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SUMMARY 
Macrophages obtained from the peritoneal cavity of rabbits were incubated in vitro in the 

presence of C14-labeled sodium palmitate, and the uptake of fatty acid and its subsequent 
incorporation into other lipid fractions was determined. Up to 2101, of the C14-labeled 
sodium palmitate added to the incubation medium was taken up by the macrophages. Most 
of this was converted to triglyceride and phospholipid, but a small amount was converted to 
cholestero1 ester and to mono- and diglyceride. 

E v i d e n c e  has previousIy been obtained that 
indicates that macrophages can participate actively in 
lipid metabolism. Esterification of cholesterol (1, 2) 
and oxidation of fatty acids and triglycerides (3, 4) can 
be brought about by macrophages in vitro, while several 
lipid-hydrolyzing enzymes have been demonstrated in 
macrophage homogenates (5). In  the present study 
the metabolism of unesterified fatty acids by macro- 
phages has been further investigated. The uptake of 
C14-labeled fatty acid by these cells and its subsequent 
incorporation in to triglyceride and phospholipid have 
been studied. 

MATERIALS AND METHODS 

C14-labeled sodium palmitate-albumin. Palmitic acid- 
l-C14 (specific activitly, 7.8 pc/mg) obtained from the 
Radiochemical Centre, Amersham, United Kingdom, 
was dissolved in 0.05 N sodium hydroxide to give a 
stock solution of sodium palmitate containing 20 pc 
(2.5 mg)/ml. Prior to its use, this was diluted one in 
ten with 5% bovine albumin solution. 

C14-labeled lipids used for  paper chromatography 
standards. Cholesterol-4-CI4 (specific activity 63.4 
pc/mg) and tripalmitin-1-V (specific activity 16.2 
pc/mg) were obtained from the Radiochemical Centre, 
Amersham. The tripaImitin-l-C14, which contained 
appreciable amounts of di- and monoglyceride, was 
purified on silicic acid columns as described below, and 
the purified tripalmitin and the di- and monopalmitin 
were used as standards. 

Rabbit macrophages were obtained from the peritoneal 
cavity of adult rabbits five days after the intraperitoneal 
injection of sterile liquid paraffin (Harrington) using 
the method of LuckB, Strumia, Mudd, Mccutcheon, 
and Mudd (6) as modified by Mackaness (7). Forty ml 
of sterile liquid paraffin was injected intraperitoneally 
into adult rabbits. After five days, sterile 0.9% sodium 
chloride was introduced into the peritoneal cavity and 
the exudate removed into a separating funnel by 
suction through a sheathed tube. The washings were 
allowed to stand for five min to separate the paraffin, 
and then the aqueous lower fraction was passed through 
a gauze filter to remove giant cells, cellular aggregates, 
and debris. Macrophages were then deposited by 
centrifuging at  800 rpm for three min. Smears were 
prepared for differential counts and stained by Leish- 
man's method. 

Exudates obtained in this way contained 85 to 90% 
large mononuclear cells identical with tissue macro- 
phages. These were motile, actively phagocytic, and 
metabolically active, but did not multiply in vitro. 
Some of t,hese macrophages contained droplets of paraf- 
fin. In addition, the exudates contained approximately 
ten per cent small mononuclear cells, but rarely any 
polymorphs. 

Incubation os macrophages and extraction of lipid. 
The macrophages were counted in a hemocytometer 
chamber, and a known number of cells (up to 100 X lo6) 
were suspended in 45 ml of Hanks solution containing 
0.5% bovine albumin and dispensed in 20-oz McCart- 
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ney bottles. These were incubated on their side at 37" 
for 60 min. After this period, the macrophages had 
firmly adhered to the glass while any contaminating 
cells remained free in the fluid medium. The Hanks 
solution was removed and the adherent film of macro- 
phages washed with 0.9% sodium chloride solution to 
remove any remaining contaminating cells. Thirty ml 
of medium containing Hanks solution-old serum-new 
serum 4 : 1 : 1 was then added to the cells together with a 
known amount (approx 2 pc) of C14-labeled sodium 
palmitate-albumin solution. Streptomycin and penicil- 
lin were added to the medium to prevent bacterial 
growth. Controls were set up containing medium and 
C14-labeled palmitate but no macrophages. 

