
Foreign Body-Type Multinucleated Giant Cell
Formation Is Potently Induced by �-Tocopherol and
Prevented by the Diacylglycerol Kinase Inhibitor
R59022

Amy K. McNally and James M. Anderson
From the Institute of Pathology, Case Western Reserve University,

Cleveland, Ohio

Multinucleated foreign body giant cells (FBGCs) form
by monocyte-derived macrophage fusion on im-
planted biomedical devices and are believed to medi-
ate oxidative damage to biomaterial surfaces. Our in
vitro system of human macrophage culture and inter-
leukin (IL)-4-induced FBGC formation was developed
to study the macrophage fusion mechanism and the
physiological significance of FBGCs on implanted bio-
materials and at other sites of chronic inflammation.
Here, we demonstrate that the antioxidant vitamin E
(90% �-tocopherol) moderately induces macrophage
fusion and increases IL-4-induced FBGC formation.
Moreover, purified �-tocopherol, but not �- , �- , or
�-tocopherol, most remarkably induces macrophage
fusion, leading to cultures of confluent FBGCs below
normal plasma concentrations. This is not observed
with the similar antioxidants probucol or Trolox,
suggesting that the �-tocopherol effects on FBGC for-
mation are independent of its antioxidant activity.
Consistent with the reported activation of diacylglyc-
erol kinase by �-tocopherol, the diacylglycerol kinase
inhibitor R59022 completely abrogates FBGC forma-
tion. R59022 inhibition of IL-4-induced FBGC forma-
tion is reversed by �-tocopherol, suggesting that
FBGC formation involves diacylglycerol kinase activa-
tion. This study suggests a novel role for diacylglyc-
erol kinase in the mechanism of macrophage fusion/
FBGC formation at sites of chronic inflammation and
reveals that the pleiotropic lipophilic compound,
�-tocopherol, is a highly potent macrophage fusion
factor. (Am J Pathol 2003, 163:1147–1156)

Studies in our laboratory focus on the inflammatory re-
sponse to implanted biomaterials and, particularly, on
inflammatory cell/biomaterial interactions, including
mechanisms of monocyte-derived macrophage adhe-
sion, cytokine secretion, and biomaterial-mediated apo-
ptosis of inflammatory cells.1–5 A clinically significant
consequence of macrophage/biomaterial interactions is

adherent macrophage fusion leading to the formation of
multinucleated foreign body giant cells (FBGCs)6 on bi-
omaterial surfaces.7,8 This phenomenon, a hallmark his-
tiological feature of chronic inflammation, is accompa-
nied by FBGC-mediated biomaterial degradation.9,10

This is believed to result from the action of reactive oxy-
gen species within an acidified closed compartment be-
tween FBGCs and their biomaterial substrate.11 Long-
term biomaterial degradation may lead to biomedical
device failure and implant removal. In our in vivo studies
with poly(etherurethane) biomaterials designed to mini-
mize material degradation, if vitamin E was incorporated
in the polymer, degradation was significantly de-
creased.12 These results suggest that the antioxidant
capabilities of vitamin E inhibited FBGC-mediated bioma-
terial degradation, although the effects of vitamin E on
macrophages and FBGC formation remain unclear.

Vitamin E was originally described as an essential
nutrient for reproduction13 and is now known to consist of
four tocopherols and four tocotrienols, of which �-tocoph-
erol is the most abundant in tissues and possesses the
greatest biological activity.14,15 Although compared to
other lipids, vitamin E is a minor component in biological
membranes, it is ubiquitous and believed to be important
in preserving cell membrane integrity through its antiox-
idant activity and its association with lipid components
that may otherwise destabilize membrane bilayer struc-
ture.15 Therefore, multiple effects of vitamin E are attrib-
uted to its free radical scavenging abilities and inhibition
of lipid peroxidation, including the inhibition of low-den-
sity lipoprotein oxidation leading to cardiovascular dis-
ease.16 In addition, many functions of �-tocopherol have
now been described that have been distinguished from
or are not clearly associated with antioxidant activity.
These include effects on phospholipase A2, cyclooxy-
genase, and protein kinase C activities, inhibition of ex-
pression of adhesion molecules on endothelial cells and
monocyte-endothelial cell adhesion, transcriptional reg-
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ulation of scavenger receptors in macrophages, inhibi-
tion of smooth muscle cell proliferation and platelet ag-
gregation, inhibition of the generation of reactive oxygen
intermediates from monocytes, and activation of diacyl-
glycerol kinase.17,18

