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Shock and Tissue Injury Induced by Recombinant 
Human Cachectin 

KEVIN J. TRACEY, BRUCE BEUTLER,* STEPHEN F. LOWRY, 
JAMES MERRYWEATHER, STEPHEN WOLPE, IAN W. MILSARK, 
ROBERT J. HARIRI, THOMAS J. FAHEY 111, ALEJANDRO ZENTELLA, 
JAMES D. ALBERT, G. TOM SHIRES, ANTHONY CERAMI 

Cachectin (tumor necrosis factor), a protein produced in large quantities by endotox- 
in-activated macrophages, has been implicated as an important mediator of the lethal 
effect of endotoxin. Recombinant human cachectin was infused into rats in an effort to 
determine whether cachectin, by itself, can elicit the derangements of host physiology 
caused by administration of endotoxin. When administered in quantities similar to 
those produced endogenously in response to endotoxin, cachectin causes hypotension, 
metabolic acidosis, hemoconcentration, and death within minutes to hours, as a result 
of respiratory arrest. Hyperglycemia and hyperkalemia were also observed after 
infusion. At necropsy, difise pulmonary inflammation and hemorrhage were apparent 
on gross and histopathologic examination, along with ischemic and hemorrhagic 
lesions of the gastrointestinal tract, and acute renal tubular necrosis. Thus, it appears 
that a single protein mediator (cachectin) is capable of inducing many of the 
deleterious effects of endotoxin. 

B ACTERIAL ENDOTOXIN (LIPOPOLY- 

saccharide, LPS) is highly toxic to 
most mammals. When administered 

intravenously, it evokes a "shock" state, 
characterized by fever, hypotension, and 
multi-organ system failure (1-5). Fatality is 
associated with injuries involving the lungs 
(shock lung syndrome), kidneys (acute tu- 
bular necrosis), and gastrointestinal tract 
(mesenteric ischemia) (1, 2, 4, 6). This 
syndrome frequently occurs in the course of 
invasive Gram-negative infections and is as- 
sociated with a high mortality (2, 5, 7). 

Recently, it has become clear that endo- 
toxin does not injure host tissues directly, 
but does so through the action of an endog- 
enous mediator or mediators. C3HMeJ 
mice, which are highly resistant to the lethal 
effect of endotoxin as the result of a genetic 
lesion (the lpsd allele on chromosome 4) (8), 
are rendered endotoxin-sensitive if subjected 
to total body irradiation and transplanted 
with marrow obtained from mice of the 

closely related, endotoxin-sensitive strain 
C3HIHeN (9). Similarly, irradiated C3HI 
HeN mice reconstituted with C3HIHeJ 
marrow are endotoxin resistant (9). Thus, 
a host factor expressed by cells of hemato- 
poietic origin appears to confer endotoxin 
sensitivity. 

The macrophage appears to be the princi- 
pal cell involved in mediating the effects of 
endotoxin. Infectious agents capable of 
stimulating reticuloendothelial hyperplasia 
render animals exauisitelv sensitive to the 
effects of endotoxin (1 0). h more over, macro- 
phages activated by endotoxin in vitro pro- 
duce a soluble factor that is capable of killing 
endotoxin-resistant animals (11). 

Cachectin (12, 13) is a macrophage-de- 
rived polypeptide hormone known for its 
ability to modulate adipocyte metabolism 
(12, 14), lyse tumor cells in vitro (15, 16), 
and induce hemorrhagic necrosis of certain 
transplantable tumors in vivo (15). It consti- 
tutes between 1 and 2% of the total secre. 

tory protein produced by endotoxin-activat- 
ed macrophages in vitro (12). Copious 
quantities of the protein are also produced 
in vivo in response to endotoxin. Approxi- 
mately 5 .5  mg of cachectin are present per 
liter of rabbit serum 1.5 hours after endo- 
toxin administration (17). With consider- 
ation given to the half-life of the hormone in 
vivo (18), this would suggest the net pro- 
duction of milligram quantities of cachectin 
per kilogram of body mass. 

Recently, Beutler e t  al. (19) suggested 
that cachectin itself might initiate the tissue 
injury elicited by endotoxin. This suggestion 
was based on the observation that animals 
passively immunized against cachectin were 
protected against the lethal effect of endo- 
toxin (19). However, direct analysis of ca- 
chectin as a critical mediator of organ injury 
in sepsis required the isolation of large 
amounts of purified hormone, devoid of 
pharmacologically active quantities of endo- 
toxin. 

