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Altered lung phospholipid metabolism in mice with
targeted deletion of lysosomal-type phospholipase A’
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Abstract Lung surfactant dipalmitoylphosphatidylcholine
(DPPC) is endocytosed by alveolar epithelial cells and de-
graded by lysosomal-type phospholipase Ay (aiPLAy). This
enzyme is identical to peroxiredoxin 6 (Prdx6), a bifunc-
tional protein with PLA, and GSH peroxidase activities. Lung
phospholipid was studied in Prdx6 knockout (Prdx6~/")
mice. The normalized content of total phospholipid, phos-
phatidylcholine (PC), and disaturated phosphatidylcholine
(DSPC) in bronchoalveolar lavage fluid, lung lamellar bod-
ies, and lung homogenate was unchanged with age in wild-
type mice but increased progressively in Prdx6~/~ animals.
Degradation of internalized [3BH]DPPC in isolated mouse
lungs after endotracheal instillation of unilamellar lipo-
somes labeled with [SH]DPPC was significantly decreased at
2 h in Prdx6~/~ mice (13.6 *= 0.3% vs. 26.8 = 0.8% in the
wild type), reflected by decreased dpm in the lysophosphati-
dylcholine and the unsaturated PC fractions. Incorporation
of [*C]palmitate into DSPC at 24 h after intravenous injec-
tion was decreased by 73% in lamellar bodies and by 54% in
alveolar lavage surfactant in Prdx6~/— mice, whereas incor-
poration of [*H]choline was decreased only slightly. Phos-
pholipid metabolism in Prdx6~/~ lungs was similar to that
in wild-type lungs treated with MJ33, an inhibitor of aiPLA,
activity.Bll These results confirm an important role for
Prdx6 in lung surfactant DPPC degradation and synthesis
by the reacylation pathway.—Fisher, A. B., C. Dodia, S. I
Feinstein, and Y-S. Ho. Altered lung phospholipid metabo-
lism in mice with targeted deletion of lysosomal-type phos-
pholipase A,. J. Lipid Res. 2005. 46: 1248-1256.

Supplementary key words peroxiredoxin 6 e lung surfactant ¢ di-
palmitoylphosphatidylcholine ¢ phospholipid remodeling ¢ phospho-
lipid synthesis

Lung surfactant is a phospholipid-protein complex that
is secreted by lung epithelium and functions to maintain
alveolar stability. The major surface-active phospholipid in
lung surfactant is dipalmitoylphosphatidylcholine (DPPC),
which constitutes ~50% of surfactant mass (1). DPPC is
synthesized and secreted by exocytosis of lamellar bodies
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from granular pneumocytes (alveolar type 2 epithelial
cells), whereas “spent” DPPC is removed from the alveolar
space by endocytosis, predominantly by the granular pneu-
mocytes, and is either resecreted or degraded (1, 2). Un-
der basal conditions, the turnover of alveolar DPPC is
~5%/h (2).

Previous studies have indicated that hydrolysis by phos-
pholipase Ay (PLAy) is the major degradative pathway for
internalized alveolar DPPC (3-6). M]33, a transition-state
analog competitive inhibitor of PLAy (7), inhibited the
degradation of DPPC by ~50% in both the whole lung
and isolated alveolar type 2 cells (3, 6). In vitro measure-
ment of PLAy activity in homogenate of lungs or isolated
type 2 cells was markedly inhibited by M]J33 when assayed
at pH 4.0 in Ca®*-free medium but had no effect on Ca®*-
dependent PLAy activity at pH 8.5 (3, 6). Based on the
acidic pH optimum, we postulated that activity inhibited
by M]33 represented a lysosomal-type PLAy (aiPLAy) (6).

We subsequently used column chromatography to iso-
late a protein from rat and bovine lungs that showed the
characteristic properties of aiPLA, (8). After partial se-
quence analysis by mass spectroscopy, we identified a full-
length human cDNA sequence in GenBank that, when ex-
pressed in either a cellular or a cell-free system, exhibited
aiPLA, activity (8). This was the first lysosomal PLAy to have
been sequenced. Further study indicated that the protein
had homology to the peroxiredoxin family of antioxidant
enzymes, and was identical to peroxiredoxin 6 (Prdx6), a
nonseleno protein with glutathione peroxidase activity
(9-11). We have shown by site-directed mutagenesis that the
peroxidase and PLAy enzymatic functions of this protein
have distinctly different active sites; the PLAy activity is
Ser32-dependent, whereas the peroxidase activity requires
Cys47 (12). Both we and another group have indepen-
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October 2004.
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dently developed Prdx6 gene-targeted mice (13, 14). The
mice are viable and reproduce normally (13, 14) but show
increased sensitivity to oxidant stresses, such as exposure
to paraquat (14) or hyperoxia (15). In the present study,
we evaluated surfactant phospholipid metabolism in lungs
from Prdx6 knockout (Prdx6~/7) mice to investigate fur-
ther the PLA, activity of this protein.

