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Abstract
Interleukin (IL)-4 has been shown to induce protection in porcine vascular endothelial cells (ECs)
from killing by human complement. This protection is dependent on the PI3K/Akt signaling pathway.
In this study, we investigated mechanisms downstream of Akt and found that activation of the lipid
biosynthesis pathway is required for protection from complement in ECs treated with IL-4. Cells
incubated with IL-4 for 48 hours contained increased fatty acids and phospholipids but cholesterol
was not increased when compared with medium-treated controls. The transcription factor SREBP-1,
which regulates fatty acid synthesis, was found to be activated in extracts of ECs incubated with IL-4
for 6 hours. Finally, induction of protection from complement killing with IL-4 was fully prevented
by the presence of the SREBP inhibitor 25-OH cholesterol. This study showed that IL-4 induces lipid
biosynthesis in porcine ECs through activation of SREBP-1 and that the activation of this pathway
is critical for IL-4 to induce protection of porcine ECs from killing by human complement. Further
study of these mechanisms may provide new strategies for the prevention of complement-mediated
vascular injury as it occurs in xenograft rejection.

The vascular endothelium is critically important in physiologic functions such as maintaining
an antithrombotic surface to blood flow, providing a selective barrier to plasma proteins,
lymphocyte trafficking with the upregulation of adhesion molecules, and regulation of blood
flow through control of vasomotor tone. Injury to the vascular endothelium can result in
diseases such as atherosclerosis, ischemia–reperfusion injury, and vasculopathy as observed
in vascularized allo- and xenograft rejection. Because it is in contact with blood, the vascular
endothelium may be exposed to multiple mechanisms of injury including antibody,
complement, oxygen radicals, direct cellular mediated cytotoxicity, and pore-forming toxins
such as those released by bacteria. A common factor in injury induced by these mechanisms
is the loss or disruption in plasma membrane integrity, which, if unchecked, can lead to
inflammation, dysfunction, and cell death. Endothelial cells (ECs) possess survival
mechanisms that enable limited repair and resistance to injury. Recently, it has been
demonstrated that ECs are able to survive after limited exposure to streptolysin-O by resealing
the lesions in the plasma membrane.1,2 It has also been demonstrated that after exposure to
bacterial pore-forming toxins such as aerolysin, cells are able to survive by upregulation and
activation of lipid biosynthetic pathways, which then allow for membrane synthesis.3 Antibody
activation of the complement cascade plays an important role in the pathology observed in
ABO-mismatch allograft and xenograft rejection. The membrane attack complex of
complement may create a lesion in the plasma membrane that leads to EC activation, and in
some cases ionic imbalance and even cell death. It has been observed that in some cases the
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vascular endothelium and grafted organ are able to resist injury despite natural reactive
antibodies and an intact complement system through the up-regulation of survival signaling
pathways such as HO-1,4 Bcl-2, Bcl-xL,5 and A20.6 Thus, the grafted organ is said to have
achieved accommodation.

Previously, we have demonstrated that the Th2 cytokine interleukin (IL)-4 induces a
cytoprotective state in porcine vascular ECs, such that they become resistant to injury mediated
by human complement. Moreover the induction of protection required the activation of the
PI3K/Akt signaling pathway.7,8 Now we investigated the mechanisms downstream of Akt that
may participate in IL-4–induced protection from complement, in particular the role of the cell
lipid synthesis pathway, which has been implicated in vascular EC survival.9

METHODS
Primary cultures of porcine ECs were incubated for 48 hours at 37°C with medium or 10 ng/
mL of IL-4. The cellular lipids were extracted and analyzed by proton NMR. Lipid levels were
calculated for saturated fatty acids (FA), unsaturated fatty acids (UFA), phosphatidylcholine
(PC), and phosphatidylglycerol (PG). Protein expression and activation was assessed for sterol
regulatory element binding proteins 1 and 2 (SREBP-1 and SREBP-2) using immunoblotting
of whole cell lysates. Blocking of SREBP activation was achieved using 10 µmol/L of 25-OH
cholesterol for 48 hours. 25-OH Cholesterol is a well known inhibitor of SREBP activation.
Either 10 ng/mL of rIL-4 or medium was then added to the EC culture for 48 hours. Sensitivity
to complement mediated killing was assessed using 15% human serum as a source of natural
reactive antibodies and complement and incubating with the EC cultures for 2 hours at 37°C.
Cytotoxicity was assessed with a neutral red vital dye uptake assay.