Accordingly, an artificial gene, encoding 
the amino acid sequence of cachectin, was 
constructed by means of an Applied Biosys- 
tems model 380A gene synthesizer. The 
gene was synthesized in 25 overlapping 
segments, which were annealed and ligated 
in a single reaction. Codons were chosen so 
as to optimize expression of the protein 
product in yeast. At the 5'  end, additional 
codons were added to spec$ the signal 
sequence of yeast a-factor, in order to ob- 
tain a secreted product (20). The synthetic 
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Fig. 1. Recombinant human cachcctin, uri6ed as P described in the text, was subjected to c ectr~pho- 
resis in a 10 to 15% polyauylamide gel under 
denaturing conditions and was stained with Coo- 
massie blue. Molecular weights are indicated. 

sequence was placed downstream from a 
fused alcohol dehydrogenase/glyceralde- 
hyde-phosphate dehydrogenase (ADH21 
GAPDH) promoter. 

Cachectin biosynthesis and secretion was 
induced in cultures of transformed Saahm- 
myca urePtjiae by glucose deprivation. Ap- 
proximately 30% of the secreted protein was 

cachectin. The sample was desalted by pas- 
sage over a Sephadex G-25 column equili- 
brated with 5 mM tris-chloride bder, pH 
8.4. The protein-rich kction was separated 
over a Mono-Q column, with a tris-chloride 
gradient, pH 8.4. Cachectin eluted as the 
major peak, at a concentration of 0.19M 
ais-chloride. The Mono-Q purified material 
(approximately 85% cachectin) was then 
mixed with an equal volume of 3.4M 
(NIQ2S04 and separated fiucher on a phe- 
nyl Superose column. Proteins were eluted 
by means of a declining salt gradient [1.7M 
to OM (NH&SO4 buffered with 50 mM 
Na-P04,pH 7.01. The endotoxin content of 
the sample was less than 0.4 kg per rnilli- 
gram of protein, as assessed by L h d u  
arnebocyte lysate tests. The final product 
(Fig. 1) was elecnophoretically and chro- 
matographically homogeneous and behaved 
as a dimer on high-performance gel filtra- 
tion analysis. 

To est-abliish the acute toxiciw of cachec- 
tin, we infused the highly p d i d  hormone 
into unanesthetized female Sprague-Dawley 
rats (225- to 250-g body weight) via the tail 
vein in various doses over 5 minutes (Table 
1). The animals were observed for 12 hours 
after infusion. Those animals that suc- 
cumbed to the effects of the inhion were 
necropsied immediately, and all survivors 
were killed for necropsy at the end of the 
experimental period. The animals receiving 
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Fig. 2. Vital signs and arterial pH, PO2, and PCOz monitored in individual rats. Animals were 
cannulated at t = - 1 hour. Top (A and B), infusion of isotonic saline via the superior vena cava (open 
bars); bottom (A and B), infusion of 1.8 mg of cachectin per kilogram of body weight (solid bars). (A) 
( L i e  l ) ,  heart rate (beats per minute); (line 2), systolic blood pressure (BP); (line 3), respiratory rate 
(respirations per minute). (B) (Line 4), pH; (line S), PO2; (line 6), K O 2 .  

Fig. 3. Gross appearance of the gastrointestinal 
tract in an animal that died 4 hours after cachectin 
infusion (1.8 mg per kilogram of body weight). 

doses in excess of 0.6 mg of cachectin per 
kilogram of body weight became lethargic 
within minutes after infusion. This was fol- 
lowed by piloerection without chills, bloody 
diarrhea, and tachypnea. The 12-hour mean 
lethal dose was estimated to be 0.7 mg of 
cachectin per kilogram of body weight by 
the method of Bliss and Litchfield (21). 

We studied several physiological parame- 
ters to further characterize the response to 
cachectin administration. Pentobarbital- 
anesthetized rats were monitored via arterial 
cannula before, during, and afier cachectin 
infusion into the superior vena cava. Arterial 
glucose, Na+, K+, and hematocrit were 
recorded in animals receiving various doses 
of cachectin (Table 2). Vital signs, as well as 
arterial pH, POz, and X02, are compared 
graphically for experimental and control mi- 
mals (Fig. 2). 

Control animals (receiving no cachectin), 
maintained stable hemodynamic and vital 
functions over 6 hours of continuous moni- 
toring. Similarly, no significant changes 
were observed in any of the other measured 
parameters except for hematocrit, which fell 
as a result of serial blood sampling with 
volume replacement (cubic centimeter for 
cubic centimeter) with lactated Ringer's so- 
lution. This decline in hematocrit induced 
no si@cant changes in hemodynamic or 
respiratory function throughout the 6-hour 
study period. 