To correlatively study the mechanisms of macrophage
fusion, FBGC formation, and biomaterial degradation un-
der relatively controlled conditions in vitro, we developed
a culture system for generating FBGCs from human
monocyte-derived macrophages using the lymphokine
interleukin (IL)-4 as the fusion-inducing stimulus.19 IL-4
was selected for our studies because of an early report
that IL-4 induced multinucleated giant cell formation from
IL-3-treated mouse bone marrow macrophages; although
the reported fusion rates were only �10%,20 the giant
cells obtained were morphologically similar to those ob-
served on retrieved biomaterials. In contrast, in separate
studies with human blood monocytes, it was concluded
that IL-4 was not a human macrophage fusion factor, and
the earlier findings were attributed to species-specific
effects.21,22 Nevertheless, by using autologous human
serum to supplement the culture medium and permitting
time for monocyte-to-macrophage development before
the application of IL-4, we were subsequently able to
demonstrate that IL-4 is indeed a potent human macro-
phage fusion factor that generates large multinucleated
giant cells of the foreign body type.19 The relevance and
participation of IL-4 in FBGC formation on biomaterials in
vivo was confirmed by antibody neutralization of IL-4
activity.23

The in vitro FBGCs obtained with IL-4 from human
monocyte-derived macrophages are morphologically in-
distinguishable from those that form on implanted bioma-
terials,19 which may be �1 mm in diameter and occupy
up to 25% of implant surface area.24 These giant cells
apparently arise from remarkable degrees of macro-
phage fusion accompanied by extensive cytoplasmic
spreading and often contain �100 randomly arranged
nuclei. To date, IL-4 and the related lymphokine IL-1325

are the only human macrophage fusion factors known to
induce these very large FBGCs. Under otherwise identi-
cal culture conditions, we found that macrophage fusion
induced by interferon-� plus IL-322 leads to multinucle-
ated giant cells of the Langhans type.19 Other investiga-
tors have also used certain lectins to generate Langhans-
type giant cells,26 which exhibit a characteristic circular
arrangement of nuclei within a relatively much smaller
and generally circular or ovoid cytoplasm as docu-
mented more than a century ago.27 The physiological
significance of morphological variants of multinucleated
giant cells is unknown.

Initial mechanistic studies exploiting the in vitro IL-4-
induction of FBGCs demonstrated a role for IL-4-induced
mannose receptor activity28 in the macrophage fusion
mechanism.29 These results were extended to include
similar roles for IL-13.25 Further, we demonstrated that
macrophage fusion leading to FBGC formation is material
surface property-dependent,1,30 is influenced by ad-
sorbed plasma proteins,31–33 and depends on the par-
ticipation of �1 and �2 integrins.2 In this study, we inves-
tigate the effects of tocopherols on FBGC formation using

exogenous vitamin E, purified tocopherols, other antioxi-
dants, and metabolic inhibitors.

Materials and Methods

Materials

Vitamin E acetate and probucol were from Sigma Chem-
ical Co. (St. Louis, MO); purified tocopherols from Cal-
biochem (La Jolla, CA); and R59022, R59949, and Trolox
from Biomol (Plymouth Meeting, PA). Reagents were dis-
solved in ethanol or dimethyl sulfoxide as required and
added to cells in culture such that these combined sol-
vents were present at �0.25% v/v. Recombinant human
IL-4 (R&D Systems, Minneapolis, MN) was reconstituted
in 0.5% bovine serum albumin (low endotoxin, Sigma) in
phosphate-buffered saline (PBS) as recommended by
the manufacturer and stored in aliquots at �20°C before
use.

