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Abstract

Chlorine is a commonly used, reactive compound to which humans can be exposed via accidental 

or intentional release resulting in acute lung injury. Formulations of rolipram (a phosphodiesterase 

inhibitor), triptolide (a natural plant product with anti-inflammatory properties), and budesonide (a 

corticosteroid), either neat or in conjunction with poly(lactic:glycolic acid) (PLGA), were 

developed for treatment of chlorine-induced acute lung injury by intramuscular injection. 

Formulations were produced by spray-drying, which generated generally spherical microparticles 

that were suitable for intramuscular injection. Multiple parameters were varied to produce 

formulations with a wide range of in vitro release kinetics. Testing of selected formulations in 

chlorine-exposed mice demonstrated efficacy against key aspects of acute lung injury. The results 

show the feasibility of developing microencapsulated formulations that could be used to treat 

chlorine-induced acute lung injury by intramuscular injection, which represents a preferred route 

of administration in a mass casualty situation.
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Introduction

Chlorine is a gaseous chemical that is used in multiple types of industrial applications, 

including chemical syntheses, production of plastics, water treatment, and bleaching 

operations (Evans, 2005). Chlorine is one of the top ten chemicals produced by mass in the 

U.S., and much of it is transported from production sites to end use locations. Chlorine gas 
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is highly reactive and produces respiratory toxicity when inhaled (White and Martin, 2010). 

Human exposure to chlorine can occur through industrial and household accidents. Large 

accidental releases of chlorine have resulted from train derailments, and these have led to 

human casualties (Joyner and Durel, 1962; Weill et al., 1969; Jones et al., 1986; Van Sickle 

et al., 2009). Chlorine is also considered a chemical threat agent, having been used as a 

chemical weapon in World War I and more recently in the Iraq War. Because chlorine is 

easily acquired and deployed, there are concerns that it could be used in a terrorist attack on 

the US populace. The U.S. Department of Homeland Security has estimated that a large-

scale chlorine release in an urban area could produce as many as 100,000 hospitalizations 

for respiratory injuries (Homeland). Because casualties on this scale would likely 

overwhelm local health care capabilities, there is interest in developing medical 

countermeasures that could be used to treat acute lung injury induced by chlorine gas 

inhalation.

Chlorine damages cells lining the respiratory tract, and inhalation of chlorine at high 

concentrations can produce acute lung injury characterized by epithelial-endothelial barrier 

disruption, pulmonary edema, pneumonitis, and airway obstruction. Clinical symptoms 

include dyspnea, cough, hypoxemia, and bilateral infiltrates on chest X-ray (Van Sickle et 

al., 2009). Treatment for chlorine-induced lung injury involves primarily supportive care 

such as oxygen administration and mechanical ventilation. Although a variety of drugs, 

including ß-adrenergic agonists, corticosteroids, and sodium bicarbonate, have been used 

off-label (Van Sickle et al., 2009), there are currently no FDA-approved medical 

countermeasures for chlorine-induced acute lung injury.

We are developing treatments that could be administered after chlorine exposure to 

ameliorate lung injury. We have shown previously that rolipram (a type 4 phosphodiesterase 

inhibitor), triptolide (a natural plant diterpenoid), and budesonide (a corticosteroid) inhibit 

various aspects of acute lung injury in mice exposed to chlorine gas. Rolipram inhibited 

pulmonary edema and airway hyperreactivity induced by chlorine inhalation (Chang et al., 

2012). Triptolide inhibited chlorine-induced inflammation (Hoyle et al., 2010), and 

budesonide inhibited chlorine-induced inflammation and pulmonary edema (Chen et al., 

2013). We previously administered rolipram, triptolide, and budesonide by different routes 

in initial experiments to establish efficacy of treatments. In the present study, we developed 

and tested formulations to optimize intramuscular delivery of the compounds of interest for 

treating chlorine-induced acute lung injury. The intramuscular route is attractive for 

administering countermeasures because it potentially allows for rapid treatment of large 

numbers of casualties by first responders. We developed a variety of formulations for each 

active compound and conducted in vitro and in vivo assessments in an effort to produce 

optimized countermeasures.

Materials and Methods

Materials

Rolipram and triptolide were obtained from Tocris (Ellisville, MO), and budesonide was 

obtained from Medisca (Plattsburgh, NY). Poly(lactic:glycolic acid) (PLGA) was purchased 
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from Lakeshore Biomaterials (Birmingham, AL), and polyethylene glycol 3350 was 

purchased from Spectrum Chemical (New Brunswick, NJ).

Production of spray-dried formulations

The active pharmaceutical ingredients, in addition to PLGA and polyethylene glycol (PEG) 

when present, were dissolved in methylene chloride or ethanol. These solutions were spray 

dried using a Pro-C-epT 4M8 spray drier (Pro-C-epT, Zelzate, Belgium) with bifluid nozzle 

to produce microparticles. Payload analysis for the active compounds was performed by 

dissolution of formulations in DMSO and analysis by HPLC. Average deviation between 

actual and target payloads was 4.5%. The designations for the formulations refer to the 

target composition of the dried microparticles.

