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Enhanced lethality for BALB/c mice has been observed after the administration
of Salmonella typhosa endotoxin with either actinomycin D, cycloheximide, or
nogalamycin. The dose of actinomycin D required to kill half of the mice (LDso) was
0.8 mg/kg in normal animals, 0.35 mg/kg in mice administered 0.08 mg of endo-
toxin per kg, and 0.28 mg/kg in mice administered 0.2 mg of endotoxin per kg. The
LD;, of endotoxin in normal mice was 12 mg/kg and in mice given 0.4 mg of
actinomycin D per kg was 0.067 mg/kg. The LD, of actinomycin D in mice admin-
istered 1.8 X 108 live Escherichia coli cells per kg or 1.8 x 10° heat-killed E. coli
cells per kg was reduced to 0.4 mg/kg. The LDj, of cycloheximide was 181 mg/kg
in normal animals and 28 mg/kg in mice administered 4 mg of endotoxin per kg. The
LDs, of endotoxin in mice given 120 mg of cycloheximide per kg was 0.02 mg/kg.
Enhanced lethality due to various combinations of cycloheximide and endotoxin
was abolished by pretreatment of mice with endotoxin. The LDj, of nogalamycin
was 21 mg/kg in normal mice and 13 mg/kg in mice receiving 1 mg of endotoxin

per kg.

Bacterial endotoxin potentiates the responses of
animals to a number of biological and nonbio-
logical agents, including various antibiotics (4, 8,
11). Berry (1), for example, observed an enhanced
lethal effect in mice receiving both endotoxin and
actinomycin D.

Pieroni et al. (7) and Dowling and Feldman
(3) have used this potentiation as the basis for an
extremely sensitive bioassay for the detection of
submicrogram quantities of endotoxin. In addi-
tion, Karp and Bradley (5) have observed a syn-
ergistic toxicity for mice of combinations of endo-
toxin with either sparsomycin or pactamycin.
Subsequently, Bradley and Rose (Fed. Proc. 29:
682, 1970) noted an increased rate of death in
mice given combinations of daunomycin and
endotoxin.

As a first step in determining the potential
clinical significance of these interactions, we con-
ducted a survey for enhanced toxicities involving
bacterial endotoxin and selected chemothera-
peutic agents. Enhanced death occurred in mice
administered endotoxin in combination with
cycloheximide or nogalamycin. In addition, en-
hanced mouse lethality was demonstrated in ani-
mals receiving gram-negative bacterial cells and
actinomycin D.

MATERIALS AND METHODS

BALB/c male mice weighing 22 to 27 g were used.
Drug solutions were prepared such that the required
amount could be administered intraperitoneally
(ip) in 0.01 ml per g of mouse. Actinomycin D (Cal-
biochem, Los Angeles, Calif.), nogalamycin (Upjohn
Co., Kalamazoo, Mich.), cycloheximide (Nutritional
Biochemicals Corp., Cleveland, Ohio), and Salmonella
typhosa 0901 W lipopolysaccharide (Difco) were dis-
solved or suspended in sterile 0.15 M NaCl and ad-
justed to pH 7.0. When endotoxin or bacterial cells
were given to mice with a drug, the injections were ad-
ministered simultaneously, i.e., within 15 seconds, in a
random sequence.

Stock cultures of a strain of Escherichia coli ob-
tained from the collection of the Department of Micro-
biology were maintained on Penassay agar (Difco).
Cultures grown in peptone-yeast extract (0.5 and 0.3,
respectively) broth for 18 hr at 37 C were harvested
by centrifugation and suspended in sterile saline to
give an absorbance of 0.25 in a Spectronic 20 (Bausch
& Lomb, Inc., Rochester, N.Y.) at 420 nm. The num-
ber of viable organisms in this suspension was de-
termined as colony-forming units after 24 hr of incu-
bation at 37 C on Penassay agar. The logarithmic
mean and standard error of duplicate determinations
for 10 suspensions was 8.7 X 107 = 2.1 X 107 cells/
ml. The LDs, for mice 7 days after ip inoculation was
5.5 X 10° cells/kg.
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The bacterial cells were subjected to two different
heat treatments. Suspensions were heated in a water
bath at 58 C for either 20 min or 1 hr. Heating for 20
min reduced the viable count of the suspension of E.
coli having an A4 of 0.25t0 2.2 X 105 + 0.85 X 105
cells per ml. Heating for 1 hr reduced the viable count
of this same suspension to less than 10® viable cells
per ml.