In Vitro Monocyte/Macrophage Culture and
FBGC Formation

Human monocytes were isolated and cultured as previ-
ously described.2,34 Briefly, 2 � 105 monocytes per well
were plated in Smart Plastic (RGD-modified; ICN, Irvine,
CA) 96-well culture plates in 0.1 ml of serum-free medium
for macrophages (SFM; Life Technologies, Inc., Grand
Island, NY) supplemented with 20% autologous serum.
After 1.5 hours, nonadherent cells and serum were re-
moved by washing with PBS containing Ca�� and Mg��

(PBS��, Life Technologies, Inc.) at 37°C. The adherent
cells were recovered with 0.2 ml of unsupplemented
SFM, and incubated for 3 days at 37°C in a humidified
atmosphere of 95% air and 5% CO2. On day 3, the
medium was replaced with 0.2 ml of unsupplemented
SFM without or with vitamin E, purified tocopherols, or
other additives as stated in the figure legends. Where
indicated, 10 ng/ml of IL-4 was added to induce macro-
phage fusion. The macrophages were then incubated
until day 7. At this time, the plates were washed twice with
PBS�� at 37°C, fixed with methanol, and stained with
May-Grünwald/Giemsa for evaluation of macrophage/
FBGC morphology, fusion index, and percent adhesion.
This is an established culture system in which 15 ng/ml of
IL-4 typically induces a maximum of 60 to 70% fusion of
human monocyte-derived macrophages on RGD-modi-
fied culture surfaces within only 7 days;31 this is likely
because of the integrin dependency of macrophage de-
velopment and FBGC formation.2 In this study, we used
10 ng/ml of IL-4 to obtain slightly suboptimal macrophage
fusion such that increases because of other additives
could be observed.

Determination of Percent Adhesion and Percent
FBGC Formation

Adhesion was evaluated for each sample by counting the
average number of cells in two representative low-power
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(�20) microscopic fields (�250 cells). Results with inhib-
itors or other reagents are expressed as a percentage of
adherent cell numbers in control wells with no other ad-
ditive, ie, percent adhesion. The overall extent of FBGC
formation was evaluated by first determining the macro-
phage fusion index, ie, the fraction of nuclei within
multinucleated giant cells (more than two nuclei) in the
same fields. This value was multiplied by percent adhe-
sion for each sample to obtain percentage of FBGC
formation. Results represent the mean � SEM for at least
three different monocyte donors. Statistical significance
was assigned at the 95% confidence level (P � 0.05)
using the unpaired Student’s t-test. Photomicrograph im-
ages of representative samples were obtained using a
Nikon DXM-1200 digital camera (Nikon, Melville, NY) with
ACT-1 software in single image acquisition mode.

Results

Vitamin E Induces Macrophage Fusion and
Increases IL-4-Induced FBGC Formation

Plasma or serum �-tocopherol levels are used to assess
dietary vitamin E status; acceptable concentrations have
been defined as �16 �mol/L, with cardiovascular bene-
fits correlated to concentrations of �30 �mol/L.35 We
cultured human monocyte-derived macrophages in se-
rum-free medium in the presence of vitamin E, probucol,
or Trolox at concentrations of 10 to 250 �mol/L in the
absence or presence of the macrophage fusion-inducing
cytokine IL-4. Probucol, like vitamin E, is a potent li-
pophilic antioxidant. However, it is structurally dissimilar
and has been useful to distinguish antioxidant and non-
antioxidant effects of vitamin E.17,18 Trolox is a water-
soluble form of vitamin E that retains antioxidant activity,
but is unable to penetrate biological membranes.36 As
shown in Table 1, vitamin E alone moderately induces
FBGC formation to �40% above the untreated control
macrophages, which exhibit no observable FBGC forma-
tion. At the same concentrations, vitamin E increases the
levels of IL-4-induced FBGC formation by approximately
the same degrees, such that the FBGC population is
essentially confluent. However, these effects are not mim-
icked by probucol or Trolox, which each, conversely,
reduce FBGC formation from the controls with no added

antioxidants in the presence of IL-4 (Table 1) and do not
alter morphology compared to untreated macrophages
(not shown). These data suggest a novel effect of vitamin
E on macrophages that is not solely because of its anti-
oxidant properties.

