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Morgantown, West Vir inia 26505; =Section of Pulmonary and Critical Care Medicine, School of Medicine, 
Robert C. Byrd Heafh Sciences Center, West Virginia University, Morgantown, West Virginia 26506; 

DTo whom correspondence should be addressed 

Using a water-in-oil-in-water multiple emulsion system developed 
for Pulmonary drug targeting, the effectiveness of tetrandrine as an 
antifibrotic agent and the therapeutic advantage of a tetrandrine 
emulsion over drug in solution for the treatment of silicosis were 
investigated in rats. Previously we have shown that the action of 
tetrandrine is attributed to its ability to inhibit the release of reactive 
oxygen metabolites and inflammatory cytokines by alveolar macro- 
phages, and that targeted delivery of tetrandrine to alveolar macro- 
phages using a multiple emulsion system minimizes drug toxicity, 
maintaines the drug's pharmacological activity, and enhances tetran- 
drine distribution in the lungs while reducing systemic drug distribu- 
tion. The purpose of the present study is to provide in uiuo evidence of 
emulsion-mediated enhancement of drug action in the lungs against 
silica-induced lung injury using a rat model. The antifibrotic action of 
tetrandrine was evaluated by examinations of lung histology, alveolar 
cell diiGerentials, in uiuo drug effect on macrophage respiratory burst, 
and the measurements of lung weight and collagen content. Tetran- 
drine was shown to inhibit the macrophage-orchestrated inflamma- 
tory process in response to silica exposure, preventing infiltration of 
neutrophils into the alveolar space. In addition, the drug was also 
shown to protect the cells fkom silica-induced toxicity and stimula- 
tion, and to restore healthy alveolar macrophage populations in the 
alveolar region. Intervention of the silica effect with tetrandrine mark- 
edly decreased light microscopic lung lesions. These results were also 
supported by quantitative inhibition of a silica-induced increase in 
lung weight and collagen content by tetrandrine. In all experiments 
the tetrandrine emulsion system was shown to be consistently more 
efficacious than the solution dosage form in the treatment of silica- 
induced granulomatous pneumonia, alveolar lipoproteinosis consis- 
tent with acute silicosis, and fibrosis. These results confirm our hy- 
pothesis regarding the functional and morphologic interactions of 
emulsions with alveolar macrophages in uiuo. CHAO, D.-H.; MA, J.Y.C.; 
-A, C.J.; BANKS, D.E.; Hubs, A.F.; ROJANASAKUL, Y.; CASTRANOVA, V.; MA, 
J.K.H.: MuLnptE EMULSION-MEDLATED ENHANCEMEM OF ME THERAPEU~C EFFECT of 
TEIRANDRINE AGAINST SIUCOSIS. h i .  O~CUP. ENVIRON. HYG. 1 1 (7):1008-1018; 
1996. 

he sequential cellular and biochemical events in silica- T induced lung injury involve (1) primary dust reactions at 
the epithelium; (2) reactions of dusts with lung interstitial cells; 
and (3) steps from cytokine-mediated fibrogenesis to fibrosis. 
The alveolar wall consists of a specialized epithelium and a 
closely apposed network of capillaries supported by a delicate 
interstitial matrix. Nearly 95 percent of the alveolar surface 
area is covered by a single layer of epithelial type I pneumo- 
cytes joined by tight junctions. These terminally differentiated 
cells are vulnerable to a variety of injuries and have little, if any, 
regenerative or replicative potential. Type I1 cells, on the other 
hand, are more resistant to oxidative injury(') and have the 
capacity to proliferate and repair the epithelial 
Alteration of the epithelial structure by silica can lead to the 
migration of dust into the interstitium and the development of 
fibrosis. As seen in acute silicosis, silica causes severe damage to 
the lining cells of the airways where lipoprotein exudate ac- 
cumulates, obliterating the air space. These events are followed 
by type I1 pneumocyte hypertrophy and hyperplasia, phospho- 
lipidosis, and impaired phagocyt~sis.(~) 

Alveolar macrophages (AM) are a key cell type involved in 
the fibrotic process. Silica stimulates AM to release proteolytic 
enzymes and reactive oxygen species such as superoxide anion, 
hydrogen peroxide, and hydroxyl free Hypersecre- 
tion of these products in response to intense or prolonged silica 
exposure may overwhelm the lung's natural protective mech- 
anisms, such as those by antioxidant enzymes and antiproteases, 
and result in cell damage and destruction of the lung paren- 
chyma.('~*) Hydrogen peroxide, for example, has been shown 
to damage tight junctions between epithelial cells in culture.(') 

Macrophage-derived cytokines, such as interleukin-1 (IL- 
l),('O.") tumor necrosis factor (TNF),(") platelet-derived 
growth factor (PDGF),(I3) macrophage-derived growth fac- 

and fibronectin have been shown to stimulate fibroblast 
growth in vitro. Goldring and Krane('") showed that IL-1 also 
enhances fibroblast production of collagen in culture. Alveolar 
macrophages also release chemotactic factors such as interleu- 
kin-8 and leukotriene B4, which, along with IL-1, TNF, and 
PDGF, recruit polymorphonuclear leukocytes and activate 
their phagocytic and secretory processes, resulting in alveolar 
granuloma and the release of more oxidative species including 
hypochlorous acid by these phag~cy tes . ( ' ~ '~~ '~ )  Indeed, neu- 
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trophil-derived oxidative products have been linked to damage 
of lung explant tissue and have been implicated in fibrotic lung 
diseases.(”) The net result of these cell-cell interactions and 
hypersecretion is an escalating inflammatory cycle which may 
be directly linked to pulmonary fibrosis. Thus, ample evidence 
suggests that AM play an important role in the pathogenesis of 
silicosis. The silica-mediated release of oxidative products and 
secretion of inflammatory and fibrogenic factors by AM are 
important events in understanding and treating silicosis. 

