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Detoxification of Bacterial Lipopolysaccharides 
(Endotoxins) by a Human Neutrophil Enzyme 

Lipopolysaccharides in the cell walls of Gram-negative bacteria elicit toxic as well as 
potentially beneficial inflammatory responses in animals. It is now reported that tissue 
toxicity caused by lipopolysaccharides is preferentially reduced by an enzymatic activity 
in human neutrophils. Acyloxyacyl hydrolysis removes fatty acyl chains that are linked 
to the hydroxyl groups of 3-hydroxytetradecanoyl residues in the bioactive lipid A 
moiety of the lipopolysaccharides. Maximal acyloxyacyl hydrolysis reduced lipopoly- 
saccharide tissue toxicity, as measured in the dermal Shwartzman reaction, by a factor 
of 100 or more. In contrast, the ability of the deacylated lipopolysaccharides to 
stimulate B lymphocytes to divide was decreased only by a factor of 12. It is suggested 
that during tissue invasion by Gram-negative bacteria acyloxyacyl hydrolysis may be a 
defense mechanism that reduces the toxicity of lipopolysaccharides while preserving 
some of their potentially beneficial inflammatory and immune stimuli. 

A NIMALS MOUNT A COMPLEX ARRAY 

of inflammatory responses to tissue 
invasion by Gram-negative bacteria. 

Many of these responses are provoked by 
lipopolysaccharides (LPS) in the bacterial 
outer membrane. Much evidence suggests 
that the lipid A moiety of LPS stimulates 
various animal cells that, in turn, mediate 
the inflammatory changes (1). Some re- 
sponses to LPS are toxic (hypotension, co- 
agulation disturbances, death), while others 
may benefit the infected host (enhancement 
of antibody synthesis, mobilization of 
phagocytes, or acute-phase protein synthe- 
sis, for example). Although both humoral 
and cellular processes for detoxifying LPS 
have been proposed (2 ) ,  no specific enzy- 
matic mechanism has been described. We 
report here that partial deacylation of LPS 
by an enzymatic activity in human neutro- 
phils greatly reduces the tissue toxicity of the 
molecules while preserving some of their 
immunostimulatory potency. 

In LPS from enteric bacteria (such as 
Salmonella and Escherichia), lipid A is a 
glucosamine disaccharide that is phosphory- 
lated at positions 1 and 4 '  and has six or 
seven covalently linked fatty acids (Fig. 1) .  

Four molecules of 3-hydroxytetradecanoate 
(3-OH-14:O) are attached to the gluco- 
samine backbone at positions 2, 3, 2', and 
3'; the hydroxyl groups of the 3-OH-14:O 
residues at positions 2' and 3' (and some- 

Fig. 1. Structure of S, typhimun'um lipid A (3). R 
labels the site of attachment of the polysaccharide 
chain. We used three LPS that had different 
numbers of saccharides attached to lipid A. Rc 
(rough), SR (one 0-repeat unit in the polysaccha- 
ride chain), and smooth (0-chains of dfferent 
lengths) LPS had approximately 7, 15, and 11 to 
15 1 or more saccharides, respectively. Aminoara- 
binose and phosphoethanolamine may be substi- 
tuted to the phosphates at positions 1 and 4', 
respectively (18). The arrows show the sites of 
cleavage by acyloxyacyl hydrolases. 

times 2) are substituted with nonhydroxyl- 
ated fatty acids (NFA) (dodecanoate, tetra- 
decanoate, and hexadecanoate) to form acvl- 
oxyacyl ( 3 ) .  It was pre"iously rePo&- 
ed that human peripheral blood neutrophils 
have an enzymatic activity that selectively 
removes the nonhydroxylated acyl chains 
from the lipid A moiety of Salmonella typhi- 
murium LPS (acyloxyacyl hydrolysis) (4). 
Partial purification of large amounts of en- 
zyme has now enabled us to determine the 
effects of acyloxyacyl hydrolysis on some of 
the bioactivities of LPS. 

Acyloxyacyl hydrolase activity was partial- 
ly purified (5 )  (approximately 1500-fold 
increase in specific activity) from HL-60 
human promyelocytes (6). Biosynthetically 
radiolabeled LPS were prepared from S. 
typhzmurium cells grown with [3H]acetate 
and N-acetyl- 1 - [14C]glucosamine (incorpo- 
rated into fatty acids and the glucosamine 
backbone, respectively, of lipid A) as de- 
scribed (4). 

