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Escherichia coli 0127:B8 lipopolysaccharide (LPS), prepared by the Westphal
procedure, caused a marked decrease in the activities of mitochondrial malate
dehydrogenase, succinate dehydrogenase, and adenylate kinase in African green
monkey kidney (Vero) cells and primary cultures of mouse liver cells within 2 h
after exposure to 10 jig of LPS/ml of culture medium. These three enzyme
activities leaked into the supernatant fraction, and cytochrome oxidase activity
was lost from the mouse liver mitochondrial particulate fraction within 45 min
after exposure to 10 Ag of LPS/mg of protein. Loss of malate dehydrogenase
activity from isolated mitochondria was also accelerated by LPS from E. coli 026:
B6 (Boivin preparation) or Salmonella typhosa 0901 (Westphal preparation),
and by lipid A from Salmonella minnesota or Shigella sonnei. In addition, LPS
and lipid A inhibited state 3 respiration by isolated mitochondria with attendant
loss of respiratory control, but adenosine 5'-diphosphate/0 ratios were relatively
unchanged. Impaired mitochondrial function is an early event after exposure to
biologically relevant amounts of LPS or lipid A.

We have described previously direct effects of
bacterial endotoxin (lipopolysaccharide, LPS)
on established cell cultures (A. McGivney and
S. G. Bradley, RES J. Reticuloendothel. Soc., in
press). LPS at 10 ,ig/ml of culture medium
causes a marked decrease in mitochondrial en-
zyme activities in African green monkey kidney
(Vero) cells within 2 to 4 h; this loss correlates
temporally with leakage of these enzyme activi-
ties from the mitochondrial particulate fraction.
No serum was added to the cells that had been
grown in continuous culture during exposure to
LPS; therefore, the observed changes were not
due to hormones or humoral mediators. More-
over, the involvement of an antibody-mediated
process was minimized. In this investigation, the
effects described for Vero cells treated with LPS
have been compared to those for mouse primary
liver cell cultures.
LPS has been shown by others to elicit alter-

ations of mitochondrial function in animals (9)
and subcellular fractions (19). Mela et al. (21)
injected Escherichia coli LPS into rats intra-
peritoneally and removed the livers after onset
of endotoxic shock. They isolated mitochondria
and observed changes in respiratory control ra-
tios (RCR) and adenosine 5'-diphosphate
(ADP)/0 values as compared to normal mito-
chondria. Greer et al. (11) have reported de-
creased RCR values when isolated rat liver mi-

tochondria were treated with LPS. Harris et al.
(12) observed loss of respiratory control in beef
heart mitochondria treated with Bordetella
bronchiseptica LPS isolated by the Boivin
method. However, these alterations in mito-
chondrial function could not be elicited with
other preparations of LPS.
We have examined the effects of LPS on the

activities of various mitochondrial enzymes in
both established cultures of Vero cells and in
mouse primary liver cell cultures. Decreased
mitochondrial enzyme activity was dependent
upon time of exposure of the cells to LPS and
the dose of LPS. This decrease was correlated
with leakage of enzyme activity from the mito-
chondrial fraction. In addition, swelling of the
mitochondria exposed to LPS and loss of respi-
ratory control in mitochondrial preparations in-
dicate that the mitochondrial membrane is dam-
aged by LPS. These perturbations of mitochon-
drial function occurred after exposure of the
mitochondria to different preparations of LPS
and to purified lipid A preparations and was not
unique to one type of LPS.

MATERIALS AND METHODS
Maintenance of African green monkey kidney

cells. African green monkey kidney (Vero) cells in
continuous culture were obtained from Byron K. Mur-
ray of this institution. The cells were cultivated and
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maintained in modified Eagle minimal essential me-

dium (MEM) with Earle balanced salt solution, con-

taining L-glutamine as previously described (Mc-
Givney and Bradley, in press).

