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ABSTRACT 

Gallium arsenide (GaAs) elicited a pulmonary 

inflammatory response in a dose dependent manner following a 

single exposure. A significant influx of leukocytes 

(polymorphonuclear cells) was observed 24 hours after 

intratracheal instillation of rats and hamsters. This led 

to an increase in the lung/body weight ratios. An increase 

in pulmonary DNA and total protein accompanied these 

observations. Histology confirmed the presence of 

increased numbers of pulmonary alveolar macrophages (PAM) 

even 1 week after exposure to GaAs. 

The instillation of GaAs also appeared to produce an 

oxidative stress in the lung only when the animals were 

given the 100 mg/kg dose and not the 10 mg/kg dose. 

Increased glutathione peroxidase and nonprotein sulfhydryls 

and depletion of ascorbic acid were evidence for the 

oxidative stress produced in the lung. These effects were 

dependent on the influx of phagocytic leukocytes. 

Analysis of the bronchoalveolar lavage fluid (BALF) 

also confirmed the involvement of phagocytic leukocytes in 

the progression of the lesions. Acid phosphatase 

activities increased significantly above the control levels 

24 hours after exposure. The elevation of soluble protein 

and alkaline phosphatase indicated that the type I 



pneumocyte-capillary endothelial cell interface was 

compromised and the type II cells were damaged, 

respectively. The histological evaluations confirmed this 

phenomenon. Alveolar wall thickening was quite 

characteristic of GaAs exposure. 

15 

GaAs stimulated PAM to produce the active oxygen 

species, superoxide anion (02-) and H202 , following in vitro 

and in vivo exposure. The dissolution of GaAs did not 

produce any 02- or H202 without the presence of cells. The 

cytotoxicity of GaAs was comparable to other compounds that 

elicit collagen deposition, As203 and silica. The 

semiconductor properties and potential dissolution products 

of GaAs may both contribute to its toxicity to PAM. The 

differences seen in the pulmonary lesions of silica 

(fibrosis) and GaAs (resorption of deposited collagen) 

treated animals may be due to the persistence of the 

particles. GaAs may be cleared by dissolution and silica 

cannot. 



CHAPTER 1 

INTRODUCTION 

16 

The synthetic intermetallic compound, gallium 

arsenide (GaAs), was discovered to have semiconductor 

properties in the early 1950's. The electron flow velocity 

of GaAs was found to be 3-6 times faster than silicon-based 

semiconductors. (Bylins, 1985). Subsequent research showed 

GaAs also efficiently absorbed and emitted visible light. 

These unique properties led to several practical 

applications of GaAs, including discrete microwave devices, 

lasers, light emitting diodes (LED), and 

photoelectrochemical (solar) cells. The more costly GaAs 

semiconductors have replaced silicon-based semiconductors in 

integrated circuits requiring ultrahigh speed processing, 

resistance to radiation, higher operation temperatures, and 

combined light and electric data processing on a single 

chip. By 1990 production of GaAs is forecasted to increase 

3 to 10 fold from the current level of about 5 tons 

(Willardson, 1983). 

Exposure to GaAs in the semiconductor industry is a 

possible occupational risk. GaAs particles can be generated 

during the epitaxial growth of the crystalline ingots, 

cleaning and sandblasting of the ingots, slicing the ingots 
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with diamond-bladed saws to produce wafers, and the final 

polishing of the wafers (Kohl and Vieweg-Gutburlet, 1981). 

Inhalation of these airborne particulates is a concern for 

semiconductor industrial workers. The increased production 

of LED's and solar cells has created another potential 

source of contact with GaAs in industry as well as with the 

general public. 

No set standards exist for permissible GaAs exposure 

levels. Gallium oxide is considered a nuisance particle and 

thus has a recommended level of exposure set at 5 mg/m3 

(ACGIH, 1980). Air exposure levels for inorganic arsenicals 

have been recommended to be limited to concentrations of 0.2 

mg/m3 (ACGIH, 1980.) The uniqueness of this semiconductor 

material may dictate the use of inorganic arsenic standards 

to be undesirable. The pulmonary and potential systemic 

effects of GaAs must be further explored before regulations 

are implemented. 

GaAs Toxicity 

The physical and chemical properties of any 

semiconductor or intermetallic solid must considered in 

assessing potential toxicity of the compound. GaAs arranges 

in a zinc-blende lattice crystal which is quite similar to 

the diamond lattice crystals of silicon (Folberth, 1962). 

The intermetallic compound silicon dioxide (commonly known 
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as silica) exists in many crystallographic lattices. In 

most of these lattices the Si is bound to four oxygen atoms 

by single bonds and has considerable ionic character (Cotton 

and Wilkinson, 1967). The hybrid sp3 spatial orientation of 

the central atoms of each crystalline unit dictates the 

tetrahedron configuration for GaAs, Si, and Si02 • Although 

GaAs (1283 0 C) and Si02 (1610 0 C) have melting pOints 

comparable to Si (1410 0 C), both compounds are more ionic in 

nature and may be more reactive than silicon. The greater 

than 25 % ionic nature of the crystals of GaAs suggest that 

this compound may be solubilized in aqueous solvents. 

(Despite the ionic nature of silica, it is not reactive in 

its natural forms.) If GaAs is soluble in solutions 

simulating physiological conditions then the toxicity of the 

hydrolysis and oxidation products of Ga (III) and As (-III) 

must also be considered. The interactive toxicity of the 

gallium and arsenic species present must also be 

investigated. 

Particle Effects 

Gallium arsenide particles may be inert and be 

considered only a nuisance particulate. In contrast, GaAs 

may exhibit toxicities associated with silica due to their 

structural similarities and semiconductor properties. 

Silica is hypothesized to produce a pulmonary fibrogenic 
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response after inhalation by its interaction with pulmonary 

alveolar macrophages (Heppleston, 1971.) Electron transfer 

between the cell membrane and the semiconductor particle 

during contact may lead to disruption of the membrane 

integrity (Klosterkotter and Robok, 1975). Subsequent to 

the macrophage death is release of the lysosomal contents, 

which produces further pulmonary damage. The physical and 

electron-flow properties of other semiconductor materials 

have been investigated as a means of predicting their 

fibrogenic potential (Kriegseis et al., 1977.) Thus, Ga~s 

particles may even cause unique pulmonary changes due to its 

physical properties. 

Dissolution Effects 

In bulk, GaAs was relatively inert when exposed to 

water (Pickrell et al., 1979). However the rate of 

dissolution is inversely proportional to the square of the 

surface area, so particle size must be considered. The 

solubility of GaAs particles has been reported in various 

aqueous media simulating physiological conditions (Webb et 

al., 1984.) These studies did not distinguish between 

submicron particles and "true" dissolution products. GaAs 

administered orally (Yamauchi and Yamamura, 1986) and 

intratracheally (Rosner and Carter, 1987) resulted in 

arsenic distribution to various tissues and 



biotransformation to the same metabolites found after 

exposure to the soluble inorganic arsenicals, arsenate and 

arsenite. The GaAs crystal lattice apparently dissolves 

into Ga and As species. 

20 

Gallium. Gallium is a group III element. Similar 

to the other elements in the Boron family, it has a valence 

state of +III. The gallium cation which may be released 

from the lattice following dissolution may be hydrated to 

yield Ga(OH)3 - which can also be expressed as Ga203 x 3 H20 

(gallium trioxide). At physiological pH, Ga (III) readily 

precipitates from solution as Ga(OH)3 (Dudley and Levine, 

1949). The absolute solubility of gallium trioxide is 

difficult to predict since the formation of metastable 

species by the particles can increase its solubility 

(Laitenen, 1960). Pulmonary retention of Ga in the lung 

following instillation of GaAs exceeded the values found for 

As (Webb et al., 1986). This is consistent with the fact 

that Ga203 is relatively insoluble when compared to the 

various forms of potential arsenicalB and thus must be 

removed from the lung by macrophage digestion or clearance 

mechanisms. Similar portions of Ga were retained in the 

lung following equivalent doses of GaAs and Ga203 (Webb et 

al., 1986.) It is reasonable to assume the Ga released from 

the GaAs crystal lattice during dissolution forms Ga203. 

The resultant gallium oxide will most likely exert its 
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effects locally, at the site of administration of GaAs. 

Arsenic. Arsenic is'a group V element. Its valence 

states range from -III to +V. The As (-III) present in GaAs 

may be oxidized to several different formal valence states 

and arsenic species. The identity of the GaAs dissolution, 

hydrolysis and oxidation intermediates and ultimate products 

are unknown. Possible candidates are arsenide (As-[III]), 

arsine (AsH3 ) and forms of the arsenic oxides, arsenic acid 

(H3As04 ) and arsenous acid (HAs02 ). 

Hydrolysis of GaAs could initially produce arsine. 

The following reaction depicts this phenomenon: 

GaAs + 3 H20 -----> Ga(OH)3 + AsH3 

No previous studies have reported formation of measurable 

quantities of arsine gas after placing GaAs in water. Other 

arsenide-containing compounds yielded arsine in aqueous 

media. The very soluble Na3As and slightly soluble AlAs 

both produced AsH3 in H20 at rates consistent with their 

dissolution rates. The relatively insoluble Zn3As2 yielded 

no arsine in aqueous solutions (Fray, 1915). AsH3 is 

produced from GaAs if the solution is bubbled with nascent 

H2 gas (Aitken, 1961). 

The arsenide present, either directly from the 

dissolution of the GaAs or in the form of arsine, can be 

favorably oxidized to arsenous acid [As (III)]. The 
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electrochemical potential of this reaction is 

thermodynamically spontaneous (Dean, 1979): 

AsH3 + 2 H2O -----> HAs02 + 6 H+ + 6 e - EO +0.189 V = 

Conversion of As (III) to arsenic acid [As (V)] is not 

spontaneously driven (Dean, 1979) : 

HAs02 + 2 H2O -----> H3As04 + 2 H+ + 2 - EO -0.560 V e = 

The consequences of these reduction-oxidation reactions in 

living organisms can be predicted after correcting for the 

potential values derived from standard conditions in 

noncatalyzed reactions only. Since 02 is abundant in the 

lung the following thermodynamically favorable reaction may 

occur (Carter, 1984). 

AsH3 + 6 02 + 2 H20 -----> 6 02- + 6 H+ + HAs02 

The EO' = +0.31 V for this reaction. For the calculations 

of this reaction physiological pH was used. Enzymatic 

systems and/or the presence of oxidizing agents may lead to 

the formation of products not anticipated from the 

thermodynamic energy requirements. An example of this 

phenomenon is illustrated in the reaction below for GaAs. 

This is only a hypothetical reaction which may occur under 
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physiological conditions. Elemental mercury (Hg O ) has been 

shown to be oxidized to Hg+2 cations in the presence of 

tissues which contain catalase (erythrocytes and lung). The 

reaction is dependent on the concentration of H202 

(Venugopal and Luckey, 1978). As203 (arsenic trioxide) in 

the presence of water is hydrated to form HAs02 • As (III) 

may be produced by either enzymatic or non catalyzed 

reactions from GaAs following dissolution. The As entity of 

GaAs has been shown to be systemically distributed and 

metabolized to the same chemical species as As (III) and As 

(V) following a similar route of administration (Rosner and 

Carter, 1987). It is reasonable to assume that As (III) 

and/or As (V) are formed following GaAs dissolution. 

Since both of the species of arsenic produced due to 

oxidation are actually oxyacids, the pKa values for each 

compound can predict the dissociation state for each 

chemical. Arsenous acid remains undissociated at pH 7.4. 

The arsenite anion appreciably exists under basic 

conditions. The hydrated form of this acid As(OH)3' has pKa 

values reported as 9.23, 12.13 and 13.40 for each successive 

dissociation (NAS, 1977). Arsenic acid (H3As04 ) exists as 

an anion at physiological pH. The pK a1 , pKa2 and pKa3 

values are 2.20,6.97, and 11.57, respectively (NAS, 1977). 

The ionic state of arsenate and neutral charge of arsenous 

acid may have several important consequences in biological 
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systems - most notably differences in membrane permeability. 

The local and systemic effects of the As species produced 

from GaAs dissolution must be addressed. 

Biological Effects 

Gallium. The chemical form and the route of 

exposure both influence the toxic effects exerted by Ga. 

Soluble gallium compounds have differential toxicities 

depending on the ligand associated with the complex. 

Intravenous injection of gallium citrate (LD50 = 46 mg/kg) 

and gallium lactate (LD50 = 220 mg/kg) showed the former 

chelate to be more toxic in rats (Brucer et al., 1953; 

Dudley and Levine, 1949). Ga (III) was found to bind to 

transferrin. This binding of plasma proteins was a 

saturable process. Injection of high doses of Ga (III) 

enhanced urinary excretion and bone deposition of gallium 

(Hayes, 1983). Bone marrow and hematopoietic alterations 

were exhibited along with kidney damage, respiratory failure 

and paralysis. Exposure to gallium salts by inhalation or 

ingestion appear to have little biological effect. As 

mentioned previously, the hydrated Ga (III) precipitates at 

the site of deposition. 

The pulmonary effects of Ga203 in rats demonstrated 

that this compound elicited mild histopathological responses 

after a single instillation (Webb et al., 1986). An 
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increased level of lung lipids was seen 2 weeks postexposure 

- indicative of an edemous response. Lung lavage fluid 

analysis has shown cytotoxicity due to the retention of the 

Ga203 particles up to 1 week following exposure (Stoner et 

al., 1985). Multiple inhalation exposures to gallium 

trioxide have been shown to produce an inflammatory response 

greater than alpha quartz (silica) in contrast to single 

exposure studies (Wolff et al., 1986). Gallium cations from 

GaAs dissolution after inhalation may result in toxic 

manifestations in the lung. 

Arsenic. The chemical form of arsenic is the major 

determinant of its intrinsic biological activity. The 

mechanisms for the toxic actions of the common valence of 

arsenic appear to explain the differences in toxic 

manifestations and potencies. It should be noted that 

interconversion of the various forms of inorganic As may 

occur in the body following exposure to arsine, 

As (III), or As (V). Reduction of As(V) to As(III) has been 

reported in plants (Pauwels et al., 1965), dogs (Ginsberg 

and Lotspeich, 1963) and mice and rabbits (Vahter and 

Envall, 1983). After chronic exposure to As(III), oxidation 

of arsenite to arsenate has also been observed in mice 

(Bencko et al., 1976). 

Arsine is the most toxic inorganic arsenic compound 

(Vallee et aI, 1960; Venugopal and Luckey, 1978). Although 
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arsine does not occur naturally, this trihydride gas is a 

potential source of industrial arsenic intoxication. This is 

particularly true of the semiconductor industry, which 

requires the use of high purity AsH3 to produce GaAs and to 

dope silicon devices (Lederer and Fensterheim, 1983). 

Inhalation of arsine has produced pulmonary edema 

(Venugopal and Luckey, 1978) and affects the hematopoietic 

system (Hong et al., 1988.) The major toxic manifestation 

of arsine is anemia, caused by massive lysis of red blood 

cells (Vallee et al., 1960). This hemolysis can lead to a 

cyanotic condition and even asphyxiation (Hammond and 

Beliles, 1980). An increase in number of leukocytes was 

observed following arsine exposure (Hong et al., 1988.) 

The murine immune system was affected, with the T-cell being 

the most sensitive target (Rosenthal et al., 1988.) Also 

associated with arsine exposure is jaundice and 

hemoglobinuria. The actual cause of death is considered to 

be acute renal failure (Fowler and Weissburg, 1974). 

Blockage of renal tubules by hemoglobin casts or vascular 

bed alterations may lead to this renal failure. 

The initiation of the erythrocyte lysis by arsine 

may be due to its reducing capacity. Arsine has been 

postulated to oxidize the Fe present in the heme moiety of 

an erythrocyte's hemoglobin (Blair et al., 1988.) The 

oxidation of the hemoglobin preceeds its denaturation. 



Reaction of arsine with molecular oxygen (02) may also 

theoretically produce superoxide anions (02-) or hydrogen 

peroxide (H202 ) (Carter, 1984; Dean, 1979). 
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AsH3 + 6 02 + 2 H20 -----> HAs02 + 6 02- + 6 H+ EO': +0.31 V 

Excessive levels of oxidized glutathione can be produced due 

to these active oxygen species. Cohen and Hochstein (1964) 

postulated that oxidized glutathione binds to sulfhydryl 

groups on the hemoglobin and causes denaturation. Arsine 

produces Heinz bodies - granules believed to be denatured 

hemoglobin (Smith, 1980). These granules appear to bind to 

thiol groups on the erythrocyte membrane and impair ion 

transport functions. Osmotic pressure changes lead to cell 

rupture and further hemoglobin release. Arsenous acid may 

also bind to thiol groups to cause hemolysis also. 

Trivalent arsenic binds preferentially to vicinal 

thiol groups, although 1,3 dithiols and monothiols interact 

with arsenic to form stable entities (NAS, 1977). Reaction 

of trivalent arsenic with sulfhydryl-containing enzymes 

leads to alterations of the proteins (NAS, 1977). The 

actual valence state of the bound arsenic has been 

postulated by Knowles and Benson (1983) to be either -lor 

+I. Their work did not include valid analytical evidence 
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for the existence of these valence states. Whether 

As(-I), As(I), or As(III) is the ultimate species of arsenic 

which binds sulfhydryl groups, the major toxic responses 

·ensue from enzyme inhibition. Most catalytic activities 

hindered by arsenicals occur in enzymes with two sulfhydryl 

groups in spatial proximity to each other or near the active 

site (Thompson, 1948). A wide variety of enzymes possess 

this trait including fumarase, monoamine oxidase, choline 

oxidase, glucose oxidase, urease, plus alanine and aspartate 

amino transferases. The pyruvate dehydrogenase multienzyme 

complex (PDH) is especially sensitive to arsenite (NAS, 

1977). The PDH complex is integral in the oxidative 

decarboxylation of pyruvate - which leads to acetyl CoA 

production. The actual inhibition of the PDH complex has 

been postulated to be due to the depletion of the lipoate 

cofactor (Schoolmeester and White, 1980). This cofactor is 

also required for the formation of succinyl CoA from alpha

ketoglutarate. The citric acid cycle cannot function 

properly due to inadequate acetyl CoA levels. Subsequent 

depletion of electron carrier products (NADH and FADH2 ) of 

the Krebs cycle causes uncoupling of mitochondrial oxidative 

phosphorylation. Without respiration, cell death follows. 

The biochemical basis for As(V) toxicity is less 

clearly defined than the mechanism for As(III). Pentavalent 

arsenic appears to act as a bioisostere of the inorganic 
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phosphate anion (Webb, 1966). Substitution of arsenate ions 

for phosphate in phosphorylation reactions seems to occur. 

The arsenate anion can react with adenosine diphosphate to 

yield the arsenyl ester, arsenyladenosine diphosphate. The 

arsenyl ester linkage is very weak and spontaneously 

decompose. This hydrolysis of these arsenyl esters does not 

yield the same energy as the cleavage of the ester bonds of 

adenosine triphosphate (NAS, 1977). Depletion of adenosine 

triphosphate (Wadkins, 1961) and glucose-1-phosphate 

(Duodoroff et al., 1947) can lead to cellular metabolic 

dysfunction and subsequent death. The incorporation of 

arsenic into the calcium phosphate lattice of bones is due 

to the bioisostere effect of arsenate anions (NAS, 1977). 

Another postulated means by which As(V) may exert it toxic 

effects is the incorporation of arsenate in membrane 

phospholipids (NAS, 1977). Arsonium phospholipid has been 

isolated from algae exposed to pentavalent arsenic (Cooney 

et al., 1978). The consequences of arsonium phospholipid 

production and possible incorporation into cell membranes is 

not known. Cooney suggests that it is unlikely that 

membrane properties are significantly altered; and its 

accumulation may be a detoxification mechanism by acting as 

a depot for inert storage. The arsenic was found to be 

incorporated in the choline portion of the lipids and not 

substituted for the phosphate groups. Structural analysis 
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revealed the As is the central atom of the modified choline 

molecule replacing the N found in choline. 

Different signs and symptoms are associated with 

single and repeated exposure to trivalent and pentavalent 

arsenic. Physiological and physical parameters affect the 

actual potency of the various forms of arsenic. The purity, 

physical state, solubility and particle size can alter the 

effective dose delivered to the body (NAS, 1977). Animal 

species and strains showed varying susceptibility to arsenic 

exposure (Harrisson et al., 1958). The relative toxicities, 

based on LD50 values of same animal species and strains, 

revealed AsH3 > As(III) > As(V). Inhalation and ingestion 

can cause severe irritation of the linings of the 

respiratory (Fowler et al., 1979) and digestive tracts 

(Klevay, 1978), respectively. Repeated oral exposures 

produces lesions of mucous membranes, dermatitis, 

encephalitis, peripheral neuropathy, bone marrow damage and 

anorexia (Venugopal and Luckey, 1978). High levels of 

arsenic in the sulfhydryl rich tissues (hair and nails) are 

good evidence of chronic exposure as opposed to an acute 

intoxication (NAS, 1977). 

Epidemiological evidence suggests that arsenic may 

be carcinogenic to humans (Blot and Frameni, 1975; 

Pershagen, 1981). Studies show good correlation between 

cancers of the respiratory tract or skin and exposure to 
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arsenic released from ore smelting or arsenical pesticides. 

However corroborative animal studies have failed to verify 

the hUman results. Both arsenate and arsenite were shown 

not to be mutagenic by the Ames Salmonella bacteria test 

(Lofroth and Ames, 1978). Arsenic may interfere with the 

DNA repair processes and/or immunological responses and may 

act as a promoter (Rossman et al., 1977; Venugopal and 

Luckey, 1978). Although arsenic produced abnormalities of 

renal and encephalon development in hamsters (Ferm, 1977) 

and mice (Hood and Bishop, 1972), no human data has 

confirmed any teratogenic effects. 

Gallium Arsenide. GaAs was reported to have an LD50 

of 4.7 g/kg following an intraperitoneal injection into mice 

(Roschina, 1966). An acute effect threshold value of 7.0 

g/kg after ingestion was found by Fadeev (1980). A fibrotic 

response, less severe than silica, was observed following 

intratracheal instillation of 50 mg GaAs (Fadeev, 1980.) 

Four month exposures to GaAs aerosols (12 mg/m3 ) produced 

pulmonary fibrosis plus hematic, hepatic and renal 

alterations (Fadeev, 1980.) More recently, GaAs was found 

to be absorbed to a much greater extent following 

intratracheal instillation versus oral gavage (Webb et al., 

1984). This phenomenon is dose dependent since oral 

absorption is a highly saturable process. After 2 weeks, 

approximately 10 % of the GaAs was absorbed from the lung. 



32 

Urinary porphyrin levels were altered following GaAs 

instillation (Webb et al., 1984). The porphyria was due to 

increased levels of uroporphyrin and coproporphyrin. 

Increased delta-aminolevulinic acid (ALA) urinary excretion 

due to inhibition of ALA dehydratase was also observed after 

intratracheal instillation (Goering et al., 1988). Lung 

weight changes, not caused by aqueous edema or the 

unabsorbed material, were observed in rats instilled with 

GaAs (Webb et al., 1984). Pulmonary DNA, lipid, and protein 

levels were increased (Webb et al., 1986). These 

biochemical changes were not unique to GaAs. Gallium 

trioxide caused increased lipid levels while arsenic 

trioxide elicited increased DNA, 4-hydroxyproline and 

protein levels, in the same study. Histological evaluations 

showed an increase in the numbers of polymorphonucleocytes 

and pulmonary alveolar macrophages. Hyperplasia of the 

lymphoids and pneumocytes were also observed. Four weeks 

after a single exposure to GaAs both the biochemical and 

histological data suggested that the proliferative changes 

were not fibrotic, in contrast to silica (Carter and 

Bellamy, 1988). GaAs produces both systemic and localized 

effects following a single pulmonary exposure due to its 

particulate nature, dissolution and absorption. 
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Lung Toxicology 

The lung has the distinct position in toxicology of 

being the only organ in which there is a direct contact 

between the contents of environmental air and the viable, 

functional elements of the organ. Due to the proximity of 

its functional elements to ambient air, the lung is an 

important site of entry for numerous noxious materials. It 

is a complex organ particularly well designed for the uptake 

and excretion of volatile compounds, in addition to oxygen 

and carbon dioxide. The large surface area and capillary 

circulation allow the lung to be an efficient organ for the 

absorption of nonvolatile toxicants as well. 

Toxicants can enter the respiratory tract as gases, 

liquids, or solids, and can be readily taken up by the 

capillary system and transported to ~ther organs. Due to 

the high volume of blood which circulates through the lungs 

(the total cardiac output,) these toxicants reach other 

organs at a faster rate than by some other routes of entry. 

The lung serves as an important excretory route for 

toxicants regardless of their mode of entry. It actively 

excretes toxicants, either inhaled or absorbed, from a 

different route of exposure, through active cytochrome P-450 

enzyme systems which can subsequently metabolize the 

xenobiotic into a toxic chemical species. These mono

oxygenase enzyme systems are present for the metabolism and 
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excretion of vasoactive hormones (angiotensin, 

prostaglandins and biogenic amines) to help regulate the 

localized control of blood pressure and flow - which is 

critical in controlling gas exchange. The excretion of and 

the potential metabolism of xenobiotic toxicants by the 

respiratory tract can result in specific pulmonary lesions. 

The structure of the respiratory tract and morphology 

of the lung must be considered when discussing the sites of 

injury or reaction. The airways in the lung are the final 

connection between the nose and mouth and the alveolar 

region of the lung. The major airway, the trachea, 

bifurcates into two bronchi, one of which enters each lung. 

These bronchi further divide into many progressively smaller 

bronchi and smaller bronchioles. These airways control air 

flow, remove particulates, and hydrate and warm the air. The 

smallest bronchioles and alveolar regions of the lung are 

the sites of gas exchange. 

