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with control mice.!> Another study reported that a high-fat meal did
not elicit changes in serum adiponectin compared with fasting base-
line levels in healthy male subjects.! Thus, the effects of dietary fat
intake on plasma adiponectin concentrations are unclear at present.

It is well established that atherosclerosis is a progressive multi-
factorial process that begins in early life.'>"!” However, few studies
have examined the risk factors of atherosclerosis development in
young women. In particular, the interaction between genes and
environmental factors in the development of early atherosclerosis in
young female populations is not clear. Thus, this study was designed
to investigate the association between ATIR A1166C and plasma
adiponectin concentrations in young female subjects. We also inves-
tigated the influence of ATIR A1166C on the correlation between
dietary fat intake and plasma adiponectin concentrations in these
subjects.

METHODS

Participants

Between July 2004 and December 2007, 416 students from 18 to 23 years of age
were recruited from Mukogawa Women’s University. We received approval
from the Institutional Review Board and written informed consent was
obtained from all participants in this study.

Body composition and biochemical measurements

Blood samples were taken from each of the participants in the morning
following overnight fasting. We measured the fasting plasma glucose, insulin,
hemoglobin Alc (HbAlc), lipoprotein lipase (LPL}, high-sensitivity C-reactive
protein {hs-CRP), free fatty acid (FFA) and serum lipid concentrations
including triglycerides (TG), high-density lipoprotein (HDL) cholesterol and
low-density lipoprotein (LDL) cholesterol by standard laboratory techniques.
Plasma levels of adiponectin and plasminogen-activator inhibitor 1 (PAI-1)
were measured with commercial kits. Body composition was determined by
dual-energy X-ray absorptiometry. Blood pressure was measured between 0900
and 1200h (noon), with participants resting in the sitting position. Intima-
media thickness (IMT) in the carotid artery was measured with the participants
in a supine position after a few minutes of rest. Indices of obesity and insulin
resistance were derived from body mass index (BMI) and a homeostasis model
assessment of insulin resistance (HOMA-IR), respectively.

Estimation of habitual food intake

Percentages of protein, fat and carbohydrate in the diet were estimated by using
the responses to a self-administered diet history questionnaire, developed for
use in the evaluation of nutrient intake levels and health education among both
healthy individuals and high-risk populations. The diet history questionnaire
was designed to obtain information about dietary habits for the previous
month with regard to total energy and 17 nutrients.'8

Determination of ATIR A1166C polymorphism genotypes
Genomic DNA was extracted from 200 pl of whole blood, following the blood
spin protocol recommended by the manufacturer for use of the QlAamp DNA
Blood Kit (Qiagen Inc., Valencia, CA, USA). ATIR A1166C polymorphism
genotypes were determined by the TagMan polymerase chain reaction method.
The primers and probes for genotype determinations were as follows: forward
primer 5-CATTCCTCTGCAGCACTTCACT-3', reverse primer 5-CGGTTC
AGTCCACATAATGCAT-3", probe for A (1166) 5-FAM-CAAATGAGCAT
TAGCTACMGB-3, probe for C (1166) 5-VIC-CAAATGAGCCTTAGCTACT-
MGB-3'. Each reaction included 1pl of the DNA sample including 30ng of
genetic DNA, 0.3 ul of each primer, 0.1pl of each probe, 5l of the TagMan
Universal Master Mix (Applied Biosystems, Foster City, CA, USA) and 3.2 ul of
sterile distilled water. Polymerase chain reaction cycling conditions were 1 cycle
at 95 °C for 10 min, 45 cycles at 92 °C for 155 and 60 °C for 1 min. Polymerase
chain reaction and allelic detection were carried out using an ABI Sequence
Detection System 7500 and allelic discrimination software, both from Applied
Biosystemns.

Hypertension Research

Ultrasound studies

IMT was measured by ultrasonic diagnosis equipment (Shimazu SDU-2200,
Shimazu, Tokyo, Japan) that was programmed with IMT software (Intima-
scope, Media Cross Co. Ltd., Tokyo, Japan) as described.’® This software
makes it possible to automatically recognize the edges of the internal and
the external membranes of the blood vessels and to automatically measure
the distance at a sub-pixel level (estimated to be 0.01 mm), using a three-
dimensional polynomial measurement formula,

Carotid artery ultrasonography was performed using a 10-MHz scanning
frequency in B mode. One skilled observer, blinded to the subjective data,
scanned the vessel in transverse planes. Subjects were examined in a supine
position. Images were obtained in the 20 mm proximal to the origin of the bulb
at the far wall of the right common carotid artery. In all subjects examined in
this study, no plaque was observed in this segment. Average IMT was the
average value of 250 computer-based points in the region.

Statistical analysis

Agreement with the Hardy—Weinberg equilibrium was tested by comparing
the observed and expected genotype frequencies of the participants using the
y-test for good fit with Fisher’s exact tests. On account of the very low
frequency of the 1166C allele, participants who were homozygous for CC
were combined in the analysis with those who were heterozygous AC to
increase the statistical power. Normality of variable distribution was tested by
the Kolmogorov-Smirnov test.

Quantitative data with a normal distribution were presented as the
mean * s.d., and data with a skewed distribution were presented as the median
(interquartile range). Comparisons between carriers of the C allele and non-
carriers were made using unpaired -tests for continuous variables with normal
distribution and with the nonparametric Mann—Whitney U-test for continuous
variables with a skewed distribution. Pearson’s and Spearman’s coefficients of
correlation were used as appropriate. A univariate generalized linear model was
used to test for the heterogeneity of regression. To examine the independent
contribution of the ATIR A1166C polymorphism to plasma adiponectin levels
when adjusting for the effects of other clinical characteristics, logistic regression
analysis with forward stepwise selection was used. For this analysis, participants
were divided into two groups at the median of plasma adiponectin concentra-
tions. We adjusted for confounders with the use of analysis of covariance
(ANCOVA). To normalize variables with skewed distributions, logarithm,
square root and inverse were used for data transformations as appropriate.
Data were analyzed with SPSS (release 16.0]; SPSS Japan, Tokyo, Japan) and
differences were considered significant with a P-value of <0.05.

RESULTS

Genotype and participant characteristics

We examined the influence of ATIR A1166C on anthropometric
features. The distributions of ATIR A1166C genotypes were as follows:
ATIR A1166C AA, 83.2% (n=346); AC, 15.9% (n=66); and CC, 0.9%
(n=4). The observed genotype frequencies in this study were in the
Hardy-Weinberg equilibrium (32=0.185, P=0.912) and were similar
to results from previous studies of Japanese populations.”® There were
no significant differences between carriers of the C allele and non-
carriers in terms of age, height, weight, BMI, SBP, DBP, pulse rate,
trunk fat mass, plasma concentrations of lipoproteins, plasma fasting
glucose levels, HOMA-IR, HbAlc or IMT (Table 1). However, plasma
adiponectin concentrations were significantly lower in carriers of the
C allele compared with non-carriers. For comparison of plasma
adiponectin concentrations between genotype groups, we used
ANCOVA with BMI, HDL-Ch and HOMA-IR as covariates. The
results of the evaluation of the assumptions of normality for sampling
distributions and the homogeneity of variance were satisfactory. After
adjustment by covariates, plasma adiponectin levels were significantly
lower in carriers of the C allele compared with non-carriers (P=0.043)
(Table 2). As shown in Table 3, multiple logistic regression analysis
with forward stepwise selection, after controlling for age, BMI,
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Table 1 Characteristics and plasma adipocytokine concentrations of carriers and non-carriers of the C allele of the ATIR A1166C

polymorphism

n AA n AC+CC P-value
Age (years) 346 20.0 (20.0-21.0) 70 20.0(19.0-21.0) 0.050
Height (cm) 346 160.4 (157.0-164.2) 70 162.4 (158.3-166.0) 0.053
Weight (kg) 346 53.2 (49.3-58.8) 70 54.7 (50.3-60.4) 0.215
BMI (kgm~2) 346 20.6 (19.4-22.1) 70 20.6 (19.4-22.0) 0.878
TG (mgdl—1) 346 52.0 (41.0-68.3) 70 45,5 (38.8-67.3) 0.149
HDL-Ch (mgdl~1) 346 74.0 (67.0-84.0) 70 74.0 (63.8-82.3) 0.474
LDL-Ch (mgdi-1) 346 93.4 (78.8-109.7) 70 90.2 (77.0-105.9) 0.242
Glucose (mgdl—1) 346 83.0(79.0-88.0) 70 83.0 (80.8-89.0) 0.440
HbAlc (%) 346 4.8 (4.6-5.0) 70 4.7 (4.6-4.9) 0.145
HOMA-IR 342 1.1(0.7-1.5) 69 1.0(0.7-1.6) 0.792
LPL {ngdl~1) 220 72.2 (60.2-85.3) 40 79.5 (65.0-96.8) 0.088
SBP (mm Hg) 346 106.5 (100.0-112.6) 70 106.0 (99.0-113.1) 0.699
DBP (mm Hg) 346 60.0 (55.5-66.1) 70 60.3 (56.0-66.8) 0.892
Pulse rate (beats/min) 344 60.0 (55.0-66.0) 70 60.5 (563.0-69.0) 0.781
Trunk fat mass (kg) 343 6.5 (5.3-8.1) 69 6.6 {5.2-7.7) 0.791
IMT (mm) 122 0.41 (0.37-0.45) 18 0.44 (0.40-0.47) 0.054
Adiponectin (ugmi~!) 346 11.1(8.4-14.2) 70 10.2 (7.6-13.2) 0.021*
PAI-1 {(ngmi~1) 345 19.0 (13.0-26.0) 69 19.0 (13.0-25.5) 0.785

Abbreviations: BM!, body mass index; DBP, diastolic blood pressure; HDL, high-density lipoprotein, HOMA, homeostasis model assessment; IM7, Intima-media thickness; LDL, low-density
lipoprotein; PAI-1, ptasminogen-activator inhibitor 1; SBP, systolic blood pressure. Values are expressed as median {(interquartile range). *P<0.05.