Despite the difficulties in treating fibrotic lung diseases, 
continuing efforts have been made to develop therapeutic 
strategies to treat silicosis by preventing the development of 
associated diseases, by pharmacologically controlling, revers- 
ing, or halting the progression of fibrosis, or by removing the 
fibrogenic dust stimuli, activated AM, and other stimulated 
effector cells and cytokines which perpetuate the fibrotic pro- 
cess.(”) Corticosteroid therapy, for example, has shown an 
apparent short-term potential to suppress inflammation in the 
lungs of those with acute silicosis,(”) suggesting that drugs 
which inhibit the macrophage-orchestrated inflammatory cy- 
cle can be reasonably expected to have therapeutic benefits.(”) 

Tetrandrine is a plant alkaloid which has been shown to 
inhibit silica-induced pulmonary fibrosis in experimental ani- 
mals.(2”) The chemical activity of this drug is characterized by 
its two benzylisoquinoline moieties connected in a head-to- 
head, tail-to-tail fashion via two ether linkages, resulting in a 
ring of 18 carbons with a, p stereochemistry at the isoquino- 
line chiral centers. Dozens of bisbenzylisoquinoline alkaloids 
have been tested in experimental models for the treatment of 
silicosis. Tetrandrine was the most potent antifibrotic agent 
among these alkaloids.(”) Reports indicated that tetrandrine 
resulted in a decrease in the synthesis of collagen by pulmonary 
fibroblasts and in the formation of silicotic 
Studies in our laboratory showed that tetrandrine bound 
strongly and selectively to viable AM at the cellular plasma 
membrane.(23) Binding of tetrandrine to AM was blocked by 
cytochalasin B, vinblastine, and tax01,(’~) suggesting that this 
binding involves drug interaction with the cellular cytoskeletal 
system. In addition, binding of tetrandrine to AM was en- 
hanced when AM were stimulated by zymosan or phorbol 
ester,(24) indicating a dynamic interaction between tetrandrine 
and AM which depends on the cellular cytoskeletal control of 
membrane activity. Tetrandrine has no effect on the release of 
oxidative products or cytokines by nonstimulated AM, but 
shows strong inhibition on particle-stimulated macrophage 
respiratory burst and the secretion of IL-1-like cytokines by 
AM challenged with silica and other stim~li.(’~-’~) Our data on 
the binding and inhibitory effects of tetrandrine and other 
bisbenzylisoquinoline alkaloids show a strong correlation be- 
tween the drug’s binding affinity to AM and its in vitro inhib- 
itory effect, and between the drug’s in vitro inhibitory effect and 
its reported in vivo antifibrotic potential. 

In a clinical study tetrandrine was reported to improve 
diffusion capacity and decrease the size of lesions visualized on 
chest radiographs of patients suffering from silicosis,(27) but the 
therapeutic value of tetrandrine as an antifibrotic agent re- 
mained inconclusive. Some pharmaceutical and toxicological 
factors may have contributed to the difficulty in clinically 
assessing this drug. Tetrandrine was given orally in a drug 
regimen which called for 3-month treating periods followed 

by 2- to 3-month resting periods of no drug treatment. These 
resting periods were to avoid drug toxicities reported to be 
reversible when the drug was discontinued. Most noticeably, 
patients receiving tetrandrine developed dose-related brown- 
ish-black skin pigmentation following 2 to 3 months of drug 
treatment. Transient enlargement of the liver and elevation of 
serum transaminase were also seen in some cases associated 
with tetrandrine treatment. Oral delivery of lipophilic drugs is 
subjected to significant first-pass hepatic extraction. This may 
account for the observed liver toxicity. The skin pigmentation 
indicates a wide tissue distribution of the drug with a long 
biological half-life. Indeed, studies in animals have shown that 
the accumulation of tetrandrine in viscera was dose dependent 
and decreased gradually to one tenth of the original level over 
2 months after discontinuation of the drug.(’@ The low ther- 
apeutic index associated with the oral regimen has limited the 
use of tetrandrine for the treatment of silicosis. A lack of sound 
pharmaceutical approaches in drug delivery strategies may have 
also obscured the observation of the drug’s pharmacological 
effect. 

Selective delivery of therapeutic agents to specific sites in the 
body has the potential to provide increased drug exposure at 
the site of action and reduced systemic drug toxicity. The 
concept of using a colloidal carrier for site-specific drug de- 
livery has been demonstrated using a variety of particulate 
systems, including lipos~mes,(’~) polymeric microspheres, and 
multiple emulsions.(30) Multiple emulsions are complex sys- 
tems which contain small droplets within large dispersed drops 
where the external liquid phase is miscible or identical with the 
continuous phase. They are, therefore, emulsions of emulsions. 
With recent advances in emulsion technology, stable multiple 
emulsions have been developed for diverse  application^.(^'^^') 
As drug carriers, multiple emulsions have been shown to 
sustain drug release and to enhance uptake of anticancer agents 
by tumor 

Emulsion-entrapped drugs will follow the fate of the carrier, 
resulting in drug release at the site of emulsion destruction. 
The multiple emulsion system is recognized as foreign by the 
mononuclear phagocyte system (i.e., they may be rapidly re- 
moved from the circulation after intravenous administration 
and accumulated in tissues with high phagocytic activities). 
With desirable particle size, multiple emulsions will be seques- 
tered by the lung through filtration mechanisms. The intrave- 
nous route offers further advantage over an oral dose for 
pulmonary drug delivery by eliminating the first-pass hepatic 
extraction. Previously we have developed a stable multiple 
emulsion system containing peanut oil as the liquid membrane, 
which reduced tetrandrine toxicity to AM, enhanced AM 
uptake of drug and drug distribution in the lungs, and reduced 
systemic drug  level^.(^^^^') The purpose of the present research 
is to investigate the hypothesis that the multiple emulsion 
system, through its effect on pulmonary drug targeting, en- 
hances the therapeutic activity of tetrandrine against silicosis. 
To achieve this objective, in vitro and in vivo experiments have 
been carried out to evaluate (1) effects of emulsion on in vivo 
drug-cell interactions, (2) effects of emulsion on the antifi- 
brotic action of tetrandrine as indicated by measurement of 
lung weight, collagen content, alveolar cell differentials, and 
lung histology, and (3) correlations between drug targeting, 
cellular activities, and the therapeutic effect. 
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Methods 

Preparation of Multiple Emulsions 

Span 80 (sorbitan monooleate), Tween 80 (polysorbate 80), 
peanut oil, and hydrogenated soybean oil (HSO) were ob- 
tained from Ruger Chemical Co., Inc. (Irvington, New Jer- 
sey). Tetrandrine was obtained as a gift from the Institute of 
Occupational Medicine, Chinese Academy of Prevention 
Medicine (Beijing, China). All other chemicals were obtained 
from commercial sources as specified. 