The respiratory tract has well over 40 different 

cell types. The ciliated and nonciliated epithelial cells 

and goblet cells are the most important cell types with 

specific functions to consider in the conduction airways of 

the respiratory tract. The endothelial cells, interstitial 

cells, type I and II cells plus the macrophages are the 

major cell types present in the acinar region of the 

respiratory tract. The goblet cells are intraepithelial 
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cells which secrete mucus. Particulate matter can be 

removed from the respiratory tract by the mucociliary 

escalator of the upper airway region. The ciliated 

epithelia and mucus comprise this clearance system. The 

nonciliated epithelial Clara cells in the small bronchioles 

contain large quantities of the cytochrome P-450 isoenzymes 

and thus play an important role in endogenous and xenobiotic 

metabolism. The interstitial fibroblasts give support and 

structure to the alveoli. The actual site of gas exchange 

occurs at the interface of the very thin alveolar squamous 

type I cells and capillary endothelial cells. The cuboidal 

type II cells produce surfactant. These large lamellar 

cells can differentiate into type I cells. The pulmonary 

alveolar macrophage (PAM) is a specialized mononuclear 

leukocyte. The PAM has pseudopods and a phagocytic capacity 

which allow it to aid in clearance of xenobiotics from the 

alveoli. Recruitment and activation of macrophages occurs 

following inhalation of various particulate matter. 

Pulmonary Responses to Xenobiotics 

Irritation of airways and cellular damage in the 

respiratory tract can be elicited by gases, vapors and 

particulate matter. The xenobiotics which induce 

pathological conditions can be natural or synthetic. Air 

passage constriction after irritation can lead to edema 
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which hinders the normal clearance functions. This 

excessive aqueous fluid accumulates following cytoplasm 

leakage due to an increase in membrane permeability. Injury 

to conduction airway cells can produce a proteinaceous edema 

following necrosis. The alveolar region of the lung can 

undergo structural changes postexposure. Bronchiolar 

obstruction can initiate severe distension and subsequent 

destruction of the alveolar sac walls. This emphysematous 

response lowers the efficiency of gas exchange by reduction 

of the surface area of the acini. Hindrance of the lung 

respiratory capacity from excessive infiltration of 

collagenous connective tissue is termed fibrosis. Severe 

and continual cellular damage leads to this scarring. 

Antigenic responses can induce airway constriction or acinar 

pathogenesis. Incidences of lung cancer have been linked 

with exposure to metal particulates. 

Vapors. The physical properties of solvents dictate 

the site of interaction within the respiratory tract after 

exposure. Chemicals inhaled with high vapor pressures can 

diffuse to the acini if the compound has minimal water 

solubility. Volatile chemicals can also interact in the 

lung by excretion through the alveolar-capillary interface 

following any route of exposure. Most vapors are 

sufficiently solubilized in the upper respiratory tract and 

are capable of irritating or damaging the convection 
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airways. Ammonia and toluene are typical examples of vapors 

that affect the trachea and bronchi (Menzel and McClellan, 

1980). Xylene and perchloroethylene (PERC) acutely produce 

pulmonary edema and initiate fibrotic scarring of the acini 

if exposure persists. PERC is metabolized by the cytochrome 

P-450 isozymes present in the liver to produce 

trichloroacetic acid (TCA) and oxalic acid (Rosner and 

Carter, 1987). The TCA has been shown to bind vital 

cellular proteins. The oxalate may also precipitate in the 

lung as insoluble calcium oxalate crystals if pulmonary 

P-450 metabolism is similar to the hepatic 

biotransformation. 

Gases. Xenobiotic gases can be absorbed throughout 

the conduction airways by simple diffusion mechanisms if the 

tissues have low concentrations of these gases. However, 

water solubility regulates the depth of respiratory tract 

penetration by the gas. Injury of the air passages and 

acini following gas inhalation can be elicited by direct 

chemical interaction or formation of reactive intermediates. 

The reactive intermediates are quite often free radicals 

produced during conditions of oxidative stress. Sulfur 

dioxide and phosgene have aqueous solubilities that result 

in mostly upper airway injury (Menzel and McClellan, 1980). 

Hydration of the phosgene yields CO2 and HCl. The 

alteration of cell membrane properties by the nascent HCl, 
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precedes necrosis. The poorly hydrated gases, ozone and 

nitrogen dioxide are deep lung irritants. Both compounds 

create an oxidative stress that damages pulmonary cells. 

Peroxidation of the unsaturated fatty acid portion of cell 

membrane lipids have been observed following exposure. This 

degenerative process of the membrane is characteristic of 

activated oxygen radical species. The protective mechanisms 

of the lung to oxidative stress will be discussed in a later 

section. 

Particulate Matter. Particulates entering the 

respiratory tract will be deposited in the various regions 

of the respiratory tract by different mechanisms depending 

on the particle size, air velocity, airway lumen size, air 

flow directional changes, and breathing patterns. Particles 

larger than 5 urn in diameter impact in the nasopharyngeal 

region, particulates between 1 - 5 urn undergo sedimentation 

in the pulmonary airways, while smaller particles diffuse 

into the alveolar/capillary region. Fibers intercept by 

inertia in the various regions of the respiratory tract 

dependent on fiber diameter, not the length. As mentioned 

earlier, the properties of the particulate (ionic nature) 

affect the pulmonary response. Silica exposure produces 

nodular collagenous pneumoconiosis (Robbins and Cotran, 

1979). After PAM engulfment, the terminal silicic acid 

groups of the Si02 , bond to the phospholipids of lysosomal 



membranes. Autolysis of the lysosomes leads to cell death 

and release of the particle and contents into the lung. 
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The reactive contents produce damage to neighboring cells. 

This is a repetitive cyclic process since the silica is not 

dissolved. Coal inhalation elicits non collagenous 

pneumoconiosis (Robbins and Cotran, 1979). This may be 

attributed to components of the coal other than the carbon. 

The carbon particles are not toxic to the PAM, so following 

endocytosis, clearance can occur. The PAM collect around 

the respiratory bronchioles at the lymphatics and may cause 

an emphysematous response if the dose is high. This is 

typical of inert, nuisance particles such as Ti02 (Finch et 

al., 1987). Asbestos fibers have been shown to elicit an 

anodular fibrotic response. These mineral fibers can also 

diffuse to the interstitia and produce the unique 

mesothelial carcinoma. The PAM is an integral constituent 

in pulmonary pathogenesis elicited after particulate 

exposure. 

Protective Mechanisms of the Lung 

The lung is extremely vulnerable to insult since the 

viable acini are in direct contact with the environment. 

The lung has highly developed facilities for the removal of 

inhaled xenobiotics and protection from stresses induced by 

atmospheric contents. Since inspired air has high 
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concentrations of molecular oxygen, most of the defense 

mechanisms present are designed for oxidative stresses. 

These antioxidant mechanisms are comprised of systems of 

enzymes and reversibly reducible biochemicals. Clearance of 

xenobiotics, that reach the acini, is by diffusion into the 

blood or by interaction with the PAM. 

Oxidative Stress. Ozone and nitrogen dioxide have 

been shown to peroxidize cell membrane lipids via the 

formation of reactive free radicals (Chow and Tappel, 1972; 

Ayaz and Csallany, 1978). Hyperoxic conditions produce the 

same type of insult (Crapo and Tierney, 1974; Simon et al., 

1977a). The oxygen free radicals which have been implicated 

as possible reactive intermediates are the superoxide anion, 

hydroxyl radical (OH·), and hydrogen peroxide (Kimball et 

al., 1976; Katz, 1986; Sies, 1986). The inherent nature of 

molecular oxygen makes it susceptible to univalent 

reductions in the cell to form 02-' H202 , and OH· (Frank and 

Massaro, 1980). There is no evidence for the production of 

Singlet oxygen (102) in biological systems. These reactive 

species have short half-lives but are capable of reacting 

locally with many biomolecules. The modification of DNA, 

lipids and proteins by these oxygen species causes varied 

toxic manifestations (Haugaard, 1968). The chemistry of the 

active oxygen species will be discussed in greater detail in 

a later section. 
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The major defensive enzymatic systems present in the 

lung to detoxify the biologically relevant reactive oxygen 

species are superoxide dismutase (SOD), catalase (CAT) and 

glutathione peroxidase (GSH-PX). Superoxide dismutase is a 

metalloprotein with evolutionary variability. SOD in 

prokaryotes contain Mn or Fe while eukaroytic SOD is Cu/Zn 

based. CAT contains a heme moiety. GSH-PX exists in two 

forms (Lawrence et al., 1978). The Se independent form can 

only reduce organic hydroperoxides (products of tissue 

peroxidation). The selenium dependent form of the enzyme is 

capable of catabolizing hydrogen peroxide and organic 

hydroperoxides. The reactions for these enzymes are 

depicted below: 

2 H202 ---CAT---> 2 H20 + 02 

ROOH + 2 GSH --GSH-PX--> ROH + H20 + GSSG 

where GSH and GSSG are the reduced and oxidized forms of 

glutathione, respectively and R = H (for H202 reduction) or 

R = any organic molecule (for organic peroxide [ROOH] 

reduction to its corresponding alcohol [ROH].) SOD 

catalyzes the reduction of the oxygen species in the 

superoxide anion. CAT catalyzes the direct reduction of 2 

molecules of hydrogen peroxide. GSH-PX reduces a single 
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molecule of H202 by consuming two molecules of GSH. The GSH 

is acting as an electron donor. Glutathione reductase (GSH

R) and glucose-6-phosphate dehydrogenase (G-6-PD) are 

ancillary enzymes to the GSH-PX. The flavoprotein, GSH-R, 

transfers the reducing equivalents from reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) to regenerate GSH. 

The pentose phosphate shunt system regenerates NADPH. The 

catalysis of this reaction involves G-6-PD. Both CAT or 

GSH-PX can act sequentially to SOD to effectively reduce 02-

to 02 and/or H20. The net result of these catalyzed 

reactions is the conversion of potentially cytotoxic species 

to stable chemicals. 

Fluctuations in the levels or activities of these 

enzymes in the lung have been observed following oxidative 

stresses. The activities of the three major pulmonary 

antioxidant enzymes have been shown to increase during the 

late gestational period (Frank and Groseclose, 1983) and in 

newborn animals (Gerdin et al., 1985). It has been 

postulated that this phenomenon occurs to protect the lung 

from its initial exposure to ambient 02. The rate of de 

novo synthesis of SOD has been shown to be similar in adult 

rats and neonates, but· the adult lung is unable to maintain 

this increased rate following insult (Hass and Massaro, 

1987). Exposure of animals to an hyperoxic atmosphere (02 

tension greater than 85 %) has been shown to increase the 
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activities of SOD (Kimball et al., 1976), CAT (Roberts, 

1979) and GSH-PX and its ancillary enzymes (Chow and Tappel, 

1972) in the lung. Adult animals pretreated with 85 percent 

02 for 1 week and then exposed to pure oxygen have a greater 

survival rate when compared to rats, not pretreated (Crapo 

and Tiernay, 1974). This tolerance has been attributed to 

increased antioxidant enzyme activity in the lung. 

Antioxidant enzyme studies have also been performed 

on PAM cultures. SOD activities decreased under hypoxic 

conditions and increased in the presence of excessive 02 

(Simon et al., 1977a). The activities of CAT and GSH-PX 

were lower following hyperoxic conditions (Rister and 

Baehner, 1976). The authors concluded that the extreme 

conditions led to production of levels of 02- so great that 

the SOD pathway was oversaturated. The excess superoxide 

then reacted with the CAT and GSH-PX to inactivate these 

enzymes. A subsequent accumulation of H202 can occur, which 

may in turn inactivate the SOD. Figure 1 displays this 

phenomenon. 

Therefore, under more extreme conditions produced 

by xenobiotics, such as high levels of ozone and nitrogen 

dioxide, antioxidant enzyme activity can be inhibited after 

an initial increase. Long term exposure of mice to N02 led 

to depletion of GSH-PX activity (Ayaz and Csallany, 1978). 

In contrast, a single exposure to ozone at low 



concentrations produced a cross tolerance to N02 

(Stokinger, 1965). This cross tolerance was attributed to 

increased antioxidant activities. 
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Particulate matter may also exhibit responses 

similar to the oxidative gases. Cadmium inhalation resulted 

in decreased pulmonary Se independent GSH-PX activity; but 

this was most likely due to direct enzyme inactivation 

(Grose et al., 1987). High doses of Cd produced increased 

Se dependent GSH-PX activities 72 hours postexposure. The 

delayed response can be associated with the proliferation of 

PAM. These cells are capable of producing the reactive 

species 02- and H202 after activation. The activation of 

PAM will be discussed in a later section. 

The most important nonenzymatic antioxidant defenses 

in the lung are the biomolecules GSH, ascorbic acid or 

vitamin C (Vit C) and alpha-tocopherol or vitamin E (Vit E). 

Figure 2 shows the structures of these compounds. The 

second two biochemicals are water soluble and thus 

cytosolic. Vitamin E is present in cellular membranes due 

to its lipophilic nature. The role of Vit C as an 

antioxidant is not well understood. Some evidence suggests 

ascorbate can directly convert 02- to H202 or act as a 

nonspecific electron donor (Frank and Massaro, 1980). Vit C 

has also been implicated in the promotion of lipid 

peroxidation (Winterbourne, 1981). Vit C has been shown to 
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Figure 1. Model of interaction between active oxygen 
species and antioxidant enzymes. Where CAT = 
catalase, GSH-PX = glutathione peroxidase, 
SOD = superoxide dismutase and 02- = 
superoxide anion. (Adapted from Rister and 
Baehner, 1976). 
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Alpha-tocopherol (vitamin E) is lipophilic 
and membrane associated. Ascorbic acid 
(vitamin C) is hydrophilic and present in the 
cytosol. Reduced glutathione (GSH) is a water 
soluble, sulfhydryl containing tripeptide. 
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playa pivotal role in Vit E regeneration by acting as an 

intermediate hydrogen donor from NADPH (Bascetta et al., 

1983). GSH is bifunctional in its defense against oxidative 

stress (Kimball et al., 1976). GSH is the ultimate electron 

donor to GSH-PX in this detoxification pathway. GSH can 

also be competively oxidized by active oxygen species; this 

may protect other sulfhydryl containing biomolecules 

(enzymes, in particular). Vitamin E donates hydrogen (H·) 

to the organic hydroperoxides formed in the membrane 

following lipid peroxidation (Frank and Massaro, 1980). 

This reduction stops the chain reaction of membrane 

degradation. Following ozone exposure, Vit C and GSH levels 

were increased in rat lungs (Dubick et al., 1985). 

Hyperoxic conditions were found to produce an increase in 

the GSH levels of the lung (Vogt et al., 1971; Kimball et 

al., 1976). This unexpected measure may be the result of 

cellular proliferation or a commonly observed rebounding 

effect sequential to GSH depletion (Wong and Klaassen, 

1981). Pretreatment of animals with the sulfhydryl 

containing, cysteamine, protected the lung from acute 

hyperoxic air exposure (Frank and Massaro, 1980). 

Pretreatment of rats with increasing levels of Vit E showed 

a dose dependent decrease in lipid peroxidation byproducts 

and activity of GSH-PX (Chow and Tappel, 1972). Depletion 

of endogenous Vit E levels have been observed in resident 
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macrophages following exposure to superoxide anions 

(Coquette et al., 1986). Dietary selenium levels have been 

correlated to lipid peroxidation following an insult 

(Diplock, 1981). Deficiency in Se was linked to lowered Se 

dependent GSH-PX activities. 

Pulmonary Clearance of Xenobiotics. Xenobiotics 

that reach the pulmonary region of the respiratory tract 

are cleared by systemic absorption or interaction with the 

PAM. Gases and liquids can diffuse through the thin 

capillary walls of the alveoli. Particulate matter, 

solubilized by either the pulmonary fluid or following 

phagocytosis, can subsequently be cleared by diffusional 

processes. After endocytosis, insoluble matter can be 

transported, in migrating PAM, to the lymphatics or to the 

mucocilliary escalator in the bronchioles. Clearance by the 

PAM is only possible if the particle is not cytotoxic to 

these leukocytes. The mucocilliary escalator is comprised 

of a thin mucus coating, commencing in the trachea and 

terminating at the alveoli, and the ciliated epithelia of 

the conducting air passages. Particles are moved up the 

respiratory tract for eventual ingestion. The next section 

will discuss the characteristics of PAM in detail. 

Pulmonary Alveolar Macrophages 

Mononuclear phagocytic cells are present in all 
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tissues of the body. These leukocytes are predominantly 

derived from the pluripotential bone marrow cells (Bowden, 

1987). The mononuclear precursor cells produced in the 

marrow reach the circulation and randomly distribute into 

various tissues. The monocytes differentiate into 

macrophages in the tissues. The total macrophage population 

is extremely heterogenous. These cells are extremely 

adaptive to their environment. The delivery system for 

pulmonary alveolar macrophages is depicted below: 

Bone Marrow ---> Blood ---> Interstitium ---> Alveolus 

About one-third of the total pulmonary macrophages are found 

in the interstitium (Lehnert, 1985). Local proliferation 

appears to be a sufficient source of PAM in the normal lung; 

under conditions of stress, alveolar, interstitial, and 

hematogenous contribution are all likely (Bowden, 1987). 

Recruitment of PAM appears to be related to the numbers of 

particles not the mass of the insult. 

Characteristics. Although alveolar and peritoneal 

macrophages (AM and PM, respectively) share common 

functional characteristics, there are many differences 

between these cells (Simon et al., 1977b). The 

dissimilarity of the environments have accordingly elicited 

adaptive changes. The relatively higher P02 present for the 

AM (100 torr) than the PM (5 torr) can be correlated with 



ultrastructural and metabolic differences. The AM have 

greater number of mitochondria and increased cristae 
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density than the PM (Simon et al., 1977b). AM have a higher 

02 consumption than PM under resting conditions. A 

comparison of key marker enzymes for cellular metabolism 

revealed that AM utilizes oxidative phosphorylation while PM 

employs glycolysis as their main sources of energy. Simon 

and coworkers (1977b) showed that AM exposed to hypoxic 

conditions induced an increase in pyruvate kinase activity 

and a corresponding decrease in cytochrome oxidase activity. 

The pyruvate kinase and cytochrome oxidase are marker 

enzymes for glycolysis and oxidative phosphorylation, 

respectively. The PAM are also very adaptive when 

confronting an insult during phagocytosis. 

Phagocytosis. Phagocytosis involves two major 

events. The initial step is recognition and attachment of 

the particle to the cell membrane. The adherence between 

the particle and PAM depends on physiochemical interactions 

or specific receptor binding (Rouzer et al., 1982). PAM 

have approximately 2 x 106 binding sites (F c and C3 

receptors) on their membranes (Gee and Khandwala, 1977). 

Antigen-antibody complexes bind more tightly than IgG alone. 

The antigen coats the particle to render it more 

susceptible to phagocytosis (Walter, 1982). The general 

term for this process is opsoninization. Stimulated 
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pulmonary macrophages release the slow reacting substance, 

leukotriene C (Rouzer et aI, 1982). The release of the 

leukotriene may act as a chemotactic factor to recruit 

monocytes, polymorphonuclear leukocytes (PMN) and 

neutrophils (Driscoll and Schlesinger, 1988). Sequential to 

cellular contact is an energy dependent internalization 

process. Ingestion of particulate matter is apparently 

dependent on forming an IgG complex (Gee and Khandwala, 

1977). Concurrent to particle engulfment, the plasma and 

lysosomal membranes fuse to from a single enlarged vesicle 

(phagosome). The phagosome is a subcellular 

microenvironment in which a variety of chemical reactions 

with microbicidal or degenerative responses occur (Gee and 

Khandwala, 1977). The consumption of 02 and glucose 

increase immediately at the start of the phagocytic process 

(Mason, 1977). The metabolic pathways supplying energy to 

the PAM are the citric acid cycle, pentose shunt system, and 

glycolysis. The exact contribution of each pathway has not 

been determined. 

PAM undergoing this process are considered to be 

activated. Activated macrophages differ morphologically 

from resting PAM. These differences reflect the increased 

mobility and activity of the macrophage. More rough 

endoplasmic reticulum, microfilaments, mitochondria and 

distorted phagosomes are characteristic of these activated 



cells (Mason, 1977). The phagosomes have much greater 

increases in levels of lysozyme and acid phosphatase than 

beta-glucuronidase and acid ribonuclease. Recruited PMN 

exhibit similar morphological changes but only beta

glucuronidase levels increase significantly. 
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The increased glucose and 02 consumption by PAM is 

attributable to the changes in oxidative metabolism. This 

increase in oxygen metabolism is also known as the 

respiratory burst. The 10 - 15 fold increase during the 

respiratory burst is not due to increased mitochondrial 

metabolic requirements (Diplock, 1981). The oxygen 

consumption is linked to the presence of high levels of the 

02 metabolites, 02- and H202 " These active oxygen species 

are the putative bactericidal agents produced in the cells. 

The macrophage, itself, contains high levels of SOD, CAT, 

GSH-PX and Vit E as protection from the active oxygen 

species (Coquette et al., 1986). Vit E levels in the PAM 

membrane could not be depleted after activation of the 

macrophage or addition of exogenous 02- or H202 • 

Particulates, which elicit fibrogenic responses (silica), 

appear to directly interact with the PAM membrane and 

initiate cytolysis (Hill et al., 1982). The phagosomal 

enzymes released after necrosis cause the majority of the 

damage to the alveoli. But the active 02 metabolites, 

formed during the respiratory burst, can also contribute to 
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pulmonary pathogenesis. The instillation of solutions of 

phorbol-12-myristate-13-acetate (PMA) resulted in injury 

confined to the alveolar and interstitial compartments of 

the lung (Johnson and Ward, 1982). (This phorbol ester is a 

potent activation agent of macrophages.) Approximately one 

week after treatment, onset of a fibrotic reaction was seen. 

This suggests that direct cytotoxicity to the PAM and 

subsequent lysis is not the only mechanism that may initiate 

fibrogenesis. The excessive activation of the PAM may 

release chemotactic factors for fibrogenesis. 

Molecular Mechanism of Active Oxygen Species 

Production. Agonist stimulation of Fc receptors on the PAM 

membrane produces superoxide anions via the phospholipase C 

pathway (Hamilton and Adams, 1987). Figure 3 depicts this 

phenomenon. The reduction of molecular oxygen to superoxide 

occurs at the PAM membrane. NADPH oxidase is 

phosphorylated by protein kinase C (PKc ) and becomes 

associated with the cell membrane. The modified protein can 

then catalyze the reaction to produce 02-. Although the 

exact character of the NADPH oxidase is not clear, the 

oxidase is considered to be a complex of a flavoprotein 

(FAD) and cytochrome b (Suzuki et al., 1986.) The transfer 

of electrons from the NADPH proceeds through a chain of 

reactions from the FAD-protein to the cytochrome b to the 02 

to yield 02- (Cross et al., 1984.) The flavoprotein 
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Figure 3. Mechanism of active oxygen species formation 
in pulmonary alveolar macrophages. Where GNRP 
= guanine nucleotide regulatory protein, PLC 
= phospholipase C, PIP2 = phosphatidyl
inositol-4,5-biphosphate, IP3 = inositol-
1,4,5-triphosphate, DAG = diacylglycerol, PKC 
= protein kinase C, and PLA2 = phospholipase 
A

2
. Phorbol esters (PMA) interact directly 

w1th PKC and particles (Zymosan A) act as 
ligands. Pertussis toxin inhibits the 
coupling of the membrane receptor and PLC 
mediated PIP2 hydrolysis by binding to the 
GNRP. 
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component and essential sulfhydryl groups are proximal to 

the cytochrome b (Gabig and Lefker, 198~.) The cytochrome b 

component has been postulated to possibly be a sulfhydryl 

containing enzyme. 

PKc is stimulated by endogenous diacyl glycerols 

(DAG) or exogenous phorbol esters. (PMA elicits active 

oxygen species production by directly stimulating PKc ') DAG 

levels are increased during phosphotidylinositol (PIP2 ) 

turnover. The PIP2 is hydrolyzed to DAG and inositol-1 ,~,5-

triphosphate (IP3) by phospholipase C (PLC). The 

transduction of the signal from a bound receptor to 

stimulate PLC is via a guanine nucleotide regulatory protein 

(GNRP). (The production of 02- by opsonized zymosan A 

results from ligand-receptor binding and the sequence of 

subsequent molecular events described above). The 

superoxide can be converted into H202 nonenzymatically or by 

CAT or GSH-PX. 

Arachidonic acid (AA) metabolism also proceeds by 

the PLC pathway. IP3 causes increases in the intracellular 

pool of Ca+. This flux in calcium stimulates phospholipase 

A2 (PLA2 ) which converts membrane phospholipids to AA. 

Arachidonic acid exhibits a feedback mechanism on PKc ' The 

AA can also be oxidized to yield prostaglandins and 

leukotrienes. Therefore, regulation of the production of 

active oxygen species and chemotactic leukotrienes following 
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ligand binding, are interrelated. 

Biochemistry of Active Oxygen Species 

Reactive species of oxygen can be formed in 

biological systems from ground state 02 by changing either 

the orbital location or number of electrons. Altering the 

electron orbital location produces excited states of 02; 

addition of electrons produces molecular oxygen metabolites. 

Excited State Oxygen 

Molecular oxygen in the ground state (or triplet 

state) has two electrons with the same spin in the unpaired 

antibonding pi 2p orbital. Energetic excitation can change 

the molecular orbital state of triplet oxygen to singlet 02. 

Two forms of singlet 02 exist - delta g or sigma g+; both 

singlet forms have electrons with opposite spins. The delta 

g state has both electrons in the anti bonding 2p orbital 

paired while the sigma g+ electrons are unpaired. The 

sigma g+ singlet 02 is a radical in contrast to the delta 

state. Sigma g+ 02 usually decays to the delta g state 

before it can react with anything (Halliwell and Gutteridge, 

1984). Although singlet oxygen is produced in 

photooxidative biochemical processes involving chlorophyll 

and retinal plus prostaglandin hydroperoxidase and 

cytochrome P-450 dismutation reactions, its potential to 

directly damage biomolecules is questionable. 
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Molecular Oxygen Metabolites 

The number of electrons donated to molecular oxygen 

in biological systems dictate the species of active oxygen 

species formed. The transfer of a single electron converts 

02 to 02- or H02 · (the perhydroxyl radical). Acceptance of 

two electrons by 02 yields H202 . The appearance of OH· 

follows a net of three electrons transferred to molecular 

oxygen. The donation of four electrons to 02 produces H20. 