Table 2 Analysis of covariance of genotype groups of ATIR A1166C
toward plasma adiponectin concentration, with BMI, HDL-Ch and
HOMA-IR as the covariates

Adjusted sum
Source of variance of square d.f. F B P-value
BMI 3.184 1 8.567 17.187 0.004**
HDL-Ch 13.164 1 35.459 0.229  <0.001**
HOMAIR 0.088 1 0.264 -0.061 0.608
Genotype 1.531 1 4123 -0.164 0.043*

Abbreviations: BMI, body mass index; HDL, high-density lipoprotein; HOMA, homeostasis model
assessment.

Data transformation: BMI; Inverse, HDL-Ch; Square root, HOMA-IR; Logarithm. d.f.; degree of
freedom, F:F value, B: standardized partial regression coefficient. *P<0.05, **P<0.01. Values
are expressed as median {interquartile range).

Table 3 Stepwise logistic regression analysis with above and below
the median of plasma adiponectin concentrations as the dependent
variable and selected variables as the independent variable

95% Confidence interval
for odds ratio

Variables 8 s.e P-value  Odds ratio Lower Upper
C allele 0.720 0.291 0.010 2.055 1.184 3.565
BMI 0.104 0.045 0.022 1.110 1.015 1.213
HDL-Ch  -0.036 0.008 <0.001 0.965 0.950 0.980

Abbreviations: BMI, body mass index; HDL, high density lipoprotein; TG, triglycerides.
B: partial regression coefficient. Not accepted variables were age, TG, HOMA-IR.

HDL-Ch, triglycerides and HOMA-IR, showed that the genotype with
the C allele of the ATIR A1166C polymorphism was the strongest and
the most independent determinant of lower plasma adiponectin

concentrations (odds ratio: 2.055, 95% CI: 1.184-3.565, P=0.010),
followed by BMI (odds ratio: 1.110, 95% CI: 1.015-1.213, P=0.022)
and HDL-Ch (odds ratio: 0.965, 95% CI: 0.950-0.980, P<0.001).
There were no significant differences, however, in plasma PAI-1
concentrations between these two groups.

Next, we examined whether clinical parameters differed between the
participants in the lowest quartile of plasma adiponectin concentra-
tions and those in the highest quartile. The participants in the lowest
quartile of plasma adiponectin concentration showed significantly
lower HDL-Ch and LPL levels and higher BMI and trunk fat mass
when compared with participants in the highest quartile. Importantly,
carotid IMT levels were significantly higher in the lowest quartile of
plasma adiponectin concentrations than those in the highest quartile.
No significant differences in low-density lipoprotein cholesterol,
triglycerides, HOMA-IR and blood pressure, however, were observed
between these groups (Table 4).

Correlations between percentage of fat in the diet and plasma
adiponectin concentrations in the genotype groups

Next, we examined the effects of dietary fat intake on plasma
adiponectin concentrations in' both  genotypes. There were no
significant differences in the mean or median intake of protein, fat
and carbohydrate in the diet between carriers of the C allele and
non-carriers (Table 5). Unexpectedly, a weak but significant positive
correlation was found between the estimated percentages of fat in the
diet and plasma adiponectin concentrations in non-carriers of the C
allele (r=0.161, P=0.004) but not in carriers (r=0.148, P=0.263).
There was no significant difference between the slopes of regression for
carriers and non-carriers of the C allele (P=0.731) (Figure 1).

DISCUSSION

In this study, we found that plasma adiponectin concentrations were
significantly lower in carriers of the C allele of the ATIR A1166C gene
polymorphism compared with non-carriers among a population of
young Japanese women. To our knowledge, this report is the first to
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Table 4 Characteristics of the participants in the lowest or highest quartiles of plasma adiponectin concentrations

Plasma adiponectin concentrations

n The lowest quartile < 8.3 n The highest quartile 13.9< P-value
BMI (kgm~2) 104 21.0(19.7-22.4) 105 20.4 (19.2-22.0) 0.016*
Trunk fat mass (kg) 104 7.1(6.7-9.4) 104 6.5 (5.3-7.4) 0.003**
HDL-ch (mgdl™1) 104 69.0 (61.0-78.0) 1056 78.0 (68.0-90.0) <0.001**
LDL-ch (mgd!~!) 104 93.5+22.4 105 93.0+23.1 0.869
TG (mgdi—1) 104 60.5 (42.0-75.5) 105 52.0 (38.5-65.5) 0.060
LPL (ngmi~1) 58 63.9 (55.1-76.1) 79 79.4 (69.0-96.2) <0.001**
HOMA-IR 102 1.06 (0.74-1.67) 104 1.09 (0.73-1.55) 0.730
Glucose (mgdi—1) 104 83.716.5 105 83.3+7.8 0.747
HbAlc (%) 104 4.8 (4.6-5.0) 105 4.7 (4.6-4.9) 0.390
Leptin (ngmi~1) 104 8.1 (5.3-10.9) 105 6.9 (6.2-9.5) 0.049*
SBP (mm Hg) 104 106.0 (99.6-114.8) 105 108.0 (102.5-113.0) 0.409
DBP (mmHg) 104 61.8(55.1-67.4) 105 62.5 (57.0-68.0) 0.260
Puise rate (beats/min) 104 62.0 (55.3-67.8) 105 58.0 (53.0-67.0) 0.124
IMT (mm) 40 0.4310.06 45 0.39+0.06 0.003**

Abbreviations: BMi, body mass index; DBP, diastolic blood pressure; HbAlc, hemoglobin Alc; HDL, high-density fipoprotein, HOMA, homeostasis model assessment; IMT, intima-media thickness;

LDL, low-density lipoprotein; LPL, lipoprotein lipase; SBP, systolic blood pressure; TG, triglycerides.

Values are expressed as median (interquartile range) or meants.d. *P<0.05, **P<0.01.

Table 5 Estimated habitual food intakes in carriers and non-carriers of the C allele of the ATIR A1166C polymorphism

n AA n AC+CC P-value
Fat {percentage of energy) 309 30.1 (26.0-33.2) 59 30.4 (27.0-33.6) 0.852
Carbohydrate (percentage of energy) 309 54.8 (51.0-58.9) 59 55.5 (50.7-58.9) 0.996
Protein (percentage of energy) 309 13.3+2.0 59 13.2+2.3 0.803

Values are expressed as median (interquartile range) or mean ts.d. *P<0.05.
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Figure 1 Correlations between dietary fat intake (percentage of energy) and
plasma concentrations of adiponectin.

show that the ATIR A1166C polymorphism may influence changes in
plasma adiponectin concentrations in humans. Adiponectin is a
unique and essential adipocytokine that is produced very abundantly
from adipocytes and is stably present in the plasma at very
high concentrations. Recent studies emphasize the part played by
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adiponectin in the homeostasis of adipose tissue and in the pathogen-
esis of the metabolic syndrome and atherosclerosis.?! Adiponectin
levels are positively correlated with HDL-cholesterol but inversely with
insulin; the levels are reduced in obesity and type II diabetes’ and
lower in hypertensive patients compared with normotensive
patients.”? Plasma concentrations of adiponectin are, however, stable
throughout the menstrual cycle?® and also not affected by menopause
in healthy women.?*

Interestingly, participants in the lowest quartile of plasma adipo-
nectin concentration had lower HDL-Ch and LPL levels and higher
trunk fat mass compared with those in the highest quartile. In
addition, the participants in the lowest quartile had thicker carotid
IMT levels compared with those in the highest quartile. These results
suggest that carriers of the C allele with lower adiponectin concentra-
tions may be more susceptible to the development of atherosclerosis.

Although the mechanism underlying lower adiponectin concentra-
tions in carriers of the C allele of the ATIR A1166C gene polymorph-
ism is not clear at present, a silent polymorphism, A1166C, occurs in
the 3-untranslated region of the human ATIR gene that can lead to
increased AT1R densities.” This suggests that the effect of All may be
enhanced in carriers of the C allele of the ATIR A1166C polymorph-
ism.#25-27 Tt is noted that All infusion decreases plasma adiponectin
levels through its type 1 receptor in rats,'® and treatment with an All
type 1 receptor antagonist increases plasma adiponectin levels in
hypertensive patients.!? These results suggest that a difference in
activation of the local RAS may be directly involved in the variation
between genotypes with regard to plasma adiponectin concentrations.
However, further investigation is required to confirm this hypothesis.



