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The mesothelium is a target of the toxic and carcino-
genic effects of asbestos fibers. Fibers greater than 8 #
in length and less than 0.25 p in diameter have been
found to be highly tumorigenic in rodents, while
shorter asbestos fibers or spherical mineral particles
have not been shown to produce mesotheliomas. For
investigation of early mesothelial reactions associated
with the development of mesotheliomas, C57BL/6
mice were given intraperitoneal injections of200jg of
short or long crocidolite asbestos fibers, toxic silica
particles, or nontoxic titanium dioxide particles. At in-
tervals between 3 hours and 21 days after a single injec-
tion, the mesothelial surface ofthe diaphragm was ex-
amined by stereomicroscopy, scanning electron
microscopy, and autoradiography. Within 6 hours
after injection of asbestos fibers, mesothelial cells in
the lacunar regions of the diaphragm retracted open-
ing stomata 10.7 ± 2.3 p in diameter leading to the sub-
mesothelial lymphatic plexus. Short asbestos fibers
(90.6% ' 2 u in length), silica, or titanium dioxide par-
ticles ( 5 p in diameter) were cleared through these
stomata without provoking an inflammatory reaction
or mesothelial injury. In contrast, long asbestos fibers
(60.3% 2 2 p in length) were trapped at the lymphatic
stomata in the lacunar regions on the peritoneal sur-
face ofthe diaphragm. At these sites, an intense inflam-
matory reaction developed with accumulation ofacti-

vated macrophages and a 5.5-fold increase in albumin
recovered in the peritoneal lavage fluid after 3 days. As
early as 12 hours after injection oflong asbestos fibers,
the adjacent mesothelial cells were unable to exclude
trypan blue and lost their surface microvilli, developed
blebs, and detached. Recovery of lactate dehydrogen-
ase activity in the peritoneal lavage fluid was increased
5.8-fold after 3 days and returned to normal levels after
14 days. Regenerating mesothelial cells appeared at the
periphery of asbestos fiber clusters 3 days after injec-
tion. Maximal incorporation of 3H-thymidine by me-
sothelial cells occurred after 7 days, followed by partial
restoration of the mesothelial lining after 14-21 days.
As late as 6 months after a single injection of crocido-
lite asbestos fibers, clusters of fibers remained in the
lacunar regions, partially covered by mesothelium but
surrounded by macrophages and regenerating meso-
thelial cells. The anatomic distribution and size oflym-
phatic stomata on the peritoneal surface of the dia-
phragm account for the selective accumulation oflong
asbestos fibers in these regions. Activated macrophages
at these sites may provoke leakage of reactive oxygen
metabolites, resulting in mesothelial cell injury fol-
lowed by regeneration. It is hypothesized that repeated
episodes of injury and regeneration may promote the
development of mesotheliomas. (Am J Pathol 1987,
128:426-445)

EXPOSURE to asbestos fibers is associated with the
development of mesotheliomas, malignant tumors
arising from the pleural or peritoneal lining. 12 Spheri-
cal mineral particles such as silica3 or titanium diox-
ide4 do not produce these tumors, although both as-
bestos fibers5 and silica6 cause pulmonary fibrosis.
Mesotheliomas develop in experimental animals fol-
lowing inhalation7 or direct intrapleural or intraperi-
toneal implantation ofseveral types ofmineral fibers,
including different forms of asbestos and glass
fibers.8-10 On the basis of these experiments the Stan-
ton hypothesis was formulated: fibers longer than 8 p
and thinner than 0.25 p, regardless of their chemical

composition, are responsible for mesotheliomas.
More recently, other investigators have identified ad-
ditional factors, including surface charge and ionic
composition, which may also contribute to the devel-
opment of these tumors.l
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The mechanism leading to the development of
mesotheliomas is unknown. Asbestos may act as a
complete carcinogen or as a tumor promoter. Unlike
most chemical carcinogens, asbestos fibers are not
directly mutagenic in bacterial12 or mammalian assay
systems.13"14 Asbestos fibers also do not damage cellu-
lar DNA,15,16 although they are clastogenic.'7,'8 Rat or
human pleural mesothelial cells phagocytize asbestos
fibers in vitro.'9'20 These fibers are highly toxic to cul-
tured mesothelial cells, producing chromosomal
aberrations and morphologic changes. Colonies of
mesothelial cells with altered growth characteristics
arise during exposure to asbestos fibers in vitro; how-
ever, these altered cells have not yet been shown to be
tumorigenic.21 22 It is also possible that asbestos acts as
a tumor promoter. When applied to cultured hamster
tracheal epithelial cells, asbestos fibers produce sev-
eral metabolic alterations characteristic oftumor pro-
moters.2325 In other in vitro assays, asbestos fibers do
not appear to act as tumor promoters. For example,
asbestos fibers do not enhance benzo(a)pyrene-in-
duced transformation ofrat pleural mesothelial cells26
or inhibit metabolic cooperation in the V79 assay
system.27 These results raise the possibility that as-
bestos fibers may indirectly promote the development
of mesotheliomas via their effects on phagocytes. In
support of an indirect mechanism is the observation
that asbestos fibers trigger the release of reactive oxy-
gen metabolites from macrophages28'29 and cultured
tracheal epithelial cells.30 Activated phagocytes have
been shown previously to induce point mutations,31
chromosomal damage,32 and transformation of co-
cultured fibroblasts.33 These experiments led to the
hypothesis that asbestos fibers stimulate the local re-
lease ofreactive oxygen species from phagocytes, thus
creating a "prooxidant environment" favoring the de-
velopment of tumors.34

It is not known whether asbestos fibers directly or
indirectly cause mesothelial cell injury and altered
growth regulation in vivo. Numerous investigations
have confirmed that mesotheliomas develop 1-3
years after exposure ofrodents to asbestos fibers; how-
ever, the initial reaction of the mesothelial lining to
asbestos and other mineral particles has not been de-
scribed.35'36 On the basis ofthe Stanton hypothesis, we
predicted that only long asbestos fibers will interact
with and damage the mesothelial lining. We tested
this prediction by comparing the morphologic reac-
tions of the mesothelium to intraperitoneal injection
of short or long asbestos fibers and spherical mineral
particles which are not carcinogenic. Four reactions
were observed: 1) the anatomic location ofthese three
types ofminerals, 2) the intensity ofthe inflammatory
response, 3) the extent of mesothelial injury, and 4)

mesothelial regeneration. The anatomic location of
asbestos fibers was identified morphologically and
confirmed by fiber counts following tissue digestion.
The inflammatory response was described morpho-
logically and quantitated by recovery of albumin in
peritoneal lavage fluid. Cell injury was described mor-
phologically and confirmed by a dye exclusion assay
and release of lactate dehydrogenase activity into the
peritoneal lavage fluid. Mesothelial cell regeneration
was observed morphologically and proliferation was
documented by autoradiography after injection of
3H-thymidine.

