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Summary Background and aims 7B-OHC induced DNA laddering
Cholesterol oxidation products and an increase in the percentage
(oxysterols) are commonly found in of condensed or fragmented nuclei
foods of animal origin and are also at both time points and at both
produced endogenously in the bodyserum concentrations in the U937
Oxysterols are cytotoxic to certain cell line. 25-OHC induced faint
cell lines and in some cases have laddering in the U937 cells after
been shown to induce apoptosis. 48 h in reduced serum media and

The aim of this study was to resulted in a small increase in
investigate the effects of percentage condensed or fragmented
7B-hydroxy-cholesterol (3-OHC) nuclei which was independent of
and 25-hydroxycholesterol time of oxysterol exposure and
(25-OHC) on cytotoxicity and serum concentration. The per-
induction of apoptosis in U937 and centage of condensed or fragmented
HepG2 cells, treated in media nuclei was low in the HepG2 cell
containing either 2.5% foetal calf line and no laddering was observed
serum (FCS) or 10% FCS to under any of the conditions studied.
examine the effect of increasing theFlow cytometric analysis showed
cholesterol level. that only B-OHC treated U937
Methods: The cells were incubated cells had an increased level of

for 24 and 48 h with 30M hypodiploid cells.

oxysterol. Viability was assessed byConclusion: Both oxysterols
fluorescein diacetate/ethidium appear to be equally cytotoxic to
bromide staining and cell the HepG2 cell line. In U937 cells,

proliferation was determined by ~ 25-OHC is much less cytotoxic
haemocytometer counting. Apoptosishan PB-OHC. In addition, we have
was monitored by detection of shown that B-OHC induces

DNA fragments (laddering) in 1.5% apoptosis in U937 cells. 10% FCS
agarose gels. Cells with condensed displays a protective effect on

or fragmented nuclei were identifiedcytotoxicity (as well as on f-OHC
by Hoechst 33342 staining. The  induced apoptosis in U937 cells),

percentage of cells with sub-G1  ajthough the data did not reach
levels of DNA was measured by  statistical significance.

flow cytometry.

Results: Treatment of U937 cells

with 7B-OHC, in contrast to

25-OHC, resulted in a decrease in

cell viability and proliferation at 24

and 48 h P <.01). 25-OHC and Key words Oxysterol — cell
7B-OHC were both equally death — apoptosis — U937 cells —

Fax: +353 21 270244, email: nob@ucc.ie cytotoxic to the HepG2 cell line. HepG2 cells
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Introduction ability of oxysterols to induce apoptosis in the two cell
types was also investigated. Standard culture media con-

taining 10% foetal calf serum provides the cells with cho-

Cholesterol oxidation products (oxysterols) arise from thgstero| in large excess (14) and earlier studies report that
enzymatic or non-enzymatic oxidation of cholesterol (yotoxic effects of B-OHC vary with culture media se-
2). Oxysterols have been identified in foods with a hlg_ m concentrations (16). Our results suggest that while
cholesterol content such as meat, egg yolk and daigyi B-OHC and 25-OHC were more cytotoxic to
products, and once ingested are rapidly absorbed from itlgpez cells they did not induce cell death by apoptosis
gastrointestinal tract (3, 4). Levels in food increase drg; this cell line. In contrast, f-OHC induced apoptosis in

matically on processing with powdered egg yolks one @jg37 cells and effects were slightly more pronounced un-
the highest dietary sources of oxysterols (5). Deep fryings, 0w serum conditions.

also dramatically increases oxysterol content, especially
in meat products (6). Oxysterols are also produced
endogenously in human tissues as a result of the break-
down of cholesterol by free radical attack or by the actiyz ;
ity of microsomal P450 enzyme systems in the liver (1, \ylaterlals and methods

8).