Rats infused with cachectin at low (0.2 to 
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0.6 mg/kg) doses exhibited mild to moder- 
ate tachypnea and hypotension followed by 
recovery. At higher doses, an overwhelming 
metabolic acidosis occurred, leading to a 
preterrninal decline in arterial pH to 6.99 5 
0.11 (SD; n = 10). Plasma lactate levels 
were elevated by a factor of 3 to 5 when 
compared to concentrations before infusion. 
Death occurred after respiratory arrest. The 
physiological derangements that occurred in 
a typical animal i h e d  with cachectin are 
detailed in graphic form in Fig. 2. 

At necropsy, several gross abnormalities 
were readily apparent in cachectin-infused 
rats. Diffuse hyperemia and punctate areas 
of hemorrhage were evident in the lungs. 
Rats treated with cachectin in doses exceed- 
ing 0.6 mgkg exhibited segmental ischemia 
of the bowel with regions of frank hemor- 
rhage or necrosis (Fig. 3); the cecum ap- 
peared particularly sensitive to the hormone, 
and was invariably infarcted. The kidneys 
were uniformly distended and hyperemic. 
The pancreas was edematous and contained 
regions of focal hemorrhage. Adrenal hem- 
orrhage was also observed in several mi- 
mals. 

Histopathologic examination was per- 
formed on tissues k e d  with 10% formalde- 
hyde in phosphate-buffered saline. Sections 
obtained from areas of the lung (Fig. 4A) 
that were hemorrhagic in appearance re- 
vealed occlusion of large arteries by thrombi 
composed primarily of polymorphonuclear 
leukocytes. An intense margination response 
was observed, with migration of polymor- 
phonuclear cells through the walls of the 
pulmonary vessels. A severe interstitial and 
peribronchiolar pneumonitis was also ap- 
parent, with marked thickening of the alveo- 
lar membranes. 

Histological sections taken through non- 
necrotic regions of the intestinal tract (Fig. 
4B) also showed inflammatory changes, 
with invasion of the submucosa and m m -  
laris mucosa by polymorphonuclear leuko- 
cytes. The epithelium was denuded in a focal 
distribution throughout the bowel. 

The renal glomeruli appeared mildly hy- 
percellular. In addition, acute tubular necro- 
sis was evident, with disruption of both 
proximal and distal elements of the nephron 
(Fig. 4C). In longitudinal section, numer- 
ous red cell casts, as well as occasional 

inflammatory cells, were seen within the 
tubules. Histological examination of rats 
infused with phosphate-buffered saline (the 
solvent in which cachectin was adminis- 
tered) revealed none of the changes charac- 
teristic of cachectin-treated rats (Fig. 4, D to 
F) 

The pathophysiological and histological 
findings reported here mimic changes 
evoked by administration of lethal doses of 
endotoxin (14 ,6) .  The inflammatory pneu- 
monitis, mesenteric ischemia, and acute tu- 
bular necrosis characteristic of rats treated 
with cachectin are also observed in endotox- 
in-treated animals. The cannulation and in- 
fusion of the rats in these studies may have 
led to the introduction of small quantities of 
bacterial endotoxin or other contaminants. 
However, no deteaable physiological or 
histopathologic changes occurred with en- 
dotoxin infused in doses as high as 10 
p a .  Moreover, preparations of cachectin 
that were boiled to destroy the biological 
activity of the hormone also failed to induce 
any changes. 

We obtained further evidence implicating 
cachectin as the toxic agent by administering 

Fig. 4. Histological appearance of tissues obtained from a single rat treated Section of small bowel. (C) Sections of kidney cut perpendicular to the axis 
with a&& at a dose of 1.8 mg per kilogram of body weight. Sections of the tubules. Control tissues: (D to F) lung, small bowel, and kidney 
were stained with hematoxylin and eosin. (A) Section taken through a region sections (respectively) obtained from a rat infixed with phosphate-buffered 
of wduent hemorrhage observed on gross examination of the lung. (B) saline. 
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Table 1. Sunrival among Sprague-Dawley rats 12 
hours after treatment with cachectin in various 
doses. 

Cachectin dose Sunrival Mean 
(mgikg body sunrival 

weight) No.lgroup % time* 

showed none of the lesions typically induced 
by cachectin. 

