ASBMB

JOURNAL OF LIPID RESEARCH

I

Effect of CO, concentration on phospholipid

metabolism in the isolated perfused rat lung

William J. Longmore, Carolyn M. Niethe, Deborah J. Sprinkle, and Rodolfo I. Godinez
Department of Biochemistry, St. Louis University School of Medicine, St. Louis, Missouri 63104

Abstract Studies have been carried out on the incorporation
of [U-YC]lglucose, [2-1C]pyruvate, [2-4C]acetate, and [1-4C]-
palmitate into the phospholipids of the isolated perfused rat
lung in the presence of either 6 or 45 mm total COj; concentra-
tion in the perfusion medium. Incorporation of [U-*C]glucose
into total phospholipid and into the phosphatidylcholine frac-
tion was increased 19-53% over the 2-hr perfusion period in
lungs perfused with medium containing 45 as compared with
6 mM CO, The incorporation of [2-“Clacetate, [2-4C]-
pyruvate, and [1-¥C]palmitate was not affected by the change
in medium CO; concentration. Increased incorporation of
[U-“C]glucose combined with a shift toward greater incorpo-
ration into the fatty acids of the phosphatidylcholine fraction
produced a maximum increase of 90% in [U-*C]glucose incor-
poration into the fatty acids of phosphatidylcholine after
2 hr of perfusion in the presence of medium containing 45
mum CO; as compared with 6 mmM CO;. The increase in medium
CO; concentration produced as much as a 1509, increase in
[U-4C]glucose incorporation into palmitate derived from
the phosphatidylcholine fraction.

The results provide evidence that glucose functions as an
important precursor of palmitate in the phosphatidylcholine
fraction of lung phospholipids and that the CO; concentration
of the perfusion medium affects the incorporation of glucose
into palmitate.

Supplementary key words [U-4Clglucose - [2-"C]pyruvate -
{1-4C]palmitate - [1-"C]acetate - phosphatidylcholine

ALTHOUGH lipid metabolism in the lung, and in
particular that of dipalmitoyl glycerophosphorylcholine
as a major component of the surface-active material (1-3),
is directly associated with lung function, relatively little
is known regarding the regulation of lipid metabolism in
the lung. It has been established that glucose, acetate,
and palmitate are incorporated into lung phospholipids
in rabbit lung slices (4-6) and in the isolated perfused rat
lung (7). The rate of incorporation of exogenous palmi-

tate into lung phospholipids has been found to be de-
pendent upon the palmitate concentration of the
medium (6, 7}, and its incorporation is decreased by the
presence of oleate (7).

In studies of lipid metabolism in rat liver, it has been
determined that increasing the concentration of total
CO; within physiological limits at pH 7.4 increases
markedly the incorporation of acetate and pyruvate into
fatty acids of bath triglycerides and phospholipids (8-10).
Observed increases in citrate concentration with in-
creased CO; concentration in rat kidney (11), diaphragm
(12), and liver (13), and the inhibition of bovine liver
aconitase (14) by COs, have suggested that the altered
citrate concentration may then regulate fatty acid syn-
thesis through its effect as an activator of acetyl CoA car-
boxylase activity (15) and as a source of acetyl CoA for
extramitochondprial fatty acid synthesis.

In order to establish whether phospholipid metabolism
in the lung is affected by changes in CO, concentration,
as it is in the liver, studies were carried out on the effect
of CO; concentration in the range of 645 mum on the
incorporation of glucose, palmitate, pyruvate, and acetate
into the phospholipids of the isolated perfused rat lung.