In this study, we also found a genotype-dependent correlation
between the percentage of fat in the diet and plasma adiponectin
concentrations. Unexpectedly, there was a weak but significant positive
correlation between plasma adiponectin concentrations and percen-
tage of fat in the diet in non-carriers of the C allele, but not in carriers.
Although the mechanism of this result is not clear, it was reported
earlier that no correlation was found between dietary fat intake and
plasma adiponectin concentration in humans,'* suggesting that this
relation may be specific for this genotype. Follow-up studies are
necessary to clarify these points.

In conclusion, we showed that plasma adiponectin concentrations
were associated with the C allele of the ATIR gene in young healthy
women and that the ATIR genotype might affect plasma levels of
adiponectin when these young women consume a high-fat diet. These
results suggest that genotyping of the ATIR A1166C polymorphism
may help to prevent the development of metabolic syndrome and
atherosclerosis in young women.
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Abstract. Obesity and systemic oxidative stress are closely related. However data concerning the relationships between
oxidative stress and body fat mass distribution are sparse. Anthropometric and metabolic profile was evaluated in 148
clinically healthy middle-aged women to assess the correlations between oxidative stress, fat mass distribution, adipokines,
and inflammatory markers. Systemic oxidative stress was assessed by urinary creatinine-indexed 8-epi-prostaglandin F-,,
(8-epi-PGF,,). Body fat mass distribution was examined by dual-energy X-ray absorptiometry (DXA). Lipid profile,
adipokines and inflammatory markers including leptin, adiponectin, high sensitive C-reactive protein (hsCRP), plasminogen
activator inhibitor-1 (PAI-1), tumor necrosis factor-a (TNF-u) were determined. We found body mass index (BMI), waist
circumference (WC), both central and peripheral DXA-derived regional fat mass (FM) accumulations were positively
correlated with 8-epi-PGF,,. Leptin, hsCRP and PAI-lalso positively associated with 8-epi-PGF,,. After adjustment for
BMI and WC, lower-body FM, total FM and PAI-1 retained significant association with 8-epi-PGF,,. Mutliple linear
regression analyses indicated lower-body FM and PAI-1 were the two important predicators of 8-epi-PGF,,. These results
suggest that DXA-derived regional FM indices, especially low extremity adiposity, are more closely associated with
systemic oxidative stress than indirect anthropometric indices. Positive associations between 8-epi-PGF,, and PAI-1,
hsCRP, leptin support the notion that oxidative-stress-induced dysregulation of inflammation and adipokines may mediate

the obesity-related metabolic derangement.

Key words: Oxidative stress, Body fat distribution, Adipokines

(Endocrine Journal 56: 773-782, 2009)

OBESITY is the principle causative factor and main
component of metabolic syndrome (MetS) [1]. MetS is
associated with high risk for the development of dia-
betes and cardiovascular diseases (CVD)[2]. However,
the underlying mechanisms linking obesity with MetS
have not been fully elucidated. It is well known that
overproduction of some adipokines, including TNF-a
[3] and PAI-1 [4] in adipose tissue may lead to the de-
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velopment of insulin resistance and atherosclerosis.
But the factors regulating the production and secretion
of such adipokines in adipose tissue have not been
clearly understood.

Oxidative stress is one of the important pathways
that involves in atherosclerosis [5, 6], endothelial dys-
function [7] and diabetes [8]. Recently it is reported
that in cultured adipocytes, increased oxidative stress
may cause deregulated production of adipokines, in-
cluding leptin, adiponectin, PAI-1 and monocyte
chemotactic protein-1 (MCP-1) thus lead to metabolic
derangements [9]. Various cross-sectional studies impli-
cated a significant positive relationship of systemic oxi-
dative stress with obesity—related indices such as BMI
and WC [9-12]. Obesity is regarded as a hyper-oxida-
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tive and chronic inflammatory status, the significant
interrelationships among obesity-related indices, oxida-
tive stress, inflammatory markers and adipokines have
been well documented [10, 11, 13-15]. However, most
of the studies just examined the indirect anthropomet-
ric indices such as BMI and WC as well as their rela-
tionships with systemic oxidative stress [10, 11, 15],
or focused on the association between certain regional
adiposity (abdomen) and oxidative stress without tak-
ing total body FM and pattern of distribution into con-
sideration [12, 16]. Because adipose tissue accumu-
lating in different anatomic compartments (regional
adiposity) may have unique characteristics related to
different expression of enzymes and receptors involv-
ing in triglyceride synthesis [17], lipolysis [18] and
adipokine synthesis [18], and lines of evidence also
suggested that different regional adiposity have differ-
ent clinical implications [19], for instance, abdominal
(central) adiposity is closely related with high CVD
risks [2] whereas lower-body (peripheral) adiposity is
reported to relate with a favorable lipid profile against
the adverse effects of obesity [19-22]. Therefore it is
essential to exam the relationship between regional
adiposity and oxidative stress, and to further identify
the role of oxidative stress in mediating metabolic ef-
fects of regional adiposity. Until now regional adipos-
ity and its correlation with systemic oxidative stress
has not been well documented.

In the present study, cross-sectional study was con-
ducted in a middle-aged clinically healthy female cohort.
Systemic oxidative stress was evaluated by urinary cre-
atinine-indexed 8-epi-prostaglandin F,, (8-epi-PGF,,),
a validated biomarker of oxidative stress [23]. Body fat
mass distribution was examined by dual-energy X-ray
absorptiometry (DXA). Their relationships with obesity-
related metabolic characteristics, including inflammato-
ry markers, adipokines, and lipid profile were investi-
gated. Men and women have different FM distribution
pattern. FM tends to depot in the abdominal/central re-
gion in men whereas women tend to accumulate FM in
the lower-body/peripheral region [24]. Substantial evi-
dence has demonstrated that sex-differences in the FM
distribution may lead to distinct metabolic outcomes
[25], therefore this study we only included women as
subjects in order to keep the confounding factors as
low as possible.

Materials and Methods
Subjects

148 middle-aged (39-60 years) clinically healthy
women participated in this study. There were 137
(92.6%) pre-menopause and 11 (7.4%) post-meno-
pause women, Subjects with clinical diagnosed endo-
crine, cardiovascular, hepatic, renal diseases, hormon-
al contraception or replacement, cigarette smokers and
alcohol consuming >40g/day were excluded. Nobody
received any medications or antioxidative vitamins.
The study was approved by the Ethics Committees of
Mukogawa Women’s University and written informed
consents were obtained from all participants.

Anthropometry, body composition and fat mass distri-
bution

Body weight, height, WC were measured following
standard procedures and BMI was calculated. DXA
with a scanner (Hologic QDR-2000, software version
7.20D, Bedford, MA) was applied to measure body
mass distribution. This method uses a three-compart-
ments model of body mass and provides an estimate of
regional fat mass (FM), lean tissue and bone mineral.
A scanned image of the whole body was divided into
six subdivisions: head, trunk, left and right arms and
lower-body (Fig. 1). The dividing borders between
those subregions were differentiated by a line under-
neath the chin, a line between the humerus head and
the glenoid fossa, and a line at the femoral neck. The
trunk region included the chest and abdomen, exclud-
ing the pelvis. The lower-body region included the en-
tire hip, thigh, and leg [25]. Regional FM ratios (%FM)
were expressed as percentage of regional fat tissue
weight/regional body weightx100%. DXA is consid-
ered to be the gold standard for determination of body
fat and pattern of distribution with lower radiation ex-
posure and less time-consuming compared with com-
puter tomography (CT) scan [26, 27] .

Insulin, glucose, and insulin resistance

Blood samples were obtained in the morning after 12-
hr overnight fast. Insulin resistance determined by ho-
meostasis model assessment (HOMA-IR) were calculat-
ed using fasting plasma glucose and insulin levels [28].
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Fig. 1. Standard regions of a dual-energy X-ray absorptiometry scan
1, head; 2, trunk; 3, arms; 4, lower-body

Plasma lipids, lipoprotein, and Apo measurements

Serum lipids [triglycerides (TG), total choles-
terol (TC), high-density lipoprotein cholesterol
(HDL-C) | were measured using an autoanalyzer
(AU5232, Olympus, Tokyo, Japan). Apolipoprotein
A-1 (ApoAl), and apolipoprotein B-100 (ApoB) were
measured by respective commercially available kits
using an Olympus autoanalyzer (AU600, Mitsubishi
Chemicals, Tokyo, Japan). Low-density lipopro-
tein cholesterol (LDL-C) was determined using the
Friedewald formula [29]. Small density LDL-C (sd
LDL) was measured by a precipitation method de-
scribed elsewhere [30].

Oxidative stress, adipokines, and inflammatory markers

Urinary 8-epi-PGF,, was measured in the first-void-
ed morning urine sample with an enzyme-liked immu-
nosorbent assay (8-Isoprostane EIA kit, Cayman, Ann
Arbor, MI). Intra- and inter- assay CV were 7.5% and
9.2%, respectively. Urinary 8-epi-PGF,, was indexed
to creatinine as picograms per milligram creatinine.
Adiponectin was assayed by a sandwich enzyme-
linked immunosorbent assay (Otsuka Pharmaceutical
Co., Ltd., Tokushima City, Japan). Intra- and. inter-
assay CV were 3.3% and 7.5%, respectively. Leptin
were assessed by a RIA kit from LINCO research (St.

