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Bile acids are steroid detergents that are toxic to mammalian
cells at high concentrations; increased exposure to these steroids is
pertinent in the pathogenesis of cholestatic disease and colon can-
cer. Understanding the mechanisms of bile acid toxicity and apo-
ptosis, which could include nonspecific detergent effects and/or
specific receptor activation, has potential therapeutic significance.
In this report we investigate the ability of synthetic enantiomers of
lithocholic acid (ent-LCA), chenodeoxycholic acid (ent-CDCA),
and deoxycholic acid (ent-DCA) to induce toxicity and apoptosis in
HT-29 and HCT-116 cells. Natural bile acids were found to induce
more apoptotic nuclear morphology, cause increased cellular
detachment, and lead to greater capase-3 and -9 cleavage com-
pared with enantiomeric bile acids in both cell lines. In contrast,
natural and enantiomeric bile acids showed similar effects on cel-
lular proliferation. These data show that bile acid-induced apopto-
sisin HT-29 and HCT-116 cells is enantiospecific, hence correlated
with the absolute configuration of the bile steroid rather than its
detergent properties. The mechanism of LCA- and ent-LCA-in-
duced apoptosis was also investigated in HT-29 and HCT-116 cells.
These bile acids differentially activate initiator caspases-2 and -8
and induce cleavage of full-length Bid. LCA and ent-LCA mediated
apoptosis was inhibited by both pan-caspase and selective
caspase-8 inhibitors, whereas a selective caspase-2 inhibitor pro-
vided no protection. LCA also induced increased CD95 localiza-
tion to the plasma membrane and generated increased reactive
oxygen species compared with ent-LCA. This suggests that LCA/
ent-LCA induce apoptosis enantioselectively through CD95 activa-
tion, likely because of increased reactive oxygen species generation,
with resulting procaspase-8 cleavage.

Bile acids are physiologic steroids that are necessary for the
proper absorption of fats and fat-soluble vitamins. Their ability to
aid in these processes is largely due to their amphipathic nature
and thus their ability to act as detergents. Despite the beneficial
effects, high concentrations of bile acids are toxic to cells (1-11).

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM47969 (to D. F. C.), 5-T32-HL07275 (to B. W. K.), CA109269 (to
S.A.), and DK33165 (to W.F.S.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1 and S2.

' To whom correspondence should be addressed: Division of Gastroenterol-
ogy, Campus Box 8124, 660 South Euclid Ave., St. Louis, MO 63110. Tel.:
314-362-8952; Fax: 314-362-9035; E-mail: wstenson@im.wustl.edu.

3354 JOURNAL OF BIOLOGICAL CHEMISTRY

High fat western diets induce extensive recirculation of the bile
acid pool, resulting in increased exposure of the colonic epithelial
cells to these toxic steroids (12, 13). A high fat diet is also a risk
factor for colon carcinogenesis; increased bile acid exposure is
responsible for some of this risk. Bile acids can contribute to both
colon cancer formation and progression, and their effects on
colonic proliferation and apoptosis aid this process by disrupting
the balance between cell growth and cell death, as well as helping
to select for bile acid-resistant cells (14, 15).

In colonocyte-derived cell lines bile acid-induced apoptosis
is thought to proceed through mitochondrial destabilization
with resulting mitochondrial permeability transition formation
and cytochrome c release as well as generation of oxidative
stress (1, 9-11). Bile acid-induced apoptosis has also been
extensively explored in hepatocyte derived cell lines with mech-
anisms including mitochondria dysfunction (16-23), endo-
plasmic reticulum stress (24), ligand-independent activation of
death receptor pathways (18, 25-28), and modulation of cellu-
lar apoptotic and anti-apoptotic Bcl-2 family proteins (29).

Although ample evidence exists for multiple mechanisms of bile
acid-induced apoptosis, the precise interactions responsible for
initiating these apoptotic pathways are still unclear. Bile acids have
been shown to interact directly with specific receptors (30, 31).
These steroids can also initiate cellular signaling through nonspe-
cific membrane perturbations (32), and evidence exists showing
that other simple detergents (i.e. Triton X-100) are capable of
inducing caspase cleavage nonspecifically with resultant apoptosis
(33). Therefore, hydrophobic bile acids may interact nonspecifi-
cally with cell membranes to alter their physical properties, bind to
receptors specific for these steroids, or utilize a combination of
both specific and nonspecific interactions to induce apoptosis.

