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Although direct cytotoxicity is a well-established phenomenon
of tumor necrosis factor alpha (TNFa)-induced tissue damage,
the intracellular events leading to cell death are still poorly un-
derstood. To study the cytotoxic effects ofTNFa on normal pa-
renchymal cells, rat hepatocytes were purified and incubated with
various concentrations of TNFa. Mitochondrial respiration, total
protein synthesis, and enzyme release were measured to assess
metabolic performance and cell integrity. Treatment with TNFa
suppressed mitochondrial respiration in a concentration-depen-
dent fashion, resulting in a reduction of the activity of complex
I of the respiratory chain to 67.0 ± 3.5% of that of untreated
hepatocytes by 2000 U/mL TNFa. Under these conditions pro-
tein synthesis and the release of intracellular enzymes were sig-
nificantly increased. Both hepatocellular enzyme release and in-
hibition of mitochondrial respiration appear to be associated with
the generation of reactive oxygen intermediates by the hepatocyte
itself, because oxygen radical scavengers prevented these adverse
effects ofTNFa. Inhibition of protein synthesis by cycloheximide
as well as addition of cyclic adenosine monophosphate syner-
gistically enhanced the suppression of mitochondrial respiration
by TNFa, resulting in complex I activity of 6.9 ± 1.6% and 24.9
± 2.9% of that of untreated cells. These data indicate that in-
hibition of mitochondrial respiration is one of the mechanisms
by which TNFa induces tissue injury.

T n UMOR NECROSIS FACTOR ALPHA (TNFa) was
originally described as an agent responsible for
hemorrhagic necrosis of murine sarcoma after

administration of endotoxin.' Since then, multiple met-
abolic alterations of both malignant and nonmalignant
cells have been attributed to the action of TNFa.2 De-
pending on the concentration of this cytokine, the re-
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sponse of cells, tissues, or the whole organism is extremely
variable. At low levels, TNFa acts mainly as a paracrine
mediator, and trophic effects enhancing tissue repair and
microbiostasis have been identified.3 At higher concen-
trations, TNFa leads to tumor necrosis, but eventually
also to damage of normal tissue. Finally, at even higher
concentrations when spillover into the systemic circula-
tion occurs, TNFa causes a lethal shock syndrome similar
to that seen in the endotoxic shock.4

Although specific receptors for TNFa5 and second
messenger pathway that are activated by receptor occu-
pancy have been identified,2 it still remains to be eluci-
dated how TNFa mediates cell death and organ dysfunc-
tion.6 Important observations have been made using in
vivo models of hemorrhagic and septic shock. In some of
these experiments, significant changes of hepatocyte (HC)
mitochondrial morphology and function have been de-
scribed.7'8 At very high concentrations, endotoxin appears
to directly inhibit HC mitochondrial function in vitro.9 It
is unclear, however, whether the in vivo findings are also
due to direct effects of lipopolysaccharide (LPS) or to in-
duction of secondary factors, such as TNFa, which in-
hibits mitochondrial respiration in tumor cell lines.'0 Our
own preliminary work has shown that TNFa inhibits re-
spiratory activity in normal rat HC, too."

In a long-term effort ofstudying liver failure in patients
with surgical sepsis, our laboratory has demonstrated that
Kupffer cell activation appears to play a major role in the
development of liver dysfunction in sepsis.'2'4 Because
Kupffer cells, the largest population offixed macrophages
in the body, are thought to be a major source ofTNFa,'5"16
it seems relevant to study possible influences ofTNFa on
the parenchymal cells of the liver, the HC. The following
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experiments were undertaken to investigate the effects of
TNFa on HC mitochondria, in an attempt to clarify the
role ofTNFa in the induction of hepatocellular dysfunc-
tion after hemorrhagic and septic shock.

Materials and Methods

Cell Isolation

Male Sprague-Dawley rats (Harlan Sprague-Dawley,
Inc., Indianapolis, IN) weighing 200 to 300 g, were used
as a cell source in all experiments. Hepatocytes were har-
vested with an in situ collagenase (Type IV; Sigma Chem-
ical Co., St. Louis, MO) perfusion technique, as previously
described."'"2 The cells were purified by repeated differ-
ential sedimentation at 50g for 2 minutes. Purity of the
HC was greater than 96%, and viability exceeded 85% as
determined by trypan blue exclusion.