Charles, MO, interassay CV=4.9%). Highly sensi-
tive C-reactive protein (hsCRP) was measured by an
immunoturbidometric assay with the use of reagents
and calibrators from Dade Behring Marbura GmbH
(Marburg, Germany; interassay CV<5.0%). TNF-a
were measured by immunoassays (R&D Systems,
Inc., Minneapolis, MN, interassay CV = 6.0%). PAI-1
was measured by an ELISA method (Mitsubishi
Chemicals, interassay CV= 8.1 %). For statistical
analysis, serum concentrations of hsCRP and TNF-a
below the limit of detection were assigned a value of
50pg/liter and 50pg/mL (the lowest limit of detection),
respectively.

Statistics

Data were presented as mean+SD. Due to devia-
tion from normal distribution, hsCRP was logarithmic
transformed for analysis. Means differences among
groups were compared by nonparametric Mann-
Whitney U test or ANOVA with Bonferroni correction
for multiple comparisons, Univariate correlations of
urinary 8-epi-PGF,, with regional FM distribution, and
other metabolic parameters were evaluate with both
Spearman’s rank order and Pearson correlation coef-
ficients. Both methods gave practical identical results,
and only Spearman’s coefficients were reported here.
Stepwise multiple regression analyses were performed
to further indentify the most significant variables con-
tributing to the variation of 8-epi-PGF,,. All the vari-
ables with significant associations with 8-epi-PGF,, in
univariate analyses were entered into the model simul-
taneously. In each following step, the variable hav-
ing the least significant P value was excluded from the
model. Finally, all variables with P<0.05 remained in
the model. Standardized B3-estimate was used to deter-
mine which variable had the strongest effect on 8-epi-
PGF,,. A two-tailed P<0.05 was considered statisti-
cally significant. All calculations were performed with
SPSS system 15.0 (SPSS Inc, Chicago, IL).

Results

According to the Asian-Pacific redefining crite-
ria of obesity {31], there were 106 normal weight
(BMI<23kg/m’) and 42 over weight (BMI>23kg/m’)
subjects and nobody could be classified as MetS ac-
cording to NCEP ATP 1II [32], IDF [33], or Japanese
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Table 1. Anthropometric and metabolic characteristics of the subjects

Normal weight

Over weight

(n=102) (n=46) P value
Age (year) 49.743.6 50.0£3.7 0.914
BMI (kg/m?) 20.4£1.5 25.442.0 <0.001
Waist circumeference (cm) 75157 86.6+6.9 <0.001
Total FM (kg) 13.43544.184 21.957+4.967 <0.001
%Total FM 27.346.2 36.4%5.2 <0.001
Trunk FM (kg) 7.066+2.502 12.27642.855 <0.001
%Trunk FM 29.4+7.5 40.4+5.7 <0.001
Arm FM(kg) 1.189+0.536 2.11740.64 <0.001
Y%Arm FM 24.8+8.1 34.446.1 <0.001
Lower- Body FM (kg) 4.606+1.361 6.809+1.881 <0.001
%Lower- Body FM 28.2+5.9 34.946.1 <0.001
HbAc (%) 5.0+0.3 5.3+0.6 <0.001
HOMA-IR 1.03+0.57 1.61+0.83 <0.001
Triglyceride (mmol/L) 0.85+0.35 1.06+0.48 0.011
Total Cholesterol (mmol/L) 5.79+0.89 5.77+0.92 0.969
HDL Cholesterol (mmol/L) 2.09+0.38 1.80+0.41 <0.001
LDL Cholesterol (mmol/L) 3.3140.74 3.48+0.82 0.255
sd LDL (mg/dL}) 15.15+8.23 22.55+10.11 <0.001
ApoAl (mg/dL) 182.0+21.3 168.6+21.5 0.001
ApoB (mg/dL) 89.7+18.3 99.3+20.0 0.003
Leptin {ng/mL) 5.943.1 11.346.0 <0.001
Adiponectin (ug/mlL.) 12.6£5.2 10.1£3.9 0.004
PAI-1 (ng/mL) 19.5¢11.2 337177 <0.001
LogCRP 1.28+0.49 1.71+0.49 <0.001
TNF-a (pg/mL) 0.75+0.32 0.83+0.49 0.413
sBP (mmHg) 116.2+11.6 131.7+18.0 <0.001
dBP (mmHg) 71.349.1 78.5£12.5 0.001
8-epi-PGF,, (pg/mg.creatinine) 338.6%133.7 430,44258.3 0.008

Data are the means:SD.BMI, body mass index; FM, fat mss; HOMA-IR, homeostasis
model assessment of insulin resistance; sBP, systolic blood pressure; dBP, diastolic blood

pressure; sd LDL, small density LDL.

criteria [34]. Their anthropometric and metabolic
characteristics were presented in Table 1. Over weight
subjects showed higher both indirect anthropometric
measurements (BMI, WC) and direct anthropomet-
ric measurements (DXA-indices), all the P<0.001. For
lipid profile, TG, HDL-cholesterol, sd LDL, ApoAl
and ApoB were difference between two groups.
HOMA-IR was significantly higher in over weight
than normal weight (P<0.001). For adipokines and in-
flammatory markers, leptin, adiponectin, Log (hsCRP),
PAI-1 were significantly different between two groups.
Urinary 8-epi-PGF,, excretion of over weight subjects
was ~ 30% higher than that of normal weight women
(P=0.002). We also used 25kg/m* as BMI cutoff point

to divide total subjects into normal weight and over
weight group, and the comparisons gave the approxi-
matively identical results (data not shown).

In the univariate correlation analyses (Table 2),
8-epi-PGF,, correlated with all anthropometric param-
eters, systolic BP and diastolic BP. Among them, the
strongest correlations were found among 8-epi-PGF,,
lower-body FM, total FM and trunk FM (r=0.353,
0.295, and 0.263, all the P<0.001, Fig.2A, 2B, 2C).
For metabolic parameters, 8-epi-PGF,, had signifi-
cant correlations with PAI-1 (r=0.237, P<0.05), [Log
(hsCRP), r=0.164, P<0.05], leptin (=0.175, P<0.05).
According to the body FM content (%total FM), 148
women were stratified into high (>30%, n=72) and
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Table 2. Characteristics of all subjects and correlation coefficients with 8-epi-PGF2a

Total subjetcs

(n=148) Mean+SD r P value
Age (year) 49.843.6 0.056 0.499
BMI (kg/m’) 22.0+2.8 0.238 0.004
Waist circumeference (cm) 78.7+8.1 0.230 0.009
Total FM (kg) 16.062+5.929 0.295 <0.001
%Total FM 30.1+7.3 0.290 <0.001
Trunk FM (kg) 8.672+3.552 0.263 0.001
%Trunk FM 32.9+8.7 0.246 0.003
Arm FM (kg) 1.475+0.712 0.250 0.002
%Arm FM 27.8+8.8 0.254 0.002
Lower-Body FM (kg) 5.285+1.842 0.353 <0.001
%Lower- Body FM 30.3%6.7 0.342 <0.001
HbA (%) 5.1%0.4 0.100 0.225
HOMA-IR 1.2120.71 0.088 0.288
Triglyceride (mmol/L) 0.92+0.4 -0.029 0.725
Total Cholesterol (mmol/L) 5.78+0.9 -0.122 0.138
HDL Cholesterol (rnmol/L) 2.00+0.41 -0.036 0.66
LDL Cholesterol (mmol/L) 3.37+0.77 -0.146 0.077
sd LDL (mg/dL) 17.4849.47 -0.141 0.14
ApoAl (mg/dL) 177.9+22.2 -0.014 0.867
ApoB (mg/dL) 92.7£19.3 -0.087 0.292
Leptin (ng/mL) 7.6+4.9 0.175 0.033
Adiponectin (pg/mL) 11.8+4.9 0.083 0314
PAI-1 (ng/mL) 23.9+15 0.237 0.018
LogCRP 1.41+0.53 0.164 0.021
TNF-u {pg/mL) 0.77+0.38 0.047 0.569
sBP (mmHg) 120.0+15.6 0.199 0.015
dBP (mmHg) 73.5+10.8 0.149 0.041
8-epi-PGFza (pg/mg.creatinine) 367.1:185.8

Data are the means+SD.BMI, body mass index; FM, fat mss; HOMA-IR, homeosta-
sis mode! assessment of insulin resistance; sBP, systolic blood pressure; dBP, dia-
stolic blood pressure; sd LDL, small density LDL.

normal (<30%, n=76) subgroups. Significant correla-
tions between lower-body FM and urinary 8-epi-PGF,,
excretion were observed in both two groups (for high
FM content group, r=0.224, P=0.048; for normal FM
content group, r=0.315, P=0.007).

Because there were strong interrelationships be-
tween BMI, WC and DXA indices, all the univari-
ate analyses were repeated after adjustment for BMI
and WC. After this correction, the following param-
eters retained significant correlations with 8-epi-
PGF,,: lower-body FM (partial r=0.262 P=0.004), to-
tal FM (partial r=0.218 P=0.018) and PAI-1 (partial
r=0.208 P=0.024). Associations between 8-epi-PGF,,
and BMI, WC were disappeared after adjustment for

DXA-derived total FM.

