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Abstract Treatment during early tumor development has
greater success because tissue growth remains largely
confined to its original locus. At later stages, malignant cells
migrate from their original location, invade surrounding
normal areas, and can disseminate widely throughout the
body. Remodeling of the extracellular matrix (ECM) serves
as a key facilitator of this dissemination. Proteolytic
enzymes including plasmin and matrix metalloproteinases
(MMPs) play an integral role in degrading the surrounding
ECM proteins and clearing a path for tumor cell migration.
Specific MMPs are highly expressed late during malignant
tumor invasion. It is not understood whether early changes
in MMPs influence apoptotic and necrotic cell death, pro-
cesses known to govern the early stages of carcinogenesis.
Similarly, the interaction between MDM2 and p53 is tightly
controlled by a complex array of post-translational modi-
fications, which in turn dictates the stability and activity of
both p53 and MDM2. The present studies examine the
hypothesis that model hepatotoxin dimethylnitrosamine
(DMN), which is also a model carcinogen, will induce the
MMP family of proteins after administration in hepatotoxic
doses. Doses of 25, 50, and 100 mg/kg DMN were
administered i.p. to male C3H mice. Changes in parameters
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associated with apoptotic and necrotic cell death, DNA
damage, cell proliferation, and extracellular proteinases
were examined in liver at 24 h. Serum ALT activity, oxi-
dative stress [malondialdehyde], and caspase-activated
DNAse mediated DNA laddering increased in a dose-
dependent manner, as did the level of MDM2 protein.
MMP-9, -10 and -12 (gelatinase-B, stromelysin-2, macro-
phage elastase), and p53 protein levels increased following
25 mg/kg DMN, but were successively decreased after
higher DMN doses. The results of this study demonstrate
changes in MDM?2 and MMPs during DMN-induced acute
liver injury and provide a plausible linkage between DMN-
induced oxidative stress-mediated genomic injury and its
likely involvement in setting the stage for initiating sub-
sequent metastatic disease at later circumstances.
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Introduction

Dimethylnitrosamine (DMN) is a genotoxic carcinogen and
the simplest representative of the dialkylnitrosamines. It
has been used for decades as a model hepatotoxin to
understand bioactivation-dependent liver injury [1-4] and
to explore mechanisms of hepatocarcinogenesis in rodents
[4, 5]. DMN is carcinogenic in all animal species. Its organ
and species specificities are attributed to differences in
metabolism and bioactivation [5-9]. The primary target
organs for DMN-induced carcinogenesis are liver, kidney,
and lung [4, 10-12].

DMN toxicity is attributed to its ability to alkylate
numerous cellular components including DNA, RNA,
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protein, and phospholipids in multiple target organs. The
nitrosamine is metabolically activated when it undergoes
o-hydroxylation. The unstable a-hydroxy metabolite spon-
taneously decomposes to yield reactive electophiles that are
methylating agents, including methyl cation. Other pathways
to reactive metabolites may include oxidation of a-hydro-
xydimethylnitrosamine to the corresponding aldehyde,
N-nitroso-N-methylformamide [13]. Historically, these bio-
logical reactive intermediates were thought to cause genomic
alkylation, DNA single-strand breaks, DNA double-strand
breaks, and other carcinogenic alterations. Until the late
1980s, most DMN-induced hepatotoxic changes were inter-
preted as necrotic. In 1989, Pritchard and Butler [14] dem-
onstrated that DMN can also induce apoptosis. Following
this observation, several mechanistic studies disclosed the
ability of DMN to induce DNA damage that was directly
related to various forms of cell death [2—4, 15-18] having
differing implications for hepatocarcinogenesis [4, 12].

Along with the model hepatotoxicant acetaminophen
[15, 19-23], DMN is a classical hepatotoxin that interferes
with processes in every intracellular compartment, includ-
ing mitochondria [24, 25] nuclei [4, 15, 26-29], the plasma
membrane [28, 30, 31], and cytoplasm [32, 33]. The
alkylating ability of DMN has been considered to be its
most injurious property relating to liver cell death [2, 26].