Bile acid enantiomers could be useful tools for elucidating
mechanisms of bile acid toxicity and apoptosis. These enanti-
omers, known as ent-bile acids, are synthetic nonsuperimpos-
able mirror images of natural bile acids with identical physical
properties except for optical rotation. Because bile acids are
only made in one absolute configuration naturally, ent-bile
acids must be constructed using a total synthetic approach.
Recently we reported the first synthesis of three enantiomeric
bile acids: ent-lithocholic acid (ent-LCA),* ent-chenodeoxy-

2 The abbreviations used are: LCA, lithocholic acid; CDCA, chenodeoxycholic
acid; DCA, deoxycholic acid; ROS, reactive oxygen species; Z, benzyloxycar-
bonyl; FMK, fluoromethyl ketone; CM-H,DCFDA, 5-(and-6)-chloromethyl-
2',7'-dichlorodihydrofluorescein diacetate, acetyl ester; DMEM, Dulbec-
co’s modified Eagle’s medium; PBS, phosphate-buffered saline; DAPI,
4',6'-diamino-2-phenylindole.
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FIGURE 1. Natural and enantiomeric bile acids. Structures and three-di-
mensional projection views of natural LCA, CDCA, DCA, and their enanti-
omers (ent-LCA, ent-CDCA, and ent-DCA). The three-dimensional ent-steroid
structure is rotated 180° around the long axis for easier comparison with the
natural steroid.

cholic acid (enz-CDCA), and ent-deoxycholic acid (ent-DCA)
(Fig. 1) (34, 35). Enantiomeric bile acids have unique farnesoid
X receptor, vitamin D receptor, pregnane X receptor, and
TGR5 receptor activation profiles compared with the corre-
sponding natural bile acids (34). This illustrates that natural
and enantiomeric bile acids interact differently within chiral
environments because of their distinct three-dimensional
configurations (Fig. 1). Despite these differences in chiral
interactions, ent-bile acids have physical properties identical
to those of their natural counterparts including solubility
and critical micelle concentrations (34, 35). With different
receptor interaction profiles and identical physical proper-
ties compared with natural bile acids, ent-bile acids are ideal
compounds to differentiate between the receptor-mediated
and the non-receptor-mediated functions of natural bile
acids.

In this study we explore the enantioselectivity of LCA-,
CDCA-, and DCA-mediated toxicity and apoptosis in two
human colon adenocarcinoma cell lines, HT-29 and HCT-116.
Because the mechanism of natural LCA induced apoptosis has
never been characterized, we then examined in more detail
LCA- and ent-LCA-mediated apoptosis in colon cancer cells.
These studies will not only explore the LCA apoptotic mecha-
nism but will also determine whether ent-LCA signals through
similar cellular pathways.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—LCA was obtained from Sigma,
CDCA was obtained from Acros Organics (Morris Planes, NJ),
and DCA was obtained from Steraloids (Newport, RI). ent-
LCA, ent-CDCA, and ent-DCA were synthesized as previously
described (34, 35). Natural and enantiomeric bile acid stock
solutions were prepared in EtOH at a concentration of 100 mm
using a Thermo Electron Corporation Orion-Cahn C-33
microbalance (Waltham, MA) to precisely weigh the sam-
ples. Z-VAD-FMK (pan-caspase inhibitor), Z-VDVAD-FMK
(caspase-2 inhibitor), and Z-IETD-FMK (caspase-8 inhibitor)
were purchased from Calbiochem and prepared as 10 mm
stocks in Me,SO. 5-(and-6)-Chloromethyl-2’,7'-dichlorodihy-
drofluorescein diacetate, acetyl ester (CM-H,DCFDA) was
purchased from Invitrogen.

JANUARY 30, 2009 +VOLUME 284+NUMBER 5

ent-Bile Acid Apoptosis

Cell Culture—HT-29 and HCT-116 human colon adenocar-
cinoma cells were purchased from the American Type Culture
Collection (Manassas, VA). All of the cell lines were maintained
in DMEM (Cellgro, Herndon, VA) supplemented with 10%
heat-inactivated fetal bovine serum (Sigma), and 1% antibiotic-
antimycotic solution (Cellgro) at 37 °C in a humidified 5% CO,
atmosphere.

Cell Staining and Counting—HT-29 and HCT-116 cells were
grown on sterile coverslips in 12-well plates (attached cell
experiments) or in 12-well plates with no coverslips (detached
cell experiments) until they reached ~80% confluency. Fresh
DMEM (0.75 ml) was added with bile acid or vehicle (EtOH).
For staining of attached cells, the medium was removed after
1 h, and the cells were washed with PBS. The cells were then
fixed with 10% formalin and stained with hematoxylin and
eosin before mounting or permeabilized with cold methanol
and then mounted with Vectashield mounting media with
DAPI (Vector Laboratories Inc., Burlingame, CA) for nucleus
visualization hematoxylin and eosin morphology was captured
at 630X, whereas DAPI-stained nuclei were examined at 400X
with a fluorescent microscope for characteristics of apoptosis
including nuclear/chromatin condensation and/or fragmenta-
tion. The percentage of nuclei with apoptotic morphology were
reported as a mean value = S.D. with a sample size of n = 3.

To stain and count detached cells, the medium was removed
after a treatment time of 1, 2, 4, or 8 h, and three small portions
of detached cells were counted with a hemacytometer and aver-
aged for one experiment (n = 1). A mean *= S.D. number of
counted cells is reported (n = 3), which is proportional to the
total number of detached cells at the indicated time point. At
the 2 h time point, the remaining detached cells were fixed with
10% formalin, permeabilized with cold methanol, and mounted
using Vectashield mounting media with DAPI (Vector Labora-
tories). The nuclei were then visualized at 400X with a fluores-
cent microscope.

