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Lack of Involvement of the GNASI T393C Polymorphism
in Prostate Cancer Risk in a Japanese Population
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Abstract. Background: GNAS1 encodes the a-subunit of the
G, protein (Gyg), which binds GTP and stimulates adenylyl
cyclase. Activating mutations lead to somatotroph, thyroid,
adrenal and gonadal adenomas or the McCune-Albright
syndrome and recently the T399C polymorphism in GNASI
has been reported to be associated with malignancies. The
purpose of the present case-control study with 349 Japanese
prostate cancer patients and 203 urological controls was to
determine whether the GNASI T393C polymorphism is
associated with prostate cancer risk. Materials and Methods:
The GNASI T393C polymorphism was examined by
polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP) analysis. Odds ratios (OR) were
adjusted for age using multiple logistic regression analysis
with SPSS Medical Pack. Results: The allele frequencies were
compatible with the control population in Hardy-Weinberg
equilibrium with 80, 169 and 100 for GNASI C/C, C/T and
T/T, respectively in the patients with prostate cancer,
compared with 42, 94 and 67 in the controls. No association
between the GNASI polymorphism and prostate cancer risk
was apparent. The C/C genotype was more frequent among
the prostate cancer patients (22.9%) than the controls
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(20.7% ), although without significance (OR, 1.30; 95% CI,
0.80-2.12; p=0.29). Conclusion: This pilot study does not
support involvement of the GNASI polymorphism in prostate
cancer risk.

Prostate cancer is one of the most common male
malignancies in industrialized nations and its incidence is
generally rising (1). Both genetic and environmental
influences may be involved in its etiology (2), including
ethnic background, family history, smoking, and diet. Some
epidemiological studies have supported an association
between dietary fat, particularly saturated or animal , and
prostate cancer risk (2, 3). Ethnicity, which reflects the
shared genetic inheritance within a group, is clearly an
important factor in determining the risk of prostate cancer
(2, 4). Although it is well-known that the incidence of
prostate cancer is still 2- to 3-fold higher in American
Caucasians than in Asians, the numbers of clinical cases have
been increasing yearly in Japan and in 2020 prostate cancer
is expected to be the most common male neoplasm, as was
the case for the stomach in 1995 (4, 5). In addition, a
familial aggregation is evident, and men with a family
history of prostate cancer have a 2-to 3-fold higher incidence
than the general population (2). Such an influence of
inheritance of genes may reflect relatively high penetrance,
but-most cases involve polymorphisms with low penetrance.

Genetic polymorphisms affecting a number of metabolic
enzymes have been found to modulate prostate cancer risk
(2, 6-8). The most studied polymorphisms are in steroid
hormone-related genes such as the androgen receptor,
5 a-reductase type II (SRD5A2) and cytochrome P450c17a
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(CYP17) (6, 7). There is evidence for a hormonal etiology
of prostate cancer involving the action of androgens, required
for differentiation and growth of the prostate. Testosterone is
synthesized from cholesterol by a series of enzymatic
reactions involving CYP17 and is then converted to
dihydrotestosterone (DHT) in the prostate by SRD5A2. DHT
binds to the androgen receptor (AR), leading to the
transactivation of some genes with AR-responsive elements.
An improved understanding of the molecular epidemiology
of prostate cancer should help define the relevance of new
prognostic indices and aid treatment decisions.
Heterotrimeric ~ guanine  nucleotide-binding proteins
(G proteins), which couple seven transmembrane receptors to
adenylyl cyclase and mediate signal transduction across the cell

membranes, are composed of three distinct subunits a, B, and y ]

which are encoded by separate genes (9-11). G proteins are
generally defined by their specific o-subunit and are classified
into four major classes (Gg, Gy, Gyn1 and Gyyj3) based on
amino acid substitution similarities of the o-subunits (10). The
stimultory G protein (Gs) is expressed ubiquitously, being
required for the activation of adenylyl cyclase and the generation
. of cyclic adenosine monophosphate (cAMP) in cells, e.g.
pituitary target cells, in response to several hormones, such as
growth hormone-releasing hormone (GHRH) and corticotroph-
releasing hormone (CRH). The GNAS! gene, being located on
chromosome 20q133, is a complex locus encoding multiple
overlapping transcripts (9). Of these, the o subunit of the G,
(Ggo) is the most extensively characterized and clinically

relevant. Mutations of GNASI may cause either loss or gain of

function by inactivating or activating signal transduction, thus
leading to the clinical phenotype of either hormone deficiency
or excess (9). Inactivating germ-line mutations cause Albright’s
hereditary osteodystrophy (AHO) andpseudohypoparathyroidism
(PHP), while activating mutations lead to somatotroph, thyroid,
adrenal and gonadal adenomas or McCune-Albright syndrome
(MAS) (9). MAS is classified by the triad of polyostoic fibrous
dysplasia, hyperpigmented (café-au-lait) skin lesions, and
gonadotropin-independent sexual precocity (12). In particular,
amino acid substitutions replacing either Arg 201 or Gln 227
have been identified in a subset of growth hormone (GH)-
secreting adenomas characterized by extremely high adenylyl
cyclase activity and cCAMP levels (13). G, appears to be the
product of a proto-oncogene that is converted into an oncogene,
designated gsp. However, few McCune-Albright syndrome
patients have been reported to have a malignancy (12, 14-16).
There is a common silent polymorphism T393C in exon 5 of
GNAS1, which has been studied in Caucasians and J apanese in
relation to hypertension (17-20). Associations with other
diseases, including malignancy, have also been reported (21-30).

In the present study, the prevalence of the T393C
polymorphism of GNAS]! in patients with prostate cancer and
benign prostatic hyperplasia (BPH) controls were examined
to evaluate its influence on the risk of prostate cancer.
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Table 1. Clinicopathological data.

Patients Controls p-Value

N 349 203
Mean age 68.7+7.1 70.6+7 4 0.34
Histology

P 59 (17.3)

M 145 (42.3)

w 138 (40.4)
Stage

AorB 212 (60.7)

c 85(24.4)

D 52 (14.9)
GS )

<5 9 (3.6)

6 47 (19.1)

7 149 (60.6)

8-10 41 (16.7)
PSA level (ng/ml)

<4 7(4.8)

4-10 72 (49.0)

10-20 45 (30.6)

20-50 20 (13.6)

50< 3(2.0)

" P: Poorly differentiated adenocarcinoma; M: moderately differentiated

adenocarcinoma; W: well-differentiated adenocarcinoma; GS: Gleason
score; PSA: prostatic-specific antigen; Stage: A (Ty,., Ny, My), B
(T1e-2, No, Mp), C (T34, No, Mp), D (T N My_; or Ty 4Ny M;).