EXPERIMENTAL PROCEDURE

Male rats of Wistar origin weighing between 200 and
275 g were used. They were fed commercial laboratory
chow ad lib. Preparation of the lungs for perfusion,
perfusate preparation, and procedures of the perfusion
have been previously reported (7). The perfusion me-
dium was adjusted to contain approximately 6 or 45 mm
total CO2 by the addition of the appropriate ratio of
NaHCO;:NaCl to the medium so that equilibration with
CO2-O; gas mixtures in the range of 5-159, CO; (and
95-859%, O,) gave initial pH values of 7.35-7.40.
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The procedures concerning lung and medium sample
preparation, pH measurement, analyses of glucose, phos-
phorus, and protein, lipid extraction, fractionation and
designation of phospholipid fractions, and the preparation,
separation, quantitation, and trapping of fatty acid
methyl esters by gas-liquid chromatography have been
reported (7). Medium CO. was measured by the mano-
metric method of Van Slyke and Neill (16), and pyru-
vate concentration was determined by enzymatic anal-
ysis (17). Mild hydrolysis of the phospholipid fractions
and isolation of the resulting fatty acids and water-soluble
phosphate esters (glycerophosphorylcholine) was carried
out by the method of Dittmer and Wells (18). Because of
the consistent quantitative recovery of the water-soluble
phosphate esters and the variable quantitative recovery
of the fatty acids from the hydrolysate, data obtained to
determine the percentage of incorporation of radio-
active precursors into these moieties were based upon the
percentage incorporation into the water-soluble phos-
phate esters. The percentage incorporation into the fatty
acid moiety of the phospholipids represents the differ-
ence between 1009, and that found in the water-soluble
phosphate esters.

The amounts of giucose, pyruvate, acetate, or palmi-
tate incorporated into the phospholipid fraction were
calculated from the specific activity of each in the me-
dium and the pool size and specific activity of each
phospholipid fraction at the time of sampling. All “C-
labeled compounds were purchased from New England
Nuclear Corp., Boston, Mass.

RESULTS

Glucose was present in the medium perfusing the iso-
lated lungs at a normal concentration of approximately
5.6 mM initially in all experiments. The glucose concen-
tration of the medium after 2 hr of perfusion did not de-
crease below an average of 5.0 mm. Medium total CO»
concentrations were varied from 6 to 45 mm, approxi-
mating the extreme extracellular physiological range.
No addition of acid or base to the medium was necessary
during the perfusions to maintain a pH in the approxi-
mate range of 7.3~7.4, normal for the extracellular com-
partment of the lung.

Reported in these studies are results obtained for the
incorporation of labeled substrates into the total lung
phospholipid fraction and the phosphatidylcholine frac-
tion. However, the fraction designated phosphatidyl-
ethanolamine (7) was followed throughout these studies,
and incorporation into that phospholipid was approxi-
mately 109, or less of the incorporation into phos-
phatidylcholine. It was therefore not possible to obtain
data on the phosphatidylethanolamine fraction that
could be considered reliable.
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Effect of CO, concentration on incorporation of
[U-14C]glucose into lung phospholipids

A series of experiments was performed to determine if
the CQOs concentration of the perfusion medium would
alter the incorporation of [U-%C|glucose into the phos-
pholipids of the lung. The results, presented in Table 1,
indicate that the incorporation of [U-*Clglucose into both
the total phospholipid fraction and the phosphatidyl-
choline fraction was increased approximately 209, at 40
min and 509, at 120 min in lungs perfused with medium
containing 45 mm COs, compared with those perfused
with medium containing 6 mmM CO,. A similar series of
experiments was performed in which palmitate (0.14 mm)
or acetate (4 mm) was added to the perfusion medium in
order to determine whether the presence of either of
these compounds would decrease glucose incorporation
into the phospholipids or decrease the CO; effect on
glucose incorporation. The data, also presented in Table
1, show that the presence of palmitate or acetate had
essentially no effect in either case. Both the rate of in-
corporation and the increase in incorporation of [U-*C]-
glucose with increased CO; concentration of the medium
were approximately the same as when only glucose was
present in the medium.

Effect of CO, concentration on incorporation of
[1-1“C]palmitate, [2-'*C]pyruvate, and
[2-1“Clacetate into lung phospholipids

The incorporation of [1-*C]palmitate (0.11 mm),
[2-#Cpyruvate (0.29 mwm), and [2-“Clacetate (4 mm)
into the total phospholipid fraction and the phosphatidyl-
choline fraction of lungs perfused with medium contain-
ing approximately 5.6 mm glucose and either 6 or 45 mm
total CO» is shown in Table 2. In no case did the in-
corporation of the radioactive substrate increase signifi-
cantly in response to the increase in medium CO; con-
centration. This is in contrast to the results reported in
similar studies in liver (8-10) in which incorporation of
both pyruvate and acetate into phospholipid fatty acids
was markedly increased by a similar increase in medium
CO:; concentration. Palmitate incorporation into phos-
pholipid fatty acids of rat liver, however, was reported
to be unaffected (19).