Cell Culture Technique

Cultures were performed in Williams medium E (Gibco
Laboratories, Grand Island, NY) supplemented with 10-6
mol/L insulin, 2 mmol/L L-glutamine, 105 U/L penicillin,
100 mg/L streptomycin, 10-8 mol/L dexamethasone, and
10% low endotoxin calf serum (HyClone Laboratories,
Logan, UT). The HC were incubated either in this stan-
dard medium or with the addition ofrecombinant murine
tumor necrosis factor alpha (rmTNFa, Genzyme Cor-
poration, Cambridge, MA), lipopolysaccharide (LPS from
Escherichia coli 0 1 1 :B4; Difco Laboratories, Detroit, MI),
glucagon (Calbiochem Corp., San Diego, CA), or other
chemicals (all from Sigma) as indicated in the Results
section. The rmTNFa preparation had a specific activity
of 40 U/ng. It was added at concentrations of 500 U/mL
and 2000 U/mL, which equals 12.5 ng/mL and 50 ng/
mL, respectively. For measurement ofmitochondrial res-
piration, HC were placed in 75-cm2 flasks at 12 mL/flask
at a concentration of 1 X 106 cells/mL. Except for time
course experiments, all incubations were carried out over
a period of 18 hours. The culture supernatants were then
harvested for determination of HC enzyme and nitrite/
nitrate release, and the cells were collected for mitochon-
drial respiration measurements. To detach the HC, the
cultures were incubated for 5 minutes with ethylenedi-
aminetetra-acetic acid (EDTA)-trypsin (Gibco), followed
by the addition of 10% calfserum to inactivate the trypsin.
For determination of radiolabeled leucine incorporation
and superoxide production, HC were plated at 2 X 105
cells/mL on gelatin (Sigma)-coated 96-well tissue culture
trays at 0.1 mL/well.

Respiration Measurements

Respiration medium (pH 7.2) contained 250 mmol/L
sucrose, 2.0 mmol/L H2KPO4, 10 mmol/l MgCl, 20

mmol/L HEPES, 0.5 mmol/L EDTA, 1 mmol/L aden-
osine diphosphate, and 0.7% bovine serum albumin. All
these and the following reagents used for respiration mea-
surements were purchased from Sigma. The plasma
membrane of the HC was made permeable to the sub-
strates by exposure to 0.0075% digitonin for 1 minute
followed by three washes at 400g and 4VC. 7 Oxygen con-
sumption was measured using a Clark-type electrode
(Yellow Springs Instruments Co., Yellow Springs, OH).
As shown in Figure 1, state 3 respiration'8 was initiated
by the addition of glutamate and malate (final concen-
tration, 5 mmol/L) resulting in the production of nico-
tinamide-adenine dinucleotide phosphate (NADH), which
serves as a substrate for nicotinamide-adenine dinucleo-
tide phosphate-ubiquinone oxidoreductase (complex I)
ofthe mitochondrial electron transport chain. To measure
state 3 respiration mediated by succinate-ubiquinone ox-
idoreductase (complex II), electron flow from complex I
was inhibited by rotenone (100 nmol/L), and succinate
(5 mmol/L) was added. Electron flow from complex III
to cytochrome C was blocked by the addition ofantimycin
A (20 nmol/L) to determine state 3 respiration rate of
cytochrome oxidase (complex IV). N,N,N', N-tetra-
methyl-p-phenylenediamine (TMPD 0.2 mmol/L) in
combination with ascorbate (1 mmol/L) served as an ar-
tificial electron donor system for complex IV. Oxygen
consumption was calculated from an initial air-saturated
[02] = 195 nmol/mL.'9 State 4 respiration was initiated
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FIG. 1. Schematic presentation of an oxygen-electrode recording showing
substrate-specific oxygen consumption by permeabilized rat HC. Res-
piration rates mediated by complex I of the enzyme complexes of the
mitochondrial electron transport chain were determined by addition of
glutamate/malate (5 mmol/L). After inhibition of complex I activity
with rotenone (100 mmol/L), complex II activity was assayed by the
addition of succinate (5 mmol/L). Antimycin A (20 nmol/L) was used
to block electron transport from complex III to complex IV, allowing
selective measurement of complex IV activity with TMPD/ascorbate
(0.2 mmol/L/1 mmol/L) as an artificial electron donor.
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by blocking adenosine triphosphatases of the mitochon-
drial inner membrane with the addition of oligomycin (2
,ug/mL). The acceptor control index (ACI) was calculated
as the ratio of state 3/state 4 respiration. 18 The treatment
with digitonin resulted in an ACI for complex I-me-
diated respiration of9.6 ± 0.4 offresh HC, indicating that
mitochondrial function was adequate.'7