Materials and Methods

Selection of patients and controls. Data for prostate cancer subjects
(n=349) and controls (n=203) were collected from the records of
the Departments of Urology at Mie University Hospital, Chiba
University Hospital, JA Suzuka Central General Hospital and
Matsusaka Saiseikai Hospital between 1991 and 2007. All were
Japanese men and the prostate cancer patients were all histologically
confirmed and characterized in terms of their clinical staging
(Tumor-Node-Metastasis system) and grading (The General Rules
for Clinical and Pathological Studies on Prostate cancer, 2001
established by the Japanese Urological Association and the J apanese
Society of Pathology). The cancer cases were classified as stage A
(T12-6NoMp), stage B (T;,,NgMp), stage C (T3.4NogM,) or stage D
(T1.4N1Mg; or Ty 4Ny ;M,) based on the modified Whitmore-
Jeweit system. One hundred and thirty eight patients (40.4% ) had
well-differentiated, 145 (42.3% ) moderately differentiated and 59
(17.3%) poorly differentiated adenocarcinomas. Regarding clinical
staging, 212 (60.7%) were in stage A of B, 85 (24.4% ) were in
stage C and 52 (14.9%) were in stage D. The control group was
composed of BPH patients who were healthy and confirmed to be
free of prostate cancer by no elevation of serum PSA and/or a
negative biopsy. Retropubic prostatectomy was performed for 99 of
the controls, with pathological examination to exclude the presence
of prostate cancer. All gave informed consent to participate in this
molecular genetic study of prostate cancer. The Ethical Committee
of Mie University approved this study. The clinicopathological
profiles of the study participants are shown in Table I.
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Figure 1. Representative RFLP patterns of GNASI polymorphisms in prostate cancer cases.

DNA extraction. DNA was isolated from the peripheral blood of all
the prostate cancer patients and 104 controls and from the frozen
prostate tissue in 99 controls (6).

Genotyping of GNASI. Genotyping was performed by the polymerase
chain reaction-restriction fragment length polymorphism (PCR-
RFLP) method. For GNAS! T393C, the primers 5°-
CTCCTAACTGACA TGGTGCAA-3’ and 5’-TAAGGCCACACAA
GTCGGGT-3’ were used. The PCR products were digested with the
restriction enzyme Fok I (the T allele produces a 345-bp band; the C
allele produces 259- and 86-bp bands). Thus, the unrestricted
products (345 bp) represent the TT genotype; the completely
restricted products (259 and 86 bp) represent the CC genotype
(Figure 1) (29).

Statistical analysis. To examine associations between genotypes and
the development of prostate cancer, the odds ratios (ORs) and
confidence intervals (CI) were calculated. The ORs were adjusted
for age using multiple logistic regression analysis with Dr.SPSS (the
Statistical Program for Social Sciences) II for Windows (SPSS,
Tokyo).

Results

The mean age of the prostate cancer patients at diagnosis
was 68.7+7.1 years and of the controls, 70.6+7.4 years.
Although the mean age of the patients was thus lower than
the controls, the difference was not significant (p=0.34). The
data for the genotypes of the GNAS! gene in the prostate
cancer patients and controls and their relationships to risk
among Japanese males are shown in Table II. The allele
frequencies of the GNASI polymorphisms in the patients and
controls were compatible with Hardy-Weinberg equilibrium
distribution (p>0.05). The frequencies of the GNASI CC, CT
and TT genotypes were 22.9% , 48.4% and 28.7% in the
prostate cancer patients, compared with 20.7% , 46.3% and
33.0% in the controls. No association between the GNAS/
CC genotype and prostate cancer risk was apparent (OR
1.30; 95%CI, 0.80-2.12; p=0.29). The OR for prostate
cancer risk for men with the CT and CC genotypes was 1.21
(95%CI, 0.81-1.77; p=0.32).

The relationships between the GNASI T393C genotypes
and the clinicopathological factors, including histology,

Table II. GNAS! genotype distribution in patients with prostate cancer
and controls.

Genotype Patients with Controls OR (95% CI) p-Value
prostate cancer

TT 100 (28.7%) 67 (33.0%) 1.00 (referent)

CT 169 (48.4%) 94 (463%) 1.17 (0.78-175) 045

CcC 80 (22.9%) 42 (20.7%) 1.30 (0.80-2.12) 0.29

CT+CC 249 (7113%) 136 (67.0%) 1.21(0.83-1.77) 032

Results of logistic regression analyses. Age was always included in the
models as a covariate.

staging, Gleason score and serum PSA were investigated
(Table III). There was no statistically significant association
of the GNAS! genotypes with these factors.

Discussion

The T393C polymorphism of GNASI is associated with
altered G;, mRNA expression in different tissues (21). The
T to C substitution at position 393 changes the mRNA folding
structures (22), so that genotype-dependent differences in
mRNA decay due to an altered secondary structure could be
the cause of the variation in Gy, mRNA expression (23, 24).
In vitro studies suggested that increased expression of G, is
associated with enhanced apoptosis and that a second
messenger, cCAMP, which functions downstream of the G
proteins, plays a major role in proapoptotic processes (26, 28,
29). With the reported risk of malignancy, the focus has been
on the homozygous CC or TT genotypes. Bladder cancer,
colorectal cancer, clear cell renal cell carcinoma, chronic
lymphocytic leukemia and squamous cell carcinoma patients
with a homozygous CC genotype appear to be at the highest
risk of progression, metastasis or tumor-related death, while
intrahepatic cholangiocarcinoma and breast carcinoma
patients with a homozygous TT genotype showed similar
results. In the present preliminary study, the CC genotype was
more frequent in the prostate cancer cases, but this was not
significant (OR=1.30; 95% CI, 0.80-2.12; p=0.29).
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Table III. Clinicopathological factors and GNASI genotype in a Japanese population.

Genotype TT/ CC OR (95% CI) TT / CT+CC OR (95% CI)
Histology
P 20/11 1.00 (referent) 20/39 1.00 (referent)
M 38/36 1.73 (0.73-4.12) 38/107 1.44 (0.75-2.76)
w 40/30 1.39 (0.58-3.36) 40/98 1.22 (0.64-2.36)
p for trend=0.445 p for trend=0.550
Stage
AorB 57151 1.00 (reference) 57/155 1.00 (referent)
C 29/14 0.53 (0.25-1.12) 29/56 0.72 (0.42-1.25)
D 14/15 1.16 (0.50-2.68) 14/38 1.06 (0.53-2.12)
p for trend=0.175 p for trend=0.462
GS
8-10 14/6 1.00 (referent) 14/27 1.00 (referent)
7 42/36 2.05 (0.71-5.93) 42/107 1.27 (0.61-2.67)
6 12/8 1.60 (0.43-6.01) 12/35 1.44 (0.57-3.64)
<5 212 2.33 (0.26-20.67) 217 1.85 (0.34-10.13)
p for trend= 0.578 p for trend=0.456
PSA
<4 4/1 1.00 (referent) 4/3 1.00 (referent)
4-10 17716 3.85 (0.37-40.38) 17/55 3.87 (0.77-19.46)
10-20 13/9 2.85 (0.25-32.32) 13/32 2.96 (0.57-15.42)
20-50 5/5 4.08 (0.32-52.50) 5115 3.62 (0.58-22.47)
50< 3/0 - 3/0 -

p for trend=0.238

p for trend=0.048

P: Poorly differentiated adenocarcinoma; M: moderately differentiated adenocarcinoma; W: well-differentiated adenocarcinoma; GS: Gleason score;
PSA: prostatic-speciﬁc antigen; Stage: A (Tlﬂ-b? No, MD)’ B (TlC-Z’ No, Mo), C (T3_4, No, MU)’ D (T1_4N1M0_1 or T]_4N0_1M1).