Synergy was determined by analyzing isobolograms
(10) and by using the method of Treffers and Muschel
(12). The amount of drug that killed 509, of the
treated animals (LDs) was determined by the method
of Reed and Muench (9) or, where applicable, by in-
terpolation from probit plots (6). Potency ratios and
tests for parallelism were determined by the method of
Litchfield and Wilcoxon (6). The acceptable level of
significance was P < 0.05.

Pretreatment of mice with S. typhosa endotoxin
involved the following regimen: 2 mg of endotoxin per
kg on day —5, 4 mg of endotoxin per kg on days —4
and —3, and 8 mg of endotoxin per kg on day —2.
The mice were challenged on day 0.

RESULTS

The LDys, of actinomycin D for BALB mice 3
days postinjection was 0.82 mg of actinomycin D
per kg (Fig. 1). During this series of experiments,
the LDy, of S. typhosa endotoxin was 12.2 mg/
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FiG. 1. Potentiation of actinomycin D toxicity for
mice by Salmonella typhosa endotoxin. The lethal re-
sponses of BALB mice to various doses of actinomycin
D with no endotoxin (—), 0.08 mg of endotoxin per kg
(-++), or 0.2 mg of endotoxin per kg (-—-) are
plotted on a probit scale.

ENHANCED TOXICITY OF ENDOTOXIN

551

95
: i
-
=50
(-4
=2
e
5.

0.05 0.1 510 50

EnpoTOXIN (MG/KG)

FIG. 2. Potentiation of S. typhosa endotoxin lethality
for mice by actinomycin D. The lethal responses of
BALB mice to various doses of endotoxin with no
actinomycin D (—) or 0.4 mg of actinomycin D per kg
(= —-) are plotted on a probit scale.

kg by Reed-Muench determination and 13.8
mg/kg by probit analysis (Fig. 2). Mice
simultaneously given 0.4 mg of actinomycin D per
kg and endotoxin, and scored on day 3, gave an
LDy, with respect to endotoxin of 0.067 mg/kg
(Fig. 2). Lesser reductions in endotoxin lethality
were elicited by the simultaneous administration
of 0.3 or 0.2 mg of actinomycin D per kg with
endotoxin (Fig. 3). Analysis of the probit plot of
endotoxicity, with and without the simultaneous
administration of 0.4 mg of actinomycin D per
kg, showed a potentiation of endotoxin lethality
of greater than 200-fold (Fig. 2). The LD;, of
actinomycin D was decreased to 0.35 mg/kg
when administered to mice in combination with
0.08 mg of endotoxin per kg and to 0.28 mg/kg
with 0.20 mg of endotoxin per kg (Fig. 1). This
represents potentiations of 2.3- and 2.9-fold, re-
spectively. The lethality of various combinations
of endotoxin and actinomycin D was greater
than the additive effects of the corresponding drug
doses (Fig. 3).

Potentiation of actinomycin D lethality was also
observed after simultaneously administering non-
lethal doses of live or heat-killed E. coli cells to
mice (Table 1). As few as 1.8 X 10°® viable cells
per kg given to mice in combination with 0.4 mg
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FiG. 3. Synergistic toxicity for mice of combina-
tions of actinomycin D with S. typhosa endotoxin. The
dashed line connects LDsy values for various combina-
tions; the solid line indicates the responses expected
for additive effects.

of actinomycin D /kg resulted in 559, death within
3 days. The administration of 1.8 X 10° heat-
killed cells per kg, obtained by heating 8.7 X
10" &+ 2.1 X 107 cells per ml at 58 C for 20 min or
1 hr, with 0.4 mg of actinomycin D per kg, re-
sulted in 63 and 509, lethality, respectively,
within 3 days after inoculation. The LDy, for
actinomycin D changed from 0.82 mg/kg to 0.38
mg/kg when the drug was given in combination
with either 1.8 X 10 heat-killed cells (from the 20
min, 58 C heat treatment) or 1.8 X 108 viable
cells per kg. This corresponds to a greater than
twofold potentiation of actinomycin D lethality.

