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ARTICLE INFO ABSTRACT

The extensive use of di-n-butyl phthalate (DBP) as a plasticizer in medical devices, personal care products, and
industries, which is a major threat to humankind as it leaches out easily from the plastic matrix into the en-
vironment. Health risks posed to adults and children from the broad usage of DBP in cosmetics and infant toys
observed predominantly due to repeated and prolonged exposure. Hence, this study was undertaken to evaluate
the potential effect of DBP in the hepatic tissue of rats up to three generations. Wistar rats were induced at a dose
of 500 mg DBP /kg body weight dissolved in olive oil by oral gavage throughout gestation (GD 6-21), lactation
and post-weaning and reared by crossing intoxicated rats up to three generations. Results of the present study
showed a significant increase in the relative weight of liver, while decreased levels of antioxidant enzymes viz.,
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and reduced glutathione (GSH) was
evident in DBP treated rats at P < 0.05. Besides hepatic marker enzymes viz., alanine transaminase (ALT) and
aspartate transaminase (AST) were elevated significantly in experimental rats compared to those of the control
group. Furthermore, histological studies revealed congested central veins and dilated sinusoids in F; progeny
while mild to severe focal inflammatory infiltrations were evident in F, & F5 rats. Negative correlation observed
between the levels of antioxidant enzymes and transaminase activity. In brief, DBP exposure elicits oxidative
stress and alters the transaminase activity levels causing damage in hepatic tissue. F3 progeny found to high
vulnerability to the exposure of DBP than F, & F; rats.
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1. Introduction

Phthalate esters (PE) are synthetic organic molecules extensively
used as plasticizers in consumer products and has become indispensable
in the human routine lifestyle. They are utilised as additives in pro-
duction of PVC products, cosmetics and perfume industries owing to
their nature of flexibility, stabilizer [1], adhesiveness [2], fixative and
denaturing property [3]. Phthalate esters are classified into high mo-
lecular weight (MW) phthalate esters with 7-13 carbon atoms [Diiso-
decyl phthalate (DIDP), diisononyl phthalate (DINP), di-2-propylheptyl
phthalate (DPHP), diisoundecyl phthalate (DIUP) and diisotridecyl
phthalate (DTDP)] and low molecular weight phthalate esters with 3-6
carbon atoms [di-n-butyl phthalate (DBP), diisobutyl phthalate (DIBP),
butyl benzyl phthalate (BBP) and di-2-ethylhexyl phthalate (DEHP)] in
their backbone. As the usage of plasticizers is on the rise and their non-
degradability has led to their ubiquitous presence in the environment.
This has caused humans’ exposure of phthalates through air, water,
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food, and dermal contact leading to many health hazards [4-8]. Recent
investigations by Bi et al. [9] detected the presence of phthalates viz.,
DEHP, BBP, DBP, and DIBP in the dust of various indoor environment.
Once phthalates gain entry into the body through air [4], water [5], and
food [6], dermal contact [8], later transform into their corresponding
metabolites rapidly and eliminate through urine and feces. However
their presence is detected in body fluids namely plasma, amniotic fluid,
breast’s milk and urine of humans [10,11]. The latest investigations
indicated that the frequent usage of cosmetics during and before
pregnancy was linked with the detection of phthalate metabolites in the
hair [12]. Furthermore, many studies have shown that phthalates in-
terfere with the endocrine system by acting as anti-androgens or mimic
hormone (estrogen and androgen) which bring alteration(s) in the
normal functioning of the reproductive system [13-16]. Phthalates
along with their metabolites have the potential to cause toxicity in the
reproductive system. For instance, a decline in sperm count, incidence
of cryptorchidism, and hypospadias have been reported [16,17].
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Besides, phthalate esters are developmental toxicants resulted in low
birth weight in infants [18], shortened anogenital distance (AGD) in
both male and female rats [19] and observed skeletal as well as cra-
niofacial anomalies, and growth retardation in rat fetuses [19,20].