The stepwise regression analysis revealed that
11.2% variance of in 8-epi-PGF,, in all study subjects
was predicted by lower-body FM and PAI-1 (Table
3). Lower-body FM was the first variable accepted in
the model, which account for 8.4% of the variance of
8-epi-PGF,,. PAI-1 was the second variable accepted
in the model, which contribute 5.0% variance of 8-epi-
PGF,, independently.

We compared the urinary 8-epi-PGF,, levels divid-
ed by tertile of trunk FM and WC, two surrogate in-
dices for visceral fat accumulation. Among all sub-
jects, 8-epi-PGF,, were significantly increased across
the low, middle and high categories of trunk FM
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(for trunk FM category: 334.6+158.0, 346.8+115.3,
424.24253.0, P for trend <0.01) and WC (for WC cat-
egory: 334.6x135.8, 337.3+129.0, 428.1+252.0, P for
trend <0.01). Finally, by using Japanese criteria [34]
the subjects were divided into 3 groups according to
their components of MetS: with 0 risk factor (n=81), 1
risk factor (n=37) and >2 risk factors (n=30). Urinary
8-epi-PGF,, excretion were significantly higher in 2 or
more risk factors group than 0 and 1 risk factor groups
(460.0+204.1 vs 337.8+135.9, 355.9+127.1, P=0.002
and 0.020, respectively).
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Table 3. Multiple regression analysis for estimation of 8-epi-
PGF2a in 148 healthy middle-aged women.

Independent standard Adjusted

P value
variables B coefficients R’
constant 174 <0.001
lower-body FM  0.258 0.084 0.002
PAI-1 0.190 0.112 0.019

n=148, This model includes all the variables which have signifi-
cant association with 8-epi-PGF,. in Table 2.

Discussion

Oxidative stress is recognized to be a prominent
feature of CVD [5, 6] and MetS [16, 35]. The mea-
surement of F2-isoprostane is the most reliable ap-
proach to estimate oxidative stress status and lip-
id peroxidation in vivo [26]. In the present study, we
demonstrated that all the DXA-derived fat mass indi-
ces have positive relationships with systemic oxidative
stress in healthy middle-aged women. Furthermore,
the observations that subjects with higher trunk FM,
WC and more number of MetS components also had
higher 8-epi levels suggest the close relationship be-
tween oxidative stress and MetS. Our findings not
only confirm the previous studies that oxidative stress
is correlated with indirect body fat mass measures
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(BMI and WC), but also provide evidence that regional
fat mass accumulations are closely correlated with oxi-
dative stress. Among them, lower-body FM is strongly
associated with systemic oxidative stress. In addition,
relationships among oxidative stress to inflammatory
markers (hsCRP, PAI-1) and adipokines (leptin) were
also observe in this healthy female cohort.

To our knowledge, the present study is the first to
evaluate the relation between DXA regional adipos-
ity and systemic oxidative stress indicated by urinary
8-epi-PGF,, excretion. We found that indirect anthro-
pometric measures of BMI and WC exhibited strong
correlations with oxidative stress. However the value of
these simple anthropometric measures in explaining the
oxidative stress level was somewhat lower after adjust-
ment for DXA-indices. Thus, although BMI and WC
represent an useful markers of oxidative stress, DXA-
indices exhibited a better independent power in pre-
dicting systemic oxidative stress. The results show that
both central and peripheral fat deposits are strongly
associated with oxidative stress. And more interesting-
ly, lower-body FM has the strongest relationship with
8-epi-PGF,,. Only a few studies evaluated relationship
between regional FM and oxidative stress, for exam-
ple, significant correlation between serum 8-epi-PGF,,
level and abdominal visceral fat area (VFA) measured
with CT was reported in 31 Japanese men by Urakawa
et al. [12]. And Fujita ef al. [16] reported that in 105
Japanese adults with or without MetS, both abdomi-
nal VFA and subcutaneous fat area (SFA) showed sig-
nificant association with urinary 8-epi-PGF,, excretion,
moreover, in multiple regression analysis VFA was
the strongest determinant of urinary 8-epi-PGF,, in in-
dividuals with MetS. However, these two and other
studies only emphasized FM depositing in the abdom-
inal cavity without giving consideration to the effects
of total body FM as well as other regional adiposity.
Based on CT or magnetic resonance imaging (MRI),
it has been estimated that in women the vast major-
ity of FM situated subcutaneously and only 7-8% of
the total body FM depots in abdominal cavity [36-38].
Therefore we believe it is more reasonable to take to-
tal and regional FM into account when concern with
the relation of adiposity to systemic oxidative stress.
In the current study, we found total, trunk and lower-
body FM showed strong correlations with oxidative
stress, even after controlling for BMI and WC. In mul-
tiple regression analysis after further taking various
confounders into account, lower-body FM and PAI-1
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exhibited strong power to predict systemic oxidative
stress. Since in women lower-body region is a ma-
jor compartment for subcutaneous FM accumulation
{39, 40], it might be speculated that subcutaneous FM
is an important correlate of systemic stress in healthy
middle-aged women. The result is somewhat different
from Urakawa’s [12] and Fujita’s [16] findings which
suggested abdominal VFA is strongly associated with
systemic oxidative stress. This maybe due to we in-
vestigate the relationship between adiposity and oxida-
tive stress with a different view of point. General body
FM distribution measured with DXA is emphasized in
the present study whereas other studies concentrate on
the effects of VFA and SAF located in the abdominal
cavity estimated with single slice CT scan. Moreover,
the subjects we studied are basically lean female adults
with mean BMI, WC, FM% as 22.Okg/m2, 78.9cm and
30.1%, respectively and no one could be classified as
having MetS, which are quite different from Urakawa’s
study (male adults with mean BMI 26.9kg/m* and
WC 156.9cm in obese group) and Fujita’s study (male
and female adults with mean BMI 28.7kg/m’ and WC
96.9cm in MetS group). Unfortunately we are not able
to test the association between lower-body FM and
oxidative stress after correction for visceral FM be-
cause DXA cannot distinguish trunk visceral FM from
subcutaneous FM. However, after adjustment for WC,
a surrogate index for abdominal visceral FM [41],
lower-body FM still associated with oxidative stress in
our study.

The underlying mechanism(s) why subcutaneous
FM represents a potent link with oxidative stress in
healthy female adults is not elucidated yet. Intrinsic
different metabolic activity between visceral adipo-
cyte and subcutaneous adipocyte [42], as well as the
characteristic of FM distribution of women, may pro-
vide explanations. Lipids accumulation is favored in
the lower-body region of premenopausal women in
comparison with men [43]. This may due to the lipo-
protein lipase (LPL) activity, a key factor responsible
for the liberation of the lipolytic products to the adi-
pocyte for deposit as TG, is higher in subcutaneous fat
cells than visceral adipocyte in women, but not in men
[18]. On the other hand, lower-body fat cell exhibits a
lower lipolytic response to catecholamine and a higher
response to insulin-mediated lipogenesis than visceral
adipocyte does, and showing both reduced B1- and p2-
adrenoreceptor density and sensitivity and increased
o2-adrenoreceptor affinity and number [18, 44, 45]. As
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a result, lower-body fat cells in women are resistant to
lipolysis and prone to lipogenesis. LPL is demonstrat-
ed to be able to enhance both enzymatic and non-en-
zymatic oxidation of LDL lipids induced by 15-lipox-
ygenase [46] then elevated LPL activity of lower-body
FM may contribute to the activation of lipid peroxida-
tion. Furthermore, animal experiment indicated that
during the course of the repeated cycles of fasting-
feeding, the changes of lipid peroxidation and lipoly-
sis were antiparallel to each other. That means during
the cycles, there was a net increase in lipid peroxida-
tion accompanying with a net decrease in lipolysis [47,
48]. Therefore it is reasonable to assume that the re-
duced lipolysis in lower-body subcutaneous adipose
tissue might result in a heightened lipid peroxidation.
Further experiments comparing the lipid peroxidation
between visceral and subcutaneous adipose tissue are
needed to clarify this issue.

In this study, multiple regression analyses dem-
onstrated that PAI-1 is another important predictor
of systemic oxidative stress level. This finding con-
sists with the observation that increased oxidative
stress in cultured adipocyte is able to enhance PAI-1
mRNA expression [9] and activates PAI-1 promoter
transcription [49]. Elevated PAI-1 levels is proved to be
an independent risk for cardiovascular events [50, 51].
Combined with the results from the present study that
urinary 8-epi-PGF,, excretion are positively associat-
ed with hsCRP and leptin, the findings support that ox-
idative-stress-induced dysregulation of adipokines and
inflammatory markers have already existed even in
healthy women without obvious CVD risks.

Potential limitations of our study should be point-
ed out. Firstly, because of the cross-sectional nature
of the present study we are not able to provide a caus-
ative conclusion. Second, the subjects we studied
were relatively homogenous with lower CVD risks.
Although various confounding factors such as sex,

age, cigarette smoking and alcohol drinking have been
minimized, we should be cautious to apply the con-
clusion to general population. Thus further extending
the study samples to men and other ethnic populations
with various CVD risks is needed. Moreover, lower-
body FM has been demonstrated to have beneficial ef-
fects on glucose [25, 42] and lipid metabolism [17],
however our findings suggest that this beneficial meta-
bolic effects of lower-body FM might be mediated by
other factors or pathways more than oxidative stress at
least in healthy women.