Proliferation Assay (Hexosaminidase Assay)—The cells were
plated in a 96-well plate at a density of 10* cells/well. The cells
were allowed to attach overnight, resulting in nearly 30% con-
fluency, after which they were treated with 200 ul of medium
containing bile acids or vehicle (EtOH). After the desired treat-
ment time, the medium was removed, and the cells in each well
were washed with 200 ul of PBS. The hexosaminidase assay was
then performed as described previously (36). Cell proliferation
was normalized to vehicle (EtOH)-treated control cells, and all
of the means were calculated from a sample size of n = 3.

Protein Detection by Western Blotting—HT-29 and HCT-116
cells were plated in 6-well plates and treated with bile acid or
vehicle (EtOH) at about 80% confluency. Attached and
detached cells were collected and combined, and then the cell
lysates were subjected to polyacrylamide gel electrophoresis
(Bio-Rad). Protein was transferred to Immobilon-P transfer
membrane (Millipore, Billerica, MA). Antibodies for caspase-3
(catalog number 9662), caspase-9 (catalog number 9502),
caspase-2 (catalog number 2224), caspase-8 (catalog number
9746), and Bid (catalog number 2002) were purchased from Cell
Signaling Technology (Beverly, MA). The antibody for actin
(catalog number 1616) was purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Anti-rabbit and anti-mouse sec-
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FIGURE 2. Apoptotic morphology of HT-29 and HCT-116 cells in response to natural and enantio-
meric bile acids. A, hematoxylin- and eosin-stained HT-29 and HCT-116 cells treated with 500 um LCA or
ent-LCA, or vehicle control (CTRL, EtOH) for 1 h. B, HT-29 and HCT-116 cells treated with 500 um LCA or
ent-LCA, or vehicle control for 1 h followed by staining of the cell nuclei with DAPI. C-E, percentage of DAPI
stained HT-29 and HCT-116 cells that exhibited apoptotic nuclear morphology (condensed nucleus/chro-
matin, irregular or fragmented nucleus) after a 1-h treatment with 500 um LCA and ent-LCA (C), 500 um
CDCA and ent-CDCA (D), or 500 um DCA and ent-DCA (E). The values are reported as the means £ S.D. (n =

3).%,p < 0.05.

ondary antibodies were purchased from GE Healthcare,
whereas anti-goat secondary antibody was purchased from
Santa Cruz Biotechnology. The proteins were visualized by
detection with Amersham ECL Western blot detection
reagents (GE Healthcare).

Treatment with Caspase Inhibitors—HT-29 and HCT-116
cells were plated in 6-well plates and treated with 1 ml of
medium with inhibitor or vehicle (EtOH) at about 80% conflu-
ency. Z-VAD-FMK (pan-caspase inhibitor), Z-VDVAD-FMK
(caspase-2 inhibitor), and Z-IETD-FMK (caspase-8 inhibitor)
were all applied at a concentration of 50 um. After the pretreat-
ment time, 1 ml of 1 mm LCA or ent-LCA was added without
removing the existing media to produce a bile acid concentra-
tion of 500 M in the resulting solution. The samples were then
processed for Western blotting or cell staining after the indi-
cated treatment time.

CD95 Immunofluorescence—HT-29 and HCT-116 cells
were grown on sterile coverslips in 12-well plates until they
reached ~80% confluency. Fresh DMEM (0.75 ml) was
added with bile acid or vehicle (EtOH). The medium was
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CTRL

orescent microscope. The per-
centage of cells with the majority
of Fas distributed along the cell
membrane were determined and
reported as a mean value * S.D.
after counting a minimum of 100
cells from three fields with n = 3.

ROS Generation—HT-29 and
HCT-116 cells plated in 6-well
plates were treated with 5 um of
CM-H,DCEFDA in PBS at 37 °C for
30 min. The solution was then
removed and replaced with
DMEM with or without bile acids.
After the indicated time point (5, 10, or 30 min) the medium
was removed, and the cells were washed with cold PBS and
then pelleted and lysed with 0.05% Triton X-100/water fol-
lowed by sonication. The resulting suspension was centri-
fuged, and the fluorescence of the remaining supernatant
was measured with excitation at 485 nm and emission at 528
nm. All of the fluorescence values were normalized to con-
trol values and were reported as a mean fold increase in
fluorescence relative to control cells = S.D. with n = 3.

Data Analysis—All of the values are reported as the means *
S.D. or the means = S.E. The p values were calculated using an
unpaired two-tailed ¢ test, and statistical significance was taken
as p < 0.05.

§ * 1

DCA ent-

DCA

RESULTS

Natural Bile Acids Induce More Apoptosis than ent-Bile
Acids—In both HT-29 and HCT-116 cells, 500 um LCA and
ent-LCA induced marked morphologic signs of apoptosis that
were not seen in control cells (Fig. 24). These included cellular
shrinkage, nuclear condensation, and cytoplasmic blebbing.
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FIGURE 3. Cellular detachment of HT-29 and HCT-116 cells in response to natural and enantiomeric bile
acids. Relative number of detached cells after treatment for 1, 2, 4, or 8 h with vehicle control (CTRL, EtOH) and
500 um LCA and ent-LCA (A), 500 um CDCA and ent-CDCA (B), or 500 um DCA and ent-DCA (). For all of the

experiments, the values are reported as the means = S.D. (n = 3). %, p < 0.05.