Materials and Methods
Preparation of Mineral Particle Stocks

Crocidolite asbestos fibers, crystalline silica parti-
cles (quartz), and titanium dioxide particles (rutile)
were obtained from stocks originally prepared and
characterized by the Union Internationale Contre Le
Cancer (Timbrell, 1971/72).37 The asbestos fibers and
titanium dioxide particles were purchased from Duke
Scientific Corporation (Palo Alto, Calif); silica
particles (-- 5 u in diameter) were a gift from Dr.
R. E. G. Rendall, National Centre for Occupational
Health, P.O. Box 4788, Johannesburg 2000, Republic
ofSouth Africa. The native preparation ofcrocidolite
asbestos fibers will be referred to as "mixed fibers."
This preparation was separated into "long" and
"short" fibers by differential centrifugation and filtra-
tion, modified from the procedure of Brody et al
(1983)38 as follows. Native crocidolite asbestos fibers
(0.5-1.0 g) were suspended in 10 ml of deionized
water and centrifuged at 1200 rpm for 10 minutes in
an IEC Centra-7R centrifuge. The upper layer con-
tained the starting material for short fibers; the pellet
was the starting material for long fibers. The pellet was
resuspended in deionized water and centrifuged as
described above; this sequence was repeated nine
times. The short fibers were placed in a 500-ml sterile
Nalgene filter apparatus (Fisher Scientific Company,
Medford, Mass), collected by vacuum filtration,
rinsed with absolute ethanol, and air-dried under a
laminar flow hood equipped with Hepa filters. The
fibers were gently scraped offthe filter and placed in a
preweighed glass vial. The pellets containing long
fibers were resuspended in 10 ml of deionized water
and centrifuged at 1,000 rpm for 10 minutes. The
pellet was resuspended in 10 ml of deionized water,
then centrifuged at 500 rpm for 5 minutes. The pellet
was then resuspended in 10 ml ofdeionized water and
filtered through 100-u nylon mesh (TETKO, Inc.,
Elmsford, NY) in a Nalgene 250 ml filter apparatus
(Fisher Scientific Company). The fibers were col-
lected by vacuum filtration, rinsed with absolute eth-
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anol, and air-dried. The fibers were collected from the
top of the nylon mesh and placed in a preweighed
glass vial.

Stock suspensions of all mineral particles and fiber
preparations were prepared in Dulbecco's phosphate-
buffered saline, pH 7.4 (PBS, Grand Island Biological
Co., Grand Island, NY) at a concentration of 200
,ug/ml, autoclaved, and sonicated in a water bath for
20 minutes prior to intraperitoneal injection. Where
indicated, mice also received an injection of 1 ml of
PBS alone or 1.5 ml of thioglycollate broth (4% wt/
vol; Difco Laboratories, Detroit, Mich), an agent
which produces nonspecific activation ofmouse peri-
toneal macrophages.39
Dimensions of Crocidolite Asbestos
Fiber Preparations
The stock suspensions of mixed, long, or short as-

bestos fibers were sonicated for 20 minutes. A 75-,1
aliquot was taken from each suspension and diluted
with 925 #l ofdeionized water which had been filtered
through a Millipore Millex-GV 0.22-, filter unit
(Millipore Corp., Bedford, Mass). A 5-1u aliquot from
the mixed and long fiber preparations was placed on
formvar-coated copper grids (100 windows/grid; Po-
laron Corp., Hatfield, Pa). The short fibers were di-
luted 1: 5 with filtered, deionized water and a 5-,1
aliquot placed on formvar-coated grids. The samples
on grids were placed in a bell jar under vacuum for 90
minutes, then placed in a warming oven at 60 C over-
night. Fibers were viewed in a Philips 410 transmis-
sion electron microscope. The exact magnification
was calculated by using a calibration grating replica
with 1200 lines/mm (Ernest F. Fullam, Inc., Schenec-
tady, NY). Photographs of at least 20 windows per
grid were taken at magnifications of 550.9X and
1597.5X. The total number of fibers per milligram
was calculated at 550.9X magnification. Fiber lengths
and fiber diameters were measured at magnifications
of550.9X and 1597.5X, respectively. Only fibers with
a length to diameter ratio33: 1 were counted. No
clumps of fibers were seen in these preparations. In
agreement with the previous data obtained by Mon-
chaux et al," the native mixed fiber preparation of
crocidolite asbestos contained 2.93 X 109 fibers/mg.
There were 1.22 X 109 fibers/mg in the long fiber
preparation, 4.64 X 109 fibers/mg in the short fiber
preparation, 9.31 X 108 silica particles/mg, and
3.49 X 109 titanium dioxide particles/mg. The fiber
dimensions are shown in Tables I and 2.

Intraperitoneal Injection of Mineral Particles

Male C57BL/6 mice were obtained from Charles
River Laboratories (North Wilmington, Mass) at 2

Table 1-Lengths of Crocidolite Asbestos Fiber Preparations

Length (ji)
0.1- 0.5
0.6- 1.0
1.1- 2.0
2.1- 5.0
5.1-10.0

10.1-15.0
15.1-20.0
20.1-25.0
25.1-30.0
30.1-35.0
0.0- 35.1

Mixed

18.7
27.6
30.1
15.1
4.4
0.9
1.5
0.4
0
0
1.3

% Fibers in size range
Long
6.4

11.1
22.1
32.9
15.1
5.7
2.3
1.0
0.7
0.3
2.3

Short

44.8
29.6
16.2
8.3
1.1
0
0
0
0
0
0

Native crocidolite asbestos fibers ("mixed") were fractionated into "long"
and "short" fibers by a series of centrifugation and filtration steps. Aliquots
of these preparations were mounted on formvar-coated grids and viewed in a
Philips 410 transmission electron microscope. The number of fibers in each
size range was counted as described in Materials and Methods.

months of age and given intraperitoneal injections of
200 /g/ml of crocidolite asbestos, silica, titanium
dioxide, 1.5 ml of thioglycollate broth, or 1 ml of
phosphate-buffered saline (PBS). The mice were kept
in filter-top plastic cages and maintained as described
previously.4 The animals were sacrificed with an
overdose of ether at the following times after injec-
tion: 3, 6, 12, or24 hours; 3, 7, 14, 21 or35 days; and 6
months. For each experiment, 2-6 mice were exam-
ined.

Collection of Blood and Peritoneal Lavage Fluid

The mice were narcotized with CO2 and 0.5 ml of
blood was removed by cardiac puncture. After sacri-
fice, 8 ml of sterile PBS was injected intraperitoneally
by means ofa 22-gauge needle and the syringe gently
depressed and withdrawn 5 times. Then 6 ml of this

Table 2-Diameters of Crocidolite Asbestos Fiber Preparations
% Fibers in size rar,ge

Diameter (u)
0.03-0.10
0.11-0.20
0.21-0.30
0.31-0.40
0.41-0.50
0.51-0.60
0.61-0.70
0.71-0.80
0.81-0.90
0.91-1.00
1.01-1.50
1.51-2.00
2.01-2.50
2.51-3.00

See legend to Figure 1.

Mixed

12.2
41.5
15.4
12.2
6.5
4.1
4.1
1.6
0
0
0.8
0.8
0.8
0

Long
20.3
21.6
12.8
13.2
11.9
4.4
5.3
4.0
2.6
0.4
1.8
0.9
0.9
0

Short

27.3
60.7
8.7
2.7
0.5
0
0
0
0
0
0
0
0
0
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fluid was withdrawn with a syringe. The cells were
removed by centrifugation at 1500 rpm for 5 minutes
in an IEC Centra-7R centrifuge at 4 C. The serum and
peritoneal lavage fluids were used for biochemical
analyses ofalbumin content and lactate dehydrogen-
ase activity as described subsequently.

Fixation and Dissection of the Diaphragm
The anterior abdominal wall was cleaned with 95%

ethanol, and the fur removed. The mesothelium was
fixed in situ by injecting 10 ml of 2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer, pH 7.4, at 4 C.41 The mice were kept on
ice for 20 minutes before further dissection. The skin
was removed from the abdomen up to the level ofthe
costal margins. The peritoneum was exposed through
a midventral incision; lateral incisions were made ex-
tending to the vertebral column. The diaphragm was
exposed by hyperextension of the vertebral column.
The falciform ligament, esophagus, posterior vena
cava, abdominal aorta, vertebral column, and psoas
muscles were severed just caudal to the diaphragm
freeing the thorax and head from the remainder ofthe
body. The diaphragm, still attached to the rib cage,
was rinsed in cold cacodylate buffer. The diaphragm
was then cut around its perimeter, freed from its car-
diac attachment, and rinsed three times in cacodylate
buffer. The diaphragms were allowed to fix in the
above fixative at 4 C overnight.

