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ABSTRACT

Pregnancy is a physiological state accompanied by a high metabolic
demand and increased requirement for tissue oxygen and this increased oxygen
requirement increases the rate of production of reactive oxygen species.
Exposure of mother to environmental chemicals, drugs etc., can induce certain
vital biochemical/physiological effects, which can result either in specific
malformations in fetus or can cause maternal/fetal morbidity. Higher maternal
lipid peroxide levels have been demonstrated in normal pregnancy and in pre-
eclampsia. Given the understanding that LPO is high during normal pregnancy,
it can be speculated that maternal and fetal tissues are likely to be more
susceptible to exogenous prooxidants. Hence studies to understand the
oxidative implications of maternal exposure to prooxidants during the gestation
period and their impact on the developing embryos, and embryo-protective
mechanisms which operate under such situations would be very relevant in

animal models.

Iron deficiency and subsequent iron deficiency anemia are the most
prevalent nutrient deficiency problems afflicting pregnant women. Pregnant
women in developing countries are generally given daily supplements of iron in
order to prevent and correct gestational iron deficiency and this dose of iron
(120 mg) which is 10 times the normal daily dietary iron intake is shown to cause
gastrointestinal side effects. More importantly, equivalent doses of high-iron
supplements in male rats are shown to result in significant increases in LPO.
Interestingly, iron deficient rats are also shown to be subjected to significant
oxidative stress clearly suggesting that both iron deficiency and iron excess
promote oxidative stress. Further, data along similar lines are also essential in
animal models under experimentally-induced iron deficient conditions during
pregnancy.

Diabetes is a chronic metabolic disorder, characterized by absolute or
relative deficiency in insulin secretion and/or insulin action associated with
chronic hyperglycemia and disturbances in carbohydrate, lipid and protein

metabolism. Uncontrolled diabetes mellitus is an etiological factor for recurrent



the offspring. Antioxidant therapy has been advocated to overcome the oxidant—
antioxidant disequilibrium inherent in diabetes and various studies have
demonstrated the beneficial effects of several antioxidants during pregnancy.
Currently there is an increased interest in the identification/ characterization of
naturally occurring antioxidants for their potential use as dietary supplements
during pregnancy.

The basic objectives envisaged were: a) To examine whether maternal
exposure to prooxidants during specific gestational period causes differential
oxidative stress among embryos/fetus b) To understand the oxidative
implications of iron supplements on induction of oxidative stress in maternal
milieu during specific gestation period and its implications on developing
embryos/fetus. C) To examine if iron deficiency during gestation causes
oxidative stress in the maternal milieu and its impact on embryonic and fetal
oxidative response and d) to establish the degree of oxidative damage in
diabetic dams and their correlation with oxidative implications in embryos/ fetus
and assess the ameliorative propensity of garlic and selected medicinal plants.

In the first series of investigations, pregnant dams exposed to a
prooxidants (t-butyl hydroperoxide or iron) at sublethal doses during specific
periods of gestation (GDs7; or GDs.19) showed elevated oxidative induction
response in the maternal tissues as evident by elevated MDA/ROS levels ,
depleted GSH levels, total thiols and diminished levels of antioxidant enzymes.
Induction of oxidative response was of higher magnitude when prooxidant
exposure occurred during GDs.; compared to GDg.19 exposure suggesting an
enhanced vulnerability of embryos to prooxidants during early gestation.
Maternal exposure to prooxidants resulted in significant oxidative implications in
both embryos (GDi3) and fetal tissues. Taken together, these findings
suggested that maternal exposure to prooxidants during early gestation induces
significant oxidative stress in maternal milieu, placenta and higher oxidative
impact among embryos during early post-implantation period (GDs.7) compared
to GDs.-10.



In the second series of investigations, pregnant dams administered with
oral doses (2-8 mg/rat/d) during gestation failed to show any clinical signs of
toxicity, while the placental weights were increased (21-45%) at the highest
dose. Differential pattern of ROS induction was evident in cytosol and
mitochondria of maternal organs which was accompanied with marginal
reduction in GSH levels, diminished total thiol/non-protein thiols, and elevated
protein carbonyls levels. Placental tissue was also subjected to significant
oxidative stress in this iron excess model. Maternal exposure to iron resulted in
significant oxidative impact among embryos and fetal tissues as evidenced by
elevated ROS and MDA levels in both cytosol/ mitochondria, reduction in the
activities of antioxidant enzymes, marked diminution of GSH and total thiols/non
protein thiols. Among iron deficient (ldd) diet fed dams, the incidence of
embryolethality was significantly higher compared to the controls. Maternal
tissues of Id dams were subjected to significant oxidative stress since both ROS
levels and lipid peroxidation were significantly elevated. Interestingly, embryos
(GD43) and fetal organs of Id dams were also subjected to marked oxidative
impact as evidenced by significant elevation in ROS and MDA levels, depleted
GSH, total thiols, alterations in the activities of antioxidant enzymes and

increased oxidative damage to proteins.

In the third phase of investigations, employing a streptozotocin diabetic
pregnant rat model, we observed higher incidence of embryolethality and
significant reduction in fetal weights. Diabetes induction caused significant
oxidative stress in maternal organs sampled on GD 13/20. Further, embryos
(GD13) and fetal (GD2) organs of diabetic dams exhibited significant oxidative
stress as evidenced from elevated MDA/ROS levels (cytosol/mitochondria),
diminished GSHy/total thiols and reduced activities of antioxidant enzymes. In
two parallel studies, the ameliorative efficacy of garlic supplements and dietary
supplements of selected medicinal plants (viz., Gymnema sylvestre, Tinospora
cordifolia, Ipomea aquatica and Withania sominifera) on diabetes associated
embryolethality, placental weights, IUGR, oxidative impairments in maternal

organs, embryonic tissue and fetal tissues have been assessed.
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INTRODUCTION

Oxidative stress defined as the imbalance between oxidants and antioxidants
in favour of the former is an inevitable process occurring in aerobic life. When the
oxidants overwhelm the antioxidant defenses, it results in multiform cell damage
specifically attacking the vital macromolecules—lipids, proteins and nucleic acids
and poses a threat to the healthy survival of the cells. Severe oxidative stress can
cause cell injury and cell death. There is increasing evidence that oxidative
damage is associated with several age-related diseases, including

cardiovascular, cancer, neuro-degenerative and hepatic diseases.

Pregnancy is a physiological state accompanied by a high metabolic
demand and increased requirement for tissue oxygen which increases the rate of
production of reactive oxygen species (ROS). Exposure of mother to
environmental chemicals, drugs etc., during pregnancy can induce certain vital
biochemical/physiological effects, which can result either in specific
malformations in fetus or fetal morbidity. Several studies have found maternal
lipid peroxide (LP) levels higher in normal pregnancy per se. Further, such
increased LP levels have also been reported in preeclampsia with decreased
antioxidant levels. LP's are also produced in placenta, although their pattern of
change over the course of pregnancy is not clear.

Iron deficiency and subsequent iron deficiency anemia are the most
prevalent nutrient deficiency problems afflicting pregnant women. Pregnant
women in developing countries are generally given daily supplements of iron in
order to prevent and correct gestational iron deficiency and this dose of iron (120
mg) which is 10 times the normal daily dietary iron intake is shown to cause
gastrointestinal side effects. More importantly, equivalent doses of high-iron
supplements in rats is shown to result in significant increases in lipid peroxidation
Interestingly, iron deficient rats are also shown to be subjected to significant
oxidative stress clearly suggesting that both iron deficiency and iron excess

promote oxidative stress. In view of this, comprehensive understanding on the
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oxidative implications of iron supplements in pregnant rats fed normo-protein and
low- protein diet during pregnancy and their oxidative impact on embryos and
fetus is warranted. Further, data along similar lines are also essential in animal
models under experimentally- induced iron deficient conditions during pregnancy.

Normal pregnancy is associated with an increase in oxidative stress and
lipid peroxidation, but simultaneously several antioxidants increase in the serum
progressively as pregnancy advances. Given the understanding that lipid
peroxidation is high during normal pregnancy, it can be speculated that maternal
and fetal tissues are likely to be more susceptible to exogenous prooxidants.
Hence studies to understand the oxidative implications of maternal exposure to
various prooxidants during the gestation period as well as their impact on the
developing embryos and the embryo-protective mechanisms operating under
such situations would be useful. Only a thorough understanding of the underlying
pathophysiology of pregnancy associated oxidative stress would help in the
development of therapeutic strategies to ameliorate oxidative stress in maternal
milieu and prevent fetal complications.

Uncontrolled diabetes mellitus is an etiological factor for recurrent
pregnancy loss, fetal growth disorders and major congenital malformations in the
offspring. Antioxidant therapy has been advocated to overcome the oxidant —
antioxidant disequilibrium inherent in diabetes. Further, it is generally understood
that radical excess or inadequate levels of antioxidants in the vascular
endothelium in pregnancy can lead to pregnancy induced hypertension or
preeclampsia. Various laboratory studies have demonstrated the beneficial
effects of several antioxidants (e.g., Vitamin C, Selenium and Vit E) during
pregnancy. Currently, there is an increased interest in identification and
characterization of naturally occurring antioxidants for their potential use as
dietary supplements during diabetic pregnancy.