Multiple water-in-oil-in-water (w/o/w) emulsions were 
prepared using a two-step emulsification method modified 
from that of Matsumoto et ~ l . ( ~ ' )  Tween 80 and Span 80, 
initially dispersed separately in the internal aqueous phase and 
the oil phase, respectively, were used as emulsifiers in the 
primary w/o emulsion, which was proportioned to give a 
hydrophile-lipophile balance of 5.5 at the liquid interface. The 
oil phase contained 27 percent (wt/vol) of the lipophilic emul- 
sifier and 73 percent of a blend of peanut oil with HSO. One 
milliliter of a tetrandrine solution (70 mg/ml) containing 10 
percent (wt/vol) of Tween 80 was introduced into 3 g of the 
oil phase and emulsified by sonication at 4OC using a sonica- 
tor- cell disruptor (model W-225, Heat Systems-Ultrasonics, 
Plainview, New York). For the second-step emulsification, 8 
ml of an aqueous solution containing Tween 80 (1%) and 
Triton X-100 (0.05%) as the hydrophilic emulsifier was added 
to the primary emulsion, and the mixture was agitated with a 
vibrator-mixer (Gerald K. Heller Co., Las Vegas, Nevada) for 
3 minutes in an ice bath. Particle size analysis was performed 
on all freshly prepared and aged formulations to determine the 
number and mean diameter of the droplets in the emulsions, 
using an electronic Coulter counter (model Z,, Coulter In- 
struments) equipped with a sizing To deter- 
mine drug content in w/o/w multiple emulsion, samples of 
emulsions (6 ml) introduced into cellulose dialysis tubes were 
dialyzed against 400 ml of an isotonic phosphate buffer solution 
(pH 7.4) for 6 hours at 4°C. At this temperature emulsions 
were stable and without drug release. The dialysis sack was 
agtated and maintained in a vertical floating position by at- 
taching a regular liquid-tight closer on the top and a magnetic 
weighted closure on the bottom to submerse the tube com- 
pletely into the buffer solution. Drug concentration in emul- 
sion following dialysis was determined by high performance 
liquid ~hromatography('~) using a reverse-phase pBondapak 
C, column (Waters Associates, Milford, Massachusetts) and a 
mobile phase of acetonitri1e:HEPES buffer (pH 4S):butanol in 
a 32:65:3 ratio, delivered at a flow rate of 1.0 ml/min. Tet- 
randrine was detected by ultraviolet light at 254 nm using 
albendazole as an internal standard. The multiple emulsion 
system thus prepared contained peanut oil and HSO (7:3) as 
the lipid membrane, Tween 80 and Span 80 in the internal 
aqueous phase, and Tween 80 plus Triton X-100 in the 
external aqueous phase. The mean emulsion droplet diameter 
was 5.5 pm, with 8 X 10" droplets/ml and a final drug 
concentration of 5.25 mg/ml. 

Silica Exposure and Drug Treatment 

Male Sprague-Dawley rats (180 to 200 g) were anesthetized 
with sodium brevital, and silica (40 mg of silica/0.5 ml of 
saline) or saline (nonsilicotic control) was instilled into the 

lungs via the trachea. The silica used was 98.5 percent pure 
with a specific surface area of 3.97 m2/g and with 80 percent 
of the particles having a diameter of less than 5 pm (Min-u-sil; 
Pennsylvania Glass and Sand Corp., Berkeley Springs, West 
Virginia). Following intratracheal instillation, a daily single 
dose of tetrandrine either in solution or in emulsion (13 
mg/kg) was administered through the tail vein for 4 days. The 
animals were under normal care for 2 or 4 weeks. Animals 
were sacrificed and alveolar cells were harvested by bronchoal- 
veolar lavage (BAL) and analyzed for cell counts and differen- 
tiation. The lungs were isolated, and the left lungs were used 
for lung weight measurement and the right lungs were minced 
and further prepared for quantitative measurement of collagen 
content by hydroxyproline analysis. Lavaged lung specimens 
were also prepared for histological examination of the silicotic 
development. Evidence of in uivo drug- cell interactions was 
determined via measurements of resting and zymosan-stimu- 
lated oxygen consumption by AM from silicotic and nonsili- 
cotic control rats and from drug-treated animals. 

Bronchoalveolar lavage 

Rats were anesthetized by intraperitoneal injection of sodium 
pentobarbital (0.2 g/kg body weight) and exsanguinated by 
cutting the left renal artery. Alveolar cells were obtained by 
pulmonary lavage using an ice-cold, Ca++-free medium (1 45 
mM NaCl, 5 mM KC1, 1.9 mM NaH,P04, 9.35 mM 
Na,HPO,, 5.5 mM glucose; pH 7.4). Cells were centrifuged 
at 500 g for 5 minutes at 4OC, washed, and resuspended in a 
HEPES-buffered medium (145 mM NaC1, 5 mM KC1, 10 
mM HEPES, 5.5 mM glucose, and 1 mM CaC1,; pH 7.4). 
Cell differentials, number, and mean cell volume were mea- 
sured using an electronic cell counter equipped with a sizing 
attachment. The average values of parameters determined for 
AM in control animals were: yield, 8.6 ? 0.3 X 10" AM/rat; 
purity, 90.3 -+ 3.2 percent; mean cell volume, 1282 t 8 pm'. 
Cell viability was determined microscopically by monitoring 
the membrane integrity using the Trypan blue exclusion 
method. 