\ 8 

The enzyme (or enzymes) released 3 ~ -  

labeled fatty acids, but not 14C-labeled glu- 
cosamine, from the double-labeled LPS 
(Fig. 2). The reaction reached an apparent 
maximum when approximately 32% of the 
3~ radioactivity was cleaved from the LPS; 
since 32% of the 3~ radioactivity in this 
preparation was in NFA, 32% deacylation 
was consistent with nearly complete removal 
of these residues. This conclusion was sup- 
ported by analysis of the fatty acid composi- 
tion of the substrate LPS and the reaction 

roducts: 68% of the radioactivity from the 
'H-labeled fattv acids in the LPS was in 3- 
hydroxytetradhcanoate and 32% was in 
NFA, whereas the 3~ radioactivity that was 
enzymatically released from LPS was almost 
entirely (94%) in NFA, and 95% of the 3H 
radioactivity in the partially deacylated LPS 
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was in 3-hydroxytetradecanoate (7). When enzyme preparation contained negligible 
32~-labeled S. yphimurium LPS were treated phosphatase activity. 
with enzyme in parallel with the double- The migration of the LPS in SDS-poly- 
labeled LPS, less than 5% of the 3 2 ~  was acrylamide gel electrophoresis (SDS- 
released from the LPS, indicating that the PAGE), was increased by enzymatic deacyl- 

0 .- 

0 12 24 36 48 

Incubation time (hours) 
t 

Fig. 2 (left). Time course of LPS deacylation by , ,, , 
neuaophil acyloxyacyl hydrolase. Double-labeled 
(3H/'4C) LPS (5 pg) were incubated at 37°C with SR Rc S 
enzyme in a reaction mixture (0.5 ml) that con- 
tained fatty acid-free bovine serum albumin (BSA) (1 mglml) (Sigma), 5 mM CaC12, 0.5% (vlv) Triton 
X-100, and 20 mM tris-citrate,pH 4.8. The reaction was stopped at the indicated times by precipitating 
the LPS and BSA with 1.2 ml of 95% ethanol. The precipitates were collected by cenmfugation 
(12,0008, 10 minutes, 4"C), washed once with 1.0 ml of 80% ethanol, suspended in 0.5 ml of normal 
saline, and stored at -20°C. ALquots of the precipitates and supernatants were counted, and the 
pmportion of each radiolabel that appeared in the supernatant was calculated. 32P-labeled S. 
typhimuvium Rc LPS (5 pg), prepared by growing the bacteria in a low-phosphate medium (19) that 
contained 32P04 (orthophosphate, New England Nuclear), were incubated in parallel and precipitated 
in the same way; 32P04, when incubated and processed identically, was completely recovered in the 
ethanol supernatant. Values are the means of two determinations. Fig. 3 (right). Analysis of intact 
and deacylated LPS by SDS-PAGE. Samples of LPS were solubilized in sample buffer and subjected to 
electrophoresis as described (8). The gel was treated with Fluoro-Hance (Research Products Interna- 
tional) and exposed on Kodak X-Omat XARd film at -70°C. The lanes contained the fobwing LPS 
preparations (percent loss of 3H radioactivity): 1 and 11, S LPS (1%); 2, S LPS (25%); 3, SR LPS 
(0.6%); 4, SR LPS (15%); 5, SR LPS (28%); 6, SR LPS (65%); 7, Rc LPS (1%); 8, Rc LPS (20%); 
9, Rc LPS (32%); and 10, Rc LPS (65%). LPS were enzymatically deacylated except for those in lanes 
6 and 10, which were treated with lM NaOH at 25°C for 18 hours (19). 