MATERIALS AND METHODS

Materials

Authentic lipids were purchased from Avanti Polar Lipids
(Birmingham, AL). Radiochemicals were purchased from Perkin
Elmer Life Science (Boston, MA). BSA and fatty acid-free BSA
were obtained from Roche Diagnostics (Indianapolis, IN). Ham’s
F-12 medium was purchased from Invitrogen Life Technologies
(Carlsbad, CA). Plastic tissue culture dishes were purchased from
Costar (Cambridge, MA). Dispase, mouse serum, and other tis-
sue culture reagents were purchased from Sigma (St. Louis,
MO). Thin-layer chromatography plates (Whatman), neutral
alumina, osmium tetroxide, and organic solvents were pur-
chased from Fisher Scientific (Pittsburgh, PA). Fixatives and
strains for lung morphology were purchased from Electron Mi-
croscopy Sciences (Fort Washington, PA). MJ33 was a gift from
Dr. Mahendra Jain (University of Delaware, Newark, DE).

Animals and cell isolation

Prdx6~/~ mice were generated in the animal care facilities at
the University of Pennsylvania by breeding Prdx6*/~ mice. As
described previously (13), the null mice developed normally and
showed no obvious physical differences from their heterozygous
or Prdx6"/* littermates. The mice used for this study represent
the firstgeneration offspring of Prdx6~/~ matings. Because the
knockout had been produced by microinjection of cloned
129Sv] cells into C57BL/6] blastocysts (13), wild-type mice of
these strains were purchased from The Jackson Laboratory (Bar
Harbor, ME) and maintained in our animal care facility for 1
week for use as a control. The analysis of phenotype (lung phos-
pholipid pool size) showed no difference between these two
strains, and subsequent metabolic studies were carried out only
with the C57BL/6 mice as a control. Unless specified otherwise,
mice were used at 23-25 g body weight (age, 9-11 weeks). A
small number of Prdx6~/~ and wild-type mice were maintained
in the animal facility and killed at varying ages up to 12 months
for analysis of lung phospholipid content. All experimental ani-
mal procedures were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee.

Alveolar type 2 epithelial cells were isolated from mouse lungs
by a previously described procedure using endotracheal dispase
for lung digestion (16). Cell isolates were seeded onto type I col-
lagen-coated 35 mm dishes in Ham’s F-12 culture medium sup-
plemented with 15 mM HEPES, 0.8 mM CaCly, 0.25% BSA, 5
pg/ml insulin, 5 pwg/ml transferrin, 5 ng/ml sodium selenite,
and 2% mouse serum and incubated for 24 h before study. The
isolated cells at 24 h were 95% type 2 alveolar epithelial cells, as
judged by cytokeratin staining and the presence of Nile Red-pos-
itive vacuoles.

Morphology

Mouse lungs were fixed with 2.5% glutaraldehyde plus 4%
paraformaldehyde by perfusion through the pulmonary artery
followed by endotracheal inflation and immersion in fixative for
4 h at 4°C. Lungs were postfixed for 1 h with 2% OsO, followed

by 30 min with 2% uranyl acetate, then dehydrated with graded
acetone and embedded in Epson 812, which was polymerized at
55°C for 48 h. For light microscopy, 500 nm thick sections were
cut and stained with toluidine blue. For examination with a
JEOL 100 electron microscope, 70 nm sections were cut and
counterstained for 10 min with 2% uranyl acetate and for 10 min
with lead citrate.

Preparation of liposomes

Unilamellar liposomes were prepared with the composition
(mole fraction) 0.5 DPPC, 0.25 egg phosphatidylcholine (PC),
0.15 cholesterol, and 0.10 phosphatidylglycerol to reflect the
approximate composition of lung surfactant (6, 17). Liposomes
contained trace radiolabeled DPPC with [3H-methyl] choline label
for perfused lung studies or [9,10-°H] palmitate label for PLA, as-
says. In some preparations, MJ33 was added at 3 mol/100 mol
lipid. Unilamellar liposomes (mean diameter, 120 nm) were pre-
pared by evaporating the mixture of lipids under Ny to dryness,
resuspending the evaporated film in PBS with vigorous mixing,
freezing and thawing three times by alternating exposure to liq-
uid Ny and a 50°C water bath, and then extruding at 50°C for 10
cycles through a 100 wm pore size filter. Liposomes were stored
overnight at 4°C and then centrifuged to remove large aggre-
gates before use.

Isolation of lung fractions

To isolate subcellular fractions, lungs were lavaged through
the trachea five times with 1 ml of normal saline. The material
obtained is called the bronchoalveolar lavage fluid (BALF).
Lung surfactant was isolated from the BALF using a NaCl gradi-
ent (17). Lamellar bodies were isolated from homogenates of
postlavage lungs by upward flotation using a sucrose density gra-
dient (17). To isolate alveolar macrophages, the BALF was centri-
fuged at 100 g for 10 min. The resulting pellet was resuspended
in medium and incubated for 1 h at room temperature on 35
mm plastic dishes. The dishes were washed three times to re-
move nonadherent cells, and the adherent macrophages were
scraped and disrupted by sonication (6). Protein was measured
by the Coomassie Blue binding assay (Bio-Rad, Richmond, CA)
using bovine <y globulin as the standard.

PLA, activity

PLA, activity was measured in lung homogenates and lamellar
bodies as described previously (6, 17). Activity was measured at
pH 4.0 in 40 mM sodium acetate and 5 mM EDTA buffer and at
pH 8.5 in 50 mM Tris-HCI, 1 mM EGTA, and 10 mM CaCl, buffer
using a liposome-based assay and radiochemical detection. The
substrate was the standard surfactant-like liposomes labeled with
1-palmitoyl, 2-[9,10-*H]palmitoyl, sn-3 glycerophosphorylcho-
line ([*H]DPPC) at a specific activity of 2 mCi/mmol DPPC. As-
says were carried out in the presence and absence of 3 mol%
M]33 added to liposomes. The reaction was stopped by the addi-
tion of CHCl3/CH3OH (1:2, v/v), lipids were extracted, compo-
nents were separated by a two-step TLC procedure using hexane-
ether-acetic acid, and the free fatty acid spot was scraped and as-
sayed for dpm (3).

