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Abstract Boron (B) is a developmental and repro-
ductive toxin. It is also essential for some organisms.
Plants use uptake and efflux transport proteins to
maintain homeostasis, and in humans, boron has been
reported to reduce prostate cancer. Ca2+ signaling is
one of the primary mechanisms used by cells to
respond to their environment. In this paper, we report
that boric acid (BA) inhibits NAD+ and NADP+ as
well as mechanically induced release of stored Ca2+ in
growing DU-145 prostate cancer cells. Cell prolifer-
ation was inhibited by 30% at 100μM, 60% at
250μM, and 97% at 1,000μM BA. NAD+-induced
Ca2+ transients were partly inhibited at 250μM BA
and completely at 1,000μM BA, whereas both
NADP+ and mechanically induced transients were

inhibited by 1,000μM BA. Expression of CD38
protein increased in proportion to BA exposure (0–
1,000μM). In vitro mass spectrometry analysis
showed that BA formed adducts with the CD38
products and Ca2+ channel agonists cyclic adenosine
diphosphate ribose (cADPR) and nicotinic acid
adenine dinucleotide phosphate (NAADP). Vesicles
positive for the Ca2+ fluorophore fluo-3 acetoxy-
methyl ester accumulated in cells exposed to 250 and
1,000μM BA. The BA analog, methylboronic acid
(MBA; 250 and 1,000μM), did not inhibit cell
proliferation or NAD+, NADP+, or mechanically
stimulated Ca2+ store release. Nor did MBA increase
CD38 expression or cause the formation of intracel-
lular vesicles. Thus, mammalian cells can distinguish
between BA and its synthetic analog MBA and exhibit
graded concentration-dependent responses. Based on
these observations, we hypothesize that toxicity of BA
stems from the ability of high concentrations to impair
Ca2+ signaling.
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Introduction

Boron is a ubiquitous element, the ninth most
abundant dissolved element in seawater (414μM B),
and exhibits beneficial and toxic effects in plants and
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animals. Boric acid (BA) and borates are natural
constituents of dietary plant products and drinking
water and used as ingredients in many consumer
products. Plants regulate BA/borate homeostasis
using uptake and efflux transporters (Miwa et al.
2007). In vertebrates, BA toxicity exhibits a U-shaped
form typical of an essential nutrient (Rowe et al.
1998). The No observable adverse effect level
(NOAEL) for BA is based on normal rat pup birth
weight and corresponds to a maternal blood concen-
tration of 123μM BA (Price et al. 1997; IPCS 1998).
Concentrations greater than 275μM BA in rats are
associated with fetal stunting and levels of 1,000μM
BA with atrophy of the seminiferous tubules (Fail et
al. 1998). By contrast, low levels of exposure have
beneficial effects (IOM 2001).

Studies in chicks, rats, and pigs have shown that
BA is important for normal growth and may improve
bone strength (Hunt and Nielsen 1981; Chapin et al.
1997; Armstrong et al. 2000). Supplemental B was
shown to improve brain function in an in-patient
metabolic ward study designed to evaluate the effects
of B depletion (Penland 1994). Two epidemiological
studies have reported that the risk of prostate cancer
in US men is reduced in proportion to dietary and
groundwater B (Cui et al. 2004; Barranco et al. 2007).
The biological plausibility of this is supported by
several lines of investigation. In immunocompro-
mised mice, BA supplementation reduced the growth
of transplanted human prostate tumors, decreased
insulin-like growth factor 1 tissue concentrations
and lowered serum prostate-specific antigen levels
(Gallardo-Williams et al. 2004). In cell cultures, BA
reduced the proliferation of human cancer prostate
cell lines in a dose-dependent manner over a range
from 60 to 1,000μM BA and inhibited cell migration
and invasion (Barranco and Eckhert 2004; Barranco
and Eckhert 2006).

It has been known for more than 20years that
intracellular Ca2+ signaling serves a vital role in
regulating the proliferation of eukaryotic cells (Poenie
et al. 1985). The relationship between BA and Ca2+

signaling has not been studied, but sufficient reason
exists to do so. The major BA-binding molecules in
biology are the five-carbon furanose sugars, ribose in
animals and apiose in plants. In animals, BA binds
NAD+, which has two ribose units, and functions both
as a coenzyme in intermediary metabolism and
intercellular paracrine-signaling mediator (Kim et al.

