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Summary. The effects of interferon (IFN)--y and IFN-fl on the incorporation of
14C-linoleic acid into J774.2 cell membrane phospholipids were examined.
Interferon--y induced a statistically significant increase in incorporation of
14C-linoleic acid into all the major phospholipid classes. In contrast, IFN-f
induced a slightly reduced incorporation of this fatty acid into the phospho-
lipids. Neither IFN-'- nor IFN-fl had any effect on the incorporation of the
saturated fatty acid 14C-stearic acid into the cellular phospholipids.
Interferon--y had no effect on the metabolism of 14C-linoleic acid in the
fibroblast cell line L929. Macrophage membrane fluidity was assessed by
spin-label ESR spectroscopy after incubation with either IFN-y or IFN-f.
lnterferon-y significantly increased membrane fluidity whereas IFN-f sig-
nificantly decreased the fluidity. The findings of this study reveal that IFN-7y
might act on the enzymes controlling the labelling of the sn2 position of
phospholipids (linoleic acid) but not the snl position (stearic acid), and this
increases the polyunsaturated fatty acid content of macrophage membranes.
This increase in polyunsaturation is reflected in the increased membrane
fluidity. We also conclude that IFN-fl and INF--y have different mechanisms of
action on macrophage membrane lipid metabolism.

Keywords: LPS, macrophage, interferons, phospholipids, fatty acid
metabolism

Bacterial lipopolysaccharide (LPS), a major constituent
of the outer membrane of Gram-negative bacteria, plays
an important role in the pathological manifestation of
septic shock (Morrison & Ryan 1987). Development of
heightened sensitivity to the lethal effects of LPS in
some patients still remains unexplained, although
animal models have shown that concomitant bacterial,
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viral or fungal infections greatly increase patient's
susceptibility (Suter & Kirsanow 1961). Interferon
(IFN)--y has been identified as one of the key mediators
of such infection induced sensitization to LPS (Galanos
& Freudenberg 1993). The important role that IFN--y
plays in LPS hypersensitivity is demonstrated by the
inability to induce sensitization to LPS in LPS-resistant
C57BL/1OScCr mice which has been linked with the
impairment of the production of IFN--y in these mice
(Galanos & Freudenberg 1993). Furthermore, recent
experiments in mice with a targeted disruption of the
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interferon--y receptor, showed that after BCG injection,
these animals were resistant to doses of LPS which
were lethal in the receptor-positive wild-type strains
(Kamijo et a/. 1993).
Our recent work suggests that IFN--y may change LPS

sensitivity through altering the lipid metabolism of
macrophage cells (Darmani et a/. 1993). Interferon--y
induces increased unsaturation of the phosphatidyletha-
nolamine (PE) fraction of the membrane phospholipids
which, we believe, predisposes to LPS sensitivity
(Jackson et a/. 1992). The increased sensitivity is pro-
posed to be a result of the consequent changes in the
biophysical and biochemical properties of the activated
cells which lead to enhanced binding of LPS to these
activated cells (Darmani et a/. 1994). Enhanced binding
of LPS to macrophage cells has also been demonstrated
after increasng unsaturation with exogenously supplied
polyunsaturated fatty acids, namely linoleic and arachi-
donic acids, to mimic changes which may play an
intimate role in LPS-macrophage interactions (Darmani
et a/. 1994). Control experiments with a saturated fatty
acid showed no increase in LPS-macrophage interac-
tion (Darmani et a/. 1994).

In this study we examine the effects of IFN-/ on the
incorporation of radiolabelled saturated and unsatu-
rated fatty acids, the induction of TNF-a production and
the fluidity of the membrane lipid bilayer of the murine
macrophage cell line J774.2 and compare them with the
effects of the key sensitization mediator IFN--y.

maintained in DMEM supplemented as described
above.

Pretreatment with IFN--y and INF-/

Exposure of J774.2 cells (1 x 106) to murine recombinant
IFN--y and INF-,B (50 U/mI) was carried out for 18 hours in
a 370C, humidified 5% C02 incubator. Dose-response
experiments (1-1000 U/mI) showed that 50 U/mI of
recombinant interferon was optimal in several cellular
responses (TNF-a release, LPS binding, linoleic acid
incorporation) for the cells used. At the end of the
incubation period the cells were dislodged by gentle
agitation, washed three times with DMEM and collected
by centrifugation at 10OOg for 5 minutes, and finally
resuspended in DMEM.