Scanning electron microscopy

Scanning electron microscopy was conducted using a model EVO 50 (Carl Zeiss, GmbH) 

environmental instrument operated at 20 keV. Both quadrant backscatter and secondary 

electron (Everhart-Thornley) detectors were used for this study. Samples were sputtered with 

AuPd prior to imaging in high-vacuum mode.

In vitro release assay

Release of active compounds from formulations into phosphate buffered saline at 37 °C over 

time was measured. Compounds were measured by HPLC using C18 columns with UV 

detection. For rolipram, the mobile phase was 40% acetonitrile in water with detection at 

280 nm. For triptolide, the mobile phase was 40% acetonitrile in water with detection at 215 

nm. For budesonide, the mobile phase was 70% methanol in water with detection at 240 nm.

Particle sizing

Particle sizing was determined using a Malvern Mastersizer with Hydro 2000S accessory. 

Approximately 200 mg of dry sample was suspended in 10 ml of a 0.1% (w/w) Tween 80 in 

water solution and mixed using a bench top vortex mixer. The suspension was added drop-

wise to the sample chamber of the instrument until the proper obscuration was attained 

(6-20%). The sample was mixed to allow flow through the imaging cell with an impeller at 

2800 rpm and sonication at 50% of maximum. A general purpose mathematical model that 

assumed spherical particles and a refractive index of 1.460 were used to calculate particle 

size distribution. An average of three sample measurements (5000 captures per 

measurement) was reported for each sample and plotted as a function of volume or number 

percent versus particle size.

Chlorine exposure and treatments

All animal experiments were approved by the University of Louisville Institutional Animal 

Care and Use Committee and were performed in accordance with the National Research 

Council Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal 

Resources, 1996). Male FVB/NJ mice were purchased from The Jackson Laboratory at 8 

weeks of age and housed for 1-2 weeks after receipt prior to chlorine exposure. Mice were 

housed under specific pathogen-free conditions with 3-5 mice per cage and were randomly 
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assigned to treatment groups before chlorine exposure. Mice were exposed to a target dose 

of 240 ppm-h (240 ppm for 1 h) chlorine by whole body exposure as previously described 

(Chang et al., 2012). Actual doses averaged 237 ± 5 ppm-h (mean ± SD). Mice received 0.1 

mg/kg buprenorphine subcutaneously for analgesia b.i.d. starting immediately after exposure 

until they were euthanized. Mice were treated with formulations containing rolipram, 

triptolide, or budesonide by intramuscular injection. Formulations were suspended in 

Dulbecco's phosphate buffered saline without calcium or magnesium containing 0.1% 

Tween 80, and 20 μl per mouse of each suspension was injected intramuscularly. As 

controls, placebo injections of the vehicle alone or PLGA microparticles without the active 

pharmaceutical component were performed. For analysis of pulmonary edema 6 h after 

exposure, mice received a single injection of rolipram 1 h after the end of the chlorine 

exposure. For analysis of airway hyperreactivity 1 day after exposure, mice received a total 

of three doses of rolipram: one dose 1 h after exposure, a second dose 10-12 h after 

exposure, and a third dose the following day 2 h before pulmonary function measurements 

were made. For analysis of neutrophils in lavage fluid 48 h after exposure or in tissue 

sections 6 h after exposure, mice were given a single treatment of triptolide formulations 1 h 

after chlorine exposure. Budesonide formulations were given b.i.d. for 2 days starting 1 h 

after chlorine exposure prior to analysis of lavage fluid neutrophils 48 h after exposure. In all 

cases, the labeling in the figures represents the amount of active compound administered in 

each dose.

Analysis of lung injury

Pulmonary edema was measured by analyzing extravascular lung water (Chang et al., 2012). 

Airway hyperreactivity was assessed by measuring respiratory system resistance at baseline 

and in response to increasing doses of methacholine as described (Chang et al., 2012). Lung 

lavage and analysis of the recovered cells was performed as described (Tian et al., 2008). 

Analysis of neutrophils in tissue sections from lungs collected 6 h after chlorine exposure 

was performed by immunostaining for the neutrophil marker Ly-6G as described (Hoyle et 

al., 2010).