Determination ofProtein Synthesis

Total protein synthesis was measured using a 4-hour
labeling interval with [3H] leucine (5.0 Ci/mmol/L, 1.0 A
Ci/well; New England Nuclear, Boston, MA) added in
Minimal Essential Medium without L-leucine (Gibco).
[3H] leucine incorporation was determined by liquid
scintillation counting.

Determination ofSuperoxide Production

Superoxide production was measured by the superox-
ide-dismutase-sensitive rate of reduction of cytochrome
c.20 Cytochrome c (Sigma) was added at 100 utmol/L to
the incubation medium. The rate ofcytochrome c reduc-
tion was determined as the change of absorbance at 550
nm in the absence or presence of 360 U/mL superoxide-
dismutase. Positive controls were Kupffer cells plated at
1 X 106 cells/mL and stimulated with 1 gg/ml phorbol
myristate acetate for 2 hours.

Determination ofNitrite/Nitrate and Enzyme Release

As stable end products of N = 0 biosynthesis, nitrite
(NO2-) and nitrate (NO3-) were measured in culture su-

pernatants using an automated procedure based on the
Griess reaction.2' Positive controls were HC stimulated
with a specific combination of cytokines and LPS. " Glu-
tamate-oxaloacetate-transaminase (GOT) and glutamate-
pyruvate-transaminase (GPT) levels were determined us-

ing a Technitron RA-500 analyzer. Cell lysis was per-

formed with 1 X 106 cells/mL by three cycles of rapid
freeze-thawing.

Statistical Analysis

Results represent means ± standard error of the mean
ofthree experiments unless otherwise stated. Significance
between groups was determined using the Student's un-

paired t test.

Results

To determine whether rat HC mitochondrial respira-
tory activity is altered by LPS or TNFa, HC were placed
in culture under standard conditions or stimulated with
10 jig/mL LPS, 500 U/mL rmTNFa, or 2000 U/mL
rmTNFa. Respiratory activity mediated by complex T,

complex II, or complex IV of the mitochondrial electron
transport chain was measured after an 18-hour incubation
period. Exposure to TNFa, but not to LPS, inhibited the
activity ofall three enzyme complexes in a concentration-
dependent fashion (Table 1). After exposure to 2000 U/
mL TNFa complex I, complex IT and complex IV me-

diated oxygen consumption was reduced to 67.0 ± 3.5%,
69.8 ± 6.0% and 83.8 ± 4.9% that of untreated HC. For
subsequent experiments only complex I activity was de-
termined.