Natural LCA induced morphologic signs of apoptosis in more
cells than ent-LCA. Similar patterns were observed with CDCA
and DCA, resulting in more cells with morphologic signs of
apoptosis compared with ent-CDCA and ent-DCA respectively
(data not shown).

DAPI staining was utilized to examine apoptotic changes
in nuclear morphology including condensation and frag-
mentation. Similar to apoptotic changes in cellular morphol-
ogy, LCA-treated cells had more DAPI-stained nuclei with
characteristics of apoptosis than ent-LCA-treated cells (Fig.
2B). Quantitation of the apoptotic nuclei confirmed that
LCA treatment led to a significantly increased percentage of
apoptotic nuclei compared with ent-LCA treatment in both
cell lines (Fig. 2C). CDCA/ent-CDCA and DCA/ent-DCA
treatment resulted in increased apoptotic nuclear morphol-
ogy as well (data not shown). CDCA and DCA also led to a
significantly greater percentage of apoptotic nuclei com-
pared with ent-CDCA and ent-DCA in HCT-116 and HT-29
cells (Fig. 2, D and E).

Having demonstrated that natural bile acids rapidly induce
more morphologic signs of apoptosis compared with enantio-
meric bile acids, we next sought to investigate cellular detach-
ment in response to these compounds. Treatment of HT-29
and HCT-116 cells with 500 um LCA led to significantly
increased cellular detachment compared with treatment
with ent-LCA at most time points tested (Fig. 34). In HCT-
116 cells the number of detached cells appeared to decrease
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cutioner caspase important for car-
rying out apoptosis. Caspase-9 acti-
vates caspase-3 in type II apoptotic
processes proceeding through the
mitochondrial pathway, which is
important because bile acid apoptosis is known to involve the
mitochondria (1, 2, 9, 10, 20-22, 37). In HT-29 and HCT-116
cells, 500 um LCA and ent-LCA induced caspase activation (Fig.
4A). However, ent-LCA led to decreased activation of pro-
caspase-3 and -9 compared with its natural counterpart LCA.
Natural bile acids CDCA (Fig. 4B) and DCA (Fig. 4C) also
induced more caspase cleavage than ent-CDCA and ent-DCA,
respectively (35). In all experiments the amount of activated
caspase-3 was proportional to the amount of activated
caspase-9, suggesting that caspase-3 activation may result pri-
marily from activation by caspase-9 through a type Il apoptotic
pathway. These morphologic and caspase activation data also
demonstrate that natural bile acids are more potent inducers of
apoptosis than their enantiomeric counterparts.

Natural and Enantiomeric Bile Acids Have Similar Effects on
Cellular Proliferation—Knowing that natural bile acids are
more potent inducers of apoptosis, we next sought to deter-
mine whether there were also significant differences in their
effects on cellular proliferation. The changes in proliferation
produced by both LCA and ent-LCA in HT-29 and HCT-116
cells were relatively similar, with low concentrations (10, 50,
and 100 uMm) producing minimal decreases in proliferation and
with the high concentration of 500 um producing a substantial
decrease in proliferation (Fig. 54). At 250 um both compounds
decreased proliferation relative to control; however, ent-LCA
appeared to be slightly more toxic than LCA. When the toxicity
at 250 uM was investigated at different time points, both com-
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FIGURE 4. Caspase-3 and caspase-9 activation in HT-29 and HCT-116 cells
following treatment with natural and enantiomeric bile acids. HT-29 and
HCT-116 cells were treated for 1 h with vehicle control (CTRL, EtOH) and 500
M LCA and ent-LCA (A), 500 um CDCA and ent-CDCA (B), or 500 um DCA and
ent-DCA (Q). In all of the experiments, the attached and detached cells were
collected, and active and inactive caspase-3 and caspase-9 were probed.

B

pounds again showed similar decreases in proliferation, but
ent-LCA was consistently more toxic (Fig. 5B).

CDCA and ent-CDCA also appeared to have similar toxicity
profiles. There was a consistent difference at 250 um, where
ent-CDCA demonstrated less toxicity than CDCA (Fig. 6A).
When proliferation at 250 um was examined over time, ent-
CDCA showed smaller decreases in proliferation compared
with CDCA (Fig. 6B). Previous work with DCA/ent-DCA in
both HT-29 and HCT-116 cells also demonstrated that these
compounds had similar cellular toxicity profiles (35).

