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Synopsis

The purpose of fhe study was to examine whethér an ihteraction
" between two agénts causing a1ve01ar épithelia]Adamage would produce
1ung.f1brosis. In mouse lung, intrapéritonea] injection of thé antf-
.‘OXidéﬁt butylated hydroxytoluene causes diffuse alveolar type I cell
_pégrosis, followed by proliferation of type II a]ved]ar cells. in |
animéTs exposed to.70% 02 or 100-200 rad X-rays during the phase of
type 11 ce]]‘pro]iferatfon fo]]owihg BHT, diffuse interstitfa] Tung
fibrosis deye]oped within 2 weeks. Quantitative analysfS‘of the |
1ungsAfor'hydroxypro1ine showed that the intéracfion between BHT and
02 or X-rays was’synergistfc. If exposure to 02 or X-rays was dé]ayed
until epithelial récovery was complete, no fibrosis was éeen. Abnormally-
high levels of 1uhg collagen persisted ub to 6 months affer one single
treatment with BHT and 100 rad X-rays. A.commonly seen form of chronic
lung damage may thus be caused by an écute interaéfion'between a
bloodborne agent which damages the alveolar cell and a toxic inhalant

Cor X rays, providéd a critically ordered sequence of exposure is observed.




Pathogenetic features common to many forms oflinterstitia] pu1m0nafy
fibrosis are a chronic alveolitis, changes inAthe cellular composition
~of thevalyeo1ar zone and derangement of thé interstitial collagen.

Fibfosis ofteh'appears to develop as a common éeque] to injury when
_normal tissue répair fails to take p]ace.]A It may be precipitated and
sustaihed by exposure to a single etiologic égent such as inhaled
particles of éilicq or irradiation of thé thorax. In other forms,'suth
‘as idiopathic pu]mdnary~fibrosis, the etiologic agént remains unknown.
. Recently we suggested fhat pulmonary fibrosis could develop fo110wiﬁg
the interaction between an agent‘reachjng thé Tﬁnglvia thé bToodstream
and a toxic inha]antﬁz' This specu]ation‘was based upon the following
experimental observations. . ‘ | | |

In mice, the antioxidant buty]ated.hydroxyfo1uene‘(BHT) causes
widespread and uniform lung damage. ‘Twenty;four hours-aftef an intra-
. peritonea].injection or oral édministration.of 200-400 mg/kg of.BHT,
diffu§e necrosis of typé I alveolar épithe]ia] cells is seen thfoughout
the Tung, Ihe'initial-damage is followed by é period_of'recovery.

On days 2 and 3 after BHT theré‘is intensive cé]]iproliferation-in lung,
" and total pulmonary DNA synthesis, measured by incorporatfon of

labelled thymidine into pulmonary DNA, increases 10415 fo1d.3

In the
early phase of recovery, most dividing ﬁe]]s are type II epithé]ia1
cells. From days 5 to 6 lesions develop in some cabi]1a¥y endothé]ia]
cells and endothelial cell proliferation follows. Interstitial cells
appear not to be damaged, but also proliferate at this tiﬁe. Six to

- 10 days after a single injéction of BHT, the lungs regain a virtually




normal appearance. The morbho]ogic seqﬁence of events following BHT

has been fully documénted both by 1ight- and electron microscopy.4’5
We subsequently examined the effects of 02 exposure (60 to 100%

fof 10 to 24 hrs) upon lung cell division on different days after BHT.
_We found that 02 inhibitéd ceT] division 2, 3 aﬁd 4 days aftervBHT, '

but no longer on days 5, 6 and 7.6

Since the early phase after BHT .
is characterized by primarily division of type II alveolar cells,
whereas ihterstifféT cél]s divide on days 5‘thrbugh 9 after BHT4 we
concluded that dividing epithelial cells ﬁight be more susceptible td
the cytétOxic action of O2 than dividing intefstitia] te]]s. Se1ectivé
killing of epithelial ce]]s by early oxygen exposuré after BHT-induced
lung‘injuhy'could then a]]owveXCessive.pro]iferatidn of interstitiaj

cells and 1ead to the development of fibrosis. Experiments described

in this paper were designed to test this hypothesis further.