Separation of phospholipid classes

Lipids were extracted using the Bligh and Dyer (18) proce-
dure to obtain lipid and aqueous fractions. Lipid fractions were
separated further into individual classes by TLC on silica gel us-
ing a solvent system of chloroform/methanol/NH,OH/water
(65:35:2.5:2.5) (19). The lipid spots were visualized by brief ex-
posure to Iy vapors and then scraped for analysis of lipid phos-
phorous (20) or determination of dpm. Authentic standards
were cochromatographed for identification of individual lipids.
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The disaturated phosphatidylcholine (DSPC) fraction was sepa-
rated from total PC on a neutral alumina column after treatment
of lipids with OsO, (21). This method measures DSPC (i.e., PC
in which both fatty acids are saturated). In this article, we refer to
DSPC when the osmication method was used for identification
and DPPC for the authentic phospholipid.

Lung perfusion

Isolated lung perfusion was carried out as described previ-
ously (22). Mice were anesthetized with 60 mg/kg pentobarbital
intraperitoneally. The abdomen and chest of the anesthetized
and continuously ventilated mouse were incised, and the lungs
were cleared of blood by perfusion with Krebs Ringer bicarbon-
ate solution supplemented with 3% fatty acid-free BSA and 10
mM glucose. The heart was trimmed away, and the lungs were re-
moved from the thorax and placed in a temperature-controlled
(37°C) incubation chamber. Lungs were ventilated continuously
at 60 cycles/min with 0.3 ml tidal volume of 5% COy in air and
perfused with recirculating Krebs Ringer bicarbonate at 2 ml/min.

Uptake and degradation of DPPC

Uptake of DPPC in liposomes by the isolated lung was studied
according to a previously described protocol (6, 17, 23). Lipo-
somes were labeled with *H-methylin the choline moiety of DPPC.
Unilamellar liposomes (20 nmol of total lipid in 20 pl of saline)
were instilled into the trachea of the anesthetized mouse at the
approximate level of the carina. The lungs were then removed
from the chest and either immediately homogenized (~5 min af-
ter liposome instillation) or perfused for 2 h as described above.
At the end of perfusion, lungs were homogenized and an aliquot
of the homogenate and recirculating perfusate was analyzed for
dpm. The remaining homogenate was then analyzed for dpm in
the aqueous fraction and lipid classes as described above. The
specific activity of alveolar [*H]DPPC was calculated from the in-
jected dose and the measured alveolar DPPC pool size. Uptake
of DPPC was calculated from the total lung (plus perfusate) dpm
and the alveolar DPPC specific activity. Recovery of dpm in the
perfusate was <2% of total recovered dpm and has been shown
previously to represent dpm in free choline (24). Degradation
was calculated from the dpm recovered in the sum of the aque-
ous PC, lysoPC, and unsaturated PC fractions and expressed as a
percentage of total recovery. The sum of degradation products
expressed this way equals 100% minus the percentage of dpm re-
covered in the DSPC fraction. This calculation cannot account
for DSPC that has been resynthesized from [*H]lysoPC plus satu-
rated fatty acid and thus underestimates actual PLAy activity.

To study metabolism in isolated type 2 cells, cells adherent to
the dish after 24 h of culture were incubated with [*H]DPPC-
labeled unilamellar liposomes for 3 h (6). Cells were then ex-
tracted and analyzed for dpm in lipid classes as described for the
perfused lung.

Synthesis of DSPC

Synthesis of DSPC was evaluated using a protocol described
previously for the rat lung (23). Liposomes (20 nmol of total lipid)
without radioactive label but with or without 3 mol% MJ33 were
instilled endotracheally as described above. The liposomes were
used as a means to deliver MJ33 to the lung epithelium. One
hour later, mice were injected with a mixture of [3H-methyl]cho-
line (10 nCi) and [1-'*C]palmitate (1 wCi) through the tail vein.
After 24 h, the mice were killed by exsanguination under anes-
thesia. Lungs were lavaged to obtain the surfactant fraction, and
the postlavage lungs were used to isolate lamellar bodies. These
fractions were assayed for incorporation of the '*C and 3H labels
into DSPC.
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Statistics

Results are presented as means = SEM. Statistical significance
was determined by #test after one-way ANOVA using SigmaStat
(Jandel Scientific, San Rafael, CA). The level of statistical signifi-
cance was taken as P < 0.05.

RESULTS

As reported previously, Prdx6~/~ mice grew and repro-
duced normally. Body weight at 9-11 weeks (~24 g) was
similar for wild-type and knockout mice. Light microscopy
indicated no difference between the wild-type and Prdx6~/~
mouse lungs examined at 2 and 6 months of age (data not
shown). Lung tissue of the two species also was similar on
examination at the ultrastructural level (Fig. 1). The type
2 cells of control and gene-targeted lungs showed similar
morphology, with no qualitative differences of lamellar
body ultrastructure, size, or distribution. Alveolar macro-
phages (shown at low magnification in Fig. 1) appeared
similar at higher magnification (data not shown) in
Prdx6~/~ and wild-type control mice.

