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he host response to infection is mediated by 
cytokines, hormones of the immune system that T have multiple biological activities, including en- 

hancing the recruitment, proliferation, activation, and 
differentiation of white blood cells (1). In addition, a 
wide variety of metabolic disturbances occur during 
infection (2): these are now also thought to be mediated 
by cytokines (3). 

This review will focus on one such disturbance in 
metabolism, the hypertriglyceridemia of infection. 
Early work noted the simultaneous occurrence of hy- 
pertriglyceridemia and cachexia during infection lead- 
ing to the hypothesis that a single factor caused both 
cachexia and hypertriglyceridemia by decreasing the 
storage of fat in adipose tissue (4). However, subsequent 
data indicated that cytokine-induced disturbances in 
lipid metabolism do not directly cause cachexia (3). In 
addition, research demonstrated that the liver is a pri- 
mary focus for cytokine-induced disturbances in lipid 
metabolism in vivo. (3). As this field has evolved, it has 
become clear that there are complex interactions be- 
tween the immune system and lipid metabolism. It 
appears that hypertriglyceridemia during infection 
could play a role in host defense. 

Cytokines and Lipid Metabolism in Cultured Mouse 
Fat Cells 

The observation that supernatants from endotoxin- 
stimulated macrophages could induce both hypertri- 
glyceridemia and wasting in animals led to a search for 
the factor thought to be responsible for cachexia (cach- 
ectin) (4). These supernatants were found to decrease 
the storage of fat in cultured mouse 3T3-Ll fat cells by 
decreasing lipoprotein lipase (LPL) levels, decreasing 
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de novo lipogenesis, and increasing lipolysis. Cachectin 
was purified based on its ability to decrease LPL and 
was found to be tumor necrosis factor (TNF). Because 
a decrease in LPL could slow the clearance of plasma 
triglycerides, it was hypothesized that TNF might be 
both the mediator of cachexia and the cause of hyper- 
triglyceridemia. However, subsequent work has dem- 
onstrated that these properties are shared by many 
cytokines; TNF, interleukin (IL) 1, and all three inter- 
ferons can decrease LPL activity, decrease de novo fatty 
acid synthesis, and increase lipolysis in 3T3-Ll fat cells 

Cytokines and Lipid Metabolism In Vivo 
Activation of macrophages produces both TNF and 

IL-1. Administration of either TNF or IL-1 to rats 
induces a rapid and sustained increase in plasma tri- 
glycerides (3, 5). The increase in plasma triglycerides 
induced by TNF resulted from an increase in very low 
density lipoprotein (VLDL) of normal composition; 
even in fed rats, plasma chylomicron levels were not 
increased (3). Subsequently, the TNF-induced VLDL 
is effectively processed to triglyceride-rich low density 
lipoprotein (LDL). When humans were given TNF 
during therapeutic trials, plasma triglycerides also rose 

Because the initial studies with crude cachectin and 
later recombinant TNF in cultured 3T3-Ll fat cells (3, 
4) suggested that TNF might produce the increase in 
plasma triglycerides by decreasing LPL activity, the 
effect of TNF on LPL was examined in v iva  Although 
TNF administration decreases LPL in the epididymal 
fat pads of mice, rats, and guinea pigs, this decrease 
requires several hours (similar to the time course of 
3T3-L 1 cells), whereas plasma triglycerides rise within 
45 min after TNF administration. In addition, when 
the effect of TNF was examined in other adipose tissue 
sites or in muscle, there was little effect of TNF on LPL 
activity; in fact, TNF increases post-heparin lipase ac- 
tivity in plasma ( 3 ) .  

Therefore, the question arose as to whether cyto- 
kines worked by decreasing the clearance of triglyceride- 

(3, 3 4 .  

(6). 

224 LIPID METABOLISM AND HOST DEFENSE 



rich lipoproteins such as VLDL and chylomicrons. 
Administration of TNF of IL-1 under a variety of 
conditions does not result in a decrease in the clearance 
of triglyceride-rich lipoproteins in rats (3, 5). 

Further studies revealed that cytokines have pro- 
found effects on hepatic lipid metabolism. TNF and 
IL-1 increase hepatic de novo fatty acid synthesis with 
a time course that is consistent with their ability to raise 
plasma triglycerides ( 3 , 5 ) .  As a consequence. both TNF 
and IL-1 increase the production of VLDL by the liver 
(3, 5 ) .  