Pharmacokinetic analysis

Male FVB/NJ mice (8 weeks old) were purchased from The Jackson Laboratory and used 

1-2 weeks after receipt. Mice were injected intramuscularly with 360 μg of spray-dried neat 

rolipram formulation or 300 μg of spray-dried neat budesonide formulation. At various times 

after drug injection, blood was collected for preparation of plasma, following which the 

animals were euthanized for collection of lung tissue. Plasma and lung homogenates made 

in phosphate buffered saline were spiked with internal standard (dexamethasone) and 

extracted with methyl tert-butyl ether. Samples for LC-MS/MS analysis were prepared by 

drying the organic phase and dissolving the material in 50% methanol. HPLC separation was 

performed on a C8 column with gradient elution from 90% solution A (10 mM formic acid 

in water) 10% solution B (10 mM formic acid in methanol) to 10% solution A 90% solution 

B.
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Data analysis

In vitro release data are shown as means of duplicate samples. Pharmacokinetic data are 

shown as means of 2-3 replicates for which rolipram or budesonide was detected. Other data 

are presented as group means ± standard error of the mean (SEM). Effects of treatment on 

airway reactivity to methacholine were analyzed by repeated measures analysis of variance 

(ANOVA). Effects of exposure condition/treatment on extravascular lung water and lung 

inflammation were analyzed using one-way ANOVA with Bonferroni's Multiple 

Comparison Test. Data were transformed before analysis if necessary to produce normally 

distributed data. Differences were considered to be statistically significant at the p<0.05 

level. Pharmacokinetic parameters were calculated using WinNonlin Professional (version 

5.2.1, Pharsight Corporation, Mountain View, CA).

Results

Formulations for intramuscular injection of rolipram, triptolide, and budesonide were 

developed. A list of formulations with selected properties is shown in Table S1. Parameters 

were investigated for producing intramuscular injectable formulations suitable for treating 

effects of lung injury that developed 6 to 48 h after chlorine exposure, including 

inflammation, impaired pulmonary function, and pulmonary edema. Goals were to develop 

formulations that could be suspended in small volumes for intramuscular injection and that 

would rapidly release the active compounds. Formulations were produced by spray drying 

solutions of the active compounds made in organic solvents. Formulations comprising both 

the neat compounds and the drugs encapsulated in PLGA microparticles were produced. 

PLGA formulations typically allow for an initial rapid “burst” release followed by a longer 

period of controlled release (Allison, 2008). This type of release kinetics may be beneficial 

for treating chlorine-induced effects in which lung injury develops rapidly but also continues 

to progress during the first day after exposure. The compounds of interest with or without 

PLGA were dissolved in an organic solvent and spray-dried to produce microparticles. The 

size and shape of the particles were assessed by scanning electron microscopy, and the 

ability of the particles to release the active component was evaluated by in vitro release 

assays. The effects of the percentage of active compound and nozzle size for spray drying 

were investigated. Figure 1 shows scanning electron micrographs of selected rolipram 

microparticles produced by spray drying. The spray dried formulation of neat rolipram 

contained particles that were generally spherical in shape but had irregular surfaces (Fig. 

1A). Rolipram-PLGA particles were generally spherical, and, as expected, the larger nozzle 

size appeared to produce larger particles (Fig. 1B and 1C).

Spray-dried neat rolipram particles rapidly released the active compound into solution as 

judged by in vitro release assay, with 70% released by 4 h (Fig. 2A). The rate of release 

slowed after this, with 85% being released by 24 hr. Rolipram-PLGA particles generated by 

spray-drying using the 0.4 mm nozzle exhibited an initial release (36-50% by 4 h) that was 

slower than that of the spray-dried neat particles, but a 24 hr release (75-82%) that was 

similar (Fig. 2B). Thus these rolipram-PLGA particles released more rolipram during the 

4-24 h time segment than did the spray-dried neat rolipram. Rolipram-PLGA particles 

loaded with different amounts of rolipram (20%, 30%, and 40%) had similar release kinetics 
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except for a slightly slower initial release from the 40% rolipram/60% PLGA formulation 

(Fig. 2B). Rolipram-PLGA particles made using the 0.6 mm nozzle had even slower release 

kinetics, with 27-40% release at 4 h and 51-62% at 24 h (Fig. 2C). Most of the PLGA 

formulations were made using a 50% lactide:50% glycolide ratio. One formulation was 

tested in which this ratio was altered to determine the effects on release kinetics. Increasing 

the lactide:glycolide ratio to 75%:25% did not produce a major difference in release kinetics 

(compare 75% lactide:25% glycolide in Fig. 2D with 40% rolipram in Fig. 2B). Addition of 

PEG into rolipram-PLGA particles dose-dependently increased the initial rate of release [at 

4 h 56% release for 40% rolipram/55% PLGA/5% PEG and 71% release for 40% 

rolipram/50% PLGA/10% PEG (Fig. 2D) compared with 36% release for 40% 

rolipram/60% PLGA (Fig. 2B)]. The rolipram-PLGA formulation containing 10% PEG had 

the highest release at 24 h of all the formulations tested (96%, Fig. 2D).

Selected rolipram formulations were tested for the ability to inhibit key aspects of lung 

injury induced by chlorine inhalation. FVB/NJ mice were exposed to chlorine, injected with 

rolipram formulations inramuscularly starting 1 h after exposure, and evaluated for 

pulmonary edema 6 h after exposure and airway reactivity to methacholine 1 day after 

exposure. One formulation, 40% rolipram/60% PLGA, produced a significant inhibition of 

chlorine-induced pulmonary edema as measured by extravascular lung water (Fig. 3A). The 

other formulations that were tested in vivo, spray-dried neat rolipram and 40% rolipram/55% 

PLGA/5% PEG, did not significantly inhibit chlorine-induced pulmonary edema (Table 1). 