Guo et al. [21] experiments on human subjects have shown the
presence of 14 phthalate metabolites in urine samples collected from
seven Asian countries (viz., China, India, Japan, Korea, Kuwait, Ma-
laysia, and Vietnam). For comparison, samples collected from popula-
tion residing in Kuwait (median: 1050 ng/mL), India (389 ng/ mL),
China (234 ng/mL), Vietnam (133 ng/mL), Japan (120 ng/mL), Korea
(117 ng/mL), and Malaysia (94.9 ng/mL) possess phthalate metabolites
as shown in parenthesis. In comparison to other phthalates, exposure to
DBP, a low molecular weight phthalate found to cause low toxicity [22]
while its prolonged exposure may have compounded effects. India
stands to be in second position for the exposure to phthalates [21]. In
Indian scenario, the restaurants pack hot food in polythene bags and
store in plastics, wherein the phthalate migration is a common phe-
nomenon.

The liver, a vital organ known for detoxification of xenobiotics that
enters the body besides metabolizing many chemical compounds [16]
resulting in the regulation of homeostasis of the physiological system.
Several investigations have indicated the vulnerability of the liver to
phthalate exposure. For instance, Reddy and Lalwai [23], have shown
liver tumors in rodents’ exposure to DEHP; in addition, the disruption
caused to the endocrine system has induced hepatocellular carcinoma
in animals [24]. Studies of Lake et al. [25] on rats upon exposure to
DEHP indicated hepatomegaly, besides proliferation of smooth en-
doplasmic reticulum, increase in microsomal cytochrome P-450.
Phthalates being novel compounds of peroxisome proliferators (PP)
shown to activate peroxisome proliferator-activated receptor (PPAR) in
rat liver leading to the metabolic changes. Recent studies of Ma et al.
[26] have indicated excessive ROS generation leading to oxidative
stress followed by liver damage upon exposure of diisononyl phthalate
(DINP) at 20 mg/kg BW (body weight) dose in Kunming mice while
200 mg/kg/day dose shown to cause edema, central vein dilation,
congestion and narrowing sinusoids with loose cytoplasm. Likewise,
findings of Seo et al. [27] indicated hepatomegaly and severe oxidative
stress wherein increased catalase (CAT), lipid peroxidation (LPO) and
decrease in glutathione-S- transferase (GST) activities witnessed in ro-
dent model upon exposure to DBP. The case studies of Bhatia et al. [28]
specified the involvement of oxidative stress as a contributory factor in
the damage of hepatocytes along with the depletion of antioxidant
enzymes in patients suffering from acute liver disease. Chronic ex-
posure to DEP in rats at a dose of 10 mg/kg caused changes in hepatic
architecture as evidenced by severe intra- and intercellular vacuolations
and fatty degeneration in hepatocytes of centrilobular as well as peri-
portal areas besides shreds of electron microscopic evidence indicate
increased peroxisomal number in a dose-dependent manner [29]. Later
studies of Pereira et al. [30] on male rats upon exposure to DEP for
three generations observed compounded toxic effects in F, progeny
ascertained by the substantial increase in liver weight to BW ratio and
variations in the level of both serum and tissue transaminase activities.

Fetus and neonates are the most susceptible population to endo-
crine-disrupting chemicals (EDC) while the hormones exert their action
specifically during the developmental programming window [31]. Ex-
posure to androgenic toxic substances in early life affects subsequent
generations via parental lineage. The parental effects that can be linked
to their environment in ‘early life’, said to be the period from before
conception to the end of juvenile growth and the start of sexual ma-
turation. The function of the liver is particularly affected by the unique
physiologic milieu during pregnancy. Gestation and the postpartum
period that results in abnormal liver function due to lack of adequacy of
enzymes for biotransformation of xenobiotics to their intermediates,
leading to their accumulation might impose adverse effects in organs
and tissues [32,33]. In a given situation, if the phthalate exposures
continue over gestation and perinatal period, the developing offspring
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might have dyshomeostasis to cope with liver functions. Because of
these concerns, DBP was selected as one of the phthalates to be ex-
amined in a protocol using albino rats to evaluate multigenerational
effects with the presumption that the delayed or latent manifestation of
toxicity if absent in the first generation can be observed with the en-
hancement of toxic effect in the subsequent generations. Hence, this
study was undertaken to evaluate the potential effect of DBP in the
hepatic tissue of rats up to three generations.

