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amounts of human BAL cells RNA, indicating that the
lack of the signal in T2 is not due to inability of the
human probe to recognize rabbit mRNA. Therefore,
BAL cells express eGPx transcripts, while T2 do not. In
Fig. 3, ethidum bromide-stained gel of the PCR prod-
ucts is presented. As can be seen, a ¢cDNA fragment
corresponding to 379 bp is present in gels of both the
brush biopsy cells (lanes 2—4) and AM (lanes 5-7) of the
three individuals, indicating that these freshly isolated
cells express eGPx mRNA. As can be seen in Fig. 3, for
comparable amounts of total RNA used for RT-PCR of
the lavaged and the brush biopsy cells, the eGPx signal
level obtained for the brush biopsy cells (lanes 2-4) was
similar to the signal level obtained for the lavaged cells
(lanes 5-7). This indicates that the contaminating AM
in the brush biopsy samples are not the source of the
signal in the brush biopsy samples and vice versa.

In situ hybridization of lung tissue and BAL cells. In
situ hybridizations were performed to determine the
cellular sites of eGPx mRNA accumulation in lung.
Radiolabeled antisense and sense (control) eGPx cRNA
were used to probe normal human lung sections, reason-
ing that cells that contained eGPx mRNA are likely to
express the protein as well. The analysis was repeated
with lung tissue obtained from four individuals, using
at least six independent labeled probes, and the best
image obtained is presented. Figure 4 shows a low (Fig.
4, left)- and high-power (Fig. 4, right) view of sections of
adult human lung. eGPx transcripts are seen in many
cell types, albeit at low levels relative to background
(sense-strand controls). The signal in the gas-exchange
region did not exceed background levels (determined by
sense strand hybridization). However, hybridization
was noticeably greater in tissues surrounding small
airways (Fig. 4, arrowheads). Although the level of
resolution of light microscopy precludes our ability to
identify many cell types in the lung, higher-power
views show accumulation of transcripts in interstitial
and smooth muscle tissue surrounding small airways
(Fig. 4, arrowheads). By contrast, there was almost no
hybridization above background in airway epithelial
cells and in tissues surrounding blood vessels (Fig. 4,
arrows). The fixation procedure (directly injecting For-
malin into a visible conducting airway) can wash away
AM or deform them. Such marginated AM are difficult
to unambiguously identify. Therefore we performed in
situ hybridizations on freshly isolated BAL cells that
were cytospun onto slides. Most of the freshly isolated
BAL cells from healthy, young, nonsmoking individuals
had accumulated eGPx transcripts, strongly suggest-
ing that AM are in vivo sites of eGPx synthesis.
Interestingly, a small number of AM also hybridized
with the sense strand (Fig. 5, A to B). The basis for this
phenomenon is currently unknown.

DISCUSSION

Although it has been known for some time that ELF
contains antioxidant enzymes, including GPx (9, 10,
21), the forms of this family of enzymes and the cells of
origin were not known. We have found that about half
of GPx activity in ELF is due to eGPx, an extracellular
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Fig. 3. Reverse transcription-polymerase chain reaction (RT-PCR)
amplification of human eGPx from AM and BEC. Total RNA prepared
from lavage AM and brush biopsy BEC of 3 individuals was reversed
transcribed and PCR amplified. Products obtained were electropho-
resed for 1.5 h. Lane 1, 1 pg pGEM marker; lanes 2-4, 15 nl of
amplification products of cells obtained from bronchial brush biopsies
of 3 individuals; lanes 5-7, 15 pl of amplification products obtained
from bronchoealveolar lavage of the 3 individuals. Amounts of total
RNA subjected to RT-PCR are: lane 2, 0.03 pg; lane 3, 0.03 pg; lane 4,
0.06 ng; lane 5, nondetectable; lane 6, 0.1 pg; lane 7, 0,16 png.

enzyme, and about half is due to ¢GPx, a cellular
enzyme. Determination of the concentrations of GPxs
in ELF awaits parallel analysis of the enzyme activity
and ELF volume in BAL. We have also shown that BEC
and AM have the capacity to synthesize and secrete
eGPx and are therefore potential sources for GPx in the
ELF in vivo.