LCA Induces More Apoptosis than ent-LCA over Multiple
Concentrations and Times—Because the pathway of LCA-in-
duced apoptosis is unexplored in the literature, the mechanism
of LCA and ent-LCA-induced apoptosis was investigated. In
concentration-response experiments in HT-29 cells, LCA
showed a greater proportion of activated caspase-3 and -9 at
nearly every concentration, illustrating that this natural bile
acid is a more efficient inducer of apoptosis than its enantiomer
(Fig. 7A). These concentrations were chosen because below 250
uM other bile acids are not able to induce rapid apoptosis,
whereas at concentrations greater than 600-700 M, necrosis
becomes the dominant pathway of cell death, which occurs in
part by detergent-mediated dissolution of the cell membrane
(1, 38). Similar concentration-response results were also
obtained with LCA/ent-LCA in HCT-116 cells (supplemental
Fig. S1).

The amount of caspase cleavage in HT-29 cells was also
found to increase as a function of time for both 500 um LCA and
ent-LCA, with more caspase cleavage in response to LCA at
each time point (Fig. 7B). A time course analysis was also per-
formed in HCT-116 cells and again showed increased LCA-
induced apoptosis (supplemental Fig. S1).

LCA and ent-LCA-induced Apoptosis Can Be Inhibited by
a Pan-caspase Inhibitor—Know-
ing that LCA and ent-LCA treat-
ment causes both biochemical and
histological evidence of apoptosis
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FIGURE 5. Proliferation of HT-29 and HCT-116 cells in response to natural and enantiomeric LCA. A, effects of
varying concentrations (10, 50, 100, 250, and 500 um) of LCA and ent-LCA on proliferation. All of the concentrations
were applied for 48 h. B, time course analysis of HT-29 and HCT-116 proliferation in response to 250 um LCA or
ent-LCA at 24,48, and 72 h. In all of the experiments, proliferation is determined by the hexosaminidase assay and is
relative to vehicle-treated control (EtOH) (n = 3). The values are expressed as the means = S.E.*, p < 0.05.
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HT-29 cells. Histological examina-
tion of HT-29 cells pretreated with
the pan-caspase inhibitor showed a
marked rescue of the apoptotic
morphology seen with LCA and ent-
LCA treatment alone (Fig. 8B).
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FIGURE 6. Proliferation of HT-29 and HCT-116 cells in response to natural and enantiomeric CDCA.
A, effects of varying concentrations (10, 50, 100, 250, and 500 um) of CDCA and ent-CDCA on proliferation. All of
the concentrations were applied for 48 h. B, time course analysis of HT-29 and HCT-116 proliferation in
response to 250 um CDCA or ent-CDCA at 24, 48, and 72 h. In all of the experiments, proliferation is determined
by the hexosaminidase assay and is relative to vehicle treated control (EtOH) (n = 3). The values are expressed

as the means = S.E. *, p < 0.05; #, p < 0.06.
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FIGURE 7. Dose and time dependence of LCA and ent-LCA induced
caspase activation in HT-29 cells. A, increasing concentrations (250, 375,
500, and 625 um) of LCA and ent-LCA were applied for 4 h to HT-29 cells. B, 500
M LCA and ent-LCA were applied for increasing amounts of time (1, 2, 4, and
8h) to HT-29 cells. In all of the experiments, attached and detached cells were
collected, and active and inactive caspase-3 and caspase-9 proteins were
detected. CTRL, control.

Identical results were obtained in HCT-116 cells, with Z-VAD-
FMK pretreatment leading to biochemical and histological res-
cue after treatment with LCA or ent-LCA (supplemental Fig.
S2).

JANUARY 30, 2009 +VOLUME 284+NUMBER 5

apoptotic pathway by promoting
mitochondrial cytochrome c release
(44, 45).

In HT-29 cells, caspase-2, cas-
pase-8, as well as Bid are activated
by treatment with 500 um LCA
and ent-LCA (Fig. 9). There are
decreases in procaspase-2 and -8 that correspond to
increases in caspase-2 and -8, and Bid levels are decreased in
response to LCA and ent-LCA. Similar to previous experi-
ments, the activation is more significant with LCA compared
with ent-LCA (Fig. 9). Activation of caspase-2, caspase-8, and
Bid were also analyzed in HCT-116 cells and produced similar
results (supplemental Fig. S3).

Apoptosis Mediated by LCA and ent-LCA Is Caspase-
8-dependent—With LCA and ent-LCA activating caspase-2
and caspase-8, selective inhibitors of caspase-2 (Z-VDVAD-
FMK) (46, 47) and caspase-8 (Z-IETD-FMK) (48) were used to
elucidate the importance of each initiator caspase. In HT-29
cells LCA induced procaspase-3, -9, -2, and -8 cleavage to active
caspases and a decrease in full-length Bid (Fig. 104). The
caspase-2 inhibitor was not effective in preventing LCA-in-
duced apoptosis. Caspase-2 cleavage was noted with the
caspase-2 inhibitor, implying that although the inhibitor blocks
caspase-2 action, it will not block caspase-2 activation if activa-
tion occurs by another enzyme. The caspase-8 inhibitor dra-
matically inhibited cleavage of all caspases and Bid, indicating
apoptosis inhibition (Fig. 104). A combination of caspase-2 and
caspase-8 inhibitors and the pan-caspase inhibitor Z-VAD-
FMK also produced similar inhibition of caspase cleavage
(Fig. 104).