The objectives envisaged at the beginning of the investigation were:
i) To examine whether maternal exposure to prooxidants during specific

gestational period causes significant oxidative impact in embryos and fetus



Mahesh MS Synopsis il

ii) To understand the oxidative implications of Iron supplements on induction of
oxidative stress in maternal milieu during specific gestation period and its
implications on developing embryos and fetus.

iii) To establish whether iron deficiency during gestation causes oxidative stress
in maternal milieu & its impact on embryonic and fetal oxidative response.

iv) To establish the degree of oxidative damage in diabetic pregnant dams, and
their correlation with oxidative implications in embryos/fetus and assess the
ameliorative propensity of dietary spice and selected medicinal plants.

The thesis is presented as four chapters, preceded by a general introduction.

CHAPTER 1
Materials and Methods

In this chapter, details regarding the materials used for the investigations
including list of chemicals, animal care, ethical considerations, treatment

protocols and various assay methods employed have been presented.

CHAPTER 2
Maternal exposure to prooxidants during specific periods of gestation;
pattern of susceptibility of embryos and fetus to oxidative stress

Pregnancy is a condition exhibiting increased susceptibility to oxidative
stress which can be described as disturbance in the prooxidant—antioxidant
balance in favor of the former, leading to potential damage. There are specific
evidences to show that during pregnancy a state of oxidative stress exists in vivo.
Elevated serum levels of LPO products such as diene conjugates and TBARS
levels are known to increase in normal pregnant women along with enhanced
defense mechanism/s against free radical damage as pregnancy progresses.
Despite this, the effects of maternal exposure to prooxidants during specific
periods of gestation on the oxidative implications in embryos and fetus have not

been comprehensively investigated. More importantly, it is not known whether
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there are critical windows during which prooxidant exposure causes higher
deleterious effect on the developing embryos /fetuses.

Accordingly, in the present study, two model prooxidants viz.,
t-butylhydroperoxide (tbHP) and Iron were chosen in order to address the above
questions. Sublethal doses of the prooxidants were administered during specific
gestation days (GD) 5, 6 & 7 or 8, 9 & 10. Oxidative impact in embryos was
investigated by sampling of embryos (GDq3) and fetal tissues (GDyo), while
induction of oxidative stress was assessed in maternal tissues during both

sampling times. The results are presented under two sections A and B.

Section A comprises of results of oxidative implications in pregnant dams
following their exposure to t-bHP, a model organic hydroperoxide. t-bHP caused
marked elevation in oxidative stress response in maternal tissues. In liver, both
cytosol and mitochondria were subjected to oxidative stress as evident by
elevated MDA and ROS levels which were accompanied by depleted GSH levels,
total thiols, and diminished levels of antioxidant enzymes. tbHP administered
during early implantation period (GDs.7) induced a higher degree of oxidative
stress in the maternal tissues, while induction in placenta was of similar degree
irrespective of the dosing regimen. Maternal exposure to tbHP resulted in a
marked elevation of oxidative perturbations among GD43; embryos measured in
terms of ROS generation and MDA levels and were associated with reduced
antioxidant enzyme activities, total/non protein thiols. Both brain and liver of
fetuses (GDyy) obtained from prooxidant administered dams also showed
enhanced ROS/MDA levels, protein carbonyls, depleted GSH and diminished

activities of antioxidant enzymes suggesting a state of oxidative stress in vivo.

Section B comprises of results pertaining to iron -induced oxidative stress
in maternal tissues, embryos and fetal tissues. Iron exposure at sublethal doses
to pregnant dams during early implantation period (GDs7) or late implantation

period (GDg.19) caused significant oxidative impairments in maternal tissues
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(liver and kidney). In liver, both cytosol and mitochondria were subjected to
oxidative stress as evident by elevated MDA/ROS levels and were accompanied
by depleted GSH levels, total thiols and diminished levels of antioxidant enzymes.
Iron exposure during early implantation period (GDs.7) resulted in a higher degree
of induction in maternal tissues as well as considerable oxidative stress in
placental tissue. Interestingly, maternal exposure to iron resulted in markedly
elevated oxidative perturbations in GD43 embryos measured as ROS generation
and MDA levels with concomitant reduction in antioxidant enzyme activities, total
thiols and non-protein thiols. Both brain and liver of fetuses of iron administered
dams showed marked enhancement of ROS/MDA levels, protein carbonyls,

depleted GSH content and diminished activities of antioxidant enzymes.

CHAPTER 3
Iron excess and Iron deficiency during gestation: oxidative implications in
maternal milieu and its impact on embryos and fetus

Iron induced oxidative stress has been implicated in the toxic effects of
many chemicals, tissue injuries and disease processes. Iron deficiency is the
most common nutritional deficiency worldwide, affecting approximately two billion
people, mostly women and children. Iron deficiency is associated with an
increased risk of poor pregnancy outcomes and impaired cognitive development
in young children. Pregnant women in developing countries are commonly given
daily supplements of iron to prevent and correct gestational iron deficiency. High
iron supplements in rats result in an abnormal accumulation of intestinal, mucosal
and hepatic nonheme iron and significant increase in lipid peroxidation. Recent
studies demonstrated that iron deficient male rats also had markedly increased
lipid peroxidation suggesting that both iron deficiency and iron excess promote
oxidative stress. However, such a phenomena has not been described during
pregnancy state. Accordingly, in the present study, investigations were conducted
in pregnant rats employing an i) iron excess model and ii) iron deficiency model.

The results are presented under two sections A and B.
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Section A describes the results of oxidative perturbations among pregnant
dams orally administered with iron during specific periods of gestation and their
oxidative impact on embryos and fetal tissues. lron at higher doses (4 and 8
mg/rat/d) caused a significant reduction in maternal body weight gain and
increased placental weights. In maternal milieu, differential induction of ROS
levels was evident in cytosol and mitochondria, the induction levels being
relatively higher in mitochondria compared to the cytosol. However, the MDA
levels were higher in iron administered dams during the dosing regimen GDs.1.
In liver, the thiol levels were uniformly diminished irrespective of the dosing
regimen. In general, the activities of antioxidant enzymes were significantly
decreased at higher doses. The placental ROS levels were markedly enhanced,
while the induction levels of MDA were relatively of lesser magnitude.

Among embryos of iron administered dams, significant elevation in ROS
levels occurred at the highest dose with concomitant enhancement in the MDA
levels. Marked diminution of GSH (40%), total thiols (47%) and non protein thiols
(36%), reduced activities of antioxidant enzymes were accompanied with
elevated protein carbonyl content. Further, it also caused marked oxidative
impact in fetal tissues as evidenced by significantly elevated ROS/MDA levels in
brain, while the induction of LPO was less robust. At higher doses, significant
diminutions in the levels of GSH were accompanied with elevated total thiol
levels, while the protein carbonyl levels were significantly elevated. Significant
reduction in the activity of antioxidant enzymes was evident at higher doses in

brain, although the reductions in fetal liver were less robust.

Section B describes investigations related to the occurrence of oxidative
impairments in maternal milieu associated with iron deficiency during pregnancy
and its oxidative impact in embryos and fetuses. Iron deficiency was induced by
following a dietary regimen consisting of feeding adult females on a diet totally
devoid of iron for two weeks prior to pregnancy and throughout gestation.
Significant decreases in body weight (17-25%), placental weights and increased

incidence of embryolethality was evident among dams fed iron deficient diet.
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Evidences such as elevated ROS levels and MDA levels in maternal
organs clearly suggested that iron deficiency also induced a state of oxidative
stress in the maternal milieu. Increased protein oxidation was also evident as
protein carbonyl content was also enhanced. Moderate decrease in reduced GSH
was accompanied with reduced activities of antioxidant enzymes in both cytosol
and mitochondria of brain and liver. Placental tissue was also subjected to
significant oxidative stress as revealed by elevations in ROS, MDA levels,
reduced GSH levels and increased protein carbonyls. Significant oxidative impact
was discernible in both embryos and fetuses. Among embryos of dams fed Iron
deficient diet, marked enhancement of ROS and MDA levels were observed in
both cytosol and mitochondria. Other major evidences were: diminished levels of
GSH, total thiols, elevated protein carbonyls and significant perturbations in the
activity of antioxidant enzymes. Among fetuses obtained from iron deficient
dams, significant oxidative impairments were noted in brain and liver. Other
important observations were: marked enhancement of brain ROS levels,

moderate elevation in MDA levels and lowered activity of antioxidant enzymes.