A limited number of studies focus on the early molec-
ular and cellular events bridging DMN toxicity and car-
cinogenicity in the liver. However, how DMN impacts
extracellular matrix (ECM) architecture and inherent cell
cycle regulatory elements that have been tied to neoplastic
propagation and metastatic tissue invasion remains unex-
plored to date. Various effects resulting from DMN bio-
activation could contribute to these processes, including
oxidative stress in most intracellular compartments,
extensive genome alteration, partial or full arrest of the
DNA repair machinery, and an imbalance in the pro-
oxidant and antioxidant status of the cell. Certain effects
alone, or several in concert, would be expected to alter cell
adhesion molecules, their receptor sites on basement
membranes, and communication across cells and ECM.

Tissues consist of sheets of epithelial cells that are
carefully arranged on a basement membrane by different
adhesion receptors. Properly functioning receptors prevent
cells from migrating to other destinations. When a cell
becomes transformed and tumorigenic, it loses most
adhesive properties. As damage progresses, cells migrate
from their origin and invade neighboring and underlying
tissues [34, 35]. Cancerous cells invade blood vessels to
find their way into the bloodstream, where they gain access
to all parts of the body and are able to take shelter in
preferred organs. Each type of cancer has its own propa-
gation and metastasis characteristics. DMN is a potent
inducer of liver metastasis in rodent models [4].
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Cell death due to cancer often becomes apparent in
secondary metastatic sites and not from the site where the
cancer originated. During this process of malignancy,
transformed cells detach from the primary site, migrate,
and cross structural barriers, including basement mem-
branes and surrounding extracellular membranes. A key
step in metastasis, tumor-induced angiogenesis, relies upon
degradation of the stromal collagenous ECM. The role of
matrix metalloproteinases (MMPs) in tumor invasion stems
from high expression of specific MMPs in metastatic
tumors [36, 37]. Evidence demonstrating the activity of
distinct MMPs in vivo in metastatic tumorigenesis iS now
considerable. ECM remodeling by MMP-driven pericellu-
lar tissue proteolysis patterns differs for single-cell and
collective-cell migration and invasion [38]. The present
studies were undertaken to investigate how DMN induces
liver cell death and whether this agent has the capacity to
upregulate members of the MMP family that have the
capacity to alter long-term signaling pathways involved in
tumorigenesis. Such extracellular changes may also play a
role in acute cell death induced by DMN.

Materials and methods
Animals, housing, and treatments

Two-month-old male C3H mice (Harlan Sprague—Dawley,
Inc., Indianapolis, IN) were given access to rodent chow
(Purina, St. Louis, MO) and tap water ad libitum. Animals
acclimated in an environment of controlled temperature
(22-25 °C), humidity and light/dark cycle in the Long
Island University animal care facility for 3 weeks prior to
study. Pilot experiments were conducted to standardize
DMN exposure and minimize mortality. Use of less than
8-week-old male C3H resulted in excessive animal death.
Animals of age 8-9 weeks were chosen for this investi-
gation. DMN in doses of 25, 50, and 100 mg/kg was
administered intraperitoneally to male mice. Animals
(n = 10) were killed by decapitation after 24 h. Blood was
collected for serum chemistry analysis that monitored liver
and kidney function. All animal procedures received prior
approval by the Institutional Laboratory Animal Care and
Use Committee and met or exceeded all local, state, and
federal standards.

Liver gross pathology and histopathology

Liver was photographed using a digital camera. Portions
from the largest lobe were immediately sectioned, kept on
a paraffin rectangle, and wetted with 10 % phosphate-
buffered formalin solution. The remaining tissues were
immediately frozen in liquid nitrogen and stored at —70 °C
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for future analysis. Liver sections were processed, sec-
tioned, and stained by American Histolabs (Gaithersburg,
MD). Sections stained with H&E were examined for
normal, apoptotic, and necrotic cells according to previ-
ously established guidelines [4, 16] at 400x and 1,000x
magnification and imaged with video microscopy for
abnormalities (Carl-Zeiss bright field microscope fitted
with a Minolta Digital Rebel SLR camera). Each section
was examined three times in its entirety. Livers from three
different animals and a minimum of three sections per liver
were evaluated.

Chemicals, reagents, and serum chemistry

Reagents were of molecular biology grade and chemicals
were of analytical grade or higher and used without puri-
fication (Sigma Chemical Co., St. Louis, MO, USA).
Sigma or Bioxy Tech kits were used for analytical studies.
Hepatotoxicity was determined by measuring the serum
activity of alanine aminotransferase (ALT, EC. 2.6.1.2) and
evaluating liver histopathology. ALT activity was deter-
mined at room temperature using a Raichem kit (ALT
Procedure No. 59-UV) based on the method of Wroblewski
and Ladue [39]. MMP-9, -10, and -2, and MDM2, PCNA,
and p53 antibodies were obtained from Santa Cruz Biotech,
Santa Cruz, CA.

