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Abstract

Aerosolized clinical grade azacitidine (Aza) was tested for aerosol quality in vitro and 

pharmacokinetics and systemic and pulmonary toxicity in vivo in mice. The aerodynamic size 

range of the aerosol droplets favored the deposit of the drug to the human lower airways and the 

aerosol process did not compromise the drug activity. No significant myelosuppression, pulmonary 

toxicity, hepatotoxicity, or nephrotoxicity were observed at a daily dose of 2.5 mg/m2 (0.83 

mg/kg) 7 days. Reversible lung inflammation was found in mice treated with aerosolized Aza at 

dose 3-fold higher than the anticipated therapeutic dose (7.5 mg/m2 or 2.5 mg/kg daily for 7 days) 

at 3 weeks after the treatment, but not after 6 weeks. In a single dose pharmacokinetic study, 

aerosolized Aza was found to deposit mainly into the lung with very little drug detected in the 

circulation. The area under the curve (AUC) of drug in the lung was more than 22-fold greater 

than that of the peripheral blood: the peak concentration (Cmax) was 7.42 µg/g in lung as compared 

to 0.28 µg/ml in blood. The total clearance was only 0.010/h in lung vs 0.22/h for blood. In 

contrast, intravenously (IV) injected Aza resulted in a high Aza concentration in the peripheral 

blood (Cmax = 4.94 µg/ml), with only trace amounts of drug in the lung (Cmax = 0.35 µg/g). IV 

Aza was associated with bone marrow toxicity, as it caused significant myelosuppression in the 

mice. Our results indicate that aerosolized Aza has much less systemic toxicity than IV 

administered drug and that a safe starting dose of aerosolized Aza for clinical phase I trials in 

humans should be 2.5 mg/m2 (0.83 mg/kg) daily for 5 to 7 days.
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INTRODUCTION

The majority of lung cancer occurs as a result of cumulative damage in the bronchial 

epithelium caused by inhaled carcinogens1–5. Additionally, damaged airway epithelium is 

prone to develop second primary malignancies during the lifespan of individuals with the 

diagnosis of primary lung cancer. Therefore, it is necessary to develop an early therapeutic 

or prevention method to specifically treat the abnormal airway epithelium. In theory this 

method should have definite advantages over systemic treatment.

The initial abnormalities in the airway epithelium consist of reversible epigenetic changes 

before the genetic changes occur. For example, the epigenetic-mediated silencing of tumor 

suppressor genes by CpG island hypermethylation in promoter regions appears dominant in 

transcriptional repression, and is tightly associated with the premalignant6 and malignant 

phenotypes1–57, 8, 9. Reversing aberrant DNA hypermethylation in the airway epithelium 

using an airway-targeted therapy is a promising strategy to prevent primary or secondary 

lung cancers, and inhibiting the growth of localized lung cancers.

Azacytidine (Aza) is an inhibitor of DNA methyltransferases (DNMT) and a prototypical 

demethylation agent and has been shown in vitro and in vivo to induce re-expression of 

genes silenced through promoter hypermethylation10–13. Aza has been approved to treat 

myelodysplastic syndrome (MDS). Clinical grade azacytidine (Vidaza) is delivered to 

patients by subcutaneous or intravenous administration (IV) and the primary toxicity of 

systemic delivery of this drug is myelosuppression. However, laboratory findings have 

revealed that the concentration of drug needed to induce gene demethylation and re-

expression is much lower than that required to produce cytotoxicity14.

We have previously reported the therapeutic advantages of intratracheal and aerosol 

administration of Aza as compared to intravenous Aza in orthotopic human lung cancers in a 

mouse xenograft model10, 15. We have also demonstrated that aerosolized Aza can 1) inhibit 

human orthotopic lung cancers in mouse xenograft models, 2) reduce the promoter 

methylation of several tumor suppressor genes (TSGs) and increase their protein expression 

in xenograft models and 3) be better tolerated than IV administration. The use of aerosolized 

clinical grade azacytidine (Vidaza) and evaluation of its potential systemic and pulmonary 

toxicity has not been previously studied. In these studies, we examined the suitability of 

clinical grade azacitidine (Vidaza) for aerosol delivery with particular emphasis on lung 

deposition and pulmonary and systemic toxicity in mice.

