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Abstract

The investigations reported here highlight the cytotoxic effect of 3-Hydroxy-3-
methylglutaryl Coenzyme A (HMG-CoA) Reductase inhibition by lovastatin on the
cultured human hepatoma cell line HepG2. This investigation focused on the toxic effects
of lovastatin at exposure levels at and above those currently used clinically. The
laboratory approaches used included electron microscopy, cell cycle analysis by flow
cytometry, investigation of peripheral cell damage by enzyme leakage and other protein
studies, and analysis of intracellular and extracellular lipids for various exposure
coneentrations and times. The experiments were also extended to consider the effects of
adding oleic acid to the cell cultures as a nutritional supplement to enhance lipogenesis.
“The findings are discussed in light of current understanding on the significance of protein
prenylation on the cell ¢ycle and the mechanisms of cell death by necrosis and apoptosis.
The lower lovastatin concentrations used in this study (0.1 - 2.5 pM) did not kill cells,
even after exposure for 8 days. However, if cell cultures containing otherwise nontoxic
lovastatin concentrations were supplemented with oleic acid/BSA, cell viability was
significantly reduced at all lovastatin concentrations (0=0.05). This work shows that
lovastatin supplemented by fatty acid can significantly affect HepG2 cell morphology and
functions. The results of this work suggest also that HepG2 cells could be used as an
cfficient and practical model system to investigate the process of cell death in vivo. Also,

itisa ient model for i igations on dent cellular




This study provides evidence to support the potential role of lovastatin treatment in cancer

management.
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CHAPTER 1

INTRODUCTION



The major cause of death and disability in western countries is atherosclerotic heart
disease (Gotto et al.. 1990). There are several reasons for this high incidence of
atherosclerotic heart disease (Turley and Dietschy, 1982) but hyperlipoproteinemia is
predominant. In the aqueous environment of the systemic circulation cholesterol,

triacylgl and pk i are solubilized in complex with apolipoprotein to form

particles known as lipoproteins. There are many different types of apolipoproteins. the
major ones being apo-Al, apo-All, apo-ClI, apo-CII, apo-Cl1I, apo-B and apo-L. Each of
the five different major species of lipoprotein particles in human blood have specific
apolipoproteins associated with them. Apo-B, for example, is found in very-low-density-

lipoprotein (VLDL) and low-density-lipoprotcin (LDL) while apo-Al is chara

high-density-lipoprotein (HDL) (Yang et al., 1986: Knott ct al., 1986).

Several epidemiological studies have confirmed higher risk for heart disc

in the
presence of hypercholesterolemia (Langer ct al., 1972). This is especially truc in the
presence of increased LDL-associated cholesterol. Treatment directed at reducing LDL-
cholesterol has been shown to lower the risk for ischaemic heart disease (Avogaro ct al.,

1979; Sniderman et al., 1980; Waters et al., 1995).

L1 I'roperties of 3-Hydroxy-3-Methylglutaryl-Coenzyme A Reductase Inhibitory

In both the liver and the peripheral tissues, cholesterol inhibits its own endogenous

synthesis by a classic negative feedback i The i step in



synthesis and the focus of negative feedback control is the enzyme 3-hydroxy-3-
methylglutaryl-CoA reductase (HMG-CoA reductase) (Sirtori, 1993; Oates and Wood,
1988). Important weapons in the pharmacological arsenal against hypercholesterolemia
are the mevinic acid derivatives (vastatins) shown in Figure 1.1 (Robisno et al., 1994;
Blum, 1994). These compounds act as specific inhibitors of HVMG-CoA reductase. The
rationale behind this mode of treatment is that if hepatic endogenous synthesis of
cholesterol is blocked, the liver will be starved for cholesterol needed for its own
metabolic purposes (mainly synthesis of bile salts). The response of the liver is to
scavenge cholesterol from the circulation (Sirtori, 1993). This has been shown to
dramatically reduce the level of total cholesterol in the blood and, perhaps more
important, to reduce the level of LDL particles (Tobert, 1987, Tobert, 1988; Alberts,
1988; Hunninghake, 1988; Shepherd, 1995; Corsini et al., 1995; Hsu etal., 1995). The
inhibition of cholesterol synthesis by vastatins has been demonstrated in vifro in a number
of animals and human cultured cells line and, in vivo in several animal species (Chao et

al., 1991; Corsini et al.. 1995).

The chemical structures of the four available HMG-CoA reductase inhibitors are
shown in Figure I.1. Lovastatin is a natural product of Aspergillus terreus (Alberts et al.,

1980: Alberts, 1988; Corsini et al., 1995); and simvastatin and pravastatin are produced

by chemical ification of the parent I in molecule juddin et al.,, 1991).

These three compounds have a hydronaphthalene ring that interacts with the coenzyme



W™ 0 Na*
o
S
Fluvastalin
Fig.L.1. Chemical ~ structures of currently available  3-hydroxy-3-

methylglutaryl-coenzyme A reductase inhibitors.



A recognition site of HMG-CoA reductase (Alberts, 1988). Additionally, they have a
hydroxy-acid side chain that mimics mevalonate. Fluvastatin, the first totally synthetic
1IMG-CoA reductase inhibitor (Kathawala, 1991; Tse et al., 1990: Tsa et al., 1990;
Robisno et al., 1994), has a structure that is distinct from that of the fungal products.

F inisa derivative of a fluorophenyl i indole ring. The

fluorophenyl indole portion of in mimics Aini ing with HMG-

CoA reductase and the side chain mimics mevalonate (Keilson et al., 1990).

Lovastatin and simvastatin are provided as inactive lactones that must be
hydrolysed to the corresponding B-hydroxy acids for pharmacologic activity (Smith, 1991;
Halpin et al., 1993). Thus they are prodrugs. Pravastatinand fluvastatin are provided in

their active hydroxy acid forms.

¥ in, which is chemi ized, is racemic, with equal amounts of

the highly active (3R, 5S) and weakly active (5R, 3S) enantiomers. The highly active
cnantiomer of fluvastatin has more than 30 times the potency of the weakly active one
(Kathawala, 1991). Because fungal metabolites are biosynthesized, they contain only an

aclive enantiomer.

1.2 Lovastatin Toxicity

Lovastatin toxicity has been studied in non-primate species, particularly rats,

5



rabbits, and dogs (Chao etal.. 1991: Corsini et al.. 1995). It appears that high doses of
lovastatin, on a long-term basis. canaffect the morphological features of rodent liver cells.
Foci of cellular alteration appear cither as basophilic or cosinophilic areas and are
randomly distributed throughout the liver lobule. Hyperplasia of hepatic bile ducts has
been also observed. These changes occur reproducibly in rats not only after trestment
with lovastatin but also with several other HMG-CoA reductase inhibitors of” similar and
differing structures and the response is dependent on dosage and exposure time (the no-
effect dose for the appearance of these changes in long-term studies is 5 mg/kg/day)
(MacDonald et al.,, 1988). No similar changes were reported in dogs, rabbits or monkeys.

findi

The above are not ideredto be i for human safety evaluation.

Central to this conclusion is the fact that rodents respond to inhibition of HIMG-CoA
reductase in a manner distinct from dogs and humans (Halpin ¢t al., 1993). In response
to inhibition of the enzyme. these species exhibit marked induction of HFIMG-CoA
reductase sufficient to prevent sustained decreases in serum cholesterol concenlrations
(Bensch et al., 1978; Endo et al, 1979; Fears et al., 1980). This intcnse enzyme
induction occurs predominantly in the periportal regions of the liver lobule (Singer ¢t al.,
1984) which is coincident with the atypical cellular areus identified histologically. Studies
by Singer (Singer et al, 1984; Singer ct al., 1988) have demonstrated that these
pathological areas have extensive proliferation of smooth cndoplasmic reticulum, the

membrane in which HMG-CoA reductase is bound. Itis this membrane proliferation that



is recognizable at the light microscopic level as cellular atypia.

Adose of 200 mgkg/day of lovastatin administered for 6 months to rats produced

asignil ic changes in the liver but inistration of lonic acid (the

product of the inhibited enzyme) had a pronounced protective effect. Livers of rats

treated with lovastatin and ic acid sil y could not be

from control tissue. These data demonstrated that for rodent liver, while the mechanism
ol induction of foci of cellular alteration was not known, the pathology is clearly related

10 inhibition of mevalonate synthesis.

High doses of lovastatin and other HMG-CoA reductase inhibitors were rapidly
lethal in rabbits. Preliminary data indicated that high plasma levels of these compounds
were observed at comparable dosage levels in dogs (MacDonald et al.,, 1988) were
achieved in these species. The rabbit is uniquely sensitive to lovastatin. The probable

cause of death in rabbits receiving high dosage levels of lovastatin was centrilobular

hepatocellular necrosis (Kombrustetal., 1989). Thi inad fashion.

Increasing degrees of hepatic damage are observed as the dose is increased from 100 to
200 mg/kg/day. As for rats, co-administration of mevalonate with a frankly hepatotoxic
dose of lovastatin completely prevents hepatic damage. Studies reported by Kornbrust
(Kornbrust et al., 1989) indicated that this prevention was not simply due to inhibition of

drug uptake in the liver; similar concentrations of drug in the liver were observed with



or without mevalonate co-administration.

In addition, data are available to show that co-administration of mevalonate can
reverse hepatic damage in rabbits even after it is allowed to progress for approximately
4 to 5 days (Kornbrust et al., 1989). These findings clearly demonstrate that the observed
toxicity in this species is related to marked and sustained inhibition of mevalonate

synthesis.

Exposure of cultured cells to lovastatin not only blocks mevalonic acid production,
thereby inhibiting cholesterol synthesis, but also prevents DNA replication and cell cycle
progression (Habenicht et al., 1980; Fairbank al., 1984; Ortiz ct al., 1995). As both of
these phenomena are reversible with an exogenous supply of mevalonate (Goldstein and
Browen, 1990; Sepp-Lorenzino et al., 1991), it would appear that the mechanism for
lovastatin-induced interference with DNA replication and the cell cycle involve depletion

of mevalonate or its metabolites (Sumi et al., 1992; Sumi et al., 1994).

Using this general method of exploring the pathogenesis of observed changes
(supplementation with the product of the enzyme inhibited), it has been possible to show
that many of the effects produced by lovastatin and other HMG-CoA reductase inhibitors
were a direct result of inhibition of mevalonate synthesis. In addition to the findings on

the prevention of lovastatin-induced liver damage in rats and rodents with mevalonic acid,



this substance is also effective in preventing the slight increases in serum transaminase

of lovastatin.

aclivity observed in dogs
Mevalonate also prevents the renal and gallbladder changes observed in rabbits receiving

high dosage levels of lovastatin (Kornbrust et al., 1989).

Another characteristic feature of HMG-CoA reductase inhibitor toxicity is a

hyperplastic change in the sq ithelium of the landular stomach of the rat
(acanthosis). Hyperplasia in this unique anatomic structure (not present in humans) has
been shown to be related to inhibition of mevalonate synthesis as it can be induced by a

wide range of HMG-CoA reductase inhibitors of varying structure (14 compounds have

been i igated), the effect is ized by inistration of , and is
not produced by pharmacologically-inactive epimeres of potent inhibitors (MacDonald et

al., 1988)

1.3 Acute Lovastatin Toxicity in Humans

The general i from the h studies reported above
is probably that the d;)s.age regime required to induce clinically-significant lowering of
blood LDL-cholesterol levels in humans is below the toxicity threshold. However, clinical
studies discussed below demonstrate that the effect of lovastatin in humans is not entirely

benign.



Small increases in serum (ransaminases. particularly in glutamic pyruvic

(alanine i i occur, often within 6 weeks of starting
therapy (Lovastatin Study Group I1, 1986: Havel et al.. 1987: Lovastatin Study Group 111,
1988 and lilingworth ct al.. 1988). Such increases are often transient and have not
necessitated withdrawal of therapy. The same phenomenon has been reported with most
other lipid-lowering drugs (Brown and Goldstein, 1985). In a large clinical trial
comparing lovastatin and cholestyramine (Lovastatin Study Group [11, 1988), both drugs

raised i levels equally ( i 1988). Because cholestyramine is not

absorbed from the gastrointestinal tract, small increases in transaminases may be an
indirect response to changes in lipid metabolism, rather than a direct effect on the liver.
A more important finding is that 1.9% of the paticnts treated with lovastatin in clinical
trials have had asymptomatic but marked and persistent transaminase increascs,
particularly serum glutamic pyruvic transaminase (Tobert, 1987; Mevacor, 1988; Tobert,
1988; Sirtori, 1993). When the drug was discontinued, transaminases returned to
pretreatment levels, usually within a few weeks. In contrast to the small increases in
transaminases that appear early in therapy, larger increases have usually occurred between
3 and 12 months after starting therapy. This side effect is clearly related to the dose of
the drug. In the 48-week EXCEL study (Expanded Clinical Evaluation of Lovastatin),
persistent transaminase elevation of > 3 times normal was found in 0.1% of persons
treated with 20 mg daily; in 0.9% of persons treated with 40 mg daily and in 1.5% of

persons given 80 mg daily (Dujovne et al., 1991). To date, no permanent liver damage



has been documented with lovastatin. Alkaline phosphatase remained essentially normal,

indicating that the effect is most probably hepatocellular rather than cholestatic. All the

paticnts who have had increased il levels have been

14 Long-term Lovastatin Toxicity in Patients.

Most of the long-term data on lovastatin has been provided by a collective study
of patients who participated in the original four multicenter controlled studies (Lovastatin
Study Group 11, 1986; Havel et al., 1987; Lovastatin Study Group III, 1988 and
Lovastatin Study Group IV, 1988). In study by Tobert (1988) 744 patients had been
taking lovastatin for an average of 2.5 years. Along with lovastatin, approximately half
of these severely-hypercholesteralemic patients were taking other lipid-lowering agents,
usually resins, at some point during their therapy. Therapy for 15 patients (2.0%) was

discontinued because of drug-attributable adverse events. Therapy for most of these

patients was discontinued because of persistent asy ic increases in
levels to 3 times the upper limit of normal. In an EXCEL study, the percentage of
individuals affected was dose dependent, increasing from 0.1% at 20 mg lovastatin / day

10 1.5% on 80 mg/day (Bradford etal., 1991; Dujovne et al., 1991).

