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Abstract Progression to androgen independence remains the main obstacle to improving survival and quality of
life in patients with advanced prostate cancer. Induction of differentiation may serve as a rational basis for prevention of
progression to androgen independence by modulating gene expression activated by castration or upregulated during
androgen-independent progression. The objectives of this study were to characterize the in vitro effects of sodium
butyrate on human prostate cancer cell growth, PSA gene expression, and differentiation in the LNCaP tumor model and
to determine whether tumor progression in vivo is delayed by isobutyramide, an orally bioavailable butyrate analogue
with a longer half-life. The effects of isobutyramide on LNCaP tumor growth and serum PSA levels in both intact and
castrate male mice were compared to controls. At concentrations .1 mM, butyrate induced dose-dependent changes
towards a more differentiated phenotype, G1 cell cycle arrest, and an 80% decrease in LNCaP cell growth rates. PSA
gene expression was increased threefold by butyrate, indicative of differentiation-enhanced gene expression. The
half-life of isobutyramide in athymic mice was determined by gas chromatography to be 4 h. During a 4 week period in
intact-placebo mice, tumor volume and serum PSA increased 4.1- and 6.6-fold, respectively, compared to twofold and
2.7-fold increases in tumor volume and serum PSA in intact-treated mice. During a 7 week period in castrate-placebo
mice, tumor volume and serum PSA levels increased 2.4-fold and fourfold, respectively, compared to a 50% reduction in
tumor volume and a twofold increase in serum PSA above nadir levels in castrate mice treated with adjuvant
isobutyramide. Isobutyramide treatment induced pronouced morphological changes in LNCaP tumor cells, with loss of
defined nucleoli and dispersion of chromatin distribution. LNCaP tumor PSA mRNA levels actually increased threefold,
indicative of differentiation-enhanced gene expression. This study demonstrates that butyrate causes LNCaP cell cycle
arrest and increased PSA gene expression, both indicative of differentiation. The combination of castration and adjuvant
isobutyramide was synergistic in delaying tumor progression. Decreased tumor cell proliferation and increased PSA
gene expression induced by isobutyramide results in disconcordant changes in serum PSA and tumor volume and reduces the
utility of serum PSA as a marker of response to therapy. J. Cell. Biochem. 69:271–281, 1998. r 1998 Wiley-Liss, Inc.
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No treatment surpasses androgen withdrawal
therapy for patients with advanced prostate
cancer. However, despite response rates of 80%,

progression to androgen independence ulti-
mately occurs and remains the main obstacle to
longterm cure [Denis and Murphy, 1993]. Con-
ventional chemotherapy is usually ineffective
because of low proliferation rates and is limited
by toxicity [Eisenberger et al., 1987]. Future im-
provements in survival may be possible through
development of new therapeutic strategies de-
signed to prevent or delay progression to androgen
independence. Induction of differentiation may
serve as a rational basis for prevention of progres-
sion to androgen independence by modulating gene
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expression activated by castration or upregulated
during androgen-independent progression.

The rationale for differentiation therapy in
prostate cancer is supported by several lines of
evidence. First, prostatic cancer growth and
differentiation can be altered by various differ-
entiating agents, including retinoids [Slawin et
al., 1991; Pollard et al., 1991; Dahiya et al.,
1995], dimethylsulfoxide (DMSO) [Carvalho et
al., 1989; Kaneski et al., 1991], butyrate [Figg
et al., 1994], and phenylacetate [Samid et al.,
1993]. For example, noncytotoxic doses of DMSO
reduce Dunning rat prostate cancer cell growth
rates [Carvalho et al., 1989; Kaneski et al.,
1991], while fenretinide inhibits carcinogenesis
and metastases in Lobund-Wistar rats [Pollard
et al., 1991] as well as tumor incidence and
growth of ras1myc-induced carcinomas in the
mouse prostate reconstitution model [Slawin et
al., 1991]. Second, when androgens are used as
differentiation agents and replaced intermit-
tently after castration, repeated cycles of andro-
gen-induced differentiation and androgen with-
drawal–induced PSA nadirs are possible, and
the time to androgen independence is delayed
[Akakura et al., 1993; Sato et al., 1996]. If the
adaptive/epigenetic processes involved in pro-
gression to androgen independence can be
modulated by the differentiation-inducing ef-
fects of androgens, these processes may also be
prevented by agents capable of inducing cellu-
lar differentiation when used in an adjuvant
setting with androgen ablation therapy. In-
deed, breast cancer in vivo studies found that
the combination of fenretinide and the antiestro-
gen tamoxifen is superior to either agent alone
in preventing progression following excision of
the first palpable tumor [Ratko et al., 1989].
These studies provide parallel data to support
the hypothesis that androgen-independent pro-
gression proceeds along a pathway of aberrant
cellular differentiation, and it is therefore plau-
sible to assume a similar synergistic effect for
differentiation and androgen ablation therapy
in the treatment of prostate cancer.