Spray-dried neat rolipram inhibited chlorine-induced airway hyperreactivity in a dose-

dependent manner (Fig. 3B). The other two formulations that were tested also inhibited 

chlorine-induced airway hyperreactivity up to 100% (Table 1). The formulation with 40% 

rolipram/50% PLGA/10% PEG, which had the fastest release kinetics, could not be tested in 
vivo because it formed sticky aggregates that could not be injected intramuscularly.

Formulations for intramuscular injection were produced for triptolide, which is a natural 

plant product with potent anti-inflammatory activity (Hoyle et al., 2010). Figure 4 shows 

scanning electron micrograph images for selected triptolide formulations. A formulation of 

neat spray-dried triptolide had large amounts of sub-micron particles (Figure 4A). 

Triptolide-PLGA formulations had larger, spherical particles (Fig. 4B and 4C), with the 0.6 

mm nozzle producing the largest particles (Fig. 4C). Neat spray-dried triptolide produced the 

fastest release of any of the triptolide formulations as measured by in vitro release assays 

(70% by 4 h and 100% by 24 h; Fig. 5 A). Triptolide-PLGA formulations produced with 

either the 0.4 mm (Fig. 5B) or 0.6 mm (Fig. 5C) nozzle had slower release kinetics, with less 

than 40% release by 24 h. Increasing the lactide:glycolide ratio resulted in even slower 

release (Fig. 5D). Addition of 5 or 10% PEG to the triptolide-PLGA formulations increased 

release at 24 hr to approximately 60% (Fig. 5D).

Selected triptolide formulations were tested in vivo by assessing inhibition of neutrophil 

influx after chlorine exposure. Neutrophils were measured in lavage fluid collected 48 h 

after chlorine exposure because we have shown that lavage fluid neutrophils are consistently 

and significantly elevated at this time (Tian et al., 2008; Hoyle et al., 2010). Using this assay, 

the formulation consisting of 40% triptolide/55% PLGA/5% PEG was shown to significantly 

inhibit neutrophil influx up to 82% at the intermediate dose tested (30 μg/mouse; Fig. 6A). A 
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higher dose of triptolide (90 μg/mouse) resulted in a higher level of inflammation, 

suggesting potential toxicity of triptolide. Similar results for 40% triptolide/60% PLGA 

formulations generated from both the 0.4 mm and 0.6 mm nozzles were obtained but with a 

somewhat smaller maximal inhibition of lavage fluid neutrophils (Table 2). Neat spray-dried 

triptolide, which had the fastest in vitro release kinetics, did not result in any significant 

inhibition of chlorine-induced neutrophil influx (Table 2). In addition, this formulation 

produced clear toxic effects, as all the mice treated with the highest dose (90 μg/mouse) 

died. Anti-inflammatory effects of selected triptolide formulations were confirmed by a 

second assay in which early influx of neutrophils was detected in lung tissue sections by 

immunostaining 6 h after chlorine exposure (Hoyle et al., 2010). Figure 6B shows 

significant inhibition of neutrophil influx into lung tissue by all three doses of 40% 

triptolide/60% PLGA that were tested.

Budesonide formulations were produced by spray drying solutions made in methylene 

chloride or ethanol, and the solvents used produced different particle shapes. Spray drying of 

budesonide dissolved in methylene chloride resulted in hollow, dimpled spheres, whereas the 

ethanol solution produced solid spherical particles (Figure 7). The latter formulation 

appeared to have the smallest particle size of any of the materials that were imaged. The 

spray-dried neat budesonide formulations, in addition to a 40% budesonide/60% PLGA 

formulation, had slow initial release rates (16-26% at 4 h), and none of the formulations 

released more than 50% of the active compound by 72 h in the in vitro release assays (Fig. 

8). Although budesonide release appeared inefficient, at least as measured in vitro, the 

spray-dried neat formulation produced from ethanol solution was highly effective in 

preventing neutrophil influx, as it inhibited the number of neutrophils in lavage fluid by 

almost 90% (Fig. 9). Similar results were also obtained for the other spray-dried neat 

formulation and the budesonide-PLGA formulation (Table 3).

Pharmacokinetic analysis in mice was performed for one rolipram formulation and one 

budesonide formulation (Fig. 10). The spray-dried neat rolipram formulation and the spray-

dried neat budesonide (ethanol) formulation were injected intramuscularly, and levels of the 

active compounds were measured in plasma and lung. For the rolipram formulation, levels 

were similar between plasma and lung (Fig. 10A). Peak levels in plasma and lung measured 

1 h after injection were 550 ng/ml and 630 ng/g, respectively. The t1/2 for rolipram was 4.2 h 

in plasma and 3.8 h in lung. Total exposure based on the area under the curve was 2,240 h-

ng/ml for plasma and 2,670 h-ng/ml for lung for an injected dose of 360 μg. For the 

budesonide formulation, the levels in lung were higher than in plasma (Fig. 10B). Peak 

levels in plasma and lung measured 1 hr after injection were 130 ng/ml and 180 ng/g, 

respectively. The t1/2 for budesonide was not calculated owing to insufficient measurable 

data points in the terminal elimination phase. Total exposure for budesonide was 860 h-

ng/ml for plasma and 2,060 h-ng/ml for lung for an injected dose of 300 μg.

