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&WhIXSIS OF PWTEXNS IN BRN31&WVXH#AR rAw FKlIKE LXIRXIWRILKNARY
~REWL’I’IW FIKHNITKIGFN DI(XIDE AFUICACXXWEXRXURE

L.R. Gmley, J.E. London, L.A. Dethloff, D.M. Stavert, and B.E. Lehnert
Life Sciences Division, Los Alamos National Laboratory

LOS lihunos,~w Mexico 87545

We have developed a new HPLC mthod by which quantitative
=asureaumts can be made on the biochemical constituentsof the
extracellular fluid lining of the lung as sanipledby bronchm
alveolar lavage. Nine of the fractions are proteins, two are
phospholipids, and two fractions remained unidentified. Rats were
subjected to the intrapulnmuirydeposition of cadmium, a treatment
@el kncwn to induce pulmonary edema and cause a translocation of
blood ccnqartnusntproteins ilto the lung’s alveolar space compart-
ment. Resulting pulmonary ed{?mawas hallmarked by -25-fold
increases in three nmjor blood compartment-derivedHPLC protein
fractions, two of which have been identifiedas albumin and inrnu-
noglobulin(s). =lysis of lavge fluid from rats exposed to
100 ppn K)z for 15 rein,an exposure regimen which also produces
pul-nary edema, indicated that the three blood compartment
proteins in the lavage fluids were elevated 35- to 72-fold over
controls 24 h after exposure. These results demonstrate that HPLC
can be used to provide a highly sensitive mthod for detection and
quantitaticm of pulmonary edeml that can occur in acute lung
injuries resulting from ●nvironmental insults. (~is work was
conducted under the auspices of the U.S. Dept. of Energy).

Introduction
An ext,racellularlining fluid (ELF) covers the epitheliumsof the alveoli

and conducting airways of the lung. This ELF contains a complex mixture of
lipids and proteins, inte: alia (l). While extensive work has focused on the
phospholipid ccwaponen=n~ ‘theprotein constituents are much less charac-
terized in terms of their origin, biochemical characteristics,and their signi-
ficance in @ysiologic and pathophysioloqicprocesses. In order to study these
proteins, our laboratory has developed a high-performanceliquid chromatography
(liPLC)method for fractionating ELF proteins (2,3), as sampled m relatively
non-invasive ixonchoalveolar lavage (4). In this report, we demonstrate appli-
cations of tbe HPLC method for detecting and quantifying protein alterations in
FZF that occur during acute lung injury in which permeability pulnmnary edema
is a pr-inent pathologic coqonent.

@alitative Analysis of the HPLC Fractions
since lung lavagc is a method which ELF can be sampled, we based our

w =LW on the adsorption of proteins from bronchoalveolar lavage fluid
(MLF) (S) cmto a c18 reversed phase chranatographycolumn. Six fractiors nre
tbn eluted from the colmn using a series of acetonitrile gradients and isG-
cratic steps that proyress frm HZO containing 0.2% trifluoroaceticacid (TFA)
to 658 CS$CN/’0.2lTFA. Following this, five additional fractions were eluted
with ~thanol (Fig. 1). Constituents in these fractions can be recovered by
lyophilizatim, since all of the HPLC solvents are volatile (6). Ml eleverl
fractimm can be detected by monitoring the column effluent at 206 run(Fiq.
M), tmt only nine can be detected at 280 nm. Details of the development of
this procedure have been documented elswhe+re (2,3).
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Phospholipid analysis of the HPLC effluent was accomplished by collecting
samples in a fraction collector and extracting therewith clilorofo-mtianol
(7) as described by the Fiske-Subkrow procedure (8) and modified by Shin (9)
(Fig. lB). Proteiraar@ysis was performed in ahdl.axly collected samples by

IEEE&
o ?0 40●000v00*?O140900laoaoo

?iqure 1. Practimtim of W by HPLC. Rat lungs were Iavaged With 6
sequential washes of 8 ml phcqdmte tmffered saline recwer.ng 97% of the
Vollme. The lung fr~e cells werw remmmd by centrifugationat 300 g and

any remaining acellular solid ma’tcrialwas renuved by centrlfugat~onat

2300 q for 10 tin. Saqles were storud at-70”C. Prior to HPLC, samples
u8re -de 0.2S tith respect to TFA, which ~ly clarified any cloudi-
ness. tise aaqles were then loaded directly on a reversed-phasev Bcmd-
●pak C18 Radial-PAK ca[tridge without futier treat=nt. HPLC elution was

accon@isN as described previously. (A) UVabsor@ion profile of rat

BALF amnitored at 206 nm. (B) Phospholipidprofile of rat BALF; (C) pro-

tein profile of rat BALF. (D) W absor~tion profile of rat plasma. (E)