MATERIALS AND METHODS

The drug

All azacitidine used in the toxicity and pharmacokinetic studies was clinical grade 

azacitidine (Vidaza; Celgene). Vidaza was purchased from the Department of Oncology 

pharmacy at Montefiore Medical Center as vials of lyophilized power containing 100 mg 

Aza and 100 mg mannitol in each vial for injection.
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Aerosol administration

The aerosol equipment and the administration method were the same as described 

previously10. Briefly, the aerosol was generated with PARI’s personal compressor and LC 

Star nebulizer. The nose-only exposure system (CH Technologies, Inc.) linked with PARI’s 

aerosol system in a closed chemical hood was used for aerosol administration to mice 

(Figure 1c), and the aerosol time was strictly controlled. All aerosol doses used in the 

experiments reported in this paper are “lung deposited doses” calculated as previously 

reported by our group10.

The aerodynamic size

Two formulations were tested separately; The suspension formulation was made by adding 4 

ml of sterile water for injection, USP (Abbott Laboratories) to 100 mg Vidaza lyophilized 

powder for a final Aza concentration of 25 mg/ml. The solution formulation was made by 

adding 10 ml of sterile water to 100 mg Vidaza powder for a final Aza concentration of 10 

mg/ml. The aerodynamic diameters of aerosol droplets were determined by extrusion-

precipitation method using a seven-stage cascade impactor (In-Tox Products) linked to 

PARI’s aerosol system described above. The condensed aerosol samples were collected at 

three different periods, from 3.5 to 4 min, from 7.5 to 8 min, and from 11.5 to 12 min. 

Aerodynamic size and fraction of aerosol with a particular size range were measured and 

calculated as per manufacturer’s protocol. The mean and standard deviation were obtained 

from 3 independent experiments.

Aerosolized Aza activity

Clinical grade azacitidine (Vidaza) was aerosolized with Pari’s aerosol system for more than 

1 hour, and the aerosol fog from 58 min to 62 min was condensed into a sterile tube (Aero 

Vidaza). Aerosolized Mannitol (Sigma) using the same procedure (Aero Mannitol) and non-

aerosolized Vidaza (Vidaza) at the same concentration were used as negative and positive 

controls. The condensed liquids were used to treat the human NSCLC cell line H226 at 0.5 

µM for 10 days; the medium and drug were changed every other day. Ten days later, the 

nuclear proteins of the cells were extracted. EpiQuik DNA methyltransferase (DNMT) 

activity assay kit (Epigentek, Farmingdale NY) was used to measure DNMT activity 

quantitatively as per manufacturer’s instructions.

Animals

Male and female ICR mice, 6–8 weeks old (Harlan) were housed in the animal facility at 

Albert Einstein College of Medicine. All animal studies were carried out in strict accordance 

with the recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. The protocol (Number: 20130312) was approved by the 

Institutional Animal Care and Use Committee (IACUC) of Albert Einstein College of 

Medicine. During the studies, animals were observed daily. Humane endpoints were used 

during this study: moribund animals were euthanized by CO2 in an inhalation chamber 

followed by exsanguination. We used two criteria to identify the moribund animals based on 

our animal use protocol: 1) mouse had difficulty breathing, eating, or drinking; 2) a mouse 
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lost ≥15% body weight over a period of 4 days. Anesthesia (isoflurane) was used to 

minimize discomfort during blood sampling.

Pharmacokinetics of the aerosolized Aza in mice

Twelve ICR mice (male and female) were divided into 2 groups and given a single dose of 

either aerosolized or IV Aza (Vidaza) at 2.5 mg/m2 using the method described previously. 

At 20 min, 2 h, 6 h and 24 h, three mice in each group were euthanized and blood was taken 

from the abdominal vena cava. The mice were then perfused with saline via the right 

ventricle and the lungs were excised. Azacytidine in the blood and the lungs was extracted 

and quantitatively measured by a previously reported method using LC-MS system16. The 

quantitative detection was performed by Millis Scientific Inc. The sensitivity was 1 ng 

Aza/ml of sample. The Aza concentration in blood/tissue vs. time data were analyzed and 

simulated with the best fit (the highest R2 value). The equation of the simulated curves C = 

f(t) were used to calculated AUC from 0 to 24 hours as AUC = ∫0–24 f(t) dt. Peaking time 

(T) and peak concentration were obtained directly from observation of the curves.