The European Union (EU) has imposed restrictions on four-phtha-
lates viz., DEHP, DBP and BBP further DIBP was also added to the final
list of restricted phthalates and is being effective from July 7, 2020,
under REACH (Registration, Evaluation, Authorization and Restriction
of Chemicals) [34]. Besides, these four phthalates were also banned in
electronics under the EU Restriction of Hazardous Substances (RoHS)
Directive effective from July 2019 and US Consumer Product Safety
Commission, which also extended their restriction in using these four
phthalates in toys and childcare articles [35] (CPSC, 2017). The Eur-
opean Union also banned di-n-octyl phthalate (DNOP) in toys and
childcare articles since 1999 [36].

2. Materials and methods
2.1. Chemicals

Di-n-butyl phthalate, 2,4-dinitrophenyl hydrazine (DNPH), 1-
chloro-2,4-dinitrobenzoic acid (CDNB), reduced nicotinamide dipho-
sphate (NADPH), 5, 5- dithio-bis-2-nitrobenzoic acid (DTNB), epi-
nephrine, thiobarbituric acid (TBA), trichloroacetic acid (TCA), bovine
serum albumin (BSA) and reduced glutathione (GSH) were purchased
from Sigma-Aldrich Ltd. Standards and other chemicals (AR grade)
procured from Merck Ltd. Jenway-6405 UV-vis spectrophotometer
(UK) were used in biochemical assays. Olympus microscope (CX-61)
and Olympus camera (E-330) were used for histological studies.

2.2. The rationale for dose selection

The present study assessed the multigenerational effects, by ex-
posing the rats to DBP for two weeks during gestation and four weeks
during the lactation periods. In the pilot study, the LDs, of DBP in ex-
posed rats was 8012 mg/ kg BW. In the present study, 1/16 LDsq value —
500 mg/kg BW was selected with no mortality in rats and demonstrated
the safe dose in the test animal.

2.3. Animals

Institutional Animals Ethics Committee, Bangalore University,
Bangalore (CPCSEA No.402, File No.25/525/2009 dated 23.03.2011)
approved the protocol for the use of animals. Albino rats (Wistar strain)
were procured from Sri Raghavendra Enterprises, Bangalore and ac-
climatized for a week and maintained at room temperature 25 * 20 °C
with the light-dark cycle. They were fed with standard rodent diet
(Amrut feeds, India) and water ad libitum throughout the experimental
study.

2.4. Experimental design

The study was carried out using forty-eight healthy adult Wistar
rats, of which 36 females:12 males (3 females: 1male ratio) kept in
cages for a week and females were examined for the vaginal plugs, of
which 30 females were recorded positive for pregnancy. They were
divided into two groups, group I was labeled as the control group
(n = 15) administered with olive oil and group II (n = 15) was the
experimental group administered with DBP (500 mg/kg BW) dissolved
in olive oil through oral gavage from gestational day (GD) 6 —18. The
pregnant rats were considered parental generation (Fy) dams and the
pups born to them were considered F; progeny and recorded the sex
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ratio (male: female). F; and F, pregnant rats (n = 15) numbers were
maintained the same in both groups (I and II). The same dosing regimen
was followed to raise F5 and F3 progeny and mating was avoided be-
tween siblings of each generation. At postnatal day (PND)-30, the
control group and experimental rats were euthanized by cervical dis-
location under 1% pentobarbital sodium (0.4 mL/100g bw) anaes-
thesia, to excise liver tissue, which was further used to assess bio-
chemical and histological parameters.

2.5. Hepatosomatic index

The relative weight of the liver was calculated using the formula,

Weight of liver
Body weight

Hepatosomatic index = 100

2.6. Biochemical analyses

The homogenate (10 % -w/v) of the liver was prepared in ice-cold
0.1 M phosphate buffer using Potter Elvehjem tissue grinder and later
centrifuged at 10,000 rpm. The supernatant was isolated and further
used for biochemical assessments.

2.6.1. Total protein assessment

The total protein content in liver tissue was estimated by employing
the method of Lowry et al. [37] using BSA as standard. The intensity of
color formed was directly proportional to the amount of protein present
which was measured by UV/Vis spectrophotometer at 660 nm.

2.6.2. Malondialdehyde (MDA) assay

Peroxidation of unsaturated fatty acids or tissue lipids leads to the
formation of MDA which reacts with TBA to form a stable chromo-
phoric product (pink in colour) detected in UV/Vis spectrophotometer
by measuring the absorbance of MDA at 535nm as described by
Niehaus and Samuelsson [38].