Controlled investigation of the physiologic
modifications associated with androgen-inde-
pendent progression of prostate cancer has
proved difficult because no animal model exists
that mimics the course of the clinical disease.
Of the available human prostate cancer cell
lines, only the LNCaP cell line is androgen-
responsive, prostate-specific-antigen (PSA)-
secreting, and immortalized in vitro [Horosze-

wicz et al., 1980]. PSAis a secretory glycoprotein
produced only by differentiated prostatic epithe-
lial cells and as such may serve as a marker of
differentiation [Oesterling, 1991]. As in human
prostate cancer, serum PSA levels in the LN-
CaP tumor model are initially regulated by
androgen and are directly proportional to tu-
mor volume, and loss of maintenance of andro-
gen-regulated PSA gene expression is the end
point of progression to androgen independence
[Gleave et al., 1992]. After castration, serum
and tumor-cell PSA levels decrease up to 80%
and remain suppressed for 3–4 weeks. Follow-
ing a prolonged period of growth (.21 days) in
castrate hosts, LNCaP tumors regain their abil-
ity to produce PSA in amounts similar to their
precastrate state, heralding the onset of andro-
gen-independent PSA gene expression [Sato et
al., 1996; Gleave et al., 1992]. Loss of androgen
dependence of PSA gene regulation involves
epigenetic mechanisms via upregulation of al-
ternate transcription factors, which may in turn
be suppressed by induction of differentiation
[Hsieh et al., 1993].

We characterized the effects of DMSO, fenret-
inide, and butyrate in the LNCaP tumor model
and found that although all these agents inhib-
ited cell growth in vitro, no in vivo activity was
identified [Gleave et al., 1996]. Butyrate was
the only agent that caused dose-dependent in-
creases in PSA gene expression concomitant
with cell cycle arrest, consistent with a differen-
tiation effect. Butyrate is a naturally occurring
short chain fatty acid that changes chromo-
some structure, gene expression, and differen-
tiation of numerous cell types [Norton et al.,
1989; Candido et al., 1978; Nakagawa et al.,
1988]. The major known pharmacological ac-
tion of butyrate in vitro is inhibition of histone
deacetylase, which leads to increases in histone
acetylation and subsequent changes in chroma-
tin structure [Candido et al., 1978]. Although
butyrate is a potent inhibitor of tumor cell
proliferation in vitro, its short half-life in vivo
limits its use as a therapeutic agent. To circum-
vent problems with short half-lifes, we began
testing a branched-chain butyrate analogue,
isobutyramide, that has a longer half-life and is
orally bioavailable [Perrine et al., 1994]. The
objectives of this study were to characterize the
effects of sodium butyrate on LNCaP cell
growth, PSA gene expression, and differentia-
tion both in vitro and in vivo and to determine
whether the combination of castration and iso-
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butyramide is superior to either treatment alone
in inhibiting LNCaP tumor growth and progres-
sion to androgen independence.