)Although cholesterol itself has not been shown to ball chemicals and cell culture reagents were obtained
cytotoxic, a number of potential biological activities offom the Sigma Chemical Co. (Poole, UK) unless other-
oxysterols have been reported. Oxysterols have been Wése stated. Tissue culture plastics were supplied by
tected in oxidised LDL (2, 9) a key substance in ather&=ostar (Cambridge, UK). Information on the purity of the
genesis. Mixed oxysterol preparations, but not individu@xysterols (purity > 95%) was obtained from Sigma. Cell
oxysterols, have been shown to induce mutagenicity fifi€s were obtained from the European Collection of Ani-
certain strains oBalmonella typhimuriung10). However, mal Cell Cultures (Salisbury, UK).

a number of oxysterols exhibited a lack of genotoxicity as
assessed by the frequency of DNA strand breaks (conMd&intenance of cell lines
assay) and sister chromatid exchanges in cells in culture
(11). Human monocytic U937 cells were grown in suspension
Oxysterols have been shown to induce cytotoxicityy RPMI-1640 medium supplemented with 2mM L-
and inhibit cell proliferation in various cell lines. One poglutamine and 10% (v/v) foetal calf serum (FCS). Human
tential mechanism by which oxysterols may inhibit celhepatoma HepG2 cells were maintained in Dulbecco’s
proliferation in vitro is through the inhibition of the Modified Eagle’s Medium (DMEM) supplemented with
enzyme hydroxymethyl-glutaryl-coenzyme A reductask0% (v/v) FCS, 2mM L-glutamine and 1% non-essential
(HMG-CoA reductase), the regulatory enzyme of the ch@mino acids. The cells were grown at 32/5% CQ in a
lesterol biosynthetic pathway. Inhibition of HMG-CoAhumidified incubator. HepG2 cells were subcultured
reductase results in a decrease in endogenous cholesteretry 8-10 days. Both cell lines were screened for myco-
and since cholesterol is required for the formation of caflasma contamination by the Hoechst staining method
membranes, the cell is unable to divide (12). In additiof17) and were cultured in the absence of antibiotics. Ex-
cytotoxicity may be induced due to the introduction oponentially growing cells were used throughout.
oxysterols into the cell membrane. These oxysterols dis-
place cholesterol and cause irreparable damage to ffreatment of cells with oxysterols
structure and function of the cell membrane (2). Oxyster-
ols may also modulate cytotoxicity by exerting effects ohlepG2 cells and U937 cells were adjusted to a density of
the induction of apoptosis. Due to the fundamental impot-x 1 cells/ml and oxysterols were added to the tissue
tance of apoptosis in pathological processes (13), thelture medium to give a final concentration of BOA.
identification of substances capable of triggering ddxysterols were dissolved in ethanol for delivery to cells
modulating this form of cell death is now actively reand the final concentration of ethanol in the cultures did
searched. not exceed 0.3% (v/v). Cells were seeded into either six
In this study we have focused on the oxystergbsh? well culture dishes for morphological analysis of nuclei
ydroxycholesterol (B-OHC) and 25-hydroxycholesterolor 10 cm dishes (HepG2 cells) and 25 Zftasks (U937
(25-OHC), both of which are commonly found in foodscells) for DNA fragmentation analysis by gel electropho-
These oxysterols were investigated for their ability to imresis. Equivalent quantities of ethanol were added to con-
duce apoptosis in a human monocytic cell line (U937¥ol cells and samples were incubated for 24 h and 48 h at
and a human hepatocellular carcinoma cell line (HepG&7 °C/5% CQ. In the case of HepG2 cells, both floating
The ability of oxysterols to induce apoptosis in HepGand attached cells were collected for analysis. To assess
cells has not been reported. The effects of varying thiee effects of serum, cells were treated with oxysterols in
culture media serum concentration on cytotoxicity antthe presence of either 2.5% (v/v) or 10% (v/v) FCS.
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Cell viability out in 1.5% agarose gels prepared in TBE buffer (0.45M
Tris, 0.45M boric acid and 2mM EDTA, pH 8), at 3V/cm.