In conclusion, the clinical trials indicate that there is no evidence of adverse events
appearing after prolonged use. The drug-attributable discontinuation rate is low and

the good tolerability and adverse-effect pattern of the drug at the dosage




levels employed for lowering of LDL-chol 1.

L5 The HEPG2 Cell Line.
The HepG2 cell line was established in. 1979 from minced human hepatoblastoma

lissues that were initially overlaid on feeder cultures of irradiated mouse cells. Alter

several months of passage, a feeder-indep proliferating cell line was obtained (Aden
etal., 1979; Knowles et al., 1980).
Many i igati on hepatic lij i ism have used 1epG2 cells

(Ellsworth et al., 1986; Dashti and Wolfbauer, 1987; Dashti ct al.. 1989). This human
hepatoblastoma derived cell line expresses many of the functions of normal human
hepatocytes (Grant et al., 1988: Silvers et al., 1994). It has been well documented that
this cell line can synthesize and secrete lipoprotein fractions within the density ranges of’
VLDL, LDL and HDL (Ishak and Glunz, 1966; and Ellsworth ct al., 1986). They have
also been shown to secrete the apolipoproteins B, E, AL, All, ATV, CIT and CIIf. The cell
line has been used as a model system to study lipoprotein synthesis and metabolism
(Moberly et al., 1990; Cianflone et al., 1992; Dixon and Ginsberg. 1993). Apo B-100,
the sole apo B species secreted by the human liver, is also the only apo B species
synthesized and secreted by the HepG2 cell line (Furukawa et al., 1992; Cianflone ct al.,
1992 and Dixon and Ginsberg, 1993). However, although HepG2 cells can synthesize and

secrete lipoproteins in the VLDL and LDL ranges, it appears that the apo BB containing

12



lipoproteins that are secreted have the buoyancy of LDL rather than VLDL. The particle
size and shape of apo B containing particles have been found to be similar in both size

and morphology to that of plasma LDL (Javitt. 1990).

HepG2 cells have also been shown to synthesize bile acid (Javitt. 1990; Axelson
ctal., 1991: Cooper et al., 1994) and many liver-specific proteins (Knowles ct al., 1980).
1lepG2 cells maintained only in Eagle Minimum Essential Medium will continue to
synthesize cholesterol (Javitt. 1990). Vastatins effectively inhibit cholesterol synthesis in
HepG2 cell (Chao et al., 1991) and experimental evidence suggests that they also interfere
with intracellular cholesterol esterification by reducing the activity of ACAT (Cianflone

et al.. 1990; Corsini et al., 1995).

‘The lipid composition of HepG2 cells grown to confluence in serum-containing
medium has recently been compared to that of human liver (Wang et al., 1988). HepG2
total lipid content (255pg/mg protein) was much higher than that of normal liver tissue
(143pg/myg protein). The increased total lipid content of HepG2 cells was the result of
an elevated triacylglycerol and phospholipid content, whereas the cholesterol content was
comparable to that of human liver (Javitt, 1990). Cholesterol or cholesterol esters are
available in HepG2 cells in quantities adequate to support apo B secretion at most levels
of triacylglycerol synthesis (Dixon and Ginsberg, 1993). The availability of cholesterol

or cholesterol ester may only be rate limiting under certain conditions. The effects of
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delivery of lipoprotein cholesterol esters to HepG2 cells may depend on the

s of
cholesterol metabolism in the cells and on the particular lipoprotein used. Although these
comparisons did not take into account the fact that normal human liver contains four
major cell types; parenchymal, endothelial, kupffer and stellate cells: they do indicate that
HepG?2 cells, although a rapidly growing cell line. are not triacylglycerol or phospholipid

poor (Dixon and Ginsberg, 1993).

It must always be remembered that HepG2 cells are an immortalized cell line and
there could be many differences between these cells and human hepatocytes in vivo.
Therefore, many of the results obtained with HepG2 cells should be corroborated in
primary cultures of human hepatocytes. being careful to ensure that the culture conditions

are adequate to maintain the continued transcription of liver-specific genes and to prevent

the dedifferentiation of these cells in culture (Jefferson et al., 1985: Clayton et al., 1985).

1.6 Toxicity Studies using the HepG2 Cell Line.

In vitro cellular models have been proven to be extremely useful in some areas of

toxicology research because the mect of action of potentially toxic ct and

drugs and their metabolism can be studied under strictly controlled conditions (Acosta et
al., 1985; Ball et al., 1995). The organ-specific or basal acute toxic effects of a particular

compound can be assessed with the ination of ically cells from

the target organ in parallel with non-differentiated cell lines. The species

specific effect
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of a chemical can also be easily evaluated by using in vitro cellular systems from different
species (Ekwall and Ekwall, 1988). /n vitro cytotoxicity data provide a relatively quick
and incxpensive way of ranking chemicals according to their potential toxicity (Ekwall

ct al., 1988; Ekwall et al., 1989).

In vitro cytotoxicity assays can also reduce the use of live animals for toxicity

testing of chemicals such as newly developed drugs; a p which is expensive and
cthically controversial. However, the relevance and reliability of in vitro systems for
predicting toxicity in humans have not been adequately evaluated. The validation of in
vitro assays is the key step to increase the use of in virro methods to complement or
replace in vivo testing, Recently, validation stré tegies have been proposed and discussed
as part of several programmes to assessing the relevance and reliability in vitro
toxicological methods (Ekwall et al.. 1991). In, 1989, the Scandinavian Society of Cell

Toxicology started a i ion of in vitro icity (the MEIC

programme), whose main purpose was to the corrclate results from a substantial number
of in vitro experimental toxicity assay methods with human toxicity data (Bondesson et

al., 1989).

The liver is frequently the target organ of toxic chemicals because the hepatic
bioactivation of xenobiotics may generate metabolites that are more toxic than the

originally administered compound (Okey et al., 1986). Since xenobiotic biotransformation
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may differ significantly from one species to another (Hucker. 1970: Quinn et al., 1958;
Tee etal.. 1987), cultured human hepatocytes. which retain most liver-specific functions,

represent an le simpli model for predicting the in vivo h icity and

metabolism of new drugs in humans. The advantage of cultured human hepatocytes has
been shown in a study by Jover et al. (1992) who demonstrated that the acute toxicity to
humans of the first ten MEIC chemicals was more accurately predicted using human

hepatocytes than using rat hepatocytes or mouse non-hepatic 3T3 cells.

Cultured cells of the human hepatoblastoma-derived line IepG2  display
morphology and function similar to that of liver parenchymal cells in vivo including the
production of the major blood serum proteins. HepG2 cells also retain drug-metabolizing

capabilities, including the cytochrome P450-dependent mixed function oxidases and

acid and sulf: jugating activities (Silvers et al., 1994). Being a
permanent. stable cell line; drug metabolizing activitics should not diminish in culture as
happens with primary cultures of human hepatocytes (Grant ct al., 1988; Forrester et al.,
1992: Gugen-Guillouzo et al., 1988). It was shown that the culture medium composition
can affect drug metabolising enzyme activities of the HepG2 cell line (Doostdar et al.,

1988). Due to these characteristics, HepG2 cells are widely used as an in vitro model of

human hepatocytes for studies of envi i ivation (Liu et al.,, 1993),
chemical mutagenicity (Silvers et al., 1994) and drug metabolism und cytotoxicity (Duthie

and Grant, 1989; Hall ct al., 1991; Hall ct al., 1993; Viau ct al., 1993; Babich ct al,,
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1993). HepG2 cells have also been used in xicity and
of environmental pollution and have been suggested as a convenient and sensitive model
for screening complex pollutant mixtures (Naji-Ali et al.. 1994; Duthie et al., 1994).

of normal

HepG2 cell line retains many ical and bi
human hepatocytes (Aden et al., 1979; Bouma et al., 1989). It has been extensively used
to study hepatic function, including cholesterol, lipoprotein and bile acid metabolism
(Javitt, 1990; Thrift et al., 1992; R.N; Cooper et al., 1994). Other studies with cultured
HepG2 cells (Ellsworth et al., 1986; Cianflone et al., 1990; Dashti et al., 1989) have used
supplementation with oleic acid to promote lipogenesis and VLDL secretion. In the

presence of oleate, lovastatin reduced apoB secretion, diminished cholesterol ester

synthesis, but did not affect triglyceride formation (Cianflone et al., 1990). However,
these effects of lovastatin on apoB secretion were not seen in the absence of oleate
(Pullinger et al.. 1989, Cianflone, 1990). These results in vitro observation appear to
complement the in vivo observations (Arad et al., 1990). HepG2 was found by treatment

of lovastatin to i regulate the ion of LDL receptor, HMG-COA

reductase and HMG-COA synthase (Molowa and Cimis, 1989).

1.7 Detection of Cell Death
Cell death, the irreversible loss of vital cellular structure, can take place by either

of two mechanisins; necrosis or apoptosis (Wyllie, 1981; Ledda-Columbano et al., 1991;
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Majno and Joris, 1995). While cells undergoing necrosis or apoptosis can readily be
distinguished morphologically. the underlying molecular mechanisms are incompletely

understood (Uchiyama, 1995).

Necrosis is recognized by cellular metabolic collapse and acute cellular injury: and
occurs when a cell no longer maintains ionic homeostasis. As ATP levels become
exhausted and transmembranc ion gradients arc dissipated. the cell swells and internal
organelles become distended (Wyllie, 1981; Uchiyama, 1995). At a critical point the cell

membrane ruptures and spills out lysosomal cnzymes which mediate non-specific

inflammation in the surrounding tissue. Necrosis is typically induced by extracellular

trauma such as hypoxia, membrane-active toxicants, and respiratory poisons such
cyanide. When viewed by light mi cells ing necrosis d

uniform hilic staining of the cytoplasm and jally normal staining of the
nucleus (Uchiyama, 1995). Some nuclei show inism without shrinkage or

complete dissolution (Wyllie, 1981).

The term apoptosis describes a iti y

programmed cell death (Kerr et al., 1972) which is characterized by controlled
autodigestion of the cell. /n vivo, apoptotic cells lose contact with their neighbours as

they decrease in size; they exhibit chromatin condensation; and plasma inembrancs

undergo a isti i i ion known as "blebbing" (Amenta



et al., 1993; Majno and Joris, 1995). Apoptosis also involves characteristic changes

within the nucleus. The nucleus ion as are activated
and begin to degrade nuclear DNA. In many cell types, DNA is degraded into fragments
the size of oligonucleosomes, whereas in others larger fragments are produced. Apoptosis

is also ¢ ized by a loss of mi al function. This has led to speculation that

mitochondria may have an important function in regulating apoptosis (Vayssiere et al.,
1994; Reipert et al., 1995). While the dying cells maintain their gross plasma membrane
integrity, subtle plasma membrane changes signal neighbouring phagocytic cells to engulf
them and thus complete the degradation process (Ellis et al., 1991; Uchiyama, 1995).

Cells undergoing apoptosis that are not i It phag i into smaller

membrane-bound fragments called apoptotic bodies. An important feature of apoptosis
is that it results in the elimination of the dying cell without induction of an inflammatory
response. In contrast, necrotic cell death is associated with an early loss of cell membrane
integrity which results in leakage of cytoplasmic contents and the induction of an

inflammatory response (Majno and Joris, 1995).

It has been shown (Reedquist, et al., 1995) that high concentrations of lovastatin

can inhibit cell proliferation and di in i ivated murine B

lymphocytes, perhaps through induction of programmed cell death (apoptosis). Also,

treatment of human malignant glioma cells with a lovastatin concentration as low as 10

mM over a period of 72 hours led to DNA ion into ized



characteristic of apoptosis (Jones et al.. 1994). The cell eycle of a human bladder

carcinoma T24 cell line was arrested in G1 phase (an indication of apoptosi

at 10 pM
lovastatin (Jakobisisak et al.. 1991). Morphological changes typical for apoptosis was
confirmed after 72 hours of exposing a human prostate cancer cell line. PC-3, to 10 pM

lovastatin (Borner et al., 1995).

Several methods have been employed to as

s | in-induced 1epG2 cell
death and cytotoxicity by lovastatin. Some involve detection of increased membrane
permeability; such as trypan blue uptake, a characteristic feature of dead cells; plasma

membrane lactate dehydrogenase (LDH) leakage through the plasma membrane; or

sulforhodamine B (SRB) binding to i proteins, so providing an
indicator of relative protein leaching. Other cytotoxicity assays measure functional aspects
of living but not dead cells (Rubinstein et al.,, 1990). Thus, the tetrazolium dye MTT is

converted into its insoluble formazan derivative by active mitochondrial dehydrogena:

and uptake of neutral red into lysosomes is evidence of cell viability; both exclusive
properties of living cells (Keepers et al., 1991). Whilst it is relatively casy to determine
by any of these methods whether necrosis has taken place, it is unclear whether they are

reliable determinants of apoptosis.

damine (SRB) is a sul d ami; dye with

properties similar to that of related dyes such as Coomassie brilliant blue, bromophenol
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blue and naphthol yellow S, which are used widely as protein stains. Under mildly acidic
conditions, SRB binds to basic amino acid residues of proteins in TCA-fixed cells to
provide a sensitive index of cellular protein content that is linear over a cell density range
of at least 2 orders of magnitude (Skehan et al., 1990). The protein-bound stain can be
solubilized under alkaline conditions and the optical density of the solution used to
determine relative cell growth or viability in cultured cells (Keepers et al., 1991). Colour

development in the SRB assay is rapid, stable and visible.