MATERIALS AND METHODS
In Vitro Mitogenic Assays

LNCaP cells were maintained in RPMI 1640
(Terry Fox Laboratory, Vancouver, BC, Canada)
with 5% fetal bovine serum (GIBCO, Burling-
ton, ON, Canada) as previously described
[Gleave et al., 1992]. The effect of sodium buty-
rate (Sigma, St. Louis, MO) on LNCaP cell
growth rate, morphology, and PSA mRNA ex-
pression was assessed. To measure the effect of
butyrate on LNCaP cell growth in vitro, we
used a 96-well assay based on the uptake and
elution of crystal violet dye by the cells in each
well [Gleave et al., 1991]. Three thousand LN-
CaP cells were plated per well in 96-well plates
(Falcon, Lincoln Park, NJ) in RPMI with 5%
fetal bovine serum, and the cell media was
changed to various concentrations of sodium
butyrate (100 µM, 1 mM, and 5 mM) 24 h later.
The medium was changed every 2 days; 7–10
days later the cells were fixed in 1% glutararaly-
dehyde (Sigma) and stained with 0.5% crystal
violet (Sigma). Plates were washed and air-
dried, and the dye was eluted with 100 µl So-
rensen’s solution (9 mg trisodium citrate in 305
ml distilled H20, 195 ml of 0.1 N HCl, and 500
ml 90% ethanol). Absorbance of each well was
measured by a Titertek Multiskan TCC/340
(Flow Laboratories, McLean, VA) at 560 nm.
Control experiments demonstrated that absor-
bance is directly proportional to the number of
cells in each well.

Flow Cytometric Evaluation

LNCaP cells (3.5 3 106) were plated on 40
mm plates for 3 days. Subsequently, the media
was changed to 1 mM and 5 mM sodium buty-
rate for periods of 4, 8, 12, 24, 36, and 48 h. The
cells were then trypsinzed into a single cell
suspension, centrifuged at 1000 rpm for 10 min,
and fixed with 0.5% paraformaldehyde for 15
min at 4°C. The cells were again centrifuged
and resuspended in 1 ml of 0.1% Triton X-100
for 3 min at 4°C. After centrifugation for 10 min
at 1,000 rpm, the supernatent was discarded,
and the cells were incubated with RNAse (1
mg/ml) at 37°C for 30 min. After centrifugation
the cells were stained with 1 ml of 50 µg/ml
propdium iodide, a fluorescent dye that interca-
lates double-stranded DNA. The DNA profile

was then analyzed using a dual laser flow cytom-
eter.

DNA Fragmentation Analysis

DNA fragmentation was analyzed by agarose
gel electrophoresis as described by Sellins and
Cohen, 1987. Briefly, fragmented genomic DNA
was extracted by incubation of cells in Tris
extraction buffer (10 mM Tris-HCl, pH 7.4, 10
mM EDTA, 0,5% Triton X-100) at 4°C for 5 min.
The cell suspension was centrifuged for 10 min
at 4°C. The resultant supernatent was incu-
bated for 1 h at 37°C in the presence of protein-
ase K (400 µg/ml) before extracting with phenol/
chloroform. The fragmented DNA was
precipitated with salt and isopropyl alcohol and
then analyzed by agarose gel electrophoresis.

Northern Blot Analysis

Northern analysis was used to determine the
effect of the differentiation agents fenretinide,
DMSO, dimethylformamide (DMF), and so-
dium butyrate on PSA mRNA levels in LNCaP
cells in vitro and of isobutyramide in vivo. For
in vitro Northern analyses, LNCaP cells were
weaned gradually from serum using a serum-
free defined media supplement (RPMI plus 2%
TCM [Celox Co., Minnetonka, MN]). LNCaP
cells were plated in 100 mm tissue culture
dishes (Falcon) in RPMI, 2% TCM, and 1% fetal
bovine serum (FBS). When the cell cultures
were 70–80% confluent, the media was changed,
cells were washed with phosphate buffered
saline (PBS), and media was replaced with se-
rum-free RPMI with 2% TCM and various con-
centrations of fentretinide, DMSO, or sodium
butyrate. After 48 h, the cells were harvested,
and their RNA was isolated for Northern analy-
sis. Total cellular RNA was prepared from cul-
tured LNCaP cells or LNCaP tumors using the
4 M guanidinium thiocyanate extraction method.
Electrophoresis, blotting, hybridization, and
densitometric analyses were carried out as pre-
viously reported [Sato et al., in press; Gleave et
al., 1992]. The DNA probe for PSA was a 1.4 kb
EcoRI fragment of PSA cDNA [Lundwall and
Lilja, 1987]. Density of bands for PSA was nor-
malized against that of 18s rRNA.