Quantitative assessment of genomic injury

DNA damage was assessed quantitatively by density-
dependent high-speed centrifugation based on previously
published methods [23, 40]. To quantitate liver DNA
fragmentation using spectrophotometry, a portion of the
liver frozen in liquid N, was homogenized in chilled lysis
buffer [10 mM Tris-HCI, 20 mM EDTA, 0.5 % Triton
X-100, pH 8.0]. Homogenates were -centrifuged at
27,000g for 20 min to separate intact chromatin in the
pellet from fragmented DNA in the supernatant [23]. Pel-
lets were resuspended in 0.5 N perchloric acid and super-
natants were treated with concentrated perchloric acid to
reach a final concentration of 0.5 N. All the samples were
heated at 90 °C for 15 min, and centrifuged at 3000g for
10 min to coprecipitate protein along with other debris.
Portions of the resulting supernatants were then treated
with diphenylamine (DPA; 1.5 g plus 1 ml concentrated
H,SO, plus 100 ml glacial acetic acid plus 50 mM
CH;CHO) for 16-20 h at room temperature [23]. Absor-
bance was measured at 1600 nm with a Beckman DU 640
spectrophotometer. DNA fragmentation in control samples
is expressed as percentage total DNA appearing in the
supernatant fraction. Treatment effects were reported as %
of control fragmentation.

Qualitative assessment of genomic injury

Caspase-Activated DNAse-dependent genomic injury
(laddering) was assessed using agarose gel electrophoresis
[40, 41]. To detect the presence of DMN-induced oligo-
nucleosome-length DNA ladders, frozen liver (~200 mg)
was homogenized in pre-chilled ~5 ml Sarkosyl lysis
buffer (0.1 M Tris-HCI/10 mM EDTA containing 0.5 %
Sarkosyl, pH 7.8), kept for 15 min at 4 °C, and treated with
buffer-saturated phenol (pH 8.0), with a phenol-
chloroform—isoamyl alcohol mixture (25:24:1-V/V/V), and
with chloroform-isoamyl alcohol mix (49:1, V/V) to
remove protein, fatty materials, and tissue debris, respec-
tively. After the final extraction, the DNA solution was
mixed with 3.5 M sodium acetate (pH 4.0) followed by
pre-chilled 200-proof absolute ethanol to precipitate DNA.
DNA samples were washed with 66 % ethanol, dissolved
in TE buffer (0.1 M Tris-HCI/20 mM EDTA, pH 8.0), and
the purity verified by the ratio of absorbance at
260/280 nm. Dissolved DNA samples (10 pg/lane) were
loaded onto ethidium bromide (0.4 pg/ml) containing
agarose gels. The degree of activation of CAD was deter-
mined by constant voltage mode electrophoresis (BioRad)
at 60v on 1.3 % agarose gels using HindIIl digested A-
DNA as molecular weight standard. Electrophoretograms
were illuminated with UV light (300 nm) on a UV-trans-
illuminator and photographed using instant Polaroid film
#0667 [41].

Western blot analyses

Expression of p53, MMP-9, MMP-10, MMP-12, MDM2,
and PCNA proteins was determined using Western blot-
ting, with all steps at room temperature. Liver samples
were homogenized in protein extraction buffer (Tris-HCI,
NP-40, NaCl, EDTA, NaN3, and PMSF at pH 7.5) with
freshly added protease inhibitors (DTT, leupeptin and
aprotinin) and stood at 4 °C for 30 min before centrifu-
gation at 27,000g for 20 min. Protein concentration was
determined using Pierce Protein Reagent Assay BCA Kit
(Thermo Scientific, Rockford, IL). Lysate protein (150 pg)
was subjected to 15 % SDS-PAGE at room temperature
[42]. Proteins were transferred onto nitrocellulose mem-
brane (ECL, Amersham) at 176v for 1 h using Towbin
transfer buffer [43] and a transblot apparatus (Bio-Rad Inc,
Hercules, CA). Membranes were blocked with 5 %
Carnation® nonfat dry milk in PBS-T (PBS solution, 0.1 %
Tween 20) overnight at 4 °C. After one 10-min and two
5-min washes with PBS-T, membranes were incubated
overnight with specific primary antibodies diluted in
TBS-T for p53, MMPs, MDM2, and PCNA proteins,
respectively. After one 10-min and two 5-min washes with
PBS-T, membranes were incubated with diluted
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HRP-conjugated species-specific secondary antibody for
2 h. After one 10-min and four 5-min washes with PBS-T,
membranes were developed using ECL Western blotting
detection reagents (Amersham). All antibodies were from
Santa Cruz Biotech (Santa Cruz, CA). Final images were
captured using X-ray film (Kodak).