Preparation of ammonium salts of radiolabelled fatty
acids

To aid solubility, the radiolabelled fatty acids were
converted into their ammonium salts as follows. The
fatty acids were supplied in either ethanol or toluene
and as a first stage the solvent was evaporated under a
stream of nitrogen. The fatty acids were then suspended
in 0.2ml of 2M ammonia solution at 60-70°C for 30
minutes. The solution was evaporated to dryness
under a stream of nitrogen and the resulting ammonium
salt was resuspended in a known volume of growth
medium.

Materials and methods

Reagents

All reagents were purchased from Sigma Chemical
Company Ltd, Poole, UK, unless otherwise stated. 14C_
Linoleic and stearic acids (both at 50pCi/iLmol) were
supplied by Amersham International Plc, Aylesbury, UK.
lnterferon-^y was purchased from Genzyme, Kent, UK.
Interferon-,( and 5-doxyl stearic acid were purchased
from Sigma Chemical company.

Cell culture

Cells were cultivated in Dulbecco's modification of
Eagle's medium (DMEM) which had been supplemen-
ted with 10% fetal calf serum (FCS), 100 units/ml
penicillin and 100dIg/mI streptomycin.
The murine (BALB/C) tumour monocyte-macrophage

J774.2 (European Collection of Animal Cell Cultures,
Salisbury, Wilts., UK), was the cell line used in the
course of this investigation. These cells were

Incorporation of 14C-fatty acids

Cells were incubated in the presence of 0.2,iCi of the
radiolabelled fatty acids (ammonium salt) with or with-
out LPS, IFN-y and IFN-/3 for 18 hours at 370C in a
humidified C02 incubator. After the appropriate incuba-
tion time, the cells were centrifuged at 10OOg for 3
minutes, washed in 10ml PBS and collected by centri-
fugation at 1000 g for 3 minutes, and finally resuspended
in 1 ml deionized water and sonicated in an ultrasonic
water bath at maximum power. Once complete lysis of
the cells had been achieved (verified by light micros-
copy) the cells were processed for phospholipid
extraction.

Extraction of phospholipids

The method of Garbus et aL. (1963) was used. To 1 ml of
the lysed cell suspension 3.75 ml chloroform/methanol
(1 :2v/v) was added, mixed thoroughly and left at room
temperature for 30 minutes. Then chloroform (1.25ml)
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and 2M KCI in 0.5M KH2PO4 buffer, pH 7.4 (1.25 ml) were
added and the solution mixed thoroughly again. The
chloroform phase containing the extracted phospho-
lipids was dried down in a stream of nitrogen and then
subjected to thin layer chromatography.

Thin layer chromatography

The dried phospholipids were dissolved in 30pl chloro-
form, spotted onto silica gel G plates (BDH) and
chromatographed in a solvent system consisting of
chloroform: methanol: acetic acid: water (50:30:8: 1,
by volume). Phospholipid standards were chromato-
graphed on separate lanes. The resolved radiolabelled
phospholipids were located by exposure to iodine
vapour, and the appropriate areas scraped off into
scintillation vials for radioactivity determination.

Labelling of cell membranes for spin-label ESR
spectroscopy

Control, IFN-y and IFN-,l (18h at 370) pretreated cells
were washed with PBS and collected by centrifugation at
10OOg for 5 minutes three times before being finally
resuspended in 1 ml of the buffer. The cell suspensions
were incubated at room temperature for 20 minutes in
the presence of 10A of 20mg/ml doxyl stearic acid (in
ethanol) (final ethanol concentration <1%). The spin-
labelled cells were washed three times in PBS by
centrifugation at 10Og for 5 minutes in order to
remove any unbound label. Samples for electron spin
resonance (ESR) spectroscopy were placed into 1 mm
internal diameter tubes and analysed by ESR
spectroscopy.

ESR measurements

All spectra were recorded at room temperature on a
Varian E104 ESR spectrometer operating at 9.3 GHz at
3300G field and 10mW microwave power.
Membrane fluidity was measured using the empirical

order parameter, S, which was derived from the follow-
ing equation:

S = (All - A')/(A,, - A,,)
where All is half the distance between the outer hyper-
fine lines and Al is half the distance of the inner
hyperfine splittings. Azz-Axx was taken as 25G
(McConnell & McFarland 1970), and corrections for
polarity changes were not used.
The 2A"I value is used to estimate the freedom of

motion of the spin-label and therefore to determine the

rigidity of the membrane in which it is located (Hubbell &
McConnell 1971). From the equation above it can be
seen that an increase in 2A"I will result in an increase in
the order parameter (S) and thus reflect an increased
rigidity in the membrane lipids.