2003). As a paracrine, NAD+ is released from cells
and interacts with the CD38 receptor on the plasma
membrane of neighboring cells (Bruzzone et al.
2001). CD38 regulates cell proliferation by modulat-
ing stored Ca2+ release from the endoplasmic reticu-
lum into the cytoplasm (Lee 2006). CD38 is a
multifunctional enzyme that converts NAD+ into
cyclic adenosine diphosphate ribose (cADPr) and
catalyzes exchange of the nicotinamide group of
NADP+ with nicotinic acid to produce nicotinic acid
adenine dinucleotide phosphate (NAADP+). Both
cADPr and NAADP mediate the release of Ca2+ from
different intracellular stores using different calcium
channels (Lee 2006; Zhang and Li 2007).

Ca2+ signaling and phosphorylation are the princi-
pal means by which cells respond to their environ-
ment. The release of stored calcium ions (Ca2+) from
the endoplasmic reticulum into the cytoplasm is a
transitory event since Ca2+ rapidly binds to and
induces changes in the shape of a class of regulatory
proteins referred to as calcium-binding proteins. Our
objective was to test the hypothesis that BA inhibits
Ca2+ store release in human prostate cancer cells. DU-
145 prostate cancer cells are well suited for investi-
gating cellular processes modulated by BA because
their proliferation is sensitive to BA over a wide
concentration range. We used three approaches to
stimulate the release of intracellular Ca2+ stores.
These included: NAD+, which is converted by CD38
to cADPr, an agonist of the Ca2+ ryanodine channel;
NADP+, which is converted by CD38 to NAADP, an
agonist of the NAADP Ca2+ channels (Lee 2006;
Zhang and Li 2007); and mechanical stimulation, a
CD38-independent mechanism that activates the
inositol 1,4,5-triphosphate (IP3) calcium channel
(Moerenhout et al. 2001).

Materials and methods

Cell culture and media preparations The prostate
cancer cell line DU-145 was acquired from American
Type Culture Collection (ATCC, Manassas, VA, USA)
and LNCaP was a gift from Dr. Allen Pantuck at the
University of California – Los Angeles. Cells were
cultured at 37°C, 5% CO2 in Roswell Park Memorial
Institute (RPMI) 1640 media (Invitrogen), supple-
mented with 10% fetal bovine serum, penicillin/
streptomysin (100U/mL; 100μg/mL), and L-glutamine
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(200mM; Gemini Bioproducts, West Sacramento, CA,
USA). Nontumorigenic lines, RWPE-1 and PWR-1E,
were acquired from ATCC and cultured as recom-
mended in keratinocyte serum-free medium supple-
mented with 50μg/mL bovine pituitary extract, 5ng/
mL human recombinant epidermal growth factor, and
1× antibiotic/antimycotic mixture (100U/mL penicil-
lin, 100μg/mL streptomycin, 0.25μg/mL Fungizone).
The boron-depleted medium was prepared by the
addition of the boron-specific ionic exchange resin
Amberlite IRA-743 (Sigma-Aldrich, USA) to the
supplemented media, followed by overnight agitation
on a Koala-Ty rotator (80rpm at 4°C). The resin-
treated medium was transferred to sterile containers
for boron supplementation. BA and methylboronic
acid (MBA) stock solutions were prepared in ion
exchange treated water with resistivity greater than
18MΩ.

Cell proliferation Cells were plated onto six-well
culture plates, at a density of 3×105 cells per well,
and treated daily with serum-free media supplemented
with BA or MBA (0–1000μM) as previously de-
scribed (Barranco and Eckhert 2004). To provide
sufficient material for the study, cells were allowed to
grow until control plates (0μM BA) were near but not
at confluence (7 or 8days). Cells were removed by
trypsinization and counted using a hemacytometer,
with the aid of Trypan Blue to exclude nonviable cells
(Life Technologies, Rockville, MD, USA).

Stored calcium ion [Ca2+] release in proliferating
inhibited cells DU-145 cells were plated on 100×
20-mm culture plates and cultured in 0, 250, and
1,000μM BA- or MBA-supplemented media. On
day7, cells were trypsinized and replated onto
15-mm glass coverslips (16,000 cells per square
centimeter), covered with their corresponding BA-
or MBA-supplemented media, and allowed to settle
overnight. The following day, cells were incubated
for 30min in media supplemented with Fluo-4-
acetoxymethyl ester (AM; 4–6μM) (Sigma-Aldrich;
Fluka cat no. 93596), a cell-permeable Ca2+ indica-
tor dye, and then washed once with mammalian
Ringer’s solution (0.14MNaCl, 0.005MKCl, 0.002M
CaCl2, 0.001M MgCl2, 0.01M glucose, 0.01M 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[HEPES] at pH7.4). Coverslip-adherent cells were
placed in a perfusion chamber (1mL/min flow rate)

and exposed to Ringer’s solution containing NAD+

or NADP+ to stimulate the release of stored Ca2+.
The protocol was: 0–1min baseline Ringer’s solution
followed by exposure to NAD+ or NADP+ in the
presence or absence of BA or MBA. Fluo-4-AM was
excited with a 488-nm argon laser line, and emis-
sions were collected with a 505 LP filter using a
Zeiss LSM 5 Pascal confocal microscope (Zeiss,
Thornwood, NY, USA) coupled to an upright fixed-
stage microscope (Axioskop 2 FS mot) and equipped
with a Axoplan 63X (NA 0.95) water-immersion
objective. Additional magnification, time series, and
background subtraction were controlled by Zeiss
LSM acquisition software. All images were acquired
as 12-bit images. NAD+ (10mM) and NADP+ (5mM)
were solubilized in mammalian Ringer’s solution.