At the indicated time points 2fl of cells were removed DNA was visualised under UV light on a transilluminator

for assessment of cell viability. Viability was monitored312nm) after ethidium bromide staining and photo-

using a modification of the fluorochrome-mediated viabilgraphed using a digital camera (Kodak).

ity assay as described by Strauss (18). Briefly, cells were

mixed 1:1 (v/v) with a solution of fluorescein diacetatéNA labelling and flow cytometric analysis

(FDA) and ethidium bromide (EtBr), then incubated a

37°C for 2-5 min before being layered onto a microscop

slide. Under these conditions, live cells fluoresce greeW,II h aed and ded in @Q8F
whereas dead cells fluoresce red. Dying cells haveC§!!S were then centrifuged and re-suspended in |2

: taining 5Qug/ml propidium iodide and 5Kunitz
green cytoplasm and red nucleus. Samples were examifig> 0N . ;
at 200x magnification on a Nikon fluorescence microRIVASe at 4°C for 60 min. The sheath fluid was ISOTON
scope using blue light (450-490nm). 200 cells werlé balanced ele(_:trolyte solution (Coulter). Data acquisi-
scored from each slide and cell viability was expressed 4an and analysis (10,000 cells) were performed with an

the percentage of viable (green) cells relative to the copPIcS Elite Cell Sorter (Coulter) using doublet discrimi-
trol. nation (8).

ells (2 x 16) were harvested (200 x g) and the pellet
as fixed in 70% (v/v) ethanol overnight (-2C). The

Cell counting Statistics

. . ) All data points are the mean values (+ SE) of at least
Cell proliferation was also monitored by haemocytometghree independent experiments. Where appropriate, data

counting under an inverted phase contrast microscog@re analysed by one way analysis of variance (ANOVA)
(Wilovert) and the population doubling times (PDT) calfollowed by Dunnett's test.

culated according to the equation (Log cell density-Log
seeding cell density) x 3.32.

. . . Results
Morphological analysis of cell nuclei

Nuclear morphology of control and oxysterol-treated cel ytotoxicity ‘of 7B-OHC and 25-OHC in U937 and
: - HepG2 cells
was assessed by fluorescence microscopy after staining
with Hoechst 33342. Approximatel4 x 10 cells were Cytotoxicity of the oxysterols in the two cell lines was
centrifuged at 20 x g for 10 min to form a pellet. determined by assessing both cell membrane integrity
Hoechst 33342 stain (20, 5 pg/ml) was added and theysing the FDA/EtBr method and cell proliferation by
samples incubated at 3C/5% CQ for 1 h. Stained sam- haemocytometer counting. Treatment of U937 cells with
ples (25ul) were placed on a microscope slide and examyouM 7B-OHC resulted in a significant decreage<0.01)
ined under UV light (Nikon Labophot fluorescence miin cell viability (EtBr positive cells) relative to the con-
croscope 400x magnification). A total of 300 cells pefrol with increasing time of exposure. In contrast, treat-
sample were analysed and the percentage of fragmeniigght of U937 cells with 3M 25-OHC did not produce
and condensed nuclei was calculated. Apoptotic celgpnificant levels of EtBr permeable cells (Fig. 1A).
were characterised by nuclear condensation of chromatifreatment with B-OHC caused a significant decrease in

and/or nuclear fragmentation (19). cell proliferation relative to the control as assessed by cell
_ counting. Cell proliferation was also lower in the pres-
DNA fragmentation assay ence of 25-OHC but was not significantly different from

the control samples over the time points measured (Fig.
Detection of small DNA fragments was done according thB & C).
the method of Swaet al. (20) with some modifications. The effect of serum concentration on oxysterol-
Briefly 2 x 1 cells were harvested at @ g for 10 min induced cytotoxicity was also examined. Although treat-
(4 °C). The pellets were lysed with 20l of a solution ment with both oxysterols in the presence of 10% FCS re-
containing 50mM Tris, 10mM EDTA and 0.5% (w/v) so-sulted in less cell lysis this protective effect was only
dium lauryl sarcosinate. RNAse A (0.25 mg/ml) waseen after 48 h (Fig. 1A). The proliferation rate of U937
added and the samples incubated at°60for 1 h. The cells was faster in the presence of 10% FCS (PDT =
condensate was spun down and proteinase K (5mg/ra}.12 h) compared to 2.5% FCS (PDT = 35 h). Increasing
added. The samples were incubated aPGCor a further the serum concentration from 2.5% to 10% increased the
hour before being loaded into the wells of a 1.5% agarogeowth rate of both control samples and of 25-OHC-
gel. A 100-1500bp DNA standard (Promega) was used treated U937 cells, but had no effect on cells treated with
assess DNA fragmentation. Electrophoresis was carrié@-OHC (Fig. 1B & C).
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In contrast to U937 cells, both 25-OHC an@-DHC
were almost equally as effective in decreasing viability of
HepG2 cells over the 48 h incubation period particularly
in the presence of 2.5% serum (Fig. 2A). Slight protection
against these toxic effects was afforded when the cells
40 were incubated with the oxysterols in the presence of

i 10% FCS.