It has been reported that lung cells contain a-class
glutathione S-transferase isozymes that have GPx ac-
tivity toward lipid hydroperoxides and phospholipid
hydroperoxide (33). Immunologically, a-class B, and B,
subunits have been detected in the BAL of patients
with lung cancer and other lung diseases (19). Determin-
ing GPx activity with lipid hydroperoxides, such as
t-BuOOH, 1s expected to detect both Se-dependent and
a-class non-Se-dependent glutathione S-transferase
GPx activity (25). Previously, using t-BuOOH and the
specific antibodies against Se-dependent GPxs, we have
been able to show that ~30% of human liver cytosolic
GPx is due to non-Se-dependent GPx (36). Therefore,
the precipitation from BAL of 97% of GPx activity
measured in the presence of t-BuOOH by antibodies
against Se-dependent GPxs indicates that if there are
a-class glutathione S-transferase isozymes in ELF,
they do not have GPx activity. However, since we used
only one concentration of each of the reagents in the
activity assay, we cannot rule out the possibility that
with other concentrations, non-Se-dependent GPx could
have been detected.

Because the epithelial cells form the barrier between
the air and the tissue and are in direct contact with
ELF, and AM are surrounded by ELF, these cells are
natural candidates to serve as a source for eGPx in
ELF. We have been able to show that primary BEC and
lung epithelial cell lines (BEP2D and A549) synthesize
both ¢GPx and eGPx and secrete eGPx. Primary la-
vaged cells synthesized both enzymes and secreted
eGPx. Because 90% of the recovered cells from BAL
and a larger percentage of these cells in the culture
are AM, we can conclude that AM in culture synthe-
size and secrete eGPx. The bone marrow-derived
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human myelocytic cell lines, HL-60 (ATCC no. CCL serve as an in vitro model for eGPx synthesis and
240) (6), as well as nondifferentiated, differentiated, secretion by macrophages.

and activated macrophage cell line, U937, did not Cells in culture have negligible intracellular eGPx
synthesize and secrete eGPx. Therefore, U937 cannot unless inhibitors of secretion are present (3, 6). To date,

Fig. 4. Expression of eGPx mENA in human lung determined by in situ hybridization. Serial sections of normal
human lung were probed by in situ hybridization for mRNA encoding eGPx and stained with hematoxylin and eosin.
A and B: darkfield views of a section hybridized with antisense probe. C and D, E and F: darkfield and brightfield
views, respectively, of a section hybridized with sense (negative control) probe. In A, C, and E arrowheads point to
interstitial cells surrounding small airway, showing eGPx transeripts. Arrows point to smooth musele of an artery
showing background levels of silver grains. B, I} and F are enlarged views, where arrowheads point to smooth
muscle cells in the tissue surrounding a small airway and arrows point to airway epithelium of a small airway.
Magnifications: A, C and E, X82; B, D, and F, x246.
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Fig. 5. Expression of eGPx mRNA by human AM deter-
mined by in situ hybridization. Healthy, nonsmoking
volunteers underwent BAL, and 2 X 107 cells from BAL
fluid were sedimented onto each microscopic slide for in
situ hybridization to antisense (A) and sense (B) cRNA
probes for eGPx. A combination of transmitted light and
darkfield illumination (provided by MVP Darklight)
was used to visualize nuclei. A: many cells show similar
high levels of signal. B: a small number of cells yielded
signal when hybridized with the sense probe, a consis-
tent observation.

the sole exception to this is the placenta, in which we
found eGPx protein in the tissue. The paucity of eGPx
within cells suggests that it is rapidly secreted and does
not accumulate intracellularly. The lung cells that were
shown to synthesize eGPx did not accumulate the
enzyme in the cell, but secreted all, or almost all of it
into the medium (Fig. 1). Thus lysis of these cells is not
the source for eGPx in the lavage fluid. Some constitu-
ents of the ELF, like serum albumin, originate in
plasma. Plasma contains eGPx, which originates mainly
from proximal tubular cells of the kidney (3). Although
BEC and AM synthesize and secrete eGPx, and other
lung cells express eGPx mRNA, we cannot rule out the
possibility that plasma might also be a source for eGPx
in lung and ELF.

In general, intracellular proteins are not stable in the
extracellular milieu and are expected to turn over
rapidly. In the two extracellular fluids previously exam-
ined, plasma and milk, more than 90% of GPx activity
was found to be due to eGPx (4, 5). We hypothesized
that in lung extracellular fluids most of the activity will
be due to eGPx as well. However, as mentioned above,
although 57% was due to eGPx, we found that 40% of
GPx activity in ELF was due to ¢cGPx. ¢GPx is found in
all cells tested, including lung cells (9, 17). However, it
is not a secreted enzyme, nor is it found normally in
plasma. As has been argued for catalase, cGPx presence
in the lavage is not due to the lavage procedure, and the
source is probably in vivo lysis during normal turnover
of cells populating the lung and the ELF (9). These
cellular antioxidant enzymes accumulate in ELF due to
the low turnover of the fluid (9). In this context, it is
interesting that by immunocytochemical staining of
lung tissue for ¢cGPx, a large portion of the protein
was found in the extracellular space, coupled to elastin
(13).