CHAPTER 4
Experimentally induced diabetes during gestation: oxidative stress in
mother, post-implantation embryos/fetus and its amelioration

The steadily increasing trend in the prevalence of diabetes mellitus (DM) is
of global concern and women are reported to be more prone to type 1 DM than
men. About 5% of all pregnancies occur among diabetic women and DM is often
diagnosed in women during pregnancy. Maternal diabetes during pregnancy is
associated with increased risk for growth disturbances and congenital
malformations. Increased (2-3 fold) incidence of major congenital malformations
is reported in the offspring of diabetic women compared to that of the general
population. The malformations occur during the period of embryonic

organogenesis and the nature observed in type 1, type 2 and gestational diabetes
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are similar. Uncontrolled diabetes has been implicated as an etiological factor for
recurrent pregnancy loss and there is an estimated incidence of 17%
spontaneous abortion in DM pregnancies. Experimental studies in laboratory
animals have demonstrated a consistent intrauterine growth restriction and
fetoplacental abnormalities. However, the mechanisms of diabetic embryopathy
are not clearly understood. Nevertheless, there is strong evidence that there is
oxidant—antioxidant disequilibrium in DM. Hence, our primary objective was to
establish the nature/ degree of oxidative impairments occurring among diabetic
pregnant rats and to assess the ameliorative propensity of dietary components.

The results are presented under two sections, A and B.

Section A comprises of basic investigations pertaining to induction of diabetes
in pregnant rats (CFT-Wistar) and measurement of hyperglycemia, quantification
of oxidative implications in maternal tissues (GD13 and GDyg) in order to examine
the progression and pattern of oxidative stress. Administration of STZ (45 mg/kg
bw, i.p.) to pregnant rats on GD, induced significant hyperglycemia, higher
embryolethality (40%) and significant IUGR. Diabetes induction caused significant
oxidative stress in maternal organs (liver, kidney) measured on GD+3 in terms of
increased generation of ROS levels, elevated lipid peroxidation, perturbations in
antioxidant defenses and significant elevation in placental lipid peroxidation and
alteration in antioxidant defenses. The embryos (GDi3) were subjected to
significant oxidative stress as evident from markedly elevated MDA/ ROS levels
in cytosolic/mitochondrial fractions, diminished GSH/total thiols and reduced
activities of antioxidant enzymes. The oxidative impairments in maternal organs
(GDy) also showed more robust induction as evident by marked elevation in
LPO, ROS levels, depleted GSH and total thiols antioxidant enzymes and higher
protein carbonyls. The fetal (GDy) tissues such as brain and liver tissues were
also subjected to marked oxidative stress as measured by increased ROS/MDA

levels and alterations in antioxidant defenses.
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Section B comprises of studies pertaining to amelioration of diabetes induced
oxidative implications in maternal tissues and their impact on embryos and
fetuses by garlic and few medicinal plants. Garlic supplements to diabetic
pregnant rats marginally reduced the blood glucose levels, partially restored the
loss in body weight and the magnitude of polyuria. Garlic significantly reduced the
incidence of embryolethality and markedly restored the fetal weights. More
importantly, garlic markedly offset diabetes associated oxidative impairments in
maternal organs as evident by the restoration of various oxidative markers such
as MDA/ ROS levels, GSH content and enzymic antioxidants. Placental weights
and oxidative stress among STZ rats was also significantly abrogated by garlic
(50% protection). Other important observations were: restoration of ROS and
MDA levels, GSH levels, perturbations in antioxidant defenses and thiol content.

In another study, we examined the efficacy of oral supplements of medicinal
plants viz., Gymnema sylvestre (GS), Tinospora cordifolia (TC), Ipomoea
aquatica (IA), and Withania somnifera (WS) to non-diabetic and diabetic
pregnant rats. While the dietary supplements to STZ-diabetic rats marginally
reduced the glucose levels, significant beneficial effects were demonstrable
among diabetic rats in terms of abrogation of oxidative stress biomarkers. The
incidence of embryolethality was reduced significantly by all the dietary
supplements (GS>TC>IA>WS). Likewise, significant protection was evident in
terms of reduction in IUGR and the supplements provided considerable protection
against diabetes associated oxidative impairments among both maternal and fetal
tissues.

A section titled Conclusions is included in which all the salient findings of
this investigation have been listed. At the end of the thesis, a comprehensive list

of cited Bibliography is presented.

Dr. Muralidhara Mahesh MS
GUIDE Candidate
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MATERIALS AND METHODS

Chemicals

1,1,3,3-tetramethoxy propane (TMP), 1-chloro-2,4-dinitro benzene
(CDNB), 2,4-dinitrophenylhydrazine (DNPH), 5,5-dithio-bis (2-nitrobenzoic acid)
(DTNB), 2',7’-dichlorofluorescein (DCF), 2’,7’-dichlorofluorescin diacetate
(DCFH-DA), bovine serum albumin (BSA), glutathione reductase, hydrogen
peroxide, NADH, NADP, NADPH, reduced and oxidized glutathione (GSH and
GSSG), t-butyl hydroperoxide (70% aqueous CAS # 75-91-2), thiobarbituric
acid, xanthine and xanthine oxidase were procured from M/s. Sigma Chemical
Co., (St. Louis, MO, USA). Folin’s reagent, o-pthalaldehyde, sodium dodecyl
sulfate and tricholoro acetic acid were procured from M/s. Sisco Research

Laboratories, Mumbai, India. All other chemicals used were of analytical grade.

Iron Dextran (ID)
Ferric hydroxide dextran complex, (100mg/ml containing 0.5% phenol as

preservative) was obtained from M/s. Sigma-Aldrich Chemical Co., USA.

Diabetogenic agent
Streptozotocin  (N-(methyl-nitrosocarbamoyl)-a-D-glucosamine)  was
obtained from M/s. Sigma-Aldrich Chemical Co., USA.

Medicinal Plants

Fresh leaves {Gymnema sylvestre (GS) and Ipomea aquatica (IA)}, roots
{Tinospora cordifolia (TC) and Withania somnifera (WS)} and cloves {Allium
sativa (AS)}, were procured from a reputed ayurvedic pharmacy. Dehydrated
(sun dried) plant parts were finely powdered to pass through No.60 mesh sieve.

The powder was stored in airtight containers at 4°C.
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Animals and Care

Experiments were carried out using adult rats of both sexes (CFT-wistar
strain). Animals were fed on commercial pellet diet (Amruth Feeds, Sangli, India)
ad libitum.

Adult virgin rats (10-12 wk, 200+10g), were randomly drawn from the
stock colony of the ‘institute animal house facility’. Rats were acclimatized for a
week in polypropylene cages (2 per cage) with dust free paddy husk as the
bedding material. Cages were placed on racks built of slotted angles and were
housed in a controlled atmosphere with a temperature 25+5°C and mean
relative humidity of 50£5% with a 12:12h light: dark cycle.

Adult male rats (10-12 wk old, wt range 225+25g) were drawn from the
‘animal house facility’ of our Institute. Generally they were acclimatized for a
week before use. They were housed individually in polypropylene cages with
12:12h light/dark cycles, at controlled atmosphere of temperature and humidity.

For mating purpose, only proven males were used.

Ethical considerations

All procedures with animals were conducted strictly in accordance with
guidelines approved by the local “Institute Animal Ethical Committee” regulated
by the committee for the purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Ministry of Social Justice and Empowerment, Government
of India, India. During the experiments maximum care was taken to minimize
animal pain and discomfort and in addition, the number of rats used was kept at

a minimum.
Mating schedule and determination of Gestation Day (GD)

Adult virgin females were paired with proven males (ratio of 1:1) and
cohabited overnight. Pregnancy was ascertained by microscopic observation of
vaginal flushings for the presence of spermatozoa daily. Physiological saline
was used for the purpose and the procedure was conducted as gentle as

possible. The day the smear was sperm positive was designated as GD ‘0’. The
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animals which did not mate for 5 days were excluded from the study. Later

pregnant rats were weighed, randomly grouped and were housed individually.

Isolation of embryos and fetuses

Briefly, uterine horns from mothers (embryos GD13; fetuses: GDyo) were
excised and were immersed in ice-cold phosphate buffer saline (PBS 0.1 M, pH
7.4). Further, whole uterine horns were pinned on to a wax base, immersed in
ice cold PBS. Using surgical procedures, a small incision was made on the
uterine wall so as to expose the embryos/fetuses. Later, umbilical cord was cut
and embryos/fetuses were ligated. Floating embryos were gently picked up and
stored in cryovials at -80°C for further analysis. Fetuses were rinsed in ice-cold
PBS, blotted and weighed. Further, fetuses were dissected; fetal brain and liver
were excised, rinsed in ice-cold PBS, blotted and stored in cryovials at -80°C

until analysis.

Isolation of placenta

After excising embryos/fetuses, discoidal placentas were cleared off any
remaining debris of umbilical cord and yolk sac, gently excised from the uterine
horn, rinsed in ice-cold PBS, blotted, weighed and stored in cryovials at -80° C

until analysis.

Preparation of tissue samples

Isolation of plasma
Samples of blood were collected either by cardiac puncture or from retro-
orbital plexus in tubes coated with sodium fluoride (0.1%). Whole blood was

centrifuged at 800Xg for 10min at 4°C to obtain plasma.