In summary, novel findings of the present study in-
dicate DXA-derived fat mass measures are more po-
tent correlates with systemic oxidative stress than in-
direct anthropometric indices in healthy middle-aged
women. Lower-body FM exhibited strong ability to
predict urinary 8-epi-PGF,, excretion, suggesting sub-
cutaneous FM plays an important role in systemic ox-
idative stress. These results suggest that regional ad-
iposity in the lower-body part should be taken into
account as obesity-related phenotypes in evaluating
obesity-induced systemic oxidative stress. The inter-
relationships among urinary 8-epi-PGF,, excretion,
PAI-1, hsCRP and leptin, combined with results of
other in vitro studies, suggest that oxidative-stress-in-
duced dysregulation of adipokines and inflammation
might mediate adverse metabolic effects of regional
adiposity.
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Timp-3 deficiency impairs cognitive function in mice

Yoshichika Baba', Osamu Yasuda', Yukihiro Takemura', Yasuyuki Ishikawa?, Mitsuru Ohishi', Jun lwanami’,
Masaki Mogi®, Nobutaka Doe®, Masatsugu Horiuchi®, Nobuyo Maeda®, Keisuke Fukuo® and Hiromi Rakugi’

Extracellular matrix (ECM) degradation is performed primarily by matrix metalloproteinases (MMPs). MMPs have recently
been shown to regulate synaptic activity in the hippocampus and to affect memory and learning. The tissue inhibitor of
metalloproteinase (Timp) is an endogenous factor that controls MMP activity by binding to the catalytic site of MMPs. At
present, four Timp isotypes have been reported (Timp-1 through Timp-4) with 35-50% amino-acid sequence homology.
Timp-3 is a unique member of Timp proteins in that it is bound to the ECM. In this study, we used the passive avoidance
test, active avoidance test, and water maze test to examine the cognitive function in Timp-3 knockout (KO) mice.
Habituation was evaluated using the open-field test. The water maze test showed that Timp-3 KO mice exhibit
deterioration in cognitive function compared with wild-type (WT) mice. The open-field test showed decreased
habituation of Timp-3 KO mice. Immunostaining of brain slices revealed the expression of Timp-3 in the hippocampus.
In situ zymography of the hippocampus showed increased gelatinolytic activity in Timp-3 KO mice compared with WT
mice. These results present the first evidence of Timp-3 involvement in cognitive function and hippocampal MMP activity
in mice. Moreover, our findings suggest a novel therapeutic target to be explored for improvement of cognitive function

in humans.
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Extracellular matrix (ECM) molecules have important roles
in the structural changes of brain synapses involved in neural
plasticity, learning, and memory." ECM interacts with cells
through cell surface receptors, such as integrin, cadherin, and
neural adhesion molecules,” and these interactions affect cell
proliferation, growth, migration, synaptic stabilization, and
apoptosis. Thus, the ECM develops a wide range of signals
within the brain tissue.’

Matrix metalloproteinases (MMPs) comprise a family of
protein-digesting enzymes that have an important role in
structural maintenance and conversion of the ECM.* MMPs
target many substrates, including proteases, growth factors,
cytokines, cell surface receptors, and cell adhesion mole-
cules.® Excess activation of MMPs occurs under several pa-
thophysiological conditions, such as rheumatoid arthritis and
rupture of atherosclerotic plaques.*™® Thus, MMP activity is
tightly controlled at the level of transcription, activation of

the precursor zymogens, and inhibition by the tissue in-
hibitors of metalloproteinase (Timp).9

At present, four members of the Timp family (Timp-1 to
Timp-4), possessing 35-50% amino-acid sequence homol-
ogy, have been identified. All Timp isotypes contain 12 cy-
steines that form 6 disulfide bonds. To inhibit MMP activity,
Timp proteins form a 1:1 complex with a zinc-binding site in
the catalytic region of MMP.'°

Each Timp protein has unique characteristics. Timp-1,
Timp-2, and Timp-4 are present in soluble form.""™"* Timp-
3, which is tightly bound to the ECM, is involved in cell
proliferation, apoptosis, and angiogenesis.''™* Timp-1 binds
to proMMP-9, Timp-2 binds to proMMP-2, and Timp-3
binds to both proMMP-2 and proMMP-9,'>!*

In the central nervous system, the MMP/Timp system is
responsive to changes in neural activity."” Deregulation of
MMP activity is involved in various neurological diseases,
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including multiple sclerosis, infection with human im-
munodeficiency virus, and spinal cord injury.'*"'® Moreover,
MMPs are implicated in the invasion of malignant glioma
cells into the brain parenchyma.'®

In Alzheimer’s disease, MMP inhibits angiogenesis and
accumulation of amyloid-f.'%**?' Recently, MMPs have been
reported to control synaptic activity in the hippocampus and
to affect learning and memory.”> Other studies have clarified
the contributions of Timp-1 and Timp-2 in learning and
memory. Mice deficient for Timp-1 or Timp-2 exhibit
defective memory function.”””*® Conversely, mice over-
expressing Timp-1 showed a slight, but significant,
improvement in learning and memory.”* However, there is
no published evidence for a role of Timp-3 in the regulation
of cognitive function.

This study investigated the effects of Timp-3 on learning
and memory. We conducted various behavioral tests with
wild-type (WT) and Timp-3 knockout (KO) mice, and
further examined the expression of Timp-3 and compared
gelatinolytic activity in WT and KO brain tissues.

MATERIALS AND METHODS

Timp-3 KO Mice

Timp-3 KO mice were produced using the gene-targeting
technique described by Kawamoto et al*® Briefly, mice
carrying the mutant allele were backcrossed with C57BL/6
mice to generate KO mice in a C57BL/6 background. Gen-
otyping of mice was performed by PCR using tail DNA.*

Experimental Conditions for Behavioral Tests

All behavioral tests were conducted in the laboratory at 22 °C
and 55% (50-60%) humidity. Hlumination for the experi-
mental device was set at 250 Ix. The ventilation fan provided
a masking noise of 40 dB, which was deemed appropriate for
behavioral tests.

Mice were maintained in individual acrylic cages and
naturalized to the environment during the 3 days before
testing. They were given access to dry, solid feed (Labo MR
Stock from Nihon Nosan, Yokohama, Japan) ad libitum. The
room was maintained on a 12-h light and dark cycle, with the
light cycle starting at 0800 hours and ending at 2000 hours.
All tests were started after 1000 hours and conducted during
the light period.

The passive avoidance test and water maze test with an
invisible platform were conducted with 12 male WT mice and
12 KO mice. The open-field habituation test, active avoidance
test, and water maze test with a visible platform were
conducted using a different set of 12 male WT mice and
12 KO mice.

The experimental protocols were approved by the Osaka
University Medical School Animal Care and Use Committee,
and performed according to the Osaka University Medical
School Guidelines for the Care and Use of Laboratory
Animals.

Timp-3 in cognitive function
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Passive Avoidance Test

An avoidance-learning box was constructed, with a lighted
chamber (15 x 15 x 20 cm?) and dark chamber
(15 x 15 x 20 cm’) connected to each other. A guillotine
door separated the two compartments. A mouse was placed
in the lighted chamber, and the guillotine door was opened.
When the mouse spontaneously moved into the dark
chamber, the guillotine door was closed. Within 10s, a 3-s,
160-V AC electrical shock was delivered through the grid
floor. The latency period for the mouse to enter the dark
chamber was recorded. After this single learning trial, the
mouse was immediately removed from the device.

After 24 h, the same mouse was put in the lighted chamber
for the single retention test. The latency period (< 3005) for
the mouse to enter the dark chamber was recorded. No
electric shock was given during the retention test.

Active Avoidance Test

An avoidance-learning box with two connecting compart-
ments (each 15 x 15 x 20 cm®) was constructed, The mouse
was able to move freely between the two compartments. To
detect movement, two infrared ray beams were attached on
both walls on the sides of each compartment, 2 cm above the
floor and 5cm from the gate. The avoidance-learning box,
which was placed in a ventilated, sound-attenuating chamber
to maintain a background noise level of 64 dB throughout the
session, was indirectly illuminated by white bulbs fixed to the
ceiling of the chamber. A 1500-Hz pure tone with 85dB of
sound pressure was used as a conditioned stimulus (CS), and
a 140-V AC electrical shock delivered from the grid floor was
used as an unconditioned stimulus (US).

A mouse was placed in one compartment and allowed to
move between the two compartments throughout the train-
ing session. The US, which was delivered from the grid floor
55 after the CS was delivered, overlapped for a maximum of
15s. When the mouse moved to the connecting compartment
within 5 s from the time of the CS, the US was not delivered,
and the movement of the mouse was counted as avoidance
behavior. When the mouse failed to move to the connecting
compartment, the US was delivered. Both the CS and US
were terminated immediately when the mouse moved to the
connecting compartment after the onset of the US. The
number of migration reactions in inter-trial intervals (25s on
average) was measured as an indicator of spontaneous
activity. This active avoidance test was performed for 3
consecutive days, with one 50-trial session per day.