pH dependence of NAD+- and NADP+-induced Ca2+

release The pH of mammalian Ringer’s solution
containing NAD+ (10mM) and NADP+ (5mM) is
3.96 and 3.59, respectively. To evaluate the impor-
tance of the acidifying characteristics, the NAD+- and
NADP+-supplemented Ringer’s solutions was adjust-
ed to pH7.4, with 5.8 and 8.76mM NaOH, respec-
tively. The effect of pH on Ca2+ release was examined
using Ringer’s solution acidified to pH3.96 and 3.59,
with 4.04 and 5.55mM HCl, respectively.

Mechanical stimulation of stored [Ca2+] release Flow
cytometry measurements of basal intracellular Ca2+

levels required a loading buffer (RPMI 1640 without
phenol red) supplemented with 1μM indo-1-AM
(Sigma-Aldrich cat no. 13261), a cell-permeable
fluorescent probe for Ca2+ (excitation 330nm, emis-
sion 398nm). Trypsinized cultures of DU-145 cells
exposed to BA (0, 250, and 1,000μM) for either 24h
or 8days were resuspended in indo-1 loading buffer
(106 cells per milliliter) and allowed to incubate for
30min at 37°C, 5% CO2, in 12×75-mm polystyrene
test tubes. Following incubation, [Ca2+]i baseline
fluorescence was recorded on a Becton Dickinson
BD-LSR Analytic Flow Cytometer with 400±40
(FL5) and 510±20nm (FL4) band-pass filters. Results
were presented as ratios of fluorescence (FL5/FL4) at
325nm. Steps prior to instrument recording included
vortexing test tubes (5s at speed setting 2.5 on Fisher
Scientific model 232) to induce cellular suspension
and attaching the sample to the inlet port (5s),
followed by 5s of intake before the initiation of data
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collection. Fluorescence was recorded for 90s, with
average indo-1-AM emission documented over the
time intervals: 1–30, 31–60, and 61–90s. Data were
analyzed using FlowJo Software (Treestar Software,
San Carlos, CA, USA).

Analysis of cADPr and NAADP adducts The boration
of cADPr and NAADP was evaluated in vitro using
mass spectrometry. All solutions were prepared in fresh
ultrapure water and then diluted to the desired concen-
tration in water/acetonitrile/triethylamine (WAT,
50:50:0.2, v/v/v, pH10.3). Borate complexes were
prepared by mixing equal volumes of BA and cADPr
or NAADP solutions, yielding final concentrations of
500 and 100μM, respectively. To determine the KA, a
minimum of 12 different measurements (made on
three separate occasions, each with different fresh
sample preparations) were made and analyzed. A
Perkin-Elmer Sciex (Thornhill, Canada) API III triple
quadrupole mass spectrometer fitted with an Ion-
spray™ source was tuned and calibrated in the
positive ion mode, as previously described (Kim et
al. 2004). Instrument resolution allowed for a 15–20%
valley between the 13C-containing satellites of the
polypropylene glycol/NH4

+ singly charged calibrant
ion, at m/z 906. For the analysis of borate esterification
to the nucleotides, the instrument polarity was
reversed, and the ion spray voltage was lowered to
−3.5kV. Samples dissolved in WAT were introduced
(10μL per injection) into a stream of similar solvent
entering the ion source (10μL/min). Spectra were
collected (profile mode) while the instrument was
scanning from m/z 520 to 620 (0.1Da step size, 6ms
dwell time, 6.66s/scan, orifice −60V). Representative
spectra were computed as the average of all the spectra
accrued from each injection, using instrument-
supplied software (MacSpec, version 3.3 PE Sciex,
Ontario, Canada). The equilibrium constant equations
were:

Kequ ¼
Bcomplex

� �

Bfree½ � Nucfree½ � ð1Þ

Nuctotal½ � ¼ Nucfree½ � þ Nucadduct½ � þ Nuccomplexed

� � ð2Þ

Identification of CD38 mRNA expression Ribonucleic
acid (RNA) was isolated from DU-145 cells using