Preparation ofmouse primary liver cells. Adult
C3H/HeDub mice weighing 18 to 23 g were obtained
from Flow Research Laboratories, Dublin, Va. The
animals were acclimated to their new environment for
1 week before experimentation and were allowed free
access to food (Purina Lab Chow, Purina Ralston Co.,
St. Louis, Mo.) and water. The mice were maintained
on a 12-h diurnal light schedule.
The peritoneal cavity of the mice, killed by cervical

dislocation, was opened, and a 25-gauge needle at-
tached to a bottle of 0.1 M phosphate-buffered saline
(pH 7.4) was inserted into the apex of the heart. The
perfusion medium was allowed to flow into the heart
causing swelling of the vena cava, which was then
severed. The perfusion medium at unit gravity was

allowed to flow through the heart until the liver and
kidneys were free of blood. Five ml of 0.05% collagen-
ase (Clostridium histolyticum type 1, Sigma Chemical
Co., St. Louis, Mo.) was pumped with a 5-ml syringe
and 25-gauge needle through the heart. The liver was
removed, cut into cubes (2 mm/side) and placed into
the collagenase-hyaluronidase solution. The livers
were incubated in a water bath for 45 min at 37°C.
After 45 min, the floating cells were removed, and the
remaining liver tissue was treated with the enzyme
solution for another 30 min at 37°C. After 30 min, the
cells were pooled, filtered twice through gauze, dis-
pensed into tubes, and centrifuged at 30 x g for 5 min.
The final sediment was suspended in MEM to give a

population density that formed a monlayer in a T-25
flask.
Treatment of cells. Vero and mouse primary liver

cell cultures were exposed to E. coli 0127:B8 LPS
(Westphal preparation from Difco Laboratories, De-
troit, Mich.) in MEM lacking added serum. The cells
were incubated in this medium 2 h at 37°C. After the
2-h incubation, the cells were removed from the flasks.
The Vero cells were released with 0.25% trypsin after
rinsing twice with 0.02% ethylenediaminetetraacetate
(EDTA) in 0.1 M phosphate buffer containing 0.15 M
NaCl. Five milliliters of 0.1 M phosphate buffer con-

taining 0.15 M KCl (pH 7.0) was added to each T-25
flask to suspend the cells. The liver cells were removed
with a 10-ml pipette after releasing any adherent cells
by scraping with a rubber policeman. Both cell sus-

pensions were then centrifuged at 500 x g for 15 min.
The supernatant fluid was discarded, and the sediment
was suspended in 10 ml of 0.1 M phosphate buffer (pH
7.0) containing 0.15 M KCl. The cells were disrupted
by passing a motor-driven Teflon pestle six times
through the cell suspension in a Potter-Elvehjem ho-
mogenizer. The homogenate was centrifuged at 500 x

g for 10 min to remove nuclei and intact cells (6). The
sediment was discarded, and the supernatant fluid was
centrifuged at 10,000 x g for 10 min. The sediment
was suspended, washed twice, and retained as the
mitochondrial fraction (23). The supernatant fluid was
saved and corresponds to the supernatant fraction in
Tables 1, 2, and 3 only.

Preparation of untreated mitochondrial frac-
tions. The cells were harvested and homogenized in
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the same manner as in the whole-cell experiments
described above (Table 4), or the livers, taken directly
from the animals, were gently homogenized with a
Teflon pestle in a loosely fitting tube. The homogenate
was filtered through gauze to remove any intact tissue.
The cells were recovered by centrifugation of this
filtrate at 30 x g for 5 min. The sediment was sus-
pended in 0.1 M phosphate buffer containing 0.15 M
KCl, and the cells were disrupted as described above.
Both cell homogenates from perfused or nonperfused
livers were centrifuged at 500 x g for 10 min. The
sediment was discarded, and the supernatant material
was centrifuged at 10,000 x g for 10 min. The sediment
from this centrifugation was suspended in 20 mM
phosphate buffer (pH 7.4) supplemented with 0.3 M
sucrose and 0.5 mM EDTA and washed twice until no
malate dehydrogenase could be measured in the su-
pernatant fluid. The final pellet was suspended in 15
ml of this phosphate buffer (pH 7.4) and distributed
in equal portions into test tubes. The fractions were
incubated in this medium with or without LPS or lipid
A for 45 min, except where indicated. After incubation,
the fractions were centrifuged at 10,000 x g for 10 min,
and the supernatant fluid was assayed for leakage of
mitochondrial enzyme activities. Contaminating lyso-
somal enzyme activities were also measured.
Enzyme assays. Hexokinase (EC 2.7.1.1), a cyto-