There are limited data on the ability of cytokines 
to mobilize free fatty acids in vivo. TNF administration 
causes a rapid increase in plasma free fatty acids (7); 
this should be contrasted with the ability of TNF to 
stimulate lipolysis in cultured fat cells, which requires 
many hours (3, 3a). In the common states in which 
fatty acids are mobilized from the periphery, such as 
fasting, exercise, or stress, the fatty acids return to the 
liver, where they are oxidized; however, during infec- 
tion, mobilized fa.tty acids may be re-esterified into 
triglyceride and resecreted as VLDL (8). Recent data 
indicate that the free fatty acids acutely mobilized by 
TNF in vivo are likewise not oxidized and but rather 
are re-esterified into triglycerides which appear in the 
plasma (7). The relative contribution to VLDL secre- 
tion of increased hepatic de nova fatty acid synthesis 
and re-esterification of peripheral fatty acids varies with 
the diet administered (7). 

Oxidation of fatty acids is accompanied by an 
increase in hepatic ketone bodies. Recent evidence 
indicates that IL-1 can decrease hepatic ketone body 
formation (9). Therefore, fatty acid oxidation is also 
decreased by IL-1. providing more fatty acid for re- 
esterification. 

Cytokines and Hepatic Fatty Acid Synthesis 
The regulation of hepatic fatty acid synthesis by 

cytokines has been examined in detail in mice because 
the interferons are species specific and we were only 
able to obtain interferons that were active in mice. 
Additionally, the 'small size of mice makes it possible 
to study cytokines that are only available in limited 
quantity. IL-6 and a-interferon (IFN-a), as well as TNF, 
lymphotoxin, and IL- 1, have been shown to stimulate 
hepatic fatty acid synthesis in mice (3). Increased syn- 
thesis is seen within 30 min of administration and 
continues for many hours for most cytokines ( 3 ) .  Doses 
of TNF and IL-1 that stimulate hepatic fatty acid 
synthesis are similar to those that induce fever, i.e.. 
endogenous pyrogen activity (3). Consequently, cyto- 
kine stimulation of hepatic lipogenesis most likely oc- 
curs during any physiological condition or infection 
that produces TNlF or IL- 1. 

Mechanistic studies reveal that there are two sepa- 
rate classes of lipogenic cytokines. In the liver, the 

increase in fatty acid synthesis induced by TNF, IL- 1, 
and IL-6 can be accounted for by their ability to in- 
crease hepatic levels of citrate, the major allosteric 
activator of acetyl-CoA carboxylase, which is the rate- 
limiting enzyme for fatty acid synthesis (10). The mech- 
anism by which IFN-a stimulates hepatic fatty acid 
synthesis is not yet known (10). However, these two 
classes appear to work by complementary mechanisms, 
since the combination of IFN-a with either TNF or IL- 
1 produces synergy in low doses and additivity in high 
doses in stimulating hepatic lipogenesis. In contrast, 
there is no synergy or additivity when TNF or IL-1, 
two cytokines from the same class, are given simulta- 
neously (10). 

IL-4 is a cytokine that has been shown to both 
inhibit the induction of TNF and IL-1 and block the 
action of TNF and IL- 1 (reviewed in Ref. 1 1). By itself, 
IL-4 has no effect on hepatic fatty acid synthesis, but 
IL-4 inhibits the ability of TNF, IL-1, and IL-6 to 
stimulate hepatic fatty acid synthesis (1 1). IL-4 works 
by blocking the ability of these cytokines to increase 
hepatic citrate levels. Therefore, it is not surprising that 
IL-4 cannot block the ability of IFN-a to stimulate 
hepatic lipogenesis (1 1). Thus, a cytokine's ability to 
regulate hepatic fatty acid synthesis is closely linked to 
its actions in the immune response. 

Do Cytokine-Induced Changes in Lipid Metabolism 
Cause Cachexia? 