W absorption profile of rat alknnnin. (F) IJVabsor@ion profile of [abhit

polyclonal I@. (G) UVabsorptj.onprofile of rabbit polyclonal IgM.



the Folin+awry procedure (10) (Fig. lC). From these analyses, w found that
phospholipids elltedbefore fraction 1 and also in the trailing shoulder of
fraction 11. Wrefore, by monitoring the HPLC at 206 nm, we are not measuring
phospholipids. Proteins eluted in fractions 2-9 and 11. No protein was
detected in fractions 1 and 10. These experiments indicated that ELF protein
fracti~mtion and analysis can be obtained from whole BALF without the need for
intervening steps to remve phospholipids.

‘Iheproteins of ELF are derived from two sources with the larger quantity
coming from the blood and the lesser anmunt from the cells of the lmg itself.
Tm determine which HPLC fractions night be blood proteins, canparisonswere
made between the elution profiles of rat lung lavage fluid, rat plasma, and
certain protein standards. It was found that plasma proteins only eluted in
EiPLCfractions 3, 4 and 5 (Fig. ID). Albumin eluted only in fraction 4 (Fig.
lE). Msuunoglohlins G (Fig. lF) and M (Fig. lG) eluted primarily in fraction
5 with a small amunt also occurring in fraction 6. The identificationof
fraction 4 as albumin was confirmed by treating WiLF with anti-rat albumin IgG
conjugated to Se@arose. Fraction 4 was essentially all removed from the BALF
by this treatment. These results suggested that while fractions 3, 4 and 5
were deriwd frcm the blood compartment, fractions 1, 2, and 6-11 probably were
derived from the lung cells themselves. ~erefore, this fractionationproce-
dure should be uaefu.1for distinguishingbetween injurious effects on the
lung’s cells and the resulting changes in the permeability status of the air-
blood barrier resulting fran environmental insults.

Quantitative Analysis of the HPLC Reactions
For this method for investigatingprotein changes during

lung injury, it is nmst i a%e~at the quantitative response of each
fraction be linear with respect to the amount of lavage loaded on the column.
In Fig. 2, we demonstrate that the total amount of material eluted is propor-
tional to the volume of BALF loaded on the column (Fig. 2A) and that the
relationship between saqle load and quantity of each fractionwas linear (Fig.
2B). The regression coefficients (r) were >0.85 for all fractions, indicating
this method can be used to detect quantitative changes in BALF components over
a wide range of concentrations.

Cadmium Model of Pulmonary Edema
ml heavy metal, cakhum (Cd), can cause an acute inflanunatoryresponse in

the l~g (11) and bring about changes in the lung’s air-blood barrier that
result in permeability pulmonary edema (12). During such injury, an abnormal
abundance of blood proteins in BALF would be expected due to protein translo-
cations from the lung’s vasculature into the air space. In order to confirm
that the HPLC fractions 3, 4, and 5 represent protein constituents comnon to
bled, rats were intratracheally instilledwith 7 Mg of cadmium as CdClz and
lavaged (5) 24 h later. fie BALF was subjected to HPLC and th? fractions
quantified (Fig. 3). Fractions 3, 4, and 5 comparably increased 25-, 27-, and
21-fold, respectively. This rapid and marked increase in these three fractions
pointed to the blood c+rtment as their primary source, as was puggeste~iby
the experiment~ with standards in Fig. lD).

