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A novel mechanism of murine hepatocyte death inducible by
Concanavalin A

Marcel Leist and Albrecht Wendel

Biochemical Pharmacology, Faculty of Biology, University of Konstanz, Germany

Background: Concanavalin A (Con A) is a plant
lectin that polyclonally activates T-cells. When
given intravenously to mice it induces a selective
liver failure. Hepatotoxicity following Con A
administration involves the systemic release of
tumor necrosis factor.

Methods: We used primary murine hepatocyte cul-
tures to investigate mechanisms of hepatocytotox-
icity related to this animal model of inflammatory
liver failure.

Results: Con A was directly toxic for cultured
hepatocytes. This toxicity did not require addition-
al cytokines or the presence of T cells. Cytotoxicity
due to Con A involved specific binding of the lectin
to mannosyl cell surface receptors, but no internal-
ization. Other structurally similar lectins lacked
such an in vitro hepatocytotoxicity. Con A induced
initially reversible alterations of the morphology

CONCANAVALIN A (Con A) is a lectin derived from
the seeds of jack beans (Canavalia ensiformis)
that has been widely used as a tool in biology. It was
the first lectin whose three-dimensional structure was
elucidated and its physicochemical characteristics
have been characterized in detail (1,2). At physiolog-
ical pH Con A is a non-glycosylated homotetramer
that can be dissociated into stable dimers (3) or mon-
omers (4) by succinylation or photoalkylation, re-
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that were different from the ones caused by classi-
cal hepatotoxins. Con A-induced cell death was
highly specific for murine hepatocytes. It was nei-
ther apoptotic by morphology nor did it involve
DNA fragmentation. In addition, Con A caused a
fall in cellular total glutathione content and an in-
crease in transcriptional activity. Stabilization of
microtubules by taxol completely protected cells
from the lectin.

Conclusions: Stimulation of hepatocytes with Con
A elicits a novel mechanism of cytotoxicity due to
inappropriate excessive stimulation of membrane
receptors and subsequent disturbance of the cy-
toskeleton.

Key words: Cytotoxicity; Glutathione; Lectin;
Liver; Taxol

spectively. Each monomer contains a carbohydrate
binding site with known specificity (5) and structure
(6). The lectin binds most avidly to o-D-man-
nopyranosyl residues. It has lower affinities for glu-
copyranosides, fructofuranosides or arabinofurano-
sides. In contrast to some bifunctional lectins, that
cause some of their biological effects independently
from their carbohydrate recognition domain (7), all
known biological actions of Con A seem to be initi-
ated by interactions with its sugar binding site.
Lectins occur also in mammalian organisms (8).
Among these mammalian lectins lung surfactant pro-
teins have important immunological functions and are
activators of macrophages (9). In addition, the cytokine
tumor necrosis factor, which is a terminal mediator of
inflammatory liver damage in galactosamine-sensi-
tized mice (10), is a mammalian lectin (11) with direct
toxicity towards microorganisms (12), besides its
known cytotoxicity for a variety of cell lines (13).
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The plant lectin Con A binds to surface glycopro-
teins and glycolipids of many cell types, e.g. leuko-
cytes (14,15), hepatocytes (16) and a large number of
transformed and nontransformed cell lines (17,18).
Moreover, it may induce a distinct metabolic
response after binding to structures such as the insu-
lin receptor on the surface of adipocytes (19,20) or to
molecules encoded by the major histocompatibility
complex in mice (15). Mitogenic activation of T cells
associated with cytokine expression and secretion is
one of the best-known activities of Con A (21). Such
a proliferative response is generally thought to be due
to receptor cross-linking, but has also been observed
with monomeric or dimeric Con A species (3,4).