White blood cell count

ICR mice were distributed into 3 groups of 12 mice (6 male and 6 female) each. Each group 

was treated once daily for 7 days with either aerosolized Aza at 2.5 mg/m2 (0.83 mg/kg) or 

7.5 mg/m2 (2.5 mg/kg), or tail vein injection of Aza at 7.5 mg/m2. The aerosol dose was 

calculated and controlled as described previously10, 17. Blood samples (50 µl) were obtained 

from the facial vein18 under isoflurane anesthesia at 1 week prior to and 1, 3, and 6 weeks 

after the treatment. Red blood cells were removed from the blood samples using RBC lysis 

buffer (eBioscience, Inc., San Diego, CA) and white blood cells (WBCs) were collected as 

per the manufacturer’s protocol and counted using a hemocytometer.

Comprehensive blood chemistry

The potential therapeutic dose of aerosol Aza (in our case 2.5 mg/m2) was selected for a 

more detailed evaluation of the blood counts and chemistries. The blood samples (~400µl) 

were taken from retro-orbital sinus at the same time point mentioned above. Antech 

Diagnostics (Lake Success, NY) performed the complete blood count with differential as 

well as comprehensive blood chemistries.

Pulmonary toxicity hepatoxicity, nephrotoxicity, and myelotoxicity

At week 3 and 6 after the final Aza administration, mice were humanely euthanized and the 

lungs, kidneys, liver, and sternum were removed and fixed in 10% neutral buffered formalin 

and routinely processed to paraffin, sectioned to 5 µm, stained with hematoxylin and eosin at 

the Histology and Comparative Pathology facility at the Albert Einstein College of Medicine 

(AECOM). All samples were evaluated histologically for evidence of pulmonary toxicity, 

hepatoxicity, nephrotoxicity, and myelotoxicity, The pulmonary toxicity was determined by 

pathological evaluation using previously described method17.
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RESULTS

Aerodynamic size of clinical grade azacitidine

Aerodynamic size is an important characteristic for predicting the deposition of aerosol 

droplets and estimate aerosol inhalation efficiency in clinical use. It has been suggested that 

aerosol droplets < 5 µm, particularly < 3 µm in diameter, deposit most frequently in the 

lower airways and are therefore appropriate for pharmaceutical inhalation of aerosolized 

preparations in humans1920. In order to make a high quality aerosol formulation for further 

clinical trials, we modified the commercial Aza formulation to have an optimal aerosol 

droplet size range of < 3~5 µm to optimize lung distribution. Vidaza is a lyophilized power 

formulation containing 50% of Aza and 50% of mannitol. The manufacturer suggests 

reconstituting the formulation with sterile water into a 25 mg/ml suspension for 

subcutaneous injection and less than 10 mg/ml for intravenous administration to patients. 

With the objective of optimizing aerosol efficiency, we also made a Vidaza solution with the 

highest possible Aza concentration: 10 mg/ml in water. We compared the aerodynamic size 

of these two formulations under our experimental conditions. We found that about 66% of 

the droplets from the 25 mg/ml suspension formulation were ≤ 5 µm and only 45% of these 

droplets were ≤ 3 µm (Fig 1a); However, about 80% of the droplets from the 10 mg/ml 

solution formulation were <5 µm and about 70% of them were from 0.01 to 3 µm (Fig 1b). 

Because the 10 mg/ml solution achieved a better size distribution for optimal lung 

distribution than the 25 mg/ml suspension, all further studies were performed using the 10 

mg/ml solution to generate the aerosol formulation.

The activity of aerosolized Aza

Aza is an unstable compound. The estimated t1/10 in water at room temperature is less than 2 

h (the t1/10 = 40 min at 40°C)21. Unlike bolus injection, aerosol administration can take more 

time: in our studies, aerosol administration took up to ~ 50 min per group of mice. In 

addition, the aerosol shearing power may reduce the activity of the drug. Therefore, we 

evaluated whether the aerosolization process would reduce the activity of Aza.. We selected 

the DNMT activity as the parameter of activity, as Aza inhibits DNMT activity. Using the 

longest possible time (1 h) to aerosolize Vidaza, aerosol fog was collected into a sterile tube 

and the condensed liquid was used to treat the human NSCLC cell line H226 in vitro. The 

DNMT activity was measured with an ELISA method using EpiQuik DNMT assay kit, and 

the non-aerosolized Vidaza at the same concentration was used as the control comparator. 