Determination of TNF-a release

J774.2 cells (1 x 106) were pre-incubated in the pres-
ence or absence of IFN--y or IFN-,I (50 U/mI) for 18 hours
at 370C in complete medium. The cells were then
washed in PBS and LPS (100 ng/ml) was added and
the cells incubated for a further 3 hours at 370C. Follow-
ing this incubation, the supernatants were removed,
centrifuged briefly in a microfuge and stored at -80°C
for TNF assay. The production of TNF-a by J774.2 cells
was determined in the culture supernates by an ELISA
assay for TNF-a (Factor-Test-X; Genzyme Diagnostics,
West Mailing, Kent). The assay was performed as per
the manufacturer's instructions.

Statistical analyses

Most experiments were performed in triplicate on at
least 3 separate occasions. Statistical significance was
estimated with Student's t-test.

Results

Uptake of 14C-linoleate and 14C-stearate into the phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI) and the neutral lipid (NL) frac-
tions from macrophages was followed after pretreat-
ment with IFN--y or IFN-,B.

Figure la shows that IFN--y induces a statistically
significant increase in the incorporation of 14C-linoleic
acid into the PC, PE and NL (P < 0.05 compared with
control cells) fractions of the macrophages. lnterferon-?
induced a 31% increase in uptake of linoleic acid into
the PC fraction, 22% increase into the PI fraction, 31%
increase into the PE fraction and 51% increase into the
NL fraction. These results are in contrast to the effects of
IFN-,3 on uptake of linoleic acid, as shown in Figure lb.
Interferon-,8 pretreatment of cells results in a slightly
decreased incorporation of 14C-linoleic acid into all
phospholipids and also into the neutral lipids.
The uptake and incorporation of 14C-stearate, a satu-

rated fatty acid, into lipid fractions from macrophages
was followed to see whether the changes previously
seen were specific to the polyunsaturated fatty acid
linoleate. The results shown in Figure 2 revealed that
IFN-'y pretreatment did not significantly increase the
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Figure 1. The effects of a, C1, IFN-y and b, [1, IFN-/3 on the
uptake of 14C-linoleic acid into the PC, PI, PE and NL fractions
of J774.2 cell membrane phospholipids. Cells were incubated
with 0.2,uCi of 14C-linoleic acid for 18 hours at 37°C. *,
Control cells. Error bars represent ± standard error of the
means from 3 separate experiments. *P < 0.05.
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Figure 2. The effects of a, E1, IFN--y and b, El, IFN-,3 on the
uptake of 14C-stearic acid into the PC, Pi, PE and NL fractions
of J774.2 cell membrane phospholipids. Cells were incubated
with 0.2 pCi of 14C-stearic acid for 18 hours at 370C. *,
Control cells. Error bars represent ± standard error of the
means from 3 separate experiments. *P < 0.05.

labelling of any phospholipid fraction, although an
increase was observed in the labelling of the NL frac-
tions. Thus, the action of IFN--y was not general for any
exogenous fatty acid. Interferon-,B pretreatment had
little effect on the labelling by 14C-stearate of any
fraction either.

Figure 3 shows the uptake and incorporation of
linoleic acid into the PC, Pi, PE and NL fractions of
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L929 cells (a murine fibroblast cell line which is a
subclone of the parental strain L, derived from normal
subcutaneous areolar and adipose tissue). In contrast to
the stimulatory effects of IFN--y on lipid uptake and
turnover in the macrophage J774.2 cells, IFN--y did not
affect phospholipid metabolism in the non-macrophage
L929 cells.
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Figure 3. The effect of E1, IFN--y on the uptake of 14C-linoleic
acid into the PC, Pi, PE and NL fractions of L929 cell
membrane phospholipids. Cells were incubated with 0.2IgCi
of 14C-linoleic acid for 18h at 37°C. *, Control cells. Error
bars represent ± standard error of the means of 3 separate
experiments.
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Figure 4. Changes in order parameter (obtained from ESR
spectra) for control cells and cells treated with IFN--y and
IFN-/3. Cells were labelled with the spin-probe, 5-doxyl
stearate, at room temperature for 20 minutes. Error bars
represent ± standard error of the means of five separate
experiments. *P < 0.05, **P < 0.01.

© Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 331-337

I

2 .



Different effects of interferon-? and -/3 on macrophage membranes 335

E

U-
z

700

600

500

400

300

200

100

0
CON IFN-I

Figure 5. The release of TNF-a from control cells and cells
treated with IFN--y and IFN-,B after stimulation with LPS
(100 ng/ml). TNF-a levels were determined by mouse TNF-a
ELISA. Error bars represent ± standard error of the means
from 3 separate experiments. ***P < 0.001.