Oxygen Consumption Studies 

Oxygen consumption was monitored at 37OC using an oxy- 
graph equipped with a Clark electrode.(40) The oxygraph was 
calibrated using media equilibrated with gases of known oxy- 
gen content. AM (4 X 10" cells) were incubated at 37OC in 
1.75 ml Dulbecco's Modified Eagle Medium (GIBCO Labo- 
ratories, Life Technologes, Inc., Grand Island, New York) for 
10 minutes, transferred to a temperature-controlled (37'C) 
chamber, and measured for oxygen consumption by AM at rest 
or for a zymosan (0.2 mg/ml)-stimulated level of oxygen 
consumption. 

Measurement of lung Collagen Content 

The presence of hydroxyproline in animal tissues is found 
mainly in collagen. Hence, hydroxyproline has been widely 
used as an indcator for the synthesis and metabolism of col- 
lagen. Analysis of hydroxyproline in rat lungs was carried out 
using a method modified from that of Kivinkko et a/.(") A 
number of reagents and buffers were prepared. Potassium bo- 
rate buffer was prepared by dissolving 61.84 g of boric acid and 
225 g of KCl in 800 ml of distilled water. The solution was 
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TABLE 1. Effects of In Vivo Silica and Tetrandrine on BAL Cell Differentiation Measured 2 and 4 Weeks After Silica Treatment 

Cell Counts in Millions 

AM PMN 

Treatment Group 2 Weeks 4 Weeks 2 Weeks 4 Weeks 

Nonsilicotic 
Saline 16.3 ? 0.5 (87.2 f 3.2)A - 1.5 f 0.5 (7.7 ? 2.2)A - 
Tetrandrine solution 17.7 2 2.2 (86.2 f 2.1) - 2.9 f 1.8 (11.5 2 2.8) - 
Tetrandrine emulsion 17.9 2 2.7 (89.9 f 0.8) - 2.7 f 1.0 (9.5 ? 2.2) - 

Silicotic 
Silica 

Tetrandrine emulsion 

18.4 ? 3.3 (63.0 f 7.5) 

18.1 f 3.1 (71.3 f 6.3) 

3.7 f 0.5 (44.3 ? 3.Y)u 

14.1 ? 1.0 (59.2 f 15.1)D 

9.2 f 2.0 (22.1 ? 4.4)“ 

3.3 ? 1.1 (12.0 f 2.9)D 

2.1 f 0.9 (15.6 f 2.4) 

6.2 f 2.7 (15.1 2 3.3) 
Tetrandrine solution 16.6 f 2.0 (62.0 f 6.8) - 5.7 f 3.0 (13.5 f 3.8) - 

AValues in parenthesis indicate percentage of cells counted in BAL. In silica-exposed groups, percentage cell counts not shown include the presence of silica 
particulate, red blood cells, and lymphocytes whose purities were not differentiated in the Coulter counter. 
“Value is significantly lower than the saline control. 
“Value is significantly higher than the saline control. 
”Data are significantly different from those of the silicotic (no tetrandrine) control. 

adjusted for pH to 8.7 with KOH (10 N or 1 N) and diluted 
to 1 L. Alanine solution was prepared by dissolving 10 g of 
IiL-alanine (Aldrich Chemical Co., Milwaukee, Wisconsin) in 
90 ml of distilled water, followed by adjusting pH to 8.7 with 
KOH and diluting the solution to 100 ml. A borate-alanine 
buffer was prepared by mixing the potassium borate buffer and 
alanine solution in a 2:l ratio. Chloramine T solution (0.2 M) 
was prepared daily by dissolving chloramine T in methyl 
cellusolve (Sigma Chemical Co., St Louis, Missouri), whereas 
sodium thiosulfate solution (3.6 M) was prepared by dissolving 
reagent in distilled water and stored under toluene at room 
temperature. The Ehrlich’s reagent (p-dimethylaminobenzal- 
dehyde) was prepared as follows: concentrated H,SO, (27.4 
ml) was slowly added to 200 ml of absolute alcohol, the 
mixture was allowed to cool, and a solution of 120 g of 
p-dimethylaminobenzaldehyde (Sigma Chemical Co.) in 200 
ml of absolute alcohol was then added slowly to the sulfuric 
acid-alcohol mixture. Stock solution of hydroxyproline was 
prepared by dissolving 10 mg of trans-4-hydroxyl-~-proline 
(Sigma Chemical Co.) in 100 ml distilled water. Standards of 
2 to 20 pg/2.5 ml were then prepared by diluting the stock 
with borate-alanine buffer. 

R a t  lungs were weighed and chopped with scissors into fine 
pieces. Two milliliters of 6 N HC1 was added to each sample 
to hydrolyze the tissue for 48 to 72 hours at 110OC. Samples 
were neutralized with 10 N KOH and adjusted to 10 ml with 
distilled water and centrifuged. An aliquot of 0.1 ml of the 
centrifuged hydrolysates was pipetted into capped tubes and 
the volume was then adjusted to 2.5 ml with borate-alanine 
buffer. Standards and blank solutions were appropriately pre- 
pared in 2.5 ml of the same buffer as above. Saturated amounts 
of solid potassium chloride were added into each sample, and 
following vortex this imino acid mixture was oxidized at room 
temperature with 0.6 ml of freshly made 0.2 M chloramine T 
solution. After 30 minutes the oxidation was stopped by add- 
ing 2 ml of the sodium thiosulfate solution. Samples in capped 
tubes were further mixed with 3 ml toluene and heated in a 
boiling water bath for 30 minutes to form pyrrole. After 
cooling, the tube was shaken vigorously and centrifuged briefly 
at  low speed, and a 1-ml portion of the toluene phase was 

placed in a separate tube. Addition of 0.4 ml of the Ehrlich’s 
reagent to the toluene layer was quickly made by stirring, and 
the resulting color was measured after 30 minutes at 560 nm on 
a Hitachi U-2000 spectrophometer (Hitachi Instruments, 
Inc.). 