~ractiorw 7 and 8 increased 8-fold (Fig. 3), making it impossible to
resolve the two (Fig. 4C). rractions 1, 6, 9, 10, and 11 increased about
2-fold (Fig. 3). The mch smaller increases in these fractions (compared to
the lary increases in fractions 3, 4, and 5) suggest they are derived from an
extra–vascular source, much as the lung tissue cells and/or lung matrix
constituents. Ccxmzurrentwith these general increases in BALF consitutents,
fraction 2 was decreased by Cd treatment. Adclitionally,two new fractions (A
and B) were observed in BALF du[ing the inflarrfnatoryresponse (Fig. 3 and 4C).



lllesource of A and B may be blood; there were lW levels of frictions eluting
similarly to A and B in the plasma standard (Fig. lD). However, this remains
to be confirmed.
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?igure 2. Linear nlatimship between -la load am! ~tity of each

fracticm remvwrud. Volumes of rat lung lavag’ rangir~g from 2 ml to 8 ml
were mde 0.2$ with respect to TFA and punped through ttm colunm at 1
mlfin. Following elution, each fractionwas quantified by measuring the
area of the eluted peaks detected by W absorption at 206 run. (A) ‘l’he
total animnt of all eleven fractions recovered from the column. (B) The
anwunt of each of the eleven fractions recovered frcm the column. ‘l%e
correlation coefficients (r) between volume loads and the areas of the
peakc are shown on the fiqure. N1 “r” values are significant, p < 0.05.



Solubilization of WC
The treatment of Iungs with agents that cause an inflammatory response can

result in lavage fluid that is cloudy. This cloudinessmay be caused by the
proteinaceous fluid and fibrin comnonly observed histologically in the alveolar
space following acute lung injury, like that produced by Cd. This protein-
aceous material is no longer visible in the lung following lavage, indicating
it has been successfully transferred to the BALF. ‘l%eaddition of TFA (which
is a protein solubilizing agent in the HPLC system) to the lavage fluid clari-
fied the BALF from Cd treated rats. ‘I%erefore,there were no particulate
problems with Insoluble samples in the HPLC analyses in Fig. 3. However, TFA
alone was not sufficient to clarify the BALF frcm rats exposed ta the oxidant
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mtifititim of the HPLC profile of rat W following instil-
(MUz . Each fraction was quantified by masuring the area unde[
nd normalized to the volume of lavage loaded on the column. Due

to the large differences in the quantities of the various fractions in
cadmium treated rats, HPLC peaks 3, 4, and 5 were ~asured from small
lavage loads (0.2 ad) while peaks 1, 2. 6-11, and A and Bwwre measured
fran larger lavage loads (1.0 ml). Measurenwnts of ~aks from unt[eated
control animals were made on 5 ml lavaqe loads, Each frartion represents
the =an value of four animals.



gas, nitrogen dioxide (to be discussed). From previous experience, we knew
t!!t the use of 6 M guanidine hydrochloride to dissolve insoluble protein
complex samples did not interfere with reversed-phaseHPLC systems (13).
Similarly, we found that BALF from NO treated rats could be clarified by
making the sample 6 IIin guanidine”HC~.

To determine whether guanidine solubilizationwould cause any changes in
HPLC profiles, comparisonswere made between the profiles of untreated BALF and
guanidine-treated BALF from control rats and similar BALF samples from rats
exposed to Cd (Fig. 4). We found that addition of guanidine to BALF did not
quantitatively change the HPLC profile in control rats (Fig. 4Aand 4B), nor
did it change the HPLC profile of BALF from Cd injured lungs (Fig. 4C). Thus,
it was concluded that the clarificationofBALF saqles with 6 M guanidine”HCl
could h used to solubilize constituents lavaged from extensively injured lungs
in which alveolar flooding due to permeability*nary edema is suLLltantial.
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Figure 4. ~ of w solubilizedwith guanidine. BALF samples were
prepared for Hl%Cwith 0.2% TFA as described in Fig. 1. Solid guanidine
hydrochloride was added to these sanples to a concentrationof 6 M. These
samples wre loaded directly on the column. The guanldine was eluted in
the void volum. (A) BALF not treated with guanidine from cont[ol rats.
(B) BALF treated with guanidine from control rats. (C) BALF treated with
guanidine from rats with cadmium-inducedlung injury.