Water Maze Test

The water maze test was conducted using a round pool
(inside diameter =95cm; depth=35cm) filled with water,
made opaque by the addition of titanium oxide to a depth
of 22cm. The temperature of the water was maintained
at 22+ 1°C using a thermostatic heater. The pool was set
on a pedestal (30cm in height), and was enclosed
(area = 130 X 130 cm®) by four white walls (120cm in
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height). As extra-maze cues, letter-sized posters, a CCD
camera, and a black doll (20 cm in height) were attached to
the walls.

In the invisible platform test, a clear, round platform
(diameter = 10 cm) was submerged 0.5 cm below the surface
of the water. Training trials were conducted for 5 consecutive
days, with 5 trial sessions per day. In the three quadrants
away from the platform, a mouse placed near the wall was
released into the pool. The releasing quadrants varied with
pseudo-random sequences for each mouse. The escape
latency period (measured for a maximum of 60s) was de-
fined as the time it took for a mouse to reach the platform.
The training trial terminated when the mouse reached the
platform and remained on it for 10s. In cases in which the
mouse did not find the platform within 60s, the mouse was
guided to the platform by the experimenter and was kept on
the platform for 10s. On the day after 5 consecutive days of
access training, the platform was removed, and a 1-min probe
test was performed. The 1-min probe test measured latency
time in the quadrant in which the platform was previously
placed.

The visible platform test was conducted independently
using a different group of 12 WT and 12 KO mice (e,
different groups of mice from those used in the invisible
platform test). Methodology for the visible platform test was
similar, except (1) the platform was not submerged, but
rather was placed 0.5 cm above the surface of the water, and
(2) as a cue, a stick with a black cube on top was placed on
the platform.

Open-Field Habituation Test

The apparatus for the open-field habituation test was man-
ufactured by Taiyo Electric. (Tokyo, Japan). WT and KO mice
were placed in an acrylic box (30 x 30 x 30cm’) stored
within a ventilated, soundproof chamber. An incandescent
bulb, which was fixed to the ceiling of the chamber, provided
lighting of ~1101x in the chamber. A fan attached to the wall
of the chamber produced a masking noise of 45dB. Habi-
tuation of the mice to the environment was measured as a
function of locomotion and rearing behavior. The number of
episodes of locomotion and rearing behavior, which were
recorded with infrared ray beams placed on the lateral side of
the box, was scored. The open-field habituation test was
conducted for 3 days, with one 10-min session per day.

Reverse Transcription-PCR

RNA was isolated from mouse hippocampus using the 1SO-
GEN (Nippon Gene, Tokyo, Japan) kit, according to the
manufacturer’s instructions. Timp-3 gene expression was
detected by reverse transcribing the isolated RNA and am-
plifying the product with PCR (RT-PCR). The PCR ampli-
fication was performed with the following primers: Timp-3:
Timp-3F, 5'-CACGGAAGCCTCTGAAAGTC-3, and Timp-3R,
5'-CCCAAAATTGGAGAGCATGT-3". GAPDH: GAPDH-E

1342

5'-AAATGGTGAAGGTCGGTGTG-3, and GAPDH-R, 5'-GC
AGAAGGGGCGGAGATGAT-3'.

Immunostaining

WT and Timp-3 KO mice were killed, and their brains were
collected, fixed with formaldehyde, embedded in paraffin,
and cut into 10-um-thick sections with a microtome. To
remove endogenous peroxidase, the sections were treated
with 0.3% hydrogen peroxide in methanol at room tem-
perature. The sections were washed with 0.05M phosphate
buffer (pH 7.6) thrice for 3min. The sections were then
treated with phosphate buffer containing 0.5% bovine serum
albumin and 0.1% sodium azide for 10min at room tem-
perature. This was performed to absorb nonspecific proteins.
Subsequently, the sections were allowed to react with the
anti-Timp-3 rabbit polyclonal antibody (ProteinTech, Chi-
cago, IL, USA) (500 x dilution) overnight at 4 °C. Next, the
sections were washed thrice for 3 min with 0.05M phosphate
buffer (pH 7.6), and then allowed to react for 30 min with the
secondary antibody conjugated with peroxidase. Thereafter,
the sections were again washed with 0.05M phosphate bulffer.
After a 5-min chromogenic reaction with 3,3’-Diamino-
benzidine HCI, the sections were counterstained with Mayer’s
hematoxylin for 5min. The sections were then dehydrated
and encapsulated for observation under an optical
microscope.

In Situ Zymography

Gelatinolytic activity in mouse brain sections was determined
by in situ zymography with DQ-gelatin-FITC (Molecular
Probes, Eugene, OR, USA) as described previously.27’28
Briefly, unfixed whole mouse brain was embedded in OCT
compound. Sections (of 10-um thickness) were cut and air
dried for 1h, re-hydrated in PBS, and incubated at 37°C in
DQ-gelatin-FITC solution (100 ug/ml in PBS) for 1h. Sec-
tions were then washed thrice in PBS, fixed in 4% paraf-
ormaldehyde, and examined under a fluorescent microscope
to detect green fluorescence due to gelatinolytic activity.

Statistical Analysis

Results are expressed as meants.e. Comparison among
groups was performed by one-way ANOVA; Student’s r-test
was used when appropriate. A value of P<0.05 was con-
sidered significant.

RESULTS

Passive Avoidance Test

WT and KO mice first underwent preconditioning. When a
mouse moved from the lighted chamber into the dark
chamber, it received an electric shock. Twenty-four hours
after preconditioning, one retention trial was performed. In
the retention trial, the latency time in the lighted chamber
was measured and compared between the two mice groups.
As a result of receiving an electric shock in the dark chamber,
the mean latency time in the retention trial was prolonged in
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both WT and KO mice, indicating that both types of mice
acquired avoidance memory. Moreover, no significant dif-
ference was observed in latency times for WT and KO mice,
either before (54.4+19.5s for WT, 27.7t75s for KO;
P=0.20) or after (300+£0.0s for WT, 276 +18.7s for KO;
P =10.23) conditioning. These results show that there were no
memory deficits in KO mice compared with WT mice.

Active Avoidance Test

WT and KO mice were placed in the avoidance-learning box
with two compartments connected. A beep was presented,
and 55 later, an electronic shock was given through the grid
floor. When this process was repeated, the mice learned to
escape the shock by migrating into the adjoining compart-
ments at the sound of the beep. A migration reaction within
5s from the beep was defined as the ‘avoidance’ reaction. The
number of avoidance reactions was counted over 3 days, with
50 trials per day. Moreover, the number of migrations be-
tween trial intervals in the absence of stimuli was counted to
compare general activity levels.

We found no differences in activity levels between WT and
KO mice over the 3 days of testing (F(1,22)=1.88,
P=10.183). Successful avoidance increased in both WT and
KO mice as a function of training days, indicating that both
types of mice acquired avoidance memory. Furthermore,
there was no difference between the number of avoidance
reactions in WT and KO mice during the 3 days of testing
(F(1,22) = 0.46, P=0.505). These results indicate that no
memory deficits were detected in KO mice.

Water Maze Test with Invisible Platform

The water maze test with the invisible platform was con-
ducted to evaluate spatial memory in WT and KO mice. Each
mouse underwent 5 access tests daily for 5 consecutive days.
Escape latency period was defined as the time (measured for
a maximum of 60s) it took for each mouse to reach the
platform submerged in the pool of opaque water.

On the first day, no significant difference was observed
between WT and KO mice. However, on the second day,
memory acquisition in KO mice was significantly reduced
compared with WT mice. Although a significant difference in
memory acquisition was also observed on the third and
fourth days, the difference gradually decreased (Figure la),
and the difference in memory acquisition was no longer
significant on day 5.

To measure the time spent in the quadrant in which the
platform had been previously placed, a 1-min probe test was
conducted the day after (ie, on day 6) completion of the
access tests. The time spent in the target quadrant was longer
than that achieved merely by chance, indicating that both
types of mice acquired memory of the previous location of
the platform. Moreover, no significant difference was
observed in the time that WT or KO mice spent in the target
quadrant (19.6 £ 1.71s for WT; 209+%1.27s for KO;
P=0.561).

wysw laboratoryinvestigation.org | Laboratory Investigation | Volume 89 December 2009

Timp-3 in cognitive function
Y Baba et al

»
3

g &8 8

WT

- N
[~ -1

Mean Escape Latency (s)

I 3 i A, Y

1 2 3 4 5§

(-]

Training Days

b 60
w - KO
— 50 L
g o WT
£ 401  fixed-visible
-t

30+
-4
3 20}
i o
£ 10} varied-visible
3
: o 1 A L [l L A 3 1 L

12345 78910114
Training Days

Figure 1 Water maze tests. (a) Invisible platform test of wild-type (WT;

n = 12) and Timp-3 knockout (KO; n = 12) mice. A clear, round platform was
submerged 0.5 cm beneath the surface of milk-colored water in a pool.
Escape latency period is the time {measured for a maximum of 605s) it took
for each mouse entering the pool to reach the submerged, invisible
platform. Training trials were performed for 5 consecutive days, with 5 trial
sessions per day. Data are expressed as mean *s.e. *P <0.05. (b) Visible
platform test of WT (n = 12} and Timp-3 KO (n = 12) mice. The platform was
placed 0.5 cm above the surface of water in a pool. As a visual cue, a stick
with a black cube on top was placed on the platform. The location of the
platform was fixed from day 1 through day 5, and varied from day 7
through day 11. Escape latency period (measured for a maximum of 605s) is
the time it took for each mouse, after entering the pool, to reach the visible
platform, Five trial sessions were performed per day. Data are expressed as
mean * s.e.