Purified �-Tocopherol Alone, but Not Other
Tocopherols, Promotes FBGC Formation More
Potently than Vitamin E and Increases IL-4-
Induced FBGC Formation

Vitamin E is composed chiefly of �-tocopherol, with �-, �-,
and �-tocopherols and tocotrienols comprising the remain-
der.15 �-tocopherol has similar antioxidant activity, but does
not mimic the nonantioxidant effects of �-tocopherol. It is
believed to actually inhibit these effects by competition and,
like probucol, has been used to distinguish antioxidant and
nonantioxidant effects of �-tocopherol.17 As demonstrated
in Figure 1a, purified �-tocopherol strongly induces FBGC
formation in a concentration-dependent manner leading to
�80% FBGCs at only 10 �mol/L. Therefore, �-tocopherol is
considerably more potent than whole vitamin E, and the
effective concentration of �-tocopherol in this culture sys-
tem is below normal plasma levels. However, as shown in
Figure 1b, although this high degree of FBGC formation is
maintained by �-tocopherol at concentrations of up to 100
�mol/L, neither the �, �, or � isomer induces comparable
FBGC formation. In Figure 2, a to c, representative pho-
tomicrographs of macrophages cultured in the absence
or presence of vitamin E or �-tocopherol demonstrate no,
moderate, or very strong FBGC formation, respectively.
In all cases, it can be seen that these multinucleated
giant cells appear to be of the foreign body-type, rather
than the Langhans-type, morphological variant. These
results point to the �-tocopherol component of vitamin E
as the macrophage fusion-inducing factor and also sug-
gest that this effect is not because of its antioxidant
properties.

We further explored the effects of purified tocopherols
on macrophage fusion by asking how they would influ-
ence percentage of FBGC formation induced by IL-4. As
indicated in Figure 3, �-tocopherol strongly increases
IL-4-induced FBGC formation (50%) essentially to conflu-
ence (�100%). Again, neither �-, �-, or �-tocopherol

Table 1. Effects of Vitamin E, Probucol, or Trolox on Percent FBGC Formation

Concentration
(�mol/L)

Vitamin E Probucol Trolox

No IL-4 � IL-4 No IL-4 � IL-4 No IL-4 � IL-4

0 0 � 0 51 � 12 0 � 0 51 � 12 0 � 0 51 � 12
10 30 � 8* 70 � 28 3 � 2 27 � 5* 1 � 1 25 � 14
50 40 � 10* 94 � 12* 3 � 3 26 � 4* 1 � 1 20 � 12*

100 39 � 12* 100 � 5* 2 � 2 26 � 13 0 � 0 19 � 16*
250 32 � 18* 89 � 17* 1 � 1 25 � 8* 3 � 3 13 � 10*

Day 3 monocyte-derived macrophages were treated without (No) or with (�) 10 ng/ml of IL-4 and different concentrations of the indicated agents,
incubated until day 7, fixed with methanol, and stained with May-Grünwald/Giemsa. Percent adhesion was determined by averaging the number of
adherent macrophages in two low-power fields (�20) and expressing the result as a percentage of otherwise untreated macrophages. The
macrophage fusion index, ie, the fraction of nuclei within multinucleated giant cells (cells with �2 nuclei) was determined for the same microscopic
fields. This value was then multiplied by percent adhesion for each sample to obtain percent FBGC formation.

*Significantly different from control values without or with IL-4 and no other additive (P � 0.05).
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performs similarly at these concentrations, each actually
decreasing IL-4-induced FBGC formation relative to the
IL-4-only control.

The Effects of Vitamin E or �-Tocopherol on
Macrophage/FBGC Adhesion

Macrophage development and adhesion are required for
IL-4-induced FBGC formation in vitro.19 If adhesion is
sufficiently restricted, either pharmacologically or by cul-
ture material surface modifications, FBGC formation can-
not occur.1–3,30 Therefore, we asked whether the effects
of vitamin E and �-tocopherol on FBGC formation could
be related to effects on macrophage adhesion. Com-
pared to probucol and Trolox, vitamin E and �-tocopherol

each appear to increase the adhesion of otherwise un-
treated macrophages slightly (Table 2), although these
increases are not statistically significant. In IL-4-treated
macrophages, �-tocopherol has a more pronounced ef-
fect, significantly increasing adhesion in the 10 to 100
�mol/L range (Table 3). In contrast, other tocopherols,
and particularly �-tocopherol, decrease percent adhe-
sion without or with IL-4 at the same concentrations at
which �-tocopherol promotes macrophage fusion. Thus,
the negative effects of these isomers on FBGC formation
may result from inhibition of adhesion, and their effects on
macrophage fusion cannot be clearly evaluated. Al-
though both probucol and Trolox decrease percentage of
FBGC formation induced by IL-4 (Table 1), neither of
these reagents decreases the percentage of macro-
phage adhesion without or with IL-4 (Tables 2 and 3).