The LDy, of cycloheximide 3 days after chal-
lenge was 181 mg of cycloheximide per kg by the
Reed-Muench method and 185 mg of cyclohexi-
mide per kg by probit analysis (Fig. 4); 120 mg of
cycloheximide per kg was nonlethal. The LD, of
endotoxin for mice during this period of experi-
mentation was 20.5 mg/kg by Reed-Muench de-
termination and 18.5 mg/kg by probit analysis
(Fig. 5). When administered with 120 mg of cyclo-
heximide per kg, the LD;, of endotoxin after 3
days was decreased to 0.02 mg/kg, representing a
925-fold potentiation (Fig. 5). Other combinations
of endotoxin and cycloheximide also resulted in
synergistic potentiation of mouse lethality; 20 mg
of cycloheximide per kg with 8 mg of endotoxin
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per kg, 40 mg of cycloheximide per kg with 4 mg
of endotoxin per kg, and 120 mg of cycloheximide
per kg with 0.2 mg of endotoxin per kg resulted
in 50, 90, and 1009, lethality, respectively, within
3 days. The administration of these same drug-
endotoxin combinations to mice which were pre-
viously treated with endotoxin proved nonlethal.

The LDj, on day 3 of cycloheximide decreased
from 185 mg/kg to 28 mg/kg when the drug was
given to mice with 4 mg of endotoxin per kg (Fig.
4). Mice receiving 4 mg of endotoxin per kg did
not die. This reduction in the LDs, of cyclohexi-
mide in the presence of 4 mg of endotoxin per
kg represents a 6.6-fold drug potentiation. The
lethality after 3 days due to various combinations
of cycloheximide and endotoxin was greater than
the additive effects of the corresponding drug
doses (Fig. 6).

The LD;, values for nogalamycin, as deter-
mined by the Reed-Muench method for days 3 and
7, were 22.9 and 21.5 mg of nogalamycin per kg,
respectively. By probit analysis, the 7-day mortality
data gave an LDj;, of 21 mg of nogalamycin per
kg (Fig. 7). The LDj, of endotoxin for mice dur-

TaBLE 1. Enhanced toxicity for mice of
actinomycin D with Escherichia coli

cells
Acti Cum(lixla'éil;/eflzer cent

ctinomy- . i No. ot eath after

(1fxlgn/kg) E. coli cells/kg mice

3 days 7 days

0.4 None 68 9 15
0.4 9.0 X 107 22 27 36
0.4 1.8 X 108 22 55 68
0.4 1.8 X 10° 6 100 100
0.4 3.6 X 108¢@ 10 10 20
0.4 9.0 X 108« 16 56 69
0.4 1.8 X 109« 16 63 63
0.4 1.8 X 100° 10 50 60
0.3 1.8 X 108 12 8 17
0.3 3.6 X 108 12 8 25
0.3 9.0 X 108 12 42 42
0.3 9.0 X 108¢ 12 0 0
0.3 1.8 X 1094 18 11 17
0.2 3.6 X108 | 12 | 0 0
02 l9.0x100 | 24 | 33 42
0.2 1.8 X 10° 6 100 100
0.2 9.0 X 1084 12 \ 0 0
0.2 1.8 X 100 @ 18 | 11 22
0.0 1.8 X 10° 18 ‘ 0 0
0.0 1.8 X 109 18 i 0 0

e E. coli cells were heated at 58 C for 20 min.
This resulted in a 400-fold decrease in viability
(e.g., heat treatment of an As of 0.25 left 2.2 X
105 + 0.85 X 105 viable cells per ml).

b E. coli cells were heated at 58 C for 1 hr. The
viable cell count of the treated suspension (A of
0.25) was less than 10% cells per ml.
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FiG. 4. Potentiation of cycloheximide toxicity for
mice by S. typhosa endotoxin. The lethal responses of
BALB mice to various doses of cycloheximide with no
endotoxin (—) or 4 mg of endotoxin per kg (—) are
plotted on a probit scale.

ing this period of experimentation was 17.9 mg/
kg as calculated by the Reed-Muench method and
17.5 mg/kg by probit analysis (Fig. 8). The LDj,
of endotoxin, scored on day 3, was reduced to
0.2 mg/kg when mice were simultaneously ad-
ministered 20 mg of nogalamycin per kg, thus
representing an 88-fold potentiation (Fig. 8). It
should be noted that, when given alone, 20 mg of
nogalamycin per kg resulted in only 39, lethality.
Other nogalamycin-endotoxin combinations like-
wise resulted in enhanced lethalities. The 7 day
LDj, of nogalamycin was reduced from 21 mg/kg
to 13.2 mg/kg when administered to mice in com-
bination with 1 mg/kg of endotoxin (Fig. 7),
thus representing a 1.6-fold potentiation. The
lethality due to various combinations of nogala-
mycin and endotoxin was greater after 3 days
than the additive effects of the corresponding
drug doses (Fig. 9).