Discussion

Because of the potential for accidental or intentional release of chlorine resulting in a large 

number of exposed individuals, countermeasure strategies for treating casualties quickly and 

efficiently are needed. Intramuscular injection represents an attractive route of 
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administration for countermeasures to treat chlorine-induced lung injury, as large numbers of 

patients could be treated quickly by first responders. One challenge for delivery by this route 

is the development of preparations having suitably high drug concentrations and low 

volumes for intramuscular injection. In the present study, countermeasures were injected as 

suspensions of microparticles containing the active pharmaceutical ingredients alone or in 

conjunction with PLGA. Microparticles of rolipram, triptolide, and budesonide produced by 

spray drying with or without PLGA could be easily suspended and injected in small 

volumes. Although in some cases the addition of PEG as a disintegrant produced material 

that did not form free-flowing suspensions, the spray-drying process was generally 

successful in producing formulations suitable for intramuscular injection.

PLGA is a biocompatible and biodegradable polymer that has been used extensively in 

formulating drugs for i.m. injection (Makadia and Siegel, 2011). Multiple products 

formulated with PLGA for intramuscular administration have been approved by the FDA for 

use in the U.S., including Leupron Depot®, Vivitrol®, Sandostatin® LAR Depot, Risperdal 

Consta®, Trelstar®, and Signifor® LAR. Incorporation of compounds into PLGA 

microparticles allows for controlled drug release for periods up to weeks or months (Mazzei 

et al., 1989; Su et al., 2009). For our purposes, some controlled release was desirable to 

extend the therapeutic window for the drugs of interest, all of which have short systemic 

half-lives (Ryrfeldt et al., 1982; Krause and Kuhne, 1988; Shao et al., 2007). However a 

relatively short period of release, on the order of hours to a day, was considered appropriate 

for countermeasure treatment; to achieve this we explored the use of smaller microparticles 

as well as those that contained the active pharmaceutical ingredients in the absence of 

polymer. Encapsulation of drugs into PLGA microparticles can be achieved by multiple 

methods, including spray drying, phase separation, and solvent evaporation/emulsion 

processes (Makadia and Siegel, 2011). In pilot studies, we explored solvent evaporation 

methods for formulating PLGA microparticles. These showed inefficient loading and 

tendency for particle agglomeration (not shown), leading to adoption of the spray drying 

techniques which were superior in both these respects.

After injection of microparticle formulations, systemic delivery is achieved through release 

of active compound from the microparticles. For particles containing neat compounds, this is 

based on the dissolution of the drug in the surrounding fluid, which is dependent on the 

solubility of the compound and the size of the particles. Release of active compounds from 

PLGA particles is more complex with multiple processes coming into play, including burst 

release of compound adsorbed to the surface of particles, leaching of compound through 

pores in the particles, and slower release accompanying the breakdown of the PLGA 

polymer (Makadia and Siegel, 2011). Altering parameters involved in production of the 

particles can thus in theory be used to achieve a large variety of release properties. This was 

shown in practice with our spray-dried formulations of rolipram, triptolide, and budesonide, 

which exhibited a wide range of in vitro release kinetics. Spray drying with a larger nozzle 

increased particle size as expected and produced slower release kinetics for rolipram, but 

this was not evident for triptolide formulations. Incorporation of PLGA into rolipram and 

triptolide formulations resulted in generally slower release kinetics, and this was particularly 

apparent for triptolide. By contrast, in vitro release kinetics for budesonide formulations did 

not differ appreciably with or without PLGA. Addition of PEG to PLGA particles has been 
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used to accelerate drug release kinetics (Cleek et al., 1997). Addition of 10% PEG to 

rolipram/PLGA formulations resulted in a small increase in the rate of rolipram release. For 

triptolide/PLGA formulations, from which release in the absence of PEG was inefficient, 

addition of either 5% or 10% PEG caused a pronounced increase in the rate of release.