Hepatic oxidative stress (TBA reactive substances)

Liver samples (~ 150 mg) frozen and preserved in liquid
nitrogen were homogenized in a fixed volume of pre-chilled
buffer (10 mM PBS pH 7.4 containing 4 mM BHT), and
250 pl of homogenates was assayed [4, 23]. Samples were
treated with 500 pl 10 % TCA, 50 ul 2 % BHT, and 1 ml
freshly prepared 0.67 % (Thiobarbituric acid) boiled in a pre-
heated water bath (95 °C) for 15-20 min, and brought to room
temperature by keeping for 15-20 min on ice. Samples were
gently vortexed and centrifuged at 3,500 rpm for 15 min.
Debris-free supernatant samples were used for measuring
absorbance at 532 nm. Tissue malondialdehyde (MDA)
concentrations were determined using a standard curve pre-
pared with known concentrations of MDA (nM range).

Statistical analyses

Results are presented as mean = SEM unless otherwise
indicated. Data were analyzed for significant differences
using analysis of variance (ANOVA) followed by Scheff’s
F-test (Stat View 512™* for Macintosh, Version 1.04,
Abacus Concepts Inc., Berkeley, CA) or evaluated by lin-
ear regression analysis and correlation. Differences were
attributed to treatment rather than chance variance when
p < 0.05.

Results

Single doses of DMN caused deaths in male C3H mice at
24 h (Fig. 1). The number of deaths rose directly with
dose, reaching 50 % at the highest dose of DMN. The
intent was to induce optimal hepatocellular injury in the
absence of significant mortality. DMN produced consid-
erable liver injury as reflected in elevation of serum ALT
activities (Fig. 2). ALT activity increased smoothly with
the amount of administered DMN in a dose-dependent
manner. Whereas all doses of DMN damaged the liver, the
degree of liver injury following the 100 mg/kg dose of
DMN was considerable. The increase in serum ALT
activity after this dose exceeded the control value
(13 £ 2 U/1) by more than 500-fold (7,027 £ 156 U/).
The amount of ALT leakage is directly dependent on the
degree of plasma membrane injury to liver cells.
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Fig. 1 DMN-induced animal mortality. C3H male mice were treated
i.p. with vehicle (control) or DMN (25, 50 and 100 mg/kg) and
observed at 24 h. DMN produced animal lethality in a dose-
dependent manner, with the highest incidence of death associated
with the 100 mg/kg dose of DMN

8000 *

SERUM ALT (IU/L)

0 25 50 100
DMN (mg/kg)

Fig. 2 DMN-induced hepatotoxicity. Single-dose treatment with
DMN induced necrosis, as assessed from elevated activity of serum
alanine aminotransferase (U/l) and confirmed by histopathology, in
the liver of mice in treatment groups at 24 h. Hepatotoxicity was
dose-dependent. Results are mean = SEM with n = 4-10 mice per
group. *p < 0.05 versus control

DMN exposure resulted in oxidative stress-mediated
lipid peroxidation in liver for all treatment groups, as
quantified by the resulting accumulation of malondialde-
hyde (MDA) (Fig. 3). The 25-mg/kg dose of DMN caused
a 2.7-fold increase in MDA. Doses of 50 and 100 mg/kg
produced 3.9- and 5.6-fold increases in MDA accumula-
tion, respectively. The increase in tissue MDA concentra-
tion closely followed the dose-related effect seen for liver
damage via the increase in serum ALT activity.