We have shown previously that Prdx6 mRNA by real-
time PCR and protein content by immunoblot analysis are
absent in lungs of Prdx6~/~ mice and are decreased in
heterozygotes by 50% compared with wild-type animals
(13). PLAy activity was measured in the lung homogenate
and in lamellar bodies and alveolar macrophages isolated
from the lung. Activity measured at acidic pH in Ca%*-free
buffer and in the presence of MJ]33 is identified as aiPLA,
activity. For all three sources of enzyme, activity was inhib-
ited by ~80% in the presence of 3 mol% MJ33 (data not

PRDX 6 -/-

Wild-type

Fig. 1. Ultrastructure of lung tissue from wild-type (C57BL/6)
and peroxiredoxin 6 knockout (Prdx6~/~) mice. Lungs were fixed
by endotracheal inflation. A, C: Low-magnification images of alveo-
lar septae. An alveolar epithelial type 2 cell (T2) and an alveolar
macrophage (AM) are indicated. B, D: Higher magnification of in
situ type 2 cells.
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TABLE 1. Ca?*-independent, M]33-sensitive PLA, activity at pH 4 of
mouse lung homogenate and lamellar bodies

PLAy Activity

Mouse Lung Homogenate Lung Lamellar Bodies Alveolar Macrophages

nmol in 1 h/mg protein

Wild type 7.1 *+0.4 233 + 1.7 3.6 = 0.05
Prdx6*/~ 3.8 = 0.4¢ ND ND
Prdx6~/~ 0.19 = 0.02¢ 0.88 = 0.04« 0.37 = 0.06¢

ND, not determined; PLAy, phospholipase Ag; Prdx6~/~, peroxire-
doxin 6 knockout. Values are means = SEM for n = 3. PLA, activity was
measured at pH 4 in calcium-free buffer with 3 mol% MJ33 in lipo-
somes.

@ P < 0.05 versus the corresponding value for the wild type
(C57BL/6).

shown). Activity in the wild-type mouse lung homogenate
expressed on a protein basis (Table 1) was approximately
one-half of the values that we reported previously for the
rat lung (25). Wild-type mice showed ~3-fold enrichment
in aiPLAy activity in lamellar bodies compared with lung
homogenate, whereas activity in alveolar macrophages was
~50% less. Only slight activity that was not significantly
different from background was detected for lung homoge-
nate from the gene-targeted mice, whereas the activity of
the heterozygous mouse lung was approximately midway
between that for the wild-type and knockout lungs (Table
1). aiPLAy activity in lamellar bodies from the Prdx6~/~
mouse was ~4% of the corresponding wild-type activity,
and that in Prdx6~/~ alveolar macrophages was 10% of
wild-type activity (Table 1). Ca?*-dependent PLA, activity
of the lung homogenate measured at pH 8.5 was 9.5 * 0.4
nmol in 1 h/mg protein in wild-type and 9.4 = 0.2 nmol
in 1 h/mg protein in Prdx6~/~ lung homogenate (n = 3).
There was no effect of M]J33 on PLA, activity at pH 8.5 in
either wild-type or knockout mouse lung homogenate.
We measured phospholipid composition in the BALF,
the lung homogenate, and lung lamellar bodies (Table 2).
The major phospholipid in all three fractions is PC, which
represents >75% of total phospholipid in the BALF and
lamellar bodies and ~40% of total phospholipid in lung
homogenate of wild-type mice; DSPC was approximately
two-thirds of total PC. There was no significant difference
in the phospholipid composition of C57BL/6 and 129Sv]
mice (Table 1). In Prdx6=/~ lungs, total phospholipid, PC,
and DSPC were all increased significantly compared with
wild-type lungs in the BALF, lung homogenate, and lamel-

lar bodies. The increase in phospholipid fractions in knock-
out mice ranged from 25% to 77% greater than in the
wild type. The percentage of phospholipid accounted for
by PC and the percentage of PC accounted for by DSPC
were similar in wild-type and knockout animals. These
results indicate a proportionate increase in all surfactant
phospholipid components in the gene-targeted mouse.
The phospholipid contents of BALF and lung homoge-
nate also were measured as a function of mouse age. The
lung content of total phospholipid, PC, and DSPC in wild-
type lungs was not changed significantly between ages 10
and 40 weeks when normalized to body weight (for BALF)
or milligrams of protein (for lung homogenate) (Fig. 2).
However, lungs from Prdx6~/~ mice between 4 and 48
weeks of age showed a progressive increase in phospho-
lipid content (Fig. 2). The increase was similar in degree
for total phospholipids, PC, and DSPC.

Uptake of DPPC by the isolated perfused lung was mea-
sured at 2 h after instillation of mixed unilamellar lipo-
somes into the alveolar spaces. Uptake was similar for
wild-type and Prdx6~/~ mouse lungs (Table 3). Values for
uptake were calculated from specific activities of the sub-
strate based on the measured PC content of the BALF, so
that differences in alveolar phospholipid pool size were
taken into account. The aiPLAy inhibitor MJ33 had no ef-
fect on lung uptake of DPPC in either wild-type or gene-
targeted lungs (data not shown).