It was originally proposed that cachectin (TNF) 
decreased adipose tissue LPL, which resulted in both 
decreased triglyceride clearance and inhibition of fat 
storage in adiopse cells; as a consequence, the effects of 
TNF on triglyceride metabolism might induce fat cell 
depletion and cachexia (4). Recent experimental data 
suggest that the induction of hypertriglyceridemia and 
cachexia are not mechanistically linked. First, in the 
original mouse cultured adipose cell model, the effects 
of cytokines could not be overcome by the addition of 
insulin (3). However, in many diseases associated with 
cachexia, hyperalimentation with hyperinsulinemia re- 
sults in the storage of abundant fat without blocking 
the decrease in muscle mass (reviewed in Ref. 12). 
Second, the catabolic effects that TNF and IL- 1 induce 
in cultured fat cells do not occur in vivo under condi- 
tions in which these cytokines increase plasma triglyc- 
erides. As discussed above, rather than decreasing tri- 
glyceride clearance and storage, TNF and IL- 1 work by 
increasing hepatic lipogenesis and VLDL production. 
Finally, daily or twice daily injections of purified re- 
combinant TNF induces persistent hypertriglyceride- 
mia, but only transient weight loss due to acute an- 
orexia; hypertriglyceridemic animals rapidly regain 
weight ( 13). A similar state is found during infection in 
humans. Plasma triglyceride levels are strikingly ele- 
vated in subjects with acquired immune deficiency 
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syndrome (AIDS) and human immunodeficiency virus 
infection (14, 15). However, there is no relationship 
between hypertriglyceridemia and wasting in AIDS 
(14). Patients with AIDS and persistent hypertriglycer- 
idemia can show prolonged periods of stable body 
weight and body cell mass (14). High endogenous cir- 
culating levels of IFN-a appear to be responsible for 
the increase in plasma triglycerides in AIDS ( 15). Thus, 
cytokine-induced changes in lipid metabolism do not 
cause cachexia. Discussion of potential mechanisms by 
which cachexia might occur during infection can be 
found elsewhere (3, 12). 

Could the Disturbances in Lipid Metabolism that 
Occur during Infection be Beneficial? 

The data presented earlier indicate that there is a 
close linkage between cytokine mediation of the im- 
mune response and changes in lipid metabolism. Mul- 
tiple cytokines at low doses rapidly modulate lipid 
metabolism, acting through multiple receptors, at mul- 
tiple sites, and by multiple mechanisms. Such disturb- 
ances in lipid metabolism are found in many types of 
infections and have not yet been found to cause any 
harm. As a consequence, we have raised the question 
as to whether disturbances in lipid metabolism could 
be part of host defense. Cytokine-induced changes in 
heptaic lipid metabolism could be a component of the 
hepatic acute phase response, which is beneficial. 

Several lines of evidence indicate that plasma lip- 
oproteins can decrease the toxicity of bacteria and 
viruses. Chylomicrons, VLDL, P-VLDL. LDL, and 
high density lipoprotein can bind lipopolysaccharide 
(LPS); in addition, chylomicrons, VLDL, LDL, and 
high density lipoprotein have been shown to prevent 
the ability of LPS to induce fever, hypotension, or death 
in mice and rats (16-20). Recent data indicate that 
infusion of lipoproteins in vivo also decreases LPS- 
induced death (H. Hams, C. Grunfeld, K. R. Feingold, 
J. P. Kane, A. L. Jones, E. B. Eichbaum, G. F. Bland, 
and J. H. Rapp, manuscript in preparation). When 
VLDL from normal subjects is extracted, previously 
bound and sequestered LPS can be recovered ( 17); this 
LPS was most likely scavenged from the circulation 
during low grade endotoxinemia that occurs periodi- 
cally in the circulation of normal individuals. 

Likewise, a variety of viruses, including mouse 
retroviruses (2 1 ), Epstein-Ban: virus (22). Japanese en- 
cephalitus virus (23), rabies virus, and vesicular sto- 
matitus virus (24), bind to lipoproteins and are neu- 
tralized. 

Summary and Conclusions 
As the immune response is activated during infec- 

tion, multiple changes in lipid metabolism, especially 
increased production of VLDL, occur. Many of the 
cytokines that mediate the immune response are able 

to produce such changes in lipid metabolism in vivo. 
The induction of hypertriglyceridemia or other changes 
in lipid metabolism during infection do not directly 
cause the wasting syndrome. It appears that such 
changes in lipid metabolism may be beneficial to the 
host, as lipoproteins inactivate a variety of infectious 
agents. Cytokine-driven hepatic VLDL production dur- 
ing infection most likely represents a part of the acute 
phase response. The body is thus able to increase serum 
lipids during infection, or at least maintain triglyceride- 
rich lipoproteins despite the anorexia of infection. In 
this manner, the anti-infective, protective effects of 
lipoproteins are maintained. 
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