both compounds were
further analyzed with powder X-ray diffraction (PXRD) to
confirm their identities and crystallinity. An overlay of the XRD
diffraction patterns are shown in Fig. 8.

Differential Cell Counts

Figure 9b and c illustrate the results of the differential
cell counts of monocytes and eosinophils from BAL fluid,
respectively. The number of monocytes was highest in the
control group and were decreased for the other four
experimental groups. No significant difference in monocytes
were seen between the HDM only and the HDM+V group.
However, both the low-dose and high-dose groups had a
statistically significant increase in monocytes in comparison to
the HDM only and HDM+V mice.

In contrast, no eosinophils were seen in the vehicle control
group. Eosinophils were present in the other four experimental
groups that received HDM. Similar to the monocyte results, no
significant difference was seen between the HDM only and
HDM+V groups for percentage of eosinophils present. However,
both the low-dose and the high-dose mice illustrated statistically
significant decreases in eosinophils in comparison to the HDM
only and HDM+V mice.

Fig. 4. Tofacitinib citrate pH-rate profile, with the natural log of the degradation rate
constant (κ) plotted against pH, at 37°C

Fig. 5. Effect of ionic strength on tofacitinib aqueous stability Fig. 6. Arrhenius plot for tofacitinib citrate
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Protein BCA Assay

The total protein concentration gathered from the BAL
fluid from all experimental groups is illustrated in Fig. 9d. A
statistically significant increase in protein concentration was
seen between the control and HDM+V mice. However, total
protein concentration was significantly decreased in both the
HDM+LD- and HDM+HD-treated mice when compared to
the HDM+V group. The drug treatment groups were not
statistically significant from the control group.

Filter Content for Dose Variability and Particle Size

It was determined that dose variation was indeed
accomplished by varying the amount of time the mice spent
on the apparatus. For animals in the low-dose group, an
average dose of 1.1 ± 0.03 mg/kg was administered, while the
high-dose group received an average dose of 2.3 ± 0.03 mg/kg
(dosing levels set based on studies performed by Kudlacz
et al. 2008). These values represent the inhaled dose;
however, they do not reflect the actual amount of drug within
each animal. The average aerodynamic particle size for both
groups was 1.2 ± 0.2 μm (mass median aerodynamic diameter)
with a GSD of 1.79. These results provided confidence that
the nose-only chamber was adequately prepared for mice
exposure to drug treatment.

DISCUSSION

The JAK3 inhibitor, tofacitinib citrate, currently on the
market for rheumatoid and psoriatic arthritis, shows great
potential for the treatment of eosinophilic asthma. However,
little data is available regarding any preformulation studies

performed on tofacitinib. Our research gains a better
understanding of tofacitinib’s physical and chemical proper-
ties to optimize the development of various types of
formulations, regardless of the delivery format. Further, the
data gathered from the completed preformulation studies
were used to successfully develop a feasible nebulized
formulation of tofacitinib citrate, delivered to HDM im-
mune-compromised, BALB/c mice. Inhalational delivery of
a JAK inhibitor for the treatment of allergic responses due to
asthma has not been previously investigated.

In order to achieve the ideal particle size for deep lung
penetration while using an Aero-Tech II nebulizer through the 36-
port nose-only chamber, the solubility of tofacitinib must be
between 2.5 and 5 mg/mL. This concentration is based on
previous inhalation studies performed by Karlage et al. 2010 (32)
andMyrdal et al. 2007 (36), who determined that the 2.5–5 mg/mL
concentration range produced appropriately sized particles (be-
tween 1.5–2 μm) and particle count out of the chamber for
adequate lung penetration and exposure. With tofacitinib’s aque-
ous solubility ranging from1.8 to 5.2mg/mLbetween pHvalues 3.5
and 2.2, respectively (Fig. 1), an aqueous solution below pH 3.5
would be needed in order to achieve the optimal concentration
range for nebulized drug delivery of tofacitinib.

Further, tofacitinib citrate with a 10% volume fraction of
ethanol or propylene glycol had a significant increase in
solubility, 0.251 mg/mL and 0.341 mg/mL, respectively
(Fig. 2), in comparison to its intrinsic solubility of 0.147 mg/
mL. However, this increase is not sufficient for the 2.5 mg/mL
drug load required for in vivo testing. While increasing
ethanol or propylene glycol levels beyond 10% would
eventually provide solubility greater than 2.5 mg/mL, signif-
icant inhalation of cosolvents risks lung irritation (37). As
such, other means of solubilization strategies are required for

Fig. 7. DSC thermogram overlay of tofacitinib citrate and tofacitinib free base
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inhalational drug delivery; however, this data may be useful
for other modes of drug delivery.

The kinetic rate profiles in Fig. 3 illustrate tofacitinib
citrate degrading under apparent first-order kinetics.
Tofacitinib citrate degraded more quickly under more basic
conditions, with the highest rate of degradation occurring at
pH 9.0. This was an ideal outcome, given that tofacitinib must
be formulated under acidic conditions (below pH 3.5) in
order to have the optimal concentration for nebulized drug
delivery (as provided by the aqueous solubility data).
Tofacitinib was so stable that the natural logarithm of the
degradation rate constants for pH 2.0 through pH 5.0 could
not be calculated due to the samples essentially having zero
degradation over the course of the study (Fig. 4). This same
trend was observed when evaluating the effect ionic strength
had on the degradation of tofacitinib citrate (Fig. 5).
However, as the concentration of ionic strength increased to
a 4.0-M buffered system, the formulations made under basic
conditions (pH 9.0) had stability equivalent to the acidic
formulations. While formulating under basic conditions are
not optimal for inhalational delivery due to tofacitinib’s low
intrinsic solubility, this data could be useful to stabilize
tofacitinib for other routes of drug delivery. Further, the
degradation of tofacitinib citrate increases as temperature
increases (Fig. 6), with virtually no degradation observed for
any of the samples prepared between pH 2.0 and 9.0 at 4°C,
over the course of the study. These data allowed us to create
a stable, nebulized formulation under acidic conditions
(pH 3.0), stored at 4°C that would not degrade during the
duration of in vivo treatment. It should be noted that despite
the lung’s large buffering capacity, nebulized solutions below
pH 3.0 or above 7.4 may cause adverse effects and further the

irritation caused from lung inflammatory diseases. However,
those considerations were beyond the scope of this study.