2.6.3. Antioxidant enzyme assays

The superoxide dismutase (SOD) activity was measured by the in-
hibition of epinephrine auto-oxidation at 480 nm [39]. While the ac-
tivity of catalase was determined by assaying the decomposition of
hydrogen peroxide at 240 nm adopting the method of Aebi [40]. Fur-
ther glutathione peroxidase (GPx) activity was assayed at 340 nm ac-
cording to Lawrence and Burk [41] using NADPH and hydrogen per-
oxide (H,0,) as substrates.

2.6.4. Reduced glutathione assay

The reduced glutathione (GSH) content was determined by fol-
lowing the protocol of Ellman [42] and assayed the formation of
yellow-colored 5-thio-2 nitro benzoic acid (TNB) due to the reaction
between GSH and TNB measured at 420 nm.

2.6.5. Hepatic biomarker enzyme assay

The levels of transaminase activity viz., AST and ALT activities in
hepatic tissue were measured at 505nm by following Reitman and
Frankel’s [43] method.

2.7. Histopathological evaluation

Liver tissue was fixed in 10 % phosphate-buffered formalin, later
processed for fixation, dehydration, embedding, sectioning and finally
stained with hematoxylin and eosin stains. The images of stained tissue
sections were captured with the aid of Olympus microscope (CX-61)
and Olympus camera (E-330) at the magnification of 10X and 40 X .
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Fig. 1. Variations in organosomatic index in one-month old rats upon DBP
exposure: A three-generational comparative study. Values are mean * SE of
six rats. Symbol “*’ - significantly different and ‘ns’ - non-significant from their
corresponding controls as determined by Student’s t-test, P < 0.05; alphabets
‘a’ and ‘b’ are significant different among experimental groups as determined by
one-way ANOVA followed by post-hoc Tukey’s HSD test, P < 0.05. Fy, F5 and
F3 represent first, second and third generation respectively.

2.8. Statistical analysis

The data were analysed statistically using Student’s t-test to com-
pare control and their respective experimental groups while the ex-
perimental group of each generation was compared using one-way
ANOVA followed by Tukey’s HSD post-hoc test and the results were
considered significant at P < 0.05 using SPSS software (version 20.0).
The data were expressed as mean * S.E. and the correlation analysis
was done using the Pearson correlation coefficient (r) and the values
were considered statistically significant at P < 0.01 and P < 0.05.

3. Results

There was no mortality observed in gestational rats with the com-
parative assessments made for three-generations upon DBP exposure.
As shown in Fig. 1, the organosomatic index (relative weight) of the
liver in DBP treated rats (F;-F3) was significantly higher than the con-
trol group (P < 0.05) indicating enlargement of the liver. The extent of
increment in relative weight found to be +18.9, +59.6 and +71.4 in
F;, F» and F3 progeny when compared to their corresponding control
groups.

3.1. Evaluation of oxidative stress indices and hepatic injury biomarkers

Following exposure to DBP, the oxidative stress in terms of lipid
peroxidation was notably elevated. A significant increase in MDA (a by-
product of lipid peroxidation) levels by +0.78, +21.74 and +9.63 %
was evident in F;, F, F3 progeny respectively compared to their cor-
responding control group (Table 1) while the activities of SOD, CAT,
GPx as well as GSH levels found inhibition by -32.49, -56.44; -24.74 %,
-57.35, -31.93 -75.20%; -3.70, +61.90, — 50.00 %; - 41.25, - 52.53, -
83.61 % in Fy, F» and F3 respectively. Contrarily, elevated transaminase
activity levels (ALT and AST) were evident in exposed progeny (F;, Fs,
and F3) and observed % changes being +221.81, +252.99, +340.19 %
and +8.52, +58.91, +220.15 % respectively when compared to their
corresponding control groups (Figs. 2 and 3).

3.2. Histopathological evaluation
The photomicrographs of the liver histology (F;- F5 rats) are shown

in Fig. 4(a-f). They are indicative of remarkable loss of hepatocellular-
architecture [Fig. 4(d-f)] with congested and dilated sinusoids
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Table 1
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DBP induced alterations in oxidative stress parameters in the liver tissue of rats studied up to three-generations.