Methods '
| Young adult male BALB/c mice, weighing 20-25 g, wére‘injected‘i.p.

with a single dose of 400 mg/kg of BHT (3-5—di-tert—buty144—hydroxyto1uene),

dissolved in corn o0il. Control animals received corn oil alone (0.1 h]/]OQ). -

Exposure to 02 was performed.in a plexiglass chamber, venti]ated wfth a
hﬁmidified mixture df‘OZ and compressed air; the 02 concentration was |
.periOdica11y mbnitoréd with an oxygen analyzer and kept within +3% of
" the desired concentration. Local irradiation of the thorax was done
with a GE Maxitron 300 X-ray machine operated at 300 kVp and 20 mA.

‘The HVL was 1.29 cm Cu. The éverage-dose rate was 265 rads/min.
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~ Detailed experimental protocols are given in the results section.
At the end of the experiments, animals were anesthetized Qifh

sodium pentobarbital andexsangu{nated via the abdominal aorta; tHe

Tungs were fixed 1n'situ with 10% neutral buffered forma]ih injected
- through the-trechea. Lung 1obe$ were embedded in paraffin, sectioned

at 3-4 um and stained with hematoxylin and eosin, Massoh'sltrichrome,

Van Giesoh's and Snook's reticulin stains.. Collagen was quantitated
cdemica]]y in enother gfoup of mfce by ena]yzing the lungs for
:hyafOij;d1}heﬂcontent. Thevlungs were perfused in situ with 0.9%

NaC]Q excised, lyophilized and hydrolyzed in 6 N HC1 for 18 hrs at

107°C. Hydroxyproline was determined by aAco1offmetric assay7_and

all results were cd]cu]ated as ug hydroxyproline ber total lung. One-

way'analysis of varfance was performed and a p va]uelof'< 0;05 was

considered significant; comparisons of means were done by dsing

Student's t-test. More defai]s on methodological procedures have been -

- given elsewhere.? 8

Results |
The fifsf experiment was designed to examine the interaction between

“BHT and 02. A group of mice received 400 mg/kg of BHT_i.d.' Half

6f the group was placed inte 70% 02 immediately after BHT'and removed

from the chamber 6 déys:1ater. The ofher half was kept in room air

for 7 days:and‘then‘p1aced in 70% O2 for 6 days. Control groups'were

anfma]s injeetedfwith corn oil, kept either in 0, or in room air, and

animals given‘400 mg/kg of BHT and kept in room aif.' A1l animals were
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killed for histopathologic analysis of the lung and determination of
hydroxyproline two weeks after the BHT injectioh. _ |

| In 0il treated control mice, total lung hydroxypro11ne varied
between 200 and 230 ug/tota] lung, correspond1ng to 7.4-8.5 mg/g dry
"~ weight (Table 1). Exposure of oi]—treated anima]s for 6 days to 70%
0 alone was without any substantial effect upon total ]ung hydroxyproline.
Adm1n1strat1on of 400 ma/kg of BHT produced, within 2 weeks, a sma]]
- increase in tota] pu1monary hydroxypro11ne. However, a much larger
increase in total lung hydroxyproline, 150% over values found in the
:oil;treated control group, was found in anima]s.given BHT.and placed
immediately for 6 days into 70% 02. Since 0é<treatmeht alone had

at beSt-on1y a marginal effect and since BHT:alone kaised Tung B
hydrokypfo]ine only 50% abové levels found in oil-treated controls.

the combined act1on of BHT and 02 was not only additive, but synergistic.
H1stopatho]og1ca1 examination showed that Tunas from an1ma1s

TnJected-w1th oil and'exposed to 70% 02 were 1ndlst1ngu1shab1e
from the Iungs of control animals kept in a1r In anfma]s treated
w1th BHT, the acute mild pneumon1t1s seen 2-6 days after 1nJect1on4

~ was v1rtua11y resolved within 2 weeks and on]y foca] alveolar.-wall
hypercellularity énd occasional'intraalveolarlmacrophages remained
(Figure 1). This was in sharp contrast to the 1esions present in animals
' 2 ‘weeks after treatment with BHT and immediate exposure for 6 days to

0 Pu]monary arch1tecture was severely disrupted due to ce]]u]ar :

2-
.infi]tration, primari]y interstitial, and focal conso]idation. There
was a marked increase in interstitial cells or fibroblasts and in

the amount of fibrillar material present within alveolar septa (Figure 2).

e e s i e imw s %S g i e et a0 w e et 7 o ——— arewan . o e, & e ok - -




6
Specia1 stains showed that the fibrillar material was positive for
co]iagen and that there was a marked ihcrease in reticulin fibers of
variable length and thickness in the alveolar septa (Figure 3). The

histopathological observations were thus in full agreemént with the

_biochemical data.