Pharmacokinetics of Isobutyramide
in Athymic Mice

Mice were administered 50 mg of isobutyra-
mide orally in 200 µL water. Blood (100 µL) was
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obtained from a tail vein at 2, 4, 8, and 12 h
after the single oral dose. Samples were treated
by adding 20 µL of a 50% trichloroacetic acid
(TCA) solution to 80 µL of the blood to precipi-
tate proteins. The tubes were then centrifuged
and the supernatent applied to a gas chromatog-
raphy column at 220°C. Isobutyramide peaks
were found at approximately 4 min and were
clear of all plasma peaks.

Assessment of In Vivo Tumor Growth

LNCaP cells (1 3 106) were inoculated s.c.
with 0.1 ml of Matrigel (Becton Dickinson Lab-
ware, Bedford, MA) in the flank region of 6- to
8-week-old male athymic nude mice (BALB/c
strain; Charles River Laboratory, Montreal, PQ,
Canada) via a 27 gauge needle under methoxy-
fluorane anesthesia. Tumors were thereafter
measured twice weekly, and their volumes were
calculated by the formula L 3 W 3 H 3 0.5236
[Gleave et al., 1991]. The effect of isobutyra-
mide was tested in intact and castrated mice.
Changes in tumor growth rate and serum PSA
levels were compared between intact-placebo
(200 µL water three times daily) and intact-
treated (50 mg of isobutyramide in 200 µL
water three times daily) mice as well as be-
tween castrate-placebo and castrate-treated
mice. Mice bearing tumors between 100 and
200 mm3 in volume were assigned to either
intact or castrate groups and randomly selected
for placebo vs. treatment with isobutyramide.
Data points were expressed as average tumor
volumes 6 standard errors of the mean based
on five determinations.

Determination of Serum PSA Levels

Blood samples were obtained with tail vein
incisions of mice before treatment and then
once weekly after starting treatment with isobu-
tyramide or a placebo in both intact and cas-
trate groups. Serum PSA levels were deter-
mined by an enzymatic immunoassay kit with a
lower limit of sensitivity of 0.2 µg/L (Abbott
IMX, Montreal, PQ, Canada) according to the
manufacturer’s protocol. PSA velocity is de-
fined as the rate of change of serum PSA over
time, while PSA doubling time is defined as the
number of doubings of serum PSA over the
treatment period. Time to androgen-indepen-
dent PSA regulation was defined as the dura-
tion of time required after castration for serum
PSA levels to return to or increase above precas-
trate levels. Data points were expressed as

average tumor volumes 6 standard errors of
the mean based on five determinations.

RESULTS
Butyrate-Induced Changes in LNCaP Cell

Morphology In Vitro and In Vivo

LNCaP cell morphology changes to a more
differentiated epithelioid phenotype within 48
h after exposure to 1 and 5 mM sodium buty-
rate, concomitant with decreased growth rates
(Fig. 1A,B). No evidence of apoptosis or necrosis
was observed with concentrations of 1 mM or
less, but at concentrations of 5 mM cell detach-
ment began after 48 h and was associated with
DNA laddering on agarose gel electrophoresis,
consistent with apoptosis (Fig. 2). Changes in
LNCaP tumor cell morphology were also appar-
ent in vivo following isobutyramide treatment.
After 1 week of isobutyramide therapy in mice
bearing LNCaP tumors, nuclei in LNCaP tu-
mor cells become larger with dispersion of chro-
matin and loss of nucleoli. Increases in apopto-
sis of necrosis were not apparent (Fig 1C,D).

Butyrate Treatment Results in Cell Cycle Arrest
in LNCaP Cells In Vitro

The growth rate of both the LNCaP cell line
is reduced in a dose-dependent manner by so-
dium butyrate at concentrations above 1 mM
(Fig. 3). Flow cytometry revealed that sodium
butyrate results in G1 cell cycle arrest over a 48
h period (Fig. 4), thereby reducing the fraction
of cells in S phase by 99%. The absence of
hypodiploid and DNA fragmentation suggests
that no obvious apoptosis or necrosis, respec-
tively, occurs at 1 mM butyrate.

Isobutyramide Is Orally Bioavailable
and Has a Longer Half-Life In Vivo

To determine the pharmacokinetic param-
eter determinations of isobutyramide in athy-
mic mice, we measured plasma concentrations
using gas chromatography in five mice. After a
single oral dose of 50 mg of isobutyramide, gas
chromatography of mouse sera measured peak
levels above 1 mg/ml with a half-life of 4 (60.28)
h. Isobutyramide pharmacokinetics follow a one
compartment elimination model.