Micrographic and Histological Examination 

Samples of AM collected from bronchoalveolar lavage were 
prepared for microscopic study. For transmission electron mi- 
croscopy (JOEL, lOOCX), AM were pelleted and fixed with 3 
percent Karnovsky’s fixative in 0.1 M sodium cacodylate buffer 
for 2 hours, followed by treatment with 2 percent tannic acid 
and 2 percent osmium tetroxide for 60 minutes each. The 
pellets were then processed for embedding with LX112. Thin 
sections were cut on a LKB NOVA ultramicrotome and 
placed on 200-mesh copper grids. These were stained with 5 
percent alcoholic uranyl acetate for 25 minutes and Reynold’s 
lead citrate for 15 minutes. The same procedure was carried 
out for the preparation of lung tissues. For light microscopy, 
hematoxylin/eosin stain and trichrome stain were used for 
observation of silicotic granuloma and collagen formation in 
lung tissues, respectively. Tissues were routinely processed, 
embedded in paraffin, and stained with hematoxylin, eosin, 
and Gomori’s tri~hrome.(~’) Pathological scoring of lung in- 
jury was made from coded specimens by an independent 
pathologist unaware of the exposure and treatment conditions. 

Data and Statistical Analysis 

All studies were carried out in repeated experiments to attain 
reproducibility, and the results were expressed as means ? 
standard errors of data from at least four animals. Statistical 
comparison of results was analyzed using analysis of variance 
and two sample Student’s t-tests with the significance level set 
at p 5 0.05. 

Results and Discussion 
The effects of intratracheal silica exposure and tetrandrine 
treatment on the bronchoalveolar cell differentials 2 and 4 
weeks after silica instillation are shown in Table 1. In nonsili- 
cotic rats, treatment of the animals with tetrandrine in solution 
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or in emulsion did not result in any change in the UAL cell 
counts when measured 2 weeks following the initial treatment. 
In comparison, lavaged cells obtained froni silicotic rats 
showed similar numbers o f  alveolar niacrophages representing 
a decreased percentage of  the total cell population, suggesting 
infiltration o f  other  cell types [red blood cells, polyniorpho- 
nuclear leukocytes (PMN), lymphocytes, etc.1 into the alveolar 
space. T h e  number o f  I’MN increased sixfold as compared 
with the nonsilicotic control group. Table 1 also shows that the 
tetrandrine treatment has a significant effect on silica-induced 
cell differentials 2 weeks after silica exposure. T h e  tetrandrine 
solution resulted in a reduced influx of I’MN, which were 02 
percent o f  that in the untreated, silica-exposed rats (silicotic 
control). In rats receiving tetrandrine eniulsion. the I’MN 
were only 36 percent o f  those in the silicotic control. These 
results suggest that the silica-induced pulmonary inflammation 
was partially inhibited by tetrandrine. and more so by tetran- 
drine in the eriiulsion dosage form. 

At 4 weeks after silica exposure. both the nuniber and 
percentage o f  A M  were substantially decreased in the silicotic 
control animals (Table 1). This decrease in AM yield may be 
due to the extensive granulomatous response in these lungs, 
which niay trap AM in the lungs and prevent their efficient 
removal by lavage. Treatnient with the tetrandrine emulsion, 
however, protected and restored AM populations in the in- 
jured lung. T h e  P M N  levels in silicotic control and drug- 
treated rats are similar to those seen in nonsilicotic animals, but 
represent higher percentages in total cell population. 

T h e  role o f  I’MN in tissue injury secondary to silica expo- 
sure has been reported in several studies. Accuniulation of 
P M N  in the alveolar space was reported even at 6 nionths after 
a single intratracheal instillation o f  silica (50 nig) in guinea 
pig.(J-3) As per early discussion, these phagocytes release en- 
zymes and free radicals and contribute sigsmificantly to the 
silica-induced lung lesions. In nornial lungs A M  are the resi- 
dent  cells. whereas I’MN are almost absent. Under  silica ex- 
posure, A M  niay release cheinotactic factors (IL-1, T N F ,  etc.) 
which recruit I’MN from the capillary lumen to the alveolar 
space.(’5) Indeed. migration of P M N  froni the intravascular 
space t o  extravascular sites largely depends o n  the adherence of 
P M N  to endothelial cells. Both IL-1 and T N F  have been 
shown to enhance adherence by a mechanism involving the 
regswlation o f  expression o f  cell surface niolecules on  neutro- 
phils and vascular endothelial cells.(”) Previously w e  have 
shown that tetrandrine inhibits silica-induced production of 
IL-1-like mediators by AM,(”’) suggesting that the drug’s effect 
o n  the I’MN population in silica-exposed lung may be niedi- 
ated through AM. 

Evidence o f  in vivo interaction o f  tetrandrine with AM has 
not been clearly demonstrated. With the aid o f  the emulsion 
system, Figure 1 shows the effects o f  tetrandrine o n  the oxygen 
consumption by A M  harvested froni silica-exposed and non- 
silicotic rats 2 weeks after silica exposure. In the nonsilicotic 
groups, neither the resting nor the zyniosan-induced oxygen 
consumptions were affected by the tetrandrine treatment. This 
is expected since tetrandrine has been shown to have no effect 
on  nonstiniulated AM in vitro.(?’) I t  is also possible that tetran- 
drine niay have been substantially eliminated froni the lungs 2 
weeks after treatment. T h e  estimated half-lives o f  tetrandrine 
solution and tetrandrine emulsion in nonsilicotic rat lungs are 

2 1  
1 

I s 1.6 1 
C 

.. 
Silicotic Non-Silicotic 

FIGURE 1.  Effect of iti viiw silica ~ i i d  tctrandriiie trc:itiiictit$ o i i  the 
resting (dark bar) arid zyitiosati-stiniulltcd (light bar) osygcii c.oii-  

suiiiptioii of A M  from the I3AL Huid. Trc;itiiiciit p o i i p :  (A) control; 
(13) tetratidriiie solutioii; ((1) tctnndriiic ctiiiilsion. Aiiiiiials received 
40 nig silica o r  c.ilinc intratnchc;illy. followed by four d.iily dews of 
tctrandrinc ( I  3 tiig/kg). <:ell\ wcrc li;irvc\tcd 2 wrck\ .iftrr \ilic.i 

treatiticiit. *indicates a significant decrease froni thc corrccpotidiiig 
iionsilicotic value. 