The toxicity of Con A has received little attention
although the lectin is a powerful immunostimulant
(22) and inflammogen (23) in vivo. Con A-induced
cytotoxicity towards a variety of cell lines has already
been described 20 years ago (17,24), but since then it
has never been characterized in greater detail. Intra-
venous administration of Con A to mice leads to a
fulminant organ failure of the liver only (25). Several
other lectins with similar structure or sugar specifi-
city were not hepatotoxic in this model of autoreac-
tive liver injury although they were mitogenic for
lymphocytes. The pathomechanisms induced by Con
A-injection involve the activation of T lymphocytes
and the reticuloendothelial system, which results in
the systemic release of a variety of cytokines (26).
Tumor necrosis factor, one of the cytokines that is
secreted into the serum upon Con A-injection, was
identified as the pivotal distal pathogenic mediator
(26,27). In this respect the pathomechanism of Con
A-induced liver failure resembles various models of
T-cell-induced shock elicited by polyclonal T-cell
mitogens such as anti-CD3 antibodies (28) or bacte-
rial superantigens (29), respectively. D-galactos-
amine that selectively inhibits hepatic transcription
(30) is commonly used to sensitize mice towards
these stimuli (31,32). A characteristic feature of mod-
els using sensitized mice is that stimulation of the
lymphoid system causes a fulminant hepatic failure,
i.e. a localized single-organ failure instead of a gen-
eral shock symptomatology. The time course of the
damage and the cytokines mediating liver failure are
similar to that observed after Con A administration
(27,32,33). In contrast to all other models, however,
the induction of rapid and pronounced hepatic dam-
age by Con A treatment did not require any sensitiza-
tion of the mice and Con A itself did not influence
hepatic RNA synthesis in vivo (34). It therefore
seemed necessary to investigate whether and in
which way Con A would directly affect murine hepa-

tocytes in order to find a rationale for the hepato-
tropic toxicity of this lectin.

Materials and Methods

Animals

Male BALB/c or C57BL/6 mice (25 g, from the inter-
nal animal breeding house, University of Konstanz)
were kept under controlled conditions (22°C, 55%
humidity, 12 h day/night rhythm) on a standard labo-
ratory chow (Altromin 1313). Mice lacking the gene
for the 55 kDa TNF-receptor (35) were a gift from
Drs. W. Lesslauer and H. Bluethmann (F. Hoffman-
LaRoche, Basel). MRL/MplJ-lpr/lpr mice lacking a
functional CD95 cell surface receptor (= fas; Apo-1)
were obtained from Harlan (Austerlitz, Netherlands).
Animals received humane care in adherence to the
NIH guidelines as well as to legal requirements in
Germany.

Reagents

Recombinant murine TNF-o@ was generously pro-
vided by Dr. Adolf (Bender and Co., Vienna, Aus-
tria). Monospecific ovine anti murine tumor necrosis
factor-o0 immunoglobulin was prepared by S. Jilg
from this laboratory (10). Unless further specified, all
reagents were purchased from Sigma (Deisenhofen,
Germany).

Murine hepatocyte cultures

Hepatocytes were isolated after pentobarbital
anesthesia (120 mg/kg) of the mice by the two-step
collagenase perfusion method of Seglen (36) as
described previously (10,27) with a viability exceed-
ing 80% according to the trypan blue exclusion
method and a yield of 50-60x10° cells/mouse liver.
After two washes by centrifugation for 2 min at 50 g,
8x10* hepatocytes in 200 pl RPMI 1640 medium
(Biochrom, Berlin, Germany) containing 10% new-
born calf serum (NCS) were plated in 24-well plates
(Greiner, Frickenhausen, Germany). They were
allowed to adhere to culture plates for 5 h before the
medium was exchanged for RPMI medium without
serum. The seeding efficiency of viable cells was
>90%. Experiments were carried out at 37°C in an
incubator gassed with 5% CO,, 40% O, and 55% N,.
Hepatocyte cultures initially contained about 5%
Kupffer cells as determined by phagocytosis of fluo-
rescein-labeled latex (¢ 0.75 pm from Polyscience
Inc., Eppelheim, Germany) and esterase staining.
Substances used for pharmacological or biochemical
characterization of Con A-induced hepatocytotoxic-
ity were generally added to the cultures 30 min
before Con A and remained in the culture medium
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together with Con A until the experiment was termi-
nated.