Trizol (Invitrogen) and purified via the RNeasy Mini
Kit (Qiagen), according to manufacturer’s instruc-
tions. Isolated RNA was treated with 2U deoxyribo-
nucleic acid (DNA)-free (Ambion) to remove DNA
contamination. Five micrograms of total RNA was
utilized during synthesis of first-strand complemen-
tary DNA with Superscript II reverse transcriptase
(Invitrogen), according to the manufacturer’s proto-
col. Primer sequences for CD38, as follows, were
designed from accession number NM_001775: 5′-
CAACTCTG TCTTGGCGTCAG-3′, forward and
5′-GTTGCTGCAGTCCTTTCTCC-3′, reverse, lead-
ing to a 480-bp product. Cycler conditions for CD38
were: 1min at 94°C, followed by 35 cycles of 30s at
94°C, 30s at 59°C, and 1.5min at 70°C. The
polymerase chain reaction (PCR) master mix con-
sisted of: 11μL water, 2μL MgCl2 (25mM), 2μL
10× buffer, 0.4μL (0.43mM) deoxyribonucleotide
triphosphate, 0.4μL (2U) Taq DNA polymerase
(Promega), 0.087μL template DNA, and 1μL
(55nM) of either primer (Invitrogen). All PCR
reactions were carried out in a PTC-200 Peltier
Thermal Cycler (MJ Research). Product confirmation
was performed by BglII restriction enzyme digestion
(New England Biolabs) with a 1-h incubation at
37°C. Products were loaded onto 1% agarose gels
containing ethidium bromide (1μg/mL), and run at
100V for 1h, prior to visualization under UV light
and photographing.

Identification of CD38 protein expression Protein
expression was evaluated using immunoaffinity anal-
ysis. DU-145 cells were exposed to BA for 1–7days,
and then culture plates were washed with phosphate-
buffered saline (PBS), and cells scraped off with a
rubber policeman and centrifuged at 1,200rpm for
5min. The protein was extracted from cell pellets
using a lysis buffer (250mM NaCl, 1% NP40, 50mM
HEPES [pH7.0], 5mM ethylenediamine tetraacetic
acid, 1mM dithiothreitol, 10% protease inhibitor
mixture [Sigma no. P8340]), sonication, and incuba-
tion at 4°C for 40min. Samples containing 30μg of
protein from the treated cells were loaded and
separated on a 10% stacking, 12% separating (sodium
dodecyl sulfate polyacrylamide gel electrophoresis)
gels for 30min at 100V, followed by 1h (200V),
transferred to nitrocellulose membranes for 4h (40V),
and shaken overnight in blocking solution (nonfat dry
milk 4g, 38mM Tris base, 125mM NaCl, 100μL
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Tween 20, double-distilled H2O 100mL). Two-hour
primary CD38 antibody (Santa Cruz Biotechnology)
exposure (1/200 dilution) was followed by a 10min
wash in PBS/Tween 20 (0.1%). One-hour secondary
antibody exposure (1/1,000 dilution) was followed by
3×10min wash in PBS/Tween 20 (0.1%). Probed
membranes were submerged in electrochemilumines-
cence detection reagent (Amersham), wrapped in
cellophane, and exposed to X-ray film (Fuji).

Intracellular Ca2+ distribution in resting BA and
MBA exposed cells Live-cell Ca2+ images were
obtained from DU-145 cells plated onto glass cover-
slips (3,000–45,000 cells per square centimeter) and
cultured for 8days in media supplemented with BA
and MBA (0–1,000μM). On day8, adherent cells
were incubated for 30min in culture media supple-
mented with Fluo-4-AM (4μM) and then washed
once with mammalian Ringer’s solution prior to
viewing under confocal microscopy.

Statistical analysis SigmaStat 3.1 statistical software
(Systat Software, Point Richmond, CA, USA) was
used to determine the most appropriate test based
on the data comparisons. Analysis of variance was
followed by Bonferroni and Holme tests for the
determination of statistical differences on cell
proliferation.

Results

Inhibition of cell proliferation by BA and not MBA A
dose-dependent reduction in cell proliferation oc-
curred in cells exposed to 0–1,000μM BA. By
contrast, its analog MBA was inactive (Fig. 1). The
structure of MBA differs from that of BA in that one
of the three hydroxyl groups of BA is substituted with
a methyl group. Each point represented the mean of
six independent measurements±SEM.