Quantitative changes in the status of genomic DNA
during exposure to hepatotoxic doses of DMN are shown in
Fig. 4. Chromatin damage was assessed through the extent
of DNA fragmentation. This was based on comparing the
accumulation of fragmented or damaged DNA in the
supernatant fraction to intact undamaged DNA that is
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Fig. 3 DMN-induced oxidative stress. DMN treatment increased the
level of oxidative stress in the liver of mice in treatment groups at
24 h. The effect was dose-dependent. Oxidative stress was inferred
from tissue concentration of malondialdehyde (MDA). Results are
mean = SEM with n = 4-10 mice per group. *p < 0.05 versus
control
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Fig. 4 DMN-induced DNA fragmentation. DMN treatment increased
DNA fragmentation in the liver of mice in treatment groups at 24 h.
This effect was dose-dependent. Fragmentation was calculated based
on the percentage of DNA in the soluble fraction versus total DNA as
measured by spectrophotometric analysis. Results are mean + SEM
with n = 4-10 mice per group. *p < 0.05 versus control

readily pelleted by centrifugation. The quantitative assay
reliably provides the extent of fragmentation. DMN
exposure induced substantial DNA fragmentation at 24 h.
DMN administered at 25 mg/kg produced a threefold
(330 %) increase in fragmented DNA compared with
control. The 50 mg/kg dose increased fragmentation to
510 % and the 100 mg/kg dose 660 % of control. This
induction of DNA fragmentation mirrored the patterns seen
for liver damage (serum ALT activity) and oxidative stress
(tissue MDA) induced by DMN treatment (Figs. 2, 3).
Orderly cleavage of DNA to form a ladder of fragments
resulting from nucleosomal periodicity of chromatin is
primarily linked to CAD’s (endonucleolytic) ability to
attack DNA during apoptosis. DNA that appears as a smear

Lane 1 2 3 4 5

ADNA CON 25 50 100
DMN

mg/kg

Fig. 5 DMN-induced cleavage of DNA. DMN treatment induced
endonuclease-mediated internucleosomal DNA cleavage in the liver
of mice in treatment groups at 24 h. This electrophoretogram
demonstrates rising degrees of DNA damage with increasing DMN
dose. Lane 1, BSTEII-digested ADNA standard; Lane 2, vehicle-
treated control; Lane 3, DMN 25 mg/kg; Lane 4, DMN 50 mg/kg;
Lane 5, DMN 100 mg/kg

on electrophoresis is attributed to more random attack on
DNA preceding cell death by necrosis. The presence of
both these characteristic patterns on a gel signifies cell
death by apoptosis and by necrosis. Data from qualitative
experiments examining the effects of DMN on DNA are
shown in Fig. 5. DMN treatment produced a distinct ladder
pattern of DNA fragments when evaluated by agarose gel
electrophoresis. These multiple repetitive bands on elec-
trophoretograms were diagnostic of Ca®"—Mg?*-mediated
endonuclease activity (or CAD activity; Lanes 3-5). The
presence of this ladder pattern of DNA fragmentation was a
clear-cut indication of the involvement of cell death by
apoptosis. The highest dose of DMN resulted in extensive
loss of large molecular weight DNA. The DNA damage
patterns mirrored the dose-response seen with the quanti-
tative measure of genomic injury.

DMN treatment produced changes in the morphology in
the liver for all treatment groups at 24 h (Fig. 6a—d). Gross
damage was easily observed on the surface of the liver and
reflected DMN-induced acute cell death and hemorrhagic
necrosis of hepatocytes radiating toward the distal regions
of individual lobes of the liver. This was established
independently by histopathological analysis in Fig. 6e-h.
Damage was clearly discernable to the naked eye in liver of
mice treated with 25 mg/kg DMN (Fig. 6b). The extent of
macroscopic damage increased successively with DMN
doses of 50 mg/kg (Fig. 6¢) and 100 mg/kg (Fig. 6d). This
increase in gross pathological injury which was observable
macroscopically roughly paralleled the dose-dependent
increases observed in serum ALT activity (Fig. 2), a
measure of hepatic necrosis, oxidative stress (Fig. 3), and
genomic injury (Figs. 4, 5), a common initiator and con-
tributor to cell death by apoptosis and necrosis.
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CONTROL