Caspase-8, caspase-2 and -8, and pan-caspase inhibitor-
treated cells show a slight decrease in levels of procaspase-8
with no detectable active caspase-8 (Fig. 104). This could indi-
cate that a small amount of caspase-8 is activated with a
self-catalytic mechanism being necessary for complete acti-
vation, which can be inhibited by the caspase-8 and pan-
caspase inhibitors (44).

Similar results were obtained with ent-LCA-induced apopto-
sis in HT-29 cells. The caspase-2 inhibitor did not prevent
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FIGURE 8. Inhibition of LCA- and ent-LCA-induced caspase activation in
HT-29 cells by the pan-caspase inhibitor Z-VAD-FMK. A, treatment of
Z-VAD-FMK and vehicle control (Me,SO) pretreated HT-29 cells with 500 um
LCA and ent-LCA for 1 h followed by detection of active and inactive
caspase-3 and caspase-9. B, hematoxylin and eosin morphology of HT-29 cells
after pretreatment with Z-VAD-FMK followed by 500 um LCA or ent-LCA for
1 h. In inhibitor-treated experiments, the cells were pretreated with 50 um
Z-VAD-FMK for 6 h prior to bile acid treatment. IN, Z-VAD-FMK. CTRL, control.
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FIGURE 9. Initiator caspase activation by LCA and ent-LCA in HT-29 cells
and inhibition by Z-VAD-FMK. Treatment of Z-VAD-FMK and vehicle control
(Me,SO) pretreated HT-29 cells with 500 um LCA or ent-LCA for 1 h followed by
detection of active and inactive caspase-2 and caspase-8, as well as full-
length Bid. Inhibitor-treated cells were pretreated with 50 um Z-VAD-FMK for
6 h prior to bile acid treatment.

caspase cleavage, whereas the caspase-8 inhibitor, the combi-
nation of caspase-2 and caspase-8 inhibitors, and the pan-
caspase inhibitor Z-VAD-FMK decreased the amount of acti-
vated caspases (Fig. 10B). This can be appreciated most clearly
by examining the decreased levels of active caspase-9 and
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caspase-8. The selective caspase-8 inhibitor produced similar
results in HCT-116 cells treated with LCA and ent-LCA (sup-
plemental Fig. S4).

LCA and ent-LCA Induce CD95 Localization on the Cell
Membrane—In hepatocytes, bile acid-mediated caspase-8 acti-
vation proceeds through CD95 oligomerization and transloca-
tion to the cell membrane (43, 49). To demonstrate that HT-29
cellsand HCT-116 cells involve a similar pathway for activation
of caspase-8, immunolocalization of CD95 was performed uti-
lizing an N-terminal (extracellular) anti-CD95 antibody. In
untreated/unpermeabilized HT-29 cells, the majority of CD95
was localized to a single cluster with only minimal amounts of
the death receptor being diffusely distributed around the
plasma membrane (Fig. 11A). Permeabilization of untreated
HT-29 cells revealed significant intracellular stores of CD95
(Fig. 11A). The addition of 500 um LCA resulted in diffuse
membranous distribution of CD95 in a punctate pattern. This
pattern was consistent with the CD95 translocation and aggre-
gation seen in prior studies examining bile acid-induced apo-
ptosis in hepatocytes (26, 43, 49). Similar results were noted
with ent-LCA; however, the amount of CD95 distributed on the
plasma membrane was markedly decreased compared with
LCA-treated cells. These fluorescence micrographs were ana-
lyzed by determining the percentage of cells with a majority of
their CD95 distributed diffusely along the plasma membrane.
LCA treatment led to significantly more cells with diffuse CD95
distribution compared with ent-LCA (Fig. 11A). Furthermore,
compared with untreated control cells, both bile acids pro-
duced more cells with diffuse distribution of CD95 around the
cell membrane.

Similar results were obtained with immunolocalization
experiments in HCT-116 cells where treatment with LCA
caused more membranous distribution of CD95 compared
with ent-LCA (Fig. 11B). These differences were found to be
significant when the CD95 distribution patterns were quanti-
tated, further illustrating the increased CD95 distribution on
the cell membrane in response to LCA compared with ent-LCA
(Fig. 11B).

LCA and ent-LCA Induce ROS Generation in Colon Adeno-
carcinoma Cell Lines—ROS generation was measured in HT-29
and HCT-116 cells with a technique applied previously to bile
acids that utilizes the ROS sensor CM-H,DCFDA (17). In both
HT-29 (Fig. 12A) and HCT-116 (Fig. 12B) cells, LCA and ent-
LCA were able to induce immediate oxidative stress, even after
only 5 min of treatment. The amount of ROS generation was
similar at 5- and 10-min intervals after treatment with both
LCA and ent-LCA. At 30 min LCA generated significantly more
ROS than ent-LCA in HT-29 cells (Fig. 12A) and trended
toward generation of more ROS in HCT-116 cells compared
with ent-LCA (Fig. 12B).