Inhibition of NAD+ and NADP+ Ca2+ store release by
BA and not MBA Measurements of Fluo-4-AM showed
NAD+ and NADP+ both induced Ca2+ release in DU-
145 prostate cancer cells. The Ca2+ transients were
inhibited by BA. Lower concentrations of BA were
required to inhibit NAD+- than NADP+-stimulated
release (Fig. 2a,c). The analog, MBA (1,000μM), did

not inhibit either NAD+- or NADP+-induced Ca2+

cytoplasmic transients (Fig. 2b,d).

Essentiality of pH during NAD+- and NADP+-
induced Ca2+ release The solubilization of NAD+

and NADP+ lowers the pH of Ringer’s solution.
When the pH was adjusted to 7.4, neither NAD+ nor
NADP+ stimulated Ca2+ release. To assess if the
observed Ca2+ release was a result of low pH,
Ringer’s solution was acidified to 3.96 and 3.59, the
experimentally determined pH of NAD+ (10mM) and
NADP+ (5mM) in Ringer’s solution, respectively, and
applied to cells. Exposure to low pH alone did not
induce intracellular Ca2+ release (data not shown).

Inhibition of mechanical stimulation of Ca2+ Store
Release by BA and not MBA Mechanical stimulation
of stored Ca2+ release was induced by vortexing
suspended DU-145 cells. Stored Ca2+ release was
measured by flow cytometry using the cell-permeable
Ca2+ probe indo-1-AM. Ca2+ transients decayed over
90s (Fig. 3a). Exposure to 1,000μM BA blocked the
Ca2+ transient, whereas MBA (1,000μM) did not
(Fig. 3b). Values represent the mean of three
independent fluorescent measurements±SEM.

ESI-MS analysis of borate complexed with NAADP
and cADPr In the WAT solvent (pH10.3), the
negative ion electrospray ionisation mass spectrome-
try (ESI-MS) spectra of the 100-μM solutions of
cADPr occurred as a prominent singly charged, alkali

*

*

*

*

******
**

0

20

40

60

80

100

100 250 500 1000
Concentration (µM)

C
el

l P
ro

lif
er

at
io

n 
(%

 c
on

tr
ol

)

Fig. 1 Differential effects of BA and MBA on DU-145 cell
proliferation. A dose-dependent reduction in cell proliferation
occurred in cells exposed to BA (filled bars) for 8days (100–
1,000μM) but not MBA (empty bars). Values are presented as
the mean of six independent measurements±SEM. Asterisk
represents statistically significant means compared to the 0μM
BA control (p<0.01); double asterisk represents significant
differences between BA and MBA at a similar dose (p<0.01)
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metal-free molecule [(M–H)−] at m/z 539.9 (calculat-
ed 540.0Da; Fig. 4a). With the addition of BA, the
spectra revealed additional signals at m/z 565.8,
assigned as the singly charged BA–cADPr complex
(calculated 566.0Da for (M–H)−) and m/z 583.8
assigned as a borate–cADPr complex (calculated
584.0Da for (M–H)−; Fig. 4b). Since the concen-
trations of all the different species in the equilibrium
(Eq. 1) were either known or could be estimated, the
equilibrium constant was calculated (Eq. 2). Using the
relative peak areas of the free cADPr, BA–cADPr
complex, and borate–cADPr complexes, the calculat-
ed affinity constant (KA) was 655±99L/mol.

We used NAADP–Na+ as a reference mass. The
negative ion ESI-MS spectra of the 100-μM solutions
of NAADP revealed a prominent molecular anion for
the singly charged, (M–H)− at m/z 742.7 (calculated
743.1Da) and the NAADP–Na+ adduct at m/z 764.7
(calculated 765.1Da; Fig. 4c). Following the addition
of 11B(OH)3 (500μM final concentration), the spectra
revealed additional signals at m/z 768.7, assigned as
the singly charged BA–NAADP complex (calculated
769.1Da for (M–H)−; Fig. 4d). The sum areas of the

m/z 742.7, 764.7, and 768.7 peaks correspond to the
mass spectrometric response from the NAADP
injected (1×10−9mol). From the known concentra-
tions of NAADP and BA and the measured relative
areas of the free nucleotide and borate-complexed
nucleotide, the concentration of the BA–NAADP
complex was calculated. The calculated KA for the
BA–NAADP complex was 82±3.8L/mol.

BA adducts of cADPr and NAADP formed in the
cell probably occur in picomolar concentrations. This
was below our level of detection, and so the present
results do not provide evidence to conclude boration
occurs under in vivo conditions (Macgregor et al.
2007).