cAMP has been shown to induce a mitogenic response or
increase in vitro invasiveness in LNCaP prostate cancer cells
(31, 32). It has also been reported that persistent activation of
Gsa-mediated signaling stimulates the proliferation of certain
cell types and can contribute to invasive tumor development
in humans (33), also changing the proliferative, invasive and
tumorigenic properties of PC-3M prostate cancer cells (34,
35). In the clinic, progression of prostate cancer to a hormone-
refractory state is a critical problem. The mechanisms are
complex and include both the selection and outgrowth of pre-
exisiting clones of androgen-independent cells as well as
adaptive up-regulation of genes that predispose cancer cells to
survive and grow after androgen ablation, but are still not
completely understood. Kasbohm et al. demonstrated that the
up-regulation of a subunit of heterotrimeric guanine
nucleotide-binding Gs protein activated the AR in prostate
cancer cells, synergizing with low concentration of androgen
(36). Bagchi et al. detected cAMP-dependent protein kinase
A (PKA) activation in both androgen-dependent (LNCaP and
LAPC4) and androgen-independef)t (PC3M) prostate cancer
cells and established generality for the pathway (37). They
concluded that androgen might evoke a nongenomic signaling
pathway to activate cAMP-dependent PKA which is needed
for the genomic functioning of nuclear AR. Thus, persistant
stimulation of Gg,-mediated signaling could accelerate
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prostate tumor growth and the formation of metastases and
offer a target for treatment. However, no correlations between
clinicopathological factors and this polymorphism were
detected in the present study. Further investigation of clinical
data including relapse period and clinical outcome should
however be performed.

The Gy, subfamily of heterotrimeric G proteins has been
of interest to cancer researchers because its members were
found to promote the growth and oncogenic transformation
of murine fibroblasts (38). The G, subfamily has been
shown to promote prostate and breast cancer cell invasion in
vitro (39, 40) and were also reported to be regulators of
lysophosphatidic acid-induced ovarian cancer cell migration
in vitro (41). These studies suggested that G;, subfamily-
induced Rho activation may be critical for cancer cell
behavior. Further studies of other G protein subfamilies
including these polymorphisms should be conducted.

In conclusion, the present investigation did not provide
support for a contribution of the GNAS! polymorphism to
the risk of prostate cancer in this Japanese population.
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Article history: Heavy metal pollution of soil causes biological problems, such as mutagenicity to living organisms, includ-
Received 26 October 2007 ing human beings. However, few methods have been developed to assess metal mutagenicity in soil. To
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mine if the analysis of oxidative DNA damage generated in the earthworm is a useful bio-monitoring
method for soil mutagenicity, the accumulation of 8-hydroxydeoxyguanosine (8-OH-dG), a major form of
oxidative DNA damage, in Eisenia fetida (Savigny, 1826) treated with cadmium chloride (CdCl,) or nickel
chloride (NiCl;) was analyzed. E, Jetida was treated with Cd (10 or 200 wg/g soil) or Ni (10 or 200 ng/g
soil) for 1, 2, and 3 weeks or 3 months. After metal exposure, the metal concentration in E. fetida was
analyzed by atomic absorption spectrometry and the 8-OH-dG accumulated in E. fetida was analyzed by
HPLC analyses and immunohistochemistry. Atomic absorption spectrometry revealed that Cd, but not Ni,
accumulated within E. fetida. The 8-OH-dG levels in the DNA of E. fetida treated with Cd for 3 months were

significantly higher than those in control E, Jfetida. Moreover, immunohistochemical analyses revealed that
positive signals for 8-OH-dG accumulation in seminal vesicles were detected only in E. fetida treated with
10 pg of Cd for 3 months. Although some points remain unresolved, a bio-monitoring system analyzing
the DNA damage generated in the earthworm might be useful for the assessment of the mutagenicity of
soil contaminated with various heavy metals, such as Cd.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal pollution of soil is widespread across the globe and
has caused biological problems, leading to potential toxicity to liv-
ing organisms. Recent research found that the atmospheric input of
heavy metals to agricultural systems also significantly contributed
to metal loading in soil [1]. These complicated pathways of con-
tamination make it difficult to avoid exposure to metals existing in
our surroundings.

To avoid metal toxicity, we should first understand the features
of metals and assess metal toxicity. However, the methods used
for the assessment are often not sensitive enough, because metals

* Corresponding author. Tel.: +81 93 695 3206; fax: +81 93 695 3299.
E-mail address: t-hirano@env.kitakyu-u.ac,jp (T. Hirano).

1383-5718/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.mrgentox.2008.05.011

can be toxic below the technical detection limits. To overcome this
limitation, many research efforts have been made to develop detec-
tion techniques or assessment methods for metal contamination of
soil. Furthermore, the toxic action of metals sometimes depends
on their metabolites generated in living organisms. Thus, adequate
methods to assess metal toxicity are difficult to develop.

A bio-monitoring method would be appropriate to evalu-
ate metal toxicity, because of its sensitivity and availability for
unknown metabolites [2-4]. This approach is also somewhat
limited, because it could be available only for a specific combi-
nation of a living organism with certain substances, Hence, it is
important to find adequate living organisms as bio-monitors for
each assessment.

Recentresearch has indicated that the earthworm is a candidate
organism as a bio-monitor for soil contaminants, because it plays an
important role in the soil macrofauna biomass. The species Fisenia
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fetida (Savigny, 1826) is most commonly used in ecotoxicology as a
useful bio-monitor for soil [5]. In particular, this species’ proximity
to the soil contaminants is a merit for the analysis [6,7].

Metal-induced mutagenicity is a serious problem for the
diversity of living organisms and human health. To prevent
mutagenicity-associated diseases, we must understand the sub-
stances around us and avoid the environmental mutagens.
Therefore, the evaluation of soil mutagenicity is very important,
and direct analyses of DNA damage generated in living organisms
may provide precise and useful information.

It is believed that 8-hydroxy-2'-deoxyguanosine (8-OH-dG), a
major form of oxidative DNA damage, may have an important role
in carcinogenesis, because it causes the GC to TA transversion type
point mutation [8-10]. 8-OH-dG is constantly generated in DNA
and the nucleotide by reactive oxygen species (ROS). We have
studied the relationship between 8-OH-dG accumulation in DNA
and health-related factors, such as smoking [11], chemical agents
[12-18], X-rays [19], aging [20-22], and physical exercise [23].
Therefore, it is predicted that the accumnulation level of 8-OH-dG
in the DNA of E. fetida would directly reflect the soil mutagenic-
ity.