The products of these electron transfer reactions have all 

been identified in biological systems. The superoxide anion 

and OH· have an unshared electron in the outer molecular 

orbital thus are reactive radical species. These radicals 

are highly reactive in hydrophobic environments (Halliwell 

and Gutteridge, 1986). However, the superoxide anion is 

poorly reactive in aqueous media. The protonated superoxide 

radicals (H02 ·) are capable of membrane destruction. 

However, at physiological pH, less than 1 % of the 02- is 

protonated to form the hydroperoxy radical (Halliwell and 

Gutteridge, 1984). Under more acidic conditions, such as 

during respiratory burst, significant levels may exist. The 

relatively low reactivity of hydrogen peroxide reflects the 

fact that all its outer shell electrons are paired 

(Halliwell and Gutteridge, 1986). H202 is lipophilic and 

can cross biological membranes. The charged superoxide 

anion cannot diffuse through cell membranes. The 02- may 



possibly enter cells through anionic channels in the cell 

membrane. The hydroxyl radical reacts so vigorously with 

free fatty acids of the membrane it cannot enter cells. 
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The ultimate toxic active oxygen species has been 

postulated to be the hydroxyl radical. In several 

experiments, the addition of SOD concurrently with exogenous 

sources of O2- did not prevent cytotoxicity (Halliwell and 

Gutteridge, 1986). The addition of CAT decreased the 

observed cellular damage. Oxidative damage to cellular 

nucleic acid, amino aCids/proteins, and lipids was 

attributed to the presence of reactive OH· The 

peroxidative injuries are similar to those seen after 

exposure to ionizing radiation (Sies, 1986). The hydroxyl 

radical has been implicated as the causative agent of damage 

due to ionizing radiation. In aqueous media, hydroxyl 

radicals can be formed by the fission of the 0-0 bonds of 

H202 • This fission reaction can proceed in the presence of 

ionizing radiation, heat or ferrous cations. The catalysis 

by Fe+2 is called the Fenton Reaction. The net reaction is 

shown below: 

Although the simultaneous production of hydrogen peroxide 

and superoxide occurs in some living systems, the rate of 

the uncatalyzed reaction is so slow its biological relevance 
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is questionable (Winterbourne, 1981). Cuprous salts can 

also catalyze the dismutation of H202 and have a greater 

rate constant than ferrous compounds (Halliwell and 

Gutteridge, 1986). There are very limited quantities of 

free iron and copper in the body. The individual steps of 

the reaction are given below: 

H202 + Fe (II) -----> OH· + OH- + Fe (III) [Step 1] 

O2- + Fe (III) -----> O2 + Fe (II) [Step 2] 

It has been suggested that,ascorbic acid may replace the 

superoxide anion as the reducing agent in the Step 2 

reaction (Winterbourne, 1981). This may explain the 

possible role vitamin C may play in promotion of lipid 

peroxidation. Recently, it has been suggested that the 

actual hydroxyl radical is not the ultimate toxic species 

(Imlay et ale 1988). Known scavengers of OH· (mannitol and 

ethanol) did not protect cells from oxidative damage. 

These results implied that OH· was formed at the site where 

the Fe was complexed (e.g. protein, DNA, lipid, etc.) and 

reacted with these macromolecules rather than the added 

scavengers. They have postulated the formation of a 

"crypto-hydroxyl radical" characterized as the OH· complexed 

to the precursive metal. This two step reaction is depicted 

below: 



Fe (II) + H202 -----> Fe (III)-OH' + OH

Fe (III)-OH' -----> Fe (III) + OH' 
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The net sum of these reactions is the same as Step 1 of the 

overall Fenton Reaction. 

Biomolecular Lesions 

Hydroxyl radicals react with extremely high rate 

constants with most biomolecules by one of three major 

reaction mechanisms. These mechanisms are: 1) hydrogen atom 

abstraction., 2) addition and 3) electron transfer. 

Electron transfer from the hydroxyl radical to ascorbate 

will result in the formation of OH- and Vit C radical. The 

ascorbate can then be regenerated by sources of NADPH. The 

OH' can add onto aromatic ring structures such as the 

pyrimidine and purine bases of DNA. Guanine is the most 

sensitive base to gamma-irradiation-derived hydroxyl 

radicals (Sies, 1986). The addition of the radical at the 

C4' C5 or C8 positions on the guanine ring precedes the base 

degradation. Hydrogen atom abstraction is the initial step 

in lipid peroxidation. Diene conjugation followed by O2 

addition are sequential to the abstraction. The oxidation 

product formed is a lipoperoxyl radical. This radical can 

abstract a hydrogen from a neighboring esterified fatty acid 

to produce a lipid hydroperoxide, but this propagates a 



chain reaction. Lipid peroxidation may be initiated by 

addition also. The OH· has a higher propensity to add to 

olefins than do peroxyl radicals (ROO·), which prefer H· 

abstraction. It is interesting to note that iron also 

facilitates this chain reaction to augment membrane 

destruction. The following "Fenton-like" reactions 

demonstrate this phenomenon: 

Reaction 1: 

Lipid-OOH + Fe (III) -----> Lipid-OO· + H+ + Fe (II) 

Reaction 2: 

Lipid-OOH + Fe (II) -----> Lipid-O· + OH- + Fe (III) 
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where Lipid-OOH, Lipid-OO· and Lipid-O· are lipid 

hydroperoxides, lipid peroxyl radicals, and lipid alkoxyl 

radicals, respectively. The presence of ferrous iron 

produced a more dramatic lipid peroxidation than ferric iron 

(Halliwell and Gutteridge, 1984). This observation may 

reflect the greater reactivity of the lipid oxy radical than 

the lipid peroxy radical. Figure 4 shows the interactions 

of the antioxidant defense systems and lipid peroxidation 

due to active oxygen species in cells. 

The potential production of superoxide anions and 

hydrogen peroxide, following exposure to GaAs, may be due 

to the dissolution process or macrophage activation by 
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Figure 4. Proposed mechanism of radical initiated lipid 
peroxidation and detoxification. Where CAT = 
catalase, GSH reduced glutathione, GSSG = 
oxidized glutathione, GSH-PX = GSH 
peroxidase, GSH-R = GSH reductase, G-6-PDH = 
glucose-6-phosphate dehydrogenase, OH' = 
hydroxyl radical, O2- = superoxide radical, 
RH = lipid with polyunsaturated free fatty 
acid, ROH = lipid alcohol, ROOH = lipid 
hydroperoxide, ROO' = lipid peroxyl radical, 
RO' = lipid alkoxyl radical, and SOD = 
superoxide dismutase. 
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particulate GaAs. The presence of these oxygen metabolites 

and the ultimate formation of the hydroxyl radical may help 

elucidate a mechanism by which GaAs elicits its observed 

pathologies. 

Detection of Lung Damage by Use of Bronchoalveolar Lavage 

The biochemical and cytological responses detected 

in the fluid of lavaged lungs has been shown to be useful as 

a rapid screen for assessing the specific injury to the lung 

(Henderson, 1984). The bronchoalveolar lavage fluid (BALF) 

assay results should be corroborated with histopathological 

findings. The BALF from several animal species did not 

greatly differ (Henderson et al., 1987). Cytological 

variances were observed. The age of the rats and hamsters 

studied exhibited differences in the elastase inhibitory 

activity and protein levels of the lung, respectively 

(Henderson et al., 1987). BALF is obtained by washing the 

respiratory tract with an isotonic salt solution. 

Bronchopulmonary lavage can be done in excised lungs of 

small animals or segmentally in humans or larger animals. 

This procedure samples the epithelial lining of the 

bronchoalveolar region of the lung; it is not site specific 

unless segmentally performed. The analysis of upper 

respiratory tract irritants (H2S04 ) is not very useful 

(Henderson et al., 1985). BALF can aid in the detection of 



inflammatory responses, evaluation of the progression of a 

disease state, and elucidation of pathogenic mechanisms. 

Specific Parameters Measured 
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Differential cell counts of the resuspended 300 g 

pellet and biochemical analysis of the supernatant after 

centrifugation are performed to permit a complete 

evaluation. Abnormal cytology of the BALF is detected as 

increases in numbers of specific leukocytes, since 

erythrocytes may relate more to artifact than to injury 

(Henderson, 1984). Increases in PMN is expected early in 

the inflammatory response, while increased PAM are a long 

term component of inflammation. An allergic response is 

indicated by the presence of eosinophils in most mammals. 

Larger numbers of lymphocytes is suggestive of an immune 

response in the lung. Most of the biochemical markers 

measured in the BALF are enzyme activities. The cytoplasmic 

enzyme, lactate dehydrogenase (LDH), is a sensitive 

indicator of general pneumocytotoxicity. A lung specific 

form of alkaline phosphatase is secreted with surfactant 

from Type II cells. Increased activity of this enzyme is 

suggestive of Type II cell proliferation. Greater lysosomal 

enzyme activity in the BALF corresponds to PAM activation 

and/or toxicity. The two most commonly measured enzymes are 

beta-glucuronidase and acid phosphatase. Other enzymes have 



been measured in the BALF, but these enzymes lacked 

specificity as a marker for one particular lesion. Total 

protein is the most useful and simple biochemical 

constituent measured in the BALF. It is a sensitive 

indicator of increased permeability of the alveolar

capillary barrier. 
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A major advantage of BALF analysis is the excellent 

predictability of the sequelae of lesions. The maximal 

responses of the biochemical constituents following the 

administration of the compound is seen 24 hours 

postexposure in rats (Henderson et al., 1984) and hamsters 

(Beck et al., 1982.) This holds true for erythrocyte, total 

leukocyte and PMN influxes. PAM numbers reach a maximum at 

4 to 7 days. Our analyses will be performed 1 day after 

instillation to get the maximal biochemical and cytological 

(except the PAM) responses. 

Responses to Xenobiotics 

Analysis of BALF has been performed on several 

animal species exposed to a wide variety of toxicants 

(Henderson et al.,1986). The pneumotoxic agents, paraquat 

and bleomycin, produced significant increases in the number 

of PMN and PAM. The oxidant gases 03 and N02 plus hyperoxic 

air resulted in fluxes of PMN and protein in the BALF. The 

N02 and 03 also exhibited increased LDH activity in the 
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lavage fluid. The most sensitive parameters in the BALF of 

mammals exposed to several metallic compounds (BeO, CdC1 2 , 

CrC13 , NiC12 , NiO, Ni 3S2 , NiS04 and V205) were LDH, protein, 

PMN and PAM. Insoluble dusts and fibers altered the BALF 

composition of PMN, PAM, protein, LDH and acid phosphatase. 

Silica, coal and asbestos exposure yielded BALF with 

increased LDH, acid phosphatase, and protein levels along 

with changes in number of the inflammatory leukocytes. It 

is interesting to note, that inhalation of Ga203 by rats 

over a 1 month period (lung burden 500 ug/g lung) exhibited 

significant increases from the control animals in LDH, beta

glucuronidase, protein and PMN in the BALF (Henderson, 

1986). Gallium oxide had been considered to be a nuisance 

particulate based on histopathological evaluation. 

Collaborative analysis of BALF and histopathology is 

important in assessing the overall pulmonary lesion. 

Particle Delivery Methods 

There are two major means by which laboratory 

simulation of particulate exposure to the respiratory tract 

of animals is achieved. These methods are the inhalation of 

aerosols and intratracheal instillation of suspensions. 

Each method has its advantages and drawbacks. 
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Aerosol Inhalation 

Inhalation of aerosols resembles a more 

physiological situation since air is used as the carrier 

medium for the particulates. The deposition of particles by 

various mechanisms during aerosol inhalation studies is 

determined by the particle size or fiber length, plus air 

velocity and flow directional changes, airway lumen size and 

breathing patterns. The pattern of lung distribution is 

uniform, however apical lobe deposition is slightly favored 

(Brain et al., 1976). Aerosol generation is a very complex 

method to characterize accurately (Mercer, 1973). Several 

types of chambers may be used in inhalation studies. Whole

body exposure chambers are not always suitable since 

preening habits of laboratory animals can lead to excessive 

oral exposure not experienced by humans. Head-only or nose

only apparatus can alleviate this problem, but animal 

breathing patterns are not always normal in these 

constrained systems. The particulate production process may 

yield particulates which under the exposure chamber 

conditions are not the proper size for diffusion into the 

acinar tissue. These aerosol inhalation systems may be 

unacceptable for pulmonary studies under that condition. 

Quantification of the actual administerd dose is difficult. 

The total lung burden is usually estimated. 
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Intratracheal Instillation 

Intratracheal instillation involves either a 

nonsurgical intubation or surgical procedure to expose the 

trachea for a subsequent injection of a particulate 

suspension into the lumen of the trachea. The carrier 

solution affects the deposition of the particles by altering 

the distribution in the lung. The pattern of distribution 

is not uniform and favors deposition in gravity dependent 

areas of the lung (Brain et al., 1976). The carrier 

solution may dissolve the particulates and increase the 

pulmonary absorption. This artificial condition can produce 

pharmacokinetic results which vary from the real 

physiological situation. Lung clearance and systemic 

responses can be most drastically altered. There are 

several advantages to the use of this method for the means 

of exposure: 1) the dose is administered uniformly and 

accurately, 2) large effective doses can be administered in 

a short time, 3) particulates of improper size can be 

deposited in the pulmonary region of the lung, 4) localized 

lobular exposures are possible (Which allows the use of 

each lung as its own control), 5) skin and pelt exposure is 

eliminated, and 6) the procedure and equipment is much 

simpler than the aerosol inhalation system. The use of 

instillation also minimizes laboratory personnel exposure to 

hazardous particulates. 
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Selection of an Appropriate Animal Model 

Extrapolation of animal results to predict human 

effects for risk assessment must be done with great care. 

When choosing an appropriate animal model to study the 

biological interactions of GaAs, its particulate nature and 

potential dissolution and subsequent oxidation products must 

be considered. Proper assessment of the interaction of GaAs 

particles within the respiratory tract requires selection of 

an animal with pulmonary responses similar to man. To 

correctly gauge the potential local and systemic effects of 

GaAs in humans following dissolution, the pharmacokinetics 

of Ga and As in the test animal should closely assimilate 

results seen in man. 

Pulmonary Considerations 

The semiconductor properties of GaAs suggest that a 

pulmonary fibrotic response similar to silica is possible. 

In fact, GaAs elicited biochemical and histological changes 

in the lung consistent with the onset of fibrosis (Fadeev, 

1967; Webb et al., 1984). Both studies were performed in 

the rat. The histopathology of the lungs of GaAs exposed 

animals did not exhibit the nodular response typical of 

silica in rats and humans. The Syrian golden hamster has an 

"atypical reaction" to silica exposure (Gross et al., 1967; 

Saffiotti, 1986). Instillation of quartz dust produced a 
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diffuse pre collagenous insult which did not resolve with 

collagen deposition. The silica particles remain engulfed 

by the hamster macrophages without any apparent 

cytotoxicity. In contrast, silica is cytotoxic to the rat 

macrophage which can subsequently produce nodular fibrosis 

and tumorigenesis (Saffiotti, 1986). The hamster apparently 

has a less effective clearance mechanism than the rat (Gross 

et al., 1967). The diffuse particle distribution in the 

lung of the hamster, several days after exposure, differs 

from the pattern of accumulation of particles around the 

terminal bronchioles found in rats. The pulmonary effects 

of N02 in the rat and hamster also differ (Foster et al., 

1985). The hamsters exposed to nitrogen dioxide exhibited 

increases in extracellular surfactant production, unlike the 

rat. Although both species had higher lung protein levels, 

the rat responses was less pronounced. Cytological 

evaluation of the lung revealed that hamsters had 

infiltration of lymphocytes, neutrophils and PAM; the rat 

did not exhibit any significant fluxes in cell composition. 

The authors concluded that either the species had different 

biochemical protective mechanisms or the anatomical 

differences of the respiratory tract led to unequal 

effective doses to the acini (Foster et al., 1985). Choice 

of an appropriate animal model in pulmonary studies must 

take all these species variation into account when designing 
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experiments to determine safe levels for man. 

Pharmacokinetic Considerations 

As discussed earlier, the Ga entity released from 

GaAs most likely forms Ga203 and thus remain in the lung. 

The deposition of Ga203 in the lung produced changes in the 

lung lipid composition (Webb et al., 1986) and the BALF 

composition (Henderson, 1986). These studies were performed 

on rats. Although no comparative studies have been done 

with hamsters, the pulmonary effects of A1203 have been 

reported (Beck et ale 1982). Aluminum is in the same family 

as Ga, and thus A1203 has similar properties to Ga203' The 

instillation of A1 203 produced increased PMN, LDH, and 

protein levels in the hamster similar to the results seen in 

the rats exposed to Ga203' It appears that the local 

effects of the Ga released from GaAs are similar in both 

species, so either animal model is appropriate. 

The release of As from the GaAs can yield various 

forms of inorganic arsenic (see earlier discussion). These 

arsenicals can elicit local responses and/or be absorbed and 

subsequently produce systemic effects. Soluble arsenic is 

rapidly absorbed from the lung since the alveolar lumen is 

only separated from the thin (0.5 micron) blood-capillary 

margin of the type I cell (West, 1979). Small amounts of 

arsenic are bound to plasma proteins relative to the arsenic 
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bound to tissues (Vahter and Marafante, 1983). Initially, 

the distribution of arsenic in the blood of rats was similar 

to other mammals, but there is a significant accumulation of 

the As in the blood, with time. The half-life in blood of 

the arsenic in the rat was determined to be about 60-90 

days, which correlated well with the lifetime of the 

erythrocyte (Stevens et al., 1977). Klaassen (1974) has 

shown that arsenite administered intravenously left the 

blood rapidly and reached the liver over a 2 hour time 

course. The binding of the arsenic to the red blood cell 

appears to be dependent upon metabolism of the inorganic 

arsenic to dimethylarsinic acid (Rowland and Davies, 1982). 

This redistribution of As into blood is unique to the rat 

(Odanaka et al., 1980). The actual site of the 

dimethylarsinic acid binding on the erythrocyte is not 

clear. The apoprotein and the heme moiety have been 

reported as the probable binding site (Lerman and Clarkson, 

1983). Based on urinary metabolite profiles of several 

laboratory animals, the hamster biotransforms inorganic 

arsenic compounds most similarly to humans (Rosner, 1985). 

The distribution and excretion data also closely assimilated 

results seen with man. 

Selection of a most appropriate animal model for 

GaAs is difficult. The hamster does not exhibit the 

typical pulmonary fibrogenic response to a particulate with 
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semiconductor properties, but its pharmacokinetics closely 

resembles human data. The rat exhibits unique arsenic 

pharmacokinetics, but is an excellent model for pulmonary 

fibrogenesis. For this reason both animal species should be 

considered when studying the mechanisms of GaAs induced lung 

injury. 

Summary 

The purpose of this work is to clarify the mechanism 

by which GaAs produces the observed pneumotoxic responses. 

The semiconductor properties of GaAs particles may dictate 

the potential cytotoxicity to pneumocytes - especially the 

PAM. The phagocytosis of GaAs by PAM may also lead to a 

respiratory burst and production of active oxygen species. 

The production of active oxygen species may potentially 

occur during the dissolution process of GaAs particles also. 

In either case, the lung would respond with defense 

mechanisms to an oxidative stress - increased activity of 

the antioxidant enzymes and levels of antioxidant 

biomolecules. The dissolution and subsequent oxidation 

products of the Ga and As released form the GaAs matrix may 

contribute to the observed pulmonary lesions. 

The following objectives address the preceding 

issues: 

1) Determine if the GaAs particulates are cytotoxic to the 
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PAM, in vitro. If cytotoxicity is observed, is this due to 

the semiconductor properties or the dissolution products of 

GaAs? 

2) Determine if the dissolution process of GaAs produced 

02-' H202 , and/or OH·, in situ. 

3) Determine if GaAs particles and/or its dissolution 

products activate PAM to produce 02-' H202 , and/or OH·, in 

vitro. 

4) Determine if GaAs and/or its dissolution products elicits 

responses, in vivo, consistent with the in vitro studies. 

This can be assessed by analysis of BALF. 

5) Determine if GaAs induces a pulmonary insult consistent 

with oxidative stress or another type of insult, in vivo. 

6) Determine if the rat and hamster exhibit different 

responses to GaAs and why differences were observed. This 

may help in determining which animal model is best suited 

for extrapolation to human data. 
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CHAPTER 2 

Materials and Methods 

Unless otherwise specified, all chemicals used in 

the following experiments were reagent grade. All the 

reagents were low in arsenic content as impurities (less 

than 0.005 %). Water used in the preparation of solutions 

was distilled and deionized prior to use. All ultraviolet

visible absorbance measurements performed on samples 

requiring static readings were done on a Beckman DU-40 

spectrophotometer (Beckman Instruments, Irvine, CA); samples 

that required kinetic absorbance measurements were run on a 

Beckman DU-7 spectrophotometer equipped with a kinetics 

package (Beckman Instruments). 

Preparation of Dosing Materials 

Preparation of Particles 

Gallium arsenide. GaAs was purchased from Alfa 

Products (Danvers, MA). The ingots of the electronic grade 

GaAs (99.999 % pure) were pulverized in a freezer mill (SPEX 

Industries, Inc., Metuchen, NJ) for several hours until a 

fine powder was formed. This powder was collected and 

sieved through stacked 90 micron mesh and 10 micron mesh 

precision microsieves (Model L3P Series A HL3-M90 and L3-
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M10, respectively, ATM Corp., Milwaukee, WI) in a sonic 

sifter (Model L3P Allen-Bradley, Milwaukee, WI). The 10 um 

sieved fraction particles were sized on a model # 112 

CLTNJB/ADC(w) Electrozone Celloscope (Particle Data, Inc., 

Elmhurst, IL) fitted with a 48 um orifice probe. The 

particle size and shape were verified by scanning electron 

microscopy. 

Other compounds. Powders of other compounds of 

interest to be used in these studies were all in the 

approximate size range of the GaAs particles. Gallium (III) 

oxide (Alfa Products #32102) and arsenic trioxide (Fisher 

Scientific Co., Fair Lawn, NJ #A-59) were sieved in a manner 

similar to GaAs to yield particles with a near submicron 

size and similar surface characteristics and area. Silicon 

dioxide (Sigma Chemical Co., St. Louis, MO #S-5631) was 

purchased as mixture of microcrystalline and amorphous 

particles with a size distribution of 0.5 to 10 urn with 

approximately 80 % between 1-5 microns. 

Dosing Solutions 

Particulate Suspensions. Suspensions of GaAs, 

Ga203' AS203' and Si02 were prepared by adding the desired 

amount of each compound to a solution containing 0.9 % NaCl 

(w/v) and 0.05 % Tween 80 (v/v). Tween 80 (Sigma Chemical # 

1754), polyoxyethylene sorbitan mono-oleate, was added to 



the saline solution to aid in even distribution of the 

particles in the aqueous vehicle during stirring. 

77 

Solutions of dissolved inorganic arsenic compounds were 

initially dissolved in H20 and the pH was adjusted to 7.4 

with HCI. The final volume of the sodium arsenite (Fisher 

Scientific #S-225) and sodium arsenate (Pfaltz and Bauer 

#S04145) solutions were adjusted with the vehicle solution. 

All the solubilized As solutions were prepared daily and 

tested for purity of oxidation state (Rosner and Carter, 

1987.) A solution of the saline and Tween 80 was prepared 

to administer to a group of animals as controls. 

Opsonized Zymosan. The opsonization of Zymosan was 

achieved by a modification of the method described by Skosey 

and Chow (1985). Zymosan A (100 mg) from Saccharomyces 

cerevisiae (Sigma Chemical #4250) is boiled in H20 and 

subsequently centrifuged at 175 g for 7 minutes. The pellet 

is collected and resuspended in 25 ml of a solution of 

pooled rat sera diluted with an equivalent volume of Krebs

Ringer phosphate buffer. This solution is incubated at 370 C 

for 45 minutes. The Zymosan A is collected after 

centrifugation at 175 g for 7 minutes. This pellet is 

washed twice by resuspending it in Krebs-Ringer buffer. 

The washed pellet is resuspended in 50 ml Krebs-Ringer 

phosphate buffer and stored in an ultracold freezer until 

required. 
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Phorbol Ester. Phorbol-12-myristate-13-acetate 

(Sigma Chemical Co. # P-8139) is dissolved in 10 ml 

dimethylsulfoxide to make a 1 mg/ml stock solution. This 

compound (PMA) is covered and stored in an ultracold freezer 

since it is both heat and light sensitive. The stock 

solution is used to prepare more dilute dosing solutions in 

the desired vehicle. 

Intratracheal Instillation of Animals 

Male Fischer-344 rats and Syrian golden hamsters 

were purchased from SASCO (Omaha, NE) and allowed to 

acclimate for at least one week prior to use. Water and 

food were provided ad libitum throughout the studies. A 

normal diurnal cycle was maintained with artificial 

lighting. All animals were dosed at approximately 8:00 a.m. 

for each study. 

The method of intratracheal instillation (i.t.) 

employed in these studies was a modified version described 

by Brain et ale (1976). Hamsters were anesthetized with an 

intraperitoneal (i.p.) injection of approximately 0.6 ml of 

a 1 % solution'of sodium methohexital (Brevital, Eli Lily 

and Co., Indianapolis, IN). Rats were anesthetized by 

inhalation of enflurane (Ethrane, Anaquest, Madison, WI) in 

an exposure chamber. This halogenated anesthetic (2-chloro-

1,1,2 trifluroethyl difluoromethyl ether) was found to be 
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easily titratable without causing excessive mucus secretions 

in the pharyngeal region of the throat, usually associated 

with the use of diethyl ether. Each animal was placed on a 

slant board (20 % from the vertical) and supported by the 

slightly elastic string attached to the board. The string 

is positioned under the upper incisor teeth following the 

onset of anesthesia. The dose solutions were delivered to 

the lung through the trachea with a modified 18 gauge needle 

which was properly positioned with a laryngoscope. The 1.5 

inch, 18 gauge needle (Becton-Dickinson #5185) was filed to 

blunt the beveled point. The blunt tip was covered with a 

short piece of plastic tubing to reduce the risk of nicking 

the animals' respiratory tract during dosing. The animals 

were administered the appropriate volume of dosing solution 

to achieve the desired exposure level without exceeding 2 ml 

solution/kg total body weight. After successful 

instillation, the animal was removed from the slant board 

and gently shaken to aid in the gravitational settling of 

the dose into the pulmonary region of the lung. Each animal 

was observed until recovery from the anesthesia was 

complete. 