plasmic enzyme, was measured using glucose-6-phos-
phate dehydrogenase as a coupling enzyme by a mod-
ification of the method of Lazarus et al. (17). Mito-
chondrial malate dehydrogenase (EC 1.1.1.38) activity
was measured in the reverse direction by using oxal-
oacetate as substrate (24). Three other mitochondrial
enzymes were assayed. Succinate dehydrogenase (EC
1.3.99.1) was assayed by the method of Slater and
Bonner (25), adenylate kinase (EC 2.7.4.3) activity,
coupled to hexokinase and glucose-6-phosphate de-
hydrogenase, was measured by a modification of the
method of Colowick and Kalckar (5), and cytochrome
oxidase (EC 1.9.3.1) activity was measured with fer-
rocytochrome c as substrate (26). Contaminating ly-
sosomal ,8-glucuronidase (EC 3.2.1.31) was measured
using phenolphthalein-glucuronide as substrate by the
method of Talalay et al. (27). Protein was determined
by the method of Lowry et al. (18), with crystalline
bovine serum albumin as the standard.
The specific activities of the enzymes are expressed

in the following units: hexokinase and adenylate kinase
as nmoles of nicotinamide adenine dinucleotide phos-
phate (NADP) reduced/min per mg of protein; palate
dehydrogenase as nmoles of NADH oxidized/min per
mg of protein; succinate dehydrogenase as nmoles of
succinate utilized/min per mg of protein; cytochrome
oxidase as k/min (first order rate constant) per mg of
protein; and fB-glucuronidase as ,ug of phenolphthalein
released/min per mg of protein.

Mitochondrial swelling. The 10,000 x g sediment
was diluted in 0.25 M sucrose to a concentration of 1
mg of mitochondrial protein per ml and added to a
cuvette. The following reaction mixture was then
added: 10 mM tris(hydroxymethyl)aminomethane
(Tris), pH 7.5, 50 mM sucrose, 5 mM MgCl2, and 10
mM KCl. Various concentrations of either sodium
oleate or E. coli 0127:B8 LPS were added to the
cuvette. The change in optical density at 25°C at 520
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nm was measured every 15 s for 2 min, and a change
in absorbance per min was calculated (14). A mito-
chondrial preparation with no sodium oleate or LPS
was used as a control.

Cytochromes. The difference absorption spectra
between the reduced and oxidized state of the cyto-
chromes in mitochondrial fractions were measured at
room temperature with 10 mM glutamate as substrate.
Concentrations were calculated by the procedure of
Chance and Hess (4). The following extinction coeffi-
cients were used: cytochrome b, AE5,62575 = 17.9
mM-'cm-'; cytochrome aa3, AEe5 630 = 16.5
mM-'cm-'; and cytochrome c, AE5rmor = 19.0
mM'cm'.
Mitochondrial respiration. Oxygen uptake by

mitochondria was measured at 30°C with a Gilson
oxygraph equipped with a Clark Electrode (Gilson,
Middletown, Wis., Oxygraph K-IC). The medium con-
taining 3 mM mannitol, 3.5 mM potassium phosphate
buffer (pH 7.4), 10 mM MgCl2, 3.5 mM KCl, 0.33 mM
EDTA, 4 mg of dialyzed crystalline bovine serum

albumin, and 1.0 mg of mitochondrial protein was
allowed to equilibrate for 2 min (13). LPS or lipid A at
the indicated concentrations was added before the
substrate, 1.4 mM L-glutamate. After approximately 2
min of substrate oxidation, 0.3 mM ADP was added to
the reaction mixture. RCR were computed as nano-
gram atoms of oxygen consumed per minute per mil-
ligram of mitochondrial protein in the presence of
ADP (respiratory state 3) to the nanogram atoms of
oxygen consumed per minute per milligram of mito-
chondrial protein in the absence of ADP (state 4).
Coupling was measured as the ratio of moless of ADP
utilized to microatoms of 02 consumed. A control
sample with no LPS was incubated for 5 min, and the
RCR and ADP/O values were determined.
Other endotoxic preparations. E. coli 026:B6

LPS, isolated by the Boivin procedure, and Salmo-
nella typhosa 0901 LPS, isolated by the Westphal
procedure, were obtained from Difco Laboratories.
Salmonella minnesota R595 lipid A was prepared by
Nelda Marecki as described previously (20). Shigella
sonnei lipid A from phase I was a gift from Tivador
Kontrohr, Institute of Microbiology, University Med-
ical School, Pecs, Hungary.