Isobutyramide Treatment Inhibits LNCaP Tumor
Growth and Serum PSA Doubling Time in Intact
and Castrate Male Mice Compared to Controls

To evaluate the effect of isobutyramide treat-
ment in androgen-dependent LNCaP tumors,
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Fig. 1. Changes in LNCaP cell morphology following treatment with butyrate in vitro and isobutyramide in vivo. In
vitro control (A) and in vitro LNCaP (B) cells after 48 h sodium butyrate (1 mM). C: Intact-untreated LNCaP tumor. D:
Intact-treated LNCaP tumor after 1 week isobutyramide treatment. Reduced from 3250.



we randomly selected intact mice bearing tu-
mors for placebo vs. isobutyramide treatment.
During a 4 week period in intact-placebo mice
(n 5 5), tumor doubling time averaged 14 days
(range 8–30 days), with a serum PSA doubling
time of 8 days (range 6–14). Tumor volume and
serum PSA increased 4.1- and 6.6-fold, respec-
tively, in intact-placebo mice compared to two-
fold and 2.7-fold increases in tumor volume and
serum PSA in intact-treated mice (Fig. 5).

For evaluatation of the ability of isobutyra-
mide treatment to delay the time to androgen
independence, mice bearing tumors between
100 and 200 mm3 involume were castrated and
randomly selected for placebo vs. adjuvant treat-
ment with isobutyramide. In castrate-controls
(n 5 5), tumor volume increased an average of
2.4-fold, and serum PSA increased an average
of fourfold above nadir levels over a 7 week
observation period. In castrate-treated mice
(n 5 5), tumor volume decreased by 50%, and
serum PSA levels increased by twofold above

nadir levels over a 7 week observation period
(Fig. 6). After 3 weeks of therapy, however, mice
develop reversible central nervous system (CNS)
toxicity with quadraparesis that resolved spon-
taneously after interruption of therapy. In both
groups, discontinuation of therapy is associated
with tumor progression.

Changes in PSA Gene Expression in LNCaP Cells
After Treatment With Butyrate In Vitro

and Isobutyramide In Vivo

LNCaP cells were treated for 48 h with either
fenretinide (4-HPR), DMSO, DMF, or sodium
butyrate (Na-BT). Butyrate increases PSA
mRNA levels fourfold in a concentration-depen-
dent manner indicative of differentiation-en-
hanced expression of this differentiation marker
(Fig. 7A). In contrast, DMSO and DMF de-
crease PSA expression in a concentration-
dependent manner. Fenretinide does not signifi-
cantly affect PSA gene expression.

Similar to butyrate-induced upregulation of
PSA mRNA in vitro, isobutyamide increases
PSA mRNA levels in LNCaP tumours in vivo
two- to threefold (Fig. 7B). Isobutyramide in-
creased levels of PSA mRNA in LNCaP tumors
from intact male mice as well as in LNCaP
tumors in castrated mice. The increased PSA
mRNA expression following isobutyramide
treatment likely increases circulating serum
PSA levels, which may dissociate treatment-
related changes in tumor volume and serum
PSA levels.

Fig. 2. Agarose gel electrophoresis of fragmented DNA from
LNCaP cells after 48 h with RPMI media (lane 1), 10 nM R1881
(lane 2), 5 mM butyrate (lane 3), or both R1881 and butyrate
(lane 4). M, molecular weight markers (l and [00d8]X DNA).
A total of 10 µg DNA was added to each lane prior to electropho-
resis in a 1% agarose gel and staining with ethidium bromide.

Fig. 3. LNCaP cell growth rates are reduced in a dose-
dependent manner by sodium butyrate at concentrations above
1 mM, with a 80% reduction at 5 mM relative to controls.