After incubation a t  37" for 4 hr or 20 hr, the me- 
dium was removed and the cells still adherent to the 
glass were washed twice with 10 ml of warm 0.9% 

FIG. 1. Fractimatim of lipids from macrsphsge and medium sodium chloride. The medium was centrifuged (2,000 
extracts on silicic acid-impregnated paper. Radioautogram rpm for 10 min) to deposit the cells that had become 

detached from the glass during incubation. These prepared from the chromatograni in Exp. G2. Mobile phase: 
petroleum ether-diisobutyl methyl ketone 96: 6. Control 
media: incubation of sodium palmitate-1-C14 in the absence of cells were washed with 0.9% sodium chloride and re- 
cells. 4M and 4C: corresponding medium and cell extracts centrifuged. The cells still adherent to the glass and 
after 4-hr incubation with sodium palmitate-l-C14, 20M 
and 2OC: corresponding medium and cell extracts after 20- the detached ce11s deposited from the medium Were 
hr incubation with s3dium paImitate-l-Cl4. The presence of combined and extracted with 10 ml of alcohol-ther 
triglyceride and diglyceride in addition to unesterified fatty acid 3 : 1 a t  700. Five ml of the supematant solution obtained 

after centrifuging the medium was extracted with 100 in the cell extracts is dem:nstratcd. 

ml of alcohol-ther 3:l. A known amount of this 
extract was evaporated to near dryness, 2 ml of water 
added, and the lipid extracted with 3 x 10-ml washings 
of 15% alcohol in petroleum ether (b.p. 60-80"). 
Portions of both the cell and the medium extracts were 
taken for counting and for chromatography on silica- 
impregnated paper, as described below. In  some cases 
the extracts were evaporated and the lipids fraction- 
ated on silicic acid columns as described below. 

Paper chromatography on silicic acid-impregnated 
paper was carried out using the method of Marinetti 
and Stotz (8) but with the following two solvent 
systems: for general lipid separation, petroleum ether 
(b.p. 60-80°)-diiso-butyl ketone 96 : 6; for phos- 
pholipid separation, diiso-butyl ketone-acetic acid- 
water 40:20:3. The relative positions on the chro- 
matogram of the various lipid classes were found to be 
the same as those described by Marinetti (9) (see Figs. 1 
and 2). 

Radioautographs were prepared using Ilfex X-ray 
film applied to the chromatograms in X-ray casettes. 
Exposure varied from five to ten days. In the case of 

dipalmitoyl lecithin (Kutritional Biochemicals, Ltd.) 

staining with Rhodamine 6 G (lo), and marking the 

FIG. 2. Fractionation of lipids from macrophage and medium 
extracta on silicic acid impregnated paper. Radioautogram 
prepared from the chromatogram in Exp. G6. Mobile phase: 

corresponding medium and cell extracts after 4-hr incubation 

medium and cell extracts after 20-hr incubation with sodium 
palmitate-l-C14. Mainly triglyceride is demonstrated in the 
cell extracts. radioautographs. 

petroleum ether-diisobutyl methyl ketone 96: 6. 4M and 4C: 

with sodium palmitat~+l-C~~. 20M and 2OC: corresponding 

the phospholipid runs, nonradioactive synthetic DL 

W a s  run 8s a standard and its position determined by 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


METABOLISM OF FATTY ACIDS BY MACROPHAGES 335 

Column chromatography. Fractionation of lipids on 
silicic acid columns was carried out using the method of 
Hirsch and Ahrens (11). Stepwise elution Scheme A 
was used and approximately 10 mg each of cholesterol 
ester, glyceryl tripalmitate, palmitic acid, cholesterol, 
and lecithin was added as carrier. The 20-ml 
fractions collected were evaporated to dryness and the 
tube contents washed into weighed planchettes. These 
were reweighed and counted using a thin mica end- 
window G.M. tube, sufficient activity being counted to 
give an error of less than 5 3 7 0  in all but the very low- 
activity samples. All counts were corrected for self- 
absorption. 

RESULTS 

The data for the experiments performed are sum- 
marized in Table 1. After a 4-hr incubation, the 
macrophages had taken up and incorporated intra- 
cellularly between 5 and 7% of the CI4-labeled. sodium 
palmitate added to the medium; while after a 20-hr 
incubation, up to 21% of the sodium palmitate in the 
medium had been taken up. 