Pulmonary Antioxidant Studies 

Animals were instilled with suspensions of Ga203 (67 

mg/kg), GaAs (High 100 mg/kg; Low 10 mg/kg), silica (100 



mg/kg) and a physiological pH adjusted solution of NaAs02 

(8.67 mg/kg). This yielded 50 mg, as Ga equivalents, for 

Ga203 and GaAs (High), and 5 mg, as As equivalents, for 

NaAs02 and GaAs (Low). Rats and hamsters were killed at 

the specified time points following dosing. 

Lung Collection and Preparation 
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Lung Perfusion. The animal was anesthetized with an 

intraperitoneal injection of a 65 mg/ml sodium pentobarbital 

solution (Harvey Laboratories, Philadelphia, PA) at the dose 

of 3 ml/kg. After the animal had lost its response to an 

outside stimulus, it was ready to be surgically euthanized. 

An incision was made ventrally from the lower abdominal 

region up to the rib cage. The xiphoid process of the 

sternum was pulled upward with forceps and the rib cage was 

removed by cutting toward the sides. The diaphragm was 

carefully cut to expose the heart. The animal was held 

vertically by positioning the surgeon's fingers underneath 

the two forearms. A heparinized syringe, fitted with a 20 
~ 

gauge needle, was placed into the posterior vena cava, at 

the diaphragm. The required volume of blood was withdrawn 

and the needle was removed. A 12 ml syringe, filled with 

cooled physiological saline, was placed into the heart of 

the animal and slowly injected at the rate of 3 ml/min. The 

tissue should appear pale in color due to substitution of 
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saline for blood. After the saline was completely injected 

the perfused heart-lung block was carefully removed. 

Tissue Preparation. The individual lobes of the 

lung were dissected from the heart-lung block and weighed. 

The tared tissue was placed in a volume of 0.1 M sodium 

phosphate buffer (6.05 g NaH2P04 dissolved in 500 ml H20 and 

pH adjusted to 7.2) that yielded a 1:5 (w/v) homogenate. A 

small aliquot of this lung homogenate solution was saved for 

the analysis of DNA content. The remainder was spun at 

10,000 g for 15 min at 40 C on a superspeed centrifuge. The 

supernatants were transferred to ice cooled tubes. These 

supernatants are suitable for determination of antioxidant 

enzyme activity in the lung (Peavy and Fairchild, 1987). 

Antioxidant Enzymes Activity Determinations 

Catalase. The following reagents were prepared for 

the determination of catalase activity in the lung of 

laboratory animals as described by Sinha (1972). 

Hydrogen peroxide standard: A 3 % solution of H202 

was prepared by diluting a commercially available 30 % 

solution (Mallinckrodt #5240, Paris, KY). Exactly 2.00 ml 

of the 3 % H202 solution was added to 50 ml H20 acidified 

with 5 ml of 1 N H2S04 • The 1 N H2S04 was prepared by 

diluting 55.61 ml concentrated H2S04 (J. T. Baker #9673-03) 

to 1 liter with H20. The H202 solution was titrated with a 
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solution of 0.1 N KMn04 until a light purple color appears. 

The KMn04 was prepared by dissolving 15.8 g KMn04 (Fisher 

Scientific Co. UP-279) in 1 liter of dd H20. Each 1 ml 

volume of KMn04 required to reach the endpoint corresponds 

to 1.7 mg H202 present. A volume of the 3 % peroxide 

solution that contained 340 mg of H202 is diluted to 100 ml 

to yield a 0.1 M solution. 

Dichromate/acetic acid reagent: Mallinckrodt (# 

6772) K2Cr207 was dissolved in H20 to yield 100 ml of a 5 % 

(w/v) solution. To the dichromate solution, 300 ml of 

glacial acetic acid (J. T. Baker #9524-03) was added. 

Lung homogenate supernatant (100 ul) was added to 

0.9 ml of H20 and 100 ul of 0.1 N H202. The reaction 

solution was allowed to run for 2.5 minutes and was 

terminated by the addition of 2 ml of the dichromate/acetic 

acid reagent. The solution was warmed to 370 C and shaken 

for 10 minutes. The sample was read at 570 nm on a 

spectrophotometer. A standard curve was run for 1 ml 

solutions containing 5-100 umol H202 (0.05-1.0 ml 0.1 N 

H202 ). If the hydrogen peroxide was completely consumed 

during the incubation then this procedure was repeated for a 

time interval less than 2.5 minutes. One unit is described 

as the amount of enzyme that consumed 1 umol H202/min. 

Glutathione Peroxidase. The following reagents were 

prepared for the determination of glutathione peroxidase 



activity in the lung of laboratory animals as described by 

Chiu et ale (1976). 

100 mM Tris-HCl buffer: 7.88 g of Trizma 

hydrochloride (Sigma Chemical Co. DT-3253) was dissolved 

with 372 mg of disodium ethylenediaminetraacetic acid 

(Aldrich Chemical Co. #10,631-3) in 500 ml of H20. The 

solution has a concentration of 2 mM EDTA and a pH 7.6. 
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Reaction buffer: This solution must be prepared 

fresh daily. In a 50 ml volumetric flask was placed 30.7 mg 

of the reduced form of glutathione (Sigma Chemical Co. #G-

4251) and 25 ml of the 100 mM Tris buffer. A final volume 

was adjusted to 50 ml with H20. 

2 mM cumene hydroperoxide: Dilution of 41.8 ul of 

an 80 % solution of cumene hydroperoxide (Sigma Chemical Co. 

# C-0524) to 100 ml with H20 was required to achieve the 

desired concentration. 

10 % trichloroacetic acid (TCA) solution: 

Mallinckrodt #2928 was used to make a 10 % (w/v) solution of 

TCA in water. 

Lung homogenate supernatant (500 ul) was added to 

1.5 ml H20 and 2.0 ml of the reaction buffer. The reaction 

was initiated by the addition of 1 ml of the cumene 

hydroperoxide solution. After 2.5 minutes, the reaction was 

terminated by the addition of 1 ml of the TCA solution. The 

tubes were centrifuged at 2000 rpm for 15 minutes. The 
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quantification of the glutathione present in the supernatant 

was determined by Ellman's reagent (Sedlak and Lindsay, 

1968). Background correction for the levels of glutathione 

present in the tissue must be performed by substituting 1 ml 

of the 100 mM Tris buffer and 1 ml of H20 for the 2 ml of 

reaction buffer in another reaction vessel. The absolute 

amount of glutathione present in2 ml of the reaction buffer 

must also be determined. One unit of activity is described 

as the amount of enzyme that consumed 1 umol GSH/min. 

Superoxide Dismutase. The following reagents were 

prepared for the determination of superoxide dismutase 

activity in the lung of laboratory animals as described by 

Misra and Fridovich (1972). The authors stated this method 

was a more sensitive method to detect 02- than measuring 

cytochrome C reduction. 

50 mM carbonate buffer: 6.2 g of Na2C03 monohydrate 

(Matheson, Coleman and Bell # SX404, Norwood, OH) and 74.4 

mg disodium ethylenediaminetetraacetic acid dihydrate, EDTA, 

(Aldrich Chemical Co. #10,631-3, Milwaukee, WI) were 

dissolved in 700 ml of H20 and the pH adjusted to 10.2. 

This solution was placed in an 1 liter volumetric flask and 

diluted to the desired final volume. 

0.01 M HC1: 0.83 ml of concentrated HCl (J.T. 

Baker Chemical Co., #9530-3, Phillipsburg, NJ) was diluted 

to 1 liter by addition to H20. 



12 mM epinephrine solution: 109.92 mg 

(~) epinephrine (Sigma Chemical Co. ,#E-163) was dissolved 

in 50 ml of the 0.01 M HCl. 
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Lung homogenate supernatant (100 ul) was added to 

1.9 ml H20 and 1.8 ml of the carbonate buffer. The change 

in absorbance at 480 nm over 7 minutes was determined for 

each sample immediately after the addition of 200 ul of the 

epinephrine solution. A control rate of increased 

absorbance was determined over 4 minutes for water only. A 

solution of 2.0 ml H20, 1.8 ml carbonate buffer and 200 ul 

0.01 M HCl was subtracted as background from all samples and 

the control. One unit is described as the amount of enzyme 

which caused a 50 % inhibition in the extinction 

coefficient/min compared to the control at room 

temperature. 

Biomolecule Quantification 

Ascorbic Acid. The following reagents were prepared 

for the determination of ascorbic acid levels in the lung of 

laboratory animals as described by Kyaw (1978). 

9 N H2S04 : Concentrated H2S04 (J.T. Baker #9673-03) 

was diluted by addition to H20 [1:3 (v/v)]. 

Color reagent: 20 g of Na2HP04 (Sigma Chemical 

Co., #S-0876) was dissolved in 60 ml of warmed H20 prior to 

the addition of 40 g Na2W04 [2 H20] (Sigma Chemical Co. #T-
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2629). The 9 N H2S04 was then added to the mixture and 

refluxed for 2 hours. Although this solution was stable at 

room temperature, precipitation of crystals occurred after 

sitting. The decanted solution is still suitable for 

analyses. 

Ascorbic acid standard: The free acid of L-ascorbic 

acid (Sigma Chemical OA-7506) was used as the external 

standard to prepare a solution 500 ug ascorbic acid/ml H20. 

The color reagent (2 ml) was added to 1 ml of the 

lung homogenate supernatant and 1 ml of H20. A standard 

curve was prepared for 10-300 ug ascorbic acid in 2 ml H20. 

Water was used as the background blank. The solutions were 

stirred thoroughly and let stand at room temperature for 30 

minutes prior to centrifugation at 3000 rpm for 15 minutes. 

The supernatants were transferred to cuvettes without 

disturbing the precipitant. The absorbance of the sample at 

700 nm was recorded. 

Deoxyribonucleic acid. The following reagents were 

prepared for the determination of DNA present in the lung of 

laboratory animals as described by Burton (1956). 

1 N HCI04 : 86 ml of a 70 % perchloric acid solution 

(Fisher Scientific Co. OA-229) was diluted to 1 liter. 

Acetaldehyde solution: A 16 mg/ml solution was 

prepared by the dilution of 203 ul of acetaldehyde (Aldrich 

011,007-8) to 10 ml with H20. 
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Diphenylamine solution: 1.5 ml of concentrated 

H2S04 (J.T. Baker #9673-03) was added to 100 ml of glacial 

acetic acid (J.T. Baker #9524-03) following the addition of 

1.5 g of the free base form of diphenylamine (Sigma Chemical 

Co. #D-2385). This solution was stable if stored in the 

dark at room temperature. 

Working DNA reagent: 100 ul of the 16 mg/ml 

acetaldehyde solution was added to 20 ml of the 

diphenylamine solution. This reagent must be prepared fresh 

on a daily basis. 

DNA standard solution: 10 mg equivalents of calf 

thymus deoxyribonucleic acid (Sigma Chemical Co. #D-150f, 

Type I sodium salt) is dissolved in 100 ml of a 0.005 M NaOH 

solution (0.1 g NaOH dissolved in 500 ml H20.) Preparation 

of the DNA standard must consider the sodium, protein and 

water content as impurities in each lot of the commercially 

available compound. 

The aliquot of lung homogenate, set aside prior to 

centrifugation, was used to determine DNA content in the 

lungs. An 100 ul sample was diluted to 1 ml with H20 and 

acidified with 1 ml of 1 N HCI04' A standard curve for 5-

100 ug in 1 ml of H20 should be run with the tissue samples. 

The samples were heated to 700 C for 20 minutes. After 

cooling to room temperature, the samples were centrifuged at 

3000 rpm for 15 minutes and the supernatant was decanted. 
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The DNA working reagent (2 ml) was then added to each sample 

and allowed to stand at room temperature for 16-20 hours. 

The absorbances were read at 600 nm. 

Gl~tathione. The following reagents were prepared 

for the determination of nonprotein sulfhydryl containing 

compounds in the lung of laboratory animals as described by 

Sedlak and Lindsay (1968). 

0.05 M Tris-HCl buffer: 6.06 g of Trizma base 

(Sigma Chemical Co. OT-1503) and 372 mg of disodium EDTA 

dihydrate (Aldrich Chemical Co. 010,631-3) were dissolved in 

800 ml of H20. The addition of HCl was continued until a pH 

of 7.4 was achieved. This solution was diluted to a volume 

of 1 liter with H20. 

0.2 M Tris-HCl buffer: 24.2 g of Trizma base (Sigma 

Chemical Co. OT-1503) and 3.72 g of disodium EDTA dihydrate 

(Aldrich Chemical Co. 010,631-3) were dissolved in 800 ml of 

H20. The addition of HCl was continued until a pH of 8.9 

was reached. This solution was diluted with H20 to a volume 

of 1 liter. 

5 % sulfosalicylic acid solution: 0.5 g of 5-

sulfosalicylic acid (Sigma Chemical Co. 0 S-2130) was 

dissolved in 10 ml H20. 

Ellman's reagent: 39.6 mg of 5,5' dithiobis (2-

nitrobenzoic acid) [DTNB] was 10 ml of methanol. Prepare 

fresh on an hourly basis. 
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1 mM glutathione stock solution: 30.7 mg of the 

reduced form of glutathione (Sigma #G-4251) was dissolved in 

100 ml of the 0.05 M Tris-HCl buffer. 

A 0.5 ml aliquot of the lung homogenate supernatant 

is placed in a centrifuge tube and diluted with 1.5 ml of 

H20. The sulfhydryl containing proteins were precipitated 

by the addition of 200 ul of the sulfosalicylic acid 

solution. The samples were gently vortexed and subsequently 

centrifuged for 15 min at 3000 rpm. The supernatants (1.0 

ml) were added to 2 ml of the 0.2 M Tris buffer. The 

absorbance of each tube at 412 nm was recorded as the 

turbidity background. After the addition of 100 ul of the 

Ellman's reagent the absorbance of the sample was 

immediately read. A standard curve between 0.02 - 1.00 mM 

GSH in 1 ml H20 was run. The net absorbance was the total 

nonprotein sulfhydryls present. 

Protein. The following reagents were prepared for 

the determination of protein levels in the lung of 

laboratory animals as described by the modified Lowry assay 

developed by Schacterle and Pollack (1973). 

Alkaline copper reagent: A liter was prepared by 

diluting 20 g NaOH (Mallinckrodt #7708), 100 g Na2C03 

(Matheson, Cole and Bell #SX404), 1.0 g sodium potassium 

tartrate (Mallinckrodt # 2367) and 0.5 g CuS04 pentahydrate 

(Matheson, Cole and Bell #CX2185) to 1 liter. This solution 



was found to be stable for 1 month when stored at room 

temperature. 
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Phenol reagent: Commercially available 2 N Folin

Ciocalteu phenol reagent (Sigma HF-9252) was diluted to a 

0.1 N concentration. This solution was prepared fresh on a 

daily basis. 

Protein standard: An aqueous 500 ug/ml solution of 

bovine serum albumin (Sigma Chemical Co. HA-7906) was 

prepared fresh on a daily basis. 

A 50 ul aliquot of lung homogenate was diluted to 1 

ml with H20 and mixed with 1 ml of the alkaline copper 

reagent. After 10 minutes, 4 ml of the phenol reagent was 

added forcibly and the samples were heated for 5 minutes at 

55 0 C on an orbital shaker. The samples were cooled and the 

absorbances were measured at 650 nm. A standard curve was 

run for 25 - 500 ug protein in 1 ml H20 simultaneously with 

the samples. 

Bronchoalveolar Lavage Studies 

Lavage Fluid Collection 

Animals were intratracheally instilled with 

suspensions of Ga203 (67 mg/kg), GaAs (100 mg/kg), silica 

(100 mg/kg) and a physiological pH adjusted solution of 

NaAs02 (8.67 mg/kg). This yielded 50 mg, as Ga equivalents, 

for Ga203 and GaAs, 50 mg and 5 mg, as As equivalents, for 



GaAs and NaAs02 , respectively. The animals were killed 24 

hours following exposure. 
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The following procedure was employed to remove the 

lungs of small laboratory animals prior to lavaging the 

lower respiratory tract. The composition of the solution 

used for the lavage was based on data from Brain and Frank 

(1968 and 1973). The lavage solution consisted of 

Dulbecco's phosphate buffered saline without CaCl2 and MgCl 2 

[6 H20](Gibco Laboratories U310-4190AJ) and a quantity of 

EDTA (Aldrich #10,631-3) to yield a 0.1 % (w/v) solution. 

The volume of lavage fluid for each animal species was based 

on filling the lungs to 80 % of the total lung capacity; 

this was dependent on the total body weight of the animal 

(Henderson, 1984). The lungs were lavaged thrice for the 

biochemical and enzymatic analyses. 

The lavage solution was warmed to 370 C prior to 

excision of the lung of the animal. The animal was 

anesthetized with an intraperitoneal injection of a 65 mg/ml 

solution of sodium pentobarbital (Harvey Laboratories, 

Philadelphia, PA) at the dose of 3 ml/kg. After the animal 

had lost its response to stimulus, an incision was made 

centrally in the abdomen until the sternum was exposed. The 

ventral side of the rib cage was subsequently removed by 

carefully cutting towards the sides. Blood was drawn from 

the posterior vena cava with a syringe fitted with a 20 



gauge needle to exsanguinate the lungs. (The blood was 

allowed to clot and can used if serum was required.) The 

trachea was located and clamped with a hemostat as high up 

the respiratory tract as possible. The trachea was cut 

above the hemostat and the heart-lung block was excised by 

careful dissection from the chest cavity. Care was taken 

not to damage the lung or the lavage will not be optimal. 

The heart-lung block was weighed prior to the lavaging. 

An 18 gauge needle (1 inch) with a blunted end was 

placed in the trachea down to the bronchi bifurcation and 

tied off with 000 silk suture. The lavage solution was 

infused over 1 minute into the lungs from a 12 ml syringe 

fitted to the blunted needle. The solution was allowed to 

remain in the lungs for 1 minute before withdrawing the 

fluid slowly. This was repeated as necessary. The pooled 

lavage fluid was centrifuged for 30 min at 175 g. The 

supernatant was analyzed for enzyme and biochemical 

constituents. The resuspended pellet was analyzed for 

cytology. The individual lobes of the lung were dissected 

from the heart-lung block and the remaining tissue was 

tared. The net difference in weight between the entire 

heart-lung block and the dissected tissue was used as the 

lung weight of the animal in all calculations. 

92 
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Analysis of Bronchoalveolar Lavage Fluid 

Acid and Alkaline Phosphatases. The assay for acid 

and alkaline phosphatase activity present in lung lavage 

fluid was performed according to Sigma Technical Bulletin 

#104 (1985) utilizing an assay kit (#104) from Sigma 

Chemical Co. All the reagents were used as provided. The 

0.1 N NaOH solution was prepared by dissolving 4.0 g 

(Mallinckrodt #7708) NaOH in 1 liter of H20. The 0.02 N 

NaOH was prepared by diluting 20 ml of the 0.1 N NaOH to 100 

ml with H20. 

Acid phosphatase catalyzed the hydrolysis of p

nitrophenol phosphate to p-nitrophenol in acidic media; 

alkaline phosphatase catalyzed the same reaction, only in 

basic conditions. The hydrolysis product is yellow in 

alkali. The level of phosphatase activity was proportional 

to the absorbance at 410 nm. The procedure for serum was 

modified by substituting 0.10 ml (for alkaline phosphatase) 

and 0.25 ml (for acid phosphatase) of the lavage fluid for 

the specified volume of serum. The standard curve was 

extended down to 0.05 Sigma units for quantification of 

activity. The activity expressed in Sigma units was 

converted to International Units by multiplying by 16.7. 

The activity was expressed as units/ml of lavage fluid. 

Lactate Dehydrogenase. The assay for lactate 

dehydrogenase activity present in the lung lavage fluid was 
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performed according to Sigma Technical Bulletin H228 (1986) 

utilizing a diagnostic kit (H228) from Sigma Chemical Co. 

The reagent was reconstituted with H20 just prior to the 

analyses. 

The lactate dehydrogenase catalyzed the oxidation of 

lactate to pyruvate while the simultaneously reducing 

nicotinamide adenine dinucleotide (NADH). NADH has a 

maximal absorbance at 340 nm; thus the rate in increased 

absorbance was directly proportional to the sample activity. 

A 50 ul aliquot of the lung lavage fluid was substituted for 

the sera during the analyses. The LDH activity 

(International Units/ml) was determined by multiplying the 

change in absorbance at 340 nm over 1 minute by 3.376. 

Protein. Protein levels in the lung lavage fluid 

were performed initially on 50 ul of the lavage fluid by the 

same method described earlier in this chapter (Schacterle 

and Pollack, 1973). If the absorbance of the protein 

samples was not within the linear range of the standard 

curve a smaller volume of lavage fluid was analyzed. 

Cytology. The pellet of cells obtained following 

centrifugation of the lavage fluid was resuspended in 1 ml 

of Dulbecco's phosphate buffered saline (Gibco Laboratories 

H 310-4190AJ). A 50 ul aliquot was added to 450 ul of a 0.2 

% Eosin Y (Fisher Scientific Co. HE-511) in physiological 

saline (w/v) solution. This sample was then applied to a 
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hemacytometer (American Scientific Products #B3175, McGaw 

Park, IL) and the number of erythrocytes and leukocytes were 

counted on a light microscope (Carl Zeiss Co. Universal 

Model, FRG) at a 400 X magnification by the method described 

by Mishell and Shiigi (1980). 

Another study was performed in collaboration with 

Dr. Edward Helton and Tina Roby at Lung/Check a division of 

CytoSciences Cupertino, CA. Rats (n = 3) were instilled 

with the appropriate dose of silica, GaAs or the saline 

vehicle. The following day, the lavage fluid was obtained 

and placed into the supplied container, which contained a 

preservative for shipping. The samples were analyzed for 

total and differential cell counts by flow cytometry. 

Pulmonary Alveolar Macrophage Cultures 

Procurement of Purified PAM 

The following reagents were prepared for harvesting 

a crude fraction of PAM and their subsequent separation from 

impurities present in the lung lavage fluid. 

Lavage solution: 0.5 g of disodium EDTA (Aldrich 

Chemical Co. #10,631,3) was added to 500 ml of the Dulbecco's 

phosphate buffered saline (DPBS) without CaCl2 and MgCl2 x 6 

H20 (Gibco Laboratories #310-4190) to yield a solution 0.1 % 

EDTA (w/v). 

Dulbecco's Modified Eagle Medium (DMEM). DMEM 
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powder with 4500 mg/ml D-glucose and L-glutamine and without 

sodium pyruvate and bicarbonate (Gibco Laboratories #430-

2100) or DMEM also without phenol red (Gibco Laboratories 

#430-3000) was reconstituted to 1 liter with H20 after the 

addition of 3.7 g NaHC0 3 (Gibco Laboratories #895-1810). 

The antibacterials penicillin, streptomycin, and neomycin 

(PSN Antibiotic Mixture, Gibco Laboratories #600-5640) and 

the antifungal and antiyeast drug, amphotericin (Fungizone, 

Gibco Laboratories #600-5295) were added to the DMEM to 

yield media 1 % (v/v) of the antibiotic solutions. The DMEM 

was then sterilized by filtration through a 0.2 urn filter 

apparatus (Nalge #450-0020, Rochester, NY). The solution 

had a shelf of approximately 1 month if refrigerated. The 

pH was monitored and adjusted to pH 7.4 before each 

experiment. 

Hanks Balanced Salt Solution (HBSS): HBSS was 

prepared by reconstituting the commercially available powder 

without phenol red (Gibco Laboratories #450-1201) with 1 

liter of H20. The HBSS was filtered through a 0.2 urn filter 

apparatus (Nalge #450-0020) to sterilize the solution. 

The procedure to lavage the lungs of laboratory 

animals was followed as described in the earlier section 

with the exception that the lungs were washed 8 times to 

maximize the yield of PAM (Brain and Frank, 1968 and 1973). 

Male Fischer-344 rats and Syrian golden hamsters 
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were purchased from SASCO (Omaha, NE) and allowed to 

acclimate for at least one week prior to use. Water and 

food were provided ad libitum throughout the studies. A 

normal diurnal cycle was maintained with artificial 

lighting. Pretreated rats were instilled with suspensions 

of GaAs (100 mg/kg) or silica (100 mg/kg) or saline vehicle 

alone. The rats were sacrificed 24 hours after dosing. 

Control animals were not instilled prior to PAM harvesting. 

The conditions employed for the purification and 

culturing of PAM were modifications of the experiments by 

Fisher and Placke (1987). After the pooled lavage fluid was 

centrifuged at 175 for 30 minutes, the supernatant was 

discarded and the cell pellet was resuspended in 1 ml of 

DPBS. A 50 ul aliquot was added to 450 ul of the 0.2 % 

Eosin Y solution and counted, based on the method of Mishell 

and Shiigi (1980) as described in the earlier section 

entitled "Cytology". Into each of the 24 wells of a tissue 

culture plate (Falcon #3047, Becton Dickinson Labware, 

Lincoln Park, NJ) was placed 1 ml of DMEM and 50 ul of 

autologous sera. Either an 150 ul aliquot of the solution 

of resuspended cells (test well) or DPBS (background well) 

was added subsequently. The culture plates were incubated 

at 370 C for 1.5 to 2.0 hours in a humidified and 5 % CO2 

atmosphere to allow the PAM to adhere to the well walls. 

The DMEM was carefully removed from each well by a syringe 



fitted with a 20 gauge needle. The DMEM was saved for 

assessing the cellular adherence of the PAM by a method 

described later. The wells were washed twice with 1 ml of 

the HBSS. The wells contained a strata of PAM and were 

ready for various culture studies. 

