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Abstract

Oral administration of di(2-ethylhexyl)phthalate (DEHP) to rats is known to induce testicular
atrophy and hepatomegaly. This is thought to be the result of increased oxidative stress due to
induction of peroxisomal enzymes by mono(2-ethylhexyl)phthalate (MEHP), a metabolite of
DEHP. Therefore, changes in the metal content of organs are predicted. Therefore, an experiment
was conducted in which rats were fed a diet containing DEHP for two weeks. Metal concentrations
in blood and organs were measured, with a focus on zinc and iron. Results are as follows: DEHP
treated rats had lower body weight and zinc concentrations in blood, liver, kidney, and testicular
tissue, and higher iron concentrations in the liver compared to controls. These changes also
correlated with plasma MEHP concentrations, suggesting MEHP-mediated oxidative stress-

induced tissue damage and thyroid hormone disruption.
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Introduction

Di(2-ethylhexyl)phthalate (DEHP) is a common
plasticiser for polyvinyl chloride (PVC), which is
used in an extremely wide range of applications,
including construction materials, water pipes,
household goods, toys, medical devices, blood
transfusion tubes, and bags. These PVVC products
often contain high concentrations of DEHP.
Consequently, DEHP is one of the endocrine-
disrupting chemicals that people of all ages, from
young children to the elderly, are regularly
exposed to, raising concerns about contamination
and health risks.

It has been reported that feeding rats a diet
containing high concentrations of DEHP causes
testicular atrophy and hepatomegaly. Testicular
atrophy is attributed to the metabolite of DEHP,
mono(2-ethylhexyl) phthalate (MEHP), which
damages Sertoli cells and induces apoptosis in
germ cells [1-7]. Hepatomegaly, on the other
hand is caused by MEHP and 2-ethyl hexanol,
which cooperate with peroxisome proliferator-
activated receptors (PPARs) to activate their
peroxisome proliferative effects [8-11], resulting
in induction of B-oxidase and cytochrome P450
enzymes [12- 15]. These findings suggest that the
toxic effects of DEHP may be due to increased
oxidative stress caused by elevated levels of
oxidative enzymes, such as heme enzymes, in
organs. This oxidative stress could lead to tissue
damage via reactive oxygen species (ROS) and
alterations in metal levels within tissues due to
enzyme induction. Therefore, metal levels in
blood and organs were investigated following
DEHP administration, focusing on zinc (Zn) and
iron (Fe).

Materials and methods

Animal experiment

Male Sprague-Dawley rats were purchased from
Charles River (Kanagawa, Japan) and fed a CE-2
diet (Clea, Tokyo, Japan) containing 2 w/w%
DEHP for the oral administration experiment.
The feed was prepared by Oriental Yeast Industry
(Chiba, Japan). For the analysis of MEHP by
high-performance liquid chromatography

(HPLC), MEHP (purity: 90% or higher) from
Tokyo Kasei Kogyo and acetonitrile (HPLC
grade) from Wako Pure Chemical Industries were
utilised, along with other special grade
commercial reagents.

The animal experiment was conducted in
accordance with protocols approved by the
Kagawa University Animal Committee (No. 123).
The rats were housed under the following
conditions: a room temperature of 22-24°C,
relative humidity of 55-60%, and a light/dark
cycle of 12 hours in the animal experiment facility.
Five-week-old rats weighing 168.3 £ 9.0 g were
divided into two groups, a control group and a
treatment group, each consisting of six rats. The
treatment group was fed a diet containing 2%
(w/w) DEHP for two weeks. At the end of the
experiment, rats were sacrificed using ether
anesthesia. The testes, liver, and kidneys were
removed and weighed. Cardiac blood samples
were collected in heparinized tubes and plasma
was separated from whole Dblood by
centrifugation at 1500 g. Plasma and organs were
frozen at -40 °C until MEHP measurement.

Blood hemoglobin (Hb) Analysis

Haemoglobin (Hb) concentration was determined
using the colorimetric cyanomethemoglobin
method with a kit from Wako Pure Chemical
Industries, Ltd.

Metal analysis in blood and organs
Approximately, 200 pl of whole blood and 200
mg of organs were taken and placed in a Teflon
jar, and 0.5 to 1 ml of mixed acid (nitric acid
50:60% perchloric acid 50: sulfuric acid 1) was
added. The mixture was wet ashed at 100-140°C
on a hot plate, then heated to 200°C and
concentrated. The mixture was evaporated to
dryness until white smoke was generated, cooled,
diluted with 0.1N hydrochloric acid, and metal
analysis was performed by flame atomic
absorption spectrometry (1-drop method). The
analytical instrument was a Seiko-SAS 7500
model equipped with deuterium background
correction (Seiko, Tokyo, Japan).
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Zn and Fe content in the animal diets were also
analyzed in the same manner. The diets contained
70-80 ppm Zn and 270-310 ppm Fe, with no
significant  differences in Zn and Fe
concentrations between the diets.