20 HepG2 control cells divided faster when cultured in
0 T 1 the presence of 10% compared to 2.5% FCS (Fig. 2B &
0 24 48 C). The delay in cellular growth caused by the oxysterols
Time after Oxysterol Addition (Hours) was evident only after 48 h of treatment and was not seen
at all in the samples grown in the presence of 2.5% FCS

B (Fig. 2B & C). This may have been due to the fact that
HepG2 cells have a much longer population doubling
time compared to U937 cells. The experimental time pe-
riod of 48 h would have allowed U937 cells to double
their population approximately twice whereas the HepG2
— — cells would have had time for only one population
| — ——— % doubling.
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0 DNA integrity alterations by 25-OHC andf7OHC in
' ' U937 and HepG2 cells

Ti fter Oxysterol Additi . . . .
e rol Addition (Hours) Morphological examination of cell nuclei was accom-

plished by staining cells with Hoechst 33342 and exami-
C nation by fluorescence microscopy. Nuclei that had un-
dergone blebbing, fragmentation, chromatin marginalisa-
% tion and condensation were identified as cells that were
) most likely to be apoptotic. The level of these nuclei did
not exceed 10% in untreated samples of U937 cells and
4% in untreated samples of HepG2 cells. Treatment of
| Doz e G 4 U937 cells with 30pM 25-OHC resulted in a small in-
""" e crease in the numbers of apoptotic nuclei (not exceeding
0- - » 14%) which did not increase with time of oxysterol expo-
0 24 48 Sure and was unaffected by serum concentration. In con-
trast, a greater percentage of apoptotic nuclei was ob-
served in U937 cells treated with 30M 7(3-OHC, par-
ticularly after 48 h (Fig. 3A) in both the 2.5 and 10%
serum treatments. Analysis of non-random DNA frag-
mentation on 1.5% agarose gels showed tHROHC re-
sulted in extensive DNA laddering at both 24 and 48 h
time points regardless of the serum concentration. Faint
, ' o DNA ladders were seen in samples treated with 25-OHC
-';L?é iffiﬁysfte;ﬂugfgmd %t_g&)g:'(térlglgsircgm 7B-OHC after 48 h treatment in the presence of either 2.5% or 10%
(squares) on U937 cell membrane integrity was measured using §&/um, this suggests at least some of the U937 cells
FDA/EtBr method (A). Cells (1 x 1¥ml) were incubated for either treated with 25-OHC died, possibly by apoptosis (Fig. 4A
24 hor48hinthe presence of 2.5% serum (closed symbols) or 1&B). From the gels, the extent of DNA fragmentation in
serum (open symbols, dotted lines). 200 cells/sample were analysgg 25-0OHC treated samples appeared to be more exten-

by fluorescence microscopy (200x magnification) and results were =~ . o . .
expressed as a percentage of the control cells. Cell counts were abe n the presence of 2.5% serum, which correlates with

determined using a haemocytometer. Cells were grown in eithidle results for U937 cell Viab”_ity ShOV\(h in Fig. 1A.
2.5% serum (B) or 10% serum (C) and growth curves for control The overall level of apoptotic nuclei was much lower
cells (0.3% (v/v) ethanol, triangles) and oxysterol treated cells weje HepG2 cells than in U937 cells. Treatment with both

plotted. oxysterols resulted in a time-dependent increase in the

The results represent the mean values (x SE) for at least four in(Pee-rcentage of apoptotic nuclei which seemed to be inde-

pendent experiments and data were analysed by ANOVA followdgndent of serum concentration (Fig. 3B). No extensive
by Dunnett’s test (**P< 0.01). DNA fragmentation either random or non-random was

Cell Number (10 */ml)
[ 8] w BN (9]
=0

Time after Oxysterol Addition (Hours)
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Fig. 2 Oxysterol induced cytotoxicity in HepG2 cells. Fig. 3 Ability of oxysterols to induce apoptosis in U937 and

The effect of either 3QuM 25-OHC (circles) or 3QuM 7B-OHC HepG2 cells.