23 and 30 hours, respectively.(.”) I n  silicotic rats, AM eshibit 
reduced levels o f  resting and zyiiiosaii-stitiiiilated oxygen con- 
sumption when compared with the nonsilicotic control (Fig- 
ure 1 ) .  This suggests that silica alters nornial cell activity o r  cell 
population due to  silica-niediatcd cell death o r  epithelial lung 
damage. T h e  effect of tetrandrine 0 1 1  silica-mediated cell ac- 
tivity is o f  interest. Tetrandrine appears t o  restorc the noniial 
function o f  AM, as indicated by the increased levels of both 
resting and zyniosati-induced oxygen consumption in  coni- 
parison to the silicotic control. This effect is especially clear in 
the case o f  treatment with tetrandrinc emulsion, wherc thc 
oxygen consulliption levels approach noriiial values. Similar 
results indicating the protective effect o f  tetrandrinc eniulsion 
on niacrophage respiratory burst were also obtained at  3 weeks 
after exposure (data not shown). These results arc consistent 
with the data o f  Table 1,  which show that rats receiving d i c a  
and tetrandrine cniulsion maintained a high level o f  AM iii  the 
bronchoalveolar region when measured at 2 and 3 weeks after 
silica exposure. 

T h e  observed drug effect at 2 and 4 weeks after silica 
exposure indicates that tetrandrine inhibits the initiation of the 
silicotic process, since tetrandrine was given in the first 4 days 
o f  the treatment schedule. T h e  reason for the drug effect may 
be twofold. First, the presence o f  tetrandrine i n  lung tissue may 
prevent the acute silica toxicity against alveolar niacrophages 
and epithelial cells. This can be seen froiii the data on cell 
differentials where the P M N  population i n  drug-treated ani- 
nials is significantly lower than that in the silicotic control. T h e  
absence o f  accumulative iiiflaiiiiiiatory effect in the tetrandrine 
eniulsion-treated aninials may account for the relatively long- 
term drug activity. Second. tctrandrine exhibits unique bind- 
ing characteristics with alveolar macrophages. O u r  studies in- 
dicated that binding o f  tetrandrine t o  AM and the drug cfect 
on  niacrophage respiratory burst were significantly increased 
when AM were first stiniulated with either phorbol-ll-niy- 
ristate- 13-acetate o r  zyinosan (data not shown). This suggests 
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FIGURE 2. Effect of tetrandrine on the silica-induced increase in the 
dry weight of rat lung: (A) Control; (U) treated with tetrandrine 
w l u t i o n ;  ((1) treated with tetrandrinc eniulsion. *indicates a sihmifi- 
cant difference from nonsilicotic control; **indicates a significant 
differcncc from silicotic control. 

that tetrandrine has a preferential affinity to  activated cells o r  
sites, which niay account for its protective action on  A M  and 
the anti-inflaiiiiiiatory effect. I t  is also possible that the distri- 
bution o f  tetrandrine in the lungs is enhanced and the half-life 
prolonged under  silica exposure d u e  to the  dust-cell and 
drug-cell interactions. 

At necropsy the lungs of silica-exposed rats receiving no 
drug treatnient were extremely heavy, fimi, and gray. I n  
contrast, treatment o f  silicotic rats with tetrandrine solution o r  
eniul~ion diniinishcd pwss  lesions. Figure 2 shows the tiiea- 
sured dry weight of  lungs from silicotic and nonsilicotic con- 
trol rats and from rats treated with tetrandrine 2 weeks after 
exposure. Tetrandrine was found to  have n o  effect 011 the lung 
weight o f  nonsilicotic aninials, but to  prevent weight increase 
associated with silica exposure. with a gsTeater effect observed in 
the cniulsion system than with the solution dosage fonii. 

T h c  silica-induced increase in dry lung weight indicates 
abnoniial production of  insoluble niaterials such as collagen. 
Figure 3 shows that l u n p  o f  the silicotic control exhibit a 
twofold increase in hydroxyproline content in comparison to 
thosc o f  the nonsilicotic control 2 weeks after silica exposure. 
T h e  increase in lung hydroxyproline (i.e., collagen) content 
indicates a11 ongoing fibrotic process. T h e  silica effect was 
inhibited by tetrandrine, and the inhibitory effect o f  the tet- 
randrinc emulsion was significantly g e a t e r  than that o f  the 
tetraridrine solution. These results are very consistent with 
those of the dry weight nieasure~iient. Reduction o f  lung 
hydroxyproline content by tetrandrine eniulsion was also ob- 
served 4 weeks after exposure (Figure 4). fiirther indicating 
that targeted delivery of  tetrandrine using the eniulsion system 
prolongs drug activity. 