MEHP analysis in blood and testis

MEHP in blood and testes was extracted and
analyzed by HPLC according to the analysis
method previously reported [16].

Statistical analysis

The results were expressed as means + standard
deviations (SD). Statistical analyses were
performed using a T-test to detect differences
between the groups. Differences were regarded as
significant at P < 0.05.

Results

Body weights and organ weights

Table 1 presents the body weights and organ
weights for each treatment group. Despite the
DEHP group consuming more food than the
control group (Figure 1), their weight gain was
less than the control group. Figure 2 illustrates a
significant negative correlation between plasma
MEHP concentrations and final body weight. The
DEHP group also exhibited a clear increase in
liver weight and a decrease in testicular weight.
There was no significant difference in kidney
weight. The estimated dose of DEHP (in grams
per kilogram per day) based on food intake and
average body weight during the treatment period
was 1.5 grams per kilogram per day for the DEHP

group.

Blood metal concentrations

The blood concentrations of zinc, iron, calcium,
and hemoglobin in the DEHP group were found
to be slightly lower than in the control group
(Table 2). These concentrations demonstrated a
statistically insignificant but negative correlation
with plasma MEHP concentrations (Figure 3).

Organ metal concentrations

Organ tissue concentrations and organ content of
Zn and Fe in liver, kidney and testis are shown in
Table 3, Table 4, and Table 5. In the liver, a
decrease in Zn concentration and an increase in
Fe concentration were observed in the DEHP
group. On the other hand, in terms of metal
content per organ, there was a clear increase in Fe,
whereas Zn did not differ from the control group.
In the kidneys, Zn concentrations in the DEHP
group were significantly lower than in the control
group and the amount of Zn per organ was also
lower.

In the testes, Zn concentrations were reduced and
Fe concentrations increased in the DEHP-treated
group. In terms of metal content per organ, Zn
showed a clear decrease, whereas Fe did not differ
from the control group.

As shown in Figure 4, the concentration of Fe in
liver tissue showed a statistically significant
negative correlation with the concentration of
MEHP in plasma. Zn concentrations in liver
tissue showed a negative, although not
statistically significant, correlation with MEHP
concentrations in plasma.

As shown in Figure 5, Zn concentrations in
kidney tissue showed a statistically significant
negative correlation with plasma MEHP
concentrations, whereas Fe concentrations in
kidney tissue showed no correlation with plasma
MEHP concentrations.

Testicular tissue Zn concentrations showed a
statistically significant negative correlation with
plasma MEHP concentrations, whereas testicular
tissue Fe concentrations showed no correlation
with plasma MEHP concentrations (Figure 6).
However, the concentration of Fe in testicular
tissue showed a statistically significant positive
correlation with the concentration of MEHP in
testicular tissue (Figure 7).

Discussion
MEHP, a metabolite of DEHP, is a potent

oxidative stressor, damaging thyroid tissue and
lowering thyroid hormones that play an important
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role in the process of skeletal muscle formation
[19-23]. The suppression of body weight gain and
reductions in blood metal and Hb concentrations
in the DEHP-treated group observed in this
experiment all correlate with plasma MEHP
concentrations, implying a disturbance of thyroid
function by MEHP.

Furthermore, Zn concentrations in the liver,
kidneys and testes of the DEHP-treated group
were lower than in the control group and
negatively correlated with plasma MEHP
concentrations. As nearly 90% of thyroid
hormones in the circulating blood are present as
the prohormone thyroxine (T4), zinc essential
deiodinases in various organs convert this to the
biologically active triiodothyronine (T3) [24, 25].
Therefore, there is concern that reduced zinc
levels in organs may reduce their ability to
activate thyroid hormones, leading to impaired
organ function.

Previous studies have reported that testicular
atrophy occurs after oral administration of DEHP
and that Zn concentrations in testicular tissue are
reduced [26-28]. Testicular atrophy also occurs
with reduced Zn concentrations in the testis due
to Zn deficiency [29, 30]. However, in the case of
DEHP-induced testicular atrophy, apoptosis of
testicular tissue appears before the Zn
concentration is reduced, and Zn administration
cannot prevent testicular atrophy [26, 27]. The
decrease in Zn concentration is therefore
considered to be a secondary phenomenon. In the
present experiment, Zn in the testes of the DEHP-
treated group was clearly reduced, but the
decrease in blood Zn concentration was minor,
suggesting that at least DEHP does not affect Zn
absorption. Testicular atrophy, on the other hand,
occurs when MEHP, a metabolite of DEHP,
damages Sertoli cells, which activate the Fas/Fas
ligand system and induce germ cell apoptosis [2-
5], although the involvement of reactive oxygen
species in the Sertoli cell damage process has
been suggested [3-7]. In testes with progressive
atrophy due to apoptosis induction, a histological
picture of loss of sperm, germ cells and other cells
is observed (Reference figure). In addition, high