Groups LPO (umoles of MDA/g wet SOD (U/mg protein) CAT (umoles H,0, hydrolyzed/ GPx (umoles of NADPH oxidized/  GSH (umoles/ min/g wet wt.
wt. tissue) min/mg protein) min/mg protein) tissue)
F, C 1.29 + 0.17 2.37 = 0.61 1.36 = 0.43 0.27 = 0.05 4.17 = 0.38
E 1.30 = 0.20*™ (+0.78) 1.60 = 1.35™ (-32.49) 0.58 *+ 0.16™" (-57.35) 0.26 + 0.06™™ (-3.70) 2.45 + 0.19>™ (-41.25)
F, C 1.15 = 0.11 2.64 = 0.36 1.19 = 0.46 0.21 + 0.02 4.34 = 0.38
E 1.40 = 0.09*™ (+21.74) 1.15 = 0.32*™ (-56.44) 0.81 *+ 0.38"" (-31.93) 0.34 + 0.05>™ (+61.90) 2.06 + 0.15>™ (-52.53)
F3 C 1.35 + 0.12 1.90 = 0.19 1.25 + 0.45 0.22 + 0.01 4.15 + 0.39
E 1.48 = 0.10%™ (+9.63) 1.43 = 0.41*™ (-24.74) 0.31 = 0.11*" (-75.20) 0.11 + 0.03*™ (-50.00) 0.68 + 0.08""™ (-83.61)

Values are mean * SE of six observations.

Symbol “*’ significantly different and ‘ns’ non-significant from their corresponding control as determined by Student’s t-test, P < 0.05; alphabets ‘a’ and ‘b’ are
significantly different among experimental groups in the inter-generational analysis as determined by one-way ANOVA followed by post-hoc Tukey’s HSD test,
P < 0.05. Fy, F, and F3 represent first, second and third generation respectively. C- Control, E- Experimental.
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Fig. 2. Variations measured in the level of Alanine transaminase activity in
liver tissue regions of rats upon gestational DBP exposure: A three-generational
toxicity assessment. Values are mean *= SE of six observations. Symbol ‘*’
significantly different and ‘ns’ non-significant from their corresponding controls
as determined by Student’s t-test, P < 0.05; different alphabets ‘a’, ‘b’ and ‘¢’
are significantly different among experimental groups in the inter-generational
analysis as determined by one-way ANOVA followed by post-hoc Tukey’s HSD
test, P < 0.05. F,, F, and F; represent first, second and third generation re-
spectively.
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Fig. 3. Variations measured in the level of Aspartate transaminase activity in
liver tissue of rats upon gestational DBP exposure: A three-generational toxicity
assessment. Values are mean =+ SE of six observations. Symbol “*’ significantly
different from their corresponding controls as determined by Student’s t-test,
P < 0.05; different alphabets ‘a’, ‘b’ and ‘c’ are significantly different among
experimental groups in the inter-generational analysis as determined by one-
way ANOVA followed by post-hoc Tukey’s HSD test, P < 0.05. Fy, F and F3
represents first, second and third generation respectively.
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(incidental rate- 33.3 %) in F; progeny; the mild focal inflammatory
infiltrations with the incidental rate of 50.0 % in F, progeny and the
severe focal inflammatory infiltrations with 16.7 % incidental rate in F5
progeny were witnessed Fig. 4(a—c) while the control subjects (F; - F3)
had an intact cytoarchitecture of the liver.

3.3. Correlation analysis

The correlates (‘r’) analysed between the levels of antioxidant en-
zymes and activity levels of transaminases are shown in Table 2. A
negative association was established between antioxidant enzymes and
transaminases (ALT & AST) in the hepatic tissue of the experimental
rats tested generationally. The ALT/SOD correlates showed a negative
trend (with r-values, -0.851, -0.929 and -0.529) in F,, F, and F; rats
respectively. Likewise other indices showed a negative correlation
which include AST/SOD (P < 0.01) [with r-values, 0.364 —0.776 and
-0.538]; ALT/CAT [with r-values, -0.922, -0.594, -0.622]; AST/CAT
[with r-values, -0.575, -0.315, -0.659]; ALT/GPx [with r-values, -0.813,
-0.002, - 0.894]; and AST/GPx [with r-values, -0.216, -0.499, -0.899) in
F1, F5 and F; intoxicated rats respectively.