Statistical analysis. In Tables 1 to 7, the values
for the controls without LPS are expressed as the
means ± standard deviation for the specific activities

determined in three independent experiments. The
values for the experimental samples are the means

standard deviations of the relative enzyme activities,
expressed as the percentage of the corresponding sam-
ple without LPS. Statistical analyses were performed
by using Student's t test; significant differences be-
tween mean values are expressed as P values.

RESULTS

Activities of malate dehydrogenase, succinate
dehydrogenase, and adenylate kinase, three mi-
tochondrial enzymes, were decreased in the mi-
tochondrial fraction of both Vero and mouse
primary liver cells exposed to LPS for 2 h in
MEM lacking serum. However, the activity of
hexokinase, a cytoplasmic enzyme, was not al-
tered (Table 1).
The decreased activity in liver cells of all three

mitochondrial enzymes was dependent on time
of incubation of the cells with LPS. No decrease
in malate dehydrogenase, succinate dehydrogen-
ase, or adenylate kinase was seen at 1 h, but a
marked decrease was seen after 2, 3, or 4 h of
exposure to LPS (Table 2). Hexokinase activity
did not change with time. This decrease in mi-
tochondrial enzyme activity in primary liver
cells was also dependent on the amount of LPS
added to the cell cultures. At 5 ,ug of LPS per ml
of culture medium, no decrease in mitochondrial
enzyme activity was detected. However, at 7.5
,ug of LPS per ml of culture medium, a marked
decrease in succinate dehydrogenase was ob-
served. At 10, 15, and 25 jig of LPS per ml of
culture medium, all three mitochondrial enzyme
activities decreased (Table 3).
Enzyme activity leaked extensively from iso-

lated mitochondria exposed to LPS. Accumula-
tion of malate dehydrogenase and succinate de-
hydrogenase activities in the supernatant frac-
tion was substantial when the mitochondrial
preparations from both perfused (Table 4) and
nonperfused (Table 5) livers were incubated for
45 min with 10 Mig of LPS per mg of protein. In

TABLE 1. Altered mitochondrial enzyme activities of Vero and mouse primary liver cells treated with LPSa

Cell LPSh (/lg/ Enzyme activities (%)ml) Hexokinase" Malate dh" Succinate dh" Adenylate kinase"

Vero None 100 (75 + 11) 100 (136 ± 14) 100 (172 ± 10) 100 (25± 5)
10 78 14 51 ± 2e 55 ± 4e 50 3e

Liver None 100 (243 ± 23) 100 (127 ± 7) 100 (249 ± 12) 100 (146 ± 13)
10 82 4 39 ± 7e 48 ± 5Y 56 8e

Two hours of incubation at 370C.
hE. coli 0127:B8(W).
Supernatant fraction; specific activities ± standard deviation in parentheses.

d Granular fraction; specific activity ± standard deviation in parentheses. dh, Dehydrogenase. fi-Glucuronidase
activity: 0.34 ,ug of phenolphthalein released per min per mg of protein.

eSignificantly different from the control without LPS at P < 0.05.

INFECT. IMMUN.
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TABLE 2. Dependence of enzyme activities on time of incubation ofprimary liver cell cultures with LPS'

Time LPS (pg/ml) Enzyme activities (%)Time LPS (jig/mi)
Hexokinase Malate dh Succinate dh Adenylate kinase

0 None 100 (318 + 24) 100 (128 + 6) 100 (241 + 14) 100 (138 + 34)
10 99+8 103±10 111±6 94±8

1 None 100 (298 ± 13) 100 (141 ± 12) 100 (260 ± 22) 100 (142± 7)
10 108 ± 12 92 ± 8 108 ± 11 102 5

2 None 100 (386 ± 24) 100 (149 ± 25) 100 (243 ± 25) 100 (145 ± 8)
10 93 ± 15 60 ± 19 79 ± 8 60 3b

3 None 100 (308 ± 35) 100 (130 ± 19) 100 (240 ± 41) 100 (142 24)
10 84 ± 10 34 ± 6b 54 ± 2b 58 3b

4 None 100 (314 ± 33) 100 (185 ± 28) 100 (215 ± 21) 100 (135 17)
10 89 ± 12 45 ± 5b 65 ± 4b 69 3h

a See footnotes from Table 1. 8?-Glucuronidase activity: 0.22 jig of phenolphthalein released per min per mg
of protein.

b Significantly different from the control without LPS at P < 0.05.