Figure 4 shows the effects of IFN-'y and IFN-,3 on
membrane fluidity. A spin-label, 5-doxyl stearate, was
incorporated into the plasma membrane lipid bilayer of
intact cells to examine the effects of IFN-'y and IFN-fl on
the fluidity of the lipid bilayer of these cells. Electron
spin resonance was used to measure the freedom of
motion of the spin-label probe, thus providing a
measure of the membrane rigidity. Experiments with
ascorbate reduction of the 5-doxyl stearic acid sug-
gested that, over the time course of the experiment,
the spin-label was located predominantly in the plasma
membrane (results not shown).
The changes in order parameter, calculated from the

measured A values in the ESR spectra obtained from
control cells and cells treated with IFN-'y and IFN-fl, are
shown in Figure 4. Interferon--y pretreated cells labelled
with 5-doxyl stearate showed a significant decrease in
order parameter (P < 0.05 vs control cells). This would
correlate with a significant change in membrane
composition and indicates that the spin-label probe is
in a significantly more fluid environment. Thus, the
increased freedom of motion of the spin-label within
the plasma membrane of IFN--y treated cells indicates an
increase in the effective fluidity of the plasma mem-
brane lipid bilayer. In contrast, IFN-f3-pretreated cells
labelled with 5-doxyl stearate showed a significant
increase in order parameter (P < 0.01) indicating that
the spin-label probe is in a significantly more rigid
environment. The decreased freedom of motion of the
spin-label probe within the plasma membrane of IFN-,f
treated cells indicates a decrease in the effective fluidity
of the plasma membrane lipid bilayer.

Figure 5 shows the effects of IFN--y and IFN-fl priming
on the release of TNF-a from LPS-stimulated J774.2
cells. Interferon--y pretreatment induced a significant
increase in the release of TNF-a from these macro-

phage cells (P < 0.001 vs control cells). This is in
contrast to the effects of pretreatment of cells with
IFN-f, which did not increase TNF-a production.

Discussion

We have previously reported that IFN--y may exert its
effects on macrophage cells through increasing the
polyunsaturation of the fatty acyl side-chains of mem-
brane phospholipids (Jackson et a/. 1992) which may be
important in the interaction of macrophage-like cells
with endotoxin (Darmani et al. 1994). We have shown
in this study that, unlike IFN--y, which specifically
increases the uptake of the polyunsaturated fatty acid
linoleic acid into membrane phospholipids, IFN-,f pre-
treatment induced slightly decreased incorporation of
this fatty acid into all phospholipids.
The results of the spin-label ESR spectroscopy

revealed that in contrast to IFN--y, IFN-,3 induces a
significant decrease in membrane lipid bilayer fluidity
of J774.2 cells. Changes in membrane fluidity may result
from altered lipid composition of cell membranes or
altered protein composition or both. Interferon-:l has
been reported to induce an increase in the saturated
fatty acid content of cellular lipids of mouse sarcoma
S-180 cells (Chandrabose & Cuatrecasas 1981), which
was associated with decreased membrane fluidity. In
our experiments there was a decreased incorporation of
linoleate into macrophage membranes, but this was not
statistically significant. We did not measure total lipid
composition and therefore it is possible that IFN-,l had
effects on the fatty acid composition of macrophages or
altered protein expression which could contribute to the
altered membrane fluidity.

Interferon--y can upregulate a variety of immune
functions in the immunocompromised host, yet it also
induces harmful effects by sensitizing immunocompe-
tent animals to subclinical doses of endotoxin (Williams
et al. 1992). Although the interferons share many
biological functions, IFN--y is a much stronger activator
of monocyte and macrophage cells. Differences
between IFN--y and IFN-,3 have been reported in their
action to modulate macrophage early gene expression
(Hamilton et a/. 1989). Interferon--y and IFN-,f act through
the generation of overlapping but non-identical mechan-
isms to stimulate the expression of LPS inducible genes
in murine peritoneal macrophages (Hamilton et al.
1989). Furthermore, IFN--y has been reported to inhibit
the LPS induced desensitization of a human monocyte
line, an effect which was not mediated by IFN-a or IFN-,f
(Haas et a/. 1990).