Experimental conditions for cell lines and non-liver
primary cells

The HepG2 or BRL liver cell lines were kept in
RPMI 1640 medium supplemented with 10% fetal
calf serum. For binding experiments they were plated
out at a density of 8x10* cells/well in 24-well plates
(Greiner, Frickenhausen, Germany) and left to adhere
overnight. Spleen cells or lymph node cells were pre-
pared according to Kleiman et al. (37). All cell types
and cell lines used for toxicity experiments were
tested in parallel incubations both in RPMI medium
alone or in medium containing 10% NCS for 20 h at
the same culture conditions as described for murine
hepatocytes. All experiments using cell lines were
performed at least three times on different days. At
the density of 8x10* cells/well none of the cell lines
was confluent and cells were in the dividing phase
during the experiments.

Cytotoxicity and proliferation assays

Total cellular glutathione was determined according
to the enzymatic cycling method (38) after medium
removal and addition of 250 il cold HCVEDTA (0.1
M/ 10 mM). LDH was determined in culture superna-
tants (Sup), and in the remaining cell monolayer
(Cell) after lysis with 0.1% Triton X-100 (39). The
percentage of LDH-release was calculated from the
ratio:

LDH,,

+ LDH

LDH

Sup Cell

When toxicity was to be prevented by putative
inhibitors such as taxol, specific toxicity in the pres-
ence of inhibitor was defined as:

100 x %LDHCOn A+inhibitor %LDH

%LDH,,, ,— %LDH

basal

basal

Alternatively, the capacity to produce formazan
from MTT was measured essentially according to
Mosmann (40). Briefly, at the end of the incubation
period, cells were incubated with 0.4 mg/ml MTT for
30 min prior to medium removal. Reduced MTT was
measured spectrophotometrically at 560/690 nm after
lysis of cells (containing formazan crystals) with 200
ul i-propanol/formic acid (95:5) and transfer of 100
ul of this solution to 96-well microtiter plates. Non-
hepatic cell lines were incubated for 2—4 h until suffi-
cient MTT was reduced in untreated controls to yield
a signal of about 800 mOD. Non-adherent cells were
lysed by addition of 50 ul HCI/SDS (4 mM/4% final
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concentration). Proliferation of lymphoid cells was
determined according to Mosmann (40) after incuba-
tion for 48 h with various lectins. Fluorescein diace-
tate was used in a concentration of 1 UM and incu-
bated for 20 s.

Protein and RNA synthesis measurements

For the determination of protein or RNA synthesis
8.4x10* Bq *H-uridine or 1.85x10° Bq *H-leucine
were added to hepatocytes. After 2 h the medium was
removed and cells were washed 3 times with ice cold
10% trichloroacetic acid. The cells were then lysed
for 12 h at 37°C in 0.5 M NaOH/1 mM EDTA/0.1%
Triton X-100 and an aliquot was used for determina-
tion of acid-precipitable incorporated radioactivity.

DNA-fragmentation

After incubation with different stimuli cells were
finally lysed within the culture dish with 0.1% Triton
X-100 and DNA fragmentation was determined
according to McConkey et al. (41). Alternatively,
DNA fragmentation was measured as described (42)
by quantification of cytosolic oligonucleosome-
bound DNA using an ELISA-kit (Boehringer, Mann-
heim, Germany).

Microscopy

Light microscopic observations were performed in
situ on the culture plates. Fluorescence microscopy
was performed on an Axiovert 35, Carl Zeiss
(Oberkochen, Germany) using hepatocytes grown on
collagen-coated cover slips. They were fixed for 10
min in 3.7% formaldehyde and made permeable with
0.1% Triton X-100 for actin staining with 200 nM
fluorescein-phalloidin or made permeable with 80%
methanol (=20°C) for 5 min and postfixed with cold
acetone for tubulin staining with an anti-tubulin mon-
oclonal antibody (1:20) and a rhodamine-coupled
secondary antibody (1:20). For scanning electron
microscopy of hepatocytes in culture, these were
grown on collagen coated round cover slips in 24-
well plates. After different time points medium was
removed and cells were fixed with 0.7% glutaralde-
hyde in 50 mM sodium cacodylate buffer and post-
fixed with 1% OsO,. After dehydration and embed-
ding (Spurr’s resin) cell specimen were critical point-
dried, sputtered with 5 nm palladium-gold and
viewed in an electron microscope (model 505, Philips
Electronic Instruments, Mahwah, NY, USA).