Tissue homogenates

Tissues (maternal brain, liver and kidney; fetal brain and liver; embryos
and placenta) excised from dams were blotted free of blood, rinsed in ice-cold
saline and homogenized (10% w/v) in ice-cold phosphate buffer (0.1M, pH7.4).
The homogenates were centrifuged at 800Xg at 4°C for 5 min and the

supernatants were used.
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Mitochondrial fractions (Trounce et al., 1996)

Tissues (maternal brain, liver and kidney; fetal brain and liver; embryos
and placenta) were excised and used for isolating mitochondria and cytosol by
differential centrifugation. Briefly, a 20% homogenate was prepared in ice-cold
homogenizing buffer (2mM Tris-HCI, 2560mM sucrose, pH 7.4) using a glass-
teflon grinder at 4° C. The homogenate was centrifuged at 800Xg for 10 min at
4° C to obtain the nuclear pellet. Mitochondrial pellet was obtained by
centrifuging the post-nuclear supernatant at 5200Xg for 20 min at 4° C. The
mitochondrial pellet was washed twice with ice-cold MSH buffer (200mM
mannitol, 70mM sucrose, 10mM HEPES, 0.1mM EDTA, pH 7.4) and was finally

suspended in a known volume of MSH buffer.

Cytosol
Tissues were homogenized in ice-cold sodium phosphate buffer (0.1 M,
pH 7.4) and centrifuged at 10,000g for 30min. Supernatants were used for

assessing oxidative damage and activities of antioxidant enzymes.

Preparation of experimental diets

Iron and protein deficient diet

Composition of modified AIN-93G’ diet for studies is presented in Table.
Dams of iron deficient group received the same diet except for mineral mix
where no ferric citrate was added. Likewise pregnant rats of protein deficient
group received diet containing 100 g/kg casein (50 % of normal) compensated

with corn starch so as to maintain the isocaloricity.

Supplementation of diet with medicinal plants

Commercially available pellet diet (M/s. Amruth Feeds., Sangli, India) was
powdered and was supplemented with 2% {Gymnema sylvestre, Ipomea
aquatica, Tinospora cordifolia, Withania somnifera, and Allium sativa}, (w/w)
powder for studying their potency to attenuate diabetes induced oxidative

damage.
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Ingredient g/kg diet
Corn starch 529.5
Sucrose 100.0
Casein 200.0
Fiber (Alphacel) 50.0
Refined Soybean oll 70.0
Mineral mix (AIN-93G-MX) 35.0
Vitamin mix (AIN-93-VX) 10.0
L-Cystine 3.0
Choline bitartrate 2.5
tert-Butylhydroquinone 0.014

*American Institute of Nutrition (Reeves et al. 1993)
ASSAY METHODS

Determination of blood glucose

The plasma glucose level was estimated using a commercial kit (M/s. Dr.
Reddy’s laboratories, India) based on the method in which glucose oxidase
(GOD) and peroxidase (POD) are used along with phenol and 4-

aminoantipyrine.

Determination of lipid peroxidation (Ohkawa et al., 1979)

LPO was quantified in tissue homogenates or supernatant fractions by
measuring the thiobarbituric acid reactive substances (TBARS). To an aliquot of
mitochondrial/cytosolic fractions (0.5-1mg protein) 0.2ml of 8% SDS, 1.5ml of
20% acetic acid (pH 3.5) and 1.5ml of 0.8% thiobarbituric acid aqueous solution
were added. The mixture was heated for 1h in a boiling water bath. After
cooling, 3ml of n-butanol was added and mixed vigorously. The color extracted
into butanol layer was read using a fluorescence spectrophotometer (Ex 515
and Em 553 nm). 1, 1, 3, 3-tetramethoxypropane was used as an external

standard.
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Reactive oxygen species (Lebel et al., 1990)

Mitochondrial/cytosolic fractions were diluted 1:10 in ice-cold Locke’s
buffer to obtain a concentration of 5mg tissue/ml. The homogenates were then
pipetted into tubes and allowed to warm to room temperature (21°C) for 5 min, to
which 5ul of DCFH-DA (10uM final concentration) was added to each well and
the plates were pre-incubated for 15min at room temperature to allow the
DCFH-DA to be incorporated into any membrane-bound vesicles and the
diacetate group cleaved by esterases. After 30min, the conversion of DCFH to
the fluorescent product DCF was measured using a fluorescence
spectrophotometer with excitation at 485nm and emission at 530nm.
Background fluorescence (conversion of DCFH to DCF in the absence of
homogenate) was corrected by the inclusion of parallel blanks. ROS production
was quantified from a DCF standard curve and results were expressed as pmol

DCF formed/mg protein/min.

Glutathione estimation (Mokrasch and Teschike, 1984)

Mitochondrial/cytosolic fractions (0.5-1mg protein equivalent) were added
to 2ml of formic acid (0.1M) and centrifuged at 5200Xg for 20min. To 100ul of
the supernatant, 100yl buffer A (1:4 (v/v) 37% formalin: 0.1M NayHPO,) was
added and after 5min, 1ml of buffer B (0.1M sodium phosphate, 5mM EDTA, pH
8.0, for reduced glutathione or 0.1M NaOH for oxidized glutathione) was added
along with 100pl of o-pthalaldehyde (1mg/ml). This mixture was vortexed and
incubated for 45min at room temperature and the absorbance was read at an
excitation of 345nm and an emission of 425nm using a spectrofluorimeter
(Shimadzu 5301 PC). The amount of total glutathione was determined from the
standard curve simultaneously obtained under the same conditions with
standard solutions of GSH and GSSG.

Thiols (Seldak and Lindsay, 1968)
Thiols (total and non-protein) in mitochondria and cytosol of both
maternal (liver and kidney) and fetal organs (brain and liver) were measured

according to the original method with slight modifications. Estimation of
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sulfhydryls was based on the reduction of DTNB to 2-nitro-5-mercaptobenzoic
acid which absorbs at 412 nm. Quantification was done using extinction

coefficient of 13,600 mM'mg protein™.

Total thiols: 0.5mg protein was mixed with 0.5ml of 0.2M Tris-HCI (pH
8.2) containing 20mM EDTA and 0.025 ml of 10mM DTNB in methanol. The
mixture was brought to 2ml with methanol. A reagent blank and a sample blank
were prepared similarly. The mixture was incubated at room temperature for
30min with occasional mixing, centrifuged at 3000 g for 10min. The absorbance

of the clear supernatant was read at 412nm.

Non-protein thiols: 1.0mg protein suspended in 1.0ml of distilled water,
mixed with 0.5ml of 5% TCA and centrifuged at 3000g for 10min. 0.5ml of the
supernatant was added to 1.5ml of Tris-HCI pH 8.9 containing 20mM EDTA and
mixed with 0.025ml of 10mM DTNB. Absorbance was read within 5min of
addition of DTNB at 412nm against a reagent blank.

Determination of protein carbonyls (Levine et al., 1990)

Aliquots of mitochondrial/cytosolic fractions containing 0.5-1mg protein
were precipitated with 0.5ml of 20% trichloroacetic acid (v/v) and centrifuged.
The pellet was resuspended in 1ml of 2,4-dinitrophenylhydrazine (10mM) in 2M
HCI and allowed to stand at room temperature for 1h, vortexing every 10min.
Proteins were then precipitated with 0.5ml of 20% (v/v) trichloroacetic acid,
centrifuged and the pellet was washed thrice with 1ml of acetone. The final
pellet was dissolved in 1ml of 2% (v/v) sodium dodecyl sulfate prepared in
20mM Tris-HCI buffer containing 0.4M NaCl (pH 7.4). Carbonyl content was
calculated from the maximum absorbance (360nm) using a molar extinction
coefficient of 22mM™cm™. Results were expressed as nmol carbonyls/mg

protein.

Catalase (Aebi, 1984)
The enzyme activity was determined by measuring the change in

absorbance in 1ml reaction mixture using final concentration of 8.8mM H,O, and
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phosphate buffer (50mM, pH 7.0) at 240nm, 25°C after addition of sample
equivalent to 100ug protein. The enzyme activity was expressed as nmol of

H,O, oxidized/min/mg protein.

Glutathione peroxidase (Flohe & Gunzler, 1984)

The assay mixture contained 500ul phosphate buffer (0.1M, pH 7.0),
100ul of enzyme sample, 100ul of glutathione reductase (0.24U/ml), 100ul of
10mM GSH and 100ul NADPH. The final volume of the reaction mixture was
1ml. The reaction was started by the addition of 100ul 12mM t-butyl
hydroperoxide. Conversion of NADPH to NADP* was monitored continuously in
a spectrophotometer at 340nm for 3 min. GPX activity was expressed as
nmoles of NADPH oxidized/min/mg protein using an extinction coefficient
(6.22mM"'em™).

Glutathione transferase (Guthenberg et al., 1985)

To 0.85-0.9ml of phosphate buffer (0.1M, pH 6.5), 0.05ml of 20mM
glutathione, 0.05ml of 20mM 1-chloro-2, 4-dinitrobenzene (CDNB) were added
and mixed. 0.05ml of supernatant (enzyme sample) was then added to the
above mixture and formation of adducts of CDNB (S-2, 4-dinitrophenyl
glutathione) was monitored by measuring the net increase in absorbance at
340nm. The enzyme activity was calculated based on the absorption coefficient
of 9.6mM'cm™. Results were expressed as pmols adduct formed/min/mg

protein.