Recovery of Asbestos Fibers From Tissue Digests
Mice were injected intraperitoneally with 200 ug of

mixed, short, or long preparations of crocidolite as-
bestos fibers. After 3 days, the mice were sacrificed
and the diaphragm dissected as described subse-
quently. The falciform ligament and attached lym-
phatics were removed. The cleaned diaphragm was
digested in 3 ml of bleach (5.25% sodium hypochlor-
ite) for 5 hours at room temperature according to
the procedure described by Churg and Warnock
(1980)42 with the following modifications. In order to
minimize fiber clumping, 10 1l of 1% Tween-80 de-
tergent (vol/vol; Sigma Chemical Co., St. Louis, Mo)
was added. Under vacuum, 500 ul of this suspension
was filtered through a Nucleopore membrane (13mm
in diameter; 0.1-pu pore size; VWR Scientific, Inc.,
Boston, Mass). The filter was rinsed with 1 ml of ab-
solute ethanol, then for 30 minutes with 2 ml of 50%
hydrogen peroxide (Fisher Scientific Co.), and finally
with 5 ml of absolute ethanol. The filter was gold-
coated with an ISI-PS-2 Sputter-Coater (Polaron,
Hatfield, Pa) and viewed in an AMR 1000 scanning

electron microscope at 20 kv at 500X magnification.
At least 26 randomly selected fields were photo-
graphed for subsequent counting of fibers.

Examination by Stereomicroscopy
The fixed diaphragms were examined and photo-

graphed under a Nikon SMZ-10 dissecting stereo-
photomicroscope. Photographs of the entire dia-
phragm were taken with a 2X lens and used for gross
orientation of fiber clusters. At 80X magnification,
cuboidal mesothelial cells in the lacunar regions ofthe
diaphragm were visible; longer asbestos fibers could
also be seen at this magnification. Drawings of fiber
clusters using the vascular bed as landmarks were
made to assist in locating lesions to be studied by light
microscopy, scanning electron microscopy, and auto-
radiography.

Examination by Light Microscopy
Lesions were dissected from the diaphragm under

the stereomicroscope by means of a razor blade.
These tissue samples were either embedded in paraf-
fin or postfixed, dehydrated, and embedded in Spurr's
resin as described previously.40 Paraffin-embedded
sections were cut at 6 u and examined unstained with
a phase-contrast microscope or stained with hema-
toxylin and eosin (H&E). Plastic-embedded sections
were cut at 0.5 # and stained with Giemsa solution
(American Scientific Products, Medford, Mass), then
briefly de-stained in ethanol. The stained sections
were examined and photographed with a Zeiss Axio-
plan photomicroscope.

Examination by Scanning Electron Microscopy
The entire diaphragm or selected areas identified

under the dissecting stereomicroscope were processed
for examination by scanning electron microscopy as
outlined by Harrison et al (1982).43 Briefly, the fixed
specimens were rinsed for 15 minutes in 0.1 M so-
dium cacodylate buffer pH 7.2, postfixed in 2% (wt/
vol) osmium (Electron Microscopy Sciences, Fort
Washington, Pa) in 0.2 M sodium cacodylate for 1-2
hours at room temperature, and rinsed in deionized
water. The specimen was placed for 20 minutes in a
1% (wt/vol) solution of thiocarbohydrazide (TCH;
Electron Microscopy Sciences) which had been
freshly prepared from a filtered, saturated solution,
then rinsed again in deionized water. The postfixa-
tion, rinsing, and TCH steps were repeated, followed
by a final fixation step in osmium. The specimens
were rinsed again in deionized water and dehydrated

Vol. 128 · No. 3



430 MOALLI ET AL

for 15 minutes in 2,2'-dimethoxypropane (freshly
acidified by adding 6 drops of concentrated HC1 per
100 ml; Polysciences, Inc., Warrington, Pa). The
specimens were dried in a Bomar 900 critical point
dryer (Bomar, Spokane, Wash) with liquid CO2 and
mounted on stainless steel stubs. The peritoneal sur-
face ofthe diaphragm was examined in anAMR 1000
scanning electron microscope operating at 20 kv at
200-2000X magnification.

Trypan Blue Assay
Mice were sacrificed and prepared for dissection of

the diaphragm as described above except for omission
of fixation in situ. The peritoneal surface of the dia-
phragm was exposed. While still attached to the rib
cage and the falciform ligament, the diaphragm was
submerged in PBS at 4 C on ice. The peritoneal sur-
face was then suspended in a 0.13% trypan blue solu-
tion (Flow Laboratories, Inc., Rockville, Md) for 5
minutes at 4 C on ice. The diaphragm was then rinsed
three times in PBS at 4 C on ice for 15 minutes and
fixed in 2.5% glutaraldehyde in PBS for 20 minutes at
4 C. The diaphragm was dissected away from the rib
cage and examined immediately under the dissecting
stereomicroscope. Diaphragms from uninjected mice
did not stain with trypan blue under these condi-
tions.44'45 Surface imprints ofthe superficial mesothe-
lial layer were prepared by pressing the air-dried dia-
phragm against a glass coverslip coated with
poly-L-lysine (Sigma; 0.1% wt/vol in deionized water)
and mounting in Aquamount (Lerner Lab., New
Haven, Conn) as described previously by Whitaker et
al (1980).46

Autoradiography
One hour before sacrifice, mice were given an in-

traperitoneal injection of[3H-methyl]-thymidine (5.0
,uCi/g body weight; s.a. 6.7 Ci/mmol; New England
Nuclear Corp., Boston, Mass). The diaphragm was
removed as described earlier and fixed in 2.5% glutar-
aldehyde in PBS at 4 C overnight. The intact dia-
phragm was rinsed several hours in deionized water
and dipped in NTB-2 emulsion (diluted 1: 1 [vol/vol]
in deionized water; Eastman Kodak Co., Rochester,
NY) for 2 minutes in the dark. The specimens were
exposed for 1 week at 4 C in the dark, developed in
D- 19 (Eastman Kodak Co.) and fixed in 25% (wt/vol)
sodium thiosulfate (Eastman Kodak Co.). Residual
emulsion was removed by several rinses in deionized
water.4647
The peritoneal surface ofthe diaphragm was exam-

ined under the dissecting stereomicroscope. Labelled

nuclei were easily visualized at 70X magnification.
Twenty areas in the muscular region ofthe diaphragm
were selected randomly, and the number of labeled
nuclei per square centimeter in each ofthese areas was
counted at 70X magnification.

Biochemical Analyses of Peritoneal Lavage Fluid
The total amount ofalbumin recovered in the peri-

toneal lavage fluid was used as an index of increased
vascular permeability which accompanies the inflam-
matory reaction to mineral particles.48 Albumin con-
tent was determined by measuring the absorbance at
630 nm of the complex formed with bromcresol
green. Bovine serum albumin (BSA) was used to es-
tablish a standard concentration curve.49
Recovery of lactate dehydrogenase (LDH) activity

in the peritoneal lavage fluid was used as an index of
damage to the peritoneal lining produced by injection
of toxic mineral particles.48 A 2-ml aliquot of perito-
neal lavage fluid was concentrated in a BSA-pre-
treated Centricon 10 microconcentration unit (Ami-
con Corp., Danvers, Mass). The concentrate was
brought up to 400 u1 with 0.85% NaCl; 100 u1 was
used to measure the extent of conversion of pyruvic
acid to lactic acid by LDH. The disappearance of
pyruvic acid was determined colorimetrically at 428
nm by the formation of hydrazone from 2,4-dinitro-
phenylhydrazine as described by Cabaud and Wrob-
lewski (1958).50 Total LDH activity in lavage fluid
was expressed in Berger-Broida units (1 unit ofLDH
activity reduces 4.8 X 10-4 umol pyruvate/min). All
assays were run at room temperature; reagents were
obtained from Sigma Chemical Co.