TABLE 3. Dependence of enzyme activities in primary liver cell cultures on dose ofLPS'
Enzyme activities (%)

Dose (,ug/ml)
Hexokinase Malate dh Succinate dh Adenylate kinase

0 100 (212 ± 18) 100 (234 ± 27) 100 (203 ± 18) 100 (141 ± 25)
5.0 96±8 91±8 96±6 96± 11
7.5 89 ± 6 72 ± 12 51 ± 8 89 ± 10

10.0 97 ± 8 29 ± 1 48 ± 7b 80 ± 7
15.0 108 ± 5 46 ± 5b 47 ± 11 61 ± 7
25.0 81 ± 9 43 ± 3b 27 ± 7b 51 ± 5

aTwo hours of incubation at 370C. See footnotes from Table 1. f?-Glucuronidase activity: 0.64 jig of
phenolphthalein released per min per mg of protein.

bSignificantly different from the control without LPS at P < 0.05.

TABLE 4. Leakage of enzyme activities from the
mitochondrial fractions ofperfused mouse liver cells

Enzyme activities in supernatant
Time LPS (jig! fraction' (%)
(min) mg)a

Malate dh Succinate dh

15 None 100 (22 ± 8) 100 (16 ± 5)
10 126 ± 12 131 ± 18

30 None 100 (25± 7) 100 (15± 4)
10 156 ± 9 167 ± 18

45 None 100 (28± 11) 100 (15 ± 4)
10 200 ± 25C 247 ± 29c

a E. coli 0127:B8(W). /?-Glucuronidase activity in
mitochondrial fraction: 0.81 jig of phenolphthalein re-
leased per min per mg of protein.

h Specific activities ± standard deviation in paren-
theses. dh, Dehydrogenase.

Significantly different from the control without
LPS at P < 0.05.

addition, the supernatant fraction of the mito-
chondrial preparations of nonperfused liver cells
was assayed for leakage of adenylate kinase, and
the granular fraction was assayed for loss of
cytochrome oxidase activity. Accumulation of
adenylate kinase activity in the supernatant and
apparent loss of cytochrome oxidase from the
granular fraction was observed (Table 5). LPS

at 5 jig/mg of mitochondrial protein did not
accelerate leakage of malate dehydrogenase,
succinate dehydrogenase, or adenylate kinase.
However, at 10 jig of LPS per mg of mitochon-
drial protein, a marked leakage of malate dehy-
drogenase activity was observed. At 20, 30, and
50 jig of LPS per mg of mitochondrial protein,
an enhanced leakage of malate dehydrogenase,
succinate dehydrogenase, and adenylate kinase
was observed (Table 6).
The leakage of malate dehydrogenase from

the mitochondria occurred when four other en-
dotoxic preparations of LPS were used. E. coli
026:B6 LPS, isolated by the Boivin procedure,
and S. typhosa 0901, isolated by the Westphal
procedure, caused an increased leakage of ma-
late dehydrogenase activity at 10 jig of LPS per
mg of mitochondrial protein. In addition, lipid A
from S. sonnei phase I (2 jig/mg of mitochondrial
protein) and that from S. Minnesota R595 (10
jig/mg of mitochondrial protein) caused an in-
creased leakage of malate dehydrogenase (Table
7).
LPS added to mitochondria at increasing con-

centrations caused a swelling of the mitochon-
dria at the same rate as sodium oleate, although
the extent of the swelling elicited by LPS was

VOL. 25, 1979
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TABLE 5. Leakage of enzyme activities with time from mouse liver mitochondrial fractions treated with
LPS

Enzyme activities (%)