Effect of CO; on the incorporation of [U-"“C]glucose
into the glycerophosphorylcholine and fatty acid
moieties of the phosphatidylcholine fraction of
lung phospholipids

The distribution of the incorporation of [U-*C]-
glucose into the glycerophosphorylcholine and fatty acid
moieties of the phosphatidylcholine fraction of lung
phospholipid was determined. The results obtained
from lungs perfused with medium containing approxi-
mately 5.6 mm glucose in the presence or absence of
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Incorporation of [U-"*C]glucose into glycerophosphorylcholine and fatty acids of the phosphatidylcholine fraction of isolated

perfused rat lungs; effect of perfusate medium CO; concentration in the presence and absence of palmitate or acetate

TABLE 3.
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Average pH of perfusion medium was 7.37.

b Averages of four experi-

total radioactivity — radioactivity found in glycerophosphorylcholine X 100/total radioactivity (see Experimental Procedure).

« 07, Fatty acids

¢ One experiment only.

@ Averages of two experiments.

cAverage =+ SE.

ments.

palmitate (0.14 mm) or acetate (4 mm) and either 6 or 44
mum CO; are presented in Table 3. It is observed that the
incorporation of glucose into the fatty acid moiety of
phosphatidylcholine is more than 509 of the total in-
corporation into phosphatidylcholine under all condi-
tions studied. The percentage of [U-*C]glucose incor-
poration into the fatty acid moiety of the phospholipids
in each case was greater when the lungs were perfused
with medium containing 44 mm CO»; as compared with 6
mM COs. Thus, increasing the CO; concentration of the
medium not only increased the incorporation of [U-4#C]-
glucose into lung phospholipids (Table 1) but also in-
creased the percentage of [U-*Clglucose incorporated
into the fatty acid moiety. The combined effect of the
increase in medium CO; concentration on the incorpora-
tion of [U-"“CJglucose may be seen in Table 3 when the
actual incorporation of [U-%“Clglucose into the glycero-
phosphorylcholine and fatty acid moieties is calculated
by multiplication of the percentage distribution by the
incorporation of [U-"*Clglucose into the phosphatidyl-
choline fraction. When glucose alone was present in the
medium, [U-*Clglucose incorporated into glycerophos-
phorylcholine was increased only 5 and 49, after per-
fusion for 40 and 80 minutes, respectively, and 219 after
perfusion for 120 minutes. However, incorporation into
the fatty acid moiety was increased progressively over
the 2-hr perfusion from 62 to 909.

The presence of either palmitate (0.14 mum) or acetate
(4 mm) in the medium did not alter markedly the effect of
CO: concentration on the incorporation of [U-“C]-
glucose into the glycerophosphorylcholine or fatty acid
moieties. The incorporation of [U-"Clglucose into
glycerophosphorylcholine was ecither decreased or not
markedly affected and incorporation into the fatty acid
moiety increased progressively with time from 31 to 79%
by the presence of increased medium COs concentration
(6 to 44 mM) when either palmitate or acetate was
present.

Similar procedures carried out on phosphatidyl-
choline isolated from lungs perfused with medium con-
taining [1-“C]palmitate, [2-*C]pyruvate, or [2-*C]-
acetate indicated that essentially 1009, of the radio-
activity incorporated from each of the precursors into
the phosphatidylcholine fraction appeared in the fatty
acid moiety.

Effect of CO, concentration on the incorporation of
[U-14C]glucose, [1-14C]palmitate, [2-1C]pyruvate,
and [2-“Clacetate into palmitic acid isolated from
the phosphatidylcholine fraction of

lung phospholipids

Gas-liquid chromatography was performed on fatty acid
methyl esters prepared after the mild alkaline hydrolysis
of the phosphatidylcholine fraction of lungs perfused
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TABLE 4. Effect of CO; concentration on incorporation of [U-4C]glucose, [1-*C]palmitate, [2-"C]pyruvate, and
[2-“C]acetate into palmitic acid of the phosphatidylcholine fraction of isolated perfused rat lung