Hemagglutination and cell binding
For the determination of lectin binding, cells were
fixed with formaldehyde and washed several times



with saline containing 15 mM phosphate, pH 7.4
(PBS). Fixation was shown not to alter the number of
binding sites in accordance with data presented by
Peschke et al. (14). After incubation of the cells with
solutions of fluorescein-labeled Con A in PBS/2%
bovine serum albumin (BSA) for 60 min at 37°C,
they were washed several times with cold PBS/2%
BSA and then further incubated for 90 min (37 C) in
a solution containing 50 mM a-methylmannoside (ol
mm), 5 mM EDTA and 2% BSA. An aliquot of this
supernatant was diluted in 1 M imidazole buffer (pH
6.8) and used for fluorescence determination on a
Perkin Elmer 650-40 fluorimeter. Arbitrary fluores-
cence units were calibrated using different dilutions
of fluorescein-labeled Con A. For toxicity experi-
ments with different cell types fluorescence values
are given per mg cellular protein (43). When binding
inhibition was tested in the assay, cells were preincu-
bated for 10 min with inhibitor before fluorescein-
labeled Con A was added.

For the determination of hemagglutination,
washed murine red blood cells were used at a final
concentration of 1.2% in saline containing 1 mM
CaCl, and 1 mM MnCl,. They were mixed with serial
dilutions of various lectins in V-form microtiter
plates at a final volume of 120 pl and agglutination
was determined after 2 h at room temperature. For
agglutination inhibition assays a fixed Con A concen-
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Fig. 1. Time-dependence of Con A-induced toxicity in pri-
mary mouse liver cell cultures at different concentrations
of the lectin. 8x10° Hepatocytes were incubated in 200 pl
RPMI 1640 medium alone or medium containing Con A.
The lectin was added to the incubations as stock solution
in a volume of 10 Ul After the times indicated, viability
was determined by the assessment of LDH-release into the
medium. Data represent meanstSD from triplicate deter-
minations.
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Fig. 2. Correlation of binding and toxicity induced by Con
A in murine liver cell cultures. For the determination of
Con A-binding or Con A-toxicity, 8x10* hepatocytes (200
Wirwell) were incubated with 100 \g/ml of the lectin in the
presence of varying concentrations of O-mm. Specific tox-
icity was determined after 20 h by assessment of LDH-re-
lease of untreated controls, Con A-treated cells and hepa-
tocytes treated with sugar plus lectin. Binding was deter-
mined by quantitating the fluorescence of fluorescein-
labeled Con A. Data represent meanstSD from triplicate
determinations.

tration of 50 pg/ml was used together with serial dilu-
tions of the inhibitor,

Statistics

Data are expressed as meanststandard deviation
(SD) with n = 3. Unless otherwise indicated, individ-
val data points in the diagrams that display no error
bars represent standard deviations smaller than the
size of the symbol. Statistical significance was deter-
mined with the unpaired Student’s ¢-test if applicable,
or with the Welch test if variances were inhomogene-
ous (F-test <0.05). All data from cell culture experi-
ments are based on at least three individual cell prep-
arations.

Results

Con A-induced hepatocytotoxicity

Since, with the dose of 20 mg/kg, Con A induces a
selective liver injury in mice within 8 h (25), we
examined the toxicity of the lectin in primary murine
hepatocyte cultures. As demonstrated in Fig. 1, Con
A induced a concentration- and time-dependent cyto-
toxicity in this cell culture system. Significant LDH-
release compared to untreated control cells was
detected at about 10 h after addition of Con A to the
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Fig. 4. Morphological alterations of cultured murine hepatocy

' ~__5§,;?3,,.~; L > ¢
tes evoked by Con A. Five hours after seeding of freshly iso-

lated murine liver cells in 24-well culture plates, medium was exchanged and incubations started. Untreated control cells
from BALB/c wild type (A) or nude mice (D) after 3 h. Hepatocytes treated with 100 \Lg/ml Con A (B) or with 100 \g/ml Con

A plus 75 mM o-mm (C) for 3 h.