Fig. 4. DNA profile of LNCaP cells was analyzed after treat-
ment with 1 mM sodium butyrate for the times indicated. Flow
cytometry indicates G1 cell cycle arrest over a 48 h period,
resulting in a 99% decrease in the fraction of cells in S phase.
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DISCUSSION

Simply stated, most cancers can be consid-
ered disorders of differentiation with uncon-
trolled self-renewal of undifferentiated cells re-
sulting in an imbalance between cell
proliferation and programmed cell death. While
normal cells are committed to terminal differen-
tiation, neoplastic cells either do not differenti-
ate or the link to terminal differentiation is
blocked and programmed cell death does not
occur [Waxman et al., 1986]. The induction of
differentiation may serve as a basis for cancer
chemoprevention and treatment and can be
achieved with various agents, including DMSO,
sodium butyrate, and retinoids. Broadly speak-
ing, these agents alter cell growth and differen-
tiation by modifying expression of genes or gene
products that regulate cell shape, function, ad-
hesion, communication, and growth. For ex-
ample, DMSO modulates differentiation via

various enzyme systems and cell surface and
extracellular matrix protein synthesis [Higgins
and O’Donnell, 1992; Dairkee and Glaser, 1982].
Retinoids are potent analogues of vitamin A
that regulate the synthesis of cytokeratins, col-
lagen, and glycoproteins [Dairkee and Glaser,
1982; Fuchs and Green, 1981]. Butyrate, a natu-
rally occurring short chain fatty acid, changes
chromosome structure, gene expression, and
differentiation of numerous cell types [Norton
et al., 1989; Candido et al., 1978; Nakagawa ete
al., 1988]. Additionally, the expression of cer-
tain growth factors (e.g., transfroming growth
factor-a [TGFa]), growth factor receptors (e.g.,
EGFR), and oncogenes (e.g., myc) that regulate
malignant cell growth and behavior can be al-
tered by differentiation agents [Watkins et al.,
1988; Westin et al., 1982].

Fig. 5. Isobutyramide delays LNCaP tumor growth and PSA
velocity in intact mice. Tumor volume and serum PSA increased
4.1- and 6.6-fold, respectively, in intact-placebo mice com-
pared to twofold and 2.7-fold increases in tumor volume and
serum PSA in intact-treated mice. Data points expressed as
average tumor volumes 6 SEM based on five determinations.

Fig. 6. Isobutyramide decreases LNCaP tumor growth and PSA
velocity in castrate mice. Tumor volume and serum PSA levels
increased 2.4-fold and fourfold above nadir levels in castrate-
controls, while tumor volume decreased by 50% in castrate-
treated mice, and serum PSA levels increased by twofold above
nadir levels. Data points expressed as average tumor volumes 6

standard errors of the mean based on five determinations.
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Although androgen ablation is the most effec-
tive therapy for patients with advanced pros-
tate cancer, progression to androgen indepen-
dence ultimately occurs and remains the main
obstacle to improved survival and quality of life
[Denis and Murphy, 1993]. Progression to andro-
gen independence is a complex process involv-
ing both clonal selection and adaptive mecha-
nisms occurring in heterogenous tumors
composed of subpopulations of cells that re-
spond differently to androgen ablation [Gleave,
1997]. Although clonal expansion cannot be pre-
vented because of resistance to traditional cyto-
toxic chemotherapies, it may be possible to
modulate the adaptive changes in gene expres-
sion precipitated by androgen ablation through
the adjuvant use of differentiation agents. This
hypothesis is indirectly supported by several
lines of evidence. In general, tumor cells com-
prising androgen-independent prostatic tu-
mors are phenotypically and behaviorally less
differentiated compared to those in the original
tumor prior to castration [Eisenberger et al.,
1987]. Analysis of the DNA content of parent
and recurrent Shionogi tumors demonstrated

that androgen-independent tumors are com-
posed of more poorly differentiated aneuploid
cells [Bruchovsky et al., 1990]. Also, markers
characteristic of differentiated prostatic cell
function (PSA, acid phosphatase, androgen re-
ceptor) are less frequently expressed by andro-
gen-independent recurrences compared to un-
treated prostate cancer [Svanholm and Hrder,
1988; Trachtenberg and Walsh, 1982]. Further-
more, BCL-2 is expressed in the less differenti-
ated basal cell layer of prostatic acini but not in
the differentiated luminal cell layer or andro-
gen-dependent prostate cancer cells [McDon-
nell et al., 1992]. During progression to andro-
gen independence, BCL-2 is upregulated and
may play an active role in resistance to apopto-
sis. Finally, studies using intermittent andro-
gen suppression suggest that modulation of
gene expression with intermittent reexposure
of tumor cells to testosterone helps maintain
androgen dependence [Akakura et al., 1993;
Sato et al., 1996], while progression of breast
cancer models is delayed when antiestrogens
were combined with fenretinide compared to
either agent alone [Ratko et al., 1989]. A similar
synergistic effect between androgen ablation
and other active differentiation agents may ex-
ist in the treatment of prostate cancer.