Perfusion Medium

Specific Activity of Methyl Palmitate

Total COy
Time Elapsed (min) Time Elapsed (min)
Substrate 0 120 40 80 120
mm dpm/nmole

[U-4C]Glucose (5.5 mm, 1.75 X 108 (A) 6.0 6.0 1.80 2.64 4.89

dpm/umole)s (B) 45.9 45.9 2.70 6.59 10.14
% Change, line A to line B +49.9 +149 .4 +107.5
[U-4C)Glucose (5.4 mm, 1.7 X 105 (A) 6.2 6.1 1.11 2.06 3.21

dpm/umole) + palmitate (0.14 mum)= (B) 45.9 46.7 2.80 5.22 7.63
% Change, line A to line B +153.1 +153.5 +137.8
[U-4C}Glucose (5.8 mm, 1.9 X 108 (A) 5.9 6.3 1.86 2.89

dpm/umole) 4 acetate (4 mm)P (B) 45.7 46.3 2.39 6.19
% Change, line A to line B +28.4 +114.2
[1-4C]Palmitate (0.11 mm, 6.8 X 108 (A) 5.6 5.4 22.63 48 .45 74.05

dpm/umole)® (B) 45.2 45 .4 26.49 49.89 61.86
% Change, line A to line B +17.1 +3.0 —16.5
[2-4C]Pyruvate (0.29 mm, 5.3 X 105 (A) 6.2 5.9 12.19 25.04 33.50

dpm/pmole (B) 45.7 46.1 14.32 33.23 44 .04
% Change, line A to line B +17 .4 +32.7 +31.5
[2-1C] Acetate (4 mm, 1.3 X 105 (A) 15.3 14.5 9.00 17.31 27.28

dpm /umole)? (B) 38.7 40.7 10.43 18.68 28.45
% Change, line A to line B +15.9 +7.9 +4.3

Average pH of perfusion medium was 7.37.
s Averages of two experiments.
® One experiment only.

with medium containing 6 or 45 mm total CO;. An
effluent stream splitter was used so that the radioactive
fatty acid methyl esters could be trapped and the specific
activities determined. Methyl palmitate was trapped
separately whereas all fatty acid methyl esters with re-
tention times greater than methyl palmitate were trapped
together. This procedure was established after it was
determined that more than 909, of the radioactivity in
the fatty acids obtained from the phosphatidylcholine
fraction was in palmitate. Palmitate represented ap-
proximately 59%,, on a molar basis, of the fatty acids
present. Insufficient radioactivity was present in the
other fatty acids to provide accurate data on their specific
activities. The specific activities of methyl palmitate cal-
culated at the lower and higher medium CO; concentra-
tions were corrected for any difference in the specific
activity of the radioactive precursor in the media per-
fusing the lungs.

The results of this study appear in Table 4. Regardless
of whether palmitate (0.14 mum) or acetate (4 mm) was
present in the medium, the specific activity of labeled
methyl palmitate in the phosphatidylcholine fraction de-
rived from [U-%Clglucose (5.6 mMm) was increased 28 to
1549, over the 2-hr perfusion. Although the percentage
increase differed and was not progressive with time of
perfusion (assumed to be largely due to the accumulation
of errors involved with trapping and mass determination
of methyl palmitate), it is seen that with increased
medium CO: concentration there was no increase in the

specific activity of methyl palmitate derived from [1-#C]-
palmitate (0.11 mm), [2-“Clpyruvate (0.29 mm), or
[2-1CJacetate (4 mm) in the presence of glucose (5.6 mm).

DISCUSSION

It has been established that [1-%C ]palmitate is readily
incorporated into both lung tissue and alveolar di-
palmitoyl glycerophosphorylcholine (20, 21), and that
lung tissue dipalmitoyl glycerophosphorylcholine is the
source of the dipalmitoyl glycerophosphorylcholine
found in the alveoli (21). The production of this phos-
pholipid by the lung as a major component of the sur-
face-active material necessary for pulmonary function
has been established (1-3).