The synthesis of triglyceride from the CI4-labeled 
fatty acid taken up by the macrophages is shown in 
Figures 1 and 2. The medium extracts contained only 
CL4-labeled fatty acid whereas all the cell extracts con- 

tained both C14-labeled triglyceride and diglyceride. 
In one experiment (G2, Table l),  appreciable C'*- 
labeled fatty acid was still present in the cell extracts in 
addition to the triglyceride and diglyceride formed 
(Fig. 1) ; but in all other experiments, there was little 
remaining C14-labeled fatty acid in the cells, most being 
converted to triglyceride, diglyceride, and phospholipid 
(see further reference in this paper). Figure 2 is a 
representative radioautograph (Exp. G6, Table 1). 
Little detectable C14-labeled fatty acid was present 
after either 4-hr or 20-hr incubation, but labeled tri- 
glyceride and some labeled diglyceride was present at 
both time intervals. 

The conversion of CI4-labeled fatty acid to phos- 
pholipid after 4-hr and after 20-hr incubation with 
macrophages is shown in Figure 3.  In each case, 
the fatty acid has been incorporated by the macro- 
phages into 2 phospholipid fractions. The faster 
moving spot corresponds to lecithin, the other is 
possibly sphingomyelin but definite identification was 
not attempted in these experiments. KO labeled 
phospholipid was present in any of the medium ex- 
tracts. 

Chromatography, on silicic acid columns, of the 
medium and cell lipid extracts was carried out in 
several of the experiments. In our hands, the elution 
of the palmitic acid peak occurred earlier in Fraction 

TABLE 1. THE UPTAKE OF C1'-LABELED FATTY ACIDS BY MACROPHAGES it& z&O 

Recovery of C14 

C14 Incubation Cells Medium 
Experiment No. of Cells Substrate Added cps Time h (cps) (CPS) 

90 x 106 Palmitate l-CI4 (3220) (4) 214 2263 
G2 20 589 1905 

No cells 20 . . .  2510 

L ( (  <' 
i i '  

37 x 108 Palmitate I -O4  2800 20 132 1877 
No cells 20 . .  2410 

A. 63 x IO8 Palmitate I O 4  3260 4 164 2455 
20 535 2075 

No cells 20 . . .  2680 

<' , G4 

1' (' i< 

,' I '  

I' G5 B. 63 x IO6 Palmitate l-C14 with 8 mg cho- 20 408 2200 
lesterol suspension added 

" No cells 20 . . .  2750 

A. 90 x 106 Palmitate 1 - u 4  3260 4 166 2090 
I' " 

" 
20 693 1850 

No cells 20 . . .  2420 
G6 B. 90 x 108 Palmitate l-CL4 with 8 mg chc- 3260 20 389 2160 

No cells 20 . . .  2660 
lesterol suspension added 

i ,' 
* 100 x 106 Palmitate I-CIA 3525 4 254 . . .  

20 506 . .  ii <' ', G8 

* Extraction of medium not carried out in this experiment. 
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cts./xc. 
Tr igl ycer idc 

FIG. 3. Separation of phospholipids from macrophage and 
medium extracts on silicic arid impregnated paper. Radio- 
autogram prepared from the rhromatogram in Exp. W .  Mobile 
ph,we: diisobutyl methyl ketone-acetic acid-water 40: 20:3. 
Control media: inrubation of sodium palmitate-l-C14 in the 
absence of cells. 4M and 4C: corresponding medium and 
rell extracts after 4-hr incubation with sodium palmitate-l-C14. 
20M and 20C: corresponding medium and cell extracts aftei 
20-hr incubation with sodium palmitate-l-C'4. The position 
of the nonradioactive Dkdimyristoyl lecithin as determined by 
staining with Rhodamine 6C; is marked on the radioautogram. 
The presence of lecithin and one other unidentified phospholipid 
in the cell extracts is demonstrated. 

IV than that shown for mixed nonesterified fatty acids 
by Hirsch and Ahrens (11) (Fig. 4). We record here 
only the elution of the labeled tripalmitin and of the 
labeled palmitic acid. All other lipids were eluted 
from the columns as described by Hirsch and Ahrens. 

The separation of lipid fractions of macrophage ex- 
tracts and of medium extracts on silicic acid columns 
from one experiment (GG) is shown in Figures 5A and B. 
In  the cell extracts, synthesis of relatively large amounts 
of triglyceride and phospholipid occurred, together 
with smaller amounts of cholesterol ester and mono- 
and diglycerides. Very little C14-labeled fatty acid re- 
mained after its uptake by the macrophages. The 
medium extract contained traces of mono- and di- 
glyceride and of phospholipid but 99% of the C14 was 
still present as unesterified fatty acid. 