Of note, some heavy metals are known to affect 8-OH-dG repair
systems, leading to 8-OH-dG accumulation. Heavy metals such as
arsenic (As) [18,24], cadmium (Cd) [14,18,25,26], chromate (Cr)
[27,28], manganese (Mn) [29], and lead (Pb) [30] inhibit 8-OH-
dG excision repair activity or down-regulate the expression of
8-oxoguanine DNA glycosylase 1 (OGG1), amajor repair enzyme for
8-OH-dG. Among these metals, the effects of Cd on 8-OH-dG repair
systems were well documented. In particular, it was found that Cd
inhibited 8-OH-dG excision repair activity or 8-OH-dGTPase activ-
ity, leading to 8-OH-dG accumulation in DNA [14,18,26,31]. This
inhibitory action of Cd on the DNA repair system might be involved
in Cd carcinogenesis.

In the present study, we analyzed 8-OH-dG accumulated in the
DNA of E. fetida exposed to heavy metals, to determine if a method
using earthworms as a bio-monitor is useful for the assessment of
soil mutagenicity. We employed Cd and Ni as test metals, because
the carcinogenic potentials of Cd and Ni have been established
for humans and animals [32,33], and these metals are known to
generate 8-OH-dG in DNA [14,34-36).

2. Materials and methods
2.1. Earthworms and heavy metal exposure

The E. fetida used in this study, which we had employed in the previous work
[37), was kindly provided by Dr. C.A. Edwards (Ohio State University). They were
kept in a 20-L stainless steel tank at an ambient temperature of 24C on mold with
skim milk as a food source until heavy metal exposure. We used scrapped mold as
soil, which consisted of the core of corn, rice bran, and other components and had
been used for mushroom cultivation (gift from Ikesue Toyotada Shoten, Mizuma-
gun, Japan). Adult organisms with a body wet weight of around 100 mg were used,
Three (for a short-term experiment) or six (for a long-term experiment) individuals
were kept in a 600 mL glass container containing 50 g of soil with/without heavy
metal. They were exposed to 10 or 200 g heavy metal/g soil for 1, 2, and 3 weeks
or 10 wg heavy metal/g soil for 3 months (Fig. 1).

2.2, Atomic absorption spectrometry

The earthworm's body was cut into four rough segments: head region (S1 ), ante-
rior body region (S2), posterior body region (53), and tail region (S4). They were
weighed under wet conditions and quickly frozen at —80°C. The concentrations of
heavy metals in each segment were determined using standard atomic absorption
spectrometry. Each segment of E. fetida was transferred into a 100 mL kjeldahl flask
and digested with a mixture of 5mL nitric acid and 0.5 mL sulfuric acid. The flask
was gently heatéd'on a hot plate in 3 fume cupboard until only a few drops of clear
liquid remained. After-filtration, the samples were brought up to 10mL with 01N
nitric acid. This sample was analyzed by atomic absorption spectroscopy, with a
Hitachi Model 180-80 spectrometer equipped with a graphite atomizer (Hitachi,
Tokyo, Japan). The metal concentration was calculated from absorbance versus con-

Experiment 1 1 week ’ng
rd

<TT =
2 wee S
3 weeks ’ng’,
~

D —— b

three earthworms in 50 g soil I

Experiment

ZZ3-

six earthworms in 50 g soii

Fig. 1. Experimental design. Experiment 1 was a short-term exposure of E, fetida to
CdCl; or NiCl,. Metals (0, 0.5, or 10 mg as Cd or Ni) were added into 50g soil per
600 mL glass container. After 0-, 1-, 2- and 3-week exposures, E. fetida were cut into
four rough segments. We kept a total of 45 E, fetida (15 glass containers; 3 E. fetida
per container). Experiment 2 was a long-term exposure of E. fetida to CdCl, or NiCl,.
Metals (0 or 0.5 mg as Cd or Ni) were added into 50 g soil per 600 mL glass container,
After a 3-month exposure, E, fetida were cut into four rough segments. We kept a
total of 54 E. fetida (9 glass containers; 6 E. fetida per container),

centration curves prepared for each run of specimens. The metal concentration was
expressed as micrograms per gram of body wet weight.

2.3. Quantitative analyses of 8-OH-dG levels

The 8-OH-dG levels in the S1 region of each earthworm (3-month experiment)
were measured. The assay was described previously [40]. Briefly, DNA from the
earthworms was isolated by the sodium iodide method, using a DNA Extraction WB
Kit (Wako Pure Chemical Industries, Ltd., Japan). For homogenization, a lysis solution
containing 1 mM desferal (deferoxamine mesylate, Sigma Chemical Co. MO, USA)
was used. The isolated DNA was digested with nuclease P1 (Yamnasa Corp., Choshi,
Japan) and alkaline phosphatase (Roche Diagnosis GmbH, Mannheim, Germany)
to obtain a deoxynucleoside mixture. The solution was filtered with an Ultrafree-
Probind filter (Millipore, Bedford, MA) and was injected into a high-performance
liquid chromatography (HPLC) column (Shiseido Capcell Pak C18 MG) equipped with
an electrochemical detector (ECD)(ECD-300, Eicom Co., Kyoto, Japan). The 8-OH-dG
value in the DNA was expressed as the percentage of the control value.

24. Immunohistochemistry

Samples were fixed in Bouin's solution for 3 hinice. After fixation, they were cut
into the four rough segments as described above, immersed in 90% ethanol for 24 h
to remove the picric acid, dehydrated, and embedded in paraffin. These embed-
ded samples were sagittally sectioned at 5 wm, mounted on glass slides coated
with poly-L-lysine, and subjected to either hematoxylin/eosin (HE) or immuno-
histochemical (IHC) staining. The avidin-biotin complex method [38] was used to
detect 8-OH-dG. We used the monoclonal antibody N45.1 (Nikken SEIL, Shizuoka,
Japan), which was raised against 8-0H-dG, as the first antibody and biotin-labeled
goat anti-mouse IgG serum (Vector Laboratories, Inc., Burlingame, California), and
streptavidin-alkaline phosphatase complex (Vector Laboratories, Inc., Burlingame,
California) diluted 1:100 [39). The substrate for alkaline phosphatase (red) was
obtained from the DAKO New Fuchsin Substrate System (DAKO, Copenhagen). For
negative staining, a 2% bovine serum albumin solution was used instead of the first
antibody. HE or IHC staining specimens were observed by Olympus BX50 System
microscopy (Olympus, Tokyo, Japan),

2.5, Statistical analysis
Values obtained in the present study were calculated to the means+S.D, The

statistical significance was calculated using the Student t-test. Probability values
less than 0.05 were considered to indicate significant differences.

3. Results
3.1. Body wet weights of E, fetida
All E. fetida used in the present study were weighed under wet

conditions (Fig. 2). The body wet weights of E. fetida treated with
200 g Cd/g soil for 2 weeks were significantly lower (49.5% of
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Fig. 2. All E. fetida were weighed under wet conditions in the short-term (A) and the long-term (B) experiments. Each data point represents the mean of six E. fetida, The

treatment of E. fetida with 200 ug Cd/g soil resulted in body weight loss, suggesting Cd-

control) than those of all other 2-week exposure individuals (versus
control, p<0.001; versus 10 wg Cd/g soil treatment group, p<0.01;
versus 10 p.g Ni/g soil treatment group, p < 0.05; versus 200 1g Ni/g
soil treatment group, p<0.005). The body wet weights of E. fetida
treated with 200 g Cd/g soil for 3 weeks were significantly lower
than those of some other 3-week exposure individuals (versus
10 g Cd/g soil treatment group, p<0.01; versus 200 ng Ni/g soil
treatment group, p<0.01). However, no growth inhibition was
observed in E. fetida treated with 10 g Cd/g soil, even in a 3-month

induced growth inhibition, In the long-term experiment, each data point represents

the mean of 16 E. fetida, and no significant differences between any groups were observed.

exposure. No inhibitory effects were also observed with the Ni
exposure. All earthworms were alive during the experiment.