Previous studies have shown that TNFa-induced mi-
tochondrial swelling develops within several hours.22 Time
course experiments in the current study showed a constant
decrease of HC complex I activity starting as early as 3
hours after exposure to TNFa (Fig. 2). A difference be-
tween 500 and 2000 U/mL rmTNFa became manifest
after 18 hours. The inhibition ofmitochondrial respiration
induced by 500 U/mL rmTNFa plateaued between 12
and 18 hours, whereas 2000 U/mL induced a continuous
decline in HC oxygen consumption, even beyond 12
hours. The ACI was determined as a parameter of in-
tactness ofthe mitochondrial membrane. 17 In parallel with
the inhibition of state 3 respiration, TNFa induced a

33.7% reduction of the ACI. Because the degree of ACI
reduction corresponds in these experiments to the inhi-
bition of state 3 respiration, it can be concluded that the
inhibitory effect of TNFa on mitochondrial respiration
is not due to electron leakage at the mitochondrial inner
membrane.
As parameters of general metabolic function and mor-

phologic integrity, total protein synthesis and the release
of intracellular enzymes were determined after 18 hours
of incubation. In contrast to mitochondrial respiration,
TNFa significantly increased HC total protein synthesis
as measured by leucine incorporation (Table 2). Tumor
necrosis factor alpha also increased the release of intra-
cellular enzymes, specifically glutamic-oxaloacetic trans-

TABLE 1. Inhibtion ofSubstrate-specific Hepatocyte Mitochondrial
Respiration by TNFa*

Oxygen Consumption
Additions to the
Culture Medium Complex I Complex II Complex IV

nmol/min/1I 6 HC

None 26.5 ± 1.3 45.8 ± 0.8 65.9 ± 2.7
10 ,g/mL LPS 27.9 ± 2.2 44.5 ± 1.7 66.9 ± 2.0
500 U/mL TNFa 20.7 ± 1.7t 40.5 ± 1.3 58.9 ± 1.1
2000 U/mL TNFa 17.3 ± 1.3t 31.8 ± 2.4t 43.9 ± 6.5

* Freshly harvested HC were incubated under the conditions listed
above. After 18 hours, the activities of three enzyme complexes of the
mitochondrial respiratory chain were measured as oxygen consumption
after the addition of specific substrates as described in the Materials and
Methods section.

t p< 0.01 vs. untreated HC.
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FIG. 2. Time courses of inhibition of complex I-mediated respiration
parameters induced by exposure to TNFa. Freshly harvested HC were
placed in culture, and malate/glutamate-dependent oxygen consumption
was measured after the incubation periods indicated above. The acceptor
control index was calculated as the ratio of state 3 to state 4 respiration.
State 4 respiration was initiated by the addition of oligomycin (2 ltg/
mL) to the respiration medium. The results represent four experiments.

aminase and glutamic pyruvate transaminase. However,
the amount of enzymes found in the supernatants rep-
resents only a very small portion ofthe total enzyme con-

tent of lysed hepatocytes, indicating that cell death did
not occur to a major extent under these conditions.
Tumor necrosis factor alpha-stimulated production of

oxygen radicals has been implicated as a possible mech-
anism of TNFa-induced tumor cell cytotoxicity.23'24 An-
other proposed mechanism of tumor cytotoxicity is the
generation of nitric oxide. This short-lived radical was

shown to specifically inhibit mitochondrial respiration in
various cell types.""119'25 To determine whether either one
of these mechanisms is involved in TNFa-induced alter-
ation of HC metabolism, we measured the release of su-

peroxide and the stable endproducts of nitric oxide bio-
synthesis, nitrites and nitrates, from TNFa-treated HC.
Exposure to TNFa, however, did not result in detectable
HC superoxide release nor the generation of NO2- and
NO3- (Table 3).

Ann. Surg. * November 1992

TABLE 2. TNFa Enhances Protein Synthesis and the Release
ofIntracellular Enzymes by Hepatocytes*

Protein
Culture Conditions Synthesis

TNFa [3H]-Leucine Enzyme Release (U/L)
Concentrations Incorporation

(U/mL) (cpm) GPT GOT

- 42,607 ± 1876 61 ± 10 369 ± 23
500 49,274 ± 1954t 57 ± 10 510 ± 65t

2000 49,340 ± 4587 87 ± 14 539 ± 52t
Cell lysis ND 398 ± 65 5993 ± 296

* After 18 hours of incubation with the various concentrations of
TNFa HC, total protein synthesis was determined as incorporation of
radiolabeled leucine, and the release of intracellular enzymes from 106
HC/mL into the culture supernatants was measured. The same number
ofHC/mL was lysed by three cycles ofrapid freeze thawing to determine
the total content of these enzymes in the HC. The results represent five
experiments.

t p < 0.05 vs. incubations without TNFa.