DISCUSSION

Bile steroid induced apoptosis is significant in the liver
and colon where high concentrations of these molecules are
found. Bile acids are unique among naturally occurring apo-
ptotic agents because they have the potential to induce apo-
ptosis through both nonspecific detergent effects and
through receptor-mediated interactions. To determine the
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FIGURE 11. Immunolocalization of CD95 in response to LCA and ent-LCA.
HT-29 (A) and HCT-116 (B) cells were treated with 500 um LCA or ent-LCA or
control medium (CTRL) for 30 min and then probed for CD95. All of the cells
were nonpermeabilized except for one set of control cells permeabilized with
0.5% Triton X-100 (PERM). Representative fluorescent micrographs are
shown. The percentages of control and LCA- and ent-LCA-treated cells with
the majority of CD95 diffusely distributed along the cell membrane are com-
pared with untreated control cells. The values are reported as the means *+
S.D.(n=3).* p<0.05.

relative contributions of these two mechanisms to bile acid-
induced apoptosis in the colon, we investigated the ability of
both natural bile acids and their enantiomers to induce apo-
ptosis in two human colon cancer cell lines: HT-29 and
HCT-116.
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ent-Bile Acid Apoptosis

Natural bileacids LCA, CDCA, and
DCA initiated more apoptosis than
their enantiomers ent-LCA, ent-
CDCA, and ent-DCA in all morpho-
logical and biochemical assays of cel-
lular apoptosis in HT-29 and HCT-
116 cells. These data suggest that bile
acid-induced apoptosis is mediated
primarily through a specific molecu-
lar interaction, such as binding to a
cellular receptor, that relies on the
absolute configuration of these mole-
cules rather than their nonspecific
detergent properties. However, ent-
bile acids were capable of inducing
Bid some apoptosis, although signifi-
cantly less than the corresponding
natural bile acids. Likely etiologies to
explain this effect include a different
pathway of apoptosis induction thatis
activated by the ent-bile acids or more
likely decreased activation of an intra-
cellular receptor by ent-bile acids
compared with natural bile acids
leading to decreased apoptosis.

These studies also revealed a
trend of increasing apoptosis with
increasing hydrophobicity for
both the natural and enantiomeric
bile acid series. The most hydro-
phobic bile acid LCA induced more apoptosis than the less
hydrophobic CDCA and DCA. Likewise in the enantiomeric
series, ent-LCA was a more potent inducer of programmed cell
death than ent-CDCA and ent-DCA. Increased apoptosis from
the hydrophobic bile acids may result from more rapid diffu-
sion across the cell membrane or increased accumulation
within hydrophobic regions of the cell, such as lipid bilayers.
These results are also consistent with other literature reports
demonstrating that bile acid hydrophobicity is proportional to
cellular toxicity (3, 50, 51).

Because ent-bile acids are poorer inducers of apoptosis, we also
wanted to determine whether these compounds showed
decreased toxicity toward colon cancer cells. We examined the
effects of LCA/ent-LCA and CDCA/ent-CDCA on cellular pro-
liferation in HT-29 and HCT-116 cell lines. These bile acid
pairs were found to have similar toxicity profiles with minimal
effects on proliferation at concentrations of =100 um and sig-
nificant toxicity at 250 and 500 um. Although ent-LCA and
CDCA showed slightly more inhibition of proliferation at 250
uM than LCA and ent-CDCA, respectively, these differences
were small in proportion to the absolute decreases in cellular
proliferation observed. Prior work with DCA/ent-DCA showed
similar results (35); therefore, no global trends were noted
between the natural and enantiomeric bile acid groups as seen
with apoptosis induction. Unlike apoptosis, natural and enan-
tiomeric bile acid effects on cellular proliferation appear to be
unrelated to the absolute configuration of the steroids, relying
more on their general detergent properties.
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FIGURE 12. Reactive oxygen species generation in response to natural
and enantiomeric LCA. HT-29 (A) and HCT-116 (B) cells pretreated with
CM-H,DCFDA were exposed to 500 um LCA or ent-LCA or control medium for
either 5, 10, or 30 min. After the indicated time the amount of ROS was deter-
mined, and the values are reported as fold increases over untreated control
cells. For all of the experiments the values are reported as the means *+ S.D.
(n=3).%,p <0.05; # p < 0.07.

The mechanism of LCA-induced apoptosis remains unex-
plored in the literature; therefore, we studied LCA-mediated
apoptosis in HT-29 and HCT-116 cells. These colonocyte-de-
rived cell lines are ideal for studying LCA, which is primarily
present within the colon. Because of the poor reabsorption of
this hydrophobic bile acid, LCA accounts for 29% of fecal bile
acid content, whereas it accounts for only 1% of biliary bile acid
content (52). LCA was a more rapid and potent inducer of
apoptosis than ent-LCA in both HT-29 and HCT-116 cells.
Both LCA- and ent-LCA-induced apoptosis proceeded
through a mitochondrial/caspase-9-dependent pathway ini-
tiated by caspase-8. This pathway was not dependent on
caspase-2 but could be inhibited through the use of a selec-
tive caspase-8 inhibitor. This suggests that LCA and ent-
LCA induce apoptosis by the same caspase-8-dependent
mechanism. Because LCA is a more potent inducer of apo-
ptosis than ent-LCA, this also shows that caspase-8 activa-
tion is enantioselective, with LCA causing increased activa-
tion compared with ent-LCA.