When inhaled, chlorine reacts with airway lining fluid components and cells lining the 

respiratory tract and rapidly triggers a cascade of events leading to lung injury (Squadrito et 

al., 2010). Because of the rapid initiation of lung injury, treatment with countermeasures that 

quickly deliver efficacious drug levels is desirable. However, because chlorine-induced lung 

injury can progress for many hours after exposure, there is also a need to balance fast initial 

release with maintaining systemic drug concentrations at effective levels for longer periods 

of time. Therefore it was difficult to predict a priori based on in vitro release profiles which 

formulations would most effectively inhibit lung injury parameters. The three rolipram 

formulations that were tested in vivo all showed similar effects completely inhibiting 

chlorine-induced airway hyperreactivity. These formulations differed in their ability to 

inhibit pulmonary edema, as only one of the three, that containing 40% rolipram/60% 

PLGA, significantly reduced extravascular lung water. The 40% rolipram/60% PLGA 

formulation had slower initial in vitro release compared with the spray-dried neat and 40% 

rolipram/55% PLGA/5% PEG formulations that did not inhibit pulmonary edema. If these 

release properties are replicated in vivo, the 40% rolipram/60% PLGA formulation may 

provide a more sustained release of rolipram during a critical period after chlorine exposure 

during which pulmonary edema develops. This idea was consistent with the pharmacokinetic 

results for the spray-dried neat rolipram formulation, which produced a rapid but short-lived 

spike in plasma and lung rolipram levels.

Phosphodiesterase inhibitors including rolipram raise the intracellular levels of the second 

messenger cyclic AMP, which can have multiple beneficial effects in the lung following 

injury (Hoyle, 2010). Rolipram has been shown to inhibit lung injury in animals exposed to 

bleomycin (Pan et al., 2009), hyperoxia (Mehats et al., 2008), and Streptococcus 
pneumoniae (Tavares et al., 2015). For chlorine injury, we previously showed in mice 

inhibition by rolipram of pulmonary edema and airway hyperreactivity, which for the lung 

function measurements involved three rolipram treatments between chlorine exposure and 

assessment 24 hr after exposure (Chang et al., 2012). By contrast, rolipram was reported to 

have no significant effect on airway reactivity when administered as a single 10 mg/kg 

intraperitoneal dose 1 hr after exposure (Wigenstam et al., 2015). These findings add 

additional support to the importance of maintaining rolipram levels for an extended time 

beyond the initial postexposure period. The rolipram formulations administered 

intramuscularly in the current study exerted near maximal effects at 0.12 mg/mouse 

(approximately 4 mg/kg), and this was generally similar in potency to the systemic rolipram 

treatments we examined previously (Chang et al., 2012). For a possible future use in 

humans, an expected human dose based on allometric scaling would be 0.3 mg/kg (Freireich 

et al., 1966; U.S. Department of Health and Human Services, 2005). Rolipram has been used 

clinically as an antidepressant at 0.5 mg/dose (i.e. 0.008 mg/kg for a 60 kg person); an 

anticipated rolipram dose for treating chlorine injury in humans would therefore be 

considerably larger than has been used previously.
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Triptolide is a natural plant product derived from Tripterygium wilfordii that has potent anti-

inflammatory and immunosuppressive properties. Triptolide treatment has been shown to 

inhibit lung inflammation and injury in multiple lung disease models, including 

lipopolysaccharide injury (Wei and Huang, 2014), pulmonary fibrosis induced by radiation 

(Yang et al., 2015) or bleomycin (Krishna et al., 2001), and allergic inflammation and 

airway remodeling (Chen et al., 2011; Chen et al., 2015). In the present study, three of the 

triptolide formulations that were tested in vivo produced significant inhibition of chlorine-

induced inflammation. These three formulations had relatively slow in vitro release profiles, 

and within this group, the anti-inflammatory effect appeared to be proportional to the extent 

of initial release. These results were in contrast to those with spray-dried neat triptolide, 

which showed rapid in vitro release but produced toxic effects in vivo. We and others have 

shown previously the inibition of chlorine-induced lung inflammation by triptolide 

administered intraperitoneally, with maximal effects observed around 1 mg/kg (Hoyle et al., 

2010; Wigenstam et al., 2015). Here we observed anti-inflammatory effects at a triptolide 

dose of 30 μg/mouse (approx. equivalent to 1 mg/kg), but a higher dose (90 μg/mouse, 

approx. 3 mg/kg) produced toxic effects when admininstered intramuscularly as a 

formulation with a higher rate of release. The results suggest that formulations with 

controlled release properties will be beneficial for triptolide treatment to avoid toxic levels of 

this compound. A dose equivalent to 1 mg/kg in mice would be 0.08 mg/kg in humans. 

Extracts of Tripterygium wilfordii have been used at doses of 1 mg/kg/day in clinical trials 

for treatment of kidney diseases, but the triptolide content in the extracts has not been 

reported (Wu et al., 2013; Chen et al., 2014).