Figures 6 A and B show the separation on silicic acid 
columns of lipids from macrophage and medium ex- 
tracts in an experiment in which 8 mg of nonlabeled 
cholesterol suspension was added to the incubation 
medium in addition to the C14-labeled sodium palmitate. 
The experiment was carried out a t  the same time and 
with the same batch of macrophages as that for the 
chromatogram above (Exp. G6, Table 1). The total 
uptake of C14-labeled sodium palmitate by the cells was 

Tubc IO 20 30 40 50 60 
Fraction I IV I v 

FIG. 4. Separation on an 18-g eilicic acid column of a stand- 
ard mixture of tripalmitin-1-C14 and palmitic scid-l-CI4. Ten 
mg of nonlabeled tripalmitin and 10 mg of nonlabelcd palmitir 
arid added as carrier. 

less than in the absence of cholesterol (see Table 1) but 
the relative conversion to triglyceride and phospholipid 
was essentially the same. Incorporation of labeled 
fatty acid into cholesterol ester, and into mono- and 
diglyceride also occurred. 

DISCUSSIOS 

The uptake of fatty acid from the medium has been 
reported for a number of tissues incubated in vitro. 
Adipose tissue (12), liver slices (13), and ascites tumor 
cells (14) have all been shown to take up relatively 
large amounts of labeled fatty acid from fatty acid- 
albumin complexes. In  the present experiments, up to 
21% of the fatty acid added to the medium has been 
taken up by the macrophages. The enzymic con- 
version of the fatty acid to triglyceride and phospho- 
lipid, etc., which has been shown to occur in the cells, 
would probably facilitate this uptake by transferring 
fatty acid to the water-insoluble phase. In fact, the 
situation described for macrophages is very similar to 
that described by Shapiro, Chowers, and Rose (12) for 
adipose tissue incubated in vitro, where ready uptake of 
fatty acid and its conversion to triglyceride has been 
shown to occur. 

Triglyceride and phospholipid synthesis in liver and 
other tissues proceeds along a common pathway via 
phosphatidic acid and diglyceride (15). The synthesis 
of both triglyceride and phospholipid by macrophages, 
together with the appearance of appreciable quantities 
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of diglyceride, suggests that a similar common pathway 
for phospholipid and triglyceride synthesis exists in the 
macrophage, but further work is clearly necessary to 
verify this. The small amount of monoglyceride found 
in the cells is possibly due to enzymic breakdown of 
some of the triglyceride with the formation of mono- 
and diglyceride in addition to unesterified fatty acid. 
That lipase is present in macrophage homogenates has 
already been shown ( 5 ) .  

It is significant that a small amount of the fatty acid 
taken up by the macrophages was incorporated into 
cholesterol ester. I t  is known (1, 2) that macrophages 
can bring about esterification of cholesterol, and the 
present finding that exogenous fatty acids can be in- 
corporated into the cholesterol ester renders it likely 
that the fatty acid composition of the cholesterol ester, 
produced by macrophages, can be influenced by varying 
the fatty acid available to the cell. 

The synthesis of phospholipid by macrophages is of 
interest for several reasons. Zilversmit, Shore, and 
Ackerman (16) have shown that phospholipid is syn- 
thesized in the arterial wall in cholesterol-fed rabbits. 
It has already been suggested (17) that such synthesis 
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FIG. 5. Separation on silicic acid columns of the lipid com- 
ponents of macrophages and medium after 20-hr incubation with 
C14-Iabeled sodium palmitate. A. Macrophage extract. Col- 
umn load: 630 cps C14 with 10 mg cholesteryl ester, 10 mg 
tripalmitin, 10 mg palmitic acid, 10 mg cholesterol, 15 mg 
lecithin added aa carrier. B. Medium extract. Column load: 
500 cps C14 and carrier lipids as in A. 
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FIG. 6. Separation of silicic acid columns of the lipid com- 
ponents of macrophages and medium after 20-hr incubation 
with C14-labeled sodium palmitate and nonlabeled cholestrol 
suspension. A. Macrophage extract. Column load: 570 cps 
C14, with 11 mg cholesteryl ester, 11 mg tripalmitin, 11 mg pal- 
mitic acid, 11 mg cholesterol, 18 mg lecithin added 88 carrier. 
B. Medium extract. Column load: 480 cps CI4 and carrier 
lipids as in A. 