The objectives of this study were to character-
ize the effects of the differentiation agent buty-
rate in LNCaP cells in vitro and to determine if
tumor growth and androgen-independent pro-
gression of LNCaP tumors in vivo could be
delayed by its orally bioavailable analogue,
isobutyramide. Butyrate was used in these ex-
periments because preliminary experiments
identified it as the most potent agent affecting
LNCaP cell growth in vitro [Gleave et al., 1996].
The major known pharmacological action of
butyrate in vitro is inhibition of histone deacety-
lase, which leads to histone hyperacetylation
and subsequent changes in chromatin struc-
ture [Candido et al., 1978]. However, a direct
relationship between inhibition of histone
deacetylase and induction of differentiation did
not exist among a number of butyrate ana-
logues [Lea and Tulsyan, 1995], suggesting that
other mechanisms, including nonspecific effects
on other enzymes, cytoskeleton, or cell mem-
branes, are involved. The use of more specific
inhibitors of histone deacetylase, however, con-
firmed the critical role of histone acetylation
control on cell cycle progression, differentia-
tion, and oncogene-mediated transformation

Fig. 7. A: Northern analysis was used to determine the effect of
fenretinide, DMSO, dimethylformamide (DMF), and sodium
butyrate on PSA mRNA levels in LNCaP cells in vitro. After 48 h,
butyrate increases PSA mRNA levels fourfold in a concentration-
dependent manner, compared to a 90% concentration-depen-
dent reduction in PSA expression by DMSO and DMF. B: LNCaP
tumors were harvested for Northern analysis after isobutyra-
mide treatment from intact (1, 4, and 7 days posttreatment) and
castrate (31) mice and compared to untreated controls (0, 3-).
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[Kijima et al., 1993]. Although butyrate is a
potent inhibitor of tumor cell proliferation in
vitro, its short half-life in vivo limits its use as a
therapeutic agent. Other butyrate analogues
have been evaluated to circumvent this prob-
lem, including phenylbutyrate [Figg et al., 1994;
Dover et al., 1992] and isobutyramide. Isobuty-
ramide is a branched-chain butyrate analogue
investigated for its ability to induce differenti-
ated hemoglobin expression in sickle cell hemo-
globinopathies and is tolerated at millimolar
concentrations in human phase I studies [Per-
rine et al., 1994].

Although PSA levels and LNCaP tumor
growth rates decrease after castration, the ef-
fects are temporary, and progression to andro-
gen-independent growth and PSA gene expres-
sion occurs after 4 weeks. In this study, tumor
growth and PSA doubling time were faster in
LNCaP tumors in intact compared to castrated
mice. Tumor regression rarely occurred follow-
ing castration, but tumor growth rates were
slower in castrate-untreated compared to intact-
treated mice. Tumor growth and PSA velocity
in intact mice were reduced by isobutyramide,
but tumors continued to grow slowly. Only tu-
mors in mice treated by both castration and
isobutyramide consistently regressed and de-
creased in size over the treatment period, sug-
gesting a synergistic effect between androgen
ablation and isobutyramide.

Conceptually, differentiation agents should
inhibit prostate tumor cell proliferation and
enhance PSA gene expression. Indeed, our evi-
dence suggests that butyrate and isobutyra-
mide exhibit this dual functionality. Induction
of differentiation was marked by morphological
changes towards a more differentiated pheno-
type, loss of defined nucleoli and dispersion of
nuclear chromatin, decreased growth rates, and
G1 cell cycle arrest. Furthermore, the dose-
dependent increases in PSA gene expression
induced by butyrate is consistent with a differ-
entiation effect. Because PSA is a species-
specific, a prostate-specific, and a secretory gly-
coprotein, it may serve as a differentiation
marker. In man, the amount of PSA expressed
in a prostate cell is a function of the cell’s state
of differentiation, most abundantly expressed
in normal or benign acinar cells, intermediate
in well-differentiated cancers, and lower in
poorly differentiated cancers [Oesterling, 1991].
In contrast, serum PSA levels in patients with
advanced poorly differentiated cancers are usu-