Degradation of DPPC that had been internalized by the
lung during the 2 h perfusion period was evaluated under
basal conditions and in the presence of M]33. In wild-type
lungs, total degradation was 27% of internalized DPPC
and was decreased by nearly one-half in the presence of
M]J33 (Fig. 3). In Prdx6~/~ lungs, total lung degradation of
DPPC also was decreased by ~50% compared with wild-
type lungs (Fig. 3). Unlike the wild type, the presence of
M]33 had no effect on degradation in Prdx6~/~ mice
(Fig. 3). Recovery of dpm was determined in the DPPC,
unsaturated PC, lysoPC, and aqueous fractions (Table 4).
We have shown previously after incubation of rat lung and
lung cells with [*H]choline-labeled DPPC that dpm in the
aqueous fraction represents labeled glycerophosphoryl-
choline, choline phosphate, CDP-choline, and free cho-
line (26, 27). Dpm in the unsaturated PC fraction repre-
sents PC containing an unsaturated fatty acid, generally in
the sn-2 position, and is presumably generated from la-
beled lysoPC in what has been called the reacylation path-

TABLE 2. Phospholipid content in mouse lung fractions

BALF Lung Lamellar Bodies
Phospholipid  C57BL/6 129Sv/] Prdx6-/— CH7BL/6 129Sv/] Prdx6=/— CH7BL/6 Prdx6=/—
ng/g body weight ug/mg protein g/ g protein
PL 88=*0.1 87%x03 131*x0.3% 833=*30 84950 121.1 £3.0¢ 9.2*0.02 12.1 *0.4¢
PC 6.7+0.2 67+04 10.6=*04¢ 31.1*1.0 29.7=*0.7 537*x1.1¢ 7.0=*0.3 9.0 = 0.2¢
DSPC 43+0.1 46=*03 69+03 204*+07 184+04 326 =*02¢ 39+0.2 4.9 + 0.1

BALF, bronchoalveolar lavage fluid; DSPC, disaturated phosphatidylcholine; PC, phosphatidylcholine; PL, to-
tal phospholipid. Values are means * SEM for n = 3 mice (24 = 0.6 g body weight) in each group. Lung indicates
whole lung homogenate after lavage and cleared of blood.

@ P < 0.05 versus the corresponding value for the wild type (C57BL/6).
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Fig. 2. Change in lung and bronchoalveolar lavage fluid (BALF) phospholipid content with age (in weeks) in wild-type (C57BL6) and
Prdx6~/~ mice. The panels show total phospholipid (PL), phosphatidylcholine (PC), and disaturated phosphatidylcholine (DSPC) in the
lung homogenate (top row) and BALF (bottom row). The lipid measurements are normalized to lung protein for the lung homogenate and
to body weight for BALF. The plotted values for 10-11 weeks of age are the same results used to calculate means = SEM for C57BL/6 and
Prdx6~/~ mice in Table 2. The lines represent linear least mean square regression fits (SigmaStat; Jandel Scientific).

way of PC synthesis (1). The presence of M]33 resulted in
significantly decreased recovery of dpm in lysoPC and un-
saturated PC fractions, whereas recovery in the aqueous
fraction was decreased only slightly (Table 4). These re-
sults are compatible with the inhibition of PLAy-mediated
DPPC degradation. Lungs from Prdx6~/~ mice compared
with wild-type mice also showed decreased recovery of
dpm in lysoPC and unsaturated PC fractions, with only a
small (not significant) difference for the aqueous frac-
tion, a pattern similar to the observed effect of MJ33 in
wild-type mice.

Uptake and degradation of [3H]DPPC also were stud-
ied in lung type 2 epithelial alveolar cells in primary cul-
ture. Similar to the results obtained with the isolated per-
fused lung, DPPC uptake was approximately the same for
cells from wild-type and Prdx6~/~ lungs (Table 3), but
degradation in Prdx6~/~ cells was significantly lower (Fig.
4). As with the lung, there was a large decrease in dpm re-

TABLE 3. Uptake of [*H]DPPC in mixed unilamellar liposomes

Mouse Perfused Lung Isolated Type 2 Cells
nmol in 2 h/lung nmol in 3 h/mg protein

Wild type 77+05 24*04

Prdx6—/~ 7.0 0.7 29+0.4

DPPC, dipalmitoylphosphatidylcholine. Values represent net up-
take (5 min baseline value subtracted) and are means = SEM for n = 3.
For lung, the specific activity of DPPC was calculated from the DPPC
content in the BALF and the instilled [2H]DPPC.

1252 Journal of Lipid Research Volume 46, 2005

covery in the unsaturated PC fraction in granular pneu-
mocytes from the Prdx6~/~ mice, whereas dpm recoveries
in the aqueous and lysoPC fractions were not changed sig-
nificantly (Fig. 4).

DSPC synthesis was studied after simultaneous intrave-
nous injection of [*H]choline and ['*C]palmitate. The ra-
tionale for use of the two labels is that choline represents
incorporation primarily through the de novo pathway for
DSPC synthesis, whereas incorporation of palmitate reflects

50 1 basal

—~ - MJ33

&
§5 %
T o
g 'g 30
SE
o§5 20 .
sE
2% 10

R

0
Wild-type Prdx6 -/-

Fig. 3. Degradation of internalized 3H-labeled dipalmitoylphos-
phatidylcholine ([*H]DPPC) by isolated, perfused wild-type
(C57BL/6) and Prdx6~/~ mouse lungs. Degradation was measured
at 2 h after endotracheal installation of [?’H]DPPC. Total degrada-
tion is calculated from the dpm in DSPC as a percentage of total
counts recovered (DSPC, unsaturated PC, lysoPC, and the aqueous
fraction in lungs plus perfusate). Basal conditions represent per-
fused lungs with no additions. Results are means = SEM forn = 3
for each condition. * P < (.05 versus basal.
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TABLE 4. Degradation of internalized DPPC: recovery of dpm in
lipid fractions

Wild Type Prdx6-/~

Fraction Basal +M]J33 Basal +M]J33

% of total recovery

LysoPC 20*01 04*x0.1¢ 05=*01*> 05=*=0.1
Unsaturated PC 159+0.9 68=*=0.2¢ 58=*03" 57*=03
Aqueous 8703 73x01¢ 77*x04 7.2 *0.3

Lungs were perfused for 2 h after liposome instillation. Lung ex-
tracts were separated into aqueous and lipid classes and analyzed for ra-
dioactivity. Aqueous fraction indicates aqueous soluble dpm in lungs
plus perfusate. Values are means * SEM for n = 3.