Glutathione reductase (Carlberg & Mannervick, 1985)

The enzyme activity was measured by NADPH coupled assay. 1ml of
reaction volume consisted of 900ul of phosphate buffer (0.2M, pH 7.0, 2mM
EDTA), enzyme sample (~150ug protein), 50ul of NADPH (2mM) and 50ul of
20mM oxidized glutathione. The rate of decrease in absorbance was monitored
at 340nm at 37°C. The enzyme activity was expressed as nmol of NADPH

oxidized/min/mg protein.
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Superoxide dismutase (Flohe & Otting, 1984)

To a micro cuvette were added 2.9ml of solution A (5ul xanthine in 0.01N
NaOH + 2ul Cytochrome-c + 50mM phosphate buffer in 0.1mM EDTA) and
0.1ml of solution B (an equal volume of xanthine oxidase in 0.1mM EDTA).
Reaction mixture without enzyme was used as blank. After adding various
volumes of enzyme sample, inhibition of cytochrome-c reduction was monitored

for 5min at 560nm. Results were expressed as Units of SOD/mg protein.

One unit was defined as the amount of enzyme that decreases the initial
rate of cytochrome-c reduction to 50% of its maximal value for the particular

sample being analyzed.

Protein estimation (Lowry et al., 1951)

Tissue mitochondrial or cytosolic fraction (1mg equivalent) was made
upto 1ml with Lowry’s reagent (2% Na;COs in 0.1N NaOH with 1% copper
sulfate and 2% sodium potassium tartarate) and the total volume was made up
to 2 ml with distilled water. 0.1ml of Folin-Ciocalteu (1N) was added, cyclomixed
and allowed to stand for 20 min at room temperature. After 20min, the color
developed was measured at 750nm by using a spectrophotometer (Shimadzu
1601A). The total protein concentration was determined from the standard curve

obtained under the same conditions with BSA as the standard.

Statistical analysis
In general, all the statistical calculations were done through SIGMA STAT
for Windows (Version 3.5) and a P-value less than 0.05 was set as the minimum

level of significance using Holm Sidak test.



Chapter 1 Material and Methods 55

Data in chapter 2 (tbHP and iron model), comparisons were made
between control v/s GDs7, control v/s GDg.1o. Experimental data obtained in
chapter 3 (section A), comparisons were made between control and various oral
doses of iron (control v/s 2, 4 and 8 mg/rat/d). However, the data obtained in
section B of chapter 3, data was analyzed by students ‘t' test between iron
sufficient (control) and iron deficient. Experimental data obtained in chapter 4
(section A), comparisons were made between non-diabetic and diabetic groups
by Holm Sidak test. However, the data obtained in section B of chapter 4,
comparisons were made between non-diabetic v/s diabetic groups; diabetic v/s

diabetic supplemented with garlic/medicinal plants.
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1.0 INTRODUCTION

In mammals, reactive oxygen species (ROS) are essential factors for cell
replication, differentiation and growth, notably during gestation, but are also
potentially damaging agents (Aurousseau et al., 2006). Two families of radicals
each including a large variety of species can be distinguished: ROS and organic
radicals. Organic radicals are large molecules that are very often integral parts
of cell membranes. ROS originate in the organism from various sources and
their fate and effects cover wide fields. Some of the very reactive radicals such
as superoxide anion (O2") or hydroxyl radical ((OH) readily react with cell
components only at the site of their production, while others such as hydrogen
peroxide (H202) or nitric oxide (NO) can diffuse across membranes to
appreciable distances where new radicals are formed (Pryor, 1986; Halliwell &
Gutteridge, 1999). ROS can induce cascade propagation of oxidative reactions
between molecules, followed by formation of new radical species and
eventually, an exponential amplification of rates of ROS production (Porter et al.,
1995; Bilodeau & Hubel, 2003; Raijmakers et al., 2004). The attack and
alteration of cell constituents by ROS is the more commonly reported effects of

radical phenomena and is considered as oxidative stress.

Extensive knowledge on radical phenomena specifically associated with
healthy gestation and embryogenesis has been demonstrated both in humans
and laboratory animals (Raijmakers et al., 2004). As in other physiological
states, ROS can induce noxious effects and pathologies of gestation only when
the equilibrium between the production and the elimination of ROS is disrupted
(Caniggia et al., 2002). Increasing rates of ROS production relative to
antioxidant defenses can induce increasing rates of oxidative alterations of
lipids, proteins and DNA in the living organism which can lead to pathologies or

even achieve a non-reversible state.
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During pregnancy, ROS play a prominent role in remodeling of uterine
tissues, implantation of the embryos, settlement of villi and development of
blood vessels characteristic of gestation. A large set of factors can induce high
steady state of ROS during pregnancy which includes: high rates of estrogen,
cytokines, oncogenes and growth factor signaling, production by neutrophils and
activation of NADPH oxidases by contact between tissues from the embryo and
mother (Johri & Dasgupta, 1980; Meier et al., 1989). In rats, high rates of Oy~
(decreasing steadily from GD1; to reach a 60% lesser level on GD1g), H2,O, (with
an increase between GD12.14 and a 63% decrease between GD14.16) and OH
(doubling between GDq,.16) have also been reported in ex vivo fetal
homogenates (Fantel et al., 1998). Other major sources of ROS during
pregnancy which have been described are: changes in oxygen partial pressures,
synthesis of hormones, escape of mitochondria of proliferating cells due to high
rates of multiplication and metabolism and increased activity of mitochondrial
superoxide dismutase (Rodriguez et al., 2000; Kim et al., 2005). Further, in
human placental mitochondria, interaction between NADPH and iron is known to
produce ROS (Milczarek et al., 2000).

In experimental animals (such as rat) rates of ‘OH are reported to
increase in the 16 day old fetus, while O, and H,O; subside (Fantel et al., 1998).
H2O, can diffuse across the membranes and react with redox minerals (mainly
Fe) in the cytoplasm, at the nuclear membrane or within the nucleus (Li &
Byrnes, 1999). Direct O," production at the level of the nuclear membrane
through an NAD(P)H dependent mechanism is possibly of major importance and
can end in the interaction of this radical with iron to produce ‘OH. More means of
‘OH formation can be recruited, such as interactions between H,O, or O,™ and
iron or interactions between various peroxides of proteins, lipids or catechols
and redox minerals. At different stages of pregnancy, a high energy metabolic
rate is observed, but is automatically followed by high flux of ROS, originating
notably from the mitochondria (Fantel et al., 1998; Kim et al., 2005).
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The exposure of the blastocyst or the embryo to oxygen induces risks of
oxidative stress and of gestation failure or pathologies. In normal pregnancy,
high physiological rates of ROS production have been reported in the uterine
wall. The placenta and fetus must be protected to avoid any lethal effect of the
high rates of ROS production. GSH production and metabolism are of the
utmost importance to prevent pathologies of gestation, both for radical
scavenging properties of GSH and for its role in the control of the redox state
inside the cells and control of gene expression. Protection of cell structures is

also afforded by a set of specialized antioxidant defenses against ROS.

While free radicals and ROS play a number of beneficial roles during
gestation, excess ROS can be associated with reproductive dysfunctions. That
normal pregnancy is associated with an increase in oxidative stress and lipid
peroxidation, clearly suggests that some of the vital maternal organs may be
relatively more vulnerable to exogenous prooxidants during gestation. More
importantly, these oxidative perturbations are likely to have a substantial impact
on the developing embryo and fetus. The existence of critical windows during
which exposure to xenobiotics results in embryopathy and malformations have
been documented (Wells et al., 2005). However, the existence of such ‘critical

vulnerable windows’ to prooxidant exposure during gestation are rather limited.

Accordingly, in the -current study, two prooxidants viz., t-butyl
hydroperoxide (tbHP) and iron were chosen as model compounds to induce
oxidative stress in the maternal milieu and their oxidative implications on
growing embryos and fetus were investigated. tbHP has been earlier used as a
prototypic inducer of oxidative stress in a variety of in vitro and in vivo systems
(Rajesh Kumar et al., 2002, Kumar & Muralidhara 2007). Prior to this study,
toHP has never been reported to be employed to induce oxidative stress in
pregnant rodents and hence we consider this as a new in vivo model. However,
iron exposure has often been used and we employed this approach mainly due
to its practical relevance. The data obtained in these models are presented as

two separate sections A and B.
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SECTION A

HYDROPEROXIDE MODEL: OXIDATIVE STRESS INDUCTION IN
MOTHER AND EMBRYOS

2.0 OBJECTIVE

The primary objective of this study was to examine (i) If there are ‘critical
windows’ during gestation which are vulnerable to prooxidant exposure (ii) The
extent of oxidative implications among the early post implantation embryos
following maternal prooxidant exposure. This was achieved by administering
pregnant dams with a model organic hydroperoxide viz., t-butyl hydroperoxide
at sublethal doses during two specific periods of gestation (either on GDs; or
GDsg.19) and assessment of oxidative response in maternal tissues and their

implications in embryos obtained on gestation day 13 (GD13).