Expression of CD38 mRNA and protein in BA-treated
DU-145 cells PCR analysis demonstrated that the
CD38 (480bp) transcript was present in untreated
DU-145 cells (Fig. 5a, lane 2). Product confirmation,
via digestion with the restriction enzyme BglII (lane
3), showed the predicted fragments 159 and 321bp.
Western blot analysis showed that growing cells in the
presence of BA induced a dose-dependent increase in
CD38 protein, whereas the exposure to MBA did not

a

0

500

1000

1500

2000

2500

Time (s)
F

lu
o

re
sc

en
t 

U
n

it
s

Control

250 μM BA 

1000 μM BA 

NAD

b

0
200
400
600
800

1000
1200
1400
1600
1800
2000

0 50 100 150 200 250
Time (s)

F
lu

o
re

sc
en

t 
U

n
it

s

Control

1000 μM MBA 

NAD

c

0

500

1000

1500

2000

2500

3000

0 50 100 150 200 250

0 50 100 150 200 250

Time (s)

F
lu

o
re

sc
en

t 
U

n
it

s

Control

250 μM BA

1000 μM BA

NADP 

d

0

500

1000

1500

2000

2500

0 50 100 150 200 250
Time (s)

F
lu

o
re

sc
en

t 
U

n
it

s

Control

1000 μM MBA 

NADP

Fig. 2 NAD+- and NADP+-
stimulated Ca2+ release in
DU-145 cells grown for
8days in the presence of BA
or MBA (250 and
1,000μM). a BA treatment
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inhibited NAD+ (10mM)
induced Ca2+ release,
whereas b MBA (1,000μM)
treatment did not. c BA
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duced NADP+ (5mM)-
induced Ca2+ release,
whereas d MBA (1,000μM)
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mean fluorescence (Fluo-4
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(Fig. 5b). We examined three prostate tumor cell lines
(DU-145, LNCaP, and PC-3) and showed they all
expressed CD38, whereas our two nontumorigenic
prostate cancer cell lines (RWPE-1 and PWR-1E) did
not (Fig. 5b).

Intracellular Ca2+ distribution in BA and MBA
exposed DU-145 cells Fluorescent imaging of intra-
cellular Ca2+ revealed that the exposure of growing
DU-145 cells in 250 and 1,000μM BA resulted in the
redistribution of Ca2+ into small vesicles that accu-

mulated at the periphery (Fig. 6). This did not occur
when cells were exposed to MBA (Fig. 6).

Discussion

Coordinated cell growth regulation is a major theme
in B biology. Autoinducer 2 is a quorum-sensing
signaling molecule released by bacteria that requires a
single B atom for activity (Chen et al. 2002).
Autoinducer 2 binds to the surface receptor Lux P,
and when a population reaches a “quorum,” it
coordinates gene expression and behavior among
cells of different species to enable biofilm formation.
Plants also require B for growth, flowering, and seed
formation (Blevins and Lukaszewski 1994). In ani-
mals, concentrations less than 10μm B impair
embryonic growth in rainbow trout embryos and the
initial cleavages of Zebrafish embryos (Eckhert 1998;
Rowe and Eckhert 1999). Low maternal dietary B
levels lead to malformations in Xenopus embryos and
impaired development of cultured mouse trophoblasts
(Fort et al. 1999; Lanoue et al. 1998). In this paper,
we show that concentrations of 100μM BA and
greater inhibit proliferation of DU-145 cells in a
dose-dependent manner achieving near-complete in-
hibition at 1,000μM BA (Fig. 1). These results in
DU-145 cells are in concert with whole-animal
toxicology studies. The critical effect used for
calculating the tolerable intake and reference dose is
the amount of BA ingested by pregnant rats that
causes a 5% reduction in pup birth weight (Allen et
al. 1996). The NOAEL for BA is based on normal rat
pup birth weight and corresponds to a maternal blood
concentration of 123μM BA, whereas the lowest
observed adverse effect level corresponds to 275μM
BA (Price et al. 1997). Using the IPCS regression
curve to calculate blood concentrations, we estimate
that atrophy of the seminiferous tubules of rats occurs
at 1,000μM BA (Fail et al. 1998; IPCS 1998).

Calcium ion waves formed by the release of Ca2+

from endoplasmic reticulum stores into the cytoplasm
are important modulators of eukaryotic cell prolifer-
ation (Whitfield 1995; Kao et al. 1990; Steinhardt and
Alderton 1988; Xu et al. 2003). Several cytoplasmic
Ca2+-binding proteins, including troponin C, calmod-
ulin, annexin II, and calpain, serve as intermediaries
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Fig. 3 Release of stored Ca2+ by mechanical stimulation. Flow
cytometry analysis of indo-1-AM fluorescence showing cyto-
plasmic Ca2+ concentrations following the stimulation of
release by vortexing (5s) and attaching the sample to the inlet
port (10s). Time lapses indicate subanalyses of fluorescent
values recorded for 90s. a Exposure to 1,000μM BA prevented
Ca2+ release so that cytoplasmic Ca2+ did not rise above basal
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stimulation from activating Ca2+ release into the cytoplasm.
Bars represent the mean of three independent fluorescent
measurements±SEM. Asterisk, significantly different from
0μM BA (p<0.01)
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that regulate progress through the cell cycle (Choi et
al. 2006). For example, in vascular smooth muscle
cells, an elevation of intracellular Ca2+ concentration
is required for G1- to S-phase cell cycle progression.
The presence of a highly conserved 22 amino acid N-
terminal calmodulin-binding motif in mammalian
cyclin E is responsive to physiological changes in
cytoplasmic Ca2+ and activates the kinase of mouse
and human cyclin E/CDK2 (Choi et al. 2006).