“P < 0.05 versus the corresponding basal value.

b P < 0.05 versus the corresponding value for the wild type
(C57BL/6).

in addition the reacylation pathway (1). Incorporation of
substrate was measured both in lamellar bodies isolated
from the lung homogenate and in surfactant isolated
from the BALF. Incorporation is expressed as dpm per na-
nomole of DSPC, because the intracellular pool sizes for
the precursor substrates are not known. The incorpora-
tion (specific activity) of choline into lamellar body DSPC
was approximately twice that observed in surfactant DSPC
in wild-type lungs (Fig. 5A), compatible with lamellar bod-
ies as the storage organelle for surfactant secretion. There
was a slight decrease of choline incorporation in both
lamellar body and surfactant DSPC in the presence of
MJ33 and a similar small decrease of incorporation in
Prdx6~/~ lungs compared with wild-type lungs (Fig. bA).
By contrast, incorporation of palmitate in Prdx6~/~ lungs
showed a 73% decrease in lamellar body DSPC and a 54%
decrease in surfactant DSPC compared with the wild type
(Fig. 5B). MJ33 depressed palmitate incorporation in
wild-type lungs to the same extent as did deletion of the
Prdx6 gene (Fig. 5B). Treatment of Prdx6~/~ lungs with
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Fig. 4. Degradation of [*H]DPPC by isolated type 2 alveolar epi-
thelial cells from wild-type (C57BL/6) and Prdx6~/~ lungs in pri-
mary culture. Cells at 24 h after isolation were incubated with
[*H]DPPC-labeled unilamellar liposomes for 3 h. Total degrada-
tion was measured as a percentage of recovered dpm in DSPC as
described for Fig. 3. Recovery of dpm also was measured in the
lysoPC, unsaturated PC, and aqueous fractions. Results are means =
SEM for n = 3 for each condition. * P < 0.05 versus the wild type.
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Fig. 5. Incorporation of radiolabeled substrate into DSPC of lung
lamellar bodies and surfactant fractions isolated from wild-type
(C57BL/6) and Prdx6~/~ lungs. Liposomes with or without 3
mol% MJ33 were instilled into the lungs by endotracheal instilla-
tion, and [*H]choline and ['*C]palmitate were injected into the
tail vein 1 h later. At 24 h, surfactant was isolated from the BALF,
and lamellar bodies were isolated from the lung homogenate. The
DSPC fraction was isolated from surfactant and lamellar bodies and
analyzed for dpm and phospholipid phosphorus. A: Incorporation
of [®*H]choline into DSPC. B: Incorporation of [*C]palmitate into
DSPC. Results are means = SEM for n = 3 for each condition. * P <
0.05 versus the wild type.

M]33 had no effect on the incorporation of substrates into
DSPC (Fig. 5A, B). Thus, M]33 and targeted deletion of
the Prdx6 gene had similar effects on DSPC synthesis in
the lungs.

DISCUSSION

We have shown previously that MJ33, a PLA, inhibitor,
markedly inhibits the degradation of DPPC after its inter-
nalization by lung type 2 alveolar epithelial cells either in
situ or in primary culture (3, 6). With an in vitro assay,
MJ33 inhibited PLAy activity that was Ca?*-independent
and maximal at pH 4 but had no effect on Ca*dependent
PLA, activity assayed at pH 8 (3, 6). Based on this finding,
we proposed that the degradation of DPPC in the lung ep-
ithelium was attributable in large part to the activity of a
lysosomal type of PLAy. However, MJ33 is known to inhibit
other PLA, activities (7, 28), so the result of these inhibi-
tor studies could not be considered definitive. In the
present study, we have continued the evaluation of the ef-
fects of aiPLAy on lung DPPC metabolism using mice lack-
ing Prdx6 generated by targeting of the Prdx6 gene (13).
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Prdx6 is a bifunctional enzyme, and assay of the protein
isolated from lungs or generated by recombinant technol-
ogy has indicated the presence of aiPLAy activity that is in-
hibited by M]33 (8, 12, 25, 29). Furthermore, lungs of the
homozygous Prdx6 gene-targeted animals showed essen-
tially absent aiPLAy activity. Thus, this mouse is suitable to
study the role of aiPLAy in lung surfactant phospholipid
metabolism.