We found no statistically significant difference in the activity between the aerosolized and 

non-aerosolized Vidaza (Fig 2), thus indicating that the basic epigenetic activity of Aza was 

preserved after one-hour aerosolization.

Aerosolized Vidaza mainly deposits in lung and much less in peripheral blood

In order to know the aerosol delivery efficiency and measure the amount of the drug 

deposited in the lungs of mice, we measured the lung deposition and pharmacokinetics of 

the aerosolized Aza in mice. Intravenously injected Aza at the same dose was used as a 

comparator.
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Our results demonstrated that in aerosol administration, a large portion of the drug deposited 

into the lung, with a low drug distribution into the peripheral blood. The peak concentration 

of Aza in the lung was 10.6 µg/g of lung at 20 min after a single 2.5 mg/m2 (0.83 mg/kg) 

aerosol dose of Aza. At this time point the amount of Aza per each lung was 1.55 µg, 

representing a recovery of 7.4% of the total Aza administered [1.55 µg ÷ (2.5/3 µg/g × 25)]. 

The Aza concentration in the blood increased over time and was highest at 24 hours post-

administration (0.28 ± 0.16 µg/ml). The slow rise in blood concentrations of Aza after 

aerosol administration is interpreted to be the result of drug clearance from the lungs. The 

area under the concentration vs. time curve (AUC0~24h) for Aza in lung (66.5 µg/g × h) was 

19-fold higher than that of blood (3.55 µg/ml × h) (p = 0.003)

Intravenously injected Aza had a peak blood concentration of 9.69 µg/ml at 20 min, which 

was about 81% of the initial dose (basing peripheral blood as 7% of body weight); the blood 

drug concentration initially declined rapidly, which was followed by a slower phase of drug 

concentration decrease. With IV administration, there was a trace amount of drug in the lung 

peaking at 0.38 µg/g, which was < 0.3% of the initial drug dose. The blood AUC was 12-

fold higher (42.5/3.55) and the lung AUC was 62-fold lower (1.07/66.5) than those obtained 

from mice treated with aerosol Aza (Table 1).

Clearance of Aza given via aerosol showed a very different pattern compared to Aza 

delivered intravenously. Aza delivered by aerosol had a 62-fold higher AUC in the lung than 

IV-administered Aza. The clearance of Aza from the lung was also much slower when 

delivered by aerosol (t1/2 = 2.3 h), indicating the aerosolized drug not only efficiently 

deposited but also had prolonged retention in the lungs without notable systemic drug 

concentrations. Our results indicate that aerosolized Aza is a much more efficient method to 

deliver drug to the lung or airway epithelium than IV administration.

Aerosolized Aza does not cause myelosuppression in mice

Myelosuppression is the dose limiting toxicity in patients receiving Aza by IV 

administration22. In our previous preclinical study, we found marked myelosuppression in 

mice after IV injection of Aza but not in mice receiving aerosolized Aza10. Mice treated 

with IV Aza (non clinical grade) at a dose of 75 mg/m2 (25 mg/kg) daily (a clinical 

therapeutic dose) had an average reduction in the WBC of 70% at day 510, 15. In contrast, 

intratracheal administration of Aza at the same dose did not result in myelosuppression in 

mice15. Our present study was designed to identify potential toxicities of aerosolized clinical 

grade Aza at potentially effective therapeutic doses in mice. Healthy mice were treated with 

two different doses of aerosol Vidaza, 2.5 or 7.5 mg/m2 daily (0.83 or 2.5 mg/kg) for 7 days. 