Time LPS (,ug/ Supernatant fraction Granular fraction
(min) mg)a

Succinate dh Adenylate ki- Malate dh Malate dh Cytochrome oxidasenase

15 None 100 (22 ± 2) 100 (18 ± 2) 100 (10 ± 3) 100 (193 ± 19) 100 (0.69 ± 0.08)
10 95±11 99±7 92±8 95±8 92±7

30 None 100 (25 ± 4) 100 (19 ± 5) 100 (21 ± 5) 100 (190 ± 21) 100 (0.66 ± 0.11)
10 96±3 94±8 172±6c 80±7 35±4'

45 None 100 (32 ± 10) 100 (26 ± 3) 100 (30 ± 3) 100 (178 ± 18) 100 (0.70 ± 0.13)
10 182± 10' 172± 9c 206± 10" 78± 12 46± 5'

a E. coli 0127:B8(W).
'Specific activities ± standard deviation in parentheses. 83-Glucuronidase activity in mitochondrial fraction:

0.72 jig of phenolphthalein released per min per mg of protein. dh, Dehydrogenase.
' Significantly different from the control without LPS at P < 0.05.

TABLE 6. Leakage of enzyme activities from mouse
liver mitochondrial fractions treated with various

doses ofLPS"

Dose Enzyme activities in supernatant" (%)

mg)h Malate dh Succinate dh Adenylate ki-
nase

0 100 (8.7 ± 3) 100 (12.4 ± 3.2) 100 (25 ± 6)
5 139 ± 11 103 ± 10 102 ± 8
10 216± 15" 158± 5 154± 10
20 193 ± 18d 198 ± 11" 180 ± 5d
30 351 ± 29" 258 ± 9" 206 11"
50 335 ± 33" 311 ± 32" 247 ± 16d
" Forty-five minutes of incubation at 370C. f8-glucuronidase

activity in mitochondrial fraction: 0.48 jig of phenolphthalein
released per min per mg of protein.

"E. coli 0127:B8(W) LPS; micrograms per milligram of
mitochondrial protein.

Specific activities ± standard deviation in parentheses.
dh, Dehydrogenase.

" Significantly different from the control without LPS at P
<0.05.

less than that elicited by sodium oleate (Fig. 1).
E. coli 0127:B8 LPS at 100 Ag/mg of mitochon-
drial protein, however, was unable to elicit an
alteration in the differential absorption spec-
trum of the cytochromes with glutamate as sub-
strate. In the presence or absence of LPS, the
concentration of reduced cytochrome aa3 (605
nm) was 0.11 nmol/mg of mitochondrial protein,
reduced cytochrome b (563 nm) was 0.18 nmol/
mg of mitochondrial protein, and reduced cyto-
chrome c (552 nm) was 0.21 nmol/mg of mito-
chondrial protein.

E. coli 0127:B8 LPS added to the mitochon-
drial fraction at a concentration of 10 ,ig/ml of
mitochondrial protein 10 min before the sub-
strate glutamate caused a loss of respiratory
control (RCR); that is, the RCR decreased from
3 to 1 (Table 8). Lipid A from S. sonnei caused
a loss of RCR at 10 jig of lipid A per mg of
mitochondrial protein within 5 min. Lipid A

TABLE 7. Leakage of malate dehydrogenase
activity from mouse liver mitochondrial fractions

treated with lipid A preparations
Dose
(g! Malate dh activ-Endotoxic material mg of ityh
pro-
tein)

S. minnesota lipid A 0 100 (8.3 ± 2.4)
1 127 ± 10
2 114±28
5 125±21
10 204 ± 17'
25 198 ± 9c

S. sonnei lipid A 1 150 ± 16
2 204 ± 22'
5 177 ± 22"
10 283 ± 30'
25 540 ± 74'

E. coli 026:B6 LPS (B) 0 100 (12 ± 3.2)
5 82± 10
10 170 ± 19'
25 208 ± 30"
50 233 ± 26"
100 283 ± 21'

S. typhosa 0901 LPS 0 100 (8.3 ± 2.4)
(W) 5 124 ± 8

10 175 ± 11c
25 236 ± 14C
50 207 ± 28"
150 219 ± 17'

a Forty-five minutes of incubation at 37°C.
h Specific activities ± standard deviation in paren-

theses. dh, Dehydrogenase.
cSignificantly different from the control without

LPS at P < 0.05.

from S. minnesota was less active, but did cause
a significant reduction in RCR in 10 min at 10
jig of lipid A per mg of mitochondrial protein.
The loss of respiratory control was also depend-
ent on LPS concentration. As the amount of E.
coli 0127:B8 LPS was increased, a greater re-