Several investigators have reported that 
cachectin [tumor necrosis factor (TNF)] 
activates human neutrophils, stimulating 
their adherence to endothelial cell surfaces 
and increasing their phagocytic potential 
(22). Cachectin also initiates skeletal muscle 
depolarization (23) and may play a role in 
the sequestration ofwater and electrolytes in 
shock. Moreover, cachectin stimulates endo- 
thelial cell secretion of a procoagulant fac- 

*Observation was continued for a period of 12 hours tor, and decreases endotheiial cell~xpression 
before the rats were killed, as described in the text. 
Animals receiving cachectin at a dose of 0.2 mglkg of thr~mbomodulin (24); hence, the her- 
exhibited segmental infarctions or perforation of the mane may initiate inappropriate hemostasis, 
gastrointestinal tract, or both, particularly in the region 
of the cecum. Other animals treated with this dose Occurs in shock. 
exhibited acute tubular necrosis. These acute lesions Cache& interacts with specific receptors 
would likely have decreased long-term survival. Means t 
SD of those not sun~iving. tRats in this roup were present On a wide of tissue targets 
Pven 4 mg of a neutralinng monodonal anti%ody by an (12, 18), suggesting that the hormone may 
intravenous route 1 hour before cachectin infusion. elicit diverse physiological effects. Cachec- 

4 mg of a neutralizing mouse monoclonal 
antibody directed against human cachectin 
to rats 1 hour before infusion of the hor- 
mone. Animals pretreated with the mono- 
clonal antibody were fully protected from 
the effects of otherwise lethal doses of ca- 
chectin (Table 1). After cachectin infusion, 
the immunized animals were active and did 
not exhibit piloerection, diarrhea, or tachy- 
pnea. Histopathologic examination of tissue 
specimens obtained from these passively im- 
munized animals after they were killed 

tin-induced hemoconcentration may reflect 
plasma volume contraction resulting from 
transudation of fluid. Hyperkalemia pre- 
sumably occurs as a result of renal failure, 
widespread tissue injury, and metabolic aci- 
dosis. Transient hyperglycemia, which is 
often observed in endotoxemic states (25), 
may result from mobilization of glycogen 
stores in the setting of a generalized adrener- 
gic response. Purified cachectin, adrninis- 
tered in quantities similar to those evoked 
by lethal doses of endotoxin, can produce a 
potentially lethal syndrome of physiological 
decompensation and tissue injury. To our 

Table 2. Acute alterations of  hematocnt (HCT)  and arterial glucose, Na+, and K+, after cachectin 
infusion into Sprague-Dawley rats. Means t SD. ND, data not  obtained. 

knowledge, no single endogenous mediator 
has previously been shown to initiate this 
s~ecirum of host resDonses. 

Cachectin has been shown to induce the 
release of interleukin-1 (IL-1) in vitro (26, 
27) and in vivo (26). The IL-1, in turn, 
might trigger the production of interleukin- 
2, leading to further fluid sequestration, and 
a net decline in plasma volume (28). More- 
over, several other molecules, including leu- 
kotrienes (29) and platelet-activating factor 
(30) have also been implicated in the patho- 
genesis of inflammation and cardiov~scular " 
collapse as they occur in the setting of 
endotoxemia. It would seem likely that these 
effectors are involved in the Drocesses that 
we have described, and that cachectin may 
act to initiate their production. 

The inflammatory response may serve to 
protect the host from invasion, or may 
injure the host by causing extensive destruc- 
tion of normal tissues. The protective effects 
of cachectin, which have led to its preserva- 
tion throughout mammalian evolution, re- 
main unknown. The effects of localized or 
low-level production of cachectin have not 
yet been determined. However, our data 
suggest that systemic release of cachectin, as 
occurs in endotoxemic states, can initiate 
shock and tissue injury. 

It would appear that cachectin occupies a 
proximal position in the pathogenesis of 
endotoxin-induced tissue injury. Further 
studies directed at interruption of cachectin 
production or inhibition of its action might 
provide new therapeutic directives. 

Cachectin 
dose (mglkg n t* HCT Glucose Na+ K+ 

body welght) (mgldl) 
(meqlliter) (meqlliter) 
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Cultivation of Rhinospovidi~m seeben' in Vitro: 
Interaction with Epithelial Cells 

R h i m i u m  seeberi, a fungus that is associated with polyp-like tumors in animals 
and man, was successfully cultivated. This organism stimulated proliferation of 
epithelial cells in vitro, producing polyp-like structures. Spores produced in culture 
required a period of agmg or development, or both, before they were capable of 
reinitiating the growth cycle. 