Electron microscopy (Wyllie, 1980; Beaver and Waring, 1994; Uchiyama, 1995)
permits clear identification of apoptotic cells on the basis of the characteristic morphology

outlined above (Sonc and Wick, 1994).

Flow cytometry. using propidium iodide as a fluorescence DNA stain, permits cell
subpopulations to be identified. Apoptotic cells can be recognized on the basis of a *low
subdiploid peak’; that is the presence of cells having DNA contents less than typical of
normal cells in G transition (low subdiploid peak) (Gorczyca et al., 1993; Zaleskis et al.,
1994; Aten et al., 1995). Flow cytometric analysis is a very rapid and objective way of
quantifying apoptotic cells in a mixed population. Flow cytometry with propidium iodide
is the quickest and most efficient method for measuring apoptosis and is particularly

suitable for large-scale in vitro studies (Sonc and Wick, 1994).
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1.8 Aim of the Work
This work aims at studying the cytotoxicity and metabolism of lovastatin at various

concentrations on human cultured hepatic cells. HepG2 cells has been chosen for the

proven similarity of their metabolic pathways to those of human hepatocytes. Since the

primary target organ for inhibition of cholesterol synthesis and metabolism is the liver
it is important to study lovastatin cytotoxicity with a human liver cell line. Both acute

nd chronic effects of lovastatin are reported.



CHAPTER 2

MATERIALS AND METHODS
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2.1 Materials

HepG2 cells were obtained from the American Tissue Culre Collection
(Rockville, MD). Tissue culture medium, fetal calf serum. delipidated fetal calf’ serum,
trypsin. trypane blue and other tissue culture supplics were obtained from Gibeo
(Gaithersburg, MD). Tissue culture flasks and multiplate-wells were purchased from
Falcon (Cockeysville, MD). ["C]-Oleic acid was purchased from DuPont-New England

Nuclear (Mississauga, Ontario). Oleic acid (sodium salt). fatty acid-free bovine serum

albumin Fraction V (BSA), det idium iodide, ine B and
all other reagents were obtained from Sigma Chemical Co., (St. Louis, USA). LDI, AST
and ALT slides were supplied by Kodak Ektachem Clinical Chemistry Co. (Rochester,

NY). N-methyl-N-tri ilyltri ide (MSTFA) for derivatization was from

Pierce (Rockville. IL). The Apo A and Apo B kits were from Orion Diganostica (Espoo,
Finland). Lovastatin was generously provided by Merck, Sharp and Dohme Rescarch

Pharmaceuticals (Rahway, NJ).

22 Methods

22.1 Cell Cultures

HepG2 cells were grown in Falcon tissue culture T-25 flasks in 5.0 mL of Eagle
Minimal Essential Medium supplemented with 10% fetal calf serum and 0.1 mM non-
essential amino acid mixture, ImM sodium pyruvate, 10,000 units/mL penicillin/

streptomycin (Furukawa et al., 1992). The cells were grown at 37°C under a humidified
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atmosphere of 95% air, 5% CO,. The cell medium was replaced on the third day. By
day 5-6 cach flask reached almost 80% confluency and the cells were sub-cultured as

follows:

The growth medium was removed and the adherent cells were washed once with
Ca® free Mg™ free phosphate buffer (CMF-PBS). The cells were detached by treatment
with 3 mL of CMF-PBS containing 0.25% trypsin solution for 5-10 min at room
temperature. Detached cells were suspended by gentle pipetting and 2 mL complete
medium was added as substrate for residual tryptic activity to counter over-trypsinization
of the cells. The cells were transferred from the culture flasks to capped conical
centrifuge tubes which were centrifuged at 1000 to 1200 rpm for 5 min. The cell
suspension was mixed vigorously with complete medium. Cell viability and number was
measured by exclusion of trypan blue (0.04% solution). The cell viability was 90-95%
on each day of culture. The desired volume of fresh complete medium was added and
cells were resuspended gently by pipetting up and down. The cultures were diluted 3-fold

every 5-6 days.

2.2.2  Acute and Chronic Treatment with Lovastatin
1 X 10° HepG2 cells/well in complete medium were added to flat bottom 24- well
plates and left overnight to ensure adherence. For all following treatments cells were

cultured in complete medium except that 5% delipidated calf serum was used in place of
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10% fetal calf serum. At Day 0. lovastatin, oleic acid/BSA complex. lovastatin and oleic
acid/BSA. or medium alone vias added to the cells. In all cultures where oleic acid/BSA
was added, either alone or with lovastatin. the final concentration of oleic acid was 0.8
mM and the treatment time was 24 hours. In case of lovastatin alone, the concentration
ranged from 0.1 to 100 pM. and the treatment time 1-8 days, with medium change every
2 days. HepG2 cell morphology was assessed every two days by phase microscopy and

electron microscopy.

223 L in pr ion and ini

Lovastatin was generously provided by Merck Sharp and Dohme Rescarch
Laboratories, Rahway, New Jersey. A 5 mM stock solution was prepared in isopropanol
and stored frozen. An appropriate volume of stock solution was added to culture medium
containing HepG2 cells to produce the desired lovastatin concentration in a final

of i not

0.01%. Control cultures were grown with

isopropanol alone (Cianflone et al.. 1990).

2.2.4 Preparation of oleic acid/bovine serum albumin complex.
Sodium oleate (40 mg) was dissolved with gentle heating in 5.0 mL. of 0.9% NaCl.

Delipidated bovine serum albumin (BSA) was used. The purity of the fatty acid and BSA

was verified by thin layer chromatography (TLC). The olcic acid/BSA complex was

prepared as described by Van Harken et al. (1969): 1.0 g of defatted BSA was dissolved
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in 5.0 mL of 0.9% NaCl, the pH of the solution was adjusted to 7.4 and the solution was
placed on ice. The pH adjustment was critical for the formation of stable, optically clear
fatty acid/BSA complexes. The warm fatty ucid solution was added to the cold albumin
solution, and the mixture was stirred well overnight at room temperature. The complex
was sterilized by passage through a 0.45 pm filter and stored at room temperature. The
ratio of oleic acid to albumin after sterilization by filtration. was 9.0 mol/mol % 0.01
(mean of 16 preparations). For the control experiments, a 1.0 g sample of albumin was

carried through the procedure in the absence of oleic acid.

2.2.5 ["C|-Oleic acid preparation and administration.

Radiolabelled tracer ["Cl-oleic acid was added at 0.5 pCi/mL medium.
Subscquently, triacylgylcerol and cholesteryl ester were separated by silica gel TLC and
the appropriate regions of silica were scraped into vials containing scintillation cocktail
(ScintiVerse 1 from Fisher). Activity was measured in a scintillation counter (1214

Rackbeta LSC from LKB WALLAC).

2.2.6 Lipid extraction and thin layer chromatography.

After incubation, cells were washed twice with ice-cold PBS and the cell pellet
was treated for 60 min with 2 mL 2:1 (v/v) chloroform/methanol twice and the extracts
were pooled. The residual insoluble material was dissolved in 1 m!, 0.1 M NaOH for

protein measurement by the Lowry's method (Lowry et al., 1951). The lipid extracts
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were cvaporated under a stream of nitrogen and redissolved in 100 pl.

chloroform/methanol. 50 pL aliquots of extract were applied to silica gel TLC plates and

AL Ticthvl otl

the lipids were separated by P with 75 acid.

Aliquots of the medium were also extracted with 3 volumes of chloroform/methanol 2:1

(viv)  for 60 min twice. The organic phase wis washed twice with 1 ml
chloroform/methanol 2:1 (v/v) and | ml 0.05% KOH to remove the remaining radioactive

free oleate. The sample was then processed in same way as the cell extracts to measure

medium trigl ide, and I ester.
22.7 Measurement of cholesterol and cholesteryl ester by pas
chromatography/mass spectrometry
Measurement of free and esterified cholesterol was accomplished by gas
chromatography/mass spectrometry (GC/MS) using a modification of the method of

Linnet (1994). In outline, the method involves ing the ch and

ester spots from silica gel TLC plates with 2:1 chloroform/methanol, adding 0.1 mL N-

hyl-N-tri i ide and i ing for 30 min at 50°C to produce
volatile derivatives. For the measurcment of cholesterol ester, the ester fraction cluted
from the TLC was hydrolyzed with cthanol and KOH for 3 hours at 37°C (Linnet, 1994)

prior to derivitization. The derivatized extracts were injected into a Hewlett-Packard GC

5890 Gas Chromatography coupled to a Hewlett-Packard MS 5970 Ma lective

Detector at a port temperature of 240 °C. The resulting mass spectra were compared
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automatically with the cholesterol spectrum from the machine’s stored library of mass

spectra.  Tropic acid was used as an internal standard.

228 ination of CI and Ch yl Ester with o-

Phthalaldehyde.
Aftersilica gel TLC, lipids were visualized temporarily with iodine vapour and the

fractions ing to and ester were scraped into glass-

stoppered tubes and extracted with Sml chloroform. The tubes were then centrifuged for
5 min at 1000 g. Aliquots (1 mL) of the chloroform layer were pipetted in duplicate into
colorimeter tubes and the solvent was evaporated under nitrogen. Then 2 mL o-
phthalaldehyde reagent (prepared as in Rudel and Morris, 1973) was added to each tube
with thorough mixing to ensure complete solution of the lipids. The solution was stood
for approximately 10 min later. Then | mL sulphuric acid was added with care and the

absorbance read at 550 nm within 10 to 90 min.

2.2.9 Sulforhodamine B (SRB) assay

The SRB assay provides a sensitive method for estimating cell viability in
cytotoxicity studies. It is claimed (Rubinstein et al., 1990) to offer several advantages
over the tetrazolium bromide (MTT) assay (Kubota et al., 1993) for very large scale drug
screening.  The SRB assay provides a better linearity with cell number, a higher

sensitivity, and its staining properties are not cell-line dependent (Keeper et al., 1991;
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Kubota et al., 1993). The optical densities of SRB can be measured over a broad range

of visible gths in either

or well plate readers.

This procedure is essentially that of Skehan etal.(1990) with minor modif

tions.

The cells were washed with CMF-PBS twice and then fixed in situ by addition of 50 pl

of cold 50% (wt/vol) tri ic acid (final ion, 10%) . Alter incubatis

for 60 minutes at 4°C, the supernatant was discarded and the plates washed five times
with tap water and dried. One hundred microliters of SRB solution (0.4% wt/vol in 1%
acetic acid) were added to each well and the culture was kept for 30 minutes at room
temperature (Hall et al., 1993). The unbound SRB was removed by washing live times
with 1% acetic acid. Then the plates were air dried. The bound stain was solubilized
with unbuffered 10 mM Tris and the optical density read on an aulomated

spectrophotometric plate reader at 540 nm.

2.2.10 Enzymatic igatil on Cell Per bili
The basis of this approach is that damaged cell plasma membrancs leak cytosolic
enzymes into their surrounding extracellular environment. The presence of these enzymes

can be used as a qualitative and quantitative index of cell damage.

After cells were incubated for various periods of time with the experimental

reagents, the culture medium was analyzed for lactate dehydrogenase (LDH), alunine
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aminotransferase (ALT) and aspartate aminotransferase (AST). Levels of these three
enzymes are routinely used in clinical chemistry as indices of liver damage. The LDH
leakage to the extracellular medium was used as a cytotoxicity index for HepG2 cells

in culture by Neuman et al. (1993).

All measurements were made using Kodak Ektachem Clinical Chemistry slides on
aKodak Ektachem 700 Analyzer. The Kodak Ektachem Clinical Chemistry Slide system
consists of a dry, multilayered, self-contained analytical element coated on a clear
polyester support. An 11 pL drop of sample is deposited on the slide and evenly
distributed through the spreading layer which also contains the appropriate substrates for
the enzyme being assayed. Enzymes are assnyéd by following the change in absorbance

al 340 nmand 37°C as NADH is oxidised to NAD",

22101 act hydrogenase
The assay for lactate dehydrogenase (LDH) uses pyruvate and NADH as
substrates o generate lactate and NAD'.

Pyruvate + NADH + H® =-nesccemmeneee > Lactate + NAD+

Alanine aminotransferase
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Alanine aminotransferasz catalyzes the transfer ol the amino group ot L-

alanine to o-ketoglutarate to produce pyruvate and glutamate.  Pyridoxa

phosphate (PyP) is a cofactor. Lactate dehydrogenase (LDH) then catalyzes the

conversion of pyruvate and NADH to lactate and NAD".

ALT

Alanine + a-Ketoglutarate - Pyruvate + Glutamate

PyP

LDH

Pyruvate + NADH + H' --- --> Lactate + NAD'

22103 Aspartate_ Aminotransferase
Aspartate aminotransferase catalyzes the transfer of the amino group of L-

aspartate to or-ketoglutarate, using pyridoxal-5-phosphate (PyP) as a cofuctor, o

produce gl and O: and NADH are converted to
malate and NAD" by malate dehydrogenase.
AST

Aspartate + o-Ketogl o + Gilutamate

PyP
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MDH

(¢} +NADH + H" Malate + NAD"

2.2.11 Q of cell cycle ition by flow cytometry

Flow cytometry was conducted only on HepG2 cell cultures grown for 24 and 48
hours with olcic acid/BSA complex alone (0.8 mM), lovastatin alone (10, 50 and 100

M), or oleic acid\BSA and lovastatin. The procedure was performed as described

previously with slight modification (McClosky et al., 1994). The basis of the method is
that DNA is complexed with ethidium cations and the DNA concentration of each
individual cell is measured fluorometrically as it passes across a detector: relative DNA

concentration permits determination of the position of each cell in the cell cycle.