The inhibition of Ca2+ store pumps in human
prostate LNCaP cells inhibits the proliferation as well
as the transition to androgen independence (Abeele et
al. 2003). In the present study, the exposure of DU-
145 cells to 250μM BA significantly reduced NAD+-
induced cytoplasmic Ca2+ transients, and 1,000μM
BA completely abolished them (Fig. 2a). BA was less
effective in inhibiting NADP+-stimulated Ca2+ release
showing partial inhibition at 1,000μM (Fig. 2c). This

a 

b 

c 

d 

Fig. 4 Negative ion ESI-
MS spectra of NAADP,
NAADP–BA complexes,
cADPr, and cADPr–BA
complexes in WAT mixtures
at pH10.3. a 100μM cADPr
showing an intense (M–H)−

signal at m/z 539.9 (calcu-
lated 540.0Da). The signals
at m/z 549.0 and 557.8 are
assigned as unknown impu-
rities in the cADPr sample.
b A mixture of 100μM
cADPr and 500μM 11B
(OH)3 produced signals
corresponding to the
cADPr–BA complex at m/z
565.8 (calculated 566.0Da)
and the cADPr–borate com-
plex at m/z 583.7 (calculated
584.0). KA for the complex
formation was calculated as
655±99L/mol. c 100μM
NAADP showing an intense
(M–H)− signal at m/z 742.7
(calculated 743.1Da). The
signal at m/z 764.7 (calcu-
lated 765.1) is assigned to a
NAADP–Na+ adduct used
as a reference standard. d A
mixture of 100μM NAADP
and 500μM 11B(OH)3 pro-
duced signals corresponding
to the NAADP–BA com-
plex at m/z 768.7 (calculated
769.1Da). KA for the com-
plex formation was calcu-
lated as 82±3.8L/mol
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could in part be due to the lower affinity constant
(KA) of BA for NAADP. Ca2+ transients induced by
mechanical stimulation were also blocked by BA
(1,000μM). In calf pulmonary artery endothelial cells,
mechanical stimulation is mediated by phospholipase
C and the IP3 calcium channel (Moerenhout et al.
2001). DU-145 cells express the IP3 receptor so the
effect of BA on the Ca2+ release apparatus is not
limited to the CD38 Ca2+ release pathway. Further
studies are necessary to determine if BA interacts
directly with the ryanodine and IP3 Ca

2+ channels or
their accessory proteins.

Mammalian cells secrete NAD+ for transport on
connectin 43 to adjacent cells where it binds to CD38
and is converted into cADPr (Bruzzone et al. 2001).
CD38 is a multifunctional enzyme present on the
surface and internal membranes of cells that regulates
intracellular function through Ca2+ messengers (Lee
2006). At neutral pH, ADP-ribosyl cyclase catalyzes
the conversion of NAD+ to cADPr, which then binds
to the ryanodine receptor complex releasing the
accessory protein, FKBP12. This results in a confor-
mational change that opens a channel in the ryanodine
receptor allowing stored Ca2+ in the endoplasmic
reticulum to enter the cytoplasm (Li et al. 2001). At
acidic pH, ADP-ribosyl cyclase catalyzes the conver-
sion of NADP+ to NAADP with the maximum rate
occurring at pH4.0 (Lee 2006). In the present study,
acidic conditions were necessary for NAD+ and
NADP+ to stimulate Ca2+ release but not sufficient
on their own. The acidic dependence of NAADP is in
agreement with its reported ability to control Ca2+

release from acidic stores (Macgregor et al. 2007;
Zhang and Li 2007). We also show that BA formed
complexes with cADPr and NAADP (Fig. 4). Our
instrumentation was not able to resolve structures in
the nanomolar range to determine if these complexes
occur in prostate epithelial cell extracts. Achieving
this sensitivity would make it possible to determine if
cADPr–BA and NAADP–BA complexes are formed
in cells. We previously reported that NAD–BA is a
noncompetitive inhibitor of ADP-ribosyl cyclase
activity in Aplysia, a sea hare that lives in a high
boron environment (Kim et al. 2006). The Ki for this
was 40.5mM BA, a level 1,000-fold higher than
human plasma. The Ki of human ADP-ribosyl cyclase
for BA has not been reported.