3.2. (d and Ni concentrations in E. fetida

The Cd and Ni concentrations in E. fetida were analyzed using
atomic absorption spectrometry. In a short-term experiment, Cd
accumulated in the head (S1) and anterior body (S2) regions at an
early stage (1 week) and in all segments at a later stage (2 and 3
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weeks) (Fig. 3A). To the contrary, Ni accumulation was not observed
during this experiment, except for one individual data set (200 j.g
Ni/g soil, 2 weeks). In a long-term experiment, accumulation of Cd,
not Ni, was detected in all segments (Fig. 3B). To determine how
much the earthworms clean up the soil, the Cd uptake ratio by E.
fetida was calculated. E. fetida took up at most ~2.5% of the Cd in
50 g soil in a short-term experiment and ~9% of the Cd in 50¢g soil
in a long-term experiment (Fig. 3C).

3.3. Accumulation levels of 8-OH-dG in the earthworm DNA

The 8-OH-dG levels in the DNA of earthworms treated with
CdcCl; for 3 months were significantly higher than those in control

Fig. 4. The 8-OH-dG levels in DNA from the S1 region of earthworms (3-month
experiment) were analyzed by HPLC equipped with electrochemical detection. The
values were expressed as % of control value. Mean values +S.D., n=5. Significant
differences fromthe control group and Ni-treated group: *p < 0.005 vs. control group,
p<0.05 versus Ni-treated group.
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HE

CONTROL

IHC

Fig. 5. Immunohistochemical analyses of 8-OH-dG accumulation in the seminal vesicles of E. fetida (S1) treated with Cd (200 j.g/g soil, 3 weeks; HE (C), IHC ( D)), and Cd
(10 pg/g soil, 3 months; HE (E), IHC (F)). Controls: (A) and (B). Positive signals for 8-OH-dG accumulation in the seminal vesicles were detected only in E. fetida treated with
Cd (10 pg/g soil) for 3 months. HE stained section and IHC stained section are in several serial sections. Arrowheads (black) show positive signals in seminal vesicles. SV:

seminal vesicles. All scale bars are 100 pm.

earthworms or in earthworms treated with NiCl, (Fig. 4). These
results are compatible with those from the immunohistochemical
analyses, in which positive signals for 8-OH-dG in seminal vesicles
(in S1 region) were clearly detected. -

3.4. Immunohistochemical detection of 8-OH-dG accumulation in
E. fetida

Positive signals in seminal vesicles were detected only in E. fetida
treated with 10 pg Cd for 3 months (Fig. 5). Besides these signals,
no significant difference was detected in the other metal-treated
specimens in comparison to the control. In addition, 8-OH-dG accu-
mulation was detected in the gut epithelial layers in almost all
specimens (data not shown). Since ROS are easily generated by non-

specific environmental factors, it is reasonable that 8-OH-dG was
present in almost all gut epithelial layers.

4. Discussion

Among the many kinds of living organisms in soil, the earth-
worm is a most useful organism for the evaluation of metal
contamination in soil, because significant positive correlations have
been found between the metal concentrations in the earthworm
and the soil Cd, copper, lead and zinc concentrations [41]. This
evidence prompted us to verify the utility of the earthworm as a
bio-monitor.

In the present study, we observed Cd accumulation in the ante-
rior segment of the earthworm E. fetida at an early stage and
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gradually almost equally in all four segments, suggesting that Cd
might be accumulated in multiple organs (Fig. 3). It is well known
that one biological effect of some heavy metals, such as Cd accumu-
lation, in organisms is growth inhibition [42]. In the present study,
the body wet weight of E. fetida decreased to 49.5% of the control
by 200 j.g Cd/g soil exposure. Thus, the growth inhibition observed
in the present study indicated that the E. fetida actually suffered
from the Cd accumulated in their organs. On the other hand, little
Ni accumulation and no inhibitory effects of Ni exposure on E. fetida
growth were observed.

We observed increased 8-OH-dG levels in DNA of the S1 region of
Cd-treated earthworms in comparison to the other groups of earth-
worms (control or Ni-treated earthworms) (Fig. 4). In addition, the
positive signals in the seminal vesicles were clearly detected only
inE. fetida treated with 10 g of Cd at 3 months (Fig. 5), although Cd
accumulation was detected in all S1 segments, including the 200 p.g
Cd-exposed specimens, in which seminal vesicles were located.
These findings seemed to be specific to long-term Cd exposure, and
raised the question of why Cd treatment of E. fetida increased the 8-
OH-dG accumulation only in that organ. One possible explanation
for this question is the distribution of metal-binding proteins. On
the other hand, we observed positive staining of 8-OH-dG in the gut
epithelial layers in almost all samples. The metal absorption routes
include the digestive system and the surface wall [43,44], but the
main route is the digestive system. Since gut epithelial layers are
frequently exposed to ROS, 8-OH-dG accumulation was constantly
detected.

In mammals, the cysteine-rich metal-binding protein, metal-
lothionein (MT), exists especially in the liver and kidney, and plays
a key role in metal detoxification. However, mammalian testes and
ventral prostate had either no induction or a reduced expression
of the MT gene when the animals were exposed to Cd or some
other MT-inducing agents [45,46]. MTis a ubiquitous metal-binding
protein found in plants, invertebrates including earthworm, and
mammals. Earthworm MT, which has two isoforms (MT-1 and MT-
2), was also identified and cloned [47]. Recently, MT expression was
detected in the intestinal region, chlorangogenous tissue, and gut of
Lumbricus rubellus collected from an arsenic/copper-contaminated
site [48]. Thus, MT expression plays a key role in Cd-induced toxicity
or mutagenicity.

In the present study, positive signals for 8-OH-dG accumula-
tion were detected in the seminal vesicles, which are considered
as MT-poor organs. Therefore, it seems reasonable to speculate
that a lower level of MT expression is involved in Cd-induced DNA
damage accumulation. To address this speculation, the relationship
between the localizations of Cd, MT, and 8-OH-dG accumulation
should be clarified as a further study. Moreover, the seminal vesi-
cles are located in S1, in which Cd accumulated from an early stage,
suggesting that long-term exposure to Cd might also contribute to
an increase in 8-OH-dG accumulation in seminal vesicles. Thus, it is
reasonable to conclude that an increase in 8-OH-dG accumulation
in seminal vesicles might reflect long-term exposure to Cd.