DPPC metabolism was studied using radiolabeled DPPC
delivered to lung cells in mixed unilamellar liposomes.
DPPC metabolism was markedly altered in the gene-tar-
geted mice, with a significant decrease in total degrada-
tion of DPPC measured over a 2 h period in the lung or a
3 h period in isolated cells. Analysis of degradation prod-
ucts in the lung showed decreased radiolabel in lysoPC,
the primary product of aiPLAy activity. LysoPC normally is
either degraded further or reacylated (the so-called reacy-
lation pathway) to regenerate PC (1). As we have shown
previously, the reacylation pathway generates unsaturated
PC in lung epithelial cells (6, 17); regeneration of labeled
DPPC presumably also occurs, but this cannot be differen-
tiated from the original substrate. The amount of label
present in unsaturated PC was reduced markedly com-
pared with the wild type in Prdx6~/~ lungs and type 2
cells isolated from Prdx6~/~ mice. Radiolabel in unsatur-
ated PC must arise either through reacylation or de novo
synthesis, because all of the label originally was in the di-
saturated species, DPPC. Because de novo synthesis was
relatively little affected by Prdx6 knockout, decreased la-
bel in unsaturated PC reflects decreased reacylation. This
result is compatible with the decreased generation of la-
beled lysoPC in the gene-targeted animals attributable to
the absence of aiPLAy activity. The third sink for the
[®H]choline moiety of DPPC after degradation is in aque-
ous soluble degradation products (26, 27). These prod-
ucts arise through the activity of phospholipases C and D
on DPPC to generate labeled free choline or choline
phosphate or by the degradation of [3H]lysoPC by lyso-
phospholipases and phosphatases. The generation of
aqueous soluble metabolic products was not significantly
different in Prdx6~/~ mice compared with wild-type mice,
indicating that the altered metabolism was specific for
PLA, activity.

Altered PLAy activity also was reflected in results for
substrate incorporation into DPPC after intravenous injec-
tion of radiolabeled choline and palmitate. Incorporation
of free choline reflects primarily the de novo pathway for
DPPC synthesis, in which choline is converted to CDP-
choline and combines with diacylglycerol. On the other
hand, palmitate incorporation reflects both the de novo
and the reacylation pathways (17). As described above,
the reacylation pathway requires PLA, activity to generate
the lysoPC as an acceptor for acyltransferase-mediated
transfer of fatty acid. The gene-targeted mice had only a
minimal decrease in choline incorporation into DSPC, in-
dicating that the de novo pathway was largely intact.
Therefore, the activity of this pathway, coupled with a de-
creased rate of degradation, could maintain the surfac-
tant DSPC pool. However, labeled palmitate incorpora-
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tion into DSPC was decreased markedly, compatible with
decreased lysoPC availability attributable to the loss of PLAgy
activity. The changes in DPPC degradation and DSPC syn-
thesis in knockout mice were similar to the effects of MJ33
in wild-type mice. Furthermore, the addition of MJ33 to
lung homogenates from Prdx6~/~ mice had no additional
effect, indicating that there is no other PLAy enzyme in
the lung with significant MJ33-sensitive activity. These re-
sults indicate that Prdx6 deletion and MJ33 have similar
effects and that the effect of MJ33 on lung DPPC metabo-
lism is the result of its inhibition of aiPLAy activity.

The subcellular site of DPPC degradation after its inter-
nalization by alveolar type 2 cells has been identified as
the lysosomes (5, 30). Rat lung subcellular fractionation
studies have indicated the presence of Prdx6 (29) protein
and aiPLAy activity (6) in the lysosomal fraction as well as
in lamellar bodies, which are considered to be modified
lysosomes. Thus, lysoPC would be generated in those or-
ganelles associated with aiPLAy activity. On the other
hand, the site of lysoPC reacylation is presumed to be the
endoplasmic reticulum, where the required acyltransferase
has been identified (31). Thus, the present results suggest
cooperativity between the lysosomes and the endoplasmic
reticulum for the synthesis of DPPC by the reacylation
pathway. This interaction has been noted previously dur-
ing studies of the effect of lysosomatrophic agents (chlo-
roquine, quinacrine) on DPPC synthesis by type 2 pneu-
mocytes (32-34). The mechanisms for the transfer of
lysoPC between the lysosomal and the endoplasmic reticu-
lum compartments have not been described.

The designation PLAy represents a broad family of en-
zymes that can be characterized as intracellular or extra-
cellular forms (35-39). The extracellular forms are se-
creted enzymes that are of low molecular mass (~14 kDa)
and require high Ca?* (~1 mM) for maximal activity. These
enzymes are components of snake and bee venoms and
also are found in gastrointestinal secretions and inflam-
matory exudates. Intracellular PLAgs have been described
more recently. These enzymes are larger than the secreted
forms, although their size varies over a wide range. The
Ca?* requirement for some is in the low micromolar
range, consistent with the usual intracellular concentra-
tion of this ion, whereas others are Ca?*-independent
(36). These intracellular enzymes have a broad role in
phospholipid metabolism, including phospholipid synthe-
sis and remodeling and the provision of arachidonic acid
for eicosanoid generation (39, 40). The intracellular
enzymes generally have a pH optimum in the slightly alka-
line range, consistent with their cellular cytoplasmic local-
ization. Secreted and intracellular PLAy enzymes that
have been identified in lung tissue include groups II, IV,
V, and X PLAy (41-43).