The exposure of growing DU-145 cells to BA
induced a dose-dependent increase in CD38 protein
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Fig. 5 a CD38 expression in BA-treated DU-145 cells and
alternative prostate cell lines. a CD38 mRNA in nontreated
DU-145 cells; lanes: marker [M], CD38 PCR product [CD38]
and restriction enzyme digest of CD38 PCR product with BglII
(BglII). b Immunoaffinity bands (Westerns) to CD38 protein.
Top to bottom, DU-145 cells exposed to BA (0–1,000μM) for
1–3days; dose-dependent increase in CD38 protein in cells
exposed to BA for 7days; CD38 protein levels were unchanged
by exposure to MBA for 7days; CD38 expression evident in all
tumorigenic (DU:DU-145; LN:LNCaP; PC:PC-3) prostate cells
lines but not in nontumorigenic (RW:RWPE-1; PW:PWR-1E)
prostate cell lines
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expression that coincided with reduced proliferation
(Fig. 5b). The data do not permit us to discern if this
increase represented a feedback response to BA’s
dampening of CD38 Ca2+-mediated signals. We
previously reported that the nontumorigenic prostate
cell lines (RWPE-1 and PWR-1E) were fourfold
less sensitive to BA-induced proliferative inhibition
(Barranco and Eckhert 2004). In this paper, we show
that all three tumor cell lines expressed CD38,
whereas the two nontumorigenic cell lines tested did
not (Fig. 5b). This may explain the difference.

Exposure to BA (250 and 1,000μM BA) resulted
in the formation of vesicles containing Ca2+ that
accumulated at the cell periphery (Fig. 6). We
previously reported these vesicles stain positive for
the acidic dye Lyso Tracker Green (Molecular
Probes), and their appearance is associated with
acidification of the culture media (Barranco and
Eckhert 2006). They resemble the punctate staining
pattern of NAADP-responsive acidic Ca2+ stores in
the heart and the endosomes that degrade BA uptake
transporter BOR1 after Arabidosis thaliana is exposed
to 100μM BA, a level that exceeds its nutritional
requirement (Macgregor et al. 2007; Tankano et
al. 2005).

Boron is ubiquitous in the environment, and both
bacteria and plants have exploited the element to
regulate cell proliferation, growth, differentiation, and
intercellular behavior. We therefore examined the

ability of DU-145 cells to discriminate between BA,
the form present in biological fluids, and a synthetic
analog. We selected MBA since arylboronic acids
undergo biological catalyase by oxygenases (Negret-
Raymond et al. 2003). In contrast to BA, MBA did
not bind to cADPr or NAADP or inhibit Ca2+ store
release, cell proliferation, or CD38 expression.
MBA’s lack of activity cannot be explained by
differences in permeability. Animal cell plasma
membranes have been shown, along with plant
membranes, to be permeable to BA via passive
diffusion allowing immediate access to intracellular
sites (Dordas and Brown 2001). Size and solubility
govern their capacity to diffuse passively through
plasma membranes and both BA (water solubility=
0.75M; molecular weight=61.83) and MBA (water
solubility=5.4M; molecular weight=59.86) are water
soluble and of similar size. The failure of MBA to
mimic BA together with observed concentration-
dependent effects of BA on prostate epithelial cell
proliferation and embryonic growth in fish and
amphibians provides strong evidence that vertebrate
cells have retained the ability to recognize and
respond to environmental BA concentrations.

In conclusion, we hypothesize that the toxicity of
BA/borates stems from the ability of high concen-
trations to inhibit stored Ca2+ release. Plant cells
express uptake and efflux BA transport proteins that
allow them to regulate BA homeostasis and protect

Fig. 6 Fluo-4-AM was
used to visualize intracellu-
lar Ca2+ distribution and
concentration in DU-145
cells exposed for 8days to
BA and MBA. a Green
fluorescent Ca2+ indicator
was uniformly distributed
within DU-145 cells at
0mM BA. b, c Fluo-4 be-
came localized within
vesicles when exposure was
increased to 250 and
1,000μM BA. d–f The
distribution of fluo-4 was
unchanged by incubating
DU-145 cells in MBA (250
and 1,000μM)
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against toxicity, but this mechanism can be over-
loaded and has not been shown to exist in animals
(Sutton et al. 2007). Defining the low and high
concentrations of BA that trigger the activation of BA
uptake and efflux transporters in plants would provide
a glimpse of the BA concentration range biology
considers optimum for health.
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