Evidence that internalization of Con A is not required
for the induction of toxicity

For a further characterization of the hepatocytotoxic-
ity of Con A, we checked whether internalization of
the lectin was necessary. When cells were incubated
with Con A bound to agarose beads, significant toxic-
ity comparable to the one of free Con A was
observed. The cytoskeletal inhibitors colchicine
(2200 uM) or vinblastine (<1 mM), which are known
to block internalization processes, did not signifi-
cantly affect Con A-inducible cytotoxicity. In addi-
tion, leupeptin (10 uM), chloroquine (10 uM) or
methylamine (200 uM), which inhibit the lysosomal
uncoupling of receptor and ligand, had no significant
influence on Con A-induced cell damage. When cells
were washed free of Con A, 4 h after addition of the
lectin, toxicity did not occur. This demonstrates a
complete reversibility of the events leading to Con A-
induced cell death within this time. Even after 6 h the

954

removal of Con A from the cell surface by the addi-
tion of 75 mM o-mm fully protected the hepatocytes
against Con A (22+1% LDH-release 14 h after the
addition of the sugar ligand compared to 80+2% in
cells treated with Con A only). These findings render
the possibility of Con A internalization as a trigger of
cytotoxicity highly unlikely.

Effects of Con A on hepatocyte morphology

When we examined the effects of Con A on the mor-
phology of hepatocytes we detected conspicuous
alterations. As early as between 2 and 4 h after the
addition of the lectin, the cells changed their shape so
that the compact cell body was surrounded with
radial structures of 10-20 pum length which we
describe as “feathery protrusions” (Fig. 4). We exam-
ined whether these structures remained attached to
the cell body and whether they were metabolically
active. Using scanning electron microscopy we found



that with all cells examined these Con A-inducible
protrusions were connected to the cell body (Fig. 5),
i.e. structural continuity was maintained. The fact
that both MTT reduction was observed and fluores-
cein label was retained within these structures (data
not shown) indicates that an intact cellular membrane
and metabolic competence were also maintained at
this stage. The Con A-inducible protrusions were
reversible after addition of o.-mm up to 5 h after Con
A challenge as determined by single cell time lapse
photography. Thus, it seems that formation of the
protrusions was not a final stage in the cytotoxic
process, but rather an early reversible or intermediary
step. Since we reasoned that cytoskeletal motility is
needed for the formation of cytoplasmic protrusions
and that this protrusion-forming process precedes cell
death and may initiate the primary toxic reaction, we
used an inhibitor of microtubule depolymerization as
a tool to address this question. Taxol, a compound
with this quality (45), inhibited the formation of these
structures as well as cytotoxicity in a concentration-
dependent fashion (Fig. 6). These findings suggest
that disruptions of the cytoskeleton beyond a certain
extent may allow Con A-induced cytotoxicity to pro-
ceed. Cell damage was, however, not only a simple
depolymerization process of the cytoskeleton, since
the inhibitor of actin polymerization phalloidin
(£2 mM) or the inhibitor of tubulin polymerization
vinblastine (<1 mM) neither induced morphological
alterations comparable to those after treatment with
Con A nor were synergistic with Con A. Moreover,
staining of hepatocytes with a fluorescent phalloidin
derivative or labeled tubulin antibodies revealed that
microtubuli or actin filaments ran radially from the
cell body to the tips of the spiky protrusions caused

Fig. 5. Scanning electron micrographs of murine hepatocytes treated with Con A. (A) Hepatocyte 3 h after incubation with

by Con A (data not shown). We conceive this as
being consistent with restructuring, but not with total
depolymerization of the cytoskeleton.