Statistical Analyses
The means ± standard errors calculated from trip-

licate samples from control and experimental groups
were tested for statistical significance by means ofthe
Student t test.

Results
Localization of Asbestos Fibers

The anatomic distribution of asbestos fibers after a
single intraperitoneal injection of 200 ug of native
crocidolite asbestos was mapped under a dissecting
stereomicroscope. Within 3 hours after injection,
small clusters appeared on the peritoneal surface of
the diaphragm concentrated at the musculotendinous
junction and extending outward on the muscular re-
gion. After 24 hours, 8-30 fiber clusters were ob-
served; they ranged in size from 14 X 29 u up to 57 X
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100 ,u. When examined at higher magnifications as
shown in Figure 1, the fiber clusters were irregular in
outline and adjacent to blood vessels. Occasional iso-
lated long fibers were found lying between fiber clus-
ters. Fibers continued to accumulate at these loca-
tions during the first 3 days after injection. Fewer fiber
clusters were found at the following sites: the falci-
form ligament (0-4) and the intestinal mesenteries
and omentum (0-3). This distribution did not change
throughout 6 months after the initial injection.
The anatomic distribution of asbestos fibers paral-

lels the major lymphatic drainage sites in the parietal
peritoneum.51,52 The openings or stomata of lym-
phatics at the peritoneal surface ofthe diaphragm are
found between discrete rows of dome-shaped me-
sothelial cells radiating away from the musculoten-
dinous junction; these areas are called lacunar re-
gions.53 These stomata lead to a submesothelial
plexus ot lymphatics which drain to collecting vessels
in the muscular layer of the diaphragm.54 Similar re-
gions oflymphatic stomata are found in the omentum
and mesenteries, especially around Kampmeier's foci
or milky spots. Similar structures are found in the
pleural cavity, especially on the pleural surface ofthe
diaphragm, in the dorsal caudal area of the mediasti-
num, and in the infracostal regions.52 The diaphrag-
matic stomata are the major route for clearance of
particulates from the peritoneal cavity41'55'56 due to
negative pressure created by movement of the dia-
phragm during respiration.
We studied the response ofthe diaphragmatic lym-

phatic stomata to intraperitoneal injection ofasbestos

\ , -1

Figure 1-Light micrograph of a mouse diaphragm removed 24 hours after
intraperitoneal injection of 200 #g of native (mixed lengths) crocidolite as-

bestos fibers as seen under a dissecting stereomicroscope. The arrows
indicate clusters of fibers. (X100)

fibers using scanning electron microscopy. The mor-

phologic appearance ofthe mesothelium in untreated
or PBS-treated mice is shown in Figure 2. A row of
dome-shaped mesothelial cells with a few adherent
mononuclear cells extends across the muscular region
ofthe diaphragm. The adjacent mesothelium is com-
posed of flat, tightly adhering cells covered by numer-
ous long, thin microvilli. After only 6 hours following
injection ofasbestos fibers, these dome-shaped cells in
the lacunar regions retracted. The stomata between
the cells are easily recognized in Figure 3. These sto-
mata were measured 6-12 hours after injection of
native crocidolite asbestos fibers and were found to be
10.7 ± 2.3 i (mean ± SD) in diameter. In untreated
mice or after injection with saline, the stomata range
from 0.5 to 3 u in diameter.
On the basis of these measurements and the ana-

tomic distribution of asbestos fiber clusters in the la-
cunar regions on the diaphragm, we predicted that
fibers less than the diameter ofthe lymphatic stomata
would be cleared, while longer fibers would be
trapped at the mesothelial surface in the lacunar re-
gions. In order to test this prediction, native crocido-
lite asbestos fibers were fractionated into "short" and
"long" fiber preparations as described in Materials
and Methods. The dimensions ofthese fiber prepara-
tions are summarized in Tables 1 and 2: 90.6% ofthe
short fibers are - 2 u long, and 60.3% ofthe long fibers
are 22 u long; 96.7% ofthe short fibers are s 0.30 u in
diameter, and 54.7% ofthe long fibers are < 0.30 u in
diameter. Mice were given intraperitoneal injections
of 200 ,ug each of these fiber preparations. The ana-
tomic distribution of these fibers on the diaphragm
was determined by tissue digestion and fiber count-
ing, stereomicroscopy, and scanning electron micros-
copy.
The number of short, mixed, or long preparations

ofasbestos fibers on the diaphragm was determined 3
days after injection following tissue digestion in
bleach as described in Materials and Methods. After
injection ofmixed lengths ofasbestos fibers 1.8 X 106
fibers were recovered from the diaphragm, and 9.6 X
105 fibers were recovered after injection of long as-
bestos fibers. In contrast, only 3.0 X 103 fibers were
recovered after injection of short asbestos fibers. Ex-
amination of intact diaphragms by means of a dis-
secting stereomicroscope revealed clusters of fibers
similar to those shown in Figure 1 after injection of
either mixed or long fibers. No fiber clusters were
found after injection of short fibers. Similar observa-
tions were made after injections of spherical silica or
titanium dioxide particles (- 5 p in diameter). No
aggregates of mineral particles were seen on the peri-
toneal surface of the diaphragm under either the
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432 MOALLI ET AL

Figure 2-Scanning electron micrograph of the lacunar region of a diaphragm removed from an uninjected mouse. A row of cuboidal mesothelial cells extends
diagonally across the photograph. A few mononuclear cells (M) are adherent to this surface. Arrows indicate occasional holes or stomata between the cuboidal
cells. The adjacent mesothelial cells are flat and covered with fine microvilli. The intercellular junctions between these flat cells are tight with no stomata.
(X580) Figure 3-Scanning electron micrograph of the lacunar region of a diaphragm removed 6 hours after injection of 200 pg of native (mixed lengths)
crocidolite asbestos fibers. The cuboidal mesothelial cells have separated revealing numerous stomata indicated by arrows. (X1300)

dissecting stereomicroscope or the scanning electron
microscope.

Clusters of mixed or long asbestos fibers were stud-
ied in more detail by light microscopy and scanning
electron microscopy. A cross-section through a mixed
fiber cluster embedded in plastic is shown in the light
micrograph in Figure 4. The inset photographed
under darkfield illumination shows numerous fibers,
which appear white. The fibers are intermingled in
and between inflammatory cells in this lesion. As
shown in brightfield illumination, the fiber cluster is
loosely adherent to the mesothelial surface above a
dilated lymphatic channel in the submesothelial
layer. The appearance of a similar fiber cluster by
scanning electron microscopy is shown in Figure 5. At
low magnification, no free fibers are evident; the clus-
ters are completely covered by inflammatory cells.
The extent of this inflammatory response will be de-
scribed next.