Dilution (fivefold) LPS deacylation (% of 
3 ~ - i a b d e d  fatty acids removed) 

Fig. 4. Mitogenic activity of intact and deacylated LPS. (A) Rc LPS deacylated as described in Fig. 2 
and added to single-cell suspensions of C3WHeN mouse spleen in 96-well microtiter plates (20); 
cultures (0.2 ml) contained 300,000 cells in RPMI 1640 with antibiotics and 5% fetal bovine serum. 
After 24 hours, [metCryl-3H]thymidine (0.5 pCi) was added, and the amount of radioactivity 
incorporated into the cells in each well was measured 18 hours later. Each LPS was tested in three five- 
fold dilutions from an initial concentration of 1.0 pg/ml. Symbols indicate the percent loss of 3H- 
labeled fatty acids from the LPS: a, 0%; 0,11%; 0,2296; A, 30%; W, 32%; A, no added test sample; 
and 0, deacylation incubation with enzyme but no LPS. Stimulation index = (3H counts in 
stimulated cells)/('~ counts in cells incubated without LPS). (B) Probit analysis (21) of the data in (A) 
indicated the concentration of each preparation that produced half-maximal stimulation of B-cell 
proliferation. The relation between LPS deacylation and loss of activity was essentially linear. 

ation, which suggests that the size of the 
molecules was reduced (Fig. 3). This in- 
crease in migration was less than that ob- 
served for LPS treated with alkali, which 
removes all four of the ester-linked fatty 
acids (compare lanes 5 and 6 and 9 and 10). 
Preservation of the original ladder pattern 
[which reflects the presence of molecules 
with different numbers of O-repeat units 
(8)] in the deacylated smooth LPS (lanes 1, 
2, and 11) hrther indicates that the polysac- 
charide chain was not removed by enzymatic 
treatment. Thus the only evident modifica- 
tion in the enzymatically treated LPS was 
the loss of NFA. 

Experiments to test the effects of acyl- 
oxyacyl hydrolysis on the bioactivities of 
LPS were guided by the reported bioactivi- 
ties of chemically synthesized lipid A ana- 
logs (9) and biosynthetic precursors of lipid 
A (10). Lipid A analogs and precursors that 
lack acyloxyacyl groups are less potent, by a 
factor of 500 or more, than complete lipid A 
in killing chick embryos, are nontoxic in the 
dermal Shwartzman reaction, and are ap- 
proximately 10 to 100 times less pyrogenic 
than complete lipid A, yet they are almost as 
potent (within tenfold) as lipid A in several 
assays for immunostimulatory activity (for 
example, B-cell mitogenicity, adjuvant activ- 
ity, and macrophage stimulation) (9, 10). 
Acyloxyacyl hydrolysis was thus expected to 
reduce the toxicity of LPS more than the 
immunostimulato& activity. Accordingly, 
we tested the effects of deacylation using the 
dermal Shwartvnan reaction, an assay for 
tissue toxicity, and the B-cell mitogenicity 
assay, a test that has correlated well with 
other assays of lipid A immunostimulation 
(9, 10). 

When a rabbit is inject& intradermally 
with LPS and then, 20 to 24 hours later, is 
injected intravenously with LPS, hemor- 
rhagic necrosis of the skin occurs at the 
intradermal injection site [dermal Shwartz- 
man reaction (i 1 )I. ~nzy&e-treated and un- 
treated LPS were tested simultaneously in 
the same New Zealand White rabbits; un- 
treated LPS were used for the intravenous 
dose. Maximally deacylated LPS (32% loss 
of 3H radioactivity) produced no reaction in 
two animals, one of which was given an 
intradermal dose of 10 pg and &e other, 
10.9 pg, and a third animal had a barely 
positive reaction at a dose of 9.6 pg. In 
contrast. LPS that had been incubated in the 
same reaction mixture without enzyme pro- 
duced areas of hemorrhage (3 mm or greater 
in diameter) at doses of 0.1 pg or more. The 
reduction in tissue toxicity was thus at least 
by a factor of 100. On the other hand, the 
ability of the same deacylated LPS to stimu- 
late murine B-cell division (Fig. 4) was 
reduced only by a factor of 6 to 20 (the 
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median reduction was by a factor of 12, n = 
5 experiments). Acyloxyacyl hydrolysis thus 
appeared to produce a greater reduction, by 
approximately a factor of 10, in LPS tissue 
toxicity than in immunostimulatory activity. 

These results confirm that acyloxyacyl 
groups are important for tissue toxicity, as 
expressed in the Shwartzman test; presurn- 
ably, they provide the necessary stimulus to 
critical target cells. Although acyloxyacyl 
groups also add to the immunostimulatory 
activity of LPS, as measured by the B-cell 
mitogenicity test, overall this contribution 
seems quantitatively less important than 
their contribution to toxicity. In previous 
studies of the biological role of acyloxyacyl 
groups, isolated lipid A and its analogs were 
used. The present results suggest that acyl- 
oxyacyl groups are also critical determinants 
of the bioactivity of the lipid A that occurs 
in nature, linked to a saccharide chain in 
LPS (12). 