To evaluate the role ofoxygen radicals in the inhibition
of mitochondnal respiration by TNFa more thoroughly,
oxygen radical scavengers were added to the incubation
media. The addition of ascorbate as a superoxide scav-
enger or mannitol as a hydroxyl radical scavenger almost
completely prevented the inhibitory effect of TNFa on
mitochondrial respiration (Fig. 3). Ascorbate also signif-
icantly reduced the release ofintracellular enzymes, while
the effect of mannitol on enzyme release was not signif-
icant (not shown). 1,3-bis (choroethyl)-l-nitrosourea, an
inhibitor ofglutathione reductase, was used to investigate
whether the availability of reduced glutathione is impor-
tant for hepatocellular defense against the effect ofTNFa.
This seems not to be the case, because addition of 200
limol/L 1,3-bis (choroethyl)- l-nitrosourea did not change
respiration rates in the presence or absence ofTNFa. The
amount of 1 ,3-bis (choroethyl)- I -nitrosourea used in this

TABLE 3. TNFa Does not Induce Release ofSuperoxide Radicals
or Nitric Oxide Radicals by Hepatocytes

Culture Radical Release
Conditions

TNFa
Concentration 2 * N=O

(U/mL) (nmol/106 HC) (nmol NO + NO-/106 HC)

0.69 ± 0.43 8.5 ± 1.6
500 0.43 ± 0.43 8.5 ± 1.7

2000 0.46 ± 0.43 7.4 ± 2.6
Positive controls 4.46 ± 1.28 228.8 ± 15.4

For determination of superoxide as well as nitric oxide release, HC
were incubated for 18 hours. Kupffer cells that were stimulated with
phorbol myristate acetate for 2 hours served as positive controls for su-
peroxide production. Positive controls for nitric oxide production were
HC that were exposed to a specific combination of cytokines and LPS
as described in the Materials and Methods section.
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FIG. 3. Oxygen radicals prevent TNFa-induced suppression of complex
I-mediated respiration rates. HC were incubated for 18 hours either in
regular medium (solid columns) or in medium supplemented with 2000
U/mL TNFa (hatched columns). Ascorbate (1 mmol/L) and mannitol
(10 mmol/L) were added as exogenous oxygen radical scavengers. The
role ofendogenous defense mechanisms against oxygen radicals was tested
by addition of 1,3-bis(chlorethyl)-1-nitros-urea (BCNU; 200 'mol/L).
Complex I activity was measured as malate/glutamate-dependent oxygen
consumption. *p < 0.01 vs. 2000 U/mL TNFa.

experiment was shown to effectively block glutathione re-
duction (unpublished observations).

In tumor cells, the effect of TNFa is dramatically in-
creased by inhibition of protein synthesis.'0,26 Cyclohex-
imide, which inhibits protein synthesis by blocking trans-
lation, had no significant effect when administered alone
for 18 hours, but almost completely suppressed complex
I activity in combination with TNFa (Table 4). Enzyme
release was increased, but again not to a level that could
explain the suppression ofmitochondrial enzyme activity
by cell death. Neither a combination of superoxide dis-
mutase (300 U/mL) and catalase (1000 U/mL) nor oxygen
radical scavengers were able to reverse the inhibition of
complex I activity by TNFa plus cycloheximide. The
added enzymes, however, can only act extracellularly, be-
cause they cannot penetrate the plasma membrane.