Asbestos Fibers Elicit an Inflammatory Response

The earliest response to injection of mixed or long
asbestos fibers is focal hemorrhage on the peritoneal
surface of the diaphragm. As shown in Figure 6, fi-
brin, red blood cells, and platelets covered the me-
sothelium in lacunar regions 3-6 hours after injection
of mixed asbestos fibers. This early hemorrhage was
rapidly replaced by neutrophils and macrophages
after 6-12 hours (Figure 5). After 3 days, macro-
phages were the most numerous cells in the fiber clus-
ters, as shown in Figure 7. At this time, the macro-
phages had ruffled surfaces with prominent
pseudopodia.57 Many of these cells were distorted by
the presence of long, thin fibers. All fibers visualized
by scanning electron microscopy appeared to be cov-
ered by cellular membranes at these early time points.
Th, maximal extent of this inflammatory reaction
was found 3 days after injection. At this time, the
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ASBESTOS FIBERS AND MESOTHELIAL INJURY 433

entire surface of the diaphragm was almost com-
pletely obscured by inflammatory cells. Many mul-
tinucleated giant cells were present. Between 14 and
21 days after injection of mixed or long asbestos
fibers, the elevated lesions containing fiber clusters
were still visible; however, only occasional macro-
phages were found on their surfaces.
The severity of this inflammatory response was

monitored by recovery of albumin in the peritoneal
lavage fluid measured as described in Materials and
Methods. As shown by the open circles in Figure 8,
increased levels of albumin were recovered after 3
hours and between 1 and 3 days after injection oflong
asbestos fibers. The early peak most likely reflects
localized vascular damage, because fibrin and red
blood cells were observed on the surface of the dia-
phragm at this time (Figure 6). The later peak reflects
either increased vascular permeability accompanying
the inflammatory response or reduced clearance of
albumin from the peritoneum. It is unlikely that hem-
orrhage was responsible for increased albumin recov-
ered in the peritoneal lavage fluid after 3 days, because
only 3 X 103 red blood cells were recovered in the
lavage fluid. This corresponds to 0.3 ul1 of whole
blood, which would contribute only 9.9 ug of albu-

min. After 7 days, the amount of albumin recovered
in the peritoneal lavage fluid declined. This time
course parallels the severity ofthe inflammatory reac-
tion observed by scanning electron microscopy.
The inflammatory response to injection of short

asbestos fibers was also followed. As shown by the
open triangles in Figure 8, there was only a small
increase in the albumin recovered in the peritoneal
lavage fluid 1-3 days after injection of200 ug ofshort
asbestos fibers. At these times, there also was little
inflammatory reaction seen on the peritoneal surface
of the diaphragm by scanning electron microscopy.
The inflammatory responses to intraperitoneal in-

jection of a soluble irritant, thioglycollate broth, or
the spherical mineral particles silica and titanium
dioxide were compared. As shown by albumin recov-
ery in the peritoneal lavage fluid after 3 days (Table 3),
injection ofthioglycollate or short asbestos fibers pro-
duced a small increase in albumin recovery
(P < 0.01), whereas injection of titanium dioxide or
silica particles did not significantly increase albumin
recovery. This pattern was confirmed by examination
of the diaphragm by scanning electron microscopy:
little inflammatory reaction was observed at any time
( 1-21 days) after injection of these irritants.
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Figure 4-Light micrograph showing a cluster of asbestos fibers in cross-section at the musculotendinous junction of a diaphragm removed 12 hours after
injection of 200 pg of native (mixed lengths) of asbestos fibers. With brightfield illumination, only inflammatory cells are easily identified. The inset by darkfield
illumination shows numerous white fibers (arrows) within this group of inflammatory cells. This fiber cluster is located directly over a lymphatic channel (L)
between the surface mesothelium and the underlying skeletal muscle. (X1700; inset, X750)
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Figure 5-Scanning electron micrograph of the surface of a cluster of asbestos fibers covered by inflammatory cells on a diaphragm removed 6 hours after
injection of 200 ,ug of native (mixed lengths) crocidolite asbestos fibers. (X320)

Asbestos Fibers Cause Mesothelial Injury

Injury to mesothelial cells was evident by scanning
electron microscopy as early as 3-6 hours after injec-
tion of mixed or long asbestos fibers. As shown in
Figure 9, mesothelial cells were round and swollen,
with loss ofsurface microvilli. There was loss ofinter-
cellularjunctions and formation ofnumerous surface
blebs. Focal areas of cell detachment were seen, re-

vealing the submesothelial connective tissue network.
Dead cells (see lower corner of Figure 9) were shrun-
ken and irregular and easily penetrated by the elec-
tron beam. After 12 hours, areas of injured and de-
tached mesothelial cells were widespread on the
surface of the diaphragm. At later times, the progres-
sive infiltrate of inflammatory cells obscured the me-

sothelial surface so that morphologic assessment of
the extent of injury was impossible. Therefore, the
integrity of the mesothelium was assessed by exclu-
sion of the vital dye trypan blue and recovery of lac-
tate dehydrogenase activity in the peritoneal lavage
fluid.
As described in Materials and Methods, dia-

phragms from uninjected mice or after PBS injection
showed no staining with trypan blue (Figure 10). In
contrast, 3 days after injection of 200 ,g of long or
mixed asbestos fibers, large areas oftrypan blue stain-
ing were seen (Figure 11). The distribution of trypan
blue staining ofthe diaphragm was mapped by stereo-
microscopy between 3 hours and 14 days. After 3
hours, areas of blue staining measuring 1.5 .X 10 p to
2 X 20 p were seen in the lacunar regions. As more
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fibers accumulated on the surface of the diaphragm,
the areas ofstained cells increased in size and in num-
ber. After 6 hours, 29 blue areas up to 3.5 X 35 ,u in
size were found in the muscular region of the dia-
phragm and along the musculotendinousjunction. At
this time, some staining was also evident in the sub-
mesothelial layer in the lacunar regions. This most
likely represents penetration oftrypan blue into lym-
phatics. After 24 hours, the stained areas were even
larger (19 X 41 u). Multiple layers of blue cells were
seen at this time. Maximal staining with trypan blue
occurred 3 days after injection: at 3.7-fold magnifica-
tion, 83% of the surface area of the diaphragm was
stained. By 7 days, the extent of trypan blue staining
was reduced. Blue patches, 0.3 X 20 u to 12 X 74,u in
area, surrounded some of the fiber clusters. After 14
days, very little trypan blue staining was seen; the
diaphragm was similar to the one shown in Figure 10.

Staining of mesothelial cells in this viability assay
was documented by surface imprints of the dia-
phragm prepared 3 days after injection of long as-
bestos fibers. The mosaic arrangement of the surface
mesothelium with blue staining is shown in Figure 12.
This staining pattern is not due to endocytosis of try-

pan blue by the numerous macrophages in these le-
sions because only 2.4% ofthe free peritoneal macro-
phage population collected 3 days after injection of
asbestos took up trypan blue under these assay condi-
tions.
The intensity and distribution of trypan blue up-

take was very different after injection of 200 jug of
short asbestos fibers. After 3 hours only 3 cell clusters
were stained in the lacunar regions. After 3 days, 3
areas in the muscular region and 2 in the musculoten-
dinous junction were stained. These areas were only
0.1 X 0.2 u in size. Similarly, 3 days after injection of
silica particles, only 3 small areas were stained with
trypan blue. By 7 days after injection ofshort asbestos
fibers or silica particles, no trypan blue staining was
seen. During the same time period, no trypan blue
staining was seen after injection of PBS, titanium
dioxide, or the soluble irritant, thioglycollate broth.
The extent of trypan blue staining of the mesothe-

lium was paralleled by recovery of lactate dehydro-
genase (LDH) activity in the peritoneal lavage fluid
measured as described in Materials and Methods. The
time course ofthis release is shown in Figure 13. After
injection of 200 ,g of long asbestos fibers (open cir-