3.0 EXPERIMENTAL DESIGN

3.1 Preliminary toxicity study: Selection of dosages

A preliminary study was conducted to determine the median lethal dose
(LDsp, intraperitoneal) of the model prooxidant, tertiary butyl hydroperoxide
(tbHP) in adult female rats. Acute graded doses of tbHP were administered at
dosages ranging from 100-500 pmoles/100g bw. The mortality data obtained
was subjected to probit regression analysis to compute the LDsg value. Since the
statistically computed LDs, value for tbHP was 400 pmoles/100g bw, two
dosages viz., 1/10 and 1/5 of LDsy were selected for repeated dosing

experiments.
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3.2 Determinative study

In this study, the basic experimental protocol comprised of administering
(i.p) two dosages of tbHP (equivalent to 1/10™ and 1/5" LDsp) to pregnant rats
during specific periods of gestation (two critical periods of gestation early post-

implantation GDs.7 or GDs.10). The rats were maintained upto GD1s.

Both control and tbHP treated dams were provided with known amounts
of diet and the food intake was monitored by weighing the residual diet each
day. Body weight gain was monitored regularly throughout the experiment. Rats
were sacrificed on GD43 after mild diethyl ether anesthesia. Blood was drawn by
cardiac puncture for measuring serum MDA levels. Maternal organs (liver &
kidney) were excised, rinsed in ice-cold phosphate buffered saline (PBS 0.1
mol/L, pH 7.4), blotted, weighed and stored at -80°C for further analysis. Uterine
horns were excised and pinned to wax base immersed in ice cold PBS. Using

surgical procedures, embryos and placenta were excised and weighed.

GESTATION DAYS (GD)

GD 0 GD 4 GD 13: RECOVERY OF EMBRYOS

[l |

CONTROL

tbHP (GDs.7)

tbHP (GDg.19)

Treatment regimens employed to ascertain the effect of maternal oxidative stress on embryos.
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3.3 Post- implantation embryonic lethality and placental weights

Pregnant rats were sacrificed on GD43; and uterine contents were
analyzed for post-implantation losses. Total implantations, live and dead
implantations were scored from each dam and the data was pooled for the
group. Further, placenta and embryos were excised, trimmed, rinsed in ice-cold
PBS, blotted weighed and stored at -80°C for further analysis.

3.4 Quantification of oxidative impairments in maternal organs and

embryos

3.4.1 Status of lipid peroxidation and generation of ROS

Pregnant rats administered toHP were sacrificed along with untreated
normal controls to measure the degree of oxidative damage (levels of MDA,
ROS and protein carbonyls) in mitochondrial and cytosolic fractions of
embryonic homogenates. In order to obtain a comparative picture, LPO and
ROS were determined in placental homogenates and maternal tissues (liver and

kidney).

3.4.2 Alterations in redox state
The amount of reduced glutathione, total thiols and non-protein thiols in
maternal tissues, placenta and embryos were determined in both control and

tbHP administered rats.

3.4.3 Perturbations in antioxidant defenses
Activities of antioxidant enzymes viz., CAT, GPX, GR and GST in
embryos, placenta and maternal tissues were determined in both control and

prooxidant administered rats.
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SECTION B

IRON EXCESS MODEL: OXIDATIVE IMPLICATIONS IN
EMBRYOS/FETUSES

2.0 OBJECTIVE

The primary objective of this study was to examine (i) if there are ‘critical
windows’ during gestation which are susceptible to maternal iron exposure and
(i) subsequent oxidative impact on the growing embryos and fetus. This was
studied by administration of a well known model prooxidant viz., iron at sublethal
doses during two specific periods of gestation (viz., GDs7; or GDg19) and
ascertaining the oxidative response in maternal tissues and their implications in

embryos and fetal tissues.

3.0 EXPERIMENTAL DESIGN

3.1 Preliminary Study: dose selection of Iron Dextran (ID)

With an objective of determining the sublethal dosages of iron dextran
(ID), initially  pregnant rats (n=4) were administered (i.p) with ID at dosages
ranging from 10-100 mg/kg bw either during gestation days (GD) 5-7 or 8-10.
Subsequently dams were sacrificed on GD43 or GDyy to assess the degree of
post implantation embryolethality. Based on the results, three dosages viz., 10,

25 and 50 mg/kg bw were selected for further experimentation.

3.2 Protocol and design

Two sets of experiments were conducted in pregnant rats to assess the
susceptibility of the mother to iron induced oxidative stress and its oxidative
implications in embryos and fetuses. In order to study the effects on embryos,
dams were sacrificed on GD43, while to assess the effects on fetus, dams were
sacrificed on GDy. Further, to assess the vulnerability or resiliency of growing
embryos to prooxidant exposure, pregnant dams were administered ID either
during GDs.7 (early post implantation exposure) or GDg.1o (late post-implantation

exposure).
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The following selected markers of oxidative stress were quantified to
study the effect of maternal iron exposure: TBARS, ROS levels, reduced
glutathione, protein carbonyls, total thiols and activities of selected enzymic

antioxidants.

Treatment Regimen 1
Recovery of embryos

GD O GD 4 GD 13

[l ]

CONTROL

ID (GD5.7)

ID (GD g.10)

Treatment Regimen 2
Recovery of fetuses

GD O GD 4 GD 20

l | /]

CONTROL

ID (GDs7)

ID (GDg.10)

Treatment regimen employed to ascertain the effect of maternal iron overload on embryos and
fetuses.
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4.0 RESULTS
SECTION A

HYDROPEROXIDE MODEL: OXIDATIVE STRESS INDUCTION IN MOTHER
AND EMBRYOS

Toxicity profile
The LDsy value of tbHP computed by probit regression analysis was
400 pmoles /100g bw.

4.1 Effects on growth, placental weights and embryolethality

4.1.1 Food consumption and growth pattern

There were no significant changes in the food intake among pregnant rats
administered with tbHP during the experimental period (data not shown).
Further, no appreciable alterations were evident with respect to the body weight

gain among treated rats (Table 2.1).

4.1.2 Placental weights
The placental weights of tbHP treated rats showed only a marginal
increase (Table 2.1). However, at the lower dosage, tbHP did not alter the

placental weights significantly irrespective of the dosing regimen.

4.1.3 Incidence of embryolethality

The incidence of embryolethality among tbHP administered rats was
significantly elevated at both doses compared to that in normal controls
(Table 2.2). The percent dead implantations (%DI) calculated as a percentage of
total implantations were elevated by 4-6 folds with respect to the normal

controls.
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4.2. Evidences of oxidative damage in maternal milieu

4.2.1 Generation of ROS in maternal organs

The generation of ROS in maternal liver and kidney of both control and
tbHP treated rats are presented in Table 2.3. In general, the lower dose did not
significantly alter the ROS levels, while the higher dose induced a significant
increase. Interestingly, the induction levels were higher when tbHP was
administered during GDs.; compared to GDs.10. In liver, both fractions showed
higher ROS levels (GDs.7: cytosol, 45%; mitochondria, 68% and GDs.10: cytosol,
5%; mitochondria, 31%). A similar trend of enhancement in ROS levels was also

evident in the maternal kidney at the higher dose of tbHP.

4.2.2 Status of lipid peroxidation in maternal organs

The lipid peroxidation status measured as MDA levels in liver and kidney
of both control and tbHP treated rats are also presented in Table 2.3. At the
higher dose, tbHP induced noticeable increase in hepatic tissue, the induction
levels being higher during GDs.; and marginal among dams administered on
GDs.-10. A similar trend of induction was also evident in maternal kidney, and the

induction levels were more robust compared to the liver tissue.

4.2.3 Status of reduced glutathione and protein carbonyls in maternal organs

Data on the GSH and protein carbonyl levels determined in liver and
kidney of rats administered tbHP is presented in Table 2.4. Significant depletion
of GSH levels was observed at both doses and there was no difference in the
response among two dosing regimens. In liver, the GSH levels were significantly
depleted (by 25-30%), while the magnitude of depletion was relatively higher in
kidney (35%).

With higher dose of tbHP, the protein carbonyl levels in both liver and
kidney were significantly elevated. While liver showed an increase of 27-37%

over the basal levels, the increase was nearly 37% in the kidney.
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4.3 Susceptibility of placenta to oxidative stress

4.3.1 Oxidative markers

Data on the status of MDA, ROS levels and glutathione levels measured
in placenta of control and tbHP treated rats are presented in Table 2.5. In
general, the ROS levels were significantly enhanced in placenta of tbHP treated
dams. The levels were relatively higher (irrespective of the dose) when
administered during GDs.7 than during GDg.19. ROS levels were more robust at
the higher dose in both cytosol and mitochondria (GDs.7: cytosol, 135%;
mitochondria, 146%). The induction levels were relatively lower when tbHP was
administered during the late post-implantation days (GDs.1o: cytosol, 73%;
mitochondria, 77%). The placental MDA levels also showed a similar trend in
increase. At the higher dose, tbHP caused significantly elevated MDA levels in
both dosing regimens (GDs.7; cytosol, 81%; mitochondria, 108% and GDg.1¢;
cytosol, 65%; mitochondria, 95%). Concomitantly, the GSH levels in placenta

were diminished at the higher dose (19-25%) compared to the controls.