EGPx expression by AM does not appear to be due to
induction of the enzyme by culturing the cells, since
freshly isolated AM expressed eGPx mRNA, as demon-
strated by Northern blot hybridization, by RT-PCR
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analysis, and by in situ hybridization of lavaged cell
cytospins. Although the primary AM preparations were
not absolutely pure, it is improbable that the eGPx
message detected by Northern blots and RT-PCR analy-
sis originated from the small number of other white
blood cells recovered in BAL. This is corroborated by
examination of cytospins of lavaged cells by in situ
hybridization for single-cell eGPx expression. Although
only a small percentage of the cells on the slides is not
macrophages, most of the cells showed similar levels of
eGPx transcripts (Fig 5).

Although eGPx ¢cDNA could have been amplified from
the few cells in the brush biopsies that were not from
epithelial origin, this is not likely. From comparable
amounts of total RNA used to reverse transcribe and
amplify eGPx mRNA from both cell types, similar
signal levels were obtained for the brush biopsy cells
(over 95% epithelial cells) and for the lavaged cells
(over 90% AM) (Fig. 3, compare lanes 2—4 with lanes
5-7, respectively). When it is taken into account that
<5% of the brush biopsy cells are AM, with the rest
being epithelial cells, this comparison reveals that it is
improbable that the achieved level of signal in the
brush biopsy cells could have been obtained from the
small percentage of lavaged cells in the brush biopsy
preparations. At least four populations of epithelial
cells were studied. Cells originating from tracheal
explants secreted eGPx under culture conditions.
Freshly isolated cells originating from bronchial brush
biopsies expressed eGPx mRNA, while very little eGPx
expression, if any, was found in small airway epithelial
cells by in situ hybridization of lung sections or in T2 of
the alveolar region by Northern and in situ hybridiza-
tions. One possible explanation is a gradient expression
of eGPx in the bronchial tree, and that the more
proximal cells express more eGPx. An exhaustive study
of eGPx expression along the airways in animal models
could test this possibility, but that is beyond the scope
of this study. Another explanation could be that isola-
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tion procedures or culture conditions triggered the
expression of eGPx in the epithelial cells.

In sections of lung tissue, eGPx transcripts were
abundant in the tissue surrounding small airways.
Smooth muscle cells seem to be among the cells in this
region that express eGPx transcripts. The presence of
eGPx mRNA in the interstitial tissue surrounding the
airways indicates that these cells have the potential to
secrete eGPx into the extracellular matrix of the inter-
stitial space, where it might exert a protective effect.
Interestingly, extracellular SOD (EC-SOD) has been
found to be associated with the matrix in the intersti-
tial spaces, especially on the surface of smooth muscle
cells (29). Hydrogen peroxide is a by-product of the
enzymatic activity of EC-SOD. Therefore, a likely func-
tion of eGPx is to decompose hydrogen peroxide pro-
duced by EC-SOD. Large amounts of EC-SOD are
found in the lung (27, 29), but the form of SOD in ELF
has not been determined.

The expression of eGPx mRNA in the lung differs in
level and distribution from that of the placenta and the
kidney (1, 3). Both the placenta and the kidney showed
high levels of eGPx mRNA, concentrated in one cell
type, that were easily detected by in situ hybridization
using less-sensitive nonradioactive labeled probes. To
detect the transcripts in lung, we required 3P probes or
3H-labeled probes and extensive autoradiographic expo-
sures. One explanation for this difference is that in
lung, transcripts were found in most cell types but the
abundance in any one cell was low. These organ-specific
differences in the pattern of expression suggest that
placenta and kidney produce eGPx for both local use
and for transport via circulation to other sites, while
eGPx in the lung functions locally. As was shown
previously, the kidney is the source for most of the
plasma eGPx, and the placenta secretes eGPx into the
maternal circulation (1, 3).

In view of our results, it is reasonable to assume that
eGPx is secreted into ELF by epithelial cells and
macrophages, which were shown to have the potential
to secrete the enzyme. In ELF, with its sufficient
concentrations of GSH (10), eGPx can provide defense
against oxidants by decomposing low levels of H,0,,
lipid hydroperoxides, and phospholipid hydroperox-
ides. These hydroperoxides might be present in the
lavage due to normal metabolism, exposure to deleteri-
ous oxidants in the environment, or the oxidative burst
of endogenous and recruited inflammatory cells.
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