Cellular Adherence 
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A volume of resuspended cells equivalent to that 

placed into each test well was added to 1 ml of DMEM and 50 

ul sera. The absorbance at 650 nm of the resuspended cells 

and the DMEM withdrawn from the wells after incubation were 

compared to a DMEM and sera blank. The absorbance at 650 nm 

yielded results consistent with using a turbidimeter. The 

percentage adherence was determined by subtracting the 

ratio of absorbances of the DMEM after incubation to before 

incubation from unity and multiplying by 100. Control wells 

with less than 95 % adherence were not used in experiments. 

Superoxide Anion Production 

The assay to determine the production of super oxide 

anion by macrophages in culture was based on the reduction 

of the protein, ferricytochrome C. It had been suggested 

that the modification of the cytochrome C by succinoylating 

8 of the 18 free lysine groups, produced a protein with 

properties specific for reduction by 02- and slows the 

reduction by flavoproteins, a major contaminant in many 



preparations. The succinoylated cytochrome C was prepared 

and the results compared with the native protein under our 

experimental conditions. 
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Succinoylation of Ferricytochrome C. The following 

reagents were prepared for the modification of cytochrome C 

as described by Kuthan et ale (1982). 

2 M KOH: 28.0 g of KOH (Mallinckrodt U6984) was 

dissolved in 250 ml H20. 

0.03 M potassium phosphate buffer: 1.18 g KH2P04 

"and 5.20 g K2HP04 were dissolved in H20 and the pH was 

adjusted to 7.6 with the 2 M KOH. This solution was diluted 

to 1 liter. 

Ferricytochrome C solution: 8 umol (100 mg) of 

ferricytochrome C type III from horse heart (Sigma Chemical 

Co. UC-2506) was added to 40 ml of the phosphate buffer. 

Succinic anhydride: pellets of the solid were 

crushed in a mortar and pestle, to aid in its dissolution. 

Dialysate solution: 37.2 mg of disodium EDTA 

dihydrate (Aldrich Chemical Co. U10,631-3) was dissolved in 

1 liter of H20. 

The ferricytochrome C solution was vigorously 

stirred and ice-cooled during the slow addition (30 minute 

span) of 42 mg of succinic anhydride. The pH was carefully 

monitored and maintained at 7.6 by the addition of the 2 M 

KOH solution. After the addition succinic anhydride was 
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completed, the reaction solution was allowed to sit for 20 

minutes. The reaction solution was dialyzed at 40 C in the 

dialysate solution for 24 hours, changing the solution once. 

After the dialysis, the solution was concentrated to a 

volume of 20 ml with a rotary-flash evaporator and frozen. 

Measuring the Extent of Sucinnoylation. The 

following reagents were prepared for measuring the free 

amino groups of a protein as described by Habeeb (1966). 

0.1 % trinitrobenzenesulfonic acid (TNBS): 0.118 g 

of TNBS trihydrate ( Sigma Chemical Co. OP-5878) was 

dissolved in 100 ml of H20. 

4 % NaHC03 solution: 4.0 g NaHC03 (Gibco 

Laboratories 0895-1810) was dissolved in 75 ml of H20 and 

the pH was adjusted to 8.5 with either acid or base as 

necessary. 

10 % sodium dodecyl sulfate (SDS): 10 g of SDS 

(Sigma Chemical Co. OL-4509) was dissolved in 100 ml of H20 

without vigorously shaking - to prevent foaming. 

1 N HCl: 83.3 ml of concentrated HCl (J.T. Baker 

09530-3) was diluted to 1 liter. 

A 200 ul aliquot (approximately 1 mg protein) of the 

concentrated and dialyzed ferricytochrome C solution was 

diluted to 1 ml with H20. This sample was then added to 1 

ml of 4 % NaHC03 and 1 ml of the TNBS solution and heated 

for 2 hours at 40 oC. Following the reaction, 1 ml of the 
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SDS solution was added and the solution was acidified with 

0.5 ml of the 1 N HC1. The absorbance was measured at 335 

nm. A blank was prepared by performing the assay with 1 ml 

H20 in place of the protein solution. In order to determine 

the extent of succinoylation, a 1 mg sample of the native 

protein was also analyzed. 

Measurement of Superoxide Production in PAM 

cultures. The following reagents were prepared for the 

determination of 02-produced by PAM following various 

stimuli. The method described is a modification of the 

procedures described by Johnston et ale (1918) and Suzuki et 

al. (1986). 

Hanks balanced salt solution (HBSS): HBSS without 

phenol red was prepared by reconstituting the commercially 

available powder (Gibco Laboratories #450-1201). 

80 uM ferricytochrome C solution: 100 mg of 

ferricytochrome C Type IV from horse heart(Sigma Chemical 

Co. #C-1152) was dissolved in 100 ml of HBSS. 

80 uM succinoylated ferricytochrome solution: 100 

mg (20 ml of solution of modified protein) was diluted to 

100 ml with HBSS. 

Superoxide dismutase solution: SOD (Sigma Chemical 

#S-4636) 15,000 Units were dissolved in 100 ml of HBSS and 

stored in an ultracold freezer until use. 

As (III) solution: 28.8 mg of NaAs02 was dissolved 
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in 10 ml dd H20 and adjusted to pH 7.4 by addition of 1 N 

HCl. The solution was diluted to a final volume of 20 mI. 

Dissolution products of GaAs: 50 mg of GaAs was 

dissolved in 10 ml HBSS for several hours and centrifuged at 

3000 x g for 15 min. The supernatant was decanted with a 

disposable pipet and saved for use in these studies. 

To each well of the tissue culture plate with PAM 

was added 1 ml of either the native or modified 

ferricytochrome C solution. Either 100 ul of HBSS 

(control), opsonized zymosan solution (positive particulate 

control), PMA stimulant solution (positive direct control), 

or approximately 5 mg of the test particulate was added to 

the wells containing cells. Addition of the soluble As 

solution gave a final concentration of 1 mmol in the media. 

A blank was obtained by the addition of 100 ul of the SOD 

solution to a well to remove any residual 02-. The addition 

of SOD to test wells was also performed to determine the 02-

mediated reduction of the cytochrome protein. The culture 

plate was incubated at 370 C in a humidified and 5 % CO2 

atmosphere for go minutes. The solutions from each well 

were decanted into Eppendorf microcentrifuge tubes and spun 

at 8000 g for 2 minutes to clear the solution of cells and 

particulates. The absorbances were measured at 550 nm. The 

nmol of superoxide formed was calculated by comparing the 

increase in sample absorbance in the presence and absence of 
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SOD. For a 1 cm cell path length, the net absorbance at 550 

multiplied by the extinction coefficient (47.6) equals the 

nmol cytochrome reduced (or nmol 02- produced). 

Measurement of superoxide release from single PAM. 

Cells were obtained and purified for these studies, as 

described earlier. This work was carried out in the 

laboratories of R. Clark Lantz (Department of Anatomy, 

University of Arizona.) An electrooptical method measuring 

the reduction of nitro blue tetrazolium (NBT) to diformazan 

precipitate was employed (DiGregorio et al., 1987.) 

Videorecorded images of individual cells (magnified on an 

inverted microscope) were analyzed for changes in the 

optical density of the PAM at 550 nm. The mass of 

diformazan produced is proportional to the change in 

cellular optical density and the superoxide produced. The 

recordings of the cells were played through a video 

photometric analyzer and the computer generated calculations 

of optical density were stored on a personal computer. 

Hydrogen Peroxide Production 

The following reagents were prepared for the 

determination H202 produced by PAM following various stimuli 

based on a modification of the method described by Pick and 

Keisari (1980). 

10 mM phosphate buffer solution (pH 7): 0.4 g 
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KH2P0 4 (J.T. Baker #3246-1), 1.25 g K2HP04 (J.T. Baker 

#3252-1), B.5 g NaCI (Mallinckrodt #75B1) and 1 g D-glucose 

(#4912) were dissolved in 1 liter H20. 

Phenol red stock solution: 100 mg of cell culture 

tested phenol red (Sigma Chemical Co. U P-5530) was 

dissolved in 10 ml H20. 

Peroxidase stock solution: 5000 Units of peroxidase 

from horseradish (Sigma Chemical Co. UP-BOOO) was dissolved 

in 5 ml H20 and kept frozen until used. 

Phenol red reaction solution (PRS): 1.0 ml of 

peroxidase stock solution and 1.0 ml of the phenol red stock 

solution were combined and diluted to 100 ml with the 10 mM 

phosphate buffer solution. One hour prior to use, the PRS 

is heated to 37 0 C in a 5 % CO2 and 95 % air atmosphere. 

0.1 N NaOH: 400 mg NaOH (Mallinckrodt # 770B) was 

dissolved in 100 ml H20. 

100 uM H202 stock solution: 100 ul of a 0.1 M H202 

solution (prepared as described in the catalase section) was 

diluted with H20 to 100 mI. This yielded a solution that 

contained 10 nmol H202 in 100 ul H20. 

To each well of the tissue culture plate with PAM 

was added 1 ml of the PRS. Either 100 ul of HBSS (control), 

opsonized zymosan (positive particulate control), PMA 

stimulant solution (direct positive control), or 5 mg of 

GaAs was added to the wells containing cells. The culture 
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plate was incubated at 37°C in a humidified and 5 % CO2 and 

95 % air atmosphere for 90 minutes. After the incubation, 

the PRS was decanted into Eppendorf microcentrifuge tubes 

and 100 ul of 0.1 N NaOH solution was added. The tubes were 

centrifuged at 8000 g for 2 minutes to clear the solutions 

of free cells or particulates. The absorbances were 

measured at 610 nm. To calculate the nmol of H202 produced 

under these conditions the absorbance at 610 nm was 

,multiplied by the extinction coefficient (10). To check the 

results 100 ul of the 100 uM H202 (10 nmol) was added to 1 

ml of the PRS and allowed to stand 10-15 minutes prior to 

reading. Reactions of the various compounds with the PAM in 

the PRS, without the horseradish peroxidase, were performed 

to detect any changes in absorbance due to the nature of the 

interaction of the chemicals with the cells. 

Toxicity of Particles to PAM 

The following reagents were prepared for the 

determination of the cytotoxicity of several different 

particulates towards PAM as indicated by the release of LDH 

into the media. 

25 mM HEPES Buffered Dulbecco's Modified Eagle Media 

(HBDMEM): DMEM powder without phenol red (Gibco 

Laboratories #430-3000) was reconstituted to 1 liter after 

the addition of 1.33 g NaHC03 (Gibco Laboratories #895-1810) 



and 5.958 g N-2-Hydroxyethylpiperazine-N'-ethane sulfonic 

acid (HEPES: Gibco Laboratories #845-1344). 
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As (III) solution: 28.8 mg of NaAs02 was dissolved 

in 10 ml dd H20 and adjusted to pH 7.4 by addition of 1 N 

HCl. The solution was diluted to a final volume of 20 mI. 

As (V) solution: 62.4 mg of Na2HAs04 x 7 H20 was 

dissolved in 10 ml dd H20 and adjusted to pH 7.4 by addition 

of 1 N HCl. The solution was diluted to a final volume of 

20 mI. 

Lactate dehydrogenase control: Sigma Enzyme Control 

2-N (Catalog No. S 2005) was reconstituted as directed. 

To each well of the tissue culture plate with PAM 

was added 1 ml of fresh medium (HBDMEM) and 50 ul of 

autologous sera. Aliquots (100 ul) of the dosing solutions 

of the soluble As solutions, vehicle alone, or 5 mg of the 

test particles were added to the wells. (The soluble As 

solutions gave a final concentration of 1 mmol.) Silica was 

used as the positive control. Background LDH levels in the 

sera were assessed by running media and sera without cells 

in culture. After incubating the PAM for 24 hours, a 50 ul 

aliquot of the media was analyzed for LDH activity as 

described earlier (Sigma Technical Bulletin #228, 1986). 

To test whether the presence of As in solution 

inhibits the activity of the LDH, aliquots of the LDH 

control were incubated with either As (III), As (V) or dd 
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H20 (control.) The activities were determined after 

incubating the solutions overnight under the same conditions 

as the cell culturing but without the cells. A fresh 

sample was analyzed immediately to detect any loss in 

activity from incubating overnight. All tests were run in 

triplicate. 

Dissolution Studies 

The dissolution of GaAs in various media was 

performed to determine if during this process the production 

of 02- or H202 had occurred. The assays for H202 and 02-

were done as described in the previous sections with some 

exceptions: 1) All the wells of the tissue culture plate 

were cell free. 2) The test samples were incubated for 

varying time points between 1.5 - 24 hours. 3) A set of 

samples was run simultaneously in the presence of 15 units 

of SOD to determine if the reaction with the indicators 

used in each assay was 02- mediated. 4) A set of samples 

was run for the H202 assay without peroxidase present in 

the PHS, to determine if the indicator change was H202 

mediated. 5) The reaction in the H202 assay was terminated 

with 100 ul of 1 N NaOH. The following buffers were 

prepared for the dissolution studies. 

0.05 M Tris-HCl buffer (pH 7.4): 6.06 g of Trizma 

base (Sigma Chemical Co. #T-1503) was dissolved in 800 ml of 

H20. 1 N HCl was added until the desired pH was reached. 
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This solution was diluted to 1 liter. 

Krebs-Ringer phosphate buffer (pH 7.4; 0.1 M P04-3) 

7.6125 g NaCl (Mallinckrodt 07581), 0.383 g KCl (Matheson, 

Coleman and Bell OPX1405), 0.153 g CaC1 2 (J.T. Baker 01309) 

and 0.318 g MgS04 [7 H20] (Matheson, Coleman and Bell 

OMX70) were dissolved in 100 ml of H20. This solution was 

diluted with 900 ml of H20 containing 1.419 g Na2HP04 

(Matheson, Coleman and Bell OSX720). 

To calculate the results for the production of 02-' 

the difference between the net increase in absorbance in the 

samples treated with SOD and without SOD was used. The 

amount of H202 produced was calculated by using the net 

difference between the reaction solution with and without 

peroxidase. 

Histopathology 

Male Fischer-344 rats and Syrian golden hamsters 

were purchased from SASCO (Omaha, NE) and allowed to 

acclimate for at least one week prior to use. Water and 

food were provided ad libitum throughout the studies. A 

normal diurnal cycle was maintained with artificial 

lighting. 

Studies were performed to compare if any 

histological differences were evident 1 week following the 

intratracheal instillation of rats and hamsters with 5 mg/kg 



As (III) or 100 mg/kg GaAs. Three animals were in each 

treatment group. The following procedure minimized the 

postmortem tissue damage prior to fixing. 
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One week postexposure, the animals were anesthetized 

with sodium pentobarbital. After the animal was 

unresponsive to external stimuli but still breathing, an 

incision was made the length of the ventral side of the 

abdomen. The rib cage was removed and the trachea was 

exposed and carefully nicked on the top so a tube could be 

placed inside the lumen. The tubing was then secured in 

place with 000 suture. The inferior vena cava was punctured 

to exsanguinate the lungs. The diaphragm was cut and the 

fixative was allowed to perfuse into lungs at a pressure of 

20 mm water for 1 hour. A modified Karnovsky solution was 

employed as the fixing agent. (This fixative is 2 % 

formaldehyde, 2.5 % glutaraldehyde, and 0.01 % picric acid 

in 0.1 M phosphate buffer.) The heart lung block was 

removed, immersed in more fixative, and stored at 40 C 

overnight. 

The following day the left lung was sliced at the 

hilus region with a blade. This thick tissue sample was 

embedded in paraffin for microtome processing, sectioned and 

stained with hematoxylin and eosin. The slides were 

evaluated by Dr. R. Clark Lantz by light microscopy 

(Department of Anatomy, University of Arizona.) 



Statistics 

Comparisons of the values obtained in all the 

studies were performed after applying the appropriate 

mathematical transformations to normalize the data. The 

results in the PAM cytotoxicity studies, expressed as 

percentage of total LDH released into the media, were 

transformed by the arcsin(p)1/2 (where the p value is the 

percentage divided by 100.) The results, expressed as 

percentage of total cell counts, of the differential cell 

count of the BALF of rats intratracheally instilled with 

saline, GaAs or silica, were transformed similarly. Both 

transformations yield values which better fit a normal 
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distribution. All other values were assumed to fit a normal 

distribution since the animals were randomized and chosen 

without bias. The standard deviations associated with the 

means of the pulmonary antioxidant studies (expressed as 

percentage of control) were determined by the correct error 

propagation; where S.D. = V [(Sx /X )2 + (Sy/y)2]1/2. (X and 

Yare the means of the original calculated control and test 

values, respectively; Sx and Sy are the standard deviations 

of the original calculated values; V = 100[Y/X].) The 

optical densities of the cells, in the O2- production by 

individual PAM, also incorporated the use of error 

propagation. However, due to a third variable (Z) the 

standard deviation = V [(Sx /X )2 + (Sy/y)2 + (Sz/Z)2]1/2; 
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where V = (X + Y + Z)/ 3. Since all values were assumed to 

fit a normal distribution, two-way or one-way analysis of 

variance and Newman-Keuls multiple means comparison tests 

were used to determine statistically significant differences 

between the test groups, as deemed necessary. Newman-Keuls 

method was employed since it is more powerful than the 

Student's Q method in detecting real differences, although 

it may not give the same protection as the Student's Q 

method (Snedecor and Cochran, 1982.) All differences in 

values were considered statistically significant if p ~ 0.05. 



CHAPTER 3 

RESULTS 

Pulmonary Antioxidant Studies 

Antioxidant Enzyme Activities 

The superoxide dismutase activities (expressed as 

percentage of control) of both the hamsters and rats, 

following exposure did not differ significantly from the 

control animal values (Figure 5.) Table 1 and Table 2 
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reflect the same result when the values are expressed as 

enzyme activities. Although the SOD activities of the GaAs 

treated hamsters were not different from the control, there 

was a reduction (about one-half the activity) in the SOD 

activity following the higher dose. 

Pulmonary catalase activities, 24 hours following 

instillation, did not differ from the control in any of the 

rat treatment groups (Figure 6.) Table 1 shows that the 

silica and high GaAs treatments induced CAT activities 

almost twice those following low GaAs and Ga203 exposures. 

Although Figure 6 shows that only the silica treatment had a 

percentage activity greater than control, the actual 

activities of the As02-, high GaAs dose, and silica were 

significantly elevated over the control levels (Table 2). 
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Figure 5. Pulmonary superoxide dismutase (SOD) 
activity following intratracheal 
instillation. Animals (n = 3) were given the 
appropriate dose of saline vehicle (control), 
NaAs02 (As), Ga203 (Ga), GaAs (High and Low), 
and s1lica. After 24 hours, the lungs were 
excised, homogenized and centrifuged at 104 x 
g. The supernatant was analyzed for SOD 
activity by the method described by Misra and 
Fridovich, 1972. Activities were converted to 
~ercentage of control. Values are mean ~ S.D. 
Values are significantly different from 

control value of corresponding animal (p ~ 
0.05). 



Table 1 

Antioxidant Enzyme Activities Following Intratracheal Instillation of Ratsa 

Treatment Group SOD b CATc GSH-PX d 

Control 25.2 ± 2.5 e 0.442 ± 0.057 f ,g 9.49 ± 1.03h ,j 

Ga203 24.7 ± 6.8 e 0.337 ± 0.029f 9.46 ± 0.50 h 

As02- 24.5 ± 6.1 e 0.462 ± 0.035 f ,g 11.2 ± 0.01 j 

High 27.6±4.4 e 0.661 ± 0.098g 11.0 ± 0.15 j 

Low 32.0 ± 1.7e o .380 ± 0.017 f 8.81 ± 0.52 h 

Silica 21.6 ± 4.3 e 0.663 ± 0.118g 11.4 ± 0.20 j 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' GaAs (High and Low), and shlica. After 24 hours, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
various enzyme activities. Values are mean ± S.D. Values not sharing common letters 
are significantly different from each other (p ~ 0.05). 

bSuperoxide dismutase activity. Activity was determined as the percentage 
inhibition of the autooxidation of epinephrine (Misra and Fridovich, 1972). 

CCatalase activity. Activity was determined as the mmol H202 consumed/min 
(Sinha, 1972). 

dGlutathione peroxidase activity. Activity was determined as the umol 
glutathione consumed/min (Chiu et al., 1976). 

-" 
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Table 2 

Antioxidant Enzyme Activities Following Intratracheal Instillation of Hamsters a 

Treatment Group SODb CATc GSH-PX d 

Control 26.8 ± 4.2 e ,f 0.916 ± 0.012g 8.99 ± 0.32k 

Ga203 28.8 ± 7.5 e ,f 0.700 ± 0.070h 5.98 + 2.38k 

As02- 20.0 .:t 6.6 e ,f 1.20 ± 0.14g ,j 20.2 ± 2.2m 

High 14.8 ± 3.g e 1.40 ± 0.28g ,j 13.0 ... 0.9 n 

Low 33.0 ± 2.8 f 0.909 + 0.014g 7 .83 + 1.2 9k 

Silica 20.2 ± 5.3 e ,f 1.67 ± 0.20 j 13.7 ± 2.2k ,m,n 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' GaAs (High and Low), and s~lica. After 24 hours, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
various enzyme activities. Values are mean + S.D. Values not sharing common letters 
are significantly different from each other (p ~ 0.05). 

bSuperoxide dismutase activity. Activity was determined as the percentage 
inhibition of the autooxidation of epinephrine (Misra and Fridovich, 1972). 

CCatalase activity. Activity was determined as the mmol H202 consumed/min 
(Sinha, 1972). 

dGlutathione peroxidase activity. Activity was determined as the umol 
glutathione consumed/min (Chiu et al., 1976). 

~ 

U1 



116 

250 

DRat 
_ Hamster a 

Figure 6. Pulmonary catalase (CAT) activity following 
intratracheal instillation. Animals (n = 3) 
were given the appropriate dose of saline 
vehicle (control), NaAs02 (As), Ga203 (Ga), 
GaAs (High and Low), and silica. After 24 
hours, the lungs were4excised, homogenized 
and centrifuged at 10 x g. The supernatant 
was analyzed for CAT activity by the method 
described by Sinha, 1972. Activities were 
converted to percentage of control. Values 
are mean + S.D. aValues are significantly 
different from control value of corresponding 
animal (p ~ 0.05) . 



The Ga203 treated hamsters had an CAT activity less than 

both the control and low GaAs animals. 
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Glutathione peroxidase activities of rats following 

all the treatment groups did not differ from the control due 

to the large variance of the vehicle instilled animals 

(Figure 7.) The GSH-PX activity after silica and the high 

GaAs dose were significantly greater (almost double) than 

the Ga203 and low GaAs treatment groups (Table 1). The GSH

PX activity of the hamsters instilled with the As02- was 

twice the enzyme activity following the high GaAs dose 

(Table 2). Both values were greater than the control 

(Figure 7.) There was no significant difference between the 

control and the Ga203 and low GaAs groups. 

Biomolecule Quantification 

Figure 8 and Table 3 show a significantly lower 

level of pulmonary ascorbic acid in rats following the high 

GaAs dose as compared to the control group. Although there 

was no significant difference between the control and 

treatment groups, in the hamster data, the silica and both 

GaAs groups had ascorbate levels less than the As02- and 

Ga203 treated hamsters (Table 4.) 

The total pulmonary nonprotein sulfhydryl levels 

were elevated over the control group following As, silica 

and high GaAs exposure for both the hamsters and rats 
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Figure 7. Pulmonary glutathione peroxidase (GSH-PX) 
activity following intratracheal 
instillation. Animals (n = 3) were given the 
appropriate dose of saline vehicle (control), 
NaAs02 (As), Ga203 (Ga), GaAs (High and Low), 
and sllica. After 24 hours the lungs were 4 
excised, homogenized and centrifuged at 10 x 
g. The supernatant was analyzed for GSH-PX 
activity by the method described by Chiu, et 
al., 1976. Activities were converted to 
~ercentage of control. Values are mean ~ S.D. 
Values are significantly different from 

control value of corresponding animal 
(p ~0.05). 
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Pulmonary ascorbic acid levels following 
intratracheal instillation. Animals (n = 3) 
were given the appropriate dose of saline 
vehicle (control), NaAs02 (As), Ga203 (Ga), 
GaAs (High and Low), and silica. After 24 
hours, the lungs were4excised, homogenized 
and centrifuged at 10 x g. The supernatant 
was analyzed for ascorbic acid levels by the 
method described by Kyaw, 1978. Levels were 
converted to percentage of control. Values 
are mean ~ S.D. aValues are significantly 
different from control value of corresponding 
animal (p~0.05). 