4.3.2 Response of antioxidant enzymes in maternal organs and placenta

Data on the activities of antioxidant enzymes in liver, kidney and placenta
of control and tbHP treated rats. The activities of catalase and GST were
relatively diminished in all organs (Fig 2.1). The reduction appeared to be of
higher magnitude when tbHP was administered during GDs.; compared to GDs.
10. The catalase activity was significantly reduced during GDs7 (liver, 33 and
21%; kidney, 30%; placenta, 31-47%). While hepatic and kidney GST levels
were moderately reduced (20-28%) at the higher dose, the placental GST
activity was markedly reduced (GDs.7: 42 % and GDs.10: 34%).
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4.4 Oxidative implications among GD1; embryos

4.4.1 Status of ROS levels and induction of lipid peroxidation

Data on the generation of ROS and MDA levels among embryos
recovered on GD43 from control and tbHP treated dams are presented in
Table 2.6. The lower dose of tbHP failed to increase the ROS generation in
embryos irrespective of the dosing regimen. However, at higher dose, significant
elevation in ROS levels were evident, the induction levels were more robust
when tbHP was administered during GDs.; (45%) compared to that during
GDsg-10 (21%). On the other hand, the MDA levels were dramatically elevated
among embryos of tbHP treated dams. The levels were markedly elevated
during both dosing regimens (GDs.7: 6 folds; GDg.10: 4-6 folds) suggesting the

increased susceptibility of early embryos to lipid peroxidation.

4.4.2 Alterations in GSH and thiol levels in embryos

Data on the GSH, total thiols and protein carbonyls among embryos
recovered on GDq; from control and tbHP treated dams is presented in
Table 2.7. The GSH levels were decreased only at the higher dose during both
dosing regimens (24-30%). A similar decrease was also evident in total thiol
content of embryos of tbHP treated dams (24-17%). The protein carbonyl
content of embryos were significantly elevated (56 and 49%) during both the

dosing regimens.

4.4.3 Effect on antioxidant enzyme activities in embryos

The activities of both catalase (GDs7, 49%; GDg.10: 56%) and GST
(GDs.7: 34% and GDs.10: 41%) were markedly reduced among embryos of tbHP
treated dams (Fig 2.2).
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4.0 RESULTS
SECTION B

IRON EXCESS: OXIDATIVE IMPLICATIONS IN MOTHER,
EMBRYOS/FETUSES

Dosage selection

The criteria for selection of iron dextran doses were based on the
incidence of post-implantation embryonic losses induced by iron. The selected
doses were: 10, 25 and 50mg/kg bw/d with two treatment regimens: GDs.; and
GDg-10.

4.1 General effects of iron administration

4.1.1 Food consumption and growth pattern

There were no significant changes in the food intake among dams
administered with ID during the experimental period (data not shown). Further,
no significant alterations were evident with respect to the body weight gain
among treated rats (Table 2.8) excepting for a marginal decrease in the

maternal body weight gain among rats administered the higher dose of ID.

4.1.2 Placental and fetal weights

Data on the placental weights of rats sampled at two gestational time
points viz., GDy3 and GDyy are presented in Table 2.8 and 2.9. The placental
weights of ID treated dams on GD43 were marginally increased (8-11%)
(Table 2.8). On the other hand, the placental weights on GDyy were significantly
elevated at the higher dose of ID (GDs.7: 30-51% and GDs.1p: 30-43%). The
weights of fetuses monitored on GDy, were significantly reduced among ID
treated dams during both dosing regimens (GDs.7: 23-40 %; GDg.10: 19-32%).
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4.2 Evidences of Oxidative Damage in maternal organs (GD43 and GD2)

4.2.1 Generation of ROS in maternal Organs

Data on the generation of ROS in maternal liver of both control and ID
treated rats sampled on GD43 and GDy are presented in Fig 2.3. In general, the
lowest dose (10mg/kg bw) did not significantly alter the ROS levels, whereas
higher doses induced marked elevation irrespective of the dosing regimen. At
higher doses, ID caused significant increase in ROS levels in both cytosol and
mitochondrial fractions. In cytosol, the increase was more robust during GDs.7
(25, 42%) compared to GDsg.1p (12, 33%) whereas in mitochondria, the
magnitude of elevation in ROS levels at the highest dose was relatively higher
(GDs.7: 58% and GDg-10: 51%).

4.2.2 Status of lipid peroxidation in maternal organs

The lipid peroxidation status in liver measured as MDA levels among both
control and ID treated rats is depicted in Fig 2.3. ID at higher doses induced a
marked increase in MDA levels irrespective of the dosing regimens with the
cytosolic fraction showing higher levels compared to mitochondria. At the
highest dose, the cytosol MDA levels were elevated by 82 and 60% when ID
was administered during GDs.7, while the levels were enhanced by 86 and 78%
during GDg.10. Likewise, the mitochondrial levels were elevated by 56 and 46%
(GDs.7) and 58 and 40% (GDs.10) respectively. The status of LPO and ROS
levels monitored in kidney (Fig 2.4) cytosol and mitochondria also showed a

similar response.

4.2.3 GSH levels, thiol content and protein carbonyls in maternal liver

Data on the alterations in reduced glutathione levels, thiol content and
protein carbonyl in maternal liver of rats administered ID is presented in Fig 2.5.
While the lowest dose had no effect, at higher doses, the hepatic GSH levels
were marginally (12—-28%) diminished irrespective of the dosing regimen. Similar
diminutions were also evident in total thiols and non-protein thiols in liver at

higher doses of ID (Fig 2.6). Oxidative damage to proteins measured as protein
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carbonyls in maternal liver of ID administered dams resulted in significant dose-

dependent increase during both dosing regimens.

4.2.4. Antioxidant enzyme activity in maternal liver

In general, varying degrees of reduction in the activities of three enzymes
viz., catalase, GST and GPX were observed (data not shown). At the highest
dose, the percent decrease in the activity of catalase was: GD;3, 12-27%; and
GDyp; 15-18%). The hepatic GST levels were markedly reduced during both
dosing regimens. At the highest dose the percent decrease in the activity was
(GD13: 30-45% and GDyo: 18-31%). Significant decrease in hepatic GPX levels
was also evident among ID treated rats among both dosing regimens. At the
highest dose, the percent reduction in the activity was (GD13: 35-24% and GDy:
29-24%).

4.3 Induction of oxidative stress in placenta

Data on the ROS and MDA levels measured in placenta of control and ID
treated dams on GDq3; and GDyy are presented in Fig 2.7. The lowest dose
caused no significant elevation in both markers of oxidative stress. In general,
the placenta obtained from GD43 dams showed higher elevation in ROS levels

both in cytosol and mitochondrial fractions compared to those from GD,, dams.

4.4 Oxidative implications in embryos recovered on GD13

4.4.1 Generation of ROS and MDA levels

Data on the generation of ROS and oxidative damage to lipids in the
embryos of ID treated dams are presented in Table 2.10. While there was a
moderate increase in cytosol (MDA and ROS: 38%), mitochondrial levels were
highly elevated at the highest dose (MDA-62%; ROS-44%) during GDs.;. Similar

increase in the ROS and MDA levels was also evident during GDg.1o.
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4.4.2 Reduced glutathione and thiols

Data on the GSH, total thiols and protein carbonyls among embryos
recovered on GD;y3 from control and iron treated dams are presented in
Table 2.11. The GSH levels were decreased significantly only at higher dose
during both dosing regimens (25-35%). However, the total thiols content in
embryos of ID treated dams were significantly decreased (GDs.7: 40-46%: GDs.
10 20-28%) at the higher doses. Similar decrease was also evident with non-
protein thiols (GDs.7: 28-48%, GDg.19: 30-47%). Further, the protein carbonyl
content were significantly elevated (GDs.7: 33-53%; GDg.10: 25-35%).

4.5 Evidences of oxidative damage in fetuses

4.5.1 Status of lipid peroxidation and generation of ROS in fetal organs

Data on the oxidative implications in brain and liver of fetuses following
maternal exposure to ID (i.p) determined in terms of ROS and LPO are
presented in the Figs 2.8 and 2.9. A dose-related increase was evident in both
cytosol and mitochondria of whole brain irrespective of the dosing regimen. At
higher doses of ID (25 & 50 mg/kg bw) the ROS levels were elevated
significantly, the magnitude of increase being higher in cytosol and marginally
higher during dosing regimen GD I. In brain, the elevations in ROS levels were:
cytosol GDs.7: 47-70%; GDg.10: 38-60% and mitochondria GDs.7: 48-69%; GDg.1o:
36-56%. A similar induction of MDA levels was evident in the brain and the
percent increases were: cytosol GDs.7: 55-74%; GDsg.1o: 53-66% and
mitochondria GDs.7: 28-48%; GDs.10: 23-37%. In liver, the mitochondria showed
marginal alterations in ROS levels, while the cytosol showed significant
elevations (GDs.7: 65-74% and GDs.10). However, the MDA levels were higher in

both cytosol and mitochondria.
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4.5.2 GSH and protein carbonyls in fetal organs

GSH levels were diminished (41-52%) in both liver and brain at the higher
ID dose irrespective of the dosing regimen (Fig 2.10). The protein carbonyls
were also significantly higher among ID treated dams during both dosing

regimens.