DMN 25 mg/kg

DMN 100 mg/kg

Fig. 6 DMN-induced gross and histopathological liver damage:
DMN treatment produced readily observed changes in gross mor-
phology in the liver of mice in all treatment groups at 24 h. Damage
appearing on the surface of the liver reflected hemorrhagic acinar
infarct and associated necrosis of hepatocytes radiating to the distal
regions of liver lobes. Gross liver damage roughly paralleled the dose-
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dependent increases observed in serum ALT activity, a measure of
hepatic necrosis, and oxidative stress. Hepatocellular cell death was
confirmed by histopathological evaluation showing dose-dependent
necrotic and apoptotic cell death induced by DMN. a, e—untreated
control liver; b, f—DMN 25 mg/kg; nel ¢, g—DMN 50 mg/kg;
d, h—DMN 100 mg/kg
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Fig. 7 DMN-induced hepatocellular apoptosis and necrosis. a shows
various stages of chromatin condensation and the extensive presence
of necrosis. b shows numerous apoptotic nuclei (condensed, frag-
mented and marginated chromatin—hallmarks of apoptotic death).
¢ shows several hepatocytes in varying states, including (i) damaged
cytoplasm (double arrow) but intact nuclei, (ii) normal overall
morphology with a normal nucleus (single arrow), and (iii) normal
cytoplasm with a disintegrated nucleus (arrowhead)

Analysis of liver histopathology showed that DMN
treatment produced cell death by apoptosis and necrosis
24 h after doses of 50 and 100 mg/kg administered

MMP-9

MMP-10

MMP-12

DMN (mg/kg)

Fig. 8 DMN-induced changes in matrix metalloproteinase protein
expression. DMN treatment induced changes in the expression of
MMPs in the liver of mice in treatment groups at 24 h. Expression of
MMPs was increased following 25 mg/kg DMN, but appeared to be
decreased after higher DMN doses. a—MMP-9, b—MMP-10,
c—MMP-12

intraperitoneally to C3H mice. No morphological abnor-
malities were found in liver from control mice 24 h after
vehicle treatment (Fig. 6e). At 24 h after treatment with
100 mg/kg DMN (Fig. 6h), H&E-stained liver sections
demonstrated extensive hemorrhagic necrosis with loss of
basophilic staining in centrilobular regions and extended
midzonally. Swollen hepatocyte remnants with degraded
nuclei were depleted of glycogen and accumulated large
lipid vacuoles. Located adjacent to these necrotic cells
were diverse inflammatory cells and red blood cells. DMN-
induced hepatocellular damage was present but was less
severe after the 50 mg/kg dose (Fig. 6g), and was infre-
quent after the 25 mg/kg dose (Fig. 6f). Representative
swollen hepatocyte with disintegrated cytoplasm, disinte-
grated nuclei, and nuclei with typical features of apoptosis
are presented in Fig. 7a. Apoptotic nuclei with character-
istic heterochromatin condensation (Fig. 7a, b) and cells
with disintegrated nuclei and cytoplasm are shown in
Fig. 7c. Glycogen-depleted and glycogen loaded-cells were
frequently observed in the vicinity of injury.

Western blot analysis was performed to assess changes
in several MMP proteins during hepatotoxicity caused by
the genotoxicant DMN and compared with protein levels in
liver extracts from control mice (Fig. 8). Control liver
samples showed modest expression of a range of MMP-9
(Fig. 8a), -10 (Fig. 8b), and -12 (Fig. 8c) protein levels.
The 25 mg/kg dose of DMN produced an increase in each
MMP at 24 h. Interestingly, both DMN doses, 50 and
100 mg/kg, decreased the protein level of each MMP in a
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p53

MDM2

PCNA

CON 25 50 100
DMN (mg/kg)

Fig. 9 DMN-induced changes in PCNA, MDM2, and p53 protein
expression. DMN treatment induced changes in the expression of
PCNA, MDM2, and p53 in the liver of mice in many treatment groups
at 24 h. a—PCNA, b—MDM2, ¢—p53

dose-dependent manner, to the point that MMP proteins
became nearly undetectable. A similar pattern was noted
for changes in p53 (Fig. 9a). Total pS3 increased following
the 25 mg/kg dose of DMN, but declined from this peak
with 50 and 100 mg/kg doses. At 100 mg/kg dose, the
expression was lower than 50 mg/kg dose. A different
pattern was observed for the negative regulator of p53,
MDM?2 (Fig. 9b). This protein increased steadily with
increasing DMN doses to reach a maximum at 100 mg/kg
DMN as compared with control. Hence, when p53 and
MDM?2 expressions are compared with increase in MDM?2
expression, the p53 expression decreased at 50 and
100 mg/kg DMN doses—indicating the inhibitory role of
MDM?2 on p53. In contrast to above observation, the
expression of PCNA did not increase at any dose as
compared with control, but decreased with increase in
DMN doses. Although surprising, the PCNA protein
expression was lowest at 100 mg/kg dose.