To prepare cells for flow cytometric analysis, 2 X 10° cells were harvested and
fixed in 95% ethanol for 20 minutes at 4°C. The fixed cells were washed with PBS and
resuspended in 250 pL of RNase solution (100 pg/mL) and incubated at 37° C for 30
minutes. After washing the cells with buffer to remove RNase, 250 puL of propidium
iodide solution (50ug/mL PI in 0.6% Triton (TX-100 in PBS)) was added, mixed gently,
and held at 4°C overnight in the dark. Next day, the volume was increased to | mL with
PBS. Propidium fluorescence of each cell in the specimen was measured on a Becton
Dickinson Immunocytometry System (FACStar Plus). Data on relative membership at

different stages in the cell cycle and the presence of a sub-GO (hypodiploid or M1) peak
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were collected, stored and analyzed with Becton Dickinson LYSYS II software.

2.2.12 Morphological Analysis using Electron Microscopy

Cells were washed with PBS and fixed ovemight at 0°C in mixture of 4%
paraformaldehyde, 5% glutaraldehyde and 0. 1M sodium cacodylate buffer (pH 7.4). After
fixation, cells were scraped out and washed three times for 5 min each ina 0.2 M sodium
cacodylate buffer, the cells were post-fixed in 1% osmium tetroxide in cacodylate buffer,
dehydrated through a graded series of alcohols and embedded in TAAB epoxy resin.
Ultrathin sections were cut on a REICHERY OMUS3 ultratome and examined with a

JOEL, 1200 EX, electron mi This is based ially on lishe

methods (Bourna et al., 1989; Pullinger et al.. 1989).

2.2.13 Apolipoprotein Quantitation

Apoproteins A and B levels in culture media were measured using specific dlinical
immunochemical assay reagents from Orion Diagnostica. The principle of the method is
that excess specific antibody is permitted to combine with the untigen under conditions
where precipitation does not take place. The trbidity of the specimen is proportional to

the amount of antigen present and was measured on a Monoarch Autoanalyser at 340 nm.

2.2.14 Statistical Analysis

Each cytotoxic determination was done in 6 wells per concentration in 12

34



experiments and the mean value was as a £ SD of the resp

controls. Metabolic assays were carried out with at least 6 values as will be mentioned

under Table 3.5. The d\ ponse curve p value £ SD of the
respective controls. Statistical significance was calculated by the Student’s t-test, Analysis
of Variance and Multiple Comparison by Scheffe’s test using Statistical Analysis System

(SAS) Software Version 6.09.
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CHAPTER 3

RESULTS
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In this investigation, the cytotoxicity effects of acute and chronic exposure of
lovastatin on HepG2 cells were studied. A comparison was also made between the effect
of treatment with lovastatin alone or supplemented with 0.8 mM oleic acid in complex
with bovine serum albumin. The rationale for the addition of oleic acid/BSA was to
determine if supplementation with an external source of fatty acid to promote intracellular
synthesis of triacylglycerols and cholesteryl ester would have an effect on the response

to lovastatin.

Lovastatin toxicity was investigated by the following independent methods:

- Direct Sulforhodamine B staining for cell viability.

- Detection of the intracellular leakage of enzymes lactate dehydrogenase
(LDH), aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) into the culture medium as an indicator of plasma membrane
disruption.

- Visualization of morphological changes by transmission electron
microscopy.

- Cell cycle analysis and detection of apoptosis by flow cytometry.

- Detection of the effects on lipid metabolism

31 Results of Sulphorhodamine B (SRB) Analyses of Cell Viability.

For 24-hour acute exposure, the effects of lovastatin concentration on HepG2
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cytoviability are shown in (Figures 3.1 and 3.2). At lovastatin concentrations of 10 pM
and below no significant reduction in cytoviability was observed. At 50 pM and 100 pM,

cell viability was reduced to 79.3% and 61.9%, respectively (o= 0.05).

In the case of chronic exposure (2, 3. 4, 6 and 8 days) the effects of low lovastatin
concentrations (2.5 pM and below) were essentially the same as for 24-hour chronic
exposure as shown in (Figure 3.1. A-E). Marginally significant change from control with
5 and 10 pM started to show from 2-8 days (¢=0.05). However at high concentrations
(50 and 100 pM) cell death was much greater, After 8 days of exposure to 50 and 100
1M lovastatin, cell viabilities had been reduced to 15.2% and 0.73%, respectively (=
0.05, p <0.0001). As shown in Figure 3.3, supplementation of the lovastatin treatments
with 0.8 uM oleic acid/BSA had a dramatic effect on cell viability. Although lovastatin
concentrations of 10 pM and below had no significant effect on cell viabilities, cell death
was evident at these low concentrations when oleic acid was also present in the culture
media («=0.05 , p < 0.0025). For comparison, cell viabilities after 24-hour acute
exposure to 10, 50 and 100 pM lovastatin and 0.8 uM oleic acid were 81.3%, 55% and
43%, respectively. In the case of lovastatin alone, the comparable viabilitics were 93.5%,

79.3% and 61.9%, respectively.

32 Results of Enzyme Leakage Studies

Figures 3.4. and 3.5. the effect of i ing lovastatin

38



A B
7 g
5 s
g s
0 025 05 25 5 10 50 100 0 02505 25 5 10 5 100
[Lovastatin] pM [Lovastatin] pM
c *29 D
3 g
3
g
H s
: 2
0 025 05 25 5 10 50 100 0 02505 25 5§ 10 5 100
[Lovastatin] M [Lovastatin) jM

SRB (% of Control) tr§

;J 025 05 25 §
{Lovastatin) uM

10 % 100

Fig.3.1.

on HepG2 cells using SRB assay.
HepG2 cells were incubated for 24 hours to 8 days in the presence or absence of lovastatin.
Cytotoxicity was assessed by the sulforhodsmine B (SRB) assay as described in the method
section. Data are expressed as percentages of SRB in control cells. Each point represcnts
the mean (& SD) of 6 replicate wells per point in 12 experiments. (o = 005). The optical
densities in control cultures were 1.636 0,33 for 24 hours, 175 & 0.324 for 2 days, 1.596

+0.27 for 3 days, 1553 = 0.37 for 6 days and 1.490 £ 0.56 for 8 days.
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Fig. 3.2. Inclusive representation of Fig. 3.1, Acute and chronic
cytotoxicity effects of lovastatin on HepG2 cells using
SRB assay.
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Fig. 3.3. Acute cytotoxicity effects of lovastatin with and without
0.8 mM oleic acid /BSA for 24 hours using SRB assay.

HepG2 cells were cultured for 24 hours in the presence or absence of 0.8 mM oleic
acid/BSA with or without lovastatin. Cytotoxicity was assessed by the
sulforhodamine B (SRB) assay. Data are expressed as percentage of SRB control
cells. The graph shows the means (+ SD) of 6 replicate wells per point in 12
experiments. The optical densities in control cultures were 1.636  0.33 for 24
hours without any treatment and 1.538 + 0.28 for 24 hours with 0.8 mM oleic acid/
BSA. (x=0.05).

41



A 28 |B 43
% 18
Tm] £22  xas A S
% 10 +31 120
S wn L3 18 g
8 5 80
8 R 60
g g 2
° ]
0 025608 25 5 10 50 100 0 025 05 25 5 10 5 100
[Lovastatin] M [Lovastatin] uM
oW ~ 20
g H
2180 216 £3 2150 1£27 16 +18 /221
Sm 223 5 10
3
£ i H19 g +22 £24
=% = 80
g 3
=0 2o
0 02505 25 & 10 80 100 0 02505 25 5 10 5 100
[Lovastatin] pM |iovastatin] M
E
~20
ém
o
3 100
g
Z w0
3
)
0 025 05 25 5 10 S50 100
[Lovastatin] uM

Fig. 3.4. Acute and chronic cytotoxicity effects of lovastatin on
HepG2 cells using LDH leakage into the extracellular

medium.

HepG2 cells were incubated for 24 hours to 8 days in the presence or absence of lovastatin.
Cytotoxicity was assessed by lactate dehydrogenase (LDH) leakage into the extracellular
medium. Data are expressed as percentages of LDH activity in control cells. Each point
represents the means (+ SD) of 6 replicate wells per point in 12 experiments. (o = 0.05). The
basal rates (U/L) in control cultures were 182.5 6.2 for 24 hours, 1816 + 10.7 for 2 days,
178.5  10.56 for 3 days, 185.5 & 9.35 for 6 days and 190.9 + 9.87 for 8 days
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Fig.3.5. Inclusive representation of Fig. 3.4, Acute and chronic
cytotoxicity effects of lovastatin on HepG2 cells using LDH
leakage into the extracellular medium.
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on the activity of LDH in the culture medium. These results demonstrate that LDH
leakage and SRB staining are comparable. The correlation coefficients between LD and
SRB for 24 hours. 3 days and 6 days of exposure are 0.981. 0.986 and 0.992,
respectively. LDH -\\'zls more sensitive for detecting damage at 5 pM after 24 hours

(a=0.05 ., p <0.001). Lovastatin with 0.8 mM oleic acid/BSA added. LDH

analysis was also able to demonstrate more pronounced damage and a lower action

threshold (Figure 3.6).

When cell damage was assessed by analysis of AST and ALT leakage (Figures 3.7
- 3.10), it was found that a 10 pM lovastatin concentration was sufficient to elicit enzyme
leakage above control values after a 24-hour exposure (Figures 3.8 & 3.10). With cells
exposed to 10 uM lovastatin for 3 days, significant AST and ALT leakage values of 19.8
+ 1.7 (p <0.0025) and 6 + 1.4 (p <0.0001) U/L were noted in comparison to control
values of 14.6+0.5 and 1.0 U/L, respectively. An increase in ALT with 5 uM was
detected after 3 days (16.9+0.8 U/L) («=0.05 , p <0.005). By 8 days even the control
cultures were leaking significant amounts of AST and ALT (Figure 3.7.E and 3.9.L). In
essence, the AST and ALT measurements gave results similar to those of LDH and SRB,
except that the AST and ALT were more sensitive in detecting damage after longer
incubation time specially ALT after 8 days it recorded leakage for cven control and 5 pM
after 3 days (0.0025). But LDH is more sensitive at lower lovastatin concentrations,(5

UM after 24 hours), especially during the first three days (=0.05 , p<0.001).

44



x49 6.
1mﬁ +54 £27 £28

£30 £45 18 #£25
80 +22

40| -+ Lovestatin
20| -o-ILov+OA/BSA

0 T T T T T =, 1

0 02505 25 5 10 5 100
[Lovastatin] pM

LDH (% of Control)

Fig. 3.6. Acute cytotoxicity effects of lovostatin with and without
0.8 mM oleic acid /BSA for 24 hours using LDH assay.

HepG2 cells were cultured for 24 hours in the presence or absence of 0.8 mM oleic
acid/BSA with or without lovastatin. Cytotoxicity was assessed by the lactate
dehydrogenase (LDH) leakage to the extracellular medium. Data are expressed as
percentage of LDH activity in untreated lovastatin cells. The graph shows the means
(+ SD) of 6 replicate wells per point in 12 experiments. The basal rate in control
cultures were 182.5 + 6.2 for 24 hours without any treatment and 181.8+ 14.74 U/L
for 24 hours with 0.8 mM oleic acid/BSA. («c =0.05).
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Acute and chronic cytotoxicity effects of lovastatin on

HepG?2 cells using AST leakage into the extracellular

medium.

HepG2 cells were incubated for 24 hours to 8 days in the presence or absence of lovastatin.
Cytotoxicity was assessed by AST leakage into the extracellular medium, Data are expressed
as U/L. Esch point reprasents the means (+ SD) of 6 replicate wells per point in 12
experiments. ( = 0.05).
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Fig. 3.8. Inclusive representation of Fig. 3.7, Acute and chronic
cytotoxicity effects of lovastatin on HepG2 cells using AST
leakage into the extracellular medium.

47



>
"
@

2 £14
A 27 202 w02 *12 =
5 154 204 g £11
o1 0.1 11 210 06 *10
3 g
o o
0 0205 25 5 10 8 10 0 028 058 25 5 10 8 10
[Lovastatin] uM [Lovastatin] uM
c 6
% ~3a £13 0 =
~2 £14 25
S mys0s  s04 T ||@ s ses 2N
151 : S
:
5 Toe | *05 = dind 105 +06
s N
0 o
0 02508 25 5 10 50 100 0 02058 25 5 10 0 W
[Lovastatin] pM [Lovastatin) pM

E

ALT (UL)

0 025 085 25 5 10 50 100

[Lovastatin] M

Fig. 3.9. Acute and chronic cytotoxicity effects of lovastatin on
HepG2 cells using ALT leakage into the extracellular
medium.

HepG2 cells were incubated for 24 hours 10 8 days in the presence or absence of lovastatin.

Cytotoxicity was assessed by ALT leakage into the extracellular medium. Data arc expressed

as U/L. Each point represents the means ( SD) of 6 replicate wells per point in 12

experiments. (e = 0.05).
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Fig. 3.10. Inclusive representation of Fig. 3.9, Acute and chronic
cytotoxicity effects of lovastatin on HepG2 cells using
ALT leakage into the extracellular medium.
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When 0.8 uM oleic acid/BSA was added for 24 hours. significant AST and ALT
leakage was noted; even in the control cultures (Figures 3.11 and 3.12). Clearly, the
damage induced by lovastatin at low lovastatin concentrations in the presence of oleie acid

was due to the and its i ion with lovastatin (=0.05).

OA/BSA enhanced the lovastatin toxic effect.

The cytotoxicity of oleic acid is apparent and it is difficult to consider this
compound as simply a non-toxic nutritional supplement specially in long-term lovastatin
studies. There is a clear synergistic effcct and lovastatin and oleic acid produced greater

AST and ALT leakage than lovastatin alone.

3.3 Results of Transmission Electron Microscopy

The morphological effects of lovastatin exposure on HepG2 cells were assessed

by ission electron | features are shown

in Figures 3.13-25.