Nitrogen Dioxide Produced Pulmonary Edema
m. is a potential health hazard in occupational settings where thermal

combustion prbcesses occur. For this reason: our laboratofi has pursued a
program that explores the physiologicaland biochemical results of lung expo-
sure to this agent. In the course of these experiments,we have described
increases in lung water and histopathologicchanges; i.e., fibrin accumulation
in peri-terminal bronchiolar-alveolarregion, followingKl exposure (14,15)
that are hallmarks of p~lnmary edema. $TO determine the e fects of NOz-induced
injury on the protein constituents in BALF, we quantified the HPLC fractions in
E?iLFtaken from rats 24 h after exposure tn 100 pgm NOj for 15 min. BALF was
clarified by adding guamidine*HCl to a 6 M concentrationand then injected into
the HPLC (Fig. 5). AS expected, F~z ex~sure produced a njor translocation of
blood proteins to the lung’s bronchoalveolarcompartment. The anmnts of these
proteins (fractions 3, 4, and 5) were too high to quantify when normal control-
level loads were injected (Fig. 5A). Therefore, it was necessary to inject
very small loads in order to masure the blood proteins (Fig. 5B).

‘his quantification indicated that the blood-derivedproteins, fractions 3,
4, and 5 increased 72-fold, 5S-fold, and 35-fold, respectively (Fig. 6). Frac-
tions 7 and 8 increased 8-fold (as it did following Cd exposure). Fraction 2
increased 6-fold (unlike its loss following Cd exposure). P’ractions2, 10, and
11 increased -1.5-fold, but fraction 9 decreased to 35% of control (unlike its
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~igure 5. ~ of w frcn rats treated with w . Rats were exposed to
100 ppn NO for 15 min and lavaged 24 h later. he cloudy BALF was
clarified by a adding 6 M guanidine hydrochlorideas described in Fig. 4.
HPLC was run on (A) normal loads (3.5 ml of lavage fl\ild)and (B) small
loads (0.2 ml of lavage fluid).



increase follcwing Cd exposure). The fractions A and B were also observed
follcmringM+ exposure, as they ~re in the Cd-treated lungs, ●xcept the amount
was greater after NC)zexpsure. This again suggests fractionsA and B may be
translocated from the lung’s vascular compartment.

While nm: of the components of BALF responded to hx3 expsure as they did
in the Cd mcdel, there was on= outstandingdifference between the two models of
injury that may be of importance. Whereas the relative increases in the three
major blocd fractions were virtually identical in the Cd model, the relative
increase ix.fraction 3 was approxinmtely two tixes greater than the increases
in the other two nmjor blood fractions in the N mdel. S~ch findings suggest
that the underlying permeability disturbances! involved in N3,-induced pulm-
nary edema fundamentally differs from that produced ~ Cd. Further interpreta-
tions regarding this difference obviously requires the future ?;entificationof
fraction 3. fie comparison of these two models illustrate,nef lrtheless,that
the use of HPLC to analyze protein constituents in BALF will of “ersignificant
utility in ●lucidating mechanisms at play in a variety of lung disorders in
addition to pulnmnary edema.
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Figure 6. @mrrtificaticm of the HPXZ profile of rat DAM’ following
exposure to IK12. Each fraction was quantified as described in Fig. 3.
Peaks 3, 4, 5, ancl 6 were measured from mall loads (0.2 ml) and peaks 1,
2, 7-11, andAand Bwere masured from larger ioads (3.5 ml). Measure-
ments of the peaks from untreated control animals were made on 4 ml lavage
loads . Each fraction represents the mean value of three animals for the
lW32exposed rats and fulr animals for the control rats.



Conclusions

. HPLC analysis of multiple proteins in bronchoalveolarlavage fluids pro-
vides a powerful, new approach for quantifying the translocationof blood
compartment cor.~stituentsinto the lung’s airspaces, as observed in perme-
ability pulmnary edema.

. Qualitative and quantitativedifferences in the profiles of the various
blood proteins detected by the HFLC>thod following lung injury may serve
to provide fundamental information on the underlying nature of the injury;
●.g., relative conductance of the different proteins and ‘effective”
air-blood barrier pore sizes.

. The sensitive detection and quantificationof lavage fluid protein C-
nents that are not of blood origin, using our HPLC nwthod, may ultimately
yield a relatively noninvasive assessment of the status of *Ae lung’s cel-
lular pqmlations and/or extracellularmatrix during pul.mnary disorders.

‘l’hiswork-s supported by the Respiratory Branch of the U.S. Army ?4edlcal
Research and DevelogxnentConsnand,Project No. 85pp5855, and was conducted under
the auspices of the U.S. Department of Energy.
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