The relative importance of de novo synthesis of fatty
acids within the lung as compared with the incorporation
of exogenous fatty acids followed by elongation within
the lung in providing fatty acids for lung phospholipid
synthesis has not been established (5, 22). It has been
reported that [1-C]palmitate served as a better pre-
cursor of phosphatidylcholine in lung than did [2-“C]-
acetate (7). It is observed from the present results that
glucose may be a major source of carbon atoms for either
de novo synthesis or elongation of fatty acids in the lung.
The design of these studies does not permit direct judg-
ment as to which means of synthesis is predominant.
There are recent reports that both systems of synthesis are
present in lung (23, 24) and that the importance of one
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over the other is dependent upon the available precursors
(24).

The mechanism by which the increase in CO; concen-
tration produced the increase in [U-“Clglucose in-
corporation into the fatty acids of phosphatidylcholine of
the lung is not clear. Unlike the observed effects of CO;
on liver phospholipid metabolism (8-10), increased CO2
concentration did not markedly increase acetate or
pyruvate incorporation into the fatty acids of lung phos-
pholipids. However, as was found in the studies on the
effect of CO; concentration on lipid metabolism in liver
(19), CO; concentration did not alter the incorporation
of [1-¥C]palmitate into phospholipids. A lack of com-
petition between acetate and glucose for fatty acid syn-
thesis, a positive effect of CO, concentration on glucose
incorporation into fatty acid, and a lack of effect of COx
concentration on acetate and pyruvate incorporation
into fatty acid have been observed in these studies. A
possible explanation of these findings could be that in
each case the precursor (glucose or pyruvate and acetate)
is predominantly being incorporated by only one mecha-
nism of fatty acid synthesis, de novo synthesis or elonga-
tion. This explanation would require that the increase in
fatty acid synthesis due to a rise in CO; concentration
would affect either de novo synthesis or elongation but
not both. In addition, separate acetyl CoA pools, de-
rived from glucose in one case and acetate and pyruvate
in the other, would seem necessary. Postulation and sup-
port for the existence of two acetyl CoA pools within the
mitochondrion has been presented (25, 26).

Results obtained from studies on the effect of CO; con-
centration on the incorporation of [1-*C]Jacetate into
phospholipid fatty acids in rat liver suggest that the CO,
effect is upon de novo synthesis.! In these studies, rat
liver slices were incubated 90 min in medium containing
either 10 or 40 mM bicarbonate at pH 7.40. [1-%C]-
Acetate incorporation into the major fatty acids of the
phospholipids was then determined. The specific activity
of the isolated palmitate was 11.9 times greater from the
tissue incubated in the medium containing 40 mm bicar-
bonate than from tissue incubated in the medium con-
taining 10 mm bicarbonate. The specific activities of
palmitoleate, stearate, oleate, and arachidate isolated
from the phospholipids were 4.2, 3.1, 2.0, and 1.7 times
greater, respectively, from tissue incubated in the
medium containing 40 mm as compared with the 10 mm
bicarbonate-containing medium. Thus, the simplest ex-
planation of those findings is that palmitate, derived
mainly from de novo fatty acid synthesis, which is
affected by CO; concentration, is then elongated and/or

1 Longmore, W. J., A. B. Hastings, and E. Harrison. Unpub-
lished results.
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desaturated to form other fatty acids. Based upon this
evidence, glucose would be utilized for the de novo syn-
thesis of lung phospholipid fatty acids but not as a source
of acetyl CoA for fatty acid elongation. This conclusion
would imply the possible existence of two separate pools
of acetyl CoA.

The mechanism by which CO; concentration may
affect de novo fatty acid synthesis has been presented (9,
13). A preliminary report of the related effect of CO; on
citrate metabolism in isolated rat liver mitochondria has
appeared (27). Initial attempts to demonstrate an in-
crease in the citrate concentration of rat lung mito-
chondria in response to an increase in medium CO; con-
centration, as was demonstrated in rat liver mitochon-
dria, were unsuccessful (9).

The physiological importance of the effect of CO. in
producing an increase in the incorporation of glucose into
the fatty acids of phosphatidylcholine is unclear at this
time. However, the significance of a marked change in
lipid metabolism in the lung associated with a change in
extracellular CO, concentration seems of importance con-
sidering the function of the lung as the regulator of CO,
concentration for the animal. One report of CO»-
induced hyaline membrane disease has appeared (28).
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