The Diacylglycerol Kinase Inhibitor, R59022,
Prevents FBGC Formation, an Effect that Is
Reversed by �-Tocopherol

Among the reported effects of �-tocopherol is the activa-
tion of diacylglycerol kinase.18,37 To investigate the
mechanism by which �-tocopherol increases FBGC for-
mation, we tested the effects of R59022 and R59949,
which are inhibitors of diacylglycerol kinase activity,38,39

on �-tocopherol-induced FBGC formation. These results
are presented in Figure 4, which demonstrates that 15
�mol/L of R59022 completely abrogates the high degree
of FBGC formation induced by 10 �mol/L of �-tocopherol,
but increasing concentrations of �-tocopherol are able to
reverse the inhibition. Essentially identical results are ob-
served with R59949 (data not shown). In addition, and as
shown in Figure 5, although percent adhesion is not
decreased, R59022 completely prevents IL-4-induced
FBGC formation and severely restricts cytoplasmic
spreading (Figure 2, compare d and e).

We then asked whether �-tocopherol would reverse
R59022-mediated inhibition of IL-4-induced FBGC forma-
tion. The results are shown morphologically in Figure 2f
and depicted in Figure 6, which demonstrates that, at
inhibitory concentrations of R59022 (10 or 15 �mol/L),
increasing concentrations of �-tocopherol overcome the
inhibition of IL-4-induced FBGC formation. These com-
bined results suggest that both the �-tocopherol-medi-
ated induction of macrophage fusion and enhancement
of IL-4-induced FBGC formation are dependent on diac-
ylglycerol kinase activity.

Phosphatidate phosphohydrolase catalyzes the de-
phosphorylation of phosphatidic acid, which is the prod-
uct of diacylglycerol kinase activity on diacylglycerol.38,40

The phosphatidate phosphohydrolase inhibitor propran-
olol would thus be expected to increase the pool of
phosphatidic acid by inhibiting its conversion to diacyl-
glycerol. In further experiments, we observed increases
in IL-4-induced macrophage fusion to 89 � 10% and
119 � 3% with 5 or 10 �mol/L of propranolol, respec-
tively. The resulting FBGCs are morphologically similar to
those obtained with �-tocopherol (not shown).

Figure 1. Effects of purified tocopherols on FBGC formation. a: Dose de-
pendency of �-tocopherol. b: Comparison of tocopherols. The indicated
concentrations of purified �-tocopherol (circles), �-tocopherol (squares),
�-tocopherol (triangles), or �-tocopherol (diamonds) were added to day 3
macrophages, and the cultures were fixed and stained with May-Grünwald/
Giemsa on day 7. Results are expressed as percent FBGC formation � SEM,
n � 3 monocyte donors that are different for a and b.
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Discussion
We report that �-tocopherol, the major component of
vitamin E, induces extensive human monocyte-derived
macrophage fusion leading to FBGC formation in vitro.
This novel phenomenon is apparently independent of
antioxidant activity per se and occurs with high potency
below normal plasma �-tocopherol concentrations. In ad-

dition, we find that �-tocopherol increases the degree of
macrophage fusion obtainable with IL-4 in vitro. Finally,
we report that both �-tocopherol- and IL-4-mediated
macrophage fusion are abrogated by R59022, suggest-
ing that FBGC formation induced by either of these fusion
factors proceeds along a common pathway involving
activation of a diacylglycerol kinase. Thus, in addition to

Figure 2. Vitamin E- or �-tocopherol-induced FBGC formation, and reversal of R59022 inhibition of IL-4-induced FBGC formation by �-tocopherol. Day 3 macrophages
were otherwise untreated (a) or treated with 50 �mol/L vitamin E (b), 50 �mol/L �-tocopherol (c), 10 ng/ml IL-4 (d), 10 ng/ml IL-4 plus 10 �mol/L R59022 (e), or 10
ng/ml IL-4 plus 10 �mol/L R59022 plus 100 �mol/L �-tocopherol (f), and fixed and stained with May-Grünwald/Giemsa on day 7. Scale bar, 100 �m.