Biochemical alterations in murine hepatocytes
caused by Con A

In addition to the morphological alterations, we char-
acterized changes of some biochemical parameters
induced in hepatocytes during incubation with Con
A. Two hours after addition of the lectin to the cul-
ture medium, RNA-synthesis in hepatocytes was sig-
nificantly increased at Con A concentrations =12 pg/
ml and reached a maximum level of 160+7% of con-
trol after the addition of >50 pg/ml lectin. Overall
protein synthesis was not significantly different
from that measured in control cells. During the incu-
bation, the total glutathione content of hepatocytes in
the presence of Con A was significantly reduced
(Fig. 7), beginning as soon as 90 min after addition
of the lectin, and this further dropped to below 20%
of controls after 9 h. At this time, control rates of
LDH-release and MTT-reduction would suggest that
cellular integrity was still maintained. The threshold
concentration of Con A causing such an early drop
of intracellular total glutathione was 11 pg/ml. Addi-
tion of 50 mM o-mm later than 3 h after Con A com-
pletely reversed these changes to control levels.
Repletion of intracellular glutathione with 2 mM N-
acetylcysteine or depletion of glutathione to 15% of
controls with a combination of 250 UM buthioni-
nesulfoximine and 500 uM diethylmaleate did not
significantly affect the hepatocytotoxicity of Con A.
Therefore, glutathione alterations seem to be a con-
sequence or an epiphenomenon rather than a cause of
Con A toxicity.

100 ng/ml Con A. (B) Control hepatocyte displaying polygonal flat morphology. White bar: 10 um.

955



@——@ 1uMConA
= 100HE—®— >m<
g \A i % D\ 100 pyM Con A + gmm
§ ———$— % 4uMConA
-
[o]
=
@ 50r
f
2
= \ \
S
b
%7 —\A 11 yM Con A
ot .\j 100 uM Con A
1 1 i 1 1 1
0 4 8 12 16 20

time [h]

Fig. 6. Con A-induced alterations of total glutathione in
murine hepatocytes. Hepatocytes were incubated with con-
trol medium or medium containing 1 (filled circles), 4
(filled diamonds), 11 (filled triangles) or 100 (filled
squares) Wg/ml Con A. Total cellular glutathione was de-
termined after the time periods indicated as described in
Materials and Methods. 75 mM o-mannoside (0-mm) was
added after 2 h to an incubation containing 100 UM Con A
(open squares). Total glutathione content of controls was
100 nmol/106 hepatocytes. Data represent meanstSD from
three independent cell preparations.

Signaling of Con A-induced hepatocytotoxicity

First we tested whether Con A mimicked the actions
of tumor necrosis factor (TNF), a hepatotoxic
cytokine with lectin characteristics. Hepatocytes pre-
pared from mice lacking the 55 kDa TNF-receptor,
which has been shown to mediate TNF-induced liver
failure (10), were damaged by Con A to a similar
extent as those derived from wild type mice (data not
shown). CD95 is a cell surface receptor known to
mediate hepatocyte death in vitro and in vivo (46).
Involvement of this molecule is also unlikely, since
hepatocytes prepared from CD95-deficient lpr-mice
were also killed by Con A (data not shown). Since
Con A is known to stimulate the insulin receptor
(19,20), we also checked whether an excess of this
hormone may mimick or modify the toxicity of Con
A. In this case, negative data did also not support this
assumption.

We checked also the possibility that Con A might
induce a programmed cell death, possibly via inade-
quate stimulation of another receptor on hepatocytes.
However, we did not find a significant increase of
low molecular weight DNA or of nuclear condensa-
tion with a method where a parallel experiment in
actinomycin D/TNF- or anti-CD95-treated hepato-
cytes clearly demonstrated a large rise of these
parameters (42,46). These findings seem to exclude
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DNA-fragmentation as a possible mechanism of Con
A-induced cell death.

Since the translational or transcriptional inhibitors
cycloheximide (50 uM), D-galactosamine (5 mM) or
actinomycin D (333 nM) rather enhanced the damage
than reduced it (ECs, of Con A shifted from 30 pg/ml
to 8 ug/ml), we conclude that de novo synthesis of
proteins is not required for Con A-induced hepatocy-
totoxicity.