Table 3 

Antioxidant Biomolecule Levels Following Intratracheal Instillation of Ratsa 

Treatment Group Ascorbic Acid b NPSH c Protein d DNAd 

Control 175 ± 5e 1 .13 ± 0.06g 39.1 ± 7.9 j ,k 1.99 ± 0.05 n 

Ga203 232 ± 33e 1 .21 + 0.2 9g , h 42.9 + 1.9 j 1 .64 ± 0.33n 

As02- 205 ± 22e 2.00 + 0.16 h 55.0 ± 2.9 k 2.65 ± 0.13 P 

High 135 ± 5f 1.46 + O.Ogh 103. ±2.m 6.31 ± 1.08Q 

Low 168 ± 20e ,f 0.72 ± 0.05 k 45.9 + O.gj 2.57 ± 0.27n ,P 

Silica 211 + 26 e 2.26 ± 0.29h 103. + 5.m 4.59 + 0.25 Q 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' GaAs (High and Low), and s~lica. After 24 hours, the lungs were 
excised, homogenized and centrifuged at 10 x g. An aliquot of the homogenate was 
analyzed for DNA prior to centrifugation. The supernatant was analyzed for the various 
biomolecules. Values are mean ± S.D. Values not sharing common letters are 
significantly different from each other (p ~ 0.05). 

bAscorbic acid levels were determined (Kyaw, 1978) and expressed as ug/lung. 

cNonprotein sulfhydryl levels were determined (Sedlak and Lindsay, 1968) and 
expressed as mmol/lung. 

dprotein levels (Schacterle and Pollack, 1973) and deoxyribonucleic acid levels ~ 
were determined (Burton, 1956) and expressed as mg/lung. 0 



Table 4 

Antioxidant Biomolecule Levels Following Intratracheal Instillation of Hamstersa 

Treatment Group Ascorbic Acid b NPSHc Protein d DNAd 

Control 205 ± 33 e ,f 1 .10 + 0.0 5g 40.9 ± 2.7 j 2.54 + 0.18n 

Ga203 379 + 80 e 0.813 + 0.202g 42.5 + 4.7 j ,k 1 .16 + 0.2 9P 

As02- 222 + 8e 2.50 + 0.62h 64.7 ± 8.8k ,m 2.68 ± 0.06 n 

High 169 + 18f 1 .55 + O. 1 9g , h 153. ± 42.m 4.69 + 0.78 Q 

Low 156 + 20f 0.980 + 0.070g 46 .6 ± 7.9 j, k 3.09 ± 1.11 n ,P,Q 

Silica 179 + 6f 1.77 ± 0.11 h 83.4 + 2.7m 3.53 + 0.19Q 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' GaAs (High and Low), and s~lica. After 24 hours, the lungs were 
excised, homogenized and centrifuged at 10 x g. An aliquot of the homogenate was 
analyzed for DNA prior to centrifugation. The supernatant was analyzed for the various 
biomolecules. Values are mean ± S.D. Values not sharing common letters are 
significantly different from each other (p ~ 0.05). 

bAscorbic acid levels were determined (Kyaw, 1978) and expressed as ug/lung. 

cNonprotein sulfhydryl levels were determined (Sedlak and Lindsay, 1968) and 
expressed as mmol/lung. 

dprotein levels (Schacterle and Pollack, 1973) and deoxyribonucleic acid levels ~ 
were determined (Burton, 1956) and expressed as mg/lung. 
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(Figure 9 and Tables 3 and 4). The As and silica had a more 

pronounced effect than the GaAs. The rats given the GaAs 

(10 mg/kg) had significantly lower nonprotein sulfhydryl 

levels than all the other treatment groups. 

The amount of protein present in the lungs of 

hamsters and rats, following the instillation of silica and 

the high dose of GaAs, were significantly elevated (Figure 

10.) The As treated rats had significantly greater levels 

of Protein than the low GaAs and Ga203 groups but almost 

one-half the levels of the silica and GaAs (100 mg/kg) 

treated rats (Table 3.) Due to a large standard deviation, 

the hamster results did not exhibit this trend (Table 4.) 

The low GaAs treatment groups and the Ga203 animals levels 

were not significantly different from the control values. 

Figure 11 depicts the increased levels of DNA found 

in the rats instilled with silica, NaAs02' and the high dose 

of GaAs when compared to the control animals. The low GaAs 

treatment did not differ significantly from the As rats 

(Table 3.) The Ga203 hamster group had DNA levels 

significantly lower than the control (Table 4). Only the 

silica and high dose GaAs hamsters exhibited DNA levels 

significantly greater than the control group. 

Effect of Time on Antioxidant Studies 

The wet lung weight/total body weight ratio 
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Figure 9. Pulmonary nonprotein sulfhydryl levels 
following intratracheal instillation. Animals 
(n = 3) were given the appropriate dose of 
saline vehicle (control), NaAs02 (As), Ga203 
(Ga), GaAs (High and Low), and silica. After 
24 hours, the lungs were excised, 
homogenized and centrifuged at 104 x g. The 
supernatant was analyzed for nonprotein 
sulfhydryl levels by the method described by 
Sedlak and Lindsay, 1968. Levels were 
converted to percentage of control. Values 
are mean ~ S.D. aValues are significantly 
different from control value of corresponding 
animal (p ~0.05). 
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Figure 10. pulmonary protein levels following 
intratracheal instillation. Animals (n = 3) 
were given the appropriate dose of saline 
vehicle (control), NaAs02 (As), Ga203 (Ga), 
GaAs (High and Low), and silica. After 24 
hours, the lungs were4excised, homogenized 
and centrifuged at 10 x g. The supernatant 
was analyzed for protein levels by the method 
described by Schacterle and Pollack, 1973. 
Levels were converted to percentage of 
control. Values are mean ~ S.D. aValues are 
significantly different from control value of 
corresponding animal (p ~ 0.05). 
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Figure 11. Pulmonary deoxyribonucleic acid (DNA) levels 
following intratracheal instillation. Animals 
(n = 3) were given the appropriate dose of 
saline vehicle (control), NaAs02 (As), Ga20~ 
(Ga), GaAs (High and Low), and silica. After 
24 hours, the lungs were excised, homogenized 
and 4an aliquot removed prior centrifugation 
(10 x g.) This aliquot was analyzed for DNA 
levels by the method described by Burton, 
1956. Levels were converted to percentage of 
control. Values are mean ~ S.D. aValues are 
significantly different from control value of 
corresponding animal (p ~ 0.05). 
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displayed no significant changes from 24 to 96 hours 

withineach treatment group (Table 5.) The Ga203 treatment 

did not lead to any significant increase over the control. 

The As (III) treated hamsters had significantly increased 

(about double) lung weight over the control throughout the 4 

days. The high GaAs dose group had a significantly greater 

lung/body weight ratio than the control hamsters at 24 and 

48 hours, only. The low dose GaAs showed a similar trend at 

the 48 hour time point only since the variance at 24 hours 

was great. 

Antioxidant Enzymes. The superoxide dismutase 

activities did not significantly change among the control 

and treatment groups at the specified time points (Table 6.) 

The catalase activities also did not exhibit significant 

changes in trends among each animal test group (Table 7.) 

The results for GSH-PX activity, at the various time points, 

did not alter significantly in each treatment group (Table 

8); the same trend (As> GaAs (100mg/kg) > Ga, GaAs 

(10mg/kg) and control) existed at all time points. Time did 

not appear to have any effect on the enzyme activities 

between 1 day and 4 days postexposure. 

Biomolecules. Ascorbic acid levels did not 

significantly change over the specified time points (Table 

9.) The large standard deviation for the Ga203 group was 

due to the large variance for the vitamin C levels among all 



Table 5 

Wet Lung Weight/Total Body Weight Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 4.73 ± 0.15b <---------
Ga203 7.14 + 1.67b ,c 6.25 + 1.89b ,c 5.69 + 1.60b ,c 

As02- 10.3 ± 1 .2 c 11 .8 ± 2.5 c 7 .16 ± 0.83 c 

High 10.3 ± 2.6 c 12.4 + 2.3 c 9.29 ± 2.77b ,c 

Low 8.61 ± 1.81 b ,c 7.36 ± 0.73c 4.99 + 0.70b ,c 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga20~, and GaAs (High and Low). At the specified time, the lungs were 
excised, the five lobes removed and weighed. The quotients of the wet lung weight 
(mg) to the total body weight (g) were calculated. Values are mean ± S.D. Values not 
sharing common letters are significantly different from each other (p ~ 0.05). 
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Table 6 

Superoxide Dismutase Activity Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 26.8 ± 4.2 b ,c <---------
Ga203 28.8 ± 7.5 b ,c 40.6 ± 7.6 b ,c 32.3 ± 10.8b ,c 

As02- 20.0 ± 6.6 b ,c 34.1 ± 22.3 b ,c 24.6 ± 9.3 b ,c 

High 14.8 ± 3.9 b 19.5 ± 23.3 b ,c 17.7 ± 17.0b ,c 

Low 33.3 ± 2.8 c 26 .8 ± 7. 1 b , c 32.6 ± 13.7b ,c 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). A~ the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
superoxide dismutase activity in total lung. Activity was determined as the percentage 
inhibition of the autooxidation of epinephrine (Misra and Fridovich, 1972.) Values are 
mean ± S.D. Values not sharing common letters are significantly different from each 
other (p ~ 0.05). 
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Table 7 

Catalase Activity Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 0.916 + 0. 012b <---------
Ga203 0.700 + 0.070c 0.748 ± 0.017c 0.759 ± 0.015c 

As02- 1 .20 + 0.1 4b o .880 + O. 173 b , c 0.939 ± 0.271 b ,c 

High 1 .40 ± 0.2 8b 1.84 ± 0.40b ·1.43 ± 0.36 b ,c 

Low 0.909 + 0. 014b 1 .07 ± 0.11 b 0.919 + O. 024b 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). Aij the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
catalase activity in total lung. Activity was determined as the mmol H202 
consumed/min (Sinha, 1972.) Values are mean ± S.D. Values not sharing common letters 
are significantly different from each other (p ~ 0.05). 
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Table 8 

Glutathione Peroxidase Activity Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 8.99 ± 0.32b <---------
Ga203 5.98 + 2.38b 8.20 ± 1.92b ,e 8.16 + 1.67b 

As02- 20.2 + 2.2 c 21.8 ± 1.5 c 20.8 + 0.32c 

High 13.0 + 0.9 d 12.7 ± 1.2d ,e 13.8 ± 0.5 d 

Low 7 .83 ± 1.2 9b 9.14 ± 0.43b 6.97 + 0.76b 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). A~ the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
glutathione peroxidase activity in total lung. Activity was determined as the umol 
glutathione consumed/min (Chiu et aI, 1976.) Values are mean + S.D. Values not sharing 
common letters are significantly different from each other (p ~ 0.05). 
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Table 9 

Ascorbic Acid Levels Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 205 + 33b ,c <---------
Ga203 379 ± 80b 401 + 430 b,c 430 ± 83 b 

As02- 222 ± 8b 212 ± 10b 257 + 7b ,d 

High 169 + 18c 186 + 12b ,c 193 ± 11 c 

Low 156 + 20c 216 ± 55b ,c 201 ± 31 c ,d 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). A~ the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
ascorbic acid levels (ug) in total lung (Kyaw, 1978.) Values are mean ± S.D. Values 
not sharing common letters are significantly different from each other (p ~ 0.05). 
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3 hamsters. At 96 hours, the pulmonary ascorbic acid 

levels of the high dose GaAs animals remained less than the 

vitamin C levels of the Ga203 and NaAs02 treated hamsters. 

The amount of pulmonary nonprotein sulfhydryl groups did not 

significantly change at the specified time points (Table 

10.) Time did not produce any significant changes within 

each treatment group when comparing pulmonary protein levels 

(Table 11.) There were no changes in DNA over time, either 

(Table 12.) 

Bronchoalveolar Lavage Studies 

The wet lung/total body weight ratios of the animals 

tested in these studies is depicted in Figure 12. The 

lung/body weight ratios of the As (III) treated animals were 

significantly greater than the controls. The trends seen 

here closely resemble those observed in the antioxidant 

studies. The same doses were given in these studies as the 

antioxidant studies. Note that only the high dose (100 

mg/kg of GaAs was tested in the BALF studies. 

Biochemical Analyses 

The lactate dehydrogenase and alkaline phosphatase 

activity in the BALF of both the hamster and the rat showed 

significant changes (Figure 13 and 14.) The As (III), GaAs 

and silica treated rats exhibited increased activities of 

both enzymes when compared to the Ga203 and control animals. 



Table 10 

Nonprotein Sulfhydryl Levels Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 1.10 ± 0.05 b <---------
Ga203 0.813 ± 0.202b 0.860 ± 0.295b 0.807 ± 0.100b 

As02- 2.50 ± 0.62c 2.54 + 0.34c 1.91 ± 0.14 c 

High 1 .55 ± 0 .19b , c 1 .95 ± 0 .22b , c 1.72 + 0.29b ,c 

Low 0.980 + 0.070b 1 .45 ± 0.2 8b , c 1 .25 ± 0.14b 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). At the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
nonprotein sulfhydryl levels (mmol) in total lung (Sedlak and Lindsay, 1968.) Values 
are mean ± S.D. Values not sharing common letters are significantly different from 
each other (p ~ 0.05). 
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Table 11 

Protein Levels Following Intratracheal Instillation of Hamstersa 

Treatment Group 2l! hr l!8 hr 96 hr 

Control ---------) l!0.9 + 2.7b <---------
Ga203 l!2.5 ± l!.7 b ,c 30.7 ± 5.1 b 29.4 ± 5.4 b 

As02- 6l!.7 ± 8.8c ,d 6l!.0 + l!.6 c ,d l!9.8 ± 3.6 b ,c 

High 15l!. + l!2. d ,e 227. ± 57. e 159. ± 17. d ,e 

Low l!6 .8 ± 7.9 b , c 59.l! + 12.0b ,c,d 39.2 ± 8.2 b ,c 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(As02-), Ga203' and GaAs (High and Low). A4 the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. The supernatant was analyzed for the 
protein levels (mg) in total lung (Schacterle and Pollack, 1973.) Values are mean + 
S.D. Values not sharing common letters are significantly different from each other (p 
~ 0.05). 

-" 

w 
~ 



Table 12 

Deoxyribonucleic Acid Levels Following Intratracheal Instillation of Hamstersa 

Treatment Group 24 hr 48 hr 96 hr 

Control ---------> 2.54 + 0.18b <---------
Ga203 1 .16 + 0.29c 0.967 ± 0.139c 1.27+0.30c 

As02- 2.68 ± 0.06 b 2.77 ± 0.09 b 2.68 + 1.00b ,c,d 

High 4.69 ± 0.78 d 5.03 + 0.68d 4.21 ± 0.6 1d 

Low 3.09 + 1.11 b ,c,d 3.26 + 0.77b ,d 2.59 + 0.92b ,c,d 

a Animals were given the appropriate dose of saline vehicle (control), NaAs02 
(AS02-), Ga203' and GaAs (High and Low). A4 the specified time, the lungs were 
excised, homogenized and centrifuged at 10 x g. An aliquot of the homogenate, prior 
to centrifugation, was analyzed for the deoxyribonucleic acid levels (mg) in total 
lung (Burton, 1956.) Values are mean ± S.D. Values not sharing common letters are 
significantly different from each other (p ~ 0.05). 
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Figure 12. The wet lung weight: total body weight ratio 
of animals following intratracheal 
instillation. Animals (n = 3) were given the 
appropriate dose of the saline vehicle 
(control), Ga20~, NaAs02 (As[III]), GaAs and 
silica. After 2ij hours, the lung-heart block 
of the animals were excised. The net weight 
of the lung lobes was determined. Values are 
mean + S.D. Values not sharing common letters 
are significantly different from each other 
for the corresponding animal (p ~ 0.05). 
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Figure 13. The lactate dehydrogenase (LDH) activity in 
the bronchoalveolar lavage fluid (BALF) of 
animals following intratracheal instillation. 
Animals (n = 3) were given the appropriate 
dose of the saline vehicle (control), Ga20~, 
NaAs02 (As[III]), GaAs and silica. After 2~ 
hours the lungs were excised and lavaged 
twice. The BALF was analyzed for LDH activity 
(Sigma, 1986) and expressed as mIU/ml. Values 
are mean ~ S.D. Values not sharing common 
letters are significantly different from each 
other for the corresponding animal (p ~ 
0.05) . 



138 

7 CJ Rat e 
- Hamster 6 b 

5 

4 

3 

2 

1 

GaAs silica 

Figure 14. The alkaline phosphatase activity in the 
bronchoalveolar lavage fluid (BALF) of 
animals following intratracheal instillation. 
Animals (n = 3) were given the appropriate 
dose of the saline vehicle (control), Ga20~, 
NaAs02 (As[III]), GaAs and silica. After 2~ 
hours the lungs- were excised and lavaged 
twice. The BALF was analyzed for alkaline 
phosphatase activity (Sigma, 1985) and 
expressed as mIU/ml. Values are mean + S.D. 
Values not sharing common letters are 
significantly different from each other for 
the corresponding animal (p ~ 0.05). 



Hamsters given GaAs and silica had elevated activities 

of both enzymes when compared to the control, As (III) and 

Ga203· 
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The BALF acid phosphatase activity of the rats and 

hamsters exposed to As (III), GaAs and silica was 

significantly greater than the control and Ga203 results 

(Figure 15.) The acid phosphatase activity in the BALF of 

the gallium oxide instilled animals did not differ from the 

enzyme activity of the corresponding control animal. 

The soluble protein concentrations in the BALF of 

hamsters and rats given As02-, GaAs and silica were 

significantly elevated above the control and Ga203 

concentrations (Figure 16.) The elevated levels were not 

significantly different from each other. The protein 

concentrations of the hamsters given Ga203 were lower than 

the control group. This result was not observed with rats. 

Cytology 

Hemacytometer Counting. The As (III), silica and 

high GaAs dose treated rats and hmasters had significantly 

more white blood cells in the BALF than the control in both 

species (Table 13.) There was about a two-fold increase in 

cell number. A much greater presence of erythrocytes was 

observed in the BALF of the animals treated with arsenious 

acid than the other treatment groups. (The red blood cells 
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Figure 15. The acid phosphatase activity in the 
bronchoalveolar lavage fluid (BALF) of 
animals following intratracheal instillation. 
Animals (n = 3) were given the appropriate 
dose of the saline vehicle (control), Ga20~, 
NaAs02 (As[III]), GaAs and silica. After 2~ 
hours the lungs were excised and lavaged 
twice. The BALF was analyzed for acid 
phosphatase activity (Sigma, 1985) and 
expressed as mIU/ml. Values are mean ~ S.D. 
Values not sharing common letters are 
significantly different from each other for 
the corresponding animal (p ~ 0.05). 
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Figure 16. The soluble protein concentrations in the 
bronchoalveolar lavage fluid (BALF) of 
animals following intratracheal instillation. 
Animals (n = 3) were given the appropriate 
dose of the saline vehicle (control), Ga20~, 
NaAs02 (As[III]), GaAs and silica. After 2~ 
hours the lungs were excised and lavaged 
twice. The BALF was analyzed for soluble 
protein (Schacterle and Pollack, 1973) and 
expressed as mg/ml. Values are mean ~ S.D. 
Values not sharing common letters are 
significantly different from each other for 
the corresponding animal (p ~ 0.05). 



Table 13 

Total Leukocyte Counts in the BALF of Animals Following Intratracheal Instillationa 

Treatment Group Rats Hamsters 

Saline 3.33 ± 0.29 b 2.67 ± 0.14e 

Ga203 4.08 .... 0.38b ,c 3.08 ± 0.38 e 

As02- 5.75 ± 0.50c ,d 6.33 ± 0.14 f 

Silica 7.58 ± 0.63d 5.83 + 0.38f 

GaAs - High 6.66 ± 0.76d 7.08 + 0.95 f 

GaAs - Low 3.92 ± 0.14 b 3.17 ± 0.63 e 

aThe number of viable leukocytes (x 105 ) present in the bronchoalveolar lavage 
fluid (BALF) of animals following intratracheal instillation. Animals (n = 3) were 
given the appropriate dose of the saline vehicle (control), Ga203' NaAs02 (As[III]), 
silica and GaAs (High = 100mg/kg; Low = 10 mg/kg.) After 24 hours, the lungs were 
excised and lavaged twice. The cellular pellet of the BALF was resuspended in 1 ml 
saline and an aliquot counted on a hemacytometer after staining with Eosin Y (Mishell 
and Shiigi, 1980.) Values are mean ~ S.D. Values not sharing common letters are 
significantly different from each other for the respective animal (p ~ 0.05). 
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were not quantified.) The low dose GaAs and Ga203 treated 

animals produced no significant changes in the number of 

leukocytes when compared to the control. 

Flow Cytometry Study. The total number of cells 

present in the lavage fluid for the GaAs did not 

significantly differ from either the control or silica 

treated rats (Figure 17.) This was due to a low cell count 

in of the GaAs instilled rats. The BALF of the silica 

treated rats was significantly greater than the control. 

There was no difference in the composition of PAM, 

PMN or lymphocytes expressed as percentage of total cells 

the PAM, PMN or lymphocytes in the animals instilled with 

the vehicle alone (Figure 18.) In the silica treated rats 

PMN comprised 80 % of the total cell count as compared to 

40 % in the control. The GaAs and silica did not differ 

significantly. The actual differential cell counts are 

shown in Table 14. The number of PMN present in the lavage 

of GaAs treated animals did not differ significantly from 

the control, due to a large variance. This variance was 

most likely due to the low cell count found in one of the 

rats instilled with GaAs. A large variance in the number of 

lymphocytes present in the BALF of the control animals was 

also evident. Eosinophils comprised about 1 to 2 % of the 

total leukocytes in all three treatment groups. 
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Figure 17. The total cell counts in the bronchoalveolar 
lavage fluid (BALF) of rats following 
intratracheal instillation. Animals (n = 3) 
were given the appropriate dose of the saline 
vehicle (control), GaAs and silica. After 24 
hours the lungs were excised and lavaged 
twice. The BALF was analyzed for total number 
of cells by flow cytometry (Lung/Check, 
CytoSciences, Cupertino, CA). Values are mean 
+ S.D. Values not sharing common letters are 
significantly different from each other (p ~ 
0.05). 
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Figure 18. The differential cell counts in the 
bronchoalveolar lavage fluid (BALF) of rats 
following intratracheal instillation. 
Animals (n = 3) were given the appropriate 
dose of the saline vehicle (control), GaAs 
and silica. After 24 hours the lungs were 
excised and lavaged twice. The BALF was 
analyzed for pulmonary alveolar macrophages 
(PAM), polymorphonuclear cells (PMN) and 
lymphocytes (LYMPH) by flow cytometry 
(Lung/Check, CytoSciences, Cupertino, CA) and 
expressed as percentage of total cell counts. 
Values are mean ~ S.D. Values not sharing 
common letters are significantly different 
from each other (p ~ 0.05). 



Table 14 

Differential Cell Counts in the Bronchoalveolar Lav~e Fluid Following Intratracheal 
Instillation of Rats 

Treatment Group PAMb PMN c Lymph d 

Saline 0.978 ± 0.303e 0.871 ± 0.226 e 1 .01 ± O. 912e , f 

GaAs 1.09 + 0.55 e ,f 2.92 ± 2.00e ,f,g 0.195 ± 0.138e ,f 

Silica 0.894 ± 0.291 e ,f 5.34 + 0.92g 0.209 ± 0.070f 

a Animals were given the appropriate dose of saline vehicle (control), GaAs and 
silica. After 24 hours, the lungs were excised and washed twice. The bronchoalveolar 
lavage fluid was analyzed for different cell types by flow cytome~ry (Lung/Check, 
CytoSciences, Cupertino, CA) and expressed as number of cells (10 ). Values are mean + 
S.D. Values not sharing common letters are significantly different from each other (p 
~ 0.05). 

bPulmonary alveolar macrophages. 

CPolymorphonuclear cells. 

dLymphocytes. 
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Pulmonary Alveolar Macrophage Culture Studies 

Superoxide Anion Production 

Succinoylation of Ferricytochrome C. The absorbance 

at 335 nm of a sample of the native protein reacted with 

trinitrobenzenesulfonic acid was measured as 2.77 units. The 

modified cytochrome C yielded an absorbance of 1 .55 units. 

This corresponded to a 44 % modification of the lysine 

groups (8 of the 18 present) of the ferricytochrome. 

Table 15 shows the results of cell cultures using 

the native and modified cytochrome C. Although the 

succinoylated form of the protein yielded results that were 

approximately one-fifth the corresponding values of 

superoxide produced, the same trends were exhibited. The 

native form was used in all the later studies. 

Measurement of superoxide production in PAM 

cultures. Figure 19 depicts the amount of 02- produced 

following activation by two known stimulants and GaAs and 

silica. All the treatment groups for both hamster and rat 

PAM produced levels of 02- 2.5 - 3 times above the 

background. The PAM from rats treated with GaAs and silica 

produced significantly greater 02- than the phorbol ester. 

Ga203 also stimulated PAM to produce levels approximately 3 

times the control amount (Figure 20.) As203 particles did 

not produce levels different from the background. (Although 



Table 15 

Comparison of the Use of Native and Succinoylated Ferricytochrome Ca 

Treatment Group Native Succinoylated 

PBS 7.08 + 1 .53a 1 .32 ± 0.43c 

PHA 17.0 ± 1.2 b 3.20 + 0.24d 

ZYH 24.4 + 2.7b 4.54 + 0.60d 

a Production of superoxide by pulmonary alveolar macrophages (PAM) following in 
vitro activation by known stimulants. PBS = phosphate buffered saline, PMA = phorbol 
ester, and ZYM = opsonized zymosan A. PAM were gbtained from the lungs of treated 
rats (n = 3) and purified. Approximately 5 x 10 cells were added to wells containing 
the incubation media to determine the superoxide dismutase inhibitable reduction of 
either 80 uM native or 75 uM (44 %) succinoylated ferricytochrome 5 (Johnston et 
al.,1978.) Values are expressed as nmol superoxide per hour per 10 cells. Values are 
mean ± S.D. Values not sharing common letters are significantly different from each 
other for the respective cytochrome used (p ~ 0.05.) 
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Figure 19. Production of superoxide by pulmonary 
alveolar macrophages (PAM) following in vitro 
stimulation by GaAs and known stimulants. 
Where PBS = phophate buffered saline 
(control), PMA = phorbol ester and ZYM = 
opsonized zymosan A. PAM were obtained from 
the lungs of untreated animals (n = 3) and 
purified. Approximately 5 x 105 cells were 
added to wells containing the incubation 
media to determine the superoxide dismutase 
inhibitable reduction of ferricytochrome C 
(Johnston et al., 1978). Values were 
expressed as nmol superoxide per hour per 106 
cells. Values are mean + S.D. Values not 
sharing common letters are significantly from 
each other (p ~ 0.05). 
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Figure 20. Production of superoxide by pulmonary 
alveolar macrophages (PAM) following in vitro 
stimulation by GaAs and its potential 
dissolution products. Where PBS = phosphate 
buffered saline (control) and As(III) = 
dissolved solution of NaAs02 . PAM were 
obtained from the lungs of untreated anima5s 
(n = 3) and purified. Approximately 5 x 10 
cells were added to wells containing the 
incubation media to determine the superoxide 
dismutase inhibitable reduction of 
ferricytochrome C (Johnston et al., 1978). 
Values were6expressed as nmol superoxide per 
hour per 10 cells. Values are mean ± S.D. 
Values not sharing common letters are 
significantly from each other (p ~ 0.05). 
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not depicted, the dissolution products of GaAs did not 

produce any significant changes from the control 02-

production.) When arsenious acid is added to the medium to 

yield a concentration of 1 mmol, the levels of 02- produced 

by the PAM were significantly less than the control PAM. In 

all these studies there was no significant difference 

observed between the hamster and rat PAM. Since rats 

yielded a larger number of PAM per animal following lavage, 

rat PAM were used in all the later studies. 