For all kinds of chemical signals, receptor expression
is important to regulate the efficiency of signal transduc-
tion. In various tumor cell lines, interferon-g (IFNg) and
cyclic adenosine monophosphate (cAMP) have been
shown to up-regulate TNFa receptors on the cell sur-
face.27'28 Therefore, experiments were undertaken to in-
vestigate whether IFNg or cAMP were able to enhance
inhibition ofHC mitochondrial respiration by TNFa. Al-
though IFNg had no influence on inhibition of complex
I activity by TNFa, dibutryl-cyclic AMP (DBcAMP), a
membrane permeable version of cAMP, synergistically
increased the effect of TNFa (Fig. 4). The combination
ofTNFa with glucagon, which acts through intracellular
cAMP elevation,29 also resulted in a relatively decreased
HC complex I activity of 57.6 ± 6.5% compared with
incubations with glucagon alone. The rise in respiratory
activity induced by glucagon is a well-established effect
of this hormone.30 The addition of oxygen radical scav-
engers partially prevented the inhibition of mitochondrial
respiration by TNFa in combination with DBcAMP or
glucagon.

Discussion
Tumor necrosis factor alpha is a very well-studied mol-

ecule, which has proven to be responsible for a variety of
pathophysiologic events. Once thought to preferentially
kill tumor cells, TNFa is now known to also mediate
many of the deleterious consequences of major trauma
and sepsis.4'3' To this list we can now add TNFa-induced
inhibition of energy metabolism of HC in vitro.
A variety of different effects of TNFa on cells in vitro

have been described, including DNA fragmentation,32
adenosine diphosphate ribosylation,33 increased perme-
ability of plasma membranes,34 and inhibition of mito-
chondrial respiration.'0 All these alterations might be re-
sponsible for or at least contribute to TNFa-induced cy-
totoxicity. We have focused on the effect of TNFa on

TABLE 4. Inhibition ofProtein Synthesis by Cycloheximide Potentiates Suppression ofEnergy Metabolism and Enzyme Release by Hepatocytes*

Culture Conditions
Oxygen Consumption Enzyme Release

TNFa Cycloheximide (Complex I Mediated) (GOT)
(2000 U/mL) (10 ,g/mL) Other Additions (% of Untreated HC) (% of Lysed HC)

6.3 ± 0.4
+ 94.7±5.4 7.4±1.1

+ 67.0 ± 3.5t 8.2 ± 0.7t
+ + Superoxide dismutase + catalase 6.9 ± 1.6t 12.7 ± 1.8t
+ + (300 U/mL + 1000 U/mL) 5.3 ± 1.9 ND

Ascorbate + mannitol
+ + (10 mmol/L + 10 mmol/L) 5.7 ± 3.2 ND

* Mitochondrial respiration rates and enzyme release into the culture
supernatants were determined after 18-hour incubations under the in-
dicated conditions. The amount of enzymes in the supernatants is cal-
culated as the percentage of enzyme activity that was determined in cell

lysates of equal numbers of HC.
t p < 0.01 vs. untreated HC.
f p < 0.001 vs. untreated HC.
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FIG. 4. Cyclic AMP synergistically enhances TNFa-induced inhibition
of complex I activity. HC were incubated for 18 hours in regular medium
(solid columns), in medium containing 2000 U/mL TNFa (hatched col-
umns), or in medium supplemented with 2000 U/mL TNFa, 10 mmol/
L ascorbate, and 10 mmol/L mannitol (open columns). In an attempt
to up-regulate TNF receptors, IFNg (100 U/mL), dibutryl-cyclic AMP
(1 mmol/L), or glucagon (10 ,umol/L) was added. *p < 0.05 vs. IFNg or

glucagon alone. °p < 0.005 vs. IFNg + TNFa. #p < 0.001 vs. 2000 U/
mL TNFa.

mitochondrial function of normal cultured HC, because
several previous studies had shown deteriorated hepatic
mitochondrial function and morphology in endotoxin-
treated animals.8 9'35 It is well accepted that many of the
effects of endotoxin are mediated by TNFa."l 3'4 Further-
more, studying the effects of endotoxin and cytokines on

hepatocellular metabolism is of clinical relevance because
liver dysfunction often-but not always-accompanies
the multiple organ failure syndrome seen in surgical and
traumatized patients.36 In our experiments, exposure of
HC to a relatively high concentration of LPS (10 ,ug/mL)
had no effect on mitochondrial respiration. Tumor ne-