One method of procaspase-8 cleavage to functional
caspase-8 is through death receptor activation (38). Of the
many members of the death receptor family, bile acids cause
ligand-independent activation of CD95 in hepatocytes,
resulting in subsequent procaspase-8 cleavage (9, 26-28,
41-43). There are also reports of caspase-8 activation in a
death receptor-independent manner (53); however, no evi-
dence exists showing bile acid activation of caspase-8 by
other specific death receptor-independent mechanisms.
Immunolocalization experiments indicate that in both
HT-29 and HCT-116 cells, LCA and ent-LCA are able to
induce increased cell membrane distribution of CD95. These
results are similar to previous reports showing similar bile
acid-mediated CD95 changes in hepatocytes (26, 43, 49).
Consistent with the caspase-8 activation data, LCA causes
increased CD95 membrane localization when compared
with ent-LCA in both HT-29 and HCT-116 cells. These
results suggest that initially both LCA and ent-LCA cause
activation of CD95, which leads to initiator caspase-8 acti-
vation. Once activated, caspase-8 can then cleave Bid, result-
ing in the release of mitochondrial cytochrome ¢ and subse-
quent activation of caspase-9. Active caspase-9 can then
cleave procaspase-3 to active executioner caspase-3, which
ultimately results in cellular apoptosis.
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The mechanism of CD95 death receptor activation by dihy-
droxy bile acids (CDCA and DCA) has been studied in hepato-
cytes and is thought to proceed through the generation of oxi-
dative stress by these steroids followed by epidermal growth
factor receptor-dependent CD95 translocation and oligomer-
ization (38). In the current studies LCA and ent-LCA were
found to both generate a rapid ROS response in HT-29 and
HCT-116 cells. Although both compounds induced a similar
response within 5-10 min, LCA led to more ROS formation
than ent-LCA at 30 min. These data show that similar to dihy-
droxy bile acids in hepatocytes, LCA and ent-LCA are capable
of ROS generation in colon adenocarcinoma cells. Further-
more, the increased ability of LCA to generate ROS after 30 min
of treatment parallels the increased CD95 membrane localiza-
tion, increased caspase-8 activation, and increased apoptosis
also seen with this natural bile acid compared with its
enantiomer.

Bile acid oxidative stress, which ultimately leads to CD95
activation, can be generated through a multifactorial mech-
anism involving NADPH oxidase activation through a pro-
tein kinase C-dependent mechanism and interactions of bile
acids with cellular mitochondria to directly generate ROS
(54-56). More recent evidence has also implicated TGR5
activation as an important contributor to CD95 transloca-
tion and oligomerization (57). This is an intriguing associa-
tion considering previous results showing that LCA and
CDCA, but not ent-LCA nor ent-CDCA, are capable of
TGRS5 activation (34).

The current work demonstrates enantioselectivity in LCA/
ent-LCA-induced apoptosis that exists throughout the apopto-
tic signaling cascade from CD95 membrane localization all the
way to executioner caspase-3 activation. Enantioselectivity is
also observed in potential CD95 activation mechanisms includ-
ing ROS generation and TGR5 activation (34). Therefore, ent-
LCA could serve as a valuable tool to further investigate the
enantioselectivity in both ROS generation and TGR5 activa-
tion, as well as the importance of these enantioselective inter-
actions in CD95/caspase-8-mediated LCA-induced apoptosis.
Furthermore, demonstration of bile acid enantioselectivity is
evidence of a direct interaction between the bile acid and spe-
cific cellular components, and this interaction could ultimately
become a target for future therapeutic development. In a larger
context, enantiomeric bile acid pairs could serve as useful tools
for investigating the specific mechanisms of apoptosis induced
by other bile acids as well, especially the dihydroxy bile acids
CDCA and DCA.

Using steroid enantiomers, such as ent-bile acids, to dif-
ferentiate between receptor- and non-receptor-mediated
effects of natural steroids is a valuable technique for studying
steroid biology. Other ent-steroids have been synthesized
(58) and evaluated as probes of natural steroid interactions
including ent-cholesterol (59, 60), ent-progesterone (61),
ent-estrogen (62), and enantiomeric neuroactive steroids
(63, 64). These reports illustrate that natural and enantio-
meric steroids have distinctly different interactions with
chiral environments, such as receptor-binding pockets.
However, biophysical studies with model membrane lipids
and the enantiomers of cholesterol and neuroactive steroids
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have failed to detect differences between natural and enan-
tiomeric steroid interactions with lipids, indicating identical
nonspecific interactions (60, 65, 66).

Taken together, these data demonstrate that ent-steroids are
areliable and well documented method for the study of natural
steroid interactions. One question that arises in bile acid biol-
ogy is whether the bile acid effect of interest results from a
direct receptor interaction or general detergent properties of
these steroids. ent-Bile acids are powerful tools that are able to
distinguish between receptor- and non-receptor-mediated
effects of natural bile acids and will be valuable for the continual
exploration of bile acid biology.
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