On the other hand, when exposure to 70% O2 was delayed until the

7th day”after BHT, Tittle fibrosis -was observed4histalogica11y'éndt

~ the total 1uhg'hydroxyproliné value was similar to the one found in

~ animals treated with BHT -alone (Table 1).

In the next'experiment, animals were injected With BHT and p]aced
immediately in 70% O2 for 4 dayé;' They were returned to room air
and killed 2 weeks after BHT. Results in Table 2 show that a 4 day
exposure to 02 was almost as efficient as aA6 day exposure. If we
Waited-: unfi] 3 days after BHT before placing the animals for 4 days
into 02,'tota1.pu1monary hydroxypro1iné content was sti]].hfgher than
in the lungs of animais treafed with BHT alone, buf somewhat lower
than in the group placed immediately after BHT into 02 (Tab]e 2).

Another way to interfere with the epithelial recovery fo]]ow1ng

BHT induced Tung injury was to 1rrad1ate the lung with X-rays instead

of expoSing it to 02. The data of this experiment are given in Table 3..: E

frradiation of contnol animals with ZOOAkad &id not produce abnormal
hydroxyproline accumulation in the 1ung within 2 weeké,jand{BHT |
treatment alone had only a slight effect. However, if 200 rad were
delivered to the thofax one day after BHT, diffuse intefstitia] fibrosis

developed within'one to two weeks as determined by histological and
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" biochemical procedures. De]ay'of thorax irrediatiqn until 6 days atter
BHT; on the other hand, was without any effect. | |

It was of iﬁterest to determine whether the increased levels of
pu1honary hydfoxyprolinefoilowing the acute interaction between BHT
‘end X-rays would peréist for a-prolonged timevperiod., Data of such
an experiment are giVen in Table 4. Significant1y increased levels
'bf‘totai Tung hydroxyproline were still present 6 months after an .
initial treatment with BHT and 100 rad given one day Tater.‘ In
contrast to the'persistence of marked]y‘e1evated Tung hydroxypro]tne
levels, histological examination showed marked regression of Tesions
over the 24 week period. At two weeks there was marked interstitiai
pneumonitis.(Figure'4) with focal consolidation, fibroblastic
pro]iferation and an increase in reticulin fibers on Snook's Eeticu]in
stain; Consolidation was most frequently sdbp]eural and associated
with partial parehchymal'co11apse adjacent'to ectacic bronchioles.
By 24 weeks the inflammatory eomponent of the lesion had virtually
'disappeared leaving behind slightly thickeﬁed and hypercellular alveolar
septa with indistinct borders (thure 5). Persistence of the fncreased
number of reticulin fibers could be detected with Snook's reticuTin
stain. Focal subpleural consolidation and parenéhyma] eol1apee also

persisted.

Discussion
The data presented in this paper show that it is possible to
produce an abnormal and persistent accumulation of collagen in mouse

Tung by combining two tfeatments: first, administration of BHT, a

- - - . P e —t e s a4
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bloodborne agent which causes diffuse and unifonm necrdsis df tne
type I alveolar epithelial cells, followed by a treatment (exposure
to 70% 02 or low doses of X-rays) which innibits or prevents cell
division in lung. The developping 1esions are indicative of diffuse
1nterstitié] fibrosis. Preliminary u]trasfrucfura1 observations
suggest that this model has many features in common with tne Hammon-
-Rich syndrome in man (Brody, A., personal communieation) -

Quant1tat1ve determination of 1ung hydroxypro11ne shows that
BHT alorie causes a significant increase in collagen, whereas ne1ther
70% 0 nor 200 rad X-rays are sufficient to produce f1bros1s ~If BHT
is comb1ned with either 02 exposure or thorax 1rrad1at1on the total
amount of hydroxypro]1ne found in 1ung now exceeds by far the amount
dwh1ch accumulates after BHT a]one. The two insults tolthe 1ung .
have. thus a synerg1st1c effect.  However, synergism is only seen
if a str1ct tempora] re]at1onsh1p between the two exposures is
maintained. Oxygen exposure or thorax 1rrad1at1on must occur W1th1n
the first few days fo]]pw1ng BHT injection. If'O2 exposure or thorax
“irradiation is delayed for 6 days there is no abnormal accumu]etion ,
of lung.collagen and no histopathological eVidence‘of interstitial
fibrosis. There fs also no‘fibrosis if Oé or'X-rays are administered
prior to BHT.2? |

The mechan1sm under1y1ng this 1nteract1on between BHT and 02 or
X;rays in cau31ng 1ung fibrosis has not .been fu]]y e]uc1dated At
‘present, we exp1a1n our findings as fo]]ows f0110w1ng the 1n1t1a1
lung damage, there is f1rst a pro]1ferat1on of ep1the11a1 cells.