Corticosteroids may be beneficial for treating chlorine-induced lung injury because they 

inhibit inflammation, promote alveolar fluid clearance, and stimulate surfactant production 

(Ballard, 1989; Smoak and Cidlowski, 2004; Guney et al., 2007). Corticosteroids, including 

dexamethasone, budesonide, mometasone, bethamethasone, and terbutaline, have been 

shown to ameliorate aspects of lung injury following chlorine inhalation in animal models 

(Demnati et al., 1998; Wang et al., 2002; Wang et al., 2004; Wang et al., 2005; Chen et al., 

2013; Jonasson et al., 2013; Wigenstam et al., 2015). Budesonide inhibited chlorine-induced 

lung inflammation, hypoxemia, and edema (Wang et al., 2002; Wang et al., 2004; Wang et 

al., 2005; Chen et al., 2013). In the present study, all three budesonide formulations that 

were produced showed good anti-inflammatory effects in the in vivo chlorine model. In 
vitro, these formulations showed slow initial release and a maximum release of less than 

50%. In vivo pharmacokinetic assay for the spray-dried neat formulation showed that the 

maximal budesonide concentration in plasma and lung was achieved within 1 hr after 

injection, suggesting that in vivo release for this formulation may be more efficient than 

what was observed in vitro. Our previous results injecting budesonide solution 

intraperitoneally showed that administration of a dose of 10 mg/kg budesonide was required 

to achieve a maximal (approximately 90%) inhibition of neutrophil influx into the lung 

(Chen et al., 2013). In the present study, this level of inhibition was achieved using doses of 

30 μg/mouse (approximately 1 mg/kg) of the budesonide formulations. The spray-dried 

formulations for intramuscular injection therefore represent a significant improvement in 

potency for producing the desired anti-inflammatory effects. An equivalent human dose 

would be 0.08 mg/kg. Budesonide products for human use generally involve topical or local 
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rather than systemic administration, but an oral budesonide product for treatment of 

ulcerative colitis (Uceris®) is taken as a dose of 9 mg (0.15 mg/kg for a 60 kg person). 

Therefore the effective dose in mice for the budesonide formulations we developed is within 

a generally equivalent range of dosing that has been shown to be safe in humans.

Intramuscular injection represents a desirable route of delivery for countermeasures in 

chemical disaster situations, as treatments can be administered rapidly in the field to large 

numbers of casualties. We developed spray dried formulations that were compatible with 

intramuscular injection for rolipram, triptolide, and budesonide. We were able to achieve a 

large range of in vitro release properties by altering multiple parameters in the production of 

the formulations. Treatment of mice with selected formulations produced significant 

inhibition of various aspects of chlorine-induced lung injury, including airway 

hyperreactivity, pulmonary edema, and inflammation. In the case of budesonide 

formulations, an increase in the potency of this drug against chlorine-induced lung 

inflammation was achieved. The results indicate that spray-dried countermeasure 

formulations represent viable treatment strategies for chlorine-induced lung injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Chlorine causes lung injury when inhaled and is considered a chemical threat agent.

Countermeasures for treatment of chlorine-induced acute lung injury are needed.

Formulations containing rolipram, triptolide, or budesonide were produced.

Formulations with a wide range of release properties were developed.

Countermeasure formulations inhibited chlorine-induced lung injury in mice.
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Figure 1. Scanning electron micrographs of rolipram formulations
Rolipram formulations were produced by spray drying and evaluated by scanning electron 

microscopy. A) Neat rolipram spray-dried from methylene chloride solution, 0.4 mm nozzle. 

B) 20% rolipram/80% PLGA spray-dried from methylene chloride, 0.4 mm nozzle. C) 40% 

rolipram/60% PLGA spray-dried from methylene chloride, 0.6 mm nozzle. Scale bar in 

panel A represents 10 μm for all panels.
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Figure 2. In vitro release kinetics for rolipram formulations
Rolipram formulations produced by spray drying were evaluated using in vitro release 

assays. A) Neat rolipram, 0.4 mm nozzle. B) Rolipram/PLGA formulations containing 20%, 

30%, and 40% rolipram, 0.4 mm nozzle. C) Rolipram/PLGA formulations containing 20% 

and 40% rolipram, 0.6 mm nozzle. D) Rolipram/PLGA formulations containing 40% 

rolipram with altered lactide:glycolide ratio or addition of PEG, 0.4 mm nozzle.
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Figure 3. Inhibition of chlorine-induced pulmonary edema and airway hyperreactivity by 
rolipram formulations
A) Pulmonary edema. FVB/NJ mice were exposed to chlorine and treated with 40% 

rolipram/60% PLGA or placebo beads intramuscularly 1 h after the end of the chlorine 

exposure. Pulmonary edema was assessed by measurement of extravascular lung water in 

left lungs collected 6 hr after chlorine exposure. a, p<0.001 vs. no chlorine; b, p<0.05 vs. 

chlorine, no rolipram. n=9-12 mice/group. B) Airway reactivity. FVB/NJ mice were exposed 

to chlorine and treated with spray dried neat rolipram or vehicle intramuscularly 1 hr after 

chlorine exposure, 10-12 h after exposure, and 2 h before pulmonary function testing on the 

day after exposure. Respiratory system resistance was measured at baseline and following 

inhalation of increasing doses of methacholine. a, dose-response curves p<0.01 vs. 

Cl2+Placebo. b, dose-response curve p<0.05 vs. Cl2+Placebo. n=6-8 mice/group.