Negative results were also obtained when we
checked the role of protein kinases A or C. Neither
the protein kinase A agonist dibutyryl-cyclic adenos-
ine monophosphate (300 pM) nor the adenylate
cyclase stimulator forskolin (50 puM), nor protein
kinase C-activating phorbol esters (1 uM), nor the
protein kinase inhibitors H-7 (1-(5-isoquinolinesulfo-
nyl)-2methylpiperazine; 1 uM) or staurosporine (1
UM) had any significant effect on the cytotoxicity of
Con A.

In contrast to this, addition of dibutyryl-cyclic gua-
nosine monophosphate (300 UM) or addition of the
cyclic guanosine monophosphate-specific phosphodi-
esterase inhibitor dipyridamole (10 uM) reduced Con
A toxicity significantly by 32 or 33%, respectively.

Lack of evidence for involvement of lymphocytes in
Con A-induced hepatocytotoxicity

T cells are known to mediate Con A-induced liver
damage in vivo (25). Since the presence of some con-
taminating lymphocytes cannot be excluded in our
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Fig. 7. Protection by taxol of murine hepatocytes against
Con A-induced toxicity. Hepatocytes were preincubated for
30 min with the taxol concentrations indicated. Then incu-
bations were continued in the presence of 50 pg/ml Con A
for 20 h until toxicity was determined by the MTT assay.
Taxol alone was not significantly cytotoxic at the concen-
trations applied. Data represent means=SD from triplicate
determinations.



primary hepatocyte cultures, we examined whether
Con A toxicity towards primary murine hepatocytes
was a direct effect of the lectin or possibly mediated
by lymphocytes or their mediators. First of all, hepa-
tocytes prepared from nude mice devoid of functional
T lymphocytes did not react differently from those
prepared from wild-type immunocompetent BALB/c
mice. Secondly, hepatocytes prepared from mice pre-
treated with 500 ug/kg dexamethasone, a drug sup-
pressing lymphocyte functions in vivo at this dose,
were damaged by Con A to a similar extent as control
cells from untreated animals. Thirdly, addition of
homologous spleen cells, lymph node cells or lym-
phocyte cell lines to hepatocyte cultures did not sig-
nificantly alter the cytotoxic response of cells
towards Con A (10-100 pg/ml). Fourthly, the suscep-
tibility of hepatocytes towards subsequent Con A
challenge was not altered by direct addition of tumor
necrosis factor (100 ng/ml), interleukin-1 (50 ng/ml),
interleukin-2 (2 ng/ml) or neutralizing anti-tumor
necrosis factor antibodies (shown to completely
inhibit the toxicity of 100 ng/ml TNF on murine
hepatocytes), or by preincubation of liver cell cul-
tures for 24 h with or without Con A (1-5 pg/ml).
Fifthly, the presence of 100 pg/ml Con A prevented
the activation of lymphocytes as determined by IL-2
release due to its rapid cytotoxicity, whereas such
concentrations of Con A killed cultured liver cells.
The above findings strongly suggest that in vitro the
lectin Con A kills hepatocytes directly without the
involvement of lymphocytes or their cytokines.

Discussion
Like other T-cell mitogens, Con A given in vivo
induces a cytokine shock syndrome. Unlike other
stimulators used in murine cytokine syndrome mod-
els, it does not require a sensitization of the animals
in order to induce hepatic failure. We initiated this
study primarily in order to find an explanation for the
specific in vivo hepatotoxicity of Con A. Since Con A
inhibited transcription neither in vitro nor in vivo, a
sensitization mechanism different from that of D-
galactosamine seems to exist. As demonstrated in this
study, the lectin exhibited a variety of additional
activities besides stimulating T cells. It bound
directly to hepatocytes and caused a concentration
and time-dependent death of murine liver cells under
various culture conditions. Since we reasoned that the
in vitro cytotoxicity may be an explanation for the
sensitization of hepatocytes in vivo, we continued to
characterize this yet unknown activity of Con A.