crosis factor alpha significantly inhibited the activity of
specific enzyme complexes of the mitochondrial respi-
ratory chain in a concentration-dependent manner. These
in vitro findings suggest that mitochondrial dysfunction
after in vivo administration of LPS may at least in part
be due to the release of TNFa.
A general problem of in vitro experiments using cell

culture techniques is the determination of concentrations
of mediators that reflect physiologic conditions. Because
TNFa acts primarily in a paracrine and autocrine fashion,
TNFa receptors in the local environment of the TNFa-
producing cell will be fully saturated before the cytokine
spills over into the systemic circulation. This may be spe-

cifically true for the hepatic sinusoids, although to our

knowledge TNFa concentrations in the sinusoids have
never been determined. Therefore, serum levels may not
provide optimal guidelines for choosing in vitro concen-

trations of cytokines. Nevertheless, ng/mL concentrations
of TNFa in serum have been described in humans.37'38
In previous experiments, we have found TNFa levels of
up to 500 U/L X 106 cells (12.5 ng/mL) in the superna-

tants of cultured Kupffer cells.39 In the current study, mi-
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tochondrial inhibition was found to be enhanced when
the concentration of TNFa was increased from 500 to
2000 U/mL. This finding suggests that a concentration
of 500 U/mL does not fully saturate the HC TNFa re-
ceptors.

For the evaluation of mitochondrial damage, the ACI
is an important parameter. The ACI is calculated as the
ratio of state 3 to state 4 respiration17"8 and reflects en-
zyme activity (state 3) as well as intactness of the mito-
chondrial inner membrane in maintaining the proton
gradient (state 4). Time course experiments demonstrated
that the decrease of state 3 respiration parallels that ofthe
ACI. This observation indicates that there was no major
damage to the mitochondrial membranes rather than a
specific inhibition ofthe enzyme complexes ofthe electron
transport chain. Other defects, such as the inhibition of
mitochondrial ATPase, also may contribute to mito-
chondrial dysfunction in sepsis.40
The release of intracellular enzymes was increased in

the presence of TNFa, but not to an extent that would
correspond to the inhibition of mitochondrial function.
It is not clear at this point whether the elevation ofenzyme
release reflects cell death, increased permeability of the
cell membranes, or both. In any case, cell damage does
not appear to be a major factor in our experiments because
the exposure to TNFa led to a rise in HC total protein
synthesis, too. This finding corresponds to other reports
that propose a role for TNFa in the induction of the he-
patic acute phase response.4'42
The mechanisms by which TNFa kills cells are essen-

tially not known. In terms of the inhibitory effect on mi-
tochondrial respiration, two categories ofagents are likely
to be involved: (1) reactive oxygen intermediates, mainly
superoxide and hydroxyl radicals, and (2) intermediates
of oxidative nitrogen metabolism, specifically the nitric
oxide radical. Both types of radical species have been
shown to inhibit mitochondrial respiration in a similar
fashion as that observed in our experiments.'1'25'43 Fur-
thermore, in other cell types TNFa has been implicated
in both oxygen radical production and induction of nitric
oxide synthesis.44 By measuring the stable end products
of nitric oxide synthesis, we could not detect any difference
between TNFa-treated and untreated HC. Therefore, ni-
tric oxide does not seem to play a role in TNFa-induced
inhibition of mitochondrial function. These results sup-
port the previous finding that only a specific combination
of several cytokines will induce nitric oxide production
in cultured HC.39

In terms of the involvement of reactive oxygen inter-
mediates the results appeared to be contradictory. Super-
oxide release by HC was not detected in response to TNFa;
however, oxygen radical scavengers prevented most of the
effects ofTNFa on HC mitochondrial respiration. There
are several explanations for this obvious disparity. One is
that TNFa induces HC synthesis of other oxygen radical
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species than superoxide, which are able to inhibit the en-
zyme complexes of the mitochondrial electron transport
chain43 without being detected by our assay. This expla-
nation is unlikely, however, because in biologic systems
most reactive oxygen intermediates are derived from su-
peroxide.45 A better explanation takes into consideration
that our assay for superoxide production only detects su-
peroxide that is released from the cells.20 Because HC have
a great capacity to scavenge oxygen radicals,45 the super-
oxide may have been absorbed within the cells before de-
tectable amounts reach the extracellular medium. In any
case, our results are supported by the finding that in tumor
cells scavenging of oxygen radicals also protects from
TNFa-mediated cytotoxicity.23,46
A large variety of hepatotoxic substances, including