Discussion

Drug and chemical hepatotoxins that undergo intracellular
conversion to reactive metabolites initiate damage at var-
ious sites within the cell leading to cell death by necrosis
and apoptosis [44]. Comparatively little attention has
focused on whether these drugs and chemicals also produce
damage outside the cell which is relevant to acute cell
death and to later untoward events such as cancer and
metastatic disease. In this study, DMN produced cell death
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in the liver by both necrosis and apoptosis. Previous studies
have shown that and DMN causes Ca®" dysregulation,
DNA fragmentation, and apoptotic and necrotic cell death,
where the importance of DNA damage to necrosis is
illustrated by its increase with treatments that inhibit DNA
repair and its decrease with treatment to inhibit Ca®'-
endonuclease activity [2, 14, 45].

The present studies extend these observations showing
that treatment with 25 mg/kg DMN produced increases in
PCNA and p53 proteins but that higher doses caused these
proteins to decrease. The p53 inhibitor, MDM?2, increased
in a dose-dependent manner with DMN treatment, in par-
allel with increasing DNA damage. Damage leading to loss
of hepatocytes by cell death initiates repair and recovery
pathways in proportion to the magnitude of damage and
cell loss, and with a delay period that can be dictated by the
degree of initial damage and by the extent of ongoing
damage. Because MMPs are proteins that play a central
role in recovery and repair after organ insult by drugs and
chemicals, and because they are also positioned to partic-
ipate in longer term adverse effects such as morphogenesis
and metastatic cancer, they constitute a family of proteins
that merit closer evaluation in DMN hepatotoxicity.

The activation of p53 is regulated by environmental
milieu, nature of stress, and cell types. In response to
severe or sustained stress signals, p53 drives irreversible
apoptosis or senescence programs. However, under the
acute conditions, when cell repair is possible, p53 engages
a temporary program of cell-cycle arrest and allows cells to
repair damaged DNA, thereby limiting the propagation of
oncogenic mutations. In contrast, inappropriate p53 activ-
ity can be detrimental. However, several E3 ubiquitin
ligases’ including MDM?2 are present upstream, which
negatively regulates p53 protein levels keeping its activity
low when not required. MDM2 not only regulates p53
transcriptional activity and stability, but also inhibits its
transactivation function by blocking the requirement of
essential transcriptional machinery components.

MMPs are involved in fundamental biological pro-
cesses—morphogenesis, tissue remodeling and repair,
angiogenesis, proliferation, and host defenses. They are
central to diseases like cirrhosis and arthritis, and are the
most prominent family of proteases associated with
tumorigenesis [36, 46]. Results of the present study offer a
picture of the intracellular effects of DMN associated with
acute liver injury, including oxidative stress and DNA
damage. The effects of DMN on matrix metalloproteinase
proteins may give insights into the potential for extracel-
lular actions to contribute to acute events like cell death as
well as later events like metastasis. A representative panel
of MMPs was selected to evaluate the effects of DMN in
the current studies, including MMP-9 or gelatinase-B
which degrades type IV and V collagens and gelatin and
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participates in cell invasion and metastasis [37], MMP-10
or stromelysin-2 which degrades proteoglycans and fibro-
nectin but not collagen and plays a role in hypertension-
associated end-stage renal disease [47], and MMP-12 or
macrophage elastase which degrades soluble and insoluble
elastin and contributes to aneurysm and emphysema [48].

Matrix metalloproteinases are central modulators of
homeostasis in the liver. They contribute to the occurrence
of metastatic liver cancers [49], resolution of hepatic cir-
rhosis [50], and hepatic tissue repair after other insults [51].
Substantial increases in MMP-9, -10, and -12 proteins were
observed in liver 24 h after treatment with 25 mg/kg DMN.
These effects suggest that DMN has the capacity to alter
the amounts of these proteins in the ECM where they are
involved in proteolysis and are associated with tissue
repair, metastasis, and tissue remodeling. DMN is not alone
in this regard among chemical hepatotoxicants and car-
cinogens. MMP-9 and MMP-10 increase by as early as 3 h
during acute liver injury caused by CCl, and peak around
24 h during high levels of inflammatory reaction [51].
MMP-2 and MMP-9 increases in the liver in response to
acetaminophen [52], and in the heart, after doxorubicin
exposure [53]. Induction of these MMP proteins occurs
during injury to other organs including the lung, skin,
brain, and peripheral nerves [54-57].