RESULTS
As indicated in Table 1, ECs incubated with IL-4 demonstrate increased lipid synthesis:
Saturated FA, PC, and PG were all increased by more than 50% compared with medium
controls, and UFA were increased by more than 160% compared with medium treated controls.
However, IL-4 caused no change in the cellular content of cholesterol (results not shown).

Immunoblotting of the ECs treated with IL-4 showed increased activation of SREBP-1 at 6
hours as denoted by the cleaved product present at 6 hours (Fig 1A); however, IL-4 did not
modify SREBP-2 activation (data not shown). These results suggest that IL-4 differentially
activates lipid synthesis toward fatty acid synthesis rather than sterol synthesis.

Inhibition of SREBP activation with 25-OH cholesterol completely blocked IL-4–induced
protection against complement-mediated killing (Table 2). IL-4 treatment reduced cellular
cytotoxicity in ECs incubated with human complement from 70.5% to 12.7%. Cells that were
treated with 25 OH-cholesterol and incubated with IL-4 failed to develop protection.

DISCUSSION
The PI3K/Akt pathway has been shown in other studies to be crucial for EC survival and
growth.10 It is only recently that it has been demonstrated to be linked mechanistically with
the lipid synthesis pathway through SREBP,11,12 which is not surprising because membrane
synthesis is required for cell growth. In this study, we investigated the induction of a
cytoprotective phenotype in which ECs become resistant to injury by complement with the
Th2 cytokine IL-4 and examined the mechanism of that protection. This study suggests that
IL-4 induces lipogenesis of ECs, resulting in increased cellular lipid content. Induction of this
pathway involves Akt phosphorylation and activation of SREBP-1, suggesting that fatty acid
synthesis appears to be more important than sterol synthesis for IL-4–induced protection from

Black et al. Page 2

Transplant Proc. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



complement. The role of this pathway appears to be critical because blocking SREBP activation
fully prevented the development of protection. Further delineation of the mechanisms
mediating IL-4–induced protection may provide new strategies for the prevention of
complement-mediated vascular injury as it occurs in xenograft rejection.
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Fig. 1.
Western blot analysis of extracts from endothelial cells that were stimulated with IL-4 or
medium shows that IL-4 induces activation of SREBP-1. Primary culture porcine aortic ECs
incubated with 10 ng/mL IL-4 or medium at 37°C for 48 hours. The cleaved product or active
portion of SREBP-1 is present at 6 hours.
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Table 1
IL-4 Induces Fatty Acid and Phospholipid Synthesis in Porcine Endothelial Cells

% Lipid Increase Over Medium

Treated Controls

Saturated fatty acids 67

Unsaturated fatty acids 165

Phosphatidylcholine 52

Phosphatidylglycerol 60

pNMR of primary culture porcine vascular EC incubated with 10 ng/mL IL-4 for 48 hours of 37°C. Percentage of lipid increase in IL-4-treated cells over
medium-treated EC controls.
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Table 2
Inhibition of SREBP with 25-OH Cholesterol Blocks the Induction of Protection From Complement by IL-4 in Porcine
Endothelial Cells

% Cytotoxicity

Medium 70.5 ± 1.7

IL-4 12.7 ± 4.2

25 OH-Cholesterol 75.4 ± 1.3

25 OH-Cholesterol + IL-4 72.6 ± 1.9

Primary cultures of porcine aortic ECs were treated with either medium, 10 ng/mL IL-4, 10 µmol/L 25-OH cholesterol alone or in combination with 10
ng/mL rIL-4 for 48 hours at 37°C. ECs were then incubated with 15% human serum for 2 hours and killing assessed by a neutral red vital dye uptake
assay.
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