concentrations of Zn have been found to be
localised in normal seminiferous tubular tissue
[30]. Taken together, the loss of sperm, germ cells,
etc. appears to be the major cause of the reduced
Zn concentration in atrophied testicular tissue.
There was an increase in the concentration of Fe
in the liver and testicular tissue in DEHP-treated
group. On the other hand, when converted to Fe
content per organ, there was a clear increase in Fe
content in the liver, whereas there was no increase
in testicular Fe content. Hepatic hypertrophy is
based on the coordination of MEHP and 2-
ethylhexanol to peroxisome proliferator-activated
receptors (PPARs) and activation of their
peroxisome proliferative effects [8-15]. This
results in induction of f-oxidase and CYP4A [12].
Therefore, it is possible that the large amount of
heme enzymes induced in the liver by DEHP
administration may partly contribute to the
increase in hepatic Fe content, but it is also
possible that the heme oxygenase induced by
oxidative stress may also promote iron deposition
[16-18].

Tissue iron concentrations showed a significant
positive correlation with testicular MEHP, even
though testicular iron levels in the DEHP-treated
group did not differ from those in the control
group. This may indicate that iron is unevenly
distributed in non-germline supporting tissues
and that the relative iron concentration in
testicular tissue increases as germline apoptosis
progresses.

Conclusion

This study showed that DEHP-treated rats had
lower body weight and zinc concentrations in
blood, liver, kidney and testicular tissue, and
higher iron concentrations in the liver compared
to controls. These changes were also correlated
with plasma MEHP concentrations, suggesting
MEHP-mediated oxidative stress-induced tissue
damage and thyroid hormone disruption. due to
MEHP-mediated oxidative stress.
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Table 1. Body and organ weights

Group n Body (g)

Liver (g) Kidneys  (g) Testes  (g)

Control 6 286 + 9

141+ 0.8 249 £ 0.18 249 + 0.19

DEHP 6| 248+ 26 *

221+ 4.6 *** 228 £ 0.38 143 £ 0.42 **

*p<0.05, **p<0.01, ***p<0.001, as compared to control.
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Figure 1. Daily food intake of experimental rats.
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Figure 2. Relation between plasma MEHP concentrations and final body weight

Group n Z/n (ppm) Fe (ppm) Ca (ppm) Hb (g dl)
Control 6| 476 £ 0.60 456 + 57 446 + 10.2 135+ 0.9
DEHP 6| 433+ 0.43 421 + 39 403 + 10.3 127+ 0.8
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Figure 3. Relation between plasma MEHP concentrations and blood metal and hemoglobin
concentrations
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Table 3. Tissue concentrations and organ content of Zn and Fe in liver

G Zn Fe

roup 1 ppm ug,organ ppm ug,organ
Control | 6| 227+ 2.7 319+ 34 541+ 95 757+ 120
DEHP 6| 169+ 1.1*** 377+ 105 71.9 £ 12.1 1561 £ 262 **

*p<0.05, **p<0.01, ***p<0.001, as compared to control.

Table 4. Tissue concentrations and organ content of Zn and Fe in kidney

G Zn Fe

roup n ppm ug,organ ppm ug,organ
Control |6 172+ 55 434 £ 16.5 57.6 £ 19.4 144+ 53
DEHP 6| 122+ 29*% 28.6 £ 11.1 583 + 13.3 134+ 39
*p<0.05, **p<0.01, ***p<0.001, as compared to control.
Table 5. Tissue concentrations and organ content of Zn and Fe in testis
G Zn Fe

roup n ppm ug, organ ppm ug, organ
Control [4]| 200+ 1.3 499+ 7.0 99+ 1.2 246+ 4.2
DEHP 4| 143+ 47 21.6 £ 11.2* 17.6 + 6.0 241+ 7.2

*p<0.05, **p<0.01, ***p<0.001, as compared to control.
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Figure 4. Relation between plasma MEHP concentrations and Zn, Fe concentrations in liver

tissue
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Figure 7. Relation between testicular MEHP concentrations and Zn, Fe concentrations in
testicular tissue

Reference figure. Seminiferous tubules of control and DEHP-treated rats (stained with hematoxylin—
eosin). a: control, b: DEHP.
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