(squares) on HepG2 cell membrane integrity was measured usig37 cells (A) and HepG2 cells (B) were incubated in the absence
the FDA/EtBr method (A). Cells (1 x B0ml) were incubated for (open bars, 0.3% (v/v) ethanol) or presence of eitheu8025-
either 24 h or 48 h in the presence of 2.5% serum (closed symboBHC (stippled bars) or 3M 7B-OHC (hatched bars). Samples
or 10% serum (open symbols, dotted lines). 200 cells/sample wevere taken after either 24 h or 48 h oxysterol treatment and nuclear
analysed by fluorescence microscopy (200x magnification) and nerorphology assessed by fluorescence microscopy (400x magnifi-
sults were expressed as a percentage of the control cells. Cell cow#ion) following staining with Hoechst 33342. Nuclei that had un-
were also determined using a haemocytometer. Cells were growndigrgone fragmentation, chromatin marginalisation and condensati-
either 2.5% serum (B) or 10% serum (C) and growth curves for coan were identified as cells that were most likely to be apoptotic. 300
trol cells (0.3% (v/v) ethanol, triangles) and oxysterol treated celtslls/sample were analysed and each data point represents the mean
were plotted. value (£ SE) for at least three independent experiments.

The results represent the mean values (+ SE) for at least four inde-

pendent experiments and data were analysed by ANOVA followed

by Dunnett’s test (**P< 0.01).

seen when samples were analysed on 1.5% agarose geisthese experimental conditions in order to detect the

(Fig. 4C & D). presence of a hypodiploid peak. Only U937 cells treated
As cell death was more extensive in the two cell linegith 73-OHC showed a significant increase in the level of

following a 48 h treatment with oxysterols in the presenagypodiploid cells (Table 1P <0.01).

of 2.5% FCS, flow cytometric analysis of propidium

iodide labelled U937 and HepG2 cells was performed us-
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Fig. 4 Oxysterol induced DNA fragmentation in U937 and HepG2 cells.

U937 cells (A & B) and HepG2 cells (C & D) were incubated in the absence or presence of oxysterols. Samples were taken after either 24 h
or 48 h oxysterol treatment and DNA was isolated and electrophoresed in 1.5% agarose gels (3V/cm). Samples were incubated in the pre-
sence of either 2.5% FCS (A & C) or 10% FCS (B & D). Gels were visualised under UV light on a transilluminator (312nm) after staining
with ethidium bromide and photographed using a digital camera (Kodak). Lane M: molecular weight markers (1500bp-100bp); Lane 1:
control cells, 24 h; Lane 2: 30uM 25-OHC, 24 h; Lane 3: 30uM 7R-OHC, 24 h; Lane 4: control cells, 48 h; Lane 5: 30uM 25-OHC, 48 h;
Lane 6: 30pM B-OHC, 48 h.
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Table 1 Percentage of hypodiploid DNA in U937 and HepGZHepG2 cells are in line with the work of Hiettat al.
cells following incubation with oxysterols for 48 h in the presence1g) who demonstrated cytotoxicity oB7OHC in prolif-
0f2.5% FCS erating rat hepatoma HTC cells.

One mechanism proposed for the toxicity of oxysterols

HepG2 uos7 has been the inhibition of cholesterol synthesis by sup-

pression of HMG-CoA reductase activity. This mecha-

Control 112+ 22 27 + 02 nism would explain the enhanced toxicity of these com-
30uM 25-OHC 149 + 35 8.4 + 05 pounds to proliferating and neoplastic cells (2). However,
30uM 7B-OHC 47 + 13 390 + 25+ treatment of cells with either 2.5% or 10% FCS, which

provides exogenous cholesterol in large excess had only
small effects on the cytotoxic properties of the oxysterols.