Figure 6-Scanning electron micrograph of the surface of the lacunar region of a diaphragm removed 3 hours after injection of 200,pg of native (mixed lengths)crocidolite asbestos fibers. The cuboidal mesothelial cells are covered by a meshwork of fibrin, red blood cells, and platelets. (X1660)
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Figure 7-Scanning electron micrograph of the surface of a fiber cluster on a diaphragm removed 3 days after injection of 200,ug of long asbestos fibers. The
mesothelial cells are almost completely covered by macrophages (M) with ruffled surfaces containing long, straight asbestos fibers (arrows). Cell debris and
occasional red blood cells are also present. (X2080)

cles), there is a small peak ofLDH activity at 3 hours,
with a larger peak after 3 days. After 21 days, the levels
had returned to control values. In contrast, a slight
elevation ofLDH activity was found between 3 and 7
days after injection of 200 ug of short asbestos fibers
(open triangles). No increased LDH activity was

Table 3-Albumin Recovery in Peritoneal Lavage Fluid

Total ,ug
recovered

Injection ± SEM

None
PBS
Thioglycollate
TiO2
SiO2
Short fibers
Long fibers

Days
Figure 8-Recovery of albumin in peritoneal lavage fluid after injection of
asbestos fibers. At intervals between 3 hours and 7 days after injection of
200 ,g of long (O) or short (A) crocidolite asbestos fibers, the albumin
content of peritoneal lavage fluid was determined as described in Materials
and Methods. The points are the means obtained from 3 animals; the bars
indicate the standard deviations.

729 ± 108
454 ± 34
993 ± 107
670 ± 40
478 ± 66
977 ± 69*

2486 ± 292t
*P < 0.05 for short fibers versus long fibers.
tP < 0.01 for long fibers versus PBS injection.
Peritoneal lavage fluid was obtained after injection of 8 ml of PBS intraperi-

toneally. Three mice in each group were sacrificed 3 days following injection
as indicated. Albumin content was measured as described in Materials and
Methods. Statistical significance was determined with the Student t test.

E
c

r,EI

AJP * September 1987



ASBESTOS FIBERS AND MESOTHELIAL INJURY 437

Figure 9-Scanning electron micrograph of the mesothelial surface of a diaphragm removed 12 hours after injection of 200 ,g of long crocidolite asbestos
fibers. The mesothelial cells are round and swollen with loss of their surface microvilli and numerous surface blebs. The tight intercellular junctions have partially
separated. (X2080)

Figure 10-Light micrograph of a diaphragm removed from an uninjected mouse and stained with trypan blue as described in Materials and Methods. As
visualized with a dissecting stereomicroscope, the original specimen was not stained blue. In this black-and-white photograph, the central tendinous region is
almost white and the surrounding muscular region is gray. The black area at the top of the photograph is the transected psoas muscles, which are stained during
this procedure. (X8.3) Figure 11-Light micrograph of a diaphragm removed 3 days after injection of 200pg of long crocidolite asbestos fibers and stained
with trypan blue as described in Materials and Methods. As visualized with a dissecting stereomicroscope, the central tendinous region, areas of the muscular
region, and the falciform ligament stained blue. These areas are dark gray or black in this photograph. As seen under a dissecting stereomicroscope, only the
surface cells or occasionally the submesothelial lymphatics took up trypan blue dye. The underlying skeletal muscle fibers of the diaphragm were not stained.
(X8.3)
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Figure 12-Surface imprint of an area of mesothelial cells stained with
trypan blue. This preparation was obtained 3 days after injection of 200/g of
long asbestos fibers as described in Materials and Methods. This monolayer
of cells shows diffuse blue staining of the cytoplasm and nucleus, which
appear gray in this photograph. Unstained cells appear white under these
conditions. (X938)

found 3 days after injection of PBS, titanium dioxide
or silica particles, or thioglycollate broth (Table 4).

Mesothelial Regeneration after Injection of
Asbestos Fibers

The restoration ofthe mesothelium was studied by
scanning electron microscopy and by autoradiogra-
phy after pulse-labeling with 3H-thymidine. Imma-
ture mesothelial cells were identified morphologically
at the periphery offiber clusters beginning 3 days after
injection of 200 ,ug of mixed or long asbestos fibers.
The surface morphology of regenerating mesothelial
cells has been described in detail by Whitaker and

Days
Figure 13-Recovery of LDH activity in peritoneal lavage fluid after injection
of asbestos fibers. At intervals between 3 hours and 7 days after injection of
200 ug of long (O) or short (A) crocidotite asbestos fibers, the peritoneal
lavage fluid was collected and assayed for lactate dehydrogenase activity as
described in Materials and Methods. Thepoints are themeans obtained from
3 animals; the bars indicate the standard deviations.

Table 4-LDH Activity Recovered in Peritoneal Lavage Fluid

Injection Total units ± SEM
None 59 8
PBS 44 ±13
Thioglycollate 48 ± 6
TiO2 55 ± 5
SiO2 48 ± 3
Short fibers 79 ± 37*
Long fibers 257 ± 37t

*P < 0.05 for short fibers versus long fibers.
tP < 0.05 for long fibers versus PBS injection.
Peritoneal lavage fluidwas collected from 3 mice in each group3 days after

injection as described in Table 3. LDH activity was measured as described in
Materials and Methods. Statistical significance was determined with the
Student t test.

Papadimitriou (1985)58 after wounding ofthe parietal
peritoneum of the rat scrotal sac. These immature
mesothelial cells are shown in Figure 14. Round cells
with short microvilli and several filopodia migrate
from the periphery of the fiber cluster inward. As
these cells flatten out to restore the mesothelial sur-
face over the fiber clusters, the surface microvilli be-

Figure 14-Scanning electron micrograph of a fiber cluster on the dia-
phragm removed 7 days after injection of200ug of long asbestos fibers. The
cells covering the fiber cluster are mesothelial cells at various stages of
regeneration. At the periphery of the photograph are round cells covered with
numerous short microvilli (*). Some of these less mature cells have slender
filopodia. In the center of the photograph, the cells are flattened with sparse
microvilli (as indicated by the arrows). A variety of junctional contacts is seen
ranging from thin intercellular bridges to tight junctions characteristic of
mature, flat mesothelial cells. (X880)
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come sparse. By comparison, injured mesothelial
cells shown in Figure 9 with loss of microvilli are
rounded and swollen, with surface blebs. The flat-
tened, regenerating cells form thin filamentous exten-
sions, which eventually interdigitate until tight inter-
cellular junctions are reestablished after 14 days
(Figure 15). At this time, the regenerated cells again
have numerous thin microvilli, but they are more
cuboidal than mature, flat mesothelium. After 21
days, most ofthe mesothelium was restored especially
in the lacunar regions. Clusters of fibers were still
visible at the musculotendinous junction under the
dissecting stereomicroscope. When examined by
scanning electron microscopy (Figure 16), the center
of the fiber cluster was almost completely covered by
flattened mesothelial cells. A single protruding fiber is
seen in the lower halfofthis lesion. Restoration ofthe
mesothelium is not yet complete. This lesion is still
surrounded by macrophages and round mesothelial
cells. Even 6 months after a single injection ofmixed
asbestos fibers, macrophages and immature mesothe-
lial cells are scattered on the surface, covering several
layers of fibroblasts and macrophages, as shown in
Figure 17.