Ultrastructurally, AM harvested from nonsilicotic rats ex- 
hibited nomial cell characteristics. Several organelles and nu- 
nierous phagocytic vacuoles were shown in the cytoplasm. 
Alveolar niacrophages obtained froin the silicotic control rats 4 
weeks after exposure contained phagocytized silica. surfactant. 
and crystal-like niaterial niorphologically consistent with cho- 
lesterol (Figure 5). Hcpplcston('"') reported that the material 
which accuniulates within alveoli in lipoproteinosis has bio- 

" A  B C A B C 
Silicotic Non-Silicotic 

FIGURE 3. Effect of tetrandrine treatment on the silica-induced in- 
crease in hydroxyproline in lung tissue. (A) Control; (U) treated with 
tetrandrine solution; (C) treated with tetrandrine eniuhon. *indicates 
a sihmificant difference from nonsilicotic control; **indicates a sibmif- 
icant difference fioni silicotic control. 

chemical features siniilar to surfactant, but lacks surface tension 
reduction properties. T h e  mechanism o f  accuniulation o f  this 
material is unknown,  but could be related to both the synthesis 
and metabolic degradation o f  pulmonary surfactant. A hall- 
mark o f  the acute action o f  silica-lung interaction is the 
development o f  lipidosis, involving abnoniial production o f  
phospholipids in type I I  cells. Studies by Miller ef a/.('") showed 
that l u n g  o f  rats exposed to 1 0  nig o f  intratracheal silica exhibit 
a bimodal population o f  type I I  cells: one  population that 
resembled type 11 cells from control animals, and one  that had 
an increased cell volume with an increased nuniber o f  lamellar 
bodies per cell. In addition, the average volume o f  laniellar 
bodies was also increased in these hypertrophic type I I  pneu- 
niocytes. Figure 6 shows o n e  isolated type I I  cell obtained from 
a silicotic control rat. which demonstrates the surfactant-like 

Figure 7 shows the light microscopic exaniinations o f  rat 
con tent. 

1 I I I I 5 :  ~ 

Y P 
d I' 
b, 
c 
c 

I: 0 

FIGURE 4. (1oiiiparison of the effect of  tetrandnne treatment (given as 
en~ulsion) on the silica-induced increase in lung hydroxyproline at 2 
and 4 weeks after silica exposure. (A) Silicotic control; (U) treated 
with tetrandrine eniulsion. *indicates a significant decrease from the 
silicotic control. 
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FIGURE 5. Electron micrograph of AM from a rat exposed to 40 mg 
silica 4 weeks after intratracheal instillation. Increased numbers of 
macrophages are within the alveolar space, which is shown to contain 
phagocytized silica (A) and cytoplasmic crystalline structure (U) con- 
sistent with cholesterol. (X 10,000) 

lungs following silica and drug treatments using hematoxylin 
and eosin-stained sections of lung tissues. Rats receiving saline 
displayed normal lungs (Figure 7a), whereas for the silicotic 
control, lesions were characterized by granulomatous pneu- 
monia (which varied from mild, focal to marked, multifocal. 
and coalescent) and alveolar lipoproteinosis (from mild to 
moderate, multifocal) consistent with acute silicosis. Variably 
sized silicotic granulomas composed of epitheloid macrophages 
and immature fibrous connective tissue were found in most of 
the rats with granulomatous pneumonia. In Figure 7b, for 
example, a lung section from a silicotic control rat 2 weeks 
after silica exposure shows alveoli in multiple scattered foci 
containing eosinophilic, granular debris and large, vacuolated 
macrophages consistent with alveolar lipoproteinosis. This is in 
line with early observation of increased production of lung 
surfactant, which is probably responsible for the light micro- 
scopic evidence of lipoproteinosis. Although the total number 
ofmacrophages recovered by BAL was not increased (Table l) ,  
Figure 7b indicates a clear increase in the number of macro- 
phages in the intentitium of silica-exposed rats. 

Intervention of the silica effect with tetrandrine emulsion or 
tetrandrine solution dramatically decreased light microscopic 
lesions. Except for a small aggregate of epitheloid macrophages 
adjacent to a pulmonary artery in one rat and mild perivascular 

FIGURE 6. Transmission electron micrograph of an alveolar type I I  
cell from a rat exposed to 40 mg silica 4 weeks after intratracheal 
instillation. This type I I  cell contains numerous lamellar bodies (LU). 
(X 10,000) 

inflammation in another rat. no significant lesions were found 
in the tetrandrine emulsion treatment group 2 weeks after silica 
exposure (Figure 8a). Treatment of silicotic rats with tetran- 
drine solution (Figure 8b) also diminished lesions of acute 
silicosis, but was found to be less effective than the tetrandrine 
emulsion. Mild, multifocal granulomatous pneumonia and a 
few small foci composed of epitheloid macrophages were 
found in one rat treated with tetrandrine solution. Another rat 
had locally extensive, moderate subacute bronchitis. There 
were very few lesions in other rats. Figure 9 further demon- 
strates the emulsion effect on the antifibrotic activity of tetran- 
drine. The presence of collagen in the silicotic granuloniatas 
was demonstrated using trichrome-stained sections (Figure 9a). 
Here, evidence of organized granulomatous developnient with 
moderate deposition of collagen, which appears as lightly 
stained, immature fibrous tissue, is clearly seen in the silicotic 
control. In contrast, the tetrandrine emulsion-treated lung 
shows collagen only at expected places, but no granulomas 
(Figure 9b). 

Four weeks after exposure, granulomatous pneumonia var- 
ied from moderate, multifocal to severe, multifocal. and coa- 
lescent, and alveolar lipoproteinosis varied from mild, multi- 
focal to multifocal and coalescent in silicotic control rats similar 
to those of Figures 7 and 9. Lesions in some rats were centered 
around bronchioles. Treatment with the tetrandrine emulsion 
eliminated microscopic lesions in four of six rats. The presence 
of silicotic granulomas in two rats may be due to treatment 
irregularities (such as injection loss or insufficient dose) or 
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FIGURE 7. Light microhpphs of hematoxylin and eosin-stained lung 
sections from (a) a nonsilicotic rat (EM93-3ONL) showing normal 
pdnionary histolohy ( X  I ( H ) O ) ;  and (b) a sihcotic rat (EM93-30-2) (2 
weeks after exposure) showing silica-induced granulonia (G) and 
lipoprotein in alveoli (arrow). (X IOOO) 

individual rat variation. The longer time interval since silica 
exposure and tetrandrine treatment may also have contributed 
to the development of silicotic granulomas in these rats. 