ally higher because circulating serum PSA lev-
els are determined by both tumor volume and
PSA gene expression. Indeed, PSA is the most
useful and versatile tumor marker in all oncol-
ogy. The LNCaP tumor model mimics the clini-
cal disease in that serum PSA levels are di-
rectly proportional to tumor volume and
increase as tumor volume increases [Gleave et
al., 1992]. However, after isobutyramide treat-
ment this direct relationship is lost in both
intact and castrated mice because serum PSA
levels continue to increase, albeit at a slower
rate than controls, despite stabilized or de-
creased tumor growth rates. Isobutyramide-
induced decreases in tumor cell proliferation
and increases in PSA gene expression result in
disconcordant changes in serum PSA and tu-
mor volume, and therefore impair the utility of
serum PSA as a marker of response to therapy.
Taken together, interpretation of response to
treatment with isobutyramide must be done
using both serum protein and tumor mRNA
levels in addition to changes in tumor volume.

Androgens and butyrate are the only com-
pounds identified thus far that increase PSA
gene expression. In contrast to androgen, how-
ever, butyrate results in cell cycle arrest and
decreased cell proliferation. Androgens are both
potent differentiation agents and mitogens for
prostate cells. Without androgens, the prostate
gland does not form in the embryo and does not
function in the adult. Furthermore, the ability
of benign or malignant prostate cells to undergo
apoptosis and express PSA is acquired as a
feature of differentiation of prostatic cells un-
der the influence of androgens. Androgens func-
tion as differentiation factors that modulate
gene expression through binding to intracellu-
lar androgen receptors (AR) that function as
transacting transcription factors. Expression of
PSA is androgen-regulated via androgen re-
sponse elements (ARE) in its 53 regulatory
region [Riegman et al., 1991]. The regulation of
PSA and many other key genes are altered
during the course of prostate cancer progres-
sion to androgen independence, no longer re-
quiring the presence of androgens for expres-
sion. It is not clear if this is a direct consequence
of changes in androgen receptor function, but it
is likely that key changes in transacting factors
precipitates the activation of this promoter dur-
ing tumor progression.

Interestingly, differentiation agents vary in
their effect on PSA expression. We found that
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PSA mRNA expression is downregulated five-
fold by DMSO and DMF but is upregulated by
butyrate in vitro and by isobutyramide in vivo.
A similar pattern of DMSO-induced suppres-
sion and butyrate-induced enhancement has
been reported in fetal globin gene expression in
erythroid progenitor cells, where butyrate alters
gene expression through specific regulatory
DNA sequences [Glauber et al., 1991]. Butyrate
may alter PSA gene expression either through
direct binding to its 53 upstream region, via
upregulation of other transciption factors like
AP-1 [Karin, 1995], or by protein-protein inter-
actions with AR or other transcription factors.
More in-depth mechanistic studies, such as ge-
nomic footprinting of the PSA promoter and
regulatory analysis, are necessary to study the
complex effects of these pleiotropic agents.

In summary, the results from this study sug-
gest that the differentiation agent isobutyra-
mide can modify the biology of human prostate
cancer at noncytotoxic doses. An important goal
of future therapy for metastatic prostate cancer
is stabilization or reduction of tumor volume
using treatments that inhibit tumor progres-
sion after androgen ablation, which was accom-
plished in this study using the LNCaP model.
In humans, isobutyramide is tolerated at mM
concentrations without significant side effects,
where its half-life is more than twice that mea-
sured in mice [Perrine et al., 1994]. The toxicity
that was observed in this murine model was
reversible and likely developed because of
higher and more frequent dosing necessary to
maintain plasma levels of 1 mM. Discontinua-
tion of therapy is associated with tumor progres-
sion, and therefore continuous or combination
therapy is likely necessary to prevent tumor
progression. Due to the heterogenous and slowly
progressive nature of prostate cancer, it is likely
that development and utilization of multiple
therapeutic modalities will be necessary to im-
pact disease mortality.
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