Figure 21 shows the effect of pertussis toxin on 

02- production by PAM following treatment with GaAs and 

silica particles or the phosphokinase C activator, PMA. 

Preincubation of the PAM with pertussis reduced 02- levels 

produced by the control cells. The toxin also inhibited 02-

formation, following particle stimulation, to background 

levels. Pertussis toxin preincubated PAM, that were 

subsequently treated with the phorbol ester, produced 

approximately 70 % of the 02- levels that PMA stimulated 

cells produced in the absence of the pertussis toxin. This 

effect was not statistically significant. 

Cultures of PAM obtained from rats 1 day following 

intratracheal instillation of GaAs or silica, produced 

amounts of 02- significantly greater than the control 

animals (Figure 22.) When the purified cells of the 

pretreated rats where further stimulated by the addition of 
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Figure 21. Pertussis toxin inhibition of production of 
superoxide by rat pulmonary alveolar 
macrophages (PAM) following in vitro 
stimulation by GaAs and known stimulants. 
Where PBS = phosphate buffered 
saline(control) and PMA = phorbol ester. PAM 
were obtained from the lungs of untreated 
anim~ls (n = 3) and purified. Approximately 5 
x 10 cells were added to wells containing 
the incubation media to determine the 
superoxide dismutase inhibitable reduction of 
ferricytochrome C (Johnston et al., 1978). 
Values were6ex pressed as nmol superoxide per 
hour per 10 cells. Values are mean + S.D. 
Values not sharing common letters are 
significantly from each other (p ~ 0.05). 
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Figure 22. Production of superoxide by rat pulmonary 
alveolar macrophages (PAM) following in vivo 
stimulation and subsequent in vitro 
activation. Where PBS = phosphate buffered 
saline (control), PMA = phorbol ester and ZYM 
= opsonized zymosan A. Rats were instilled 
with either saline vehicle (control), GaAs 
(100mg/kg), or silica (100mg/kg). PAM were 
obtained from the treated animal 24 hours 
after the exposure agd purified. 
Approximately 5 x 10 cells were added to 
wells containing the incubation media to 
determine the superoxide ,dismutase 
inhibitable reduction of ferricytochrome C 
(Johnston et al., 1978). Values were 
expressed as nmol superoxide per hour per 106 
cells. Values are mean ± S.D. Values not 
sharing common letters are significantly from 
each other (p ~ 0.05). 
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PMA to the media, a similar trend resulted; the GaAs 

produced more 02- than the silica which yielded more 02-

than the control PAM. In all three cases, the 02- production 

was approximately doubled. Following the addition of 

opsonized zymosan A, the PAM of control or particle 

instilled rats produced equivalent amounts of superoxide 

anion. 

Measurement of superoxide release from single PAM. 

The production of 02- in several cells following the 

addition of GaAs to the culture media is shown in Figure 23. 

Cell 2 did not interact with a particle and thus depicts a 

background optical density. Cell 3 had a GaAs particle 

membrane associated at about 10 minutes - which it had 

internalized by about 20 minutes. A GaAs particle 

interacted with Cell 1 at about 35 minutes. GaAs does 

activate PAM and cause the production and release of 02-. 

The mean of the optical density was significantly greater 

than the background (Table 16.) Similar experiments 

performed with 1 mmol As (III) and the GaAs dissolution 

supernatant did not result in the production of 02- (Table 

16 . ) 

An interesting observation was made during the 

videotaping; the cells treated with the soluble arsenic did 

not appear to lose their architectural integrity at 500 X 

magnification but formations of blebs were apparent by 1 
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Figure 23. Superoxide production and release from single 
pulmonary alveolar macrophages (PAM). PAM 
were obtained from the lungs of untreated 
rats (n = 3) and purified~ Approximately 5 x 
105 cells were added to culture dishes 
containing the nitro blue tetrazolium media 
and GaAs particles. The change in cellular 
optical density at 550 nm of specific PAM 
were integrated by computer following the 
playback of the videorecording through a 
video photometric analyzer (DiGregorio et 
al., 1987.) Cell 1 had a GaAs particle 
associated with its membrane at about 35 
minutes. Cell 2 was particle free. Cell 3 had 
internalized a GaAs particle by 20 minutes. 



Table 16 

Superoxide Production and Release From Individual Pulmonary Alveolar Macrophagesa 

Background b -9.19 ± 8.46 -10.1 ± 16.3 -9.29 ± 11.0 -9.52 ± 19.2 

NaAs02
c 30.6+7.9 38.2 ± 10.3 40.1 ± 10.0 36.3 ± 16.3 

GaAs Particled 182. + 13. 93.6 + 16.3 not done 138. ± 39.4 * 
GaAs Dissolvede -5.46 + 8.50 -20.7 + 7.4 -19.8 ± 12.5 -15.3 ± 26.3 

apAM were obtaiged from the lungs of untreated rats (n = 3) and purified. 
Approximately 5 x 10 cells were added to culture dishes containing the nitro blue 
tetrazolium media and GaAs particles. The change in cellular optical density (IOD) at 
550 nm of specific PAM were integrated by computer following the playback of the 
videorecording through a video photometric analyzer (DiGregorio et al., 1987.) Values 
for cells are mean + S.D. of the IOD for the last 7.5 minutes of the 45 minute run. 

bBackground cells had no particle associated or ingested. 

cNaAs02 was added to the media of PAM at the concentration of 1 mmol. 

dGaAs particles (0.5 mg) were added the media and cells with particles associated 
were analyzed. 

eGaAs Dissolved (50 mg was dissolved in 10 ml HBSS), centrifuged and an aliquot 
of the decanted supernatant added to the media. 

*Mean value is significantly different from the background mean (p ~ 0.05.) 
--U1 
0\ 
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hour. The extent of cytotoxicity will be discussed in more 

detail later. 

Hydrogen Peroxide Production 

Rat PAM produced smaller amounts of background H202 

than superoxide by about 1 order of magnitude (Figure 24.) 

This result is also observed following stimulation by 

phorbol ester, opsonized zymosan A or GaAs. Hydrogen 

peroxide production by PAM stimulated with PMA resulted in a 

5 fold increase in levels. Add~tion of GaAs to the 

incubation media resulted in significantly greater H202 

production than the phorbol ester treated cells. Opsonized 

zymosan treatment yielded levels of hydrogen peroxide not 

significantly different from the PMA or GaAs but 8 times 

above the background. Addition of 15 units of SOD resulted 

in a slight increase in the amount of H202 measured. 

Toxicity of Particles to PAM 

The cytotoxicity of silica, GaAs and its potential 

dissolution products is depicted in Figure 25. The rat PAM 

exhibited similar cytotoxicity for all the compounds tested 

except the Ga203' which was significantly less toxic than 

the other compounds. Equivalent amounts of Ga203' GaAs, 

As203 , and silica were added to the cells. The soluble 

forms of As were added to the medium at a levels 

approximately 1/100 of the GaAs and As203 
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Figure 24. Production of hydrogen peroxide by pulmonary 
alveolar macrophages (PAM) following in vitro 
stimulation by GaAs and known stimulants. 
Where PBS = phosphate buffered saline 
(control), PMA = phorbol ester, ZYM = 
opsonized zymosan A, SOD = superoxide 
dismutase. PAM were obtained from the lungs 
of untreated animals

5
(n = 3) and purified. 

Approximately 5 x 10 cells were added to 
wells containing the incubation media to 
determine the horseradish peroxidase 
mediated oxidation of phenol red (Pick and 
Keisari, 1980). Values are mean ± S.D. Values 
were expres~ed as nmol hydrogen peroxide per 
hour per 10 cells. Values not sharing common 
letters are significantly from each other (p 
~ 0.05). • 
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Figure 25. Cytotoxicity of silica, GaAs and its 
potential dissolution products to pulmonary 
alveolar macrophages (PAM) following in vitro 
exposure. Where As(III) = dissolved solution 
of NaAs02 and As(V) = dissolved solution of 
Na2HAs04 x 7H20. PAM were obtained from the 
lungs of untreated animals (n - 3) and 
purified. Approximately 5 x 105 cells were 
added to wells containing the incubation 
media to determine the release of lactate 
dehydrogenase (LDH) into the media. Values 
were expressed as percentage LDH activity of 
a well frozen and thawed (to obtain total 
release) and corrected for the background 
(control). Values are mean ± S.D. Values not 
sharing common letters are significantly from 
each other (p ~ 0.05). 
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particles, concerning As equivalents. There was a 

significant difference between the rat and the hamster 

results. The Ga203 elicited 3 times the release of LDH from 

the PAM of rats than the hamster cells. Although there was 

not a statistically significant difference between the rat 

and the hamster, concerning the silica cytotoxicity, the 

large variance associated with the rat results may have 

masqued a possible difference. It should be noted that the 

soluble forms of arsenic were added to the media to produce 

a concentration 1/100 of the As equivalents present in the 

As203 particles. (This may suggest that the As203 was not 

very soluble in the incubation media.) 

When studies were performed with rat macrophages 

that were incubated for 2 hours, the following results were 

obtained for percentage total LDH release into the media: 

1.53 ± 1.72 ( Ga203), 12.7 ± 3.7 (GaAs), 12.3 + 6.1 (silica), 

13.6 ± 2.6 (As203 ) and 12.0 ± 3.0 (1 mM As [III]). 

There was no significant change in the Sigma Enzyme 

Control LDH activity (mIU/ml) when it was incubated in 

medium overnight (freshly prepared = 10.0 ± 0.5; incubated 

overnight = 8.75 ± 0.48.) Neither form of soluble arsenic 

coincubated overnight with the LDH enzyme significantly 

inhibited the enzyme activity (As [III] = 7.59 ± 1.32; As 

[V] = 6.85 + 0.48.) 
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Dissolution Studies 

GaAs did not produce any measurable levels of H202 

or 02- during the dissolution in the reaction solutions 

prepared using dd H20, Tris (pH 7.4) buffer, or Krebs-Ringer 

solution. Over all the time points tested the GaAs did not 

oxidize the phenol red regardless of the presence or 

absence of the horseradish peroxidase. The GaAs reduced 

8.85 + 0.89 nmol of the ferricytochrome C at the 24 hour 

time point in the H20 media; but this was not SOD 

inhibitable. The GaAs did not reduce the ferricytochrome C 

in either buffered media. These results show that the GaAs 

is capable of a reduction-oxidation reaction that is not 

mediated by 02- or H202 . 

Histopathology 

The lungs of rats 1 week after instillation with 5 

mg/kg as As equivalents of the soluble As (III) solution 

showed some slight alveolar wall thickening. Some PAM were 

present in the alveolar sacs. The hamsters given a dose of 

As (III), equivalent to the rats, also had some cellular 

accumulation, but mostly in the bronchiolar regions of the 

lung. The histopathological observations suggested that the 

hamsters also had localized hemorrhaging in the same region. 

Neither animal showed signs of perivascular inflammation. 

The response seen in the hamster was more explicit than in 
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the rat. After one week, the histopathology was less severe 

in both species given the soluble As (III) than the GaAs. 

Hamsters instilled with 100 mg/kg GaAs (50 mg/kg As 

equivalents) responded with a localized cellular envelopment 

of the particles. Enlarged PAM all had GaAs particles 

associated with them. Most of the leukocyte accumulation 

was at the respiratory bronchioles. Slight alveolar 

epithelization was evident in the alveolar sacs. There were 

no indications of perivascular inflammation. In the case of 

one hamster the alveoli were overwhelmed with debris and 

proteinaceous fluid; this animal appeared to receive all the 

dose into a single lobe of the lung. 

Rats displayed a more diffuse cellular response than 

the hamster after instillation of 100 mg/kg of GaAs. 

Alveolar epithelia differentiation from squamous to columnar 

cells was very apparent in the vicinity of GaAs particles. 

Proteinaceous fluid accumulation was very distinct in the 

alveoli of the rat. Perivascular inflammation was 

associated with the response seen in all the GaAs treated 

rats. 

In summary: 1) the GaAs treatment in both species 

lead to more severe pulmonary lesions than the As (III) 

after 1 week; 2) only the hamster showed signs of 

hemorrhaging following As (III) instillation; 3) rats had a 

more diffuse cellular response to the GaAs than the hamster; 
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4) perivascular inflammation was elicited only in the rat 

following GaAs exposure. It should be emphasized that the 

animals given GaAs received 10 times the amount of As as the 

As (III) treated animals. These doses were approximated to 

yield the same bioequivalent amounts of As. 
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CHAPTER 4 

DISCUSSION 

Pulmonary Antioxidant Studies 

Antioxidant Enzyme Activities 

Whole lung antioxidant enzyme activities suggest 

that H202 or lipid hydroperoxides may have been formed 

following exposure to GaAs. This effect was more prominent 

in hamsters than the rats. 

The activities of both catalase and glutathione 

peroxidase increased 24, 48 and 96 hours following exposure 

to silica and the high dose of GaAs in our studies. These 

enzymes protect the lung from H202 mediated damage by 

catalytically reducing H202 to H20. The GSH-PX also 

converts lipid hydroperoxides to their corresponding less 

reactive alcohols. Changes in antioxidant enzyme activities 

have been observed by others following oxidative stress. 

Induction of CAT (Roberts, 1979) by hyperoxic conditions and 

GSH-PX (Chow and Tappel, 1972) activities by ozone after 1 

week exposures have been measured. Particulate Cd yielded 

increased pulmonary Se-dependent GSH-PX activities following 

inhalation (Grose et al., 1987.) These authors suggested 

that this increase in GSH-PX was related to the 
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that the 100 mg/kg exposures of GaAs and silica produced an 

oxidative stress; this effect may also be associated with 

influx of PAM. 

It should be noted that the method employed to 

detect the activity of CAT is not specific only for this 

enzyme; interference from GSH-PX may have occurred. GSH-PX 

can readily reduce organic hydroperoxides and H202 while CAT 

is specific for H202 (Grose et al., 1987.) Therefore, 

measurement of CAT activity may have only been a reflection 

of GSH-PX activity and presence of lipid peroxidation. 

Therefore, the role of H202 in mediation of oxidative 

stress is not definitive. 

SOD levels did not significantly change from the 

control in any of the treatment groups. Johnson and Ward 

(1982) showed that SOD did not protect against pulmonary 

damage due to activation of PAM following instillation of 

PMA. Pulmonary administration of CAT did exhibit a 

protective effect. Comparison of the different doses of GaAs 

in our studies showed that hamsters given 100 mg/kg GaAs 

had SOD activities significantly lower than animals given 10 

mg/kg. Exposure of guinea pigs to hyperoxic air (85 % 02) 

for 18 hours reduced the pulmonary SOD activity (Rister and 

Baehner.) The 100 mg/kg dose of GaAs also elicited a 

significantly greater influx of phagocytic leukocytes than 

the low dose. The difference noted in the GaAs doses may 



the low dose. The difference noted in the GaAs doses may 

have been linked to the proliferation of PAM. 
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The hamster results showed that the soluble As 

treatment also led to increases in CAT and GSH-PX 

activities. This trend was not noted in the rats. The 

histological evaluations and the qualitative analysis of the 

BALF indicated that the As (III) caused excessive 

hemorrhaging in the hamsters only. Erythrocytes contain 

large amounts of GSH-PX and the apparent increase in GSH-PX 

may be due to the influx of red blood cells and not an 

inductive response. 

Ga203 instillation did not produce any significant 

changes in SOD or GSH-PX activities. There was an apparent 

decrease in CAT activity, but this was most likely due to a 

simple dilution effect produced by pulmonary edema. 

Summary. Based on our results of the antioxidant 

enzyme studies obtained, GaAs may have produced a dose 

dependent oxidative stress. This effect may be dependent on 

the infiltration of PAM. Similar responses were seen at the 

100 mg/kg dose of GaAs and silica. A comparable dose of 

Ga203 did not alter the activities of the antioxidant 

enzymes. Antioxidant enzyme induction is related to the 

properties of a chemical and this induction may be important 

in its toxicity. 



Biomolecule Quantification 

Changes in pulmonary macromolecules suggests that 

GaAs may deplete lung GSH levels and indirectly cause the 

oxidation of ascorbic acid. Elevated total lung DNA and 

protein levels coincided with the 100 mg/kg dose of GaAs. 

This suggests that the increases in NPSH levels may have 

been due to an influx of cells (Webb et al., 1984.) 
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Intratracheal instillation of hamsters and rats with 

all of the test compounds produced no significant changes in 

ascorbic acid levels as compared to the controls due to 

large variances in the control animals. The instillation of 

100 mg/kg doses of GaAs and silica decreased the levels of 

ascorbate below the levels Ga203 and As (III), 1,2 and 4 

days after exposure. Decreases in ascorbic acid levels have 

been observed following infiltration of leukocytes (Williams 

and Paterson, 1986.) This has been attributed to the 

activation of the phagocytic cells and most likely due to 

the production of 02- (Iriyama et al., 1986.) The depletion 

of vitamin C observed in our studies may have been related 

to the influx of activated PMN and PAM following exposure to 

GaAs (100 mg/kg) and silica. 

Vitamin C plays an important role in the recycling 

of vitamin E (see Figure 2; Bascetta et al., 1983.) Alpha

tocopherol is considered to be a major membrane associated, 
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antioxidant chemical that protects cell membrane integrity. 

Conditions that produce oxidative stress have been shown to 

decrease the levels of vitamin E in cell membranes (Coquette 

et al., 1986.) Subsequent decreases in ascorbic acid levels 

may be seen if peroxidative damage to membranes is 

occurring. 

Nonprotein sulfhydryl (reduced form) levels in the 

lungs of rats and hamsters increased over the control values 

following the instillation of As (III), silica, and the 100 

mg/kg dose of GaAs. Ga203 did not affect the NPSH levels in 

the lung. NPSH was reduced after the low dose of GaAs (10 

mg/kg.) Pulmonary GSH levels have been reported to decrease 

initially and subsequently increase after exposure to ozone 

(Chow and Tappel, 1972). 

The absence of cellular infiltration in the lung 

after the low dose of GaAs permitted the measurement of GSH 

without interference. The lack of induction of GSH-PX and 

vitamin C suggests that the depletion of GSH was not due to 

02 metabolite mediated stress. Although the hamsters did 

not respond in this manner, this effect may have been 

masqued by the presence of a greater number of erythrocytes 

in the hamster than the rats. (Recall that erythrocytes 

have high GSH-PX activities and corresponding glutathione 

concentrations.) 
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Increases in pulmonary glutathione have been 

reported after rats were exposed for 1 day to hyperoxic 

atmospheres (Kimball et al., 1976.) The measurable 

increases in nonprotein sulfhydryls may be due to cellular 

infiltration or the glutathione rebound phenomenon (Wong and 

Klaassen, 1981.) The activities of the ancillary enzymes to 

GSH-PX (GSH-R and G-6-PDH) have been reported to increase in 

proportion to GSH-PX induction and actually provide 

increased levels of GSH and NADPH, respectively (Chow and 

Tappel, 1972.) GSH can protect against oxidative stress by 

supplying reducing equivalents to uncatalyzed redox 

reactions or enzymatic reactions, such as GSH-PX (Figure 2.) 

Nonenzymatic oxidation of GSH to GSSG could also lead to 

depletion of GSH. 

Protein and DNA levels were used to assess the 

extent of cellular infiltration that resulted from exposure 

to the test particles. Increases in DNA were considered to 

correlate with the influx of cells directly (Webb et aI, 

1984.) Changes in protein levels were considered to 

correspond to fluxes in the composition of the lung due to 

pathological conditions elicited by the compounds. This 

could include changes in the cell population and levels of 

plasma proteins that transudate into the lung during the 

response to the insult (Hobbs et al., 1988.) 

Silica and GaAs (100 mg/kg) elicited significant 
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increases in the pulmonary protein and DNA levels in both 

species. Webb et ale (1986) and Snider et ale (1987) have 

also reported this change. The soluble arsenic (III) 

instillation produced increased levels of pulmonary protein 

but not a significant increase in DNA. The Ga203 and low 

dose of GaAs did not cause significantly increased levels of 

either protein or DNA. It appears that the silica and GaAs 

(100 mg/kg) elicited an inflammatory response that produced 

a large influx of cells. NiO has been shown to produce a 

similar response following subchronic inhalation (Hobbs, 

1988.) 

The As (III) treatment elicited an influx of 

protein, but there was not a corresponding increase in the 

DNA. These results suggest that As (III) may have increased 

the permeability of the capillaries and transudation of 

plasma proteins and erythrocytes. The low dose of the GaAs 

and Ga203 did not elicit a cellular response or 

significantly alter the permeability of the capillary bed. 

The oxidation of inhaled HgO to Hg+2 is an oxidation 

reaction that may be analogous to the As (-III) oxidation in 

the lung. The Hg oxidation appears to be dependent on H202 

concentration and catalase (Venugopal and Luckey, 1978.) 

Severe lung damage accompanied by inflammation are observed 

following exposure to Hg vapors (Clarkson et al., 1988.) 

This is due to macromolecular binding (in particular with 
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sulfhydryl groups) by divalent mercury. Hg+2 binds tissues 

to a greater extent than elemental Hg. No oxidative stress 

has been reported following inhalation of Hg. The pulmonary 

lesions observed may be due in part to influx of 

inflammatory cells, just like GaAs. 

Bronchoalveolar Lavage Studies 

Biochemical Analyses 

The biochemical analyses of the BALF of animals 

showed that pulmonary damage after GaAs instillation was due 

to nonspecific damage of pneumocytes. The capillary 

endothelial - type I cell junction, type II cells and PAM 

were all effected by pulmonary exposure to 100 mg/kg of 

GaAs. 

LDH measures general pneumocytoxicity because all 

cells release this cytosolic enzyme after injury (Henderson, 

1984.) The measurements of this indicator of general 

pneumocytotoxicity indicate that the GaAs and silica damage 

the lung following pulmonary exposure. As (III) induced this 

response in the rat. Ga203 did not elevate BALF LDH in the 

rat or hamster. The BALF lactate dehydrogenase activities 

in the rat were elevated more than in the hamsters following 

As (III), GaAs, and silica instillation. When rats 

(Henderson, 1984) and hamsters (Beck et al., 1982) were 

given equivalent doses of quartz, the rat BALF had an LDH 
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activity about 4 times that seen in the hamster. This is in 

agreement with our results for silica. 

Alkaline phosphatase is a highly selective 

indicator of damage to the type II pneumocyte (Henderson, 

1984.) These cells are important in surfactant production 

and can differentiate into type I cells when replacement of 

the type I pneumocyte is required. Soluble As (III), GaAs 

and silica instillations damaged the type II cells. This 

was also confirmed by our histology. The analysis of the 

BALF of the hamsters and the rats for alkaline phosphatase 

activity mirrored the LDH results - only the Ga203 did not 

elicit elevated alkaline phosphatase activity. Silica has 

been shown to elevate alkaline phosphatase in the BALF of 

rats (Stoner et al., 1985.) 

Several lysosomal enzymes have been measured in BALF 

of animals following the pulmonary exposure to toxicants. 

Acid phosphatase is one of the most commonly used to 

estimate the activation and/or damage to phagocytic cells -

PAM in particular (Henderson, 1984.) Lysosomal enzymes are 

released during particle uptake or following cell death. 

GaAs, silica and As (III) exposures all yielded increased 

acid phosphatase activities in the BALF. Both insoluble 

particles (silica) and soluble particles (CdC12 ) have been 

shown to elevate the lysosomal enzyme activities in the BALF 

after exposure (Henderson, 1984; Henderson, 1986.) Since 
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both GaAs and silica are particles, acid phosphatase levels 

could reflect damage and/or activation of the phagocytic 

leukocytes. However, the As (III) results are most likely 

an indication of cytotoxicity to, PAM and PMN. (This will be 

discussed in further detail in the PAM culturing section.) 

The Ga203 did not elicit any significant changes in 

the composition of the BALF when compared to the control 

results. Other investigators have observed increases in the 

lysosomal enzyme levels in the BALF following Ga203 

(Henderson, 1986.) These studies examined rats following 

multiple exposures of Ga203 for 4 weeks. Other relatively 

insoluble metal oxides do not to elicit any compositional 

changes in the BALF. For example, the relatively insoluble 

NiO particles did not elicit a significant response 

following a single exposure (Henderson, 1986.) However, 

Hobbs and coworkers (1988) showed that multiple inhalation 

exposures to NiO produced increases in BALF enzyme activity. 

Soluble protein concentrations in the lavage fluid 

have been described as an excellent marker for increased 

capillary permeability (Henderson, 1984). This may be due 

to damage to capillary endothelial cell and/or type I 

pneumocytes which precedes plasma protein transudation. 

Increased permeability is an essential step in the sequelae 

of an acute inflammatory response (Walter, 1982.) The GaAs, 

silica and As(III) significantly increased the transudation 



174 

of plasma proteins based on our soluble protein results. 

Silica has been reported to increase (by about 5 times 

control) the soluble protein concentrations in the BALF of 

hamsters (Beck et al., 1982) and rats (Henderson, 1986.) 

The pneumotoxic compounds, Ni 3S2 , NiCl2 and CdCI2 , and 

relatively nontoxic particles Fe203' A1 203' NiO and Ga203' 

also produced significantly elevated protein values. Our 

results for the Ga203 did not agree with the literature in 

this respect. BALF of Ga203 treated animals had protein 

concentrations that were not significantly different from 

the control. This difference can be attributed to 

differences in our dosing regimen. The work by Henderson 

(1986) included multiple inhalation exposures. 

Cytology 

The cellular composition of the BALF following 

intratracheal instillation of 100 mg/kg GaAs suggests that 

an inflammatory response was elicited. An increase in total 

leukocytes and PMN was seen following GaAs and silica 

exposure. An influx of leukocytes is a marker for the 

initiation of an inflammatory response (Henderson, 1984.) 