To our knowledge, this is the first descrip- 
tion of an enzymatic activity that modifies 
the bioactivities of LPS. Antibody-opso- 
nized LPS undergo deacylation by neutro- 
phils and macrophages (4, 13); a plausible 
hypothesis places acyloxyacyl hydrolases in 
an acid intracellular compartment (for exam- 
ple, lysosomes), where deacylation of bacte- 
rial LPS may accompany the digestion of 
other bacterial components (14). Enzymati- 
cally deacylated LPS, released from phago- 
cytic cells by exocytosis (15) or cell death, 
might then interact with target cells such as 
B lymphocytes. However, the complete in- 
tracellular fate of LPS is not known; our 
studies have all dealt with purified LPS, not 
the LPS in bacteria per se; and other en- 
zymes may also process LPS. For example, 
murine macrophages can remove 3-hy- 
droxytetradecanoyl residues from LPS (13); 
this deacylation may completely inactivate 
the molecules. 

We suggest that a major function of neu- 
trophil acyloxyacyl hydrolases is to detoxify 
LPS. Maneuvers that increase enzyme activi- 
ty in vivo thus might prevent or ameliorate 
some of the toxic manifestations of Gram- 
negative bacterial diseases. It is also possible 
that enzymatically detoxified LPS may stim- 
ulate potentially beneficial components of 
the inflammatory response. Preservation of 
some of the immunostimulatory potency of 
detoxified LPS might allow animals to de- 
rive immune priming (16) during health and 
enhancement of antibody formation during 
infections. Acyloxyacyl hydrolases thus may 
have a biological role that parallels one 
proposed function of lysozyme, another en- 
zyme in phagocytic cells that cleaves a toxic 
bacterial cell wall polymer (peptidoglycan) 
into products (muramyl peptides) that may 
have irnmunostimulatory activities (17). 
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Inhibin-Mediated Feedback Control of Follicle- 
Stimulating Hormone Secretion in the Female Rat 

The secretion of follicle-stimulating hormone (FSH) by the anterior pituitary gland is 
regulated by the interaction of hypothalamic and gonadal hormones. Recently, 
proteins termed inhibins that selectively suppress FSH secretion have been purified 
and characterized from the gonadal fluids of several species. Ahtibodies to a synthetic 
peptide encompassing the amino terminal 25 residues of the recently characterized 
porcine inhibin were used to  develop a specific radioimmunoassay (RIA) for inhibin 
and to neutralize endogenous inhibin during the estrous cycle of the rat. The 
administration of 20 international units of pregnant mare serum gonadotropin 
(PMSG) stimulated the secretion of inhibin in intact immature female rats, whereas 
ovariectomy caused an abrupt decrease in plasma inhibin concentrations that were not 
prevented by the injection of PMSG. The infusion of a polyclonal antiserum to inhibin, 
from 12 noon on proestrus to 1 a.m. on the morning of estrus, as well as its acute 
intravenous injection during diestrus I or 11, caused an increase in plasma PSH (but 
not luteinizing hormone) concentrations. These results support the hypothesis of a 
feedback loop between the release of ovarian inhibin and FSH in the female rat. 

A LTHOUGH GONADOTROPIN-RELEAS- inhibits the release of FSH (3, 4). Several 
ing hormone (GnRH) and sex ste- groups (5-10) have reported the isolation of 
roids play a major role in controlling proteins that may account for inhibin activi- 

the secretion of luteinizing hormone (LH) ty from porcine and bovine follicular fluid 
and follicle-stimulating hormone (FSH) by and have described partial amino terminal 
the anterior pituitary gland (1,2), data from sequences of these proteins, which have two 
manv studies indicate the Dresence of an 
additional regulatory protein referred to as 
an inhibin. i hi^ water-soluble, nonsteroidal The Clayton Foundation Laboratories for Pe tide Biolo- 

gy, The Salk Institute, 10010 North Torrey {ines Road, 
protein is of gonadal origin and selectively La Jolla, CA 92037. 
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