If 02 or X-rays interfere with th1s phase of ep1the11a1 cell. pr011ferat1on



which is essential for reestablishment of a norma]Aa1veo1ar.surface,
“the interstitial cell population could begin to grow comparafive]y
uninhibited. In support of this hypothesis is the observation made
in another experimental model: 1if an excised trachea is stripped:of
- its épithe]fum-and implanted subcutaneously into a syngeneic
hosf,.the tracheal Tumen will becohe oBliterated with connective tissue
"'Qithjn a very short time. However, if iso]ated'epithelfal cells
are reintroduced into.the'trééheal lumen, reepithelizsation follows
and the trachea remains open.g. - In trachea, fibrob]asts grow
thus ekcessive]y in the absence of an intact epithe]fum. It ié |
temptfng to Specu]ate that the proliferation of interstitial cells
in the alveolar zonelis controlled, direct]y'ok indirect]y;'by-the -
contfnuous presence of an intact epifhé]ia] Iayef.

It will be important to examine in future studies whether we
can produqua similar interaction between agents other than BHT and
0, or X-rays, and then come to a general conc]usidn.about the
| pathogenetic princib]e underlying the deve]opmént‘of at least some
forms of lung fibroéis. Diffuse'damage td the alveolar zone may bé
: causéd by many tokic inhalants or by se&era1 l‘ﬂoodbonr‘ne\agents.]0
It s é]so conceivable that the same or other agents might interfere
with‘epithé1ia1 recovery following the initial injury. A commonly
seen form of chronic lung damage might thus bé caused by an acute
. synergistic interaction between two agents, provided a critically
ordered sequence of exposure takes place. |

Theré areAtwo specific clinical situations wheré it is conceivable

that the development of fibrotic lung changes might be enhanced by
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a synergism simi]ar to fhe one seen in our animal Studies. Adequate
treatmént of critically 111 patients often requires 02 thérapy. It |
is however often difficult to decide‘on the conCentfation of 02 and
the duration of treatment which wi]] not cause lung damage. 'Mény

' batients will suffer from adult respiraforyAdiStresé syndrome and

1

whether the lesion develops can often not be predicted. Since

trauma, shock, fatty embolism and many drugs can cause acute a1ve01ar".
: 12 .. ..~ . e . . » ‘ '

- damage ~ it is possible that development’ of pulmonary

comp]ications during O2 therapy is determined by thé'presenCe and

severity of initial lung damage'rather-thah by the 02 treatment. If

this can be subétantiated, it will become neéessary to devise appropriate

diagnostic tests which would allow detection of alveolar epithe]ia]
cell damage so that.patients ét risk can be identified.
Lung fibrosis can also develop within a few weeks in patients

treated with irradiation to the thorax and given concomittantly -

dntineop]astic agents such as bleomycin, cyc]ophosphamide} actinomycin.D

13

or others. Cytotoxic agents are known to cause acute alveolar

~ cell death. It_fs feasible that the'acéelerated déveiopment of
radiation-induced lung fibfosis is caused by é‘mechéhism similar to

fhe one found in the study of BHT and X-ray interaction. Baéed on
.these findings, timihg between drug administration and chest.irradiatioh
m%ght be aﬁ impﬁrtant.factofin defermin%ng whether excesgive fibrosis

develops.
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Figure 1.
Lungs from mice injected i.p. with 400 mg/kg BHT, kept inair,
and killed 2 weeks after BHT. Hyperce11u1ar1ty of the alveolar

septa and occasional 1ntraa1veo]ar macrophages are present. H & E x 200

" Figure 2. _
Lungs from mice injected i.p. with 400 mg/kg éHT, immediéte]y
“exposed to 70% oXern for 6 days, and killed 2 weeks after BHT.
Diﬁruption of normai parenchymal architectdre fs due to cellular

“infiltration and consolidation. ‘H & E X 200.

Figure 3. _
Lungs from mice injected.i.p. with 400 mg/kg BHT; immediately'k '
exposed to 70% oxygen for 6 days, and killed 2 weeks after BHT.
Large numbers of reticulin fibers of vafying thickness aré présent‘
. in é]vo]ar septa and érea of cbnso]idation,"Snook'é‘reticu}in stain

X 500.