The carcinogenic potentials of Cd and Ni have been established
for humans and experimental animals [32,33]. In addition, both
Cd and Ni are known to increase 8-OH-dG generation in human
and animal DNA [14,34-36]. Hence, we employed Cd and Ni as test
metals. In the present study, we observed a high level of Cd accu-
mulation and little Ni accumulation in E. fetida, accompanied with
an increase in 8-OH-dG accumulation in the seminal vesicles of Cd-
exposed E. fetida. Based on these results, it is reasonable to conclude
that the increase in 8-OH-dG accumulation is due to Cd accumula-
tion and incomplete metal detoxification in the seminal vesicles of
E. fetida. In addition, Cd reportedly inhibited 8-OH-dGTPase activity,
but Ni did not [31]. This evidence might also explain the differences
in the levels of 8-OH-dG accumulation.

Taken together, our results demonstrate the possible utility of a
bio-monitoring method for assessing soil mutagenicity, by using
earthworms as bio-monitors and measuring the oxidative DNA
damage generated in the earthworm. Immunohistochemical analy-
ses are useful to detect the locations of 8-OH-dG accumulation, but
unlike HPLC analyses, they are not quantitative. Therefore, a method
using both HPLC and immunohistochemical analyses is recom-
mended. However, many points remain unresolved. For example,
this method could be reliable only for bio-accumulated metals, such
as Cd, but not for non-bio-accumulated metals, such as Ni, even
if they generate 8-OH-dG. To establish a bio-monitoring method
using earthworms for soil mutagenicity, further studies will be
required,
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Diabetic patients are prone to severe bacterial infections. The functional alterations of neutrophils by
hyperglycemia are thought to be partially responsible for such infections. In this study, we investi-
gated the functional changes of neutrophil-like differentiated cell lines (dHL-60, dTHP-1, and dNB-
4) by treatment with 5.5 mM, 11 mM, or 35 mM of glucose. In dHL-60 cells, the incubation with
high glucose (35 mM) resulted in the enhancement of cell aggregation, the suppression of cellular
fragility, the induction of reactive-oxygen species (ROS) production by phorbol myristate acetate
(PMA) stimulation, and the impairment of phagocytosis. In dTHP-1 cells, the treatment with higher
glucose generated the suppression of cellular fragility and extremely impaired phagocytosis (by
35 mM), and induced ROS production due to PMA stimulation (by 11 mM). Furthermore, the higher
glucose exposure to dNB-4 cells enlarged intracellular vacuoles (by 35 mM) and induced ROS pro-
duction due to PMA stimulation (by 11 mM). Since the ROS generation of those cells was enhanced
only after PMA stimulation under the higher glucose conditions, glucose may have a priming effect
rather than a triggering effect. These extraordinary sensitivities caused by the higher glucose treat-
ments may reflect the dysfunction or overactivation of neutrophils.
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1 Introduction

Severe bacterial infections are common in diabetic patients
with hyperglycemia [1]. Neutrophils serve as a first defense
line against pathogenic bacteria. The bactericidal activity of
neutrophil is primarily due to oxidative pathway. By the
assembly of enzymatic components (known as NADPH
oxidase) segregated into the cytoplasm and plasma mem-
brane of resting polymorphonuclear leukocyte (PMN) [2,
3], the bactericidal oxidants such as superoxide anion are
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produced from the activated neutrophils. Previous studies
have shown that PMN in diabetic patients have impaired
chemotaxis, phagocytosis, and oxidative and bactericidal
activities [4—9]. A possible explanation for the impairment
of PMN phagocytosis activities in diabetics is the influence
due to the elevation of serum glucose concentration [10]
and advanced glycation end-products (AGEs) [11, 12]. The
short-term treatment (30 min) of PMN from healthy donors
with high glucose concentration reduced the cellular respi-
ratory burst [13]. Moreover, neutrophils from poorly con-
trolled diabetics have impaired the ability of superoxide
generation in the response to formyl-Met-Leu-Phe (fMLP)
but not phorbol myristate acetate (PMA), and phospholi-
pase D activity is decreased in the response to fMLP [10].
However, the detailed mechanisms of functional abnormal-
ities of neutrophils under the hyperglycemic condition
remain elusive. In our preliminary ex vivo experiment for
8 h or more, it was hard to examine the neutrophil function,
because most neutrophils prepared from healthy humans
rapidly died due to apoptosis.

Human promyelocytic leukemia cell lines, HL-60, THP-
1, and NB-4, have been extensively used for several
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researches, e. g. the cellular differentiation and proliferation
[14, 15], in worldwide laboratories. All-trans retinoic acid
(ATRA) is well known as an inducer for cell differentiation,
in particular it promotes the granulocytic maturation of
human promyelocytic leukemia HL-60 cells [16~18]. The
ATRA-differentiated HL-60 cells acquire the ability of
reduction of nitroblue tetrazolium (NBT) [16~21], increase
the tissue transglutaminase expression [19], modulate the
proto-oncogene expression [20], induce the cell-surface
expression of the Mac-i antigen [22], and up-regulate the
protein kinase activity [21, 23]. NB-4 is a cell line derived
from an acute promyelocytic leukemia patient and its differ-
entiation can be induced by ATRA as well. Fleck et al. [24]
have assessed the morphological changes such as cell
spreading and flattening during the differentiation of HL-
60 and NB-4 with ATRA toward a neutrophil-like pheno-
type by scanning electron microscopy. The cell-cycle pro-
gression of human monocytic cell line THP-1 is regulated
by ATRA through the G1/S phase [25]. The mRNA expres-
sion of retinoic acid receptor (RAR) alpha of THP-1 cells is
induced by granulocyte macrophage colony-stimulating
factor (GM-CSF), and the NBT reducing activity of THP-1
cells is increased by the synergistic effect of ATRA and
GM-CSF [26]. The expression of CD11b antigen (a cell sur-
face marker of differentiation) on HL-60, NB-4 and THP-1
cells is increased by ATRA, as is phagocytosis activity [24,
25). Thus, the HL-60 and NB-4 cells differentiated with
ATRA, and the THP-1 cells differentiated with ATRA and
GM-CSF are probably available for analysis of neutrophil-
like function by treatment with high glucose for 24 h or
more as hyperglycemic models. The aim of this study is to
characterize the functional changes of those three differen-
tiated cell lines under hyperglycemic conditions.

2 Materials and methods

2.1 Cell cultures

Three human leukemia cell lines (HL-60, NB-4 and THP-
1) were maintained in RPMI 1640 medium including
11 mM glucose (a cell-maintaining medium, Iwaki, Japan)
supplemented with 10% feta] calf bovine serum (FCS) at
37°Cin 5% CO, atmosphere.

2.2 Cell differentiation

Cells were harvested during exponential growth and seeded
at a density of 2 x 10° cells/ mL. The HL-60 and NB-4 cells
were differentiated with 1 pM ATRA for 2 days in the cell-
maintaining medium including 11 mM glucose (dHL-60
and dNB-4). For the differentiation of THP-1, the cells were
cultured with 1 pM ATRA and 1 ng/mL GM-CSF for
2 days in the cell-maintaining medium (dTHP-1). The dif-
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ferentiation of those cells was monitored by NBT reducing
assay as described later. )

2.3 Treatment of cells with the different
concentration of glucose

The differentiated or non-differentiated cells cultured in the
cell-maintaining medium including 11 mM glucose were
washed with PBS before experiments. For the mimicry of
physiological conditions, the medium with addition of
5.5mM glucose in glucose-free RPMI 1640 (Invitrogen,
California, USA) was used. The cells (3 x 10° cells/mL of
each) were incubated with a 5.5 mM glucose-containing
medium (physiologic concentration), a 11 mM glicose-
containing medium (in vifro cell-maintaining concentra-
tion), a 35 mM glucose-containing medium (addition of
24 mM glucose in cell-maintaining medium, high concen-
tration), or a 24 mM mannitol-11 mM glucose-containing
medium (addition of 24 mM mannitol in the cell-maintain-
ing medium to rule out osmotic stress) for up to 4 days.