�-Tocopherol Induces Macrophage Fusion 1151
AJP September 2003, Vol. 163, No. 3



IL-4 and IL-13, and as well as the multiple other functions
currently ascribed to this lipophilic vitamin, �-tocopherol
may play a role in the formation of multinucleated FBGCs
at sites of chronic inflammation in vivo.

The participation of diacylglycerol kinase in the mech-
anism of macrophage fusion would extend an early ob-
servation that phorbol myristate acetate, a synthetic di-

acylglycerol analog and activator of protein kinase C,
induces macrophage fusion.41 Although the resultant
multinucleated cells were not typical foreign body- or
Langhans-type, this was the first evidence that diacyl-
glycerol metabolism plays a role in macrophage fusion.
More recently, we observed that inhibition of phosphati-
dylinositol-specific phospholipase C or protein kinase C
activity has substantial effects on IL-4-induced FBGC
formation,42 indicating that the phospholipase C-medi-

Figure 3. Effects of purified tocopherols on IL-4-induced FBGC formation.
The indicated concentrations of purified �-tocopherol (circles), �-tocoph-
erol (squares), �-tocopherol (triangles), or �-tocopherol (diamonds)
were added to day 3 macrophages together with 10 ng/ml of IL-4, and the
cultures were fixed and stained with May-Grünwald/Giemsa on day 7.
Results are expressed as percent FBGC formation � SEM, n � 3 monocyte
donors.

Table 2. Effects of Vitamin E, Tocopherols, Probucol, or Trolox on Percent Adhesion of Otherwise Untreated Macrophages

Concentration
(�mol/L) Vitamin E

Tocopherols

Probucol Trolox� � � �

10 114 � 5* 123 � 30 44 � 14* 57 � 5* 8 � 8* 93 � 11 99 � 4
50 115 � 15 118 � 12 31 � 10* 22 � 21* 0 � 0* 94 � 14 103 � 6

100 120 � 6* 134 � 24 28 � 17* 15 � 15* 1 � 1* 101 � 8 110 � 3
250 105 � 19 117 � 20 61 � 17* 17 � 13* 0 � 0* 97 � 9 116 � 13

Day 3 monocyte-derived macrophages were treated with different concentrations of the indicated agents, incubated until day 7, fixed with
methanol, and stained with May-Grünwald/Giemsa. The number of adherent macrophages in two low-power fields (�20) was averaged and expressed
as a percentage of otherwise untreated macrophages.

*Significantly different from the control value with no other additive (P � 0.05).

Table 3. Effects of Vitamin E, Tocopherols, Probucol, or Trolox on Percent Adhesion of IL-4-Treated Macrophages/FBGC

Concentration
(�mol/L) Vitamin E

Tocopherols

Probucol Trolox� � � �

10 119 � 35 141 � 17* 48 � 10* 115 � 1 81 � 30 107 � 9 114 � 8
50 126 � 33 149 � 13* 18 � 6* 25 � 9* 0 � 0* 98 � 8 105 � 1

100 130 � 25 131 � 15* 27 � 8* 16 � 9* 0 � 0* 105 � 10 118 � 13
250 122 � 39 112 � 20 18 � 18* 14 � 9* 0 � 0* 99 � 10 126 � 5*

Day 3 monocyte-derived macrophages were treated with 10 ng/ml of IL-4 and different concentrations of the indicated agents, incubated until day
7, fixed with methanol, and stained with May-Grünwald/Giemsa. The number of adherent macrophages in two low-power fields (�20) was averaged
and expressed as a percentage of otherwise untreated macrophages.

*Significantly different from the control value with IL-4 with no other additive (P � 0.05).

Figure 4. Effect of R59022 on �-tocopherol-induced FBGC formation. The
indicated concentrations of purified �-tocopherol were added to day 3
macrophages in the absence (circles) or the presence of 5 �mol/L
(squares) or 15 �mol/L (triangles) of R59022, and the cultures were fixed
and stained with May-Grünwald/Giemsa on day 7. Results are expressed as
percent FBGC formation � SEM, n � 3 monocyte donors.
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ated generation of diacylglycerol is a critical step in this
process. Additionally, the present results suggest that the
metabolism of diacylglycerol by diacylglycerol kinase is

an event without which macrophage adhesion can be
maintained, but macrophage fusion cannot occur.