In addition to secreted and intracellular cytoplasmic
PLAys, assay of lungs and some other tissues has revealed
PLA, activity that is maximal at acidic pH and is Ca2™-
independent (3, 44, 45). Although its subcellular localiza-
tion is not known definitively, activity has been attributed
to the lysosome as a degradative organelle with an acidic
pH. As described above, this lysosomal-type activity in the
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lung is inhibited by MJ33 (3, 17). PLAy activity that is
Ca?*-independent, maximal at pH 4, and inhibited by
M]33 has been demonstrated for Prdx6 isolated from lungs
(25, 29) and polymorphonuclear leukocytes (46) and for
recombinant Prdx6 (12, 25). Prdx6 mRNA and protein
are widely distributed throughout mammalian tissues, but
content in the lung is greater than in other major organs
(25, 47). Lung subcellular fractionation studies indicated
localization of Prdx6 to the lamellar body and the lysoso-
mal fractions, both acidic organelles (48) and the cytosol
(25). The latter may represent the glutathione peroxidase
activity of Prdx6 (9-11). The gene-targeted mice show a
97% decrease of the aiPLAy activity compared with wild-
type mice, indicating that Prdx6 accounts for most of the
lysosomal-type activity that is present in lung homogenate.

Recently, a second lysosomal PLAy, originally called acylcer-
amide synthase, was isolated from bovine brain, and its mo-
lecular sequence has been provided (49). Acylceramide
synthase (also called LPLAy) can hydrolyze DPPC. Although
LPLA, and the enzymatic activity were reported to be sen-
sitive to MJ33, 50% inhibition required ~20 mol% of the
inhibitor (28) compared with 90% inhibition at 3 mol%
for recombinant aiPLAy (12). Because lung homogenate
PLA, activity at pH 4 was 97% inhibited by 3 mol% M]33,
this effect was most likely attributable mainly to aiPLAy
rather than LPLAy. LPLA, is highly enriched in lung alve-
olar macrophages, but the mRNA and activity are very low
in lung tissue (28). Thus, this enzyme is unlikely to be in-
volved in normal lung DPPC turnover, because the alveo-
lar macrophage normally accounts for a relatively minor
fraction of lung surfactant phospholipid degradation and
does not participate in lung surfactant PC remodeling (2,
4, 50). The present results with alveolar macrophages
from Prdx6~/~ mice showed very low residual activity, in-
dicating that LPLAy could account for less than 10% of to-
tal aiPLAy activity in those cells. The present studies used
3 mol% M]J33, which caused >40% inhibition of lung
DPPC metabolism in wild-type lungs. At this concentra-
tion of MJ33, LPLA, is inhibited by ~10% (28), whereas
aiPLA, is inhibited by 90% (12). This comparison pro-
vides additional evidence that LPLA, did not contribute
significantly to the observed effects.

The present results with Prdx6~/~ mice indicate that
this enzyme is responsible for ~40% of lung degradation
of internalized DPPC. MJ33 in wild-type mouse lung
showed inhibition of DPPC degradation similar in degree
to the knockout mouse. Although we have not studied al-
ternative pathways for DPPC degradation in mouse lungs,
we have evaluated rat lungs and cultured rat alveolar type
2 cells. Approximately 20% of lung DPPC degradation is
attributable to PLAy enzymes that are insensitive to M]33
but inhibited by p-bromophenacylbromide (6). The possi-
ble enzymes involved include groups II, V, and X PLAys,
which have been identified in lung tissue (41). The activ-
ity of these enzymes is reflected by the assay of lung homog-
enate at pH 8.5 in the presence of Ca®". This activity was
not induced in Prdx6/~ lungs. Another 30% of DPPC
degradation in the rat lung occurs via phospholipase C or
D (3). These latter enzymes may be largely responsible for

the recovery of label from DPPC in the aqueous fraction.
In the present experiments, this latter fraction repre-
sented 33% of total metabolites. The dpm recovered in
the aqueous fraction with wild-type and knockout lungs
was similar, suggesting that phospholipase C or D is not in-
duced in Prdx6~/~ mouse lung. In all, enzymes other
than Prdx6 are responsible for 50-60% of lung DPPC deg-
radation. However, these other enzymes did not fully
compensate for the absence of Prdx6 (i.e., aiPLAy activ-
ity), because there was a progressive time-dependent accu-
mulation of lung and alveolar phospholipid in the knock-
out mouse. Also, these alternative pathways are apparently
unable to supply sufficient lysoPC substrate to maintain
normal rates of DPPC synthesis by the reacylation path-
way, as indicated by the very low rates of palmitate incor-
poration into DPPC in the knockout mouse. A mechanism
that may have compensated, in part, for the loss of aiPLAy
activity in the knockout lungs is an increased rate of DPPC
recycling without degradation. It is known that the bal-
ance between recycling and degradation can depend on
the physiological state of the lung. For example, recycling
of DPPC accounts for a much higher percentage of DPPC
turnover in the neonatal rat lung compared with the adult
lung (2, 51). Thus, the activity of other phospholipases,
increased surfactant DPPC recycling, and modulation of
the rate of synthesis all could play a role in ameliorating the
effects of decreased degradation via aiPLAy activity in the
Prdx6~/~ mouse lung.

In summary, the present studies show that mice with a
targeted deletion of the Prdx6 gene have the phenotype
of increased lung phospholipid content. Associated bio-
chemical defects include altered lung phospholipid me-
tabolism with decreased degradation of DPPC after its in-
ternalization from the alveolar space and decreased DPPC
synthesis through the reacylation pathway. The degree of
metabolic alteration in the Prdx6~/~ mouse lungs is simi-
lar to the effect of MJ33 in wild-type lungs. These results
indicate that MJ33 functions as an inhibitor of aiPLA, and
that Prdx6 has PLAy activity that has a major role in lung
surfactant phospholipid metabolism. i
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