Figure 4. _ _
Ldngs from mice injected i.p. with 4QO mg/kg BHT, irradiated,with
100 rad X-ray one dqy later, and killed 2 weeks after BHT. . Intérsfitial
. pneumohitis characterized by hypercellularity and thickenfng.of

alveolar walls is present. H & E X 250.

Figure 5. _ _ |
Lungs from mice injected .i.p. with 400 mg/kg‘BHT, irradiated with

100 rad X;ray one. day later, and killed 24’Weéks after BHT.. A]VeoIar

walls are slightly thickened and hyperﬁel]u]ar with indistinct borders.

H & E X 250.




Table 1: Total lung hydroxyprb]ine in mice'exposed to 70% 02

following BHT®

Hydroxyproline per lung (ug)

" Oxygen exposure on

Oxygen exposure on_,

»Tréatmentb' days 1-6 after BHTC days 7-12 after BHT™

.Corn o0il + air 206 = 5 226 i 8
" Corn oil + 70% 0, 228 & 4° - 220 + 3

BHT + air 296 + 21° 307 + 19° \
BHT + 70% 0, 539 + 19%°T 321+ 148 \

dpata from reference 8; values are means + SE from 8-10 animals/group

b

i.p. and were killed 2 weeks later.

Male mice received BHT (400 mg/kg) i.p. or corn oil (0.1 m1/10g)

: cExposuré to 70% 02 begun immediately after BHT injection.

'dExposUre to 70% 02 begun 7 days after BHT injection. -

ep < 0.05 compared to animals 1njécted with corn oil and kept in air.

-fp¢< 0.05 compared to animals injected with-BHTAand'kept in air.
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Table 2: Total lung hydroxyproline in animals exposed to 70%

0, on different days after BHT

_Treatmenta o _Hydroxyproline per luny (ug)b_.

. BHT and 70% O

2
on days 1, 2, 3, 4 . 421 + 18%+9
BHT and 70% 0,

on days 3, 4, 5, 6 - 341 £ 12°

BHT and air ' - 283+ 10

3Male mice injected with 400 mg/kg of BHT and kept in 70% 02 as |
indicated, otherwise in air; all animals killed 2 weeks after
BHT.

bMean + SEM; from 10 animals per group.

: cp < 0.05 compared to anima1s injected with BHT and kept in air

dp.< 0.05 compaked to animals injected with BHT and exposed to

« 02 on days 3-6.




Table 3: Total lung hydroxyproline in animals irradiated with 200
rad X-rays on different days after BHT? »

Hydroxyproline per lung (ug)
Irradiated 1 day Irradiated 6 days

Treatmentb | after BHTC after BHT
} " .Corn 0il + sham irradiation 178 £ 3 219 + 4
" Corn 0il + 200 rad 184 + 5 _ 2156 + 6

"~ BHT + sham irradiation 259 + 6° 295+ 16
'BHT + 200 rad | 371 + 26T 284 1+ 9

‘3pata from reference 9; values are means + SE from 10 animals/group
bMa]é mice received BHT (400 mg/kg) i.p. or corn oil (0.1 m1/10g)
i.p. andlwere ki]]ed12 weeks later.

€200 rad to the thorax 1 day after BHT.
d200 rad to the thorax 6 days after BHT.
ep < 0.05 compared to animals injected with oil and sham irradiated.

fp < 0.05 compared to animals injected with BHT and sham irradidated,'




Table 4: Total lung hydroxyproline in animals irradiated with 100

rad X-rays 1 day after_BHTa

, " Hydroxyproline per lung (ﬁg)
Weeks after BHT + ' BHT + Corn oil + Corn oil +

BHT . 100 rad. Sham - 100 rad Sham

2. o £ 18(7)Y 2877+ 7(8) 213 : 6(8) 223 + 6(8)
6 358 + 21(6)° 282 + 5(8) 233 : 6(7) 233 + 10(8)
12 404 £ 28(7)° 325 + 10(8) 257 £ 9(8) 278 x 3(7)
24 387 + 27(7)0 + + 8(8)

w
—
B Y]
+

+12(8) 280 + 6(8) 248

Male mice received BHT (400 mg/kg) or corn o0il (0.1 m1/10g) i.b.~

- and were irradiated with 100 rad tpithe thorax or sham irradiated

1 day later. The animals were killed 2, 6; 12 -or 24 weeks after

BHT.

bp < 0.05 compared to ahimals.treated‘with BHT and sham irradiated. -
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