. . Therefore, our results would seem to support the sugges-
fv'i?ﬁ”pﬁﬁtgr;ﬁﬁ]yiﬁgﬂf's was performed after staninx 10 cells tion put forward by Aupiexet al. (14) that inhibition of
The results represent the mean values + SE for three determiffadis enzyme may not play a major role in3-DHC-
tions. Data were analysed by ANOVA followed by Dunnett’s testinduced cell death (14)_
(*P<0.01). The sensitivity of different cell types to oxysterols is
believed to be dependent on the ability of oxysterols to
bind to intracellular receptors such as oxysterol binding
protein which is a high affinity receptor for 25-OHC (8,
22), and regulation of cellular nucleic acid binding pro-
tein (23, 24). Moreover, an oxysterol signalling pathway
Discussion has recently been proposed (25). Work by Lizatdal.
(15) indicates the involvement of reactive oxygen species
. . . I . ROS) during 7-ketocholesterol-induced apoptosis in
D'Vefs.e b|0|(_Jg|caI activities have been_a_scrlbed 10 0XY$1937 " cells. Unpublished data from our own laboratory
fce_rols including cytotoxicity, athe_rogenlcny, carcinogeny . o support the participation of ROS iB-DHC induced
icity and mutagenicity. Recently |t'has been shown thﬁ optosis of U937 cells. Moreover Bcl-2 protein has been
cell dfeath mdu;:ed by O)fVSterZOIZ vitro has ma(ljny Cﬁm' shown to partially inhibit oxysterol induced apoptosis in
mon features of apoptosis. The data presented in the PlRirine P388-D1 cells and transfected U937 cells, in the

ent report confirm that FOHC is a potent inducer of former instance by suppressing a CPP32 mediated path-

apoptosis in human monocytic U937 cells. In additioqN y which implies that ROS may play some role in oxys-

we have shown that the mechanism of cell death induc : : ;
) ol induced apoptosis. This caspase has also been shown
by these oxysterols differs between U937 and HepC% be involved in the regulation of sterol metabolism (26,

cells. . . ! :
. : 7). Future work in our laboratory will investigate the in-
7B-OHC was more cytotoxic than 25-OHC in U93?Zolvement of a signalling pathway in7OHC induced
cells as measured by the FDA/EtBr membrane integri tosis of U937 cell
assay. Treatment with#fOHC results in a reduction of poptosis ot Cevs. .
' In conclusion, we have shown that varying the serum

cell number due to cell lysis. In contrast 25-OHC ma}foncentration of the culture media between 2.5% and

have a cytostatic effect in these cells as proliferation Y399% had no statistically significant effect on cytotoxicity

delayed with no accompanying increase in EtBr permg: 7B-OHC and 25-OHC in either U937 or HepG2 cells

ﬁ]t:jlﬁcffnsé %_?glsci:s v;/r?surgg;eczflll‘lsmggt r:]rgnsuzrgdogcn%t%g measured by the FDA/EtBr assay. In addition, in U937
g arop X Y NO%alis our findings confirm a previous report (14) that the
random DNA fragmentation, condensed and fragment?

nuclei, and the generation of hypodiploid cells. Howeve Wo oxysterols under investigation differ in their potential

DNA fragmentation was evident following treatment wit {oa\;gdsl;]%%vs?ﬁgtt%%_soﬁrgiscﬁgtrgxt'gg?g tgxr;?;;rﬂzreézwiﬁ
25-OHC after 48 h incubation in the presence of 2'5c° mparison to U937 cells. Finally, the oxysterols iFr)wduce
FCS indicating that at least some of these cells may hav%I g h by diff Ih aty, | h y I
died by apoptosis. These results are consistent with thc?seé eath by different mechanisms in the two cell types.
obtained in U937 cells by Aupiert al. (14).

Both 73-OHC and 25-OHC resulted in significant cell
lysis in HepG2 cells. The absence of DNA laddering and
significant levels of cells with hypodiploid DNA indi-
cates that the oxysterols may induce cell death by a dif- ) ,
ferent mechanism in the hepatoma cells, possibly by rfe¢knowledgment This project was part-funded by the Depart-

. ment of Agriculture, Food and Forestry, Dublin under the Food
CI’OS.IS (Af)' qudmannet al. (21) reported that non- Industry Sub-Programme of EU Structural Funds, 1994-9. The au-
proliferating primary rat hepatocytes were resistant to thigors wish to thank Mr. Maurice O’Donoghue for performing the
toxic effects of B-OHC. However, our data in humanFACS analysis.
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