Exposure of HepG2 cells to various concentrations of lovastatin produced
detectable morphological changes. Several features were identified and were combined
to generate a 3-point scale of damage, mild(+), moderate (++) and severe (+++) (Table
3.1). It was also noted whether the stated features were seen in the majority (A) or

minority (B) of cells examined (Tables 3.2-a & b). Cells were considered as
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Fig. 3.11. Acute cytotoxicity effects of lovastatin with and without
0.8 mM oleic acid /BSA for 24 hours using ALT leakage
into extracellular medium.

Data are expressed as U/L. The graph shows the means (= SD) of 6 renlicate wells
per point in 12 experiments. (< = 0.05).
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Fig. 3.12. Acute cytotoxicity effects of lovastatin with and without
0.8 mM oleic acid /BSA for 24 hours using AST leakage

into extracellular medium.

Data are expressed as U/L. The graph shows the means (+ SD) of 6 replicate wells
per point in 12 experiments. (e =0.05).



Fig.3.13. Electron mi h showing an ially normal cell (control cells
after 24 hours). (Orlgmal magnification x 10,400).
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Fig3.14.

Electron mi ph showing lized cellular swelling and loss of
microvilli. Mitochondrial abnormalities are also noted (M), including
swelling and cristae reduction (2.5 uM lovastatin after 3 days). (Original

magnification x 10,400).



Fig3.15.

Electron micrograph showing early rit 1 ion and di:
(arrows). Mitochondrial swelling and cristae reduction are also evident
(M) (5 uM lovastatin and 0.8 mM OA/BSA after 24 hours). (Original
magnification x 10,400).
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Fig.3.16.

Electron micrograph showing ial at lities (M) in the form
of swelling, vacuoles and large granules. The cell membrane is also
disrupted (arrows) (10 puM lovastatin and 0.8 mM OA/BSA after 24
hours). (Original magnification x 15,600).
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Fig.3.17. Electron micrograph showing nuclear indentation (N), cytoplasmic lipid
(L) droplets and blebbing (arrows) (50 uM lovastatin after 3 days.
(Original magnification x 7,800).
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Fig3.18.

Electron micrograph showing nuclear densities and early chromatin
condensation (arrow). Abnormal mitochondria are also seen (10 uM
lovastatin and 0.8 mM OA/BSA after 24 hours. (Original magnification
x 11,500).
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Fig.3.19. Electron micrograph showing ribosomal separation and dispersion along
with early endoplasmic reticulum swelling. A myelin figure (arrow)
and lipid droplets (L) cytoplasmic lipid droplets are also noted (100 pM
lovastatin after 3 days). (Original magnification x 16,800).
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Elecu‘on mlcrograph showing cells w1th nuclear densities (arrow) and
C; are also evident (V) (50

uM after 6 days. (Original magmﬁcatmn x 8,400).

Fig.3.20.

ion.
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Fig3.21.

Electron micrograph showing early loss of structural details. Preserved
organelles exhibit mitochondrial disruption (arrow heads) and a small
myelin figure (arrow). The nucleus features chromatin condensation (100
pM after 2 days. (Original magnification x 12,600).
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Fig.3.22. Electron micrograph showing myelin figures (arrows) and nuclear
densities (arrow heads) (50 pM lovastatin after 6 days). (Original
magnification x 15,600).
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Fig3.23.

Electron micrograph of shrunken cells showing cell membrane disruption
and endoplasmic reticulum dilation (arrow). Mitochondrial number is
increased (M) (100 pM lovastatin after 24 hours). (Original
magnification x 5,700).
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Fig.3.24. Electron micrograph of apoptotic bodies showing condensed nuclear
chromatin (50 pM lovastatin and 0.8 mM OA/BSAC after 24 hours).
(Original magnification x 14,000).
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Fig.3.25. Electron micrograph showing a necrotic cell with loss of cytoplasmic
and nuclear integrity (100 uM lovastatin after 3 days). (Original
magnification x 12,600).
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Table 3.1 GRADES OF MORPHOLOGIC CHANGES DETECTED
BY ELECTRON MICROSCOPY.

GRADE FEATURES

Mild(+) -Cellular swelling (geveralized) (Figs. 3.13 & 3.14)
“Mitochondrial swelling (Fig. 3.14)
-Mitochondrial vacuoles (granules) (Fig. 3.16)
-Endoplasmic reticulum swelling (Fig. 3.19)

-Mitochondrial cristae reduction (Figs. 3.1+ & 3.18)

“Cytoplasmic vacuolization (Fig. 3.20)

Moderate(++) ~Loss of microvilli (Fig. 3.14)
-Ribosomal dispersion (Fig. 3.15)
-Blebbing (Figure 3.17)
-Myelin Figures (Fig. 3.19)
~Lipid droplets (Figs. 3.17 & 3.19)
~Condensation of nuclear chromatin (Fig. 3.18)
~Cell shrinking (Figs. 3.20 & 3.22)

Nuclear densities (Figs. 3.18 & 3.20)

Severe(+++) “Disruption of cell membrane (Figs. 3.22 & 3.24)
~Mitochondrial disruption (Fig. 3.21)

“Extreme chromatin clumping (Fig. 3.21)
-Apoptotic bodies (Fig. 3.24)

-Loss of structural details (Fig. 3.21)

~Necrosis (Fig. 3.25)




morphologically damaged if one or more of the following features were noted:

Cell membrane fragmentation.
hondri; i of the cristae, increased size).

Myelin Figures.
Cellular swelling.
Cytoplasmic accumulation of globules.

Presence of blebbing.

Cell death was indicated by the presence of one or more of the following features:

331

Chromatin condensation.
Loss of intracellular structural details.
Complete disruption of the cell membrane.

Apoplotic bodies

Effects of lovastatin alone

The morphological changes produced by exposure to lovastatin alone are

summarized in Table 3.2.a. These data include lovastatin concentrations from 2.5 to 100

1M and exposure times from | to 6 days. Concentrations less than 2.5 uM did not show

significant changes as compared to control.
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TABLE 3.2-a Grades of morphologic changes in HepG2 cells exposed to

lovastatin alone.

Incubation Lovastatin concentration (puM)
time (days)
25 8 10 30 100
1 - - - ++(B) F(A)
2 - - +(B) +H1B) FHHA)
3 +B) +HB) +HB) HHA) +HHA)
6 +(B) +H(A) ++HA) HHA) ++HA)
TABLE 3.2-b Grades of morphologic changes in HepG2 cells exposed to

lovastatin supplemented with 0.8 mM OA/BSA afier one day

incubation,

Lovastatin concentration (pM)
+0.8mM OA/BSA

OA/BSA-1 2.5 5 10 50

100

«B) ‘«B) }H(A) ‘Hrm A

+H+HA)

(A)  Morphologic changes seen in the majority of cells.

(B)  Morphologic changes seen in the minority of cells.
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Cells incubated for 48 hours with 2.5 - 5 pM lovastatin exhibited no obvious
degenerative changes.  Formation of intranuclear dense regions. cellular swelling. and
formation of lipid-vacuoles was observed after incubation for 3 days for 2.5 pM. With
5 M, mitochondrial enlargement and cristae destruction were observed after 3 days. This
is classified as "mild” structural damage. Alter 6 days. mitochondrial changes and
vacuoles (mild chande) appeared in 2.5 pM, whereas reduction in mitochondrial cristae

and microvilli (moderate change) was shown with 5 uM lovastatin concentration.

Cells incubated with 10 pM lovastatin developed 'mild’ structural damage by day

2. Lipid-filled vacuoles appeared and mitochondrial cristae disappeared by day 3. The

appeared somewhat shrunken as compared with the controls but the growth rate and

general morphology were essentially normal. By day 6, some cells began to demonsirate

around the nuclear P

mitochondrial swelling with cristae reduction, cytoplasmic enlargement, and almost

complete disappearance of microvilli. However, some cells preserved normal nuclei.

When cells were incubated for 24 hours with lovastatin in the absence of oleic
acid. morphological changes were only observed at high lovastatin concentrations (50 and
100 pM).  With 24-hour exposure of 50 uM lovastatin changes were classified as

‘moderate’. There was an increase in the number of mitochondria but the mitochondria

d swelling, cristae reduction, and large lipid vacuoles. There was also ribosomal

69



mild ct i ion with of dense regions within the
nuclei. There were early indications of apoptosis. The nuclear densities were almost
twice the size of those observed in control cells. After 48 hours apoptotic cells were
evident. By day 6 structural damage was “severe’: myelin figures. blebbing, and nuclear
indentation were evident in the majority of cells. Apoptotic bodies appeared. Many eells
were dead but a few apparently normal cells remained. The general impression is that a
6-day incubation with 50 pM lovastatin was comparable in morphological changes to 24-

48 hours exposure to 100 uM lovastatin.

Severe changes were noted wih 100 pM lovastatin for 24-hour exposre.
Resulting structural damage was regarded as ‘severe’  Mitochondria had increased in

number but their cristae almost disappeared and vacuoles had appeared.  An increased

number of mitochondria could be attributed to the of’

ture and some of

Cytoplasmic lipid droplets appeared. Blebbing was a characteristic

the cells were undergoing apoptosis. The cell nuclei were variable in size; some were as

large as those of normal cells but others were more compact and densely staining,

Some cells were noted to have additional, progs

changes: the nuclei of these cells were fragmented into a cluster of vesicles; and the

massive cytoplasm-filled blebs began to pinch-off and detach (Figure 3.26). Loss ol

cytoplasm by bieb detachment may partly explain the observed cytoplasmic shrinkage.
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Fig.3.26. Electron micrograph showing cytoplasm-filled blebs beginning to pinch-
off and detach (arrow) (100 uM lovastatin after 24 hours) (Original
magnification x 9,000).
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Fig.3.27. Electron micrograph showing apoptotic body with mixed features (100
UM lovastatin after 3 days). (Original magnification x 12,600).
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“The final state in this degenerative apoptotic process is shown in Figures 3.24 and 3.27.
By 48 hours necrotic cells and a few apoptotic bodies were observed. After 72 hours

lipid droplets were huge and the mitochondria though still high in number were swollen

and cristae had it Cytopl i were

Upon further incubation with 100 uM lovastatin for 2-6 days it was observed that
some of the cells, although damaged, were not progressing to cell death (typical apoptotic
bodies, secondary necrosis .and necrosis) as quickly as the others. As will be discussed
under flow cytometry, the reason for this phenomenon might have been that lovastatin-
induced cell death does not take place at all stages in the cell cycle. Cells in S phase
(interphase) are resistant. Death takes place during the transition to G2/M (induction of
mitosis). In rat liver induction of both apoptosis and necrosis has been described for
hepatotoxic agents in vivo (Ledda-Columbano et al., 1991) and T call in vitro (Aten et al.,

1995).

3.3.2  Effects of lovastatin and oleic acid

The structural consequences of supplementing cultures with 0.8 mM oleic
acid/BSA were dramatic, even after 24 hours (Table 3.2.b). Cells cultured with oleic
acid/BSA without lovastatin exhibited "mild" structural damage (Table 3.1). This became
“moderate’ at lovastatin concentrations between 5 pM and 10 pM lovastatin and 'severe’

with 50 pM lovastatin.
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Characteristic damage after 24-hour exposure to oleic acid/BSA alone included

changes to the mitochondria (increased in number with reduction in number of cristae,

appearance of intramitochondrial vacuoles and granules), eytosolic lipid droplets, and
swelling of the endoplasmic reticulum. Addition of lovastatin up to a concentration of

5uM did not significantly increase the structural damage after 24 hours incubation.

cid/BSA

When the cells were incubated with 10 uM lovastatin and 0.8 mM oleic

for 24 hoirs, the number and the size of lipid droplets was increased further,

cristae dit and in started to clump. Some of the cells

showed necrotic features. Cell damage with 50 uM lovastatin and oleic acid/BSA was
more severe than at 10 pM. Myelin figures and cell blebbing was evident. Some of the
cells showed advanced apoptosis. With 100 pM lovastatin and oleic acid/BSA, cells

exhibited rounding-up or shrinkage and non-refringent cells tloating in the medium (i.¢

no longer attached to the culture dish surface monolayer) were observed. The remaining

adherent I cells exhibited mif ial changes, huge lipid droplets,

sruplion
of ribosomes, and apoptotic bodies. A level of damage was achieved in 24 hours with
100 pM lovastatin and 0.8 mM oleic acid/BSA comparable to that of 100 uM lovastatin

alone in 3-4 days.

Transmission electron microscopy of the floating cells recovered from the medium

demonstrated typical apoptotic bodies with clear features of secondary necrosis (i.c mixed
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features of apoptosis (Figure 3.27) and necrosis (Figure 3.25). That these cells were in

fuct dead was verified independently by SRB assay.

34 Results of Flow Cytometry

In order to assess the extent of lovastatin-induced apoptosis and to observe whether
this process was selective to any phase of the cell cycle, I studied the cell cycle
distribution of HepG2 cells treated with 10, 50, and 100 uM lovastatin with and without

0.8 mM OA/BSA and untreated control (Tables 3.3 and 3.4, Figures 3.28 and 3.29).

Flow cytometric analysis of idium iodide ined nuclei was for 24 and
48 hours (average of three experiments). The appearance of cells with a DNA content
less than G1, characteristic of early apoptotic cells (sub-G1 M), could be observed after
the addition of 100 uM lovastatin for 24 hours (Figure 3.28 D). Cell arrest in G1 mixed
with 25.3 % apoptotic cells was seen with 50 pM after 48 hour with lovastatin alone
(Figure 3.28 G). In case of OA/BSA, the M1 region appeared with 50 uM after 24 hour

and with 100 uM lovastatin after 48 hour (Figure 3.29 C & H).

3.4.1  Effects of lovastatin alone

Cells with 10 pM lovastatin after 48 hours showed arrest in the G1 phase with a

decrease in the S phase and a pronounced G2/M arrest. Treatment with 10 pM produced
no significant change during the first 24 hours. Although there was no obvious change

in the total number of S phase cells after 24 hours, there was a decrease in the number
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TABLE 3.3

Effect of Lovastatin on HepG2 Cell Cycle phase distribution
after 24 and 48 hours incubation”.