4. Discussion

The extensive use of plasticizers in a wide variety of industrial and
domestic products such as PVC, personal care and medical devices have
led to the prevalence of phthalate metabolites in the environment. The
liver is a primary organ to regulate many metabolic pathways and a key
organ to filter the toxic substances. Any damage caused to the liver may
lead to complications in the regulation of metabolic pathways. The
present study was carried out to understand the role of DBP exposure in
the biochemical and histological outcomes of the hepatic tissue and
implications of the study was better understood by exposing Wistar rats
to DBP for three consecutive generations. The experimental rats (F;-F3)
showed a significant increase in the hepato-somatic index (P < 0.05)
upon exposure to DBP, indicating hepatomegaly which is a remarkable
evidence of liver damage. The hepato-somatic index is usually con-
trolled by two factors, the first being genetic and the second one is the
biochemical activity [44]. Following the toxic insult or any infection,
the liver tries to restore the hepatic mass, nevertheless, prolonged ex-
posure to xenobiotic agents leads to an adaptive response by increasing
its size and influence the enzyme activity to elevate resulting in an
alteration of the homeostasis and indicative of liver damage. In the
present study, the liver size was increased as an adaptive response
which is a compensatory mechanism. Further, elevated level (s) of the
transaminases (AST and ALT) significantly (P < 0.05) which are bio-
markers of liver injury in the F; intoxicated rats compared to F, and F,
progeny to maintain the homeostasis. Similarly, Kwack et al. [45] ex-
periments on Sprague Dawley (SD) rats resulted in liver weight increase
due to the exposure of phthalate diesters and monoesters for a short
period. Further, their findings observed the significant increase in the
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Fig. 4. Photomicrograph of liver sections showing DBP in-
duced alterations in hepatocellular architecture in Wistar rats.
(H&E staining, Scale bar-50 pm).

Impression (wmp): ‘a’, ‘b’, ‘c’ - control of F; F, and F3 with

ERI

B
Wl

o
Lt A
N O

AL

level(s) of AST of hepatic tissue in SD rats upon exposure to phthalates
such as DBP, diundecyl phthalate (DUP), DINP, monobutyl phthalate
(MBuP/MBP), monobenzyl phthalate (MBeP). While the level(s) of ALT
increased significantly in rats exposed specifically to DEHP and mono-
(2-ethylhexyl) phthalate (MEHP). Similar findings of Mapuskar et al.
[46] and Kang et al. [47] demonstrated increased levels of hepatic
enzymes in female Swiss mice and Paralichthys olivaceus (a marine
culture fish) causing the extensive damage to liver upon DEP exposure
at specific dose respectively. The elevated level of transaminases in the
present study indicates the liver injury due to the exposure of DBP,
which was profoundly observed in F3 experimental rats compared to

Table 2

liver parenchyma shows intact architecture. ‘d’ - F; toxicated
showing central veins congested and dilated sinusoids (small
arrow), ‘e’ - F, toxicated showing mild focal inflammatory
infiltrations and ‘€ -F3 toxicated showing the focal in-
flammatory infiltrations in the periportal region.

the other two generations.

Oxidative stress, which is an altered state of equilibrium due to the
generation of the excess of free radicals and depletion of endogenous
antioxidants. In the present study, the oxidative stress was induced
leading to excessive generation of free radicals resultantly lipid per-
oxidation was witnessed in the form of raised MDA level, the by-pro-
duct of lipid peroxidation in hepatic tissue due to continuous DBP toxic
insult carried out in experimental rats for three consecutive genera-
tions. As a consequence, the increase in the cellular levels of antioxidant
enzymes would have been initiated in the liver tissue of experimental
rats, while the results of the present study indicate the decrement in the

Effect of DBP on the correlation between the transaminase (ALT/AST) and antioxidant enzyme levels in rats with a comparative assessment of three-generations.

Generations Pearson Correlation Coefficient (r)

ALT/SOD AST/SOD ALT/CAT AST/CAT ALT/GPx AST/GPx
F1 —0.851%* —0.364 —0.922%* —0.575 —0.813%* —0.216%*
Fo —0.929%* —0.776%* —0.594* —-0.315 —0.002 —0.499
F3 -0.529 —0.538 —0.622% —0.659* —0.894%* —0.899%*