INFECT. IMMUN.
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a

b

.1 0.2 0.3 0.4 0.5

concentration (mg/mi)
FIG. 1. Swelling of mouse liver mitochondria in-

cubated with sodium oleate (a), E. coli 0127:B8 LPS
(b), and the corresponding control without oleate or
LPS (c).

duction in RCR was observed as compared to
the control at 5 min (Table 9). LPS at 10 jig/mg
of mitochondrial protein caused a reduction in
RCR from 2.5 to 1.5. On the other hand, 2 jig of
lipid A isolated from S. sonnei caused a reduc-
tion in RCR of 2.8 to 1.5 after 5 min of exposure;
5 jig reduced the RCR to 1.3, and 10 jig of lipid
A reduced the RCR to 1.0. S. Minnesota lipid A
at 10 jg/mg of mitochondrial protein reduced
the RCR from 2.8 to 1.9 after 5 min of exposure.
Throughout the respiration studies, no signifi-
cant alteration was seen in the ADP/O values.

DISCUSSION
Succinate dehydrogenase activity is reduced

in muscle and liver of rabbits treated with LPS
in vivo (16) and in established cultures of Vero
cells, primary mouse liver cell cultures, and iso-
lated mouse liver mitochondria exposed to LPS
in vitro. The changes elicited by LPS on cells in
culture occur within 2 h, with 10 jig of LPS per

ml, and in the absence of added serum. These
results established that the effect of LPS on

succinate dehydrogenase activity in whole ani-
mals, cell cultures, or subcellular fractions does
not obligatorily involve hormones, humoral me-

diators, antibody, or complement.
In cultured cells and subcellular fractions

treated with LPS, the activities of malate de-
hydrogenase and adenylate kinase also decrease.
Succinate dehydrogenase is located in the inner
membrane of the mitochondrion, adenylate ki-
nase is located in the intermembrane space, and
malate dehydrogenase is in the mitochondrial
matrix (8); accordingly, LPS affects three com-

TABLE 8. Time-dependent loss of respiratory
control by mouse liver mitochondria exposed to LPS

or lipid A

Time Endotoxic prep' State S RCR ADP/

0 None 68.4 25.1 2.7 2.6
E. coli 0127:B8 LPS 63.2 27.4 2.3 2.5
S. sonnei lipid A 68.2 24.1 2.8 2.8
S. Minnesota lipid A 53.9 17.5 3.1 2.7

2 None 68.4 24.1 2.8 2.8
E. coli 0127:B8 LPS 42.2 23.0 1.8 2.6
S. sonnei lipid A 55.8 21.5 2.6 2.6
S. Minnesota lipid A 58.9 26.3 2.2 2.6

5 None 68.4 26.3 2.6 2.5
E. coli 0127:B8 LPS 35.9 24.1 1.5 2.5
S. sonnei lipid A 26.3 26.3 1.0
S. Minnesota lipid A 57.8 26.3 2.1 2.8

10 None 59.9 21.0 2.8 2.3
E. coli 0127:B8 LPS 25.2 25.2 1.0
S. sonnei lipid A 22.0 22.0 1.0
S. Minnesota lipid A 48.4 30.5 1.5 2.4

A 10-,ug/mg amount of mitochondrial protein.
bExpressed as nanograms of oxygen consumed per minute

per milligram of mitochondrial protein.

TABLE 9. Concentration-dependent loss of
respiratory control by mouse liver mitochondria

exposed to LPS or lipid A

Endotoxic prep (Dgs/ State State RCR ADP
mg)

E. coli 0127:B8 LPS 0 63.2 25.1 2.5 2.3
5 44.5 29.7 1.5 2.4
10 35.9 24.1 1.5 2.3
25 26.8 19.0 1.3 2.4
50 19.6 19.6 1.0

S. sonnei lipid A 0 68.2 24.1 2.8 2.8
1 59.4 21.5 2.7 2.6
2 44.5 29.7 1.5 2.5
5 31.5 24.1 1.3 2.4
10 26.3 26.3 1.0
25 21.0 21.0 1.0

S. Minnesota lipid A 0 58.9 21.0 2.8 2.7
1 55.8 18.0 3.0 2.8
2 50.3 17.5 2.8 2.7
5 42.9 18.0 2.4 2.4
10 50.3 26.3 1.9 2.8
25 39.0 20.3 1.9 2.8