Treatment time Gt s [N Apoptotic [~
(WM) (hr) cells (M1%)
0 M 73.820.4 54510 20.3£14 0.25:0.3
10 24 76.0£0.7 66206 10.420.8 190802
50 u 76.00.6 90203 15:0.7 8.50£1.3
100 2] 61302 05405 202405 511409
0 4 73.580.7 5603 209£0.5 05807
10 48 83.0£0.5 33204 13.745.0 400404
50 48 80.7:08 8.9:06 104208 273100
100 48 41.90.6 344206 237409 R7ELL
TABLE 3.4 Effect of Lovastatin supplemented with 0.8 mM OA/BSA on
HepG2 Cell Cycle phase distribution after 24 and 48 hours
incubation”,
Treatment time Gl s GuMm Apoplotic cells
(1M) (hr) (M1%)
0 24 71.820.4 45811 24.540.2 23105
10 24 71.8:0.3 67108 215826 2.610.6
v 24 74.2£0.7 12.040.1 13.8£0.6 351409
100 24 56.2£0.3 27.110.1 16.7£0.2 59104
0 43 70.5:0.9 43202 25.2:0.9 89506
10 48 62.5:0.7 17.310.1 20240.6 75404
50 48 64.4£1.3 25,1108 9.510.4 91109
100 48 40.240.6 5.0£15 543:0.8 265405
*

The results are the mean + SD of three experiments.
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Fig, 3.28 (Part)

DNA content histogram of HepG2 cells treated with different concentrations of lovastatin.
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Fig. 3.28 (Continue)
DNA content histogram of HepG?2 cells treated with different concentrations of lovastatin.

HepG2 zells were incubated with 10, 50 and 100 uM lovastatin for 24 and 48 hours and
were analyzed for relative DNA content by flow cytometry. The cultures reccived no
treatment (control A and E), or were treated with 10, 50 and 100 1M lovastatin for 24
hours (B, C and D) and for 48 hours (F, G and H). The percentage of cells with reduced
DNA content due to apoptosis are presented in the M| region.
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Fig. 3.29 (Part)
DNA content histogram of HepG2 cells treated with 0.8 mM OA/BSA and different
concentrations of lovastatin.
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Fig. 3.29 (Continue)
DNA content histogram of HepG2 cells treated with 0.8 mM OA/BSA and different
concentrations of lovastatin,

HepG2 cells were incubated with 0.8 mM OA/BSA in addition to 10, 50 and 100 pM
lovastatin for 24 and 48 hours and were analyzed for relative DNA content by flow
cytometry. The cultures received 0.8 mM OA/BSA (0.8 mM OA/BSA A and E), or were
treated with 10, 50 and 100 uM lovastatin with 0.8 mM OA/BSA for 24 hours (B, C and
D) and for 48 hours (F, G and H). The percentage of cells with reduced DNA content due
to apoptosis are presented in the M1 region.
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of S phase cells after 48 hours, which was the same time when cells appeared with
arrested G1 cells. This suggests that the late S phase cells may be the subpopulation of
cells undergoing cell arrest rapidly following exposure to lovastatin. These cells were

probably in carly S phase at the time they were incubated with lovastatin.

With exposure of HepG2 cells for 24 hours with 50 M lovastatin, cells began to
appear with DNA content of less than G1. There was an increase in the cells entering S
phase and decrease in G2/M. which suggested the occurrence of a transient G1 arrest. By
48 hours, the GI arrest was evident with relative increase in apoptotic cells in the
hypodiploidy region, further decrease in G2/M and almost no change in S phase. These
observations suggest that the cells were arrested in the G1/S phase and with extended time
the number of G2 arrested cells gradually decreased at the same time that cells appeared

with DNA content less than G1 (M1 region).

In HepG2 treated cells at 24 hours with 100 pM there was a massive increase in
hypodiploidy (M1%) with decrease in the G1 phase and concomitant increase in the S and
G2/M phases, indicating an arrest in the S-G2 phase with increase in the proportion of
hyperdiploid cells(Figure 3.28 D). The continuous loss of cells in G1 and arrest of the
cells in the late S phase and G2 mitosis could be seen at 48 hours but with much higher
cells in S phase and less cells in G2/M and with increase in the hyperdiploid cells (Figure

3.28 1. The percentage of apoptotic cells in M1 region was dramatically decreased. The
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majority of cells which did not undergo apoptosis became arrested in the $-G2 phase and,
with extended time. the number of G2 arrested cells gradually decreased without

reentering the normal cell cycle.

3.4.2  Effects of lovastatin and oleic acid

Cells treated with 0.8 pM OA/BSA alone after 24 hours only showed incr in
the G2/M (Table 3.4). Continuous incubation for 48 hours showed an increase in the

hypodiploid cells and almost no change from the 24 hours cycle.

The addition of 10, 50, and 100 uM lovastatin to OA/BSA for 24 hours showed
almost the same behaviour as with lovastatin alone except apoptotic cells appeared with
50 uM. similar to exposure to 50 uM lovastatin alone for 48 hours. Also, exposure o
100 pM lovastatin with OA/BSA showed an increase in S-phase cells and decrease in the
G/M phases as compared to the control cells which is similar to the cell eycle after 48

hours with lovastatin alone at the same concentration.

By 48 hours, exposure to 10 and 50 uM showed cells decrease in the Gl phase,
increase in S phase, and G2/M as compared (o control but to differing degree. “The
decrease in Gl was almost the same in both concentrations. The increase in S phase in
50 pM was much more than in 10 pM, and the decrease in G2/M was much less than

control. Hyperdiploid cells could be scen in cach histogram. The percentage of apoptotic
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cells was around the same as for the control.

Extended incubation with 100 puM lovastatin for 48 hours resulted in DNA
fragmentation. The DNA cell eycle distribution was no tonger detectable; as shown in

(Figure 3.29 H).

3.5  Lipid Metabolism

The levels of triacylglycerol, cholesteryl ester. apoB. and apo A were measured

following 0.8 mM OA/BSA to investigate the effects of lovastatin on synthesis and
secretion of the major lipid fraction in nutritionally-supplemented cells. Although the free
fatty acid to albumin mole ratio used was unphysiologically high, this allowed the
addition of the smallest amount of albumin and least volume while still delivering
adequate free fatty acid (Ellsworth ct al., 1986). The use of medium containing oleic
acid/BSA on HepG2 cells, should facilitate the synthesis and formation of ApoB,

cholesterol, cholesteryl ester, and triglyceride and demonstrate the effects of lovastatin

lipid metabolism (Pullinger et al., 1989; Cianflone et al., 1990).

3.5.1 Effects of lovastatin and oleic acid/BSA on synthesis and secretion of
cholesterol and cholesteryl ester.
For quantitative assay of' lipids within cells and in the culture medium, extracts

were separated by TLC, the cholesteryl ester spot was visualized with fodine vapour, and
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scraped off. Three independent methods were used for quantitation:
2 radiometric using a [“C]-oleic acid dilution method.
- gas chromatography/mass spectroscopy.

- spectrophotometric analysis following derivitization with o-phthaldehyde.

Figures 3.30 and 3.31 show a dosc-response relationship between lovastatin and
both intracellular and extracellular cholesteryl ester concentrations as assayed by the
radiometric method.  With IpM lovastatin in the culture medium the endogenous
cholesteryl ester decreased by 70 + 3.5% (p < 0.0025) and the extracellular cholesteryl
ester by 65 £ 7% (p < 0.0001). both relative to the control cultures (The actual control
values were 147 £ 3.1 and 94.7 + 6.3 nmol/mg protein within cells and in the medium,
respectively). No further decreases in cholesteryl ester were noted when the lovastatin

concentration was increased above 1 pM. indicating that endogenous cholesterol synthesis

and secretion into the medium had been 1 d. Ce

GC/MS and spectroscopy: all three methods gave essentially the same results (Table 3.5).
Cholesterol inhibitions by lovastatin which are also shown in the table almost parallel

cholestryl ester.

3.5.2  Effects of lovastatin and oleic acid/BSA on synthesis and secretion of

triacylglycerols,

Triscylglycerols were determined radiometrically by a [C] dilution method



- Triacylglycerols
-a- Cholesteryl ester

% of Control
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Fig. 3.30. Effect of lovastatin on secretion of lipids into the
extracellular medium

Cells were incubated with 0- 2.5 uM lovastatin in 0.8 mM ['*C] OA/BSA for
24 hours. The results were the average of 10 experiments. Medium ['*C]
triglycerides and cholesteryl ester expressed as percentage of control + SD.
The basal concentration for triglyceride was 41.7 + 2.8 nmol/mg cell protein
and for cholesteryl ester was 94.7 + 6.3 nmol/mg cell protein.
a P<0.005
b P<0.001
¢ P<0.0001
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Fig. 3.31. Effect of lovastatin on HepG2 intracellular lipid synthesis.

Cells were incubated with 0 - 2.5 WM lovastatin in 0.8 mM ['*C] OA/BSA for 24
hours. The resul's were the aversge of 10 experiments. Cellular ['¥C] triglycerides
and cholesteryl ester exp! das of control  SD. The basal
concentration for triglyceride was 294.3 £ 10.1 nmol/mg cell protein and for
cholesteryl ester was 147.3 3.1 nmol/mg cell protein.

a P<0.005

b P<0.0025

86



L8

Table 3.5 Comparison between HepG2 cell cholesterol and cholesteryl ester, cellular and
extracellular, as measured by three different methods after treatment with lovastatin.
Treatment cl MS/GC o-phthalaldehyde
Cells Med Cells Med Med
Ch. CE__Cch CE | cn CE Ch. CE | ch. CE ChCE
0.8mM 655 | 1473 [s26 [047 |83 |76 |es9 [1199 |78 |78 |- |-
O0ABSC | #33 [#31 |35 |62 |51 |23 |82 |78 |54 | 240
0.5uM 288 | 667 |262 |429 |e07 [1208 |48 |704 |473 [ino |- |-
Lovastatin | $66 [ 455 [+46 |85 |449 [267 [#24 [263 |52 | 147
1.0pM 215 | se4 |90 334 | 509 |ess | 207 39 |es |- |-
Lovastatin | 379 [ 458 [261 |61 |44 [#12 |62 173|439

HepG2 cells were incubated with lovastatin in 0.8 mM OA/BSA for 24 hours. Cholesterol (Ch) and
cholesteryl ester (CE) content were determined by the appropriate method as described in experimental
procedures. The results reported as the mean +SD nmol/mg cell protein of at least 6 different experiments.



(Figures 3.30 and 3.31). The effect of lovastatin on triacylglycerol synthesis and secretion
over this range of concentrations was observed. In the absence of lovastatin, intracellular
triacylglycerol levels were 294.3 £ 10.1 nmol/mg cell protein, but were decreased by
25.5% (p < 0.0025) in the presence of 1uM lovastatin. No further decrease of
intracellular triacylglycerol levels was observed if the lovastatin concentration was
increased beyond 1uM. However, for secretion of triacylglycerols into the medium the
response to lovastatin was different: at | uM lovastatin the decrease from control values

(41.7 £ 2.8 nmol/mg protein) was 45% (p < 0.001) and at 2.5 uM lovastatin the decrease

was 63% (p < 0.0001). The i llular synthesis of triacylgly was much less
responsive to inhibition by lovastatin than is that of cholesteryl esters. A very interesting
observation is that at 0.5 pM lovastatin, triacylglycerol synthesis is apparently increased.
“The triacylglycerol concentrations, relative to controls, were 117% (p < 0.005) and 134%

(p < 0.005) in the cells and in the medium, respectively.

3.6  Effect of Lovastatin on the Secretion of Apolipoproteins A and B.

Culture medium recovered from 24 hour i ion of HepG2 cells
with 0.8 mM oleic acid/BSA and 0 - 2.5 uM lovastatin was assayed for apolipoprotein-A
(apo-A) and apolipoprotein-B (apo-B). Control values for cells cultured with oleic
acid/BSA were: 18.4 + 2.7 pg/mg cell protein for apo-A; 10.5 + 1.5 pg/mg cell protein

for apo-B.
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In the case of medium unsupplemented with oleic acid/BSA. lovastatin had no
eifect on apoB and apoA secretion. the control levels of apo-A and apo-13 were 17.45 £
2.3 pg/mg cell protein and 3.6 + 1.6 pg/mg cell protein. respec .. y. Addition of 2.5
uM lovastatin had minimal effect: 17.74 pg/mg for apo-A and 3.8£2.1 pg/mg cell protein
for apo-B. Different scts of subculture experiment were used to compare values and

express the results as percent of control ( with 0.8 mM OA/BSA without lovastatin).

Figure 3.32 shows the effect of lovastatin on apo-B secretion in medium
supplemented with 0.8mM OA/BSA over a range ol lovastatin concentrations after 24
hours exposure. The control apo-B concentration was 10.51 4 2.80 pg/mg cell protein
and decreased to 9.84 - 6.99 pg/mg cell protein with lovastatin concentrations 0.1 -2.5
1M, respectively. The significant reduction in apo-B into the medium is associated with
the dramatic decline in cholesteryl ester synthesis ie. 1 pM lovastatin, 31.7% less apo-B

(p < 0.05) and 70% decrease in cholesteryl ester (p < 0.0025).
There was no significant effect on apo-A secretion. The apo-A control

concentration was 18.4 + 2.7 pg/mg cell protein and it was 18.79 - 20.01 pg/mg cell

protein exposed to lovastatin (0.1 -2.5 uM).
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Fig. 3.32. Effect of lovastatin on HepG2 apolipoprotein accumulation.