Hoyle et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Scanning electron micrographs of triptolide formulations
Triptolide formulations were produced by spray drying and evaluated by scanning electron 

microscopy. A) Neat triptolide spray-dried from methylene chloride solution, 0.4 mm 

nozzle. B) 40% triptolide/60% PLGA spray-dried from methylene chloride, 0.4 mm nozzle. 

C) 40% triptolide/60% PLGA spray-dried from methylene chloride, 0.6 mm nozzle. Scale 

bar in panel A represents 10 μm for all panels.
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Figure 5. In vitro release kinetics for triptolide formulations
Triptolide formulations produced by spray drying were evaluated using in vitro release 

assays. A) Neat triptolide, 0.4 mm nozzle. B) Triptolide/PLGA formulations containing 20% 

and 40% triptolide, 0.4 mm nozzle. C) Triptolide/PLGA formulations containing 20% and 

40% triptolide, 0.6 mm nozzle. D) Triptolide/PLGA formulations containing 40% triptolide 

with altered lactide:glycolide ratio or addition of PEG, 0.4 mm nozzle.
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Figure 6. Inhibition of chlorine-induced lung inflammation by triptolide formulations
A) Lavage fluid neutrophils. FVB/NJ mice were exposed to chlorine and treated with 40% 

triptolide/55% PLGA/5% PEG or placebo intramuscularly 1 h after the end of the chlorine 

exposure. Neutrophils were enumerated in lung lavage fluid collected 48 h after chlorine 

exposure. a, p<0.05 vs. other groups; b, p<0.05 vs. chlorine, no triptolide. n=6-9 mice/group. 

B) Lung tissue neutrophils. FVB/NJ mice were exposed to chlorine and treated with 40% 

triptolide/60% PLGA or placebo particles intramuscularly 1 h after chlorine exposure. 

Immunostaining was performed for the neutrophil marker Ly-6G in sections of lungs 

collected 6 h after exposure, and labeled cells were counted. a, p<0.05 vs. other groups; b, 

p<0.001 vs. chlorine, no triptolide. n=7-8 mice/group.
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Figure 7. Scanning electron micrographs of budesonide formulations
Budesonide formulations were produced by spray drying and evaluated by scanning electron 

microscopy. A) Neat budesonide spray-dried from methylene chloride solution, 0.4 mm 

nozzle. B) Neat budesonide spray-dried from ethanol solution, 0.4 mm nozzle. Scale bar in 

panel A represents 1 μm for both panels.
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Figure 8. In vitro release kinetics for budesonide formulations
Budesonide formulations produced by spray drying were evaluated using in vitro release 

assays.
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Figure 9. Inhibition of chlorine-induced lung inflammation by budesonide formulation
FVB/NJ mice were exposed to chlorine and treated with placebo or spray-dried neat 

(ethanol) budesonide formulation intramuscularly b.i.d. for 2 days starting 1 h after the end 

of the chlorine exposure. Neutrophils were enumerated in lung lavage fluid collected 48 h 

after chlorine exposure. a, p<0.001 vs. other groups. n=6-9 mice/group.
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Figure 10. Pharmacokinetic analysis of rolipram and budesonide formulations in mice
Mice were injected with formulations i.m., and plasma and lung tissue were collected at 

various times after injection for measurement of rolipram (A) or budesonide (B). n=2-3 

mice/group.
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Table 1

Summary of results for rolipram formulations that were tested in vivo.

Formulation
1 In vitro release at 4 h Maximum inhibition of airway 

hyperreactivity
Maximum inhibition of pulmonary 

edema

100% rolipram 70% 100% Not significant

40% rolipram/60% PLGA 36% 100% 48%

40% rolipram/55% PLGA/5% PEG 56% 100% Not significant

1
All generated by spray drying of methylene chlorine solutions using 0.4 mm nozzle; PLGA formulations contain 50:50 ratio of lactide:glycolide.
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Table 2

Summary of results for triptolide formulations that were tested in vivo.

Formulation
1 Nozzle size (mm) In vitro release at 4 h Maximum inhibition of lavage fluid neutrophils

100% triptolide 0.4 70%
Not significant, toxic

2

40% triptolide/60% PLGA 0.4 5% 49%

40% triptolide/60% PLGA 0.6 11% 65%

40% triptolide/55% PLGA/5% PEG 0.4 22% 82%

1
All generated by spray drying of methylene chloride solutions using indicated nozzle size; PLGA formulations contain 50:50 ratio of 

lactide:glycolide.

2
9/9 mice receiving the highest triptolide dose (90 μg/mouse) died prior to the planned study end point.
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Table 3

Summary of results for budesonide formulations that were tested in vivo.

Formulation
1 In vitro release at 4 h Maximum inhibition of lavage fluid neutrophils

100% budesonide (methylene chloride) 26% 91%

100% budesonide (ethanol) 18% 88%

40% budesonide/60% PLGA (methylene chloride) 16% 87%

1
All generated by spray drying of solutions in the indicated solvent using 0.4 mm nozzle; PLGA formulation contains 50:50 ratio of 

lactide:glycolide.
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