Five minutes of incubation at 30'C.
Expressed as nanograms of oxygen consumed per minute

per milligram of mitochondrial protein.

ponents of the mitochondrion simultaneously.
Our results indicate that LPS is acting on the
integrity of the mitochondrion rather than on a
particular site in electron transport or oxidative
phosphorylation. Several additional observa-
tions support this proposal: (i) cytochrome oxi-
dase, another enzyme in the inner membrane,
leaks from the LPS-treated mitochondria; (ii)
LPS causes mitochondrial swelling; and (iii) the
differential cytochrome spectrum generated
with glutamate as the substrate is not altered by
large concentrations of LPS. The mechanism by
which LPS alters the integrity of the mitochon-

VOL. 25, 1979
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drion is not resolved. LPS binds to a variety of
artificial and natural membranes; however,
Berry (1) has suggested that LPS may elicit
metabolic changes indirectly in cells containing
no sequestered LPS. Although LPS affects the
integrity of isolated mitochondria, our data do
not rule out the possibility that perturbation of
the plasma membrane or other indirect actions
of LPS are the determinative early event(s) in
vivo.
LPS inhibits the ADP stimulation of respira-

tion by isolated mouse liver mitochondria with
glutamate as substrate (state 3), but has little
effect on respiration without added ADP (state
4). Uncoupling agents stimulate state 4 respira-
tion; therefore, upcoupling does not seem to be
a principal mechanism of action of LPS. Mela et
al. (21) and Greer et al. (11) have reported
previously that LPS causes loss of respiratory
control in whole animals and isolated rat liver
mitochondria. DePalma et al. (7) and Moss et
al. (22) reported changes in the rate of oxidation
of some, but not all, substrates in rat liver mi-
tochondria treated with LPS. It should be noted
that the vast majority of studies by previous
workers have used excessive LPS concentra-
tions.

Greer and Melazzo (10), Moss et al. (22), Kato
(15), and Mela et al. (21) have reported that
ADP/O ratios are decreased in LPS-treated mi-
tochondria. We did not observe significant re-
duction of ADP/O ratios in isolated mouse liver
mitochondria treated with LPS or lipid A. Ac-
cordingly, we conclude that impaired coupling
of oxidative phosphorylation by LPS is second-
ary to other interactions between LPS and a
mitochondrial constituent.

Harris et al. (12) reported that LPS from
Bordetella inhibited substrate oxidation, de-
creased the RCR, and reduced ADP/O ratios in
rat liver mitochondria. Harris et al. did not ob-
tain similar results with other LPS preparations.
We have established that accelerated mitochon-
drial leakage and impaired substrate respiration
are elicited with three different LPS prepara-
tions and two different lipid A preparations.
Kato (15) used 100 gg of lipid A per mg of
mitochondrial protein to reduce RCR and ADP/
o values, whereas we observed lowered RCR
values with as little as 2 ,ug of S. sonnei lipid A
per mg of mitochondrial protein. Our data estab-
lish that altered substrate oxidation is a target
of LPS and of the lipid A toxophore, in particu-
lar.

Berry (1) has suggested that changes in mi-
tochondria are secondary to other endotoxic ef-
fects because of the timing and doses used by
previous workers. Although other workers (10,

15, 21, 22) have used LPS concentrations of more
than 100 ,ig/mg of mitochondrial protein, mito-
chondrial damage can be detected within min-
utes with less than 10 ,ug/mg of mitochondrial
protein. For a 25-g mouse, this corresponds to a
dose of 50 ug of LPS, which is well within the
usual experimental range (2). The hepatocytes
of a mouse contain a total of about 3 x 1010
mitochondria and about 2 x 10'4 respiratory
assemblies consisting of NADH dehydrogenase,
succinate dehydrogenase, and cytochromes b, c,
ci, a, and a3. Mice rendered hyperreactive to
LPS by mithramycin are killed by quantities of
less than 1 tg (3), which is insufficient to supply
enough lipid A residues to block more than a
few percent of the respiratory assemblies. Ac-
cordingly, LPS must act at the organellar level
or as an inhibitor of an enzyme or effector pres-
ent in low concentrations.
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