4.5.3 Antioxidant enzymes in fetal organs

The levels of antioxidant enzymes measured in brain and liver of fetal
tissues of ID treated dams showed varying degrees of reduction in the activities
of catalase, GST and GPX at higher doses irrespective of dosing regimen
(Fig 2.11).
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Table 2.1 Maternal body weight gain, placental weights of pregnant rats
administered t-butyl hydroperoxide (tbHP)

Body wt gain Mean placental wt

GD Group
(9) (mg)
CTR 4450+45 255 + 06
5-7  tbHP; 42.50 £ 5.0 265 £+ 05
tbHP, 39.50+2.5 288 + 08°
8.10 tbHP 4200+ 35 263 + 07
tbHP, 40.50+ 2.0 281 + 06°

Values are mean + SD (n=6); toHP: 1/10" LDso; tbHP,: 1/5"™ LDso
Data analysed by Holm-Sidak method; °P<0.001, P<0.01,

Table 2.2  Effect of tbHP administration on the frequency of embryonic
deaths determined on GD3;

Implantations
GD Group % DI*
Total Live Dead

CTR 72 70 2 2712
5-7  tbHP, 66 60 6 9.09 +1.5°

tbHP, 68 58 10 14.7 £1.7°
8.10 tbHP4 70 63 7 10.0 + 1.4°

tbHP, 65 57 8 12.3+2.3°

Values are mean + SD (n=6); tbHP+: 1/10" LDso; tbHP,: 1/5™ LDso
Expressed as a percentage of total implantations
Data analysed by Holm-Sidak method; °P<0.001
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Table 2.3 Pattern of ROS generation and status of lipid peroxidation in
liver and kidney of pregnant rats administered tbHP

aD Group Liver Kidney
Cytosol Mitochondria Cytosol Mitochondria
Reactive oxygen Species'
CTR 6.05+0.38 3.36 £ 0.31 5.40 £ 0.47 453 +0.33
5-7 tbHP4 6.41+£0.10 4.13 £0.49° 5.73 +0.67 4.40 £ 0.51
tbHP, 8.75+0.59° 5.66+0.53° 6.66+0.52° 6.51 £ 0.57
8.10 tbHP4 6.51+0.21 3.60+£0.75 5.60 £ 0.85 4.80 + 0.60
tbHP, 6.83+0.62° 4.71+0.63° 5.86 £ 0.69 5.51 £ 0.64
Malondialdehyde?
CTR 5.71+0.48 6.54 £ 0.31 5.21 +0.37 5.04 £ 0.53
5-7 tbHP4 6.11 £ 0.30 6.37 £ 0.45 5.37 £ 0.64 5.40 £ 0.71
tbHP, 7.83+0.47° 866+0.38° 7.56+0.58% 8.51+0.68°
8.10 tbHP4 6.51+0.21° 6.20 £ 0.75 5.60+0.73 5.80 + 0.60°
toHP, 6.95+0.73° 7.86+0.65° 6.48+0.54° 7.76+0.34°

Values are mean + SD (n=6); tbHP;: 1/10™ LDso; toHP,: 1/5™ LDsg
1pmol/min/mg protein; 2nmol/mg protein

Data analysed by Holm-Sidak method; ?P<0.001, °P<0.01, °P<0.05
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Status of glutathione and protein carbonyls in liver and
kidney of rats administered tbHP

GD Group Liver Kidney
Glutathione'
CTR 27.07 £1.35 4.45+0.35
5-7 toHP, 21.81+2.76° 3.73+0.37°
tboHP, 18.73+2.47% 2.66+0.47°
8.10 tbHP4 28.01 +2.66 3.81 +0.30°
tboHP, 21.43 +3.57° 2.48 +0.54°
Protein carbonyls'
CTR 5.38£0.35 3.41+0.35
5-7 tbHP4 5.53 £ 0.59 3.63+0.23
tbHP, 7.37 +1.03° 476 +0.37°
tbHP4 6.01 £ 0.21 3.50+0.45
810 tbHP, 6.83 + 0.91° 4.68 + 0.57°

Values are mean + SD (n=6); tbHP;: 1/10" LDso; toHP,: 1/5™ LDsg

"nmol/mg protein;

Data analysed by Holm-Sidak method; °P<0.001

75
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Table 2.5 Effect of tbHP administration on ROS generation, lipid
peroxidation and reduced glutathione levels in placental tissue

GD Group Cytosol Mitochondria

Reactive oxygen species’

CTR  0.48+0.08 0.43+0.06
57 tbHP; 0.61+0.10®°  0.37 +0.09
tbHP, 1.13+0.09°  1.06 + 0.03?
810 tbHP,  0.51+0.02  0.60 + 0.07°
tbHP, 0.83+0.05°  0.76 + 0.03°
Malondialdehyde?
CTR 3.12+0.35 216+0.54
57 tbHP; 3.37+0.29  3.40+0.67°
tbHP, 5.66+0.63% 4.51+0.72°
810 tbHP, 3.60+0.75  3.80 + 0.60°
tbHP, 5.16+0.53%  4.21 +0.57°
Glutathione?
CTR  6.04 +0.64 -
5-7 tbHP; 5.47 +0.70 -
tbHP, 4.55+0.53° -
810 tbHP,  5.73+0.30 -
tbHP, 4.86 + 0.59° -

Values are mean + SD (n=6); tbHP;: 1/10™ LDso; toHP,: 1/5™ LDsg

1pmoI/min/mg protein; 2nmol/mg protein

Data analysed by Holm-Sidak method; ?P<0.001, ®pP<0.01
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Activities of catalase and glutathione transferase in liver,
kidney and placenta of rats administered tbHP

100 -

75 -

50 -

Catalase

5-7 8-10

Liver Kidney Placenta

Glutathione S-transferase

5-7 8-10 5-7 8-10 5-7 8-10

Liver Kidney Placenta

O tbHP1 @ tbHP2

Values are mean + SD (n=6); tbHP;: 1/10" LDso; toHP,: 1/5™ LDsg



Chapter 2 Prooxidant model 78

Table 2.6  Pattern of ROS generation and status of lipid peroxidation in
embryos of rats administered tbHP
GD  Group ROS' LPO?
CTR 2.02+0.03 0.15%0.01
5-7 tbHP; 1.87+£0.08% 0.89 +0.18?
toHP, 2.19+0.06° 0.93 +0.25°
8.10 toHP; 1.47 £0.18% 0.61+0.15°
toHP, 1.69+0.23% 0.95+ 0.29°
Values are mean + SD (n=6); tbHP;: 1/10" LDso; toHP,: 1/5™ LDsg
1pmol/min/mg protein; LPO: nmol MDA/mg protein
Data analysed by Holm-Sidak method; °P< 0.001
Table 2.7  Status of glutathione, protein carbonyls (PC) and total thiols
in embryos of rats administered tbHP
GD Group Glutathione' Total thiols' pc!
CTR 487+119 21.25+1.25 1.89+0.22
5-7 tbHP; 575157 21.87+2.08 1.39+0.35°
toHP, 3.70+0.83 15.99 +1.06° 2.95+0.19°
8.10 toHPy 570+235 2047+1.68 1.65+0.37
tbHP, 3.39+1.46 17.69+1.73° 2.81+0.47°

Values are mean + SD (n=6); tbHP;: 1/10™ LDs; toHP,: 1/5™ LDs,

1nmol/mg protein

Data analysed by Holm-Sidak method; °P< 0.001, ’P< 0.01
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Fig 2.2 Activities of catalase and glutathione transferase (GST) in
embryos of rats administered tbHP

100 1 Catalase

75 -

% decrease over control

50 -
25 -
0
5-7 8-10
100 - GST
75 -

% decrease over control

5-7 8-10

O tbHP1 2 tbHP2

Values are mean + SD (n=6); tbHP+: 1/10"™ LDso; toHP,: 1/5™ LDs,
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Table 2.8  Body weight gain, placental weights and embryolethality in
pregnant rats administered (i.p) iron dextran (ID) during
specific periods of gestation (GD13)

GD ID Body wt Placental wt  Embryolethality
(mg / kg bw) gain (9) (mg) (%DlI)
0 42.15+4.0 0.26 £0.06 5.05+0.48
10 40.05+3.5 0.26+0.05 10.85 + 1.36°
5-7 25 3850+25 0.27+0.04 18.65 + 0.41°
50 36.25+4.2 0.28+0.06 26.55 + 1.59°
10 39.00£4.0 0.27 +£0.08 8.55 + 0.32°
8- 10 25 41.25+1.0 0.28+0.03 15.10 £ 0.52°
50 3750+3.5 0.30+0.08 20.75 + 1.85°
Values are mean + SD (n=6)
Data analysed by Holm-Sidak method; °P<0.001

Table 2.9 Body weight gain, placental/fetal weight and embryolethality
in pregnant rats administered (i.p) iron dextran (ID) during
specific periods of gestation