ethanol, are known to induce the production of reactive
oxygen intermediates.47 Similar to TNFa, these com-
pounds lead to increased HC release of intracellular en-
zymes, which is prevented by ascorbate or other oxygen
radical scavengers. Other drugs or manipulations, such as
fasting, have been shown to suppress hepatocellular de-
fense mechanisms against oxygen toxicity.45 In light of
these observations, we have focused on the interactions
of TNFa with other hepatotoxic substances in ongoing
studies. It is tempting to speculate that the effects ofTNFa
may be enhanced by a suppression of cellular defense
mechanisms. In the presented experiments inhibition of
glutathione reductase, however, had no influence on
TNFa-induced mitochondrial dysfunction. Therefore,
other pathways of oxygen radical detoxification may be
affected by the action of TNFa.

Another important consideration in terms ofprotection
against TNFa is that the sensitivity toward TNFa-induced
cytotoxicity is increased by inhibitors ofprotein synthesis
in a variety of cell types.'0'26 The current study confirms
this mechanism for the inhibition of HC respiration by
TNFa, too. The preferred explanation for this finding is
that TNFa itself induces the synthesis of one or several
proteins that protect the cell against its adverse effects.6
Up-regulation of specific gene expression has been dem-
onstrated after TNFa binding, including those for man-
ganese superoxide dismutase,48 the ferritin heavy chain,49
heat shock proteins,50 and others that may have protective
effects. In contrast, the hepatocellular catalase activity is
decreased by TNFa treatment.5' Addition of superoxide
dismutase alone or in combination with catalase did not
overcome the profound mitochondrial dysfunction in-
duced by TNFa and cycloheximide in the current study.
Because these two enzymes cannot cross the plasma
membrane, this finding demonstrates again that only the
generation of intracellular reactive oxygen intermediates
seems to be of relevance. Using other methods, such as
anti-sense techniques, we will try to elucidate the role of
induction of manganese superoxide dismutase by TNFa
in further studies.

The effectiveness of cytokines and other chemical sig-
nals on target cells is regulated by various factors, includ-
ing receptor expression. Binding studies have shown that
HC express relatively few receptors for TNFa and that
receptor expression correlates with sensitivity to TNFa-
induced cytotoxicity.52 Interferon-g and cAMP are known
to increase TNF receptor expression in various tumor cell
lines.27'28 Both substances were therefore used in an at-
tempt to increase the effects of TNFa on HC. However,
combination of TNFa with IFNg did not enhance the
inhibitory effect ofTNFa, whereas the combination with
cAMP synergistically increased TNFa-induced HC mi-
tochondrial dysfunction. The latter finding appears to be
of physiologic significance, because many hormones, such
as glucagon29 and catecholamines,53 increase intracellular
cAMP levels. Most of these hormones are elevated in
trauma and sepsis, and synergism with TNFa could result
in major damage. The current study demonstrates that
the inhibitory effect of TNFa in combination with glu-
cagon is indeed increased compared with TNFa alone.
Experiments are underway to determine whether cAMP
and cAMP-inducing agents act through HC TNF receptor
up-regulation or whether they enhance the effect ofTNFa
through other mechanisms.

In conclusion, the presented experiments demonstrate
that TNFa inhibits mitochondrial respiration of normal
rat HC by a mechanism that involves the generation of
reactive oxygen intermediates. This observation may have
immediate clinical implications in patients suffering from
major trauma or sepsis, because a variety ofoxygen radical
scavengers can be safely administered. Other factors that
increase TNFa-induced mitochondrial dysfunction have
been identified, including inhibition of protein synthesis
and possibly up-regulation ofTNFa receptors. Both con-
ditions also may be influenced by therapeutic strategies
available in the near future.
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