Although macrophage fusion can be separately eval-
uated and distinguished from adhesion in vitro, adhesion
with cytoplasmic spreading is prerequisite for macro-
phage fusion. IL-4-induced FBGC formation does not
occur with insufficient densities of adherent macro-
phages.43 The �-tocopherol-mediated increases in adhe-
sion could contribute somewhat to �-tocopherol en-
hancement of IL-4-induced FBGC formation. However,
although �-tocopherol clearly promotes extensive cyto-
plasmic spreading, it very strongly induces FBGC forma-
tion in the absence of IL-4 without statistically significant
increases in macrophage adhesion. Furthermore,
R59022 does not prevent macrophage adhesion at con-
centrations that prevent IL-4-induced FBGC formation,
which �-tocopherol is able to restore. These combined
results suggest that �-tocopherol activates diacylglycerol
kinase, and that the functional outcome of diacylglycerol
kinase activity leading to macrophage fusion may include
cytoplasmic spreading.

The nonantioxidant �-tocopherol-mediated inhibition of
smooth muscle cell proliferation is believed to be brought
about by dephosphorylation of protein kinase C.18,44

However, the �-tocopherol-mediated activation of diacyl-
glycerol kinase37 results in phosphorylation of diacyl-
glycerol and the generation of phosphatidic acid.38,45

Phosphatidic acid is well recognized as an important
intra- and extracellular messenger with multiple effects,40

including the activation of neutrophil cytosolic phospho-
lipase A2

46 and actin polymerization.47 Phosphatidic acid
and its lysophosphatidic acid product, resulting from
phospholipase A2 activity, have both been implicated in
monocyte chemotaxis and migration.48 Lysophospha-
tidic acid has been further correlated to cell survival,49

cytoskeletal alterations,50 and migration and matrix as-
sembly.51,52 The present results may be related to a
report of neutrophil granule-plasma membrane fusion in
which phosphatidic acid is implicated as a fusogenic
phospholipid.53 Inasmuch as both �-tocopherol- and
IL-4-induced FBGC formation are attenuated by R59022,
the possibility is raised that the phosphorylation of diac-
ylglycerol to phosphatidic acid and/or lysophosphatidic
acid is part of common pathway initiated by these mac-
rophage fusion factors. In FBGC formation, this pathway
may lead to macrophage-macrophage interactions and/or
the extensive cytoskeletal rearrangements and cyto-
plasmic spreading that are characteristic of these large
multinucleated cells. Our combined results, including the
enhancement of IL-4-induced FBGC formation by the
phosphatidate phosphohydrolase inhibitor propranolol,
are consistent with this interpretation.

Other mechanisms by which macrophage fusion could
be promoted by �-tocopherol involve structural stabiliza-
tion of the plasma membrane during FBGC formation.
Vitamin E is well known as a membrane stabilizer and is
believed to perform this function by associating with ly-
sophospholipids and mimicking the missing lipid tail
structure.15 In addition, �-tocopherol is reported to sta-
bilize lysosomal membranes by protection from phospho-
lipase A2-mediated damage.54 Thus, although the com-

Figure 5. Effect of R59022 on macrophage/FBGC adhesion and FBGC for-
mation in IL-4-treated cultures. The indicated concentrations of R59022 were
added to day 3 macrophages, and the cultures were fixed and stained with
May-Grünwald/Giemsa on day 7. Results are expressed as percent adhesion
(circles) or percent FBGC formation (squares) � SEM, n � 3 monocyte
donors.

Figure 6. Effect of R59022 on IL-4-induced FBGC formation, and reversal of
R59022 inhibition of IL-4-induced FBGC formation by �-tocopherol. The
indicated concentrations of purified �-tocopherol were added to day 3
macrophages together with 10 ng/ml of IL-4 in the absence (circles) or the
presence of 5 �mol/L (squares), 10 �mol/L (triangles), or 15 �mol/L
(diamonds) of R59022, and the cultures were fixed and stained with May-
Grünwald/Giemsa on day 7. Results are expressed as percent FBGC forma-
tion � SEM, n � 3 monocyte donors.
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plete inhibition of FBGC formation by R59022 is
completely restored by �-tocopherol, the influences of
other mechanisms cannot be ruled out, including effects
on macrophage adhesion as discussed above.