There was no significant reduction in the WBCs in mice treated with aerosol Vidaza at ether 

dose (Fig 4a). The WBCs at all time points from week 1 to week 6 were within the normal 

range (5000~10000 cells/µl). Aerosol administration of Aza at these doses also did not have 

evidence of bone marrow toxicity histologically (Fig 4b~m. 12 sternum pictures, b~g: wk3; 

h~m: wk6). In contrast, IV administered Vidaza at 7.5 mg/m2 (2.5 mg/kg), a dose 10-fold 

lower than clinical therapeutic dose, caused significant myelosuppression (Fig 4a): the WBC 

decreased to 30~50% below the normal range (p = 0.00009), confirming the 

myelosuppressive effects of IV administered Aza.
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Aerosolized Aza does not cause kidney or liver toxicity in mice, but does cause mild 
reversible lung toxicity at a high dose

Blood chemistries and liver, kidney and lung histology in mice were evaluated for evidence 

of systemic toxicity after aerosolized Aza treatment. Blood chemistries, in particular the 

liver and kidney function parameters, were unaffected in mice treated with aerosol Aza at 

2.5 mg/m2 (0.83 mg/kg) daily × 7. Only this does was evaluated, as it is the anticipated 

therapeutic dose based on the antitumor efficacy in mice in previous studies10. All blood 

chemistry data are shown in Supplementary Table 1. Lung, liver, and kidneys of mice treated 

with aerosolized Aza at 2.5 and 7.5 mg/m2 (0.83 and 2.5 mg/kg) daily for consecutive 7 days 

were evaluated histologically at 2 time points: 3 and 6 weeks after the completion of aerosol 

Aza administration. There were no treatment-related findings in the kidneys or livers of mice 

treated mice at either time point (data not shown). Mice treated with the low dose (2.5 

mg/m2 or 0.83 mg/kg) of Aza did not have any lung toxicity at either the 3 or 6 week time 

point. However, in the high dose group (7.5 mg/m2 or 2.5 mg/kg) slight but reversible 

pulmonary toxicity was evident at week 3 in 4 of the 6 mice treated: 2 had minimal, 1 had 

moderate, and 1 had median pneumonitis (Fig 5 d~i). The lung lesions were typical of 

pneumonitis: fibrin accumulation along alveolar walls with increased infiltrates of alveolar 

macrophages and perivascular lymphoplasmacytic cuffing. The lesions were typically 

multifocal and of limited severity. No mice had treatment-related lesions at the 6 week time 

point (Fig 5 j~o), indicating that the pulmonary toxicity associated with aerosol Aza at 7.5 

mg/m2 (2.5 mg/kg) × 7 days was reversible.

DISCUSSION

The common conclusions of the clinical trials of aerosolized chemo- or immune-therapeutic 

agents previously reported2324252627282930 are definite local efficacy and significantly 

altered toxicity profiles with no systemic toxicity and very low local toxicity compared with 

their systemic administration. Because the chronic inhalation of carcinogens damages the 

airway epithelium along the entire respiratory tree1–5, the ideal preventative strategy should 

involve treating the entire airway epithelium in order to prevent the initiation and 

progression of lung cancer. Aerosol administration directly delivers the agent/drug to the 

entire airway epithelium and therefore is the ideal method of drug administration for 

diseases of the bronchial epithelium.

In this study we modified a clinical grade Aza to a high quality aerosol formulation: the 

aerodynamic size was optimal for clinical application of inhalation treatment and we showed 

that the drug’s activity is preserved under the aerosol conditions. Our pharmacokinetics 

study confirmed the aerosol delivery efficiency in mice: the majority of the drug was 

delivered into the lungs with only a small amount of drug released into the peripheral blood. 

When compared to IV administration, aerosolized Aza, had an AUC 60-fold greater in the 

lung and 3-fold lower in the peripheral blood demonstrating the superior toxicologic profile 

of local drug delivery..

Clearly the risk of potential lung toxicity is a concern with any drug delivered by aerosol. 

Azacitidine’s main toxicity when administered by IV is myelsuppression and has not been 

reported to cause pulmonary toxicity. It was therefore essential for us to understand any 

Qiu et al. Page 7

Clin Lung Cancer. Author manuscript; available in PMC 2018 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potential pulmonary toxicity associated with inhaled Aza prior to the initiation of any 

clinical trials. In our previous studies using intratracheal delivery of Aza at 2.5 mg/m2 (0.83 

mg/kg), 7.5 mg/m2 (2.5 mg/kg), and 22.5 mg/m2 (7.5 mg/kg) daily for 7 days, only the 

highest dose resulted in severe pulmonary toxicity and death. In the studies reported here, 

we did not observe any lung toxicity at 2.5 mg/m2 (0.83 mg/kg) but we did observe slight 

but reversible lung toxicity in 4/6 mice at 7.5 mg/m2 (2.5 mg/kg) three weeks after 

completing treatment. By week 6, no treatment-related lesions were evident. From these 

results, we concluded that we couldn’t exclude the possibility of lung toxicity in humans as 

increasing doses of inhaled Aza are given. Therefore, we decided to select 2.5 mg/m2 (0.83 

mg/kg) as the safe starting dose for the clinical trial and incorporate close monitoring of 

pulmonary function in the patients enrolled in the trial, as pulmonary toxicity may well be 

the limiting toxicity of inhaled Aza.