2.4 Cellular morphology, viability, vacuolization,
and fragility

To characterize cellular morphology, the cells were pre-
pared on glass slides by centrifugation using a Cytospin at
50 x g for 2 min, and the slides were air-dried, fixed in
methanol and stained with Diff-Quik (Dade Behring,
Illinois, USA) and were observed at a magnification of
1000 x under a light microscope. To examine cell viability,
the number of living and dead cells in the cultures was
determined by trypan blue dye exclusion under a phase con-
trast microscope. The ratio of living/dead cells was esti-
mated as cell viability. For the observation of cellular
vacuolization, the cells were stimulated with 10 ng/mL of
PMA for 10 min, cytospined, fixed, and stained with Diff-
Quik. The vacuolated cells were observed under a light
microscope. For analysis of cellular fragility, the cells were
stimulated with 10 ng/mL of PMA for 10 min, cytospined,
fixed, and stained with Diff-Quik, and the number of cells
was counted under a light microscope. The cells on the slide
lack fragile cells, which were destroyed physically by cyto-
spining. The percentage of cellular fragility was determined
by the following equation: % of cellular fragility =
[destroyed-Diff-Quik-stained cells/total-Diff-Quik-stained
cells] x 100. Each individual experiment was repeated at
least three times.

2.5 Cell aggregation assay

The number of aggregated cells and total cells was counted
under a phase contrast microscope. The percentage of cells
in aggregates was determined by the following equation: %

www.mnf-journal.com
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Figure 1. Morphological characteristics of non-differentiated and differentiated HL-60, NB-4, and THP-1 cells cultured with the
different concentration of glucose. The cell lines were maintained in RPMI 1640 medium containing 11 mM glucose (A: HL-60, E:
NB-4, I: THP-1). Differentiated cells were prepared by treatment with 1 uM ATRA for 2 days (dHL-60: B—D and dNB-4: F—H), or
with 1 uM ATRA and 1 ng/mL GM-CSF for 2 days (dTHP-1: J—L). The differentiated cells were further cultured for 4 days with
11 mM glucose (B, F, and J), 35 mM glucose (C, G, and K), and 24 mM mannitol-11 mM glucose (D, H, and L). All celis used were

stained with Diff-Quik.

of cellsin aggregates = [aggregated cells/total cells] x 100.
Each individual experiment was repeated at least three
times.

2.6 NBT reducing assay

The cells (0.4-1x 10° were centrifuged at 700 x g for
5 min, suspended with 1 mL PBS containing 2 mg/mL of
NBT and 10 ng/mL of PMA, and incubated for 60 min at
37°C. The reaction was terminated by the addition of
0.4 mL of 2 N HCI and kept cooling on ice for 30 min. After
centrifugation at 700 x g for 5 min, the formazan deposits
in the pellets were dissolved with 1 mL of DMSO, and the
absorbance at 540 nm was measured. Each individual
experiment was repeated at least four times. In some experi-
ments, after NBT treatments with or without stimulation of
PMA, the formazan-stained or non-stained cells were
directly observed under a phase contrast microscope.

2.7 Phagocytosis of yeast by differentiated cells

Yeast particles (Saccharomyces cerevisiae; Sigma-Aldrich,
Missouri, USA) were added to the suspension of differenti-
ated cells in HBSS containing 5% fresh human serum and
left in contact with the cells for 30 min at 37°C [27]. The
final concentrations of yeast and differentiated cells were
6.25x 107 particles/mL and 2.5 x 10¢ cells/mL, respec-
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tively. After centrifugation, the cell pellets were stained
with Ziehl's carbolfuchsin solution (Sigma-Aldrich). The
yeast particles outside the cells were stained red, and the
yeast particles completely ingested by the cells were pro-
tected from taking up the stain. The cells containing
unstained yeast particles were considered as cells capable
of phagocytosis.

2.8 Statistical analysis

Data are presented as mean = SD. Differences between
mean values were determined by ANOVA. Differences with
» <0.05 were considered statistically significant.

3 Results

Three human myeloid leukemia cell lines, HL-60, NB-4,
and THP-1, which were differentiated with ATRA alone or
with ATRA and GM-CSF in the cell-maintaining medium
containing 11 mM glucose for 2 days, showed PMN-like
cell morphologies and the ratio of cytoplasin to nucleus was
increased (Figs. 1A, B, E, E, I, and J). These differentiated
cells, dHL-60, dNB-4, and dTHP-1, acquired NBT reduc-
ing abilities and their CD11b expressions were increased by
FACS analysis (data not shown). By further treatment of the
differentiated cells with 35 mM glucose or 24 mM manni-
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Figure 2. Eifect of glucose on the cell concentration of dHL-
60. After differentiation, the cells were exposed to the condi-
tions of 5.5 mM glucose, 11 mM glucose, 35 mM glucose, and
24 mM mannitol-11 mM glucose for 4 days. The number of liv-
ing and dead cells was determined by trypan blue dye exclu-
sion under a phase contrast microscope and the sum is shown
as the cell concentration (cells/mL). Data are mean = SD from
three or more independent experiments performed in quadru-
plicate. *, p < 0.005.

tol-11 mM glucose for 4 days, there were little morphologi-
cal differences between those glucose- and mannitol-treated
cells (Figs. 1C, D, G, H, K, and L), and the cellular fragility
under high glucose condition with 35 mM was reduced in
the dHL-60 and dTHP-1 cells after PMA stimulation as
described later.

In healthy human blood, the glucose concentration is in
the range of 5—6 mM (in vivo), but the established cell lines
such as HL-60, THP-1, and NB-4 were usually maintained
with 11 mM glucose in RPMI 1640 medium (in vitro).
Therefore, we first examined the effects of three different
concentration of glucose, 5.5 mM (physiologic concentra-
tion), 11 mM (in vitro cell-maintaining concentration), and
35 mM (high concentration), on the differentiated cells. In
the cell concentration of dHL-60 (Fig. 2), no significant dif-
ference was found among the differentiated cells treated
with 5.5 mM glucose, 11 mM glucose, and 24 mM manni-
tol-11 mM glucose during the cultures for 4 days, whereas
the cell concentration in dHL-60 treated with 35 mM glu-
cose decreased approximately up to 65% of those in cells
treated with the other concentration of glucose (» < 0.005).
No effect of dNB-4 and dTHP-1 cells by treatment with
35 mM glucose for 4 days on the cell concentration was
found (data not shown). Cell viabilities (a ratio of living/
dead cells) of ANB-4 and dTHP-! cultured for 4 days with
5.5 mM glucose were significantly increased when com-
pared with those of the other concentrations of glucose
(Fig. 3, p < 0.05), but there was no significant difference
among the viability of dHL-60 cells treated with any differ-
ent concentration of glucose. These results suggest that the
culture for 4 days with higher glucose concentration (up to
35 mM) did not induce mortal damages such as cytotoxicity
in those cell lines.