The strong correlation between binding of Con A

to hepatocytes and its toxicity as well as the absence
of evidence for lymphocyte involvement make any
mechanism of toxicity other than a direct interaction
of Con A with hepatocytes highly unlikely. Although
lectin binding to cells was a necessary condition for
the cytotoxicity of Con A, this characteristic alone
was not sufficient. This statement is based on the fol-
lowing three independent arguments. First, lectins
other than Con A, but with similar carbohydrate spe-
cificity and affinity did not induce cytotoxicity, so
that sheer protein binding to extracellular mannosyl-
residues may be ruled out as a mechanism initiating
toxicity. Second, Con A binding and cytotoxicity on
various cell types was not correlated. Thus, surface
binding of Con A alone is not sufficient to account
for toxicity. Third, Con A-induced cytotoxicity on
murine hepatocytes was mitigated by various drugs
such as phosphodiesterase inhibitors. All protective
agents were also tested in the binding assay (data not
shown) and were found not to interfere with lectin
binding to murine hepatocytes. Thus, even when Con
A bound to murine hepatocytes, its toxicity could be
attenuated. Therefore biochemical events secondary
to the cell membrane interaction seem to be involved
in Con A-induced hepatotoxicity and not only a phys-
ical derangement of the cell surface as seen with
detergent toxicity.

Some further changes in biochemical parameters
were observed, such as an increase in RNA synthesis
and a rapid drop of cellular total glutathione concen-
trations. Since data from additional experiments sug-
gested that glutathione changes are rather an effect
than a cause of Con A toxicity, we believe that cell
killing by reactive oxygen species is unlikely to
underlie Con A toxicity. Since the increased tran-
scription rate provided a hint as to a possibly inade-
quate overstimulation of a cellular receptor, we tested
some putative candidates.

As tumor necrosis factor was identified as the ter-
minal mediator of hepatic failure in vivo following
Con A injection, an obvious step was to test the
involvement of the tumor necrosis factor receptor.
The set of experiments we performed provides con-
clusive evidence that neither tumor necrosis factor
receptor nor CD95 is involved in Con A toxicity.
Finally, Con A has been reported to bind to murine
MHC molecules and to mimick their antigenic prop-
erties (47). Since T cells were not involved in the Con
A-induced toxicity observed in our culture system, it
is unlikely that binding of Con A to MHC induced
cell death.

The hallmark of Con A-induced hepatocyte dam-
age in vitro was the morphological alterations of the
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hepatocytes, resulting in structures described here as
“feathery protrusions”. Interestingly, these structures
developed within a couple of hours and were reversi-
ble to a certain extent. Although this phenomenon
resembles changes of the morphology of endothelial
cells exposed to Clostridium novyi ¢-toxin (48,49),
such an observation as the consequence of a hepato-
toxic reaction has to our knowledge not been
described before in liver cells.

The lack of effect of cytoskeletal polymerization
inhibitors and the positive staining of cytoskeletal ele-
ments suggest that Con A toxicity is not simply
explained by a depolymerization process but rather
involves some kind of restructuring of the cytoskele-
ton. This explanation is corroborated by the finding
that liver cells were protected from death and from
morphological alterations by pretreatment with taxol.
We propose alterations in cytoskeletal membrane
attachment factors as a possible, though purely conjec-
tural, primary event of Con A-inducible cytotoxicity.

Thus, the exact mechanism of Con A-induced
hepatocytotoxicity and the striking morphological
alterations described in this paper remain to be eluci-
dated. It seems that Con A induces cell death in
mouse hepatocytes in a specific, direct and initially
reversible way that is biochemically and morphologi-
cally different from any other hitherto described
mechanism of hepatocytotoxicity. Since the pattern of
toxicity of various lectins observed in vitro coincided
with the pattern of hepatotoxicity in vivo, we con-
clude that Con A may sensitize hepatocytes directly
towards further stimuli provided by polyclonal stimu-
lation of T cells.
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