Figure 15-Scanning electron micrograph of a fiber cluster on a diaphragm
removed 14 days after injection of 200 ug of long asbestos fibers. The
mesothelium has been restored by cuboidal and partially flattened cells with
numerous, thin microvilli. The tight intercellular junctions are almost com-
pletely reestablished. (X 1120)

The proliferative response ofthe mesothelium after
injection of asbestos fibers was also studied by means
of autoradiography. At various times after injection,
mice were injected intraperitoneally with 3H-thymi-
dine 1 hour before sacrifice. The diaphragms were
dissected, coated with photographic emulsion, and
developed after a 1-week exposure as described in
Materials and Methods. The number oflabeled nuclei
per square centimeter was determined by means of a
dissecting stereomicroscope at 70X magnification. As
shown in Figure 18, numerous labeled nuclei were
seen on the muscular region ofthe diaphragm 3 days
after injection oflong asbestos fibers. In contrast, very
few labeled nuclei were seen after injection of silica
particles (Figure 19). The incorporation ofthe isotope
by surface mesothelial cells was confirmed by a cross-
section of the diaphragm photographed under the
light microscope as shown in Figure 20. The areas of
3H-thymidine incorporation corresponded to regions
of trypan blue staining seen after 3 days (Figure 11):
the lacunar regions were labeled most densely with
little 3H-thymidine incorporation in the central ten-
dinous region. The distribution of 3H-thymidine la-
beling around fiber clusters after 3 days was similar to
the location of immature mesothelial cells as visual-
ized by scanning electron microscopy: labeled cells
first appeared at the periphery of fiber clusters, then
moved in toward the center of these lesions. After 7
days, there was heavy labeling over most of the mus-
cular region ofthe diaphragm. Focal areas of 3H-thy-
midine incorporation persisted even after 14 days.
This was observed over aggregates of fibers along the
musculotendinous junction corresponding to the le-
sions studied by scanning electron microscopy as
shown in Figure 16.
Some 3H-thymidine incorporation was seen 3 days

after injection of short asbestos fibers (open triangles
in Figure 21); however, this was almost two orders of
magnitude less than the labeling seen 7 days after
injection of long asbestos fibers (open circles). Simi-
larly, a low level of 3H-thymidine incorporation was
found 3 days after injection ofthioglycollate broth or
silica, compared with almost no labeling in response
to injection of PBS or titanium dioxide particles
(Table 5).

Discussion
These experiments compared the acute morpho-

logic reactions of the mesothelium to mineral parti-
cles ofdifferent sizes and composition. Long asbestos
fibers were not cleared efficiently through lymphatic
stomata and were trapped at the mesothelial surface.
Short asbestos fibers or spherical mineral particles
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Figure 16-Scanning electron micrograph of a cluster of asbestos fibers at the musculotendinous junction of a diaphragm removed 5 weeks after a single
injection of 200 zg of native (mixed lengths) crocidolite asbestos fibers. The central area of the fiber cluster is covered by mature, flat mesothelial cells. These are
surrounded by round, regenerating mesothelial cells and macrophages. (X255)

Figure 17-Light micrograph of a fiber
cluster seen in cross-section on the
muscular region of a diaphragm re-
moved 6 months after a single injection
of 200 /g of native (mixed lengths) cro-
cidolite asbestos fibers. A single as-
bestos fiber as indicated by the arrow is
present in the thickened submesothelial
cell layer. This lesion is covered by round
and partially flattened mesothelial cells.
(X938)
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Figure 18-Autoradiograph of the surface of the muscular region of a dia-
phragm removed 3 days after injection of 200 ug of long asbestos fibers. As
seen under a dissecting stereomicroscope, the nuclei which have incorpo-
rated 3H-thymidine appear as black dots. (X700)

were easily cleared through lymphatic stomata. At the
sites of trapped asbestos fibers, an intense inflamma-
tory reaction developed, characterized by accumula-
tion ofactivated macrophages after 3 days. Localized
injury of the mesothelium was found in response to
long or mixed lengths of crocidolite asbestos fibers.
The mesothelial lining was partially restored by re-
generation after 14-21 days. The localized nature of
these reactions produced only by long or mixed
lengths of asbestos fibers may be a critical factor that
contributes to the subsequent emergence ofmesothe-
liomas. The mechanisms responsible for the localiza-
tion ofasbestos fibers, the inflammatory reaction, and
mesothelial injury and repair and the relationship be-
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Figure 20-Light micrograph of a cross-section through the muscular region
of a diaphragm removed 3 days after injection of 200 zg of long asbestos
fibers. This diaphragm was processed for autoradiography as described in
Materials and Methods, then sectioned for routine histology. The labeled
nucleus of a surface mesothelial cell is seen above the cross-sectioned
skeletal muscle fibers. Only flattened cells at the surface of the diaphragm
were labeled under these conditions; no 3H-thymidine incorporation was
found over macrophages. (X1 00)

tween these events and the development ofmesotheli-
omas will be discussed next.

Localization of Asbestos Fibers

The clearance of long asbestos fibers from the peri-
toneum appears to be limited by the diameter oflym-
phatic stomata in the lacunar regions of the dia-

Figure 19-Autoradiograph of the surface of the muscular region of a dia-
phragm removed 3 days after injection of 200 pg of silica particles. In this
photograph taken under a dissecting stereomicroscope, only a few labeled
nuclei are seen. (X700)

Doys
Figure 21-Incorporation of 3H-thymidine by surface mesothelial cells after
injection of asbestos fibers. At intervals between 1 and 14 days after injec-
tion of long (0) or short (A) asbestos fibers, the diaphragms were removed
and processed for autoradiography as described in Materials and Methods.
Each point is the average of the number of labeled cells per square centime-
ter on the surface of the diaphragms removed from 2 animals at each time
point.
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Table 5-3H-Thymidine Incorporation by Mesothelial Cells

Injection
PBS
Thioglycollate
TiO2
SiO2
Short fibers
Long fibers

No. of labeled nuclei/sq cm
1.0

38.2
1.5

41.9
55.6
168.4

Three days after injection as indicated, mice were injected intraperitoneally
with 3H-thymidine for 1 hour before sacrifice. The diaphragms were dis-
sected and prepared for autoradiography as described in Materials and
Methods. The number of labeled nuclei per square centimeter on the perito-
neal surface was counted with a dissecting stereomicroscope at 70X magni-
fication calibrated with a 1-sq mm eyepiece grid. The numbers are the aver-

age of the labeling indices counted from at least 2 animals per experimental
group in separate experiments.

phragm. Several questions regarding the clearance of
fibers from the peritoneum were not resolved by these
experiments. First, howdo particulates reach the lym-
phatic stomata? Are they cleared individually or

transported by peritoneal macrophages? A similar
consideration applies to translocation of inhaled par-
ticulates to thoracic lymph nodes. Recent experi-
ments suggest that alveolar macrophages transport
particulates to hilar and tracheobronchial lymph
nodes.59'60 Second, regardless of the mode of trans-
port, what signals guide the migration of particulates
from the peritoneum? Is this movement caused by
negative pressure in the lymphatic network, or are

specific chemotactic fibers generated by the interac-
tion between mineral particles and the peritoneal lin-
ing fluid or resident macrophages? Again, a similar
question can be asked about removal of particulates
from the lung. There is evidence that asbestos fibers
generate chemotactic peptides from alveolar lining
fluid.61,62 Following inhalation, asbestos fibers and al-
veolar macrophages have been shown to accumulate
selectively at bifurcations of alveolar ducts63 and
around bronchioles,64 presumably in response to che-
motactic factors. An analogous mechanism may
operate at the mesothelial surface following intraperi-
toneal injection of asbestos fibers: long fibers are

trapped at the stomata of lymphatics and stimulate
release of chemotactic factors, leading to accumula-
tion of macrophages at these sites.