Cells were incubated with 0 - 2.5 uM lovastatin in 0.8 mM ['“C] OA/BSA for 24
hours. The results were the average of 6 experiments. Culture medium apo A and
apo B levels were expressed as percentage of control + SD. The basal concentration
for Apo A was 18.4 + 3,7 ug/mg cell protein and for Apo B was 10.5 2.8 pg /mg
cell protein.

* P<0.05
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CHAPTER 4

DISCUSSION
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Cultured human HepG2 cells were used to investigate the acute and chronic effects
of the drug lovastatin, which is used clinically to treat hypercholesterolemia. Lovastatin
is important clinically because it is an effective inhibitor of HMG-CoA reductase, the rate-

limiting enzyme in the bi hesis of The i iate product of HMG-CoA

reductase is mevajonate. a key substance not only in cholesterol biosynthesis but also in

of protcin by p

The investigations reported here highlight the cytotoxic effect of HMG-CoA
reductase inhibition by lovastatin on the cultured human hepatoma cell line, HepG2.
Previous studies on lovastatin toxicity with cultured human cells used either a
pheochromocytoma cell line, PC-12, (Marom et al., 1994) or an enterocyte line. CaCo-2
(Herold et al.. 1995). As liver cells in culture might behave differently because lovastatin,
as used clinically, is a pro-drug requiring prior liver metabolism. it was decided to

investigate the effects of lovastatin on a hepatoma cell line.

This investigation focused on the toxic effects of lovastatin at exposure levels at
and above those currently used clinically. The laboratory approaches used ircluded
clectron microscopy and cell cycle analysis by flow cytometry, investigation of peripheral
cell damage by enzyme and other protein studies, and analysis of intracellular and
extracellular lipids at various exposure concentrations and times. The experiments were

also extended to consider the effects of supplementation of cell cultures with oleic acid.
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The tindings are discussed in light of current understanding on the significance of protein

ion on the cell eycle and the mechanisms of cell death by necrosis and apoptos

To determine the acute and chronic to; v of lovastatin to HepG2 cells, a cell

survival study was conducted using two different analytical approaches. the SRB test and
LDH lcakage. It was found that 50 M. but not lower. concentrations of lovastatin in the
culture medium markedly decreased survival after an exposure of only 24 hours (4=0.05).

The lower lovastatin concentrations used in this study (0.1 - 2.5 pM) did not kill cells,

even after exposure for 8 days. But after 2-3 days, cells cultured at lov

concentrations of 5 and 10 uM showed a significant decrease in viability as compared to

control specially in the first three days (a=0.05).

Albumin is generally considered to have nine high-affinity binding sites for olcic
acid. Moberly et al. (1990) were unable to detect cytotoxicity to HepG2 cells with up to

1.0 mM oleic acid at a 9:1 molar ratio of olcic acid/BSA. Cell damage was assessed by

LDH release into the culture medium or by changes in cell proteins, The absence of
observable cytotoxicity of fatty acids on cultured [epG2 cells was also reported by
Elisworth et al.(1986). On the basis of these two reports that 0.8 mM olcic acid in a
saturated complex with albumin does not cause cell death and is within the physiological
free fatty acid range for human scrum, this concentration was chosen for the experiments

reported in this investigation.
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It was not anticipated that oleic acid/BSA would engender any significant

y icity as a iti and it was found. in agreement with the authors
cited above. that LDH leakage and intracellular protein content were normal for the first
24 hours. On the other hand, the degree of ALT and AST release and the morphological

changes suggested strongly that pathological changes had been initiated.

In addition, if cell cultures containing otherwise nontoxic lovastatin concentrations
were supplemented with oleic acid/BSA. cell viability was significantly reduced at all
lovastatin concentrations (¢:=0.05): Oleic acid and lovastatin act synergistically in their
cytotoxic effects. [t has been shown (McKenney et al.. 1995) in clinical studies that
dietary fat enhances the bioavailability of lovastatin. Patients whose blood cholesterol
levels were reduced with lovastatin and a low fat diet experienced an additional reduction

in levels when they increased their intake of fats. It did not matter if the supplementary

fats were saturated or This ion was explained by either increased
availability of lovastatin due to coadministration of fats or by lovastatin promoting up-
regulation of LDL receptor synthesis. These findings are interesting in light of an
observation in rats (Skomedal et al., 1994) that enhancement of diets with lipids caused
increased osmotic erythrocyte fragility and heart muscle response to catecholamines. When
lovastatin was coadministered the effects of a high-fat diet were enhanced. These effects
of lovastatin were dependent upon the type of dietary fat as they were prevented by the

presence of cod liver oil.  Our data showed that in addition to lipid reduction, in the
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presence of oleic acid/BSA the cytotoxicity of lovastatin was increased.  Taese

observations can best be explained by suggesting that oleic acid acts as a carrier vehicle

for lovastatin, or vice-versa. The clinical signilicance of this explanation is that the
hepatic uptake of the drug is dependent on adequate serum lipid levels: this includes, of

course, not only the clinical efficacy of the drug but also cytotoxic effects.

The presence of AST and ALT in the medium is indicative ol cell leakage. These
enzymes were detected after 24 hours in oleic acid/BSA-free medium with 10 pM
lovastatin. or with oleic acid/BSA alone. Even control cells were demonstrated to be

leaking AST and ALT by the sixth day. These two enzymes were found to be more

sensitive early indicators of plasma membrane damage than the SRB test but fess sensi
than LDH after 24 hours (¢=0.05). But, after three days the situation became reversed:
AST and ALT leakage provided a clearer indication of ccllular damage than LDH leakage

(p < 0.0001).

Morphologic evidence of lovastatin toxicity was assessed by transmission electron
microscopy. Exposure of HepG2 cells to lovastatin resulted in the development of a
variety of morphologic alterations with two distinct endpoints, namely necrosis and
apoptosis. A complex pattern of changes involving cell membrane, organclles, eytosol
and nuclear chromatin was observed. This spectrum of ultrastructural abnormalitics

started with simple cellular swelling and ended with frank necrosis with loss of cellular
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structural details. The carliest effects were produced by a 3-day exposure to 2.5 pM of
lovastatin alone. The magnitude of these changes was both dose- and time-dependent.
Abnormalitics resulting from exposures for less than 6 days to 50 uM or for 2 days to
100 uM lovastatin were mostly limited to the mitochondria, rough endoplasmic reticulum

und eytosol. Toxic degeneration to this extent is probably reversible (Cui et al., 1995).

IFrank necrosis as indicated by complete di: ion of cell in clumping
and loss of structural details was produced by exposure to 50 pM lovastatin alone for 6
days. Although necrosis also resulted from exposure to 100 pM lovastatin for 1-2 days,
it was noted that longer exposures to this relatively high concentration did not necessarily
increase the proportion of necrotic cells. Studies have shown that many cytotoxic agents
“target" cells in the late G2 and M phases since the interphase cells (S phase) are
generally resistant (Reipert et al., 1995). If this principle applies to lovastatin-induced
cylotoxicity, susceptibility would not be universal to all tested cells, but would rather be
limited to those in the G2/M phase. This hypothesis may provide an explanation for the

observatica that longer exposure to 100 uM lovastatin did not result in increased necrosis.

Supplementing the cultures with 0.8 mM oleic acid/BSA boosted the extent of
lovastatin-induced morphological damage. Cells incubated with oleic acid, even in the
absence of lovastatin, showed mild degenerative changes after 24 hours. Morphologic
changes produced by a 24-hour ¢xposure to 100 pM lovastatin and 0.8 mM oleic

acid/BSA were similar to those resulted from the exposure to the same concentration of
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lovastatin alone for 2-3 days.

In apoptosis. also referred to as prog cell death, (i ion of DNA

oceurs under the effect ot calcium-dependent endonucleases (Buja et al., 1993: Barbicro
et al., 1995). This active process specifically targets nuclear chromatin where it produces

characteristic morphologic changes. Unlike other conventional mechanisms of cell death,

apoptosis is not initiated by alterations in the cell membrane permeability or cell

respiration.  Accordingly, apoptotic cells exhibit characteristic condensation of the

in tight ition to the nuclear with relatively preserved integrity
of the cell membrane (Lizard et al.. 1995). Organelles, particularly mitochondria, are
generally preserved. Apoptosis is also characterized by a loss ol mitochondrial function.

It has been reported that mitochondria may have an important role in regulating apoptosis

(Vayssiere et al., 1994; Reipert et al., 1995). Thesc features represcnt the basis for the
morphologic distinction of apoptosis from necrosis by electron microscopy. Since the key

mechanism of necrosis is cell membrane damage, necrotic cells tend to exhibit cell

and other organelle damage as described

carlier.

Indications of apoptosis started to appear with 50 M lovastatin after a 24-hour
exposure, and fully developed apoptotic bodies were seen after 6 days. [t was also noted

that the degree of apoplosis seen by electron microscopy after a 6-day exposure to 50 uM
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lovastatin was comparable 1o that of a 24-48-hour exposure to 100 uM. It is concluded
that the ability of lovastatin to induce apoptosis is both dose- and time-dependent. This
aspect of lovastatin toxicity on HepG2 cells was similar to its necrosis-inducing capacity
discussed carlier. It is noteworthy that with longer exposure time ( > 48 hours) to 100
#M lovastatin alone, not many apoptotic bodies were seen. In vifo studies of

chemotherapeutic agents that are purely cytotoxic reported similar results (Zaleskis et al.,

1994). Apoptosis was shown to be a ti that di at high
concentrations of the drug. It was suggested that relatively high drug concentrations
applied over extended periods of time probably produces necrosis via different metabolic
mechanisms and overrides apoptotic prosesses (Zaleskis et al, 1994; Ormerod et al.,
1994). This characteristic 48-hour response to 50 or 100 uM lovastatin was achieved
within 24 hours in the presence of 0.8 mM oleic acid/BSA. Exposure for longer intervals
to lovastatin in the presence of 0.8 mM oleic acid/BSA probably had a higher necrotic
effect that eliminated cells before apoptosis could be induced. Apoptotic bodies that were
formed at earlier stages of the exposure most likely disintegrated and become
inconspicuous when the sample was examined after a 4-6 day exposure to 100 uM

lovastatin.

When not dividing or preparing for division, cells are in a quiescent state known
us GO. When a cell is actively engaged in the act of mitosis, the stage is known as M.

Proliferating cells progress through a sequence of several phases as they progress from
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GO to M. These phases are referred to as G1. S. and G2.

During Gl. a cell undergoes RNA and protein synthesis. As DNA has not
replicated, G1 cells can not be distinguished from GO cclls on the basis of DNA content.
At the beginning of S phase. a diploid cell contains two copics of each chromosome (2N)
and by the end of the S phase this has doubled (4N). The following G2 phase is the
period of RNA and protein synthesis in preparation for mitosis and cell division
(cytokinesis). The mitotic M phase is usually so short that cells in this phase cannot be
distinguished from G2 phase cells on the basis o DNA content, since both are 4N, ‘The
process rapidly proceeds to cytokinesis and the resulting daughter cells have reestablished
the diploid karyotype. They can continue for one or more cycles of replication, or reenter

the GO resting state for indefinite periods.

As discussed previously. the percentage of cells in each stage of the cell cycle in

a mixed population of dividing cells can be i i by flow cy yia
technique which labels DNA with a fluorescent dye and analyses the relative fuorescence,
and thus the DNA content, of individual cells as they are caused to pass across a detector.
The value of flow cytometry, that it can analyze the DNA content of individual cells, is
also its limitation because it cannot distinguish between stages in the cell cycle that share

the same DNA/cytoplasm ratio.



‘The normal DNA histogram generated by flow cytometry is characterized by a
dominant (G1) peak, a second smaller (G2/M) peak, and a low S phase lying between the
G1 and the G2/M peaks (Zarbo, 1994). Flow cytometry can also detect cells containing
less than the normal diploid DNA content (subdiploid; M1): the presence of such cells is,
as will be discussed below, characteristic of cells undergoing apoptotic DNA degradation
(Aten et al., 1995). Flow cytometry also detects hyperdiploid cells that contain amounts

of DNA in excess of the normal 4N typical of S phase cells.

Determination of the percentage of cells in each phase is an important key to

understanding the biology and ing hemistry of cell ication; particularly if

the analysis is coupled with experimental treatment of dividing cells with drugs that act
as specific inhibitors of mitosis and cell division (Ormerod 1990; Keren et al., 1994).

for cell

Such analyses permit the idation of bi ical processes
replication. particularly in the case of drugs such as lovastatin that act on specific stages
within the cell cycle. This approach carries the potential of identifying cell-cycle-specific

inhibitors that may be of use in the management of cancer.
In general, cultured cells treated with toxic levels of lovastatin are arrested at stage

Gl in the cell cycle and as cell death occurs by apoptosis a subdiploid peak is generated

(Nicoletti et al., 1991; Jones and Lafrenz, 1992).
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Flow cytometry was used to study the effect of lovastatin on cultured Hep(2 cells

at exposure levels of 10, 50, and 100 pM: and with 24 and 48 hour incubation periods.

High numbers of frankly apoptotic cells were only scen with 100 pM lovastatin.

After 24 hours incubati bdiploid cells rep d 51.1% of the total population.
This corresponded to the percentage of dead cells estimated by the SRB test (56.9%).
Electron microscopic examination of these cells confirmed the presence of morphological
features of apoptosis: cell membrane blebbing, chromatin aggregation, and densely-
staining cytoplasm. In addition to the high proportion of subdiploid (M1) cells, the
percentage of cells in S phase was almost doubled and that of G2/M was almost 17%
higher, relative to the controls. Decrease in Gl cells with increase in apoptotic cells in
sub-G1 and a concomitant increase of S and G2/M have been reported elsewhere
(Gorezyca et al., 1993; Hirano et al., 1995a: Shiff et al., 1996). The general conclusion
is that cells treated with 100 uM lovastatin for 24 hours were only undergoing apoptosis

and that necrosis was insignificant.