F1, F, and F3 represent first, second and third generations; ‘**’ and ‘*’ represent ‘r’ is significant at P < 0.01 and P < 0.05 respectively.
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antioxidant enzyme activities indicating the utilization of enzymes in
scavenging the free radicals. The decreased levels of antioxidant en-
zymes viz., GST, SOD, CAT, and GPx thereby indicating the in-
efficiency/ utilization of antioxidant enzymes to combat oxidative
stress in the hepatic tissue of intoxicated rats (F;-F3) compared to the
control group. Besides, a decrement of GSH was observed, a major ra-
dical scavenger of free radicals in the experimental rats. In agreement
with the present study, Yavasoglu et al. [48] investigations in the liver
tissue of mice indicated the butyl cyclohexyl phthalate (BCP) exposure
led to increased MDA level, indicative of lipid peroxidation while SOD
and CAT activity were decreased and Erkekoglu et al. [49] investiga-
tions in the rodent showed the DEHP exposure caused increased MDA
level while decreased SOD, GPx, GST and GSH activities in liver tissue.
Furthermore, phthalates are considered peroxisome proliferators (PPs)
identified as chemical carcinogens [50]. Among them, DBP is classified
as weak PP causes oxidative damage in the liver along with the con-
comitant increase in the MDA levels at high doses [27]. Besides, DEHP a
strong peroxisome proliferator increased the incidence of liver tumors
in rodents and animals treated with PP increased peroxisomal (3-oxi-
dation enzymes activity while decreased the H,O, decomposition [51].
The excessive production of H;O, led to oxidative damage, which
caused carcinogenesis in the livers of rodents exposed to phthalates
[27]. The investigations of Moody and Reddy [52] reported plasticizers
such as DEHP, DEHA, and DEHS in rats induced hepatic peroxisome
proliferation along with the increase in relative liver weight. To sum-
marize from the present findings, plasticizers induce hepatomegaly,
altered the levels of transaminases and oxidation of fatty acids subse-
quently leading to oxidative stress, which were detected and caused
extensive damage to the liver.

The intact cellular architecture of the liver is required for normal
functioning as major metabolic pathways are carried out in the liver.
The histological investigations of the liver showed moderate changes in
the hepatocellular architecture of F; rats with the central veins con-
gested and sinusoids dilated; mild and severe focal inflammatory in-
filtrations in the periportal region of F, and F3 intoxicated rats were
remarkable. The generation of free radicals led to the oxidation of
cellular constituents with polyunsaturated fatty acids leading to oxi-
dative damage which mediated loss of cell membrane integrity as well
as hepatic cells. This resulted in the disturbance of hepatoarchitecture
which in turn increased the AST and ALT levels. Mapuskar et al. [46]
and Pereira et al. [30] indicated DEP at high dose altered the liver tissue
architecture with vacuolations and degeneration in Swiss mice as well
in Wistar rats. Yavasoglu et al. [48] also reported butyl cyclohexyl
phthalate (BCP) altered the histological architecture of the liver such as
congestions in vena centralis, an enlargement of the sinusoids, degen-
eration in hepatocytes, vacuole formations and presence of lipid dro-
plets in hepatocytes along with eosinophilic cytoplasm were observed
in mice. Recent findings of Erkekoglu et al. [49] demonstrated the re-
markable focal necrosis and inflammatory cell infiltration in Selenium
deficient rats upon DEHP exposure. The implication of the current study
can be drawn as such with the depletion of antioxidant enzymes and
increased liver AST and ALT levels causing the severe damage in the
liver and ascertained with the histological studies of the liver.

5. Conclusion

The comparative evaluation of three-generations demonstrated that
Wistar rats upon DBP exposure from the early embryonic stage until the
lactation elevated hepato-somatic index. Besides elicited the oxidative
stress in hepatic tissue by decreasing the activities of the antioxidant
enzymes while increasing lipid peroxidation. The oxidative stress
caused loss in the integrity of the hepatocytes’ membrane which was
manifested through biochemical alterations by the leakage of free ra-
dicals. This stress corroborated with the altered hepatic-architecture in
the form of severe infiltrations (F3 experimental group) which is the
remarkable evidence to show the liver damage; an increment in the
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level(s) of transaminases (ALT and AST) which caused the hepatic
tissue to undergo congested and dilated sinusoids and infiltrations al-
terations. Under the intense oxidative stress, the free radicals surpassed
the antioxidant defence ability and resulted in the depletion of anti-
oxidant enzyme activity. The investigations of the study highlight the
hepatotoxic potential of DBP in rats conserved up to three-generations
with a severe hepatotoxicity observed in F3 experimental rats.
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