Although we did not observe clinically significant myelosuppression with inhaled Aza at 7.5 

mg/m2 (2.5 mg/kg) or 2.5 mg/m2 (0.83 mg/kg) in mice, the possibility of myelosuppression 

cannot be ruled out in humans, and patients in clinical trials should be followed with regular 

complete blood counts. However, based on the pharmacokinetic, blood, and histological 

data, we do not expect myelosuppression to be a significant toxicity or dose limiting toxicity 

of inhaled Aza.

Aza is currently the best available demethylating agent used for cancer treatment. It is a non-

specific DNA methyl transferase inhibitor. We used Aza as a prototype drug to prove the 

concept of using aerosolized epigenetic agents for lung cancer therapy and/or prevention. 

Once a better drug with a more specific demethylation function on TSGs is developed, we 

plan to use it to replace Aza.

Aza has shown antitumor activity against human leukemia31–33 and lung cancer in 

preclinical and clinical models1015343536. In addition, its demethylating effect was found to 

be associated with its antitumor activity. While it may also demethylate and thus activate 

promoters for oncogenes is possible, this effect may not have a significant impact. Typically, 

the activation of oncogenes in cancer occurs as a result of other more permanent 

mechanisms such as gene mutation, gene amplification, and chromosome 

rearrangements373839. Therefore, the possibility that Aza may further, activate them or 

increase their expression remains unlikely. On the other hand, in cancer, the majority of 

TSGs are silenced and their reactivation can have a beneficial impact on cell cycle 

repression and apoptosis and exert therapeutic effects404142. Because it has been 

demonstrated that hypermethylation of promoter regions of TSGs is one of the major 

epigenetic alterations in lung cancer development434142, treating the respiratory epithelium 

with demethylating agents would help tip the scales toward tumor suppression. Further 

detailed investigations however, should be pursued to uncover whether Aza can 

hypomethylate the promoter of oncogenes in cancers and its impact on potential cancer 

development.

In conclusion, inhalation delivery changes the toxicity profile of Aza. Based on previous 

studies inhalation of Aza is also an effective way to treat the entire airway epithelium. We 

plan to expand our strategy to other compounds that may be useful for the prevention of lung 
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cancer. The Phase I clinical study of inhaled Aza has been recently initiated at Montefiore 

Medical Center/Albert Einstein College of Medicine. Three patients have been enrolled at 

the first dose level with no apparent side effects. This study will be key in guiding us in the 

development of other aerosolized prevention strategies of primary or/and second primary 

lung cancer, as strongly indicated by the field cancerization theory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PRACTICE POINTS

Azacitidine has been used systemically in humans to treat myelodysplastic syndromes 

and, in combination with HDAC inhibitors, lung cancer. Systemic administration of 

azacytidine causes myelosuppression in humans and animals, which is dose-limiting. The 

use of aerosolized azacytidine for localized delivery of the drug to the lungs was highly 

effective in an orthotopic animal model of lung. This method of delivery was associated 

with longer survival, less toxicity, and less lung cancer burden in those animals as 

compared to those treated with the drug systemically.

The toxicity and pharmacokinetic profiles of aerosolized clinical grade azacitidine were 

determined. It was found that there was no pulmonary or systemic toxicity at a predicted 

therapeutic dose, and there was reversible lung toxicity at a dose 3-fold the anticipated 

therapeutic dose. An appropriate dose equivalent to the starting dose for a clinical phase I 

trial was determined.
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Figure 1. 
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a and b. Aerodynamic size. The aerodynamic size of azacitidine (Vidaza) in suspension 

form (a) or solution form (b) were measured separately with extrusion-precipitation method 

using a 7-Stage Cascade Impactor linked to PARI’s personal compressor and LC star 

nebulizer system. Aerodynamic size and fraction of aerosol with a particular size range was 

measured and calculated as per manufacturer’s protocol. The data was mean ± standard 

deviation of the aerodynamic size based on weight (slant line bars, %Weight) and 

cumulative weight (empty bars, Accumulated) from 3 independent experiments. c. Aerosol 

administration system to treat mice. The system includes PARI’s personal compressor and 