After 48 hours of incubation, electron microscopy showed that most of the
characteristic features seen after 24 hours with 100 uM lovastatin had disappeared. By
this time the characteristic feature was necrosis rather than apoptosis. However, some
apparently normal diploid cells remained intact, as demonstrated by the flow cytometry

histogram, which also showed that the distribution of cells in the cell cycle was
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significantly different from the controls. The MI peak after 48 hours was 8.7%. This
was much lower in comparison with the 56% peak detected 24 hours earlier. The
occurrence of § phase arrest was confirmed by the high peak (32.4%) as compared to
control (9.5%). The G2M peak was 25.7% compared with 34.2% for 24 hours and with
15.5% lor the control. The absolute number of cells counted by trypan blue and SRB test

was very low, indicating that most of the cells had disintegrated.

Considering the results of 24 and 48 hour exposure to 100 M lovastatin. it is
apparent that the majority of cells which did not undergo apoptosis became arrested in the
S and G2/M phases within 24 hours. With extended exposure time, the number of G2/M-
arrested cells gradually decreased. G2 arrest prior to cell death has been reported
clsewhere (Barry et al., 1993; Enoch and Norbury, 1995). Both studies reported that

delayed cell death with DNA degradation may be due to apoptosis.

The results with electron microscopy confirm that there is more than one type of
cell death taking place: apoptosis and necrosis are evident. [n rat liver, induction of both
apoptosis and necrosis has been described for hepatotoxic agents in vivo (Ledda-

Columbano et al,, 1991) and in cultured T cells by mercuric chloride (Aten etal., 1995).

A significant proportion of the cells remained resistant to apoptosis after 48 hours.

This could be explained by cell arrest in the S-phase. The apoptosis-inducing effect of
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lovastatin was most p in Gl and least p din the $ phase, It could also

be due to increase of mitochondrial number as a positive adaptive response to toxic agents
(Reipert et al, 1995). Increase in mitochondrial numbers did not oceur when cells were

grown at low lovastatin concentrations,

Apoptosis started within the first 24 hours of incubation and by 48 hours the
apoptotic cells had cither disintegrated. floated to the surface of” the culture medium, or
became necrotic. Necrotic cells were readily identified by electron microscopy, which
demonstrated the presence of a mixed population of apoptotic and necrotic cells after 48
hours incubation. It has been shown that cells maintain the typical apoptotic morphology
for only a short period of time and then undergo secondary necrosis if they escupe

phagocytosis (Borner et al., 1995; Wyllie et al., 1980; Majno and Joris, 1995).

With 50 uM lovastatin for 24 hours, the M1 component was 9.8% and G2/M had
decreased by 26% relative to the controls, a finding which was consistent with the SRB
test (23% cell death). Electron microscopy showed changes in cell membranes and very
early indication of apoptosis. Either cell death was taking place in the G2/M phase, a
phenomenon that has been observed in other similar studies (Fearnhead et al., 1994;
Engelke and Hacker, 1994; Pitman ct al., 1994; Borner et al., 1995; Srikant, 1995;

Barbiero et al,, 1995); or the cells were arrested at G2/M (Barry ctal., 1993).
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With 48 hours of incubation with 50 1M lovastatin, the proportion of apoptotic cells
was 35.5% as determined by flow cytometry, clectron microscopy, and the SRB test; all
three approaches giving essentially the same result. Compared with 24 hours, the
proportion of cells inthe G1 phase peak had increased. the S phase was unchanged, and

G2M cells decreased by 50%.

“Treatment with 10 M lovastatin for 24 hours did not induce cell death. However,
the S phase peak was Iwo times greater than the control, This indicated that the cells had
become arrested in the cell cycle after DNA replication but before mitosis. G1 cell arrest
was evident with 10 M lovastatin for 48 hours. Flow cytometry analysis showed an M1
of 4.9%. Other studies have shown that cell arrest in the G1 phase is characteristic of
lovastatin toxicity towards cultured normal or tumour cells (Engeleke and Hacker. 1994;

Borner et al., 1995; Reedquist et al., 1995).

The apoptosis-resistant phenotype of HepG2 cells in S phase and G2/M most likely
explains the relatively greater cell survival at 100 pM lovastatin upon prolonged

At lower ions apoptosis resi: was also seen but with different

cell cycle phases and incubation times. The cells that became apoptotic were
predominantly from the G1. and to a lesser exteni from the G2/M phase, of the cell cycle.
Itisa valid generalization that the transition to apoptosis happened when cells were in the

quiescent phase of the cell cycle.
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Three populations of pathological cells were seen: necrotic cells; cycling, pre-
apoptotic cells; and cells blocked in the G2/M phase. The relative increase in the
proportion of M cells and the apparent stabilization of cell viability can be explained by
the concomitant presence of two populations of cclls: one population was dying and the

other dividing.

The findings of this investigation are strongly consistent with the premise that cach
lime a group of cells progressed through the G2/M phase a proportion would become
arrested and the remainder would proceed through another division cycle. Thus, the
number of apoptotic cells at any given time would depend on the balance between the rate
of their appearance and rate of their loss. In other words, if the rate of induction of
apoptosis was lower than the .ate of disintegration of apoptotic cclls, then few of the latter
would be observed; or vice-versa. In practice, apoptotic cells were sufficiently stable to
permit their observation after 24 hours with 100 uM lovastatin, or 48 hours with 50 pM

lovastatin.

This explanation is equally appli to cells i d with lovastatin and 0.8

mM oleic acid/BSA but the presence of oleic acid advanced the appearance of abnormal

features to an extent s to an additional i ion of 24 hours
with lovastatin alone. For example with 100 M lovastatin and 0.8 mM olcic acid/BSA

and 24 hours incubation, the induced pathology was cssentially similar to 100 M
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lovastatin alone for 48 hours. However. less terminally-apoptotic cells (apoptotic bodies)
were detected by flow cytometry than by electron microscopy. This probably means that
some cells progressed through another cell cycle before succumbing to apoptotic death,

as has been reported in other studies (Barry ct al., 1993; Shiff et al., 1996).

For cells treated with 10 and 50 pM lovastatin and oleic acid/BSA, the relative
increase of cells entering S phase from 24-48 hours and the corresponding decrease in
G2/M confirms the occurrence of a transient G1 arrest. The majority of the cells which
did not undergo apoptosis became arrested in the G2 phase within 24 hours. With
extended incubation time the number of G2/M arrested cells gradually decreased without
reentering the normal cell cycle. Following prolonged incubation necrosis became more
significant than apoptosis: with 100 uM lovasatatin DNA fragmentation occurred and the

cell cycle distribution was no longer detectable.

The rate of triacylglycerol, cholesteryl ester and apoB synthesis in cultured liver
cells is a function of the fatty acid concentration in the medium (Rash et al. 1981;
Bostrom et al. 1988; Cianflone et al. 1990, Brissette and Falstrault, 1994).
Supplementation of the culture medium with 0.8 mM oleic acid/BSA permitted an
analysis of the effects of fatty acid nutritional enhancement on cholesterol, cholesteryl
ester and trincylglycerol synthesis and secretion by HepG2 cells. The impact of lipid

supplementation on apoB and ApoA secretion was also determined. Since lovastatin is
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a strong inhibitor of primary cholesterol synthesis it will also inhibit cholesteryl ester and
apo B production indirectly (Cianflone et al.. 1994). Oleic acid\BSA was added to the
culture medium in the expectation that this would enhance secretion of apolipoprotein B-
containing particles: and so magnify the differences between control cultures and cultures

containing lovastatin (Moberly et al.. 1990; Cianflone et al.. 1990.;

ixon ctal., 1991).

Lovastatin concentrations up to 2.5 pM were used because this concentration range
included the serum levels achieved in normal clinical practice and has been shown in this
study not to engender significant morphological damage after 24 hours. “I'he intracellular

synthesis and extracellular secretion of tri was much less responsive to

inhibition by lovastatin than was that of cholesteryl esters. Intracellular synthe:

triacylglycerol and cholesteryl ester were ally i During experimer

interventions, levels of apo-B changed in concert with intracellular and extracellular

cholesteryl ester and triacylglycerol. but i triacylg| 1 remained

Apolipoprotein B (apoB) is the major protein component of plasma VLDL and

LDL. Increased ion of plasma LDL and apoB have been implicated

as risk factors for the development of atherosclerosis (Sharrett et al., 1994; Carmena et
al., 1996). Exposure of HepG2 cells to oleic acid/BSA clevates intraceilular cholesterol
levels, stimulatcs apoB secretion and reduces receptor-mediated uptake of LDIL (Fuki et

al., 1989). Cianflone et al. (1990) demonstrated that oleate stimulates ApoB secretion
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from cultured HepG2 cclls and that the effect was by si

incubation with lovastatin.  As lovastatin inhibits cholesterol ester biosynlh=§is, and
cholesterol ester biosynthesis is tightly coupled to the synthesis and secretion of apoB
(Cianflone et al., 1990), these observations imply that the stimulatory effect of oleate on
apolB secretion may in fact be duc to enhanced cholesterol ester synthesis from oleate.
These in vitro findings appear to complement the experimental observations of Arad,
Ramakrishnan and Ginsberg (1990) who demonstrated that when patients with combined
hyperlipidacmia were treated with lovastatin, their apoB production decreased but the
catabolic rate of the LDL apoB was unchanged. On the other hand, the work of

Furukawa and Hirano (1993 suggests that, for at least short-term incubation, experimental

of chol | ester bi is, which was inhibited by fluvastatin, does not

alter apoB kinetics in HepG2 cells. These authors concluded that rapid stimulation of

apoB sccretion by oleate is not i with ester bi is. Our
findings are consistent with Cianflone and would suggest that the discrepancy with
Furukawa and Hirano could be the short period of incubation which they used (180
minutes) which would be inadequate for induction of morphological damage by OA/BSA.
Also, it is demonstrated that 24 hours of incubation with 1 uM lovastatin were required
(o demonstrate 70% suppression of cholesteryl ester synthesis, but even after 24 hours apo
B synthesis was only suppressed by 31.7%. Also, Furakama and Hirano used 0.4 mM

oleic acid/BSA, half the concentration used by Cianflone and in this present investigation.
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The safety of lovastatin for clinical purposes is attributed to its ability to block

y is ata ion that is i licient to inhibit protein prenylation
significantly (Sinensky et al.. 1990). The results presented in this report demonstrate that

even relatively high concentrations of lovastatin are not toxic to the well-differentiated

are linked to

hepatoma cell line HepG2. It could be that their action on these processes
the modulation of the mevalonate pathway. This could add another dimension to the
antiatherosclerotic properties of this drug, by providing a pharmacological tool to

the role of isoprenoids in the ion of cellular growth and biology

(Corsini et al., 1995). Therefore this cell line is a convenient model for investigation of

cellular i However, this study demonstrates that
prolonged exposure of cells to quite low concentrations of lovastatin in combination with

fatty acid can cause cell death.

Itis that below ly-toxic lovastatin i the resis of
HepG2 cells to chronic exposure may be explained as a consequence of the cells having
stopped dividing. Such division-arrested cells would have reduced demand for cholesterol
for membrane synthesis and the residual slow flux of mevalonate-derived isoprene units
diverted into non-sterol branches of the mevalonate pathway such as essential protein

prenylations (Marom et al,,1994; Corsini et al., 1995). The findings of our study arc

with ions (| , 1992) that lovastatin and other similar drugs have

utility in cancer chemotherapy as inhibitors of cell division, provided that the general
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cytotoxicity of this class of drugs could be overcome by selective targeting (Corsini et al.,
1995). Targeting malignant cells by lovastatin in specific segments of their progression
through the cell cycle « >uld permit the therapeutic induction of apoptosis and the selective

deletion of undesirable cells.

These results, taken together with clinical observations in the literature, confirm
the necessity for a stringent combination of drugs and diets for treatment of
hypercholesterolemia: a low dose of lovastatin with strict diet control would appear a safe
choice. Attempts to control hypercholesterolemia solely by drug intervention without
adequate control of dietary fat would necessitate much higher drug administration to
achieve an adequate level of serum cholesterol and might expose patients to the cytotoxic
effects of inhibited protein prenylation. such as we have demonstrated in this study.
Although the observations presented above are based on in vitro data, it is clear that
careful studies on the in vivo chronic toxic side effects of lovastatin and other HMG-CoA

reductase inhibitors are required.
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CHAPTER 5

SUMMARY

m



“The lower lovastatin concentrations used in this study (0.1 - 2.5 uM) do not kill
cells, cven after exposure for 8 days. However, if cell cultures containing
otherwise nontoxic lovastatin concentrations are supplemented with oleic acid (as
an oleic acid/ bovine serum albumin complex), cellular morphology and function

are deranged and cell viability is significantly reduced.

The results of this work suggest that cultured HepG2 cells provides a valuable

practical model to i g cellular it and also

as a general experimental system for in vivo investigations of cell death,

The cytotoxicity of olcic acid on its own is apparent. Thus it is difficult to

consider thi: as simply a for long-
cell culture. As lipids appear to act as transcellular carriers for lovastatin, both the
clinical efficacy and any potential cytotoxic effects will be dependent on

nutritional status.

Lovastatin-induced apoptosis is characterized by an increase in mitochondrial
numbers and abnormal morphology. Lovastatin-induced apoptosis has potential

as a tool to i igate the role of the mi ion in induction and regulation

of apoptosis.
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This study has demonstrated that apoptosis and necrosis occur sequentially in
lovastatin-induced cell death over a prolonged period in HepG2 cells, unlike other
systems where cell death takes place quickly. Therefore, HepG2/lovastatin

provides a model to study the mechanism of cell death.

Cell death was shown to take place at a specific stage in the cell eycle.

The results of this study on specific cytotoxic cffects of lovastatin provide
experimental evidence in support of suggestions in the literature that lovastatin, by
virtue of its effects on cholesterol-dependent processes in cell division, may have

a role in cancer therapy.
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