Interferon-y has been identified as a mediator of
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endotoxin hypersensitivity in Propionibacterium acnes
induced LPS hypersensitivity in mice (Katschinski et a/.
1992) and human monocytes have been shown to
express heightened responses to bacterial LPS (Hayes
& Zoon 1993) as a result of IFN--y priming. Furthermore,
IFN-y has been reported to be a key element in the
complex process whereby BCG infection leads to sensi-
tization to endotoxin (Kamijo et a/. 1993). BCG infection
was found to be lethal in mice with a targeted disruption
of the IFN--y receptor gene and this clearly illustrates the
critical role of IFN--y in the ability of normal mice to
contain infection with the BCG strain of M. bovis (Kamijo
et a/. 1993). We believe that, at least in part, IFN--y primes
macrophages to be hyper-responsive to triggering
agents such as LPS through changes in the phospho-
lipid fatty acid turnover and composition. Interferon-y
increased the metabolism of 14C-linoleic acid which may
be metabolized via the lipoxygenase pathway to form
hydroxylinoleic acids. Leukotrienes are thought to play
a very important role in controlling TNF production
(Schade 1986). There is now increasing evidence that
hydroxylinoleic acid derivatives are also of great
importance in this regard (Schade et a/. 1992). We
have shown in this study that TNF-a production is
increased to a much greater degree by IFN.-y than by
IFN-fl pretreatment.

Recently, CD14 has emerged as an important receptor
for LPS, particularly when complexed to serum proteins
such as lipopolysaccharide binding protein (LBP)
(Wright et a/. 1990). The regulation of CD14 expression
is not fully understood although IFN--y has been reported
to up-regulate it on immature macrophage cells and cell
lines but down-regulate it on more mature cell lines
(Ziegler-Heitbrock & Ulevitch 1993). Little is known about
the transcription factors involved in CD14 expression or
of its control at the transcriptional or protein levels.
However, in addition to control at the gene activation
level, it is possible that changes in lipid-protein inter-
actions or activation of membrane proteins through
alterations in phospholipid metabolism could also influ-
ence CD14 expression. In support of this, IFN--y was
shown to increase macrophage membrane fluidity
which might allow greater mobility of membrane
receptors. Moreover, we have recently demonstrated
enhanced binding of fluoresceine isothiocyanate
labelled LPS to IFN--y, but not to IFN-f, pretreated cells
(Darmani et a/. 1994).

Interferon--y has been reported to induce a rapid
transient activation of phospholipase A2 (PLA2) in
LAN-5, a human neuroblastoma cell line (Ponzoni et a/.
1992). A consequence of this was the release of arachi-
donic acid and the generation of lysophospholipids from

membrane phospholipids. The release of fatty acids
after cell stimulation is followed by increased acyl-
transferase activities and this protects the cell mem-
brane from the accumulation of lysophospholipids and
free fatty acids (Weltzien 1979; Baba et a/. 1984).
Interferon--y-induced stimulation of PLA2 and arachi-
donic acid metabolism may explain some of the bio-
molecular mechanisms that mediate signal transduction
by IFN--y (Ponzoni et at. 1992). lnterferon-y was pre-
viously observed to increase 14C-linoleic acid
incorporation into macrophage phospholipids while
14C-arachidonic acid was increased to a lesser extent
(Darmani et a/. 1993). This may be due to the more rapid
turnover of arachidonic acid into eicosanoids. Further-
more, our results suggest that IFN--y can stimulate
polyunsaturated fatty acids which are incorporated into
the sn-2 position of phospholipids, while fatty acids,
such as stearic acid, which are esterified predomi-
nantly in the sn-1 position, were not incorporated. This
would indicate that IFN--y can act specifically to increase
the enzymes which deacylate and reacylate the sn-2
position.
The results of this study and our previous reports

(Darmani et a/. 1993) indicate that the incorporation of
linoleic acid induced by IFN--y might be expressed only
in macrophages or other phagocytic cells. In support of
this, IFN-y failed to alter linoleic acid incorporation into
the fibroblast cell line L929. In contrast, IFN-,l has been
shown to alter phospholipid incorporation in several cell
types (Pfeffer et a/. 1985) but not in macrophages.
The precise mechanism by which endotoxin induces

human septic shock remains unknown, but endotoxin is
a major mediator of the morbidity and mortality which
attends Gram-negative sepsis. The endotoxin molecule
has been likened to a 'triggering mediator' which can
result in both the release of other directly acting mol-
ecules like TNF and in the activation of cellular mechan-
isms. Further research into the way in which cytokines
activate macrophage cells to become hyper-responsive
to triggering agents such as endotoxin will enable us to
improve the clinical management of patients with this
potentially fatal condition.
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