Taken together, these results indicate that although KO
mice eventually learned the location of the platform, their
speed in acquiring memory was significantly slower than that
of WT mice.

Water Maze Test with Visible Platform

In humans, a Timp-3 mutation causes Sorsby’s fundus dys-
trophy (SFD), a disease characterized by the loss of central
vision during the fourth or fifth decade of life. It is likely that
the KO mice used in this study were able to recognize visual
cues, given that they eventually learned the location of the
platform. This conclusion is supported by a previous study
showing that learning in water maze tests relies on the use of
visual cues.”” To further investigate whether KO mice were
able to use visual cues during a water maze test, a visible
platform test was conducted.
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The mean escape latency period gradually decreased from
day 1 to day 5 in both WT and KO mice, indicating that both
types of mice acquired memory of the location of the plat-
form (Figure 1b). Mean escape latency times for WT and KO
mice were similar during the 5 days of testing. This finding
indicates that both types of mice approached the platform
aided by the visible cue, rather than by spatial memory.
Moreover, the results suggest that the swimming ability of KO
mice was not compromised. Moreover, latency times of WT
and KO mice were not different, even when the location of
the visible platform was varied (on days 7 through 11). The
fact that latency time at day 7, the first day in the varied
visible platform test, was not longer than that at day 5, the
last day in the fixed visible platform test, also indicates that
both types of mice approached the platform aided by the
visual cue rather than by spatial memory.

Probe tests conducted on day 6 (13.0% 1.40s for WT;
15.4 £0.97 s for KO; P=0.162) and day 12 (12.5+ 1.18s for
WT; 1294 0.98s for KO; P=10.821) also showed no differ-
ence in latency times between WT and KO mice. Further-
more, latency times observed for both types of mice were not
longer than the latency times expected if achieved merely by
chance. These results also indicate that movement of mice in
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Figure 2 Open-field habituation test. (a) The graph shows the change in
locomotion score for WT (n:=12) and Timp-3 KO {n= 12) mice over time
(days). The locomotion score, which represents the number of migrations of
each mouse in a period of 10min, is expressed as a percentage. Data are
expressed as mean t s.e, *P<0.05. (b) The graph shows changes in rearing
score in WT {n=12) and Timp-3 KO (n = 12) mice over time {(days). The
rearing score, which represents the number of times that each mouse rose
(ie, exhibited rearing behavior) in a period of 10 min, is expressed as a
percentage. Data are expressed as mean + s.e. *P <0.05.
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the visible platform test was dependent on the use of visual
cues, rather than on memory of the location of the platform.

Taken together, our findings suggest that KO mice were
able to recognize visual cues in the water maze test. An
alternative interpretation is that visual failure in KO mice was
minimal and did not substantially compromise the recogni-
tion of visual cues.

Open-Field Habituation Test

To evaluate the motion and mobility of the mice, the num-
bers of locomotion and rearing were scored for 10 min per
day for 3 days with sensors placed on the lateral side of the
chamber. There was no significant difference between WT
and KO mice in the numbers of locomotion (107.8 + 5.76 in
WT, 116.9 £ 10.76 in KO; P = 0.490) and rearing (99.2 + 6.95
in WT, 91.6£9.19 in KO; P=0.535) on day 1; however,
significant differences were observed on day 3 (Figure 2a
and b). Both locomotion and rearing decreased over time in
WT mice, but did not substantially change over time in KO
mice. This indicated that WT, but not KO, mice became
accustomed to the environment.

Timp-3 Expression in the Brain
RT-PCR showed the expression of Timp-3 in the hippo-
campus of WT mice (Figure 3a). In contrast, no Timp-3 was

25um

Figure 3 Expression of Timp-3 in the hippocampus. (a) RT-PCR of the Timp-3
gene. RT-PCR was performed with RNA isolated from the hippocampus of
wild-type (WT) and three different Timp-3 knockout (KO) mice.
Amplification of the glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH) served as a control. (b) Immunostaining of Timp-3. A Timp-3
antibody was hybridized to mouse brain sections and visualized with 3-3/-
diaminobenzidine and a hematoxylin counterstain. Timp-3 expression is
indicated in the hippocampus with arrows. The boxed region shown below
is magnified x 4 to illustrate Timp-3 staining. DG, dentate gyrus.
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Figure 4 In Situ zymography. In situ zymography shows the gelatinolytic
activity (green fluorescence) of enzymes in the brains of wild-type (WT) and
Timp-3 knockout (KO) mice. Representative photographs are shown. DG,

dentate gyrus.

detected in the hippocampus of KO mice. Timp-3 expression
was confirmed by immunostaining brain slices. Timp-3 was
expressed in the choroid plexus (not shown) and in the
hippocampus (Figure 3b). This was consistent with the re-
sults from the water maze test, because the hippocampus is
considered to be directly involved in memory process.

In Situ Zymography

In situ zymography showed that gelatinolytic activity was
enhanced in the hippocampus of KO mice compared with
that of WT mice. This result was reproducible in four in-
dependent experiments. Data from a representative experi-
ment are shown in: Figure 4. This* result indicated that
gelatinolytic enzymie activity was more active in the KO than
in WT mice brains.

DISCUSSION

The ECM in a normal, healthy tissue is maintained by a
balance of synthesis and degradation, and has a significant
role in maintaining tissue homeostasis. In the central nervous
system, the balance between Timp and MMP is believed to be
involved in synaptic plasticity, particularly in the mechanisms
underlying memory. Previous reports have shown that ECM
molecules activated signal transduction pathways through
diverse cell surface receptors.' For example, integrins, the
primary laminin receptors, are expressed in the adult hippo-
campus™® and are involved in the stabilization of LTP?*! In
this paper, we have shown that Timp-3 KO mice showed
increased MMP activity in the hippocampus and impaired
cognitive function compared with WT mice. Similarly, Timp-1-
deficient mice also showed learning and memory dis-
turbances.”>** This result could also be explained by the fact
that Timp-1 is expressed in the hippocampus, and synaptic
plasticity is influenced by an increase in MMP activity. Timp-
2 is also suggested to be involved in synaptic plasticity
underlying learning and memory.”

Timp-3 in cognitive function
Y Baba et al

We conducted behavioral tests and brain tissue analyses in
Timp-3 KO mice to clarify the involvement of Timp-3 in
cognitive function. Three behavioral tests were used to
evaluate memory function, and an open-field test was used to
evaluate habituation, We detected a decline in memory
function in KO mice in the water maze test with the invisible
platform, but not in passive or active avoidance tests.

Immunostaining showed the presence of Timp-3 in the
hippocampus, which is considered to be the main brain
region involved in memory. Moreover, in situ zymography
showed that the hippocampi of Timp-3 KO mice had more
gelatinolytic activity than did WT mice, indicating that MMP
activity was deregulated in Timp-3 KO mice. Whether hip-
pocampal deregulation of enzymatic activity in Timp-3 KO
mice is directly or indirectly involved in delayed acquisition
of memory in the water maze test remains to be elucidated.
Moreover, it is not known whether other regions of the brain
contribute to the abnormality observed in Timp-3 KO mice.
Consistent with a previous report, Timp-3 expression was
also detected in the choroid plexus.’

During central nervous system development, Timp-3 is
expressed in the embryonic ventricular zone and postnatal
subventricular zone, where neurogenesis occurs.”® In addi-
tion, Timp-3 is expressed in the rostral migratory stream; a
sub-population of cells in the subventricular zone migrates
along the rostral migratory stream to the olfactory bulb,
where cells differentiate into neurons. It is possible that
lack of Timp-3 expression during brain development might
have long-term effects on cognition, given that impaired
cognitive function was observed in adult Timp-3 KO mice in
this study.

In the water maze test using a visible platform, Timp-3 KO
mice were able to use visual cues to reach the platform.
However, in humans mutations in the Timp-3 gene result in
SFD, a disease characterized by the loss of central vision
during the fourth or fifth decade of life. A possible ex-
planation for the discrepancy is that the Timp-3 KO mice we
used were relatively young (3 months old). Alternatively, the
difference in the nature of genetic alterations in SFD patients
versus Timp-3 KO mice is another possibility. Most muta-
tions observed in the Timp-3 gene in SFD patients involve
either the introduction of a new cysteine residue in the
C-terminal domain or the presence of an odd number of
cysteine residues because of the introduction of a stop co-
don.™* Some of these SFD mutations may result in produc-
tion of higher molecular-weight protein complexes, possibly
dimers.*® Dimerized Timp-3 protein has an active role in the
SFD disease process by accumulating in the eyes.” In a study
of eye tissues obtained from SFD patients, the thickened
Bruch’s membrane was strongly Timp-3 positive, except for
sites where the retinal pigment epithelial cells, which nor-
mally produce Timp-3, had degenerated.’® In contrast,
Timp-3 KO mice do not express Timp-3 transcripts, do not
synthesize Timp-3 protein, and do not accumulate Timp-3
protein in the eye tissue. On the basis of these observations,
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