LC Star nebulizer (red arrow) linked to the nose-only exposure system (green arrow) in a 

closed chemical hood.
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Figure 2. 
The activity of aerosolized drug. The condensed (from 58 min to 62 min) aerosolized Aza 

solution (Aero Vidaza) were used to treat the human NSCLC cell line H226. Aerosolized 

Mannitol (Aero Mannitol) and non-aerosolized Vidaza (Vidaza) were used as negative and 

positive controls, separately. The columns and the error bars are the mean and standard 

deviation from 3 independent experiments.
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Figure 3. 
Pharmacokinetics of aerosolized Aza. After aerosol (a) or intravenous (b) administration of 

clinical grade Aza in mice, the Aza levels in peripheral blood (triangle) and lung tissue 

(round dots) of mice were measured with a LC-MS method and plotted against the sampling 

time. The data in each figure was mean and standard deviation from 3 mice/time point.
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Figure 4. 
a. White blood cell count. Three groups of mice were treated once daily for 7 days by either 

aerosolized Aza at 2.5 mg/m2 (0.83 mg/kg; square) or 7.5 mg/m2 (2.5 mg/kg; round), or tail 

vein injection of Aza at 7.5 mg/m2 (2.5 mg/kg; triangle, dash line). Fifty microliter blood 

samples from each mouse were obtained under isoflurane anesthesia from the facial vein18 

at 1 week prior and 1, 3, and 6 weeks after the treatment. White blood cells (WBCs) were 

collected and counted with a hemocytometer under a microscope after removing red blood 

cells. The data was mean and standard deviation from 6 to 12 mice per time point.
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b~m. Pathological evaluation of the myelosuppression. Representative images of bone 

marrow (from sternum) 3 weeks (b~g) or 6 weeks (h~m) after the final administration of 

aerosolized Aza at 2.5 mg/m2 (0.83 mg/kg) daily × 7 days. In all cases, the bone marrow 

was histologically normal. The pictures were taken from hematoxylin and eosin stained 

slides and the objective magnification was 40×.
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Figure 5. 
Pathological evaluation of the lungs from mice treated with aerosolized vehicle or Vidaza at 

3 and 6 weeks after final treatment. a~c: Lungs from mice treated with aerosolized vehicle 

(10 mg/ml mannitol in sterile water). The lungs are normal. d~i: Lungs from mice treated 

with 7.5 mg/m2 (2.5 mg/kg) of aerosolized Vidazla three weeks after the final dose. There 

are low numbers of scattered foamy macrophages (arrows) within the alveoli in 5 of 6 mice. 

j~o: Lungs from mice treated with 7.5 mg/m2 (2.5 mg/kg) of aerosolized Vidazla six weeks 

after the final dose. One of the 6 mice had small alveolar macrophages (arrows), which was 

incidental and not a toxic lesion (i.e. occasionally present in vehicle-treated animals). The 
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pictures were taken from hematoxylin and eosin stained slides and the objective 

magnification was 40×. p: The lung toxicity score: The toxicity of each lung were evaluated 

pathologically and characterized as 5 different grades: 0 = no toxicity/normal, 1 = minimal, 

2 = moderate, 3 = median, 4 = severe. The circles represent high dose (7.5 mg/m2 or 2.5 

mg/kg daily ×7, the H & E pictures presented above d~o), the solid triangles represent low 

dose (2.5 mg/m2 or 0.83 mg/kg daily ×7).
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Table 1

Pharmacokinetic parameters

Aerosol IV

Lung AUC (h·µg/g) 66.5 1.07

Blood AUC (h·µg/g) 3.55 10.7

AUC ratio (Lung/Blood) 18.8 0.01

Lung AUC ratio (Aero/IV) 62.0

Blood AUC ratio (IV/Aero) 3.0

Lung Cmax (µg/g) 10.6 0.38

Blood Cmax (µg/g) 0.28 5.09

t1/2.lung (h) 2.3 2.0

t1/2.blood (h) N/A 0.8
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