I h .  ~ 

may be carried out by macrophages since it is known 
that the bulk of the lipid is present intracellularly in 
“foam cells”, at least in early atheroma. The demon- 
stration of phospholipid synthesis by reticuloendothelial 
(RE) cells is also of possible significance in the patho- 
genesis of the lipid storage diseases. Thannhauser (18) 
has suggested, but without experimental evidence, that 
abnormal lipid metabolism by RE cells is responsible 
for the accumulation of lipids in these cells in such 
conditions as Niemann-Pick disease. Previously there 
has been no experimental evidence that RE cells can 
synthesize phospholipid, so that such a finding may be 
of significance in support of Thannhauser’s concepts. 

The uptake of a cholesterol suspension by the 
macrophages failed to influence appreciably the uptake 
of fatty acid and the subsequent synthesis of either 
triglyceride or phospholipid by the cells. It has been 
shown (17) that the uptake of cholesterol suspensions by 
RE cells in rat lymph nodes was followed by triglyc- 
eride and phospholipid accumulation, presumably 
by its synthesis in the cells. The phospholipid syn- 
thesis that occurs in the arterial wall (16) is also 
accelerated in cholesterol-fed rabbits as compared with 
normally fed animals. In the present system, however, 
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no facilitation of synthesis was brought about by the 
uptake of cholesterol. 

The significance of the uptake and metabolism of 
fatty acid by macrophages under physiological cir- 
cumstances is not clear. It has been suggested (19,20) 
that RE cells in the liver are involved in the uptake of 
lipid from the blood for passage to and metabolism by 
the liver and it is of interest to consider whether the 
metabolic reactions described in this paper, if true of 
RE cells in general, may influence the general mctabo- 
lism of fatty acid in the body. 

We wish to thank Miss Heather Wilson for technical 
assistance. 

REFERENCES 

1. Day, A. J. Quart. J .  Exptl. Physiol. 45: 55, 1960. 
2. Day, A. J., and P. R. S. Gould-Hurst. Quart. J .  Exptl. 

3. Day, A. J. Quart. J .  Exptl. Physiol. 45: 220, 1960. 
4. Day, A. J. Quart. J .  Exptl. Physiol. 46: 383, 1961. 
5. Day, A. J., and P. M. Harris. 

Physiol. 46: 376, 1961. 

Quart. J .  Exptl. Physiol. 
45: 213, 1960. 

6. LuckB, B., M. Strumia, S. Mudd, M. McCutcheon, and 
E. B. H. Mudd. J .  Immunol. 24: 455, 1933. 

7. Mackaness, G. B. J .  Pathol. and Bacteriol. 64: 429, 1952. 
8. Marinetti, G. V., and E. Stotz. Biochim. et Biophys. 

9. Marinetti, G. V. Biochim. et Biophys. .4cla 46: 468, 

10. Marinetti, G. V., J. Erbland, and J. Kochen, Federation 

11. Hirsch, J., and E. H. Ahrens, *Jr. J .  Biol. Chem. 233 : 311, 

12. Shapiro, E., I. Chowers, and G. Rose. Biochim. et Bio- 

13. Masoro, E. J., and J. hl. Felts. Federation Proc. 16: 85, 

14. Fillerup, D. L., J. W. Knauf, and J .  F. Mead. Proc. SOC. 

15. Kennedy, E. P. Ann. Rev. Biochem. 26: 119, 1957. 
16. Zilversmit, D. B., M. L. Shore, and R. F. Ackerman. 

17. Day, A. J. Brit. J .  Expti. Pathol. 41 : 112, 1960. 
18. Thannhauser, S. J. Lipidoses, 2nd Ed., New York, Oxford 

Univ. Press, 1950. 
19. Jaff6, R. H., and S. L. Berman. Arch. Pathol. 5: 1020, 

1928. 
20. Friedman, RI., S. 0. Byers, and R. H. Rosenman. Am. 

J .  Physiol. 177: 77, 1954. 

Acta 37: 571, 1960. 

1961. 

Proc. 16: 837, 1957. 

1958. 

phys. Acta 23 : 115, 1957. 

1957. 

Exptl. Biol. Med. 103 : 862, 1960. 

Circulation 9: 581, 1954. 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