By treatment of dHL-60 with 35 mM glucose for 4 days,
the cellular aggregation was increased (Fig. 4). The mean
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Figure 3. Effect of glucose on the cell viabilities of dHL-60,
dNB-4, and dTHP-1. After diiferentiation, the cells were
exposed to 5.5 mM glucose, 11 mM glucose, 35 mM glucose,
and 24 mM mannitol-11 mM glucose for 4 days. The numbers
of living and dead cells were determined by trypan blue exclu-
sion under the phase contrast microscope. The ratio of living/
dead cells was estimated as “cell viability”. Data are mean =
SD from three or more independent experiments performed in
quadruplicate. *, p < 0.005.
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Figure 4. Effect of glucose on the cellular aggregation of dHL-
60. The cells were exposed to 11 mM glucose, 35 mM glu-
cose, and 24 mM mannitol-11 mM glucose for 4 days. The
numbers of aggregated and total cells were counted under
microscope and the percentage was determined. Data are
mean = SD from three to six replicate cultures. Each individual
experiment was repeated a minimum of three times. *, p <
0.05.

value of aggregation under the high glucose condition with
35 mM was estimated to be 62.1 = 8.4%, while the corre-
sponding values under the conditions with 11 mM glucose
and 24 mM mannitol-11 mM glucose were 37.3 + 0.3% and
27.8 + 4.0%, respectively. Statistical analysis reveated that
the high glucose condition with 35mM significantly
enhanced the cellular aggregation (p < 0.05). Further PMA
stimulation did not affect the cell aggregation of dHL-60
cells (data not shown). The dNB-4 and dTHP-1 cells
showed no differences in the cell aggregation among treat-
ments with 35 mM glucose, 11 mM glucose, and 24 mM
mannitol-11 mM glucose. However, additional PMA stimu-
lation of dNB-4 and dTHP-1 cells treated with 35 mM glu-
cose promoted the cellular aggregations (data not shown).
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Figure 5. Effect of glucose on the intracellular vacuolation of dNB-4. The cells were exposed to 11 mM glucose (A), 35 mM glucose
(B), and 24 mM mannitol-11 mM glucose (C) for 4 days. After stimulation with 10 ng/mL of PMA for 10 min, the exposed cells were

stained with Diff-Quik. Arrows show cytoplasmic vacuoles.
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Figure 6. -Effect of glucose on the cellular fragility of dHL-60
(A) and dTHP-1 (B). The cells were exposed to 11 mM glu-
cose, 24 mM mannitol-11 mM glucose, and 35 mM glucose for
4 days. After stimulation with 10 ng/mL of PMA for 10 min, the
exposed cells were stained with Diff-Quik and counted. The
percentage of the cellular fragility was estimated by equation
in Section'2. Data are mean = SD from three to six replicate
cultures. Each individual experiment was repeated a minimum
of three times. *, p< 0.02. !

By PMA stimulation after incubation with 35 mM glu-
cose for 4 days (arrows in Fig. 5), the intracellular vacuola-
tion of dNB-4 cells was induced. An equal amount of
24 mM mannitol-11 mM glucose did not enlarge vacuoles,
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suggesting that osmotic pressure did not affect such vacuo-
lation. When the dNB-4 cells were not stimulated with
PMA, no difference of vacuolation was observed among the
cells treated with 35 mM glucose, 11 mM glucose, and
24 mM mannitol-11 mM glucose.

Since many fragile cells of dHL-60 and dTHP-1 were
observed by PMA stimulation, the effect of glucose on the
cellular fragility after PMA stimulation was examined. In
dHL-60 and dTHP-1 cells, the fraction of fragile cells was
reduced in the cultures with 35 mM glucose compared .to
the cultures with 11 mM glucose and 24 mM mannitol-
11 mM glucose for 4 days (Fig. 6, p < 0.02). In both dHL-
60 and dTHP-1 cells, the fragilities due to osmotic shock
were not observed as shown in treatment with 24 mM man-
nitol-11 mM glucose. The suppressions of cellular fragility
by the cultures with 35 mM glucose were observed only
when the cells were triggered with PMA.

Production of reactive-oxygen species (ROS), especially
superoxide anion, was determined by NBT reducing assay
in cells cultured with different concentration of glucose. In
all three differentiated cells cultured with 11 mM glucose
for 24 h, the superoxide production by PMA stimulation
were markedly increased compared to the culture with
5.5 mM glucose (Fig. 7A, p < 0.0002). In dHL-60 cultured
with 35 mM glucose for 24 h, the superoxide production of
the cells by PMA stimulation wasl.5-fold increased com-
pared to the cultures with 11 mM as well as 5.5 mM glucose
(Fig. 7B, p < 0.0001). However, the short-term treatment
for 5 h with 35 mM glucose did not affect the superoxide
generation of dHL-60 (Fig. 7C). The superoxide generation
of dNB-4 and dTHP-1 cells in culture with 35 mM glucose
for 24 h, 11 mM glucose, and 24 mM mannitol-11 mM glu-
cose was significantly increased compared with 5.5 mM
glucose (Fig. 7B, p < 0.0001). The induction of superoxide
production was not observed when these differentiated cells
were cultured with concentrations of glucose without the
PMA stimulation (Fig. 7A, and the microscopic observa-
tion of dHL-60 cells treated with 35 mM glucose as a repre-
sentative in Fig. 7D).
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Figure 7. Effect of glucose on the superoxide generation of dHL-60, dNB-4, and dTHP-1 with or without PMA stimulation. The super-
oxide generation of differentiated and glucose-treated cells was evaluated by NBT reduction assay. Data are mean = SD from three
or more independent experiments. (A) Superoxide generation of the PMA-stimulated or non-stimulated cells after the culture for 24 h
with 5.5 mM glucose (shaded bar) and 11 mM glucose (hatched bar). *, p < 0.0002. (B) Superoxide generation of the PMA-stimu-
lated cells after the culture for 24 h with 5.5 mM glucose {shaded bar), 11 mM glucose (hatched bar), 24 mM mannitol-11 mM glu-
cose (open bar), and 35 mM glucose (solid black bar). *, p < 0.0001. (C) Superoxide generation of the PMA-stimulated cells after the
culture for 5 h (short-term) with 11 mM glucose, 24 mM mannitol-11 mM glucose, and 35 mM glucose, no significance was observed.
(D) Morphological characteristics of the PMA-stimulated and non-stimulated dHL-60 cells cultured for 24 h with 11 mM glucose (a
and d), 35 mM glucose (b and €), 24 mM mannitol-11 mM glucose (¢ and f). The blue-colored dHL-60 observed under the phase
contrast microscope shows the formazan-depasited cells due to superoxide generation after PMA stimulation.
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