R HINOSPORIDIUM SEEBERI, A FUN- 
gus of uncertain classification, is 
associated with tumor-like growths 

of epithelial tissues in various mammalian 
hosts including man (1 ) . Although infection 
with this organism is most commonly re- 
ported from south Asia, infection is known 
to occur within the United States (2). De- 
spite numerous attempts, experimental in- 
fection of animals or complete development 
in vitro has not been achieved (1 ,3 ) .  There- 
fore detailed information about the life his- 
tory of R. seeberi or the mechanism by which 
it induces tumor-like growths is unavailable. 
We now report successful cultivation of this 
organism A d  describe the ability of R. 
seeberi to induce proliferation of epithelial 
cells in vitro. 

Rhinospmrdrum seebm' was recovered from 
a dog with a nasal tumor (4). Examination 
of a thin section of this tissue revealed 
various developmental stages of the orga- 
nism (Fig. 1). The polypoid mass contain- 
ing the organisms was removed, and a piece 
weighing approximately 1.5 g was placed in 
several volumes of complete tissue culture 
medium (5) containing antibiotics (double 
the described concentration) and main- 

suspension were put into 25-cm2 plastic 
tissue culture flasks containing recently con- 
fluent monolayers of an epitheloid human 
rectal tumor (HRT) cell line (6) or into 
control flasks without cells. Pairs of these 
flasks, one with and one without cells, were 
placed in environments of 5% C 0 2  in hu- 
midified air at either 27" or 34°C. Within 
minutes, organisms of various sizes (7) were 
observed to be strongly adherent to the 
HRT monolayers. Few organisms adhered 
to the flasks-that did not contain cells. 
Twenty-four hours after the culture was 
initiated, organisms were strongly attached 
to the HRT monolavers. and ~hase-contrast 
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microscopy at ~ 2 5 0  revealed numerous 
cells in the immediate vicinity of organisms 
in the 34°C culture. 4lthough rhinosporidia 
were strongly adherent, cellular changes 
were not observed in the 27°C culture. 
Cultures without HRT cells contained many 
free rhinosporidia and degenerating canine 
cells. A few organisms and canine cells ad- 
hered to the control flasks at 34"C, but none 
were adherent at 27°C. At 34°C and 2 days 
after inoculation of the HRT-containing 
culture, polyp-like structures were observe2 
surrounding groups of two to ten orga- 
nisms. These polypoid structures consisted 
of HRT cells that were proliferating imme- 
diately next to organisms. Polyps were not 
observed in areas of the flask not containing 
adherent organisms. By day 4, numerous 
polyps were present in &e culture, and 
mature sporangia were observed developing 
and releasing spores into the medium. The 
swres were initiallv confined close to the 
sporangia and were contained within a fibu- 
lar matrix as described earlier (8), but most 
eventually became free in the medium. A 
small percentage, estimated at less than 1% 
of the total number of spores, adhered to the 
HRT monolayer and reinitiated the growth 
cycle. Development of these spores into 
mature sporangia was confirmed by daily 
monitoring. M e r  sporulation, an empty 
cyst-like structure was left and HRT prolif- 
eration ceased, whereas HRT cells adjacent 
to growing organisms continued to prolifer- 
ate. On day 6, during a routine medium 
change, nonadherent k r e s  were removed 
and placed in other flasks containing recent- 
ly confluent HRT cells to initiate the first 
subculture. 

The original culture was maintained for 
63 days during which the organisms contin- 
ued to grow and induce polyp-like prolifera- 
tions. On day 1 of the original culture, a 

tained at 4°C for 4 hours.   he tissue was Fig. 1. (A) Histologic section from the nasal 
then rinsed several times with sterile me&- P~YP contains stages R h i ~ -  

ridurn seeberi. The largest structure is a sporangi- containing antibiotics, minced, and um filled with endospores. Endospores are more 
placed in a chilled (4°C) tissue grinder (Ten mature centrally and at one pole of the sporangi- 
Brock) with 2 ml of medium. The homoge- um. (B) An intermediate stage in sporangial ,. - .  
nate was resuspended in 50 rnl of maturation of R. seebm'. At this stage the capsule 27606. 

and sedimented at 15008 for minutes at is thick; it consists of two layers, and the central E. B. BxiMhwerdt* Dc~amnent 
cavity contains a mass of developing endospores. and ' p i a l  of 

40C. The pellet was in rnl Original magnifications: (A) x200; (B) x400. North Carolina State University, Raleigh, NC 27606. 

complete medium, and 1-d portions of the Stained with hematoxylin and eosh. 
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