It was interesting to note here that the increases in MMP
proteins which were observed at the low acute dose of
DMN (25 mg/kg), and which are consistent with those
changes associated with cell proliferation and metastasis,
were not seen following the higher doses of 50-100 mg/kg
DMN. Rather, the levels of MMP-9, -10, and -12 proteins
were substantially decreased by DMN. There are several
plausible explanations for this observation, although there
are no data that directly address the mechanism(s) under-
lying this finding. Perhaps the most likely basis for these
results is that the extensive toxicity induced by high doses
of DMN was accompanied by a broad inhibition of protein
synthesis, including the synthesis of new MMP-9, -10, and
-12 proteins. Inhibition of protein synthesis is a common
general effect under conditions of high toxicity. It is also
possible that the high levels of oxidative stress and protein
damage in liver cells were accompanied by an increased
rate of protein degradation by the proteosomal system and
an associated reduction in the rate of MMP proenzyme
protein export.

Damage to hepatocytes by intoxication with drugs or
alcohol, chronic hepatitis, and other factors elicits inflam-
matory reactions in the liver. Metabolites of toxic agents,
infiltrating inflammatory cells, and membrane components
of the damaged hepatocytes activate Kupffer cells. Once
activated, Kupffer cells release soluble agents including
cytokines and reactive oxygen species which activate
kinases [58] and induce transcription of the MMPs that

assist in morphological modification of the ECM. MAP
kinase signal transduction appears to play a role of MMP-9
and MMP-13 expression in other cells [59].

Results from the present study demonstrate added fea-
tures of DMN toxicity related to DNA and to damage
produced after high doses. Only the lowest dose of DMN
induced MMP-9, but compared to the control PCNA
expression decreased in a dose dependent manner. At the
low dose, increases were observed in p53 and MDM?2
proteins that also reflect underlying changes in cell pro-
liferation in the liver after DMN treatment. The tumor
suppressor protein p53 is a potent anti-proliferative and
pro-apoptotic factor. MDM2 contributes to the control of
p53 by participating in an autoregulatory feedback loop in
which each protein controls the cellular level of the other.
Increases in MDM2 protein result in binding to and inac-
tivation of p53 by directly blocking the pS3 transactivation
domain and targeting p53 protein for ubiquitin-dependent
degradation by the proteasome. The upregulation of
MDM?2 protein that was seen following the low dose of
DMN suggests that p53, although stabilized and also
increased in protein level, was inactivated and unable to
contribute to the apoptotic elimination of cells that suffered
DNA damage and may have undergone initiation. Together
with increased MMP proteins induced by 25 mg/kg DMN,
these cellular changes in concert contribute to an envi-
ronment that is more favorable to the induction cancer as
well as metastatic disease.

The liver provides some essential body functions and is an
internal organ in the body with what may be the most robust
ability to regenerate. Although tissue regeneration kinetics
under the influence of DMN was not a focus of this investi-
gation, factors that negatively influence this exceptional
property should not be ignored. Similarly, roles played by
other types of cells (Kupffer cells, stellate cells, endothelial
cells, Tto cells, etc.) during toxic reactions and cycling of
MMP-TIMP should also be kept in focus while interpreting
short-term reactions that can set the stage for long-term events.
For example, cell-regenerating ability can become paralyzed
in the seriously damaged liver when hepatic stellate cells
produce a fibrillar collagen type I and III flood during liver
injury [60-62]. MMPs play important, yet perplexing roles
during regenerative processes. Considerable expression of
MMP-2, MMP-3, MMP-9, MMP-10, MMP-13, and MMP-14
is observed after liver injury in both human and animal model
studies, with peak expression coinciding with inflammatory
cytokine upregulation [63-65]. The expression of MMP and
TIMP can positively or negatively impact short-term and
long-term tissue status. Greater understanding of the ability of
extracellular processes such as proteolysis by MMPs to impact
acute events including drug- and chemical-induced cell death
by necrosis and apoptosis would provide valuable insights into
these processes.
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