The Inflammatory Response and Mesothelial Injury
The inflammatory reaction to asbestos fibers is

dominated by the presence of nonspecifically acti-
vated macrophages which can be identified histologi-
cally and by histochemical assays for acid phospha-
tase activity and binding of Griffonia lectin as early as
12-24 hours after injection (Branchaud et al, manu-
script in preparation). Accumulation of nonspecific-

ally activated macrophages in the peritoneal cavity is
not in itself sufficient to produce the extent of me-
sothelial cell injury seen after injection of asbestos
fibers. Injection ofthioglycollate broth, a soluble irri-
tant, elicits monocytes from the blood and leads to a
10-fold increase in the number of nonspecifically ac-
tivated macrophages recovered by peritoneal lavage.
However, thioglycollate injection did not cause ad-
herence of macrophages to the mesothelium or me-
sothelial cell injury, as indicated by uptake of trypan
blue or increased LDH activity recovered in the peri-
toneal lavage fluid. A distinctive feature ofthe inflam-
matory reaction evoked by asbestos fibers is the locali-
zation of this response around aggregates of fibers at
the mesothelial surface. Fibers persist at these loca-
tions, even 6 months after a single injection. The re-
tention of asbestos fibers at these sites appears to be
the stimulus for the maintenance ofthe inflammatory
reaction characterized by nonspecifically activated
macrophages. This inflammatory reaction is accom-
panied by mesothelial cell injury and regeneration. In
contrast, thioglycollate broth is a soluble, digestible
irritant; and the inflammatory response subsides after
7 days, without causing injury.
The persistence ofthis inflammatory reaction at the

sites of fiber clusters suggests that mediators released
from nonspecifically activated macrophages may be
responsible for perpetuating both the inflammatory
reaction65 and tissue injury. Activated macrophages
release a wide variety ofchemical mediators, some of
which are responsible for initiating inflammation66
and tissue injury at other sites. The local persistence of
asbestos fibers probably serves as a continual stimulus
for release of these mediators from activated macro-
phages. The most likely mediators responsible for tis-
sue damage are reactive oxygen metabolites, espe-
cially the hydroxyl radical.29 Release of reactive
oxygen metabolites from nonspecifically activated
macrophages has been detected28'29 and implicated in
the cytotoxicity of asbestos fibers in vitro.29'30 A simi-
lar mechanism may occur at the mesothelial surface
in vivo: localized release of reactive oxygen metabo-
lites from nonspecifically activated macrophages may
injure both macrophages and adjacent mesothelial
cells. Alternatively, asbestos fibers may interact with
and directly injure mesothelial cells, as shown pre-
viously in cultured mesothelial cells.21'22 Additional
experiments must be carried out to determine which
of these mechanisms is responsible for mesothelial
cell injury in vivo.

Mesothelial Regeneration
After the mesothelium is injured, regardless of the

nature of the initial insult, regeneration can occur.67
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The pathway leading to restoration ofthe mesothelial
lining is controversial. Regeneration may be accom-
plished by proliferation of uninjured cells at the pe-
riphery ofthe wound, attachment and proliferation of
freely floating mesothelial cells,58 or differentiation of
submesothelial cells.68'69 One or more of these path-
ways may lead to mesothelial regeneration following
injury produced by asbestos fibers. With this irritant,
an additional mechanism may also contribute to
stimulation ofgrowth. Unlike direct thermal injury of
the mesothelium studied by Whitaker and Papadimi-
triou (1985),58 asbestos fibers are surrounded by acti-
vated macrophages. These cells release a variety of
growth factors for mesenchymal cells66; one or more
of these factors may also stimulate mesothelial cell
proliferation. Persistent release of these growth fac-
tors may be responsible for the continuing prolifera-
tion ofmesothelial cells around aggregates ofasbestos
fibers.

Injury to the mesothelium appears to be a prerequi-
site for stimulation of mesothelial cell proliferation.
In the absence ofdisruption ofthe mesothelial mono-
layer, there is very little mesothelial cell prolifera-
tion.67 The mesothelial lining is exposed to macro-
phages activated by injection of thioglycollate broth;
however, as shown in this paper, the mesothelium
remained intact and was not stimulated to proliferate.
In contrast with the other mineral dusts studied in this
experimental model, asbestos fibers have the unique
property ofcausing injury followed by regeneration of
the mesothelial lining. In contrast to direct physical
injury to the mesothelium,58 asbestos fibers also pro-
voke a persistent inflammatory reaction. This unique
combination of proliferative and inflammatory reac-
tions to asbestos fibers may contribute to their carci-
nogenicity.

in this experimental model using a single injection
of asbestos fibers, mesothelial regeneration, although
incomplete after 6 months, was the predominant re-
sponse of the peritoneal lining. No fibrotic70 or calci-
fied plaques were produced after a single injection of
200 ug of fibers, although it is well known that human
exposure to asbestos produces these lesions in the
pleural lining.71 The earliest response to injection of
asbestos fibers was focal hemorrhage and fibrin depo-
sition. Organization offibrin is hypothesized to be the
initial stimulus leading to pleural adhesions and fi-
brosis.72 In this experimental model, dissolution,
rather than organization, offibrin was observed. Two
different mechanisms may lead to fibrinolysis in this
system. Peritoneal macrophages elicited by injection
ofasbestos have been shown to produce plasminogen
activator,73 which can lead to clot lysis. In addition,
regenerating mesothelial cells also have fibrinolytic

activity.74 Therefore, after acute mesothelial injury
produced by this dose of asbestos fibers, fibrinolysis
predominates. Additional experiments must be con-
ducted to determine whether fibrin organization,
rather than dissolution, characterizes chronic or re-
peated exposure to asbestos fibers.

Proposed Mechanism Leading to Mesotheliomas

The potential roles of fiber localization, accumula-
tion of macrophages, and mesothelial injury and re-
generation in the development of mesotheliomas are
summarized in Figure 22. Long asbestos fibers are
trapped at lymphatic stomata and stimulate accumu-
lation ofnonspecifically activated macrophages at the
mesothelial surface. This observation does not com-
pletely eliminate a role for short asbestos fibers in the
induction ofmesotheliomas. After injection ofnative
crocidolite asbestos containing mixed fiber lengths,
short fibers were also found within the aggregates of
long fibers. Alternatively, if the lymphatics were oc-
cluded by large numbers ofshort fibers or after a pro-
longed period, short fibers may also accumulate at the
mesothelial surface and produce mesotheliomas. As-
bestos fibers, either directly or indirectly via reactive
oxygen metabolites released from activated macro-
phages, injure adjacent mesothelial cells. Mesothelial
cell injury may include oxidative damage to DNA,
leading to mutations,34 or chromosomal damage sec-
ondary to cytoskeletal disruption.'8 Injury to the me-
sothelium can be partially repaired after a single expo-
sure to asbestos fibers. However, repeated episodes of
mesothelial injury and regeneration, possibly stimu-
lated by growth factors released from macrophages,
may lead to the emergence ofpopulations ofcells with
altered growth properties. One or more ofthese popu-
lations may give rise to a mesothelioma.

PROPOSED MECHANISM OF ASBESTOS CARCINOGENESIS

mesothelial
long asbestos fibers cell injury

reactive
+ oxygen

metaoolites

activated / mesothelial cell
macrophages proliferation

growth factors

mesothelioma

Figure 22-Reactive oxygen metabolites released from activated macro-
phages are hypothesized to injure mesothelial cells. Macrophage-derived
growth factors may stimulate mesothelial cell proliferation and promote the
development of mesotheliomas.
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