DISCUSSION

The previously reported potentiation of mouse
lethality due to simultaneous administration of
combinations of actinomycin D and endotoxin
has been confirmed (1, 3, 7). The smaller poten-
tiation of endotoxicity observed by us may be
due to any number of factors including, strain
and sex of mice, source and dose of antibiotic,
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FiG. 5. Potentiation of S. typhosa endotoxin lethality
Jor mice by cycloheximide. The lethal responses of
BALB mice to various doses of endotoxin with no
cycloheximide (—) or 120 mg of cycloheximide per kg
(—) are plotted on a probit scale.
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FiG. 6. Synergistic toxicity for mice of combinations
of cycloheximide with S. typhosa endotoxin. The dashed
line connects LDy, values for various combinations; the
solid line indicates the responses expected for additive

effects.
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F1G. 7. Potentiation of nogalamycin toxicity for
mice by S. typhosa endotoxin. The lethal response of
BALB mice to various doses of nogalamycin with no
endotoxin (—) or 1 mg of endotoxin per kg (—) are
plotted on a probit scale.
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F1G. 8. Potentiation of S. typhosa endotoxin le-
thality for mice by nogalamycin. The lethal responses of
BALB mice to various doses of endotoxin with no no-
galamycin (—) or 20 mg of nogalamycin per kg (—)
are plotted on a probit scale.
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and day of LDj;, determination. The slopes of the
dose-response curves for mice given endotoxin
and actinomycin D are parallel to the responses
to endotoxin alone and to antibiotic alone. In
addition, the isobologram for the 3-day LD, data
depicts a synergistic interaction. Accordingly, the
observation that both actinomycin D and endo-
toxin significantly potentiate each other in a paral-
lel manner indicates that the underlying mecha-
nism of the synergy may involve a dualistic en-
hancement of each agent’s mode of toxic be-
havior.

The approximately twofold potentiation of
actinomycin D lethality by either live or heat-
treated E. coli cells, although not parallel to the
lethal response to actinomycin D alone, neverthe-
less demonstrates that endotoxin per se need not
be administered to elicit a synergistic reaction. The
10-fold differential between the number of live
cells and the number of heat-killed cells required
to elicit a similar actinomycin D potentiation
might be due to multiplication of the live cell in-
oculum. The potentiation of actinomycin D
lethality by 0.08 mg of endotoxin per kg (2.3-
fold) and 1.8 X 10° heat-killed cells per kg (2.2-
fold) is approximately the same. Assuming 10

EnpoToxIN (MG/KG)

25

NoGALAMYCIN (MG/KG)

F1G. 9. Synergistic toxicity for mice of combina-
tions of nogalamycin with S. typhosa endotoxin. The
dashed line connects LDs, values for various combina-
tions; the solid line indicates the response expected for
additive effects.
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ug of endotoxin per 10° gram-negative cells (2),
the effect of the E. coli cells can be reasonably
attributed to their endotoxin composition. Be-
cause the biological effect resulting from the
simultaneous administration of 0.4 mg of actino-
mycin D per kg with 1.8 X 10° heat-killed cells
per kg, derived from either the 20-min or 1-hr
heat-treatment of the same number of viable
cells, is approximately equal, the endotoxin con-
tent of the cells, and not the presence of viable
organisms, is probably responsible for the drug
potentiation.

@ The lethal responses to combinations of cyclo-
heximide with endotoxin are parallel to the corre-
sponding responses of each agent administered
separately. This complementary interaction is
consistent with the symmetrical nature of the
isobologram for the cycloheximide-endotoxin
data based upon 3-day LDj, values. The success-
ful elimination of the cycloheximide-endotoxin-
enhanced lethality by pretreatment of the mice
with endotoxin is consistent wtih similar results
previously reported involving combinations of
sparsomycin with endotoxin (5) and daunomycin
with endotoxin (Bradley and Rose, Fed. Proc.
29:682,1970).

The lethal responses to combinations of no-
galamycin and endotoxin are not parallel to the
lethal responses for endotoxin alone but are
parallel (P < 0.05) to the lethal responses for the
antibiotic alone. Moreover, deaths due to endo-
toxin occur during the first 48 hr after administra-
tion, whereas deaths due to nogalamycin and
combinations of nogalamycin and endotoxin
occur up to 7 days after injection. These data
indicate that the nogalamycin-endotoxin inter-
actions resulting in enhanced lethality are mainly
due to a potentiation of the antibiotic’s mode of
injury.

The questions remains: does the antibiotic
retard the clearance or detoxification of endo-
toxin, or both? Conversely, endotoxin may retard
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the clearance or detoxification of the antibiotic.
The data presented suggest that both processes
may be involved, depending upon the synergy
being studied.
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