The mechanism for the inhibition of IL-4-induced FBGC
formation by probucol or Trolox is shown to be indepen-
dent of effects on adhesion and is otherwise not clear.
There may be as yet undescribed effects of probucol or
Trolox on macrophages or on components in the culture
medium that play a role, perhaps in modifying the ex-
pression of receptors required for macrophage fusion.28

For example, probucol, but not vitamin E, is reported to
increase the cholesterol ester content of macrophages,55

with possible alterations in macrophage phenotype. The
inhibition of FBGC formation by �-, �-, or �-tocopherols
may be because of their competition with �-tocopherol
for cellular binding sites, as is believed to occur with
�-tocopherol.17 This may also account for the discrep-
ancy in strength of FBGC induction between purified
�-tocopherol and vitamin E, which contains other toco-
pherols and tocotrienols.

The present discovery that �-tocopherol induces very
large FBGC formation extends the brief list of known
human macrophage fusion factors and enlarges the ba-
sis from which to investigate the phenotype of these giant
multinucleated cells. Except for the demonstrated dele-
terious effects of FBGC formation on biomaterials,9,10 the
physiological significance of this hallmark histological
feature of chronic inflammation has not been elucidated.
Biomaterial degradation is believed to result from frus-
trated phagocytosis56 by FBGC and oxidative activities at
the FBGC/biomaterial interface. This is consistent with an
apparent antioxidant mechanism for vitamin E-mediated
inhibition of poly(etherurethane) degradation in vivo.12

In consideration of the present findings, however, it is
notable that �-tocopherol also exerts certain nonantioxi-
dant effects on monocytes/macrophages in common with
IL-4 and IL-13, such as inhibition of monocyte adhesion
to endothelium and respiratory burst activity.17,57,58 IL-4
and IL-13 are well known to have negative regulatory
effects on many so-called proinflammatory functions of
these cells59 leading to a state of alternative macrophage
activation characterized by mannose receptor expres-
sion28 and with proposed roles in wound healing, angio-
genesis, and tissue remodeling.60–64 Related to this, a
recently recognized nonantioxidant effect of �-tocopherol
is to increase the expression of connective tissue growth
factor,65 which is believed to participate in connective
tissue fibrosis at sites of chronic tissue injury and wound
healing.66 Inasmuch as a frequent consequence of bio-
medical device implantation is fibrous encapsulation of
the implant,7 biomaterial-associated FBGCs may pro-
duce connective tissue growth factor and/or other fibro-
genic cytokines, thereby contributing to this clinical com-
plication.

A report demonstrating the polarized distribution of a
lysosomal antigen and a Na�K�-ATPase in FBGCs67 im-
plies that the multinucleated giant cell is a differentiated
cell type with specialized functional capabilities. The ev-
idence to date and the theory of frustrated phagocytosis
are consistent with macrophage/FBGC capabilities that

are deleterious to biomaterial surfaces in the initial stages
of FBGC formation. In later phases, however, it is possi-
ble that the high degree of multinucleation achieved by
continued macrophage fusion, and exhibited by very
large biomaterial adherent FBGCs in vivo and by IL-4-,
IL-13-, or �-tocopherol-induced FBGCs in vitro, reflects a
more highly differentiated multinucleated cell phenotype.
In these FBGCs, activities that were initially deleterious to
polymer surfaces may have been depleted or down-
modulated and replaced by wound-healing, angiogenic,
or tissue-remodeling capabilities consistent with a state
of alternative activation. Accordingly, the presence of
vitamin E in poly(etherurethane) biomaterial may have
accelerated the acquisition of this alternative FBGC phe-
notype and thereby decreased biomaterial degradation
in vivo,12 not solely through antioxidant mechanisms, but
also in a manner independent of its antioxidant effects.
Our in vitro system of FBGC induction with the lympho-
kines IL-4 or IL-13, and now with the lipophilic vitamin
�-tocopherol, provides a means for further addressing
these and other unknowns regarding the formation and
physiological significance of multinucleated giant cells at
sites of inflammation.
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