Analysis of tofacitinib and tofacitinib citrate via DSC
displays endothermic events in both thermograms, indicating
a melt and therefore suggesting the material was crystalline
(Fig. 7). Tofacitinib citrate and its free base were confirmed to
be crystalline solids after analysis utilizing powder X-ray
diffraction (Fig. 8). Therefore, both drugs remained intact
and did not decompose prior to melting.

After the mice were challenged following an HDM
challenge and treatment model (Fig. 9a), bronchoalveolar
lavage fluid was harvested and differential cell counts were
analyzed. As expected, the majority (> 95%) of cells detected
in the BAL of the healthy, unchallenged lungs were
macrophages. As lungs are challenged with HDM to induce
allergic airways disease, the amount of monocytes should
theoretically decrease, while eosinophils, which would be
newly migrated to the injured tissue, would increase. The
migration of eosinophils to the asthmatic lungs would create a
positive feedback system, resulting in the production of more
inflammatory cytokines that would initiate a signal for further
migration of more eosinophils. Therefore, it was expected
that the administration of tofacitinib citrate would not only
increase the percentage of monocytes in the total leukocyte
cell count collected from BAL fluid of both treatment groups
as compared to vehicle, but that the percentage of eosinophils
would subsequently decrease with tofacitinib citrate treat-
ment. Figure 9b and c validate these hypotheses. Virtually, no
eosinophils were seen in the control group, which had a high
monocyte percentage, which would be as expected since the
control mice were not exposed to any allergen challenge or
drug treatment. The HDM group had a drastic decrease in

Fig. 8. An overlay of the crystal diffraction patterns of tofacitinib and tofacitinib citrate
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monocytes in comparison to the control group, and a
significant increase in eosinophils from control. The HDM+V
group also had a low percentage of monocytes and a high
percentage of eosinophils, but was not statistically significant
from the HDM group. This confirms that the drug vehicle had
no effect on the immune cell count. However, the low-dose
tofacitinib citrate group (HDM+LD) and the high-dose
tofacitinib citrate group (HDM+HD) both showed a statisti-
cally significant increase in monocyte percentage, while they
both illustrated a statistically significant decrease in eosino-
phil percentage. These findings are promising, highlighting
the likelihood of tofacitinib citrate delivered via inhalation
may provide a measurable and positive impact on HDM
allergic airways mouse model of asthma. Further, the
HDM+LD and HDM+HD groups did not illustrate a
statistically significant increase from one another, implying
that even though the HDM+HD group was double the dose
of the low-dose group, it might not have been high enough to
demonstrate a varied dose response.

Further analysis of BAL fluid was done with a protein
BCA assay. Healthy, unchallenged lungs would be expected
to have a lower protein concentration than HDM-challenged
lungs, with the rationale being that lung damage would result
in more proteins in the BAL, due to the heightened state of
inflammation and vascular permeability. As lungs are dam-
aged, especially in cases of severe inflammation, albumin (one
of the most abundant proteins in the bloodstream), finds its
way into lung tissue and airspaces due to weakened pulmo-
nary vessels (38). A statistically significant increase in protein
concentration was seen between the control and HDM+V
mice, which is thought to correlate with a heightened level of
tissue damage and/or vascular permeability (Fig. 9d). How-
ever, total protein concentration was significantly decreased
in both the HDM+LD- and HDM+HD-treated mice when
compared to the HDM+V group. The drug treatment groups
were not statistically significant from the control group,
implying that protein concentrations in the lungs were able
to decrease low enough from their damaged state.

Fig. 9. a Female, BALB/c mice were challenged in a standard HDM protocol, with HDM delivered intranasally on
days 0, 7, and 14 (H). Mice were treated (T) with tofacitinib (or vehicle) via inhalation for three consecutive days, 24 h
after each HDM challenge (on days 1, 2, 3, 8, 9, 10, 15, 16, and 17). Mice were harvested 24 h after the last treatment.
Differential cell counts of monocytes (b) and eosinophils (c) collected from BAL fluid samples of each experimental
group. d Total protein concentrations from BAL fluid. Asterisks represent p < 0.05. Error bars represent SD
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CONCLUSIONS

Tofacitinib has been shown to undergo apparent first-
order degradation via base catalysis in aqueous conditions.
The stability of tofacitinib is dependent on pH, ionic
strength, and temperature, with maximum stability achieved
under acidic conditions (below pH 5.0), at low tempera-
tures and ionic strengths. Solubility of tofacitinib can be
manipulated with pH, with its solubility increasing below its
pKa of 5.2. Solid-state characterization has determined
tofacitinib and its salt form, tofacitinib citrate, to be
crystalline solids. When formulated as an aerosol for
inhalational delivery to HDM-challenged, BALB/c mice,
tofacitinib citrate was able to decrease eosinophils in BAL
fluid, as well as decreasing total protein concentration.
These studies provide basic preformulation guidelines, not
previously reported in literature, to aid in the formulation
of tofacitinib regardless of the mode of delivery. Further,
this data shows the successful delivery of tofacitinib citrate
via inhalation, with the possibility of the drug being used to
alleviate eosinophilic asthma.
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