The average pathological scores of lung lesions with respect 
to their distribution and severity for the control and drug- 
treated silicotic rats are summarized in Table 2. There is strong 
indication that the emulsion system enhances the inhibitory 
effect of tetrandrine on silica-induced granuloniatous pneunio- 
nia and lipoproteinosis. In the present study, lungs were la- 
vaged prior to fixation of tissues for microscopic examinations. 
Some of the material in  the alveolar space may, therefore, have 
been removed but never artifactually introduced. However, 
the lavage should not have affected change within the inter- 
stitium, including the granulomatous pneumonia. Alveolar 
lipoproteinosis, when observed microscopically, is, therefore. 
important i n  our study, but quantitative comparisons between 
2- and 4-week LTOLI~S are avoided. 

Conclusion 
The hypothesis that multiple eniulsions may be used as a drug 
delivery system to enhance the antifibrotic activity of tetran- 
drine against silicosis was investigated. I n  vitro tetrandrine has 

FIGURE 8. Hematoxylin- and eosin-stained light micrographs of te- 
trandrine-treated, silica-exposed rat lungs 2 weeks after silica expo- 
sure: (a) Treated with tetrandrine emulsion (EM93-30-1, no signifi- 
cant lesions); (b) treated with tetrandrine solution (EM93-30-9, mild 
granulomatous pneumonia). ( X  1000) 

been shown to inhibit the release of reactive oxygen species 
and the secretion of inflammatory cytokines by AM, a key cell 
type central to the fibrotic process. Hence. targeted delivery of 
tetrandrine to AM is of value. 

Previously we have demonstrated that a w/o /w multiple 
emulsion system containing peanut oil and HSO as the oil 
liquid membrane exhibited long-term stability and controlled 
drug release, and was readily recognized and endocytosed by 
the phagocytes.(3") Tetrandrine, which is toxic to AM on 
prolonged contact through drug binding to the cellular plasma 
membrane, may be incorporated into the multiple emulsion 
system and delivered into the intracellular space. This emul- 
sion-delivered drug was shown by both in vitro and in vivo 
experiments to remain pharmacologically active, but without 
cellular toxicity.(") In addition, we have demonstrated that 
this multiple emulsion system also facilitated tetrandrine dis- 
tribution in the lungs, while it reduced the drug's systemic 
circ~Iation.(~') 

Multiple eniulsions are liposome-like particulates which 
may be regulated in vivo by the monocyte-macrophage phago- 
cytic system, suggesting that their distribution in tissue is likely 
to play an important role in prolonging the bioavailability of 
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FIGURE 9. Light micrographs (trichronie-stained sections) of lungs 
from (a) a silicotic control (EM90-30-6) and (b) a silica-exposed rat 
treated with tetrandrine emulsion (EM90-30-1) 2 weeks after expo- 
sure. Panel a shows organization of the granuloma with moderate 
collagen deposition appearing as lightly stained fibrous structure 
(X 1000); panel b shows no  significant lesions (X2000). 

drugs. The present investigation shows a positive correlation 
between the pharmaceutical-based drug targeting and the ther- 
apeutic effect of tetrandrine. As demonstrated by alveolar cell 
differentials. AM respiratory burst, alterations in lung weight 
and collagen content, and histological examinations, tetran- 
drine has a marked inhibitory effect on  silica-induced granu- 

lomatous pneumonia, alveolar lipoproteinosis. and fibrosis. 
Despite several in vivo and clinical studies, direct evidence of in 
vivo action of tetrandrine on lung cells had not been charac- 
terized prior to this study. Tetrandrine was shown in this study 
to inhibit the macrophage-orchestrated inflammatory cycle in 
response to silica exposure, preventing infiltration of PMN 
into the alveolar space. Studies on the oxygen consumption by 
AM hrther showed that tetrandrine protected the cells from 
silica stimulation and restored healthy AM populations even at 
4 weeks after silica exposure. The inhibition ofa silica-induced 
increase in lung weight and hydroxyproline content by tetran- 
drine was supported by histological evidence of the tetrandrine 
effect on granulomatous pneumonia, alveolar lipoproteinosis, 
and collagen formation. In all experiments, the emulsion dos- 
age form was consistently more efficacious than the solution 
dosage form in the treatment of silica-induced lung lesions. 

Multiple emulsions of the w/o/w type have emerged as an 
attractive drug delivery system to achieve increased drug effi- 
cacy in contemporary biomedical research. The present study 
showed that such preparations have a marked effect on the in 
vivo drug-cell interactions and the pharmacodynamic conse- 
quences of the drug. With the aid of the emulsion system, this 
study established the in vivo antifibrotic activity of tetrandrine. 
Although fibrosis has been considered to be irreversible, the 
present study indicates that when the drug is given at the onset 
of silica exposure, the fibrotic process can be delayed by 
inhibition of abnormal cellular activities leading to fibrosis and 
by restoration of normal cell hnctions using an effective anti- 
fibrotic agent. Such a delay would allow time for the lung to 
clear its dust problem. Given the long time required for the 
development of silicosis in humans, a delay or inhibition of the 
fibrotic process might have a very significant effect on the 
disease development. 
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TABLE 2. Summary of Histolaical Lung lniuries in Silicotic Rats 2 and 4 Weeks Aher Silica 140 ma) tcwsure 

2 Weeks 4 Weeks 

Granulomatous Granulomatous 
Pneumonia Lipoproteinosis Pneumonia Lipoproteinosio 

Treatment Group D S D S D S D S 
~ ~ ~ ~ ~ ~~ 

Silicotic control 3 
Treatment with Tetrandrine 

Solution 1 
Eniulsion 0 

3 3 3 3 

1 
0 

- 0 0 
0 0 1 

- 
1 

- 
1 

11 denotes distribution; scores for distribution of lung lesions are: 0 = not present; 1 = focal; 2 = locally extensive; 3 = multifocal; 4 = multifocal and coalescent; 
5 = dilfuse. S denotes severity: score5 for severity are: 0 = not present; 1 = minimal; 2 = mild; 3 = moderate; 4 = marked 5 = severe. Average score of 4 (2 
weeks group) and 6 (4 weeks group). 
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