Although differences were observed in the red blood 

cells (RBC) present in the BALF of the different treatment 

groups, these were not quantified since erythrocyte number 

may be an artifact of the excision and washing procedure 
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(Henderson, 1984.) An increase in RBC number is a sign of 

excessive capillary damage (hemorrhage.) The soluble As 

treatment yielded an excessively large number of 

erythrocytes in the BALF of the hamsters, especially. It 

should be noted that when the lungs from the hamsters were 

viewed microscopically, they appeared to have a greater 

number of red blood cells than the rat when comparing the 

same treatment. Exposure to quartz particles has been 

reported to yield BALF with 8 times the control number of 

RBC (Beck et al., 1982.) 

Total leukocyte counts exhibited similar trends in 

our results for both species. The As (III), silica and GaAs 

(100 mg/kg dose) treatments all increased leukocyte counts 

indicating initiation of an inflammatory response in the 

rat. Silica has been shown to yield a significantly greater 

leukocyte count in both the rat (Henderson, 1984) and the 

hamster (Beck et al., 1982.) The soluble particles CdC1 2 

and NiC1 2 also exhibited this effect. This was due mostly 

to an influx of PMN 24 hours after exposure. The results of 

our differential cell counts exhibited an increase in PMN 24 

hours after exposure to the GaAs or silica. 

A low dose of GaAs (10 mg/kg) and the Ga203 

apparently did not cause inflammation based on the total 

leukocyte count in the BALF. Henderson (1986) showed that 

multiple exposures to Ga203 over a 1 month period did lead 
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to an inflammatory response. Single exposures to the 

insoluble particles NiO, A1203 , and Fe203 did not initiate 

an increase in total cell number or PMN and PAM (Beck et 

al., 1982; Henderson, 1986.) Thus particles in general do 

not stimulate an inflammatory response. 

Summary. Intratracheal instillation of GaAs (100 

mg/kg) and silica particles produced lesions to several 

different pneumocytes (capillary endothelial cells, type I 

and type II pneumocytes and the phagocytic PAM and PMN.) 

The increased acid phosphatase activity in the BALF of the 

GaAs and the silica treated animals may also be due in part 

to the activation of these cells by these particles. The 

soluble As (III) exhibited toxicity to all the pulmonary 

cell types. The GaAs, silica and As (III) all elicited an 

inflammatory response. (The lack of a significant number of 

eosinophils was consistent with the lack of an allergic 

response.) The Ga203 particles did not elicit either effect 

after a single dose. The persistence of exposure,lung 

burden (dose) and properties of a compound are important 

variables in pulmonary insult and subsequent inflammation. 

The properties of the GaAs particle and its dissolution 

products (As [III]) both contribute to its toxic effects. 

Pulmonary Alveolar Macrophage Culture Studies 

Our lung antioxidant studies suggested that the 
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observed pulmonary pathologies following instillation of 

GaAs were not mediated by 02 metabolites. The effects may 

been diluted in the whole lung. The BALF studies emphasized 

the involvement of the PAM in response to the pulmonary 

exposure to GaAs. Detailed examination of the interaction 

of GaAs and PAM may help explain the mechanisms involved in 

the observed pathologies. 

Superoxide Anion Production 

Succinoylation of ferricytochrome C. Since our 

incubations lasted only 90 minutes, the native cytochrome C 

was used due to its greater rate constant. We measured a 5 

fold difference in cytochrome reduction when native and 44 % 

succinoylated ferricytochrome C were employed to measure the 

production of 02- under similar conditions. The bimolecular 

rate constant for the reduction of the modified protein by 

02- has been reported to be one-tenth the value for native 

cytochrome reduction mediated by 02- (Kuthan et al., 1982.) 

The use of the partially succinoylated ferricytochrome has 

been suggested to give only "true" values for 02- since it 

cannot be reduced by flavin dependent cytochrome C 

reductases (Kuthan et al., 1982.) The use of SOD with the 

native protein made the assay specific for 02- mediated 

reduction and more sensitive. 
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Measurement of superoxide production in PAM 

cultures. The GaAs, silica, and Ga203 particles activated 

the resident macrophages to produce 02- in both species 

following in vitro exposure to the compounds. The levels of 

02- measured were comparable to the zymosan elicited 

response. Particulate matter has been shown to induce the 

respiratory burst and subsequently produce 02 metabolites 

during endocytosis (DiGregorio et al., 1987.) The results 

of the positive controls (PMA and ZYM) employed in our 

studies closely reflect those obtained in the literature. 

Johnson and Ward (1982) have reported that PMA will trigger 

the release of 16 and 9 nmol of 02- and H202 per hour per 

million cells from rat PAM, respectively. Johnston and 

coworkers (1978) measured 20.3 nmol 02- produced/hr/106 

macrophages from resident cells stimulated with opsonized 

zymosan A. 

The addition of pertussis toxin decreased the 

production of superoxide following addition of GaAs or 

silica to media. This suggests that these compounds elicit 

02- production due to the binding to cell membrane receptors 

before PAM engulfment. Complete abolition of 02- production 

was not seen. The complete abolition of production of 02-

was not observed since pertussis toxin only inhibits the 

GNRP dependent activation of the protein kinase C (Roney and 

Holian, 1988.) The addition of PMA resulted in no 



significant reduction in 02- production. This result has 

been described before (Roney and Holian, 1988.) 
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The As203 particles did not induce a significantly 

different level of 02- than the control PAM; when the media 

contained 1 mmol As (III), decreased levels 02- were 

measured. This may have been due to a decrease in cell 

respiratory function and viability or the As may have 

simply inhibited the cytochrome b component of the NADPH

oxidase complex by binding to the essential sulfhydryl 

groups. Decreased 02- production in PAM without loss of 

viability has been reported following exposure to nitrogen 

dioxide (Suzuki et al., 1986) and may occur with As also. 

In our cultures, the PAM of rats stimulated in vivo 

with GaAs and silica produced a basal level of 02- more 

than twice the resident cells. Following the addition of 

PMA, the 02-levels produced by the GaAs and silica elicited 

PAM were still double the resident level. About 20 nmol 02-

1106 cellslhr was produced by the resident PAM and GaAs and 

silica elicited after opsonized zymosan was added. 

Murine macrophages stimulated in vivo by Salmonella 

endotoxin (LPS) elicited an increase in basal 02- production 

(Johnston et al., 1978.) Subsequent in vitro treatment with 

PMA and opsonized zymosan led to a further increase in 

production of 02-' In vivo stimulation of PAM yields cells 

with an increased density (Johnston et al., 1978) and 
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increased capacity to produce 02- (Zeidler and Conley, 

1988). Different PAM subpopulations (based on cell density) 

have been shown to exhibit differences in the protein kinase 

C stimulated 02- levels (Zeidler and Conley, 1988.) GaAs 

and silica may induce these changes in the PAM. 

It has been suggested that some 02- production is 

guanine nucleotide regulatory protein dependent and 

independent of protein kinase C activation (Baggiolini et 

al., 1988.) This may explain why maximal stimulation of 

resident or stimulated cells by a ligand such as zymosan A 

yields more 02- than the PMA, which directly activates 

phosphokinase C. It may also explain why resident and 

elicited PAM produce the same 02- levels after further 

stimulation. 

Measurement of superoxide release from a single PAM. 

The release of superoxide, measured by visual examination of 

the reduction of nitroblue tetrazolium by individual cells, 

was directly related to the association and engulfment of 

the GaAs particle. The supernatant of GaAs dissolved in 

medium did not have any effect. The two PAM which were 

observed to engulf GaAs produced significantly different 

amounts of 02-. This heterogeneity of 02- production in 

response to particles has been reported before (DiGregorio 

et al., 1987.) They reported 02- production varied among 

control cells 2 - 3 fold. 
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Hydrogen Peroxide Production 

The GaAs particles also elicited production of 

H202 following in vitro activation of rat macrophages. The 

results directly reflected the same trends seen with the 02-

results. 

The PMA and zymosan yielded about 2 nmol H202 

produced/hour/106 PAM in our studies. Other investigators 

have found slightly higher levels of H202 following PMA or 

zymosan stimulation under similar conditions - about 10 nmol 

(Johnson and Ward, 1982; Cohen et al., 1982.) T~e H202 

production was about one-half the levels of 02- produced 

when using our succinoylated ferricytochrome results. This 

agrees with the results obtained by Kuthan et ale (1982) who 

showed twice the levels of 02- were produced by macrophages 

as H202 following stimulation. The increased capacity of the 

PAM to produce H202 following activation may be correlated 

with the cellular changes observed after activation. 

Significance of production of active oxygen species. 

The activation of macrophages by GaAs has been shown to 

yield reactive 02 metabolites. The production of superoxide 

and H202 may be only a marker for activation, and not an 

indication of oxidative stress to the lung. The Ga203 

produced equivalent amounts of the active oxygen species as 

the GaAs and silica but did not produce the same lung damage 

as these compounds in vivo. Differences were noted in the 
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recruitment of other cells. The number of leukocytes that 

appeared in the lung acini after instillation of GaAs and 

silica were significantly greater than the Ga203. Thus, the 

actual levels of the 02- and H202 produced in the lung could 

possibly be greater due to the presence of more activated 

cells. In our whole lung studies, the 100 mg/kg doses of 

silica and GaAs were shown to exhibit responses associated 

with an oxidative stress (increased GSH-PX activity and GSH 

levels), while the Ga203 did not. The actual number and 

activation state of phagocytic cells seemingly influence the 

effective levels of 02- and H202 present in the alveoli. 

The increased production of 02- and H202 , following 

PMA instillation, have been shown to produce acute and 

progressive lung injury (Johnson and Ward, 1982.) Since 

CAT and not SOD protected against the observed lesions, H202 

has been suggested to be the actual toxic species. This 

suggests that OH·, produced by the Fenton Reaction, may play 

a role in this pathogenesis (Sies, 1986.) The hydroxyl 

radical has been implicated in lipid peroxidation. 

The production of oxygen free radicals due to 

paraquat exposure have been shown to decrease the 

intracellular communication between cells in the liver (Ruch 

and Klaunig, 1988.) The levels of O2- and H202 able to 

produce this effect were below those able to produce death 

of the hepatocytes. It is uncertain whether pneumocytes can 
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communicate intracellularly through gap junctions like 

hepatocytes. The production of relatively low levels of 

active oxygen species by PAM may still have a biologically 

significant effect. 

Toxicity of Particles to PAM 

The toxicity of a compound to PAM may be an 

important factor in the sequence of events during an 

inflammatory response. The extent of PAM activation 

followed by cellular infiltration during inflammation may be 

determined by the potency of the chemical. 

Ga203' GaAs, silica, and As (III) were toxic to the 

PAM, but differed in potency following 24 hour incubations. 

In vitro exposure of PAM to equal amounts of GaAs and silica 

produced about 30 % release of total LDH from the PAM for 

both particles. Both particles had relatively equal 

potency. When As (III) was added to the culture media at 

1/100 the concentration of GaAs a similar response was 

measured. Ga203 was less potent than the other compounds. 

The particulate nature and dissolution products of GaAs both 

seem to influence its cytotoxicity. 

After 24 hour incubations, all the tested compounds 

exhibited similar cytotoxicities except the Ga203. The 

values obtained after 2 hour incubations exhibited a 

similar trend but had lower values. The levels added to 
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the media were the same as doses given to the animals in 

vivo. There was a good correlation between the cytotoxicty 

of the various compounds seen in the PAM cultures and the 

pathologies noted in the instilled animals at day 1,. All 

three As compounds, GaAs and silica elicited an influx of 

leukocytes, in vivo. The Ga203 did not produce this effect 

in vivo. 

The cytotoxicty of particles has been estimated by 

the leakage of cytosolic enzymes and by dye exclusion 

(Waters et al., 1974; Waters et al., 1975.) Release of LDH 

in to the media was chosen as the marker for cell death 

since dye exclusion is a much more subjective method of 

analysis. A concern with the use of LDH in our studies was 

the potential inhibition of the enzyme due to the presence 

of As in most of our samples. Each subunit of the LDH 

enzyme contains a sulfhydryl group at the active site 

(Latner and Skillen, 1968.) The sulfhydryl groups are 

essential for coenzyme binding. Arsenic has been shown to 

inhibit other enzymes containing critical sulfhydryl groups 

(pyruvate dehydrogenase.) The As present in our studies (1 

mmol) did not significantly inhibit the LDH activity. 

Solubility of particles may be the most important 

determinant of PAM cytotoxicity only if the undissolved 

particle itself is not lethal. Silica exerts its toxic 

action due to its crystalline properties (Klosterkotter and 
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Robok, 1975; Kriegseis et a1., 1977 .) GaAs may decrease PAM 

viability either due to the crystal properties or the As 

dissolution products or both. Webb et ale (1984 and 1986) 

showed that smaller sized GaAs particles (5.8 urn mean volume 

diameter) exhibited toxic effects more rapidly than larger 

GaAs particles (12.7 urn mean volume diameter.) The 

solubility of the smaller particles was greater and thus the 

release of As may be reasonable (Rosner, 1985.) 

Waters and coworkers (1974) showed that the 

solubility of various oxides of vanadium was directly 

proportional to the cytotoxicity. Another study rated 

cytotoxicity of several soluble metal ions (Waters et al., 

1975.) The following toxicity trend was obtained: Cd+2 > 
V03- > Ni+2 > Mn+2 > Cr+3. 

Persistence in the lung may best be predicted in 

vitro by the solubility of the particle. The solubility of 

As compounds have been shown to be inversely proportional to 

lung retention (Marafante and Vahter, 1987.) For example, 

after administration of NaAs02 or Na3As04 less than 0.1 % of 

the dose remains in the lung after 3 days. These chemicals 

are completely dissociated. For As2S3 about 1.3 % and for 

Pb3(As04)2 about 45.5 % of the dose remained in the lung 

after 3 days. In vitro, about 70 % and 30 % of the As2S3 

and the Pb3(As04)2 dissolved in Eagle's media after 3 days. 

GaAs has been shown to be significantly retained in the lung 



186 

for several days in hamsters (Rosner and Carter, 1987) and 

rats (Snider et al., 1987.) Four days after instillation, 

about 25 % of the GaAs was still in the lungs of hamsters. 

The in vitro solubility of GaAs is probably intermediate to 

As2S3 and Pb 3(As0 4)2' Silica has been reported to remain in 

the lungs of rats and hamsters even after 18 months (Gross 

et al., 1967.) Quartz is insoluble in water and aqueous 

solutions at physiological pH values (CRC Handbook of 

Chemistry and Physics.) 

Our results suggest that the acute influx of 

leukocytes is directly proportional to the toxicity of a 

compound to the PAM. The death of PAM appears to be a 

crucial step in the pathogenesis of inflammation. Cellular 

contents are released after viability is lost. The 

lysosomal contents of lysed PAM are deposited in the 

alveoli and may lead to the progression of lesions since 

many of the lysosomal enzymes can damage the pulmonary 

acini. MFF may also be one of the cellular components 

released (Heppleston, 1982.) This chemotactic agent has 

been hypothesized to initiate fibrogenesis by eliciting the 

deposition of 4-hydroyproline and an influx of fibroblasts 

(Heppleston, 1982.) The influx of PAM, which accompanies 

fibrogenesis, attempt to clear the toxic agent during the 

resolution of tissue damage. If the particle cannot be 

cleared from the lung, subacute and chronic inflammatory 
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responses may occur due to continual pulmonary damage 

(Figure 26.) The inability of the lung to clear the toxic 

agent will eventually lead to continual loss of tissue and 

may result in the onset of a fibrotic response. 

Dissolution Studies 

A hypothesis to be tested is whether GaAs could form 

active oxygen species directly during dissolution. 

Dissolution of GaAs in various aqueous media did not yield 

02- or H202 as intermediates or final products. The 

liberated As, from the GaAs, is oxidized and can act as a 

reducing agent (Rosner, 1985.) The electron acceptor during 

dissolution was not determined. 

The arsenide present, either directly from the 

dissolution of the GaAs or in the form of arsine, can be 

spontaneously oxidized to [As (III)]. Conversion of As 

(III) to arsenic acid [As (V)] is not spontaneously driven. 

The reactions are shown in Chapter 1. Since 02 is abundant 

in the lung, the following thermodynamically favorable 

reactions may occur (Carter, 1984). 

The EO' = +0.31 V for this reaction. For the calculations 

of this reaction physiological pH was used. The As entity 
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Figure 26. The local sequelae of acute inflammation. 
Resolution is the process by which the tissue 
returns to normal following acute 
inflammation. Organization of exudate occurs 
when the inflammatory exudate lingers and is 
invaded by granulation tissue, which matures 
to scar tissue. Repair of lost tissue is the 
process of scarring initiated by granulation 
tissue replacing the damaged tissue. 
Regeneration of lost tissue is the 
replacement of damaged tissue by a tissue 
similar in type. Chronic inflammation 
describes the persistence of an acute 
inflammatory response in combination with 
healing processes due to continual presence 
of the causative agent. (Adopted from Walter, 
1982.) 
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-of GaAs has been shown to be systemically distributed and 

metabolized to the same chemical species as As (III) and As 

(V) following a similar route of administration (Rosner and 

Carter, 1987). It is reasonable to assume that As (III) 

and/or As (V) are formed following GaAs dissolution. 

Although arsenate and arsenite anions were probably 

formed during the dissolution process, our results did not 

detect the formation of H202 or 02- at physiological pH. In 

H20, the ferricytochrome C was reduced independent of 02-

formation. Since this was not observed in the buffered 

solutions this was probably due to a pH effect. The phenol 

red used in the H202 assay was not oxidized with or without 

the presence of the horseradish peroxidase. Despite the 

oxidation of the As (-III) to either As (III) and or As(V) 

the direct formation of active oxygen species was not seen 

during the dissolution process. 

Histopathology 

Histological evidence was useful in comparing the 

lung response of rats with hamsters. The histological 

evaluation of rats and hamsters following GaAs instillation 

showed slight differences in the pathological 

manifestations. The rat exhibited a more diffuse pulmonary 

response to GaAs than the hamster. Perivascular 

inflammation due to GaAs was unique to rat. 
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GaAs instillation has been reported to elicit an 

increase in the number of type II pneumocytes and PAM 

(Goering et al., 1988.) The increase in type II cells is a 

typical p~lmonary repair mechanism following damage to the 

type I pneumocyte (Witschi and Cote, 1977.) It has also 

been described to lead to thickening of the alveolar walls 

and in some cases alveolar wall fibrosis which may 

compromise the alveolar-capillary gas exchange (Webb et al., 

1986.) This is consistent with the findings of Snider et 

ala (1987.) In this long term study a dose dependent 

increase in 4 - hydroxyproline levels of the lung was 

observed. Collagen deposition was maximal at 1 month; but 

by 3 months almost complete resorption of the collagen was 

observed. The histological and biochemical changes produced 

by GaAs and silica were similar at 1 and 2 weeks after 

exposure. The pulmonary damage due to the silica 

progressed and became more extreme in nature. In contrast, 

the GaAs lesions were most extreme at 1 month and regressed 

thereafter. 

Our histological observations for GaAs concurred 

with the 1 week observations reported for GaAs (Snider et 

al., 1987; Webb et aI, 1986.) The alveolar wall thickening 

was apparent in both the rat and hamster. The rats had a 

slightly more diffuse cellular response than the hamster. 

Perivascular inflammation was evident only in the rats. The 
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reaction of the lung to GaAs does not appear to dramatically 

differ amongst the species. 

This was in contrast to the responses that have been 

reported following silica exposure (Gross et al., 1967; 

Saffiotti, 1986.) The hamster response to silica was more 

diffuse than that observed in the rat. The silica produced 

and was contained in nodules in the lung of rats 1 year 

after exposure. Hamsters lungs did not exhibit the 

formation of silica nodules. The species differences 

observed following silica exposure are much more notable. 

Our results for the As (III) did not agree with the 

histological and biochemical evaluations in the literature 

(Webb et al., 1986; Snider et al., 1987.) Webb et ale 

(1986) and Snider et ale (1987) reported that instillation 

of As203 resulted in increased lung cellularity. 

Differences in the experimental designs may explain these 

discrepancies. Our dose (as As equivalents) was 5 mg/kg; 

the other studies gave 17 mg/kg. We dissolved our As prior 

to administration; where as As203 was instilled as particles 

in the studies of Webb et ale (1986) and Snider et ale 

(1987). The retention of the As by the lung was greater 

following As203 instillation than a solution of arsenous 

acid. 

The histological evaluations in the literature 

suggest that Ga203 was relatively nontoxic (Webb et al., 
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1986.) Although we did not perform any histological 

evaluations, all the results obtained in our antioxidant and 

BALF studies concurred with the findings in the literature 

for animals exposed to a single dose of Ga203. 

Summary of the Pulmonary Effects of the Test Compounds 

Ga203 did not exhibit any toxic effects in vivo. 

Ga203 did not elicit an inflammatory response. The Ga203 

was able to stimulate 02- production in PAM cultures but it 

was less cytotoxic to PAM than the other test compounds. 

As (III) was directly cytotoxic to the various 

pneumocytes. As (III) was a more potent toxic agent than 

GaAs. The instillation of As (III) led to increased lung 

permeability. The observed increases in total lung GSH-PX 

and NPSH were most likely due to the cellular influx that 

accompanied As (III) exposure. As (III) depressed the level 

of 02- produced by PAM. 

Silica was directly cytotoxic to the various 

pneumocytes in vivo. Silica toxicity to PAM had a potency 

about the same magnitude as GaAs. Silica exposure 

activated PAM to produce 02- both in vitro and in vivo. 

Silica instillation elicited an influx of leukocytes that 

accompany the induction of an inflammatory response. 

GaAs elicited a dose dependent inflammatory 

response. It was directly cytotoxic in vitro and in vivo 



due to its particulate nature and dissolution products. 

GaAs activated PAM to produce 02- and H202 . 
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CHAPTER 5 

CONCLUSIONS 

Our results suggest that GaAs elicits an 

inflammatory response following a single exposure. This 

was a dose dependent phenomenon; only the high dose led to 

an increase in the total number of leukocytes. 

The GaAs particles can activate the phagocytic 

cells that infiltrate the acinar region of the lung. This 

was shown to occur both in vitro and in vivo. During the 

activation process, production of the active 02 metabolites, 

02- and H202 , occurred. Activation of the PAM was directly 

related to the association of GaAs particles with the cell 

and not by the dissolution products. 

The production of the active oxygen species was 

dependent on the presence of phagocytic cells. During the 

dissolution process of GaAs, the As (-III) is present to act 

as a reducing agent. We showed that any production of 

either 02- or H202 was not measurable. 

GaAs is as cytotoxic to the PAM as silica and As203 • 

This was seen in the PAM cultures and the BALF of instilled 

animals. The cytotoxicity of GaAs may be due to its 

semiconductor properties (like silica) and the dissolution 

products (probably As [III].) The cytotoxicty seems to play 
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an important role in the continual recruitment of PAM, since 

Ga203' which is less cytotoxic, did not induce an 

inflammatory response. 

The increased number of phagocytic cells and their 

activation produced an oxidative stress in the lung. This 

was reflected by the increase in the antioxidant enzyme 

activities (GSH-PX) and changes in the antioxidant 

biochemical levels. Increased levels of the nonprotein 

sulfhydryl (reduced form) levels and depletion of ascorbic 

acid accompanied the GaAs induced insult. Although Ga203 

activates PAM in vitro, it does not produce a measurable 

oxidative stress in vivo. 

The differences noted between the responses 

elicited following single exposure to silica and GaAs can be 

best explained by the differences in lung retention of the 

particles. Although both compounds lead to deposition of 

collagen in the lung, resorption of the collagen was evident 

3 months following GaAs exposure. Silica led to a fibrotic 

response. GaAs was cleared almost completely by 1 month 

while the silica is present up to 18 months. This is a 

result of differences in solubility (GaAs »silica.) In 

fact, multiple exposures of GaAs are reported to be 

fibrogenic (Tarasenko and Fadeev, 1980.) Although As203 did 

lead to increased 4 -hydroxyproline levels at early time 

points, it did not produce fibrosis. This can be correlated 
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well with its dissolution and clearance from the lung. 

The ability of a compound to produce a fibrogenic 

response appears to be related most to its persistence in 

the lung and cytotoxicity. Persistence can be correlated 

well with solubility in solutions under physiological 

conditions. Cytotoxicity can be evaluated quite nicely with 

PAM culture studies. 

Both animal species appear to be adequate to assess 

the toxicity of GaAs. The acute pulmonary response of the 

hamster appears to be more sensitive to As containing 

compounds than the rat. Since collagen deposition is an end 

point of interest in describing the lesion the rat may be 

better suited for extrapolation to man, however. 
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APPENDIX A: GLOSSARY 

The following list defines the most commonly cited 

abbreviations throughout the text: 

As = arsenic; atomic number 33 and atomic weight 75. 

As (III) = trivalent As 

As (V) = pentavalent As 

As02- = arsenite anion (trivalent As) 

CAT = catalase 

cyt C = ferricytochrome C 

DNA = deoxyribonucleic acid 

FAD = flavin adenine dinucleotide 

Ga = gallium; atomic number 31 and atomic weight 70. 

GaAs = gallium arsenideGSH = glutathione (reduced form) 

GSH-PX = glutathione peroxidase 

HAs02 = arsenous acid (trivalent As) 

H202 = hydrogen peroxide 

LDH = lactate dehydrogenase 

OH· = hydroxyl radical 

02- = superoxide anion 



GLOSSARY--Continued 

NADPH = nicotinamide adenine dinucleotide phosphate 

NPSH = nonprotein sulhydryls (reduced form) 

PAM = pulmonary alveolar macrophages 

PBS = phosphate buffered saline 

PMA = phorbol-12-myristate-13-acetate (phorbol ester) 

PMN = polymorphonuclear leukocyte 

Si02 = silicon dioxide (silica) 

S.D. = standard deviation 

Vit C = vitamin C (ascorbic acid) 

Vit E = vitamin E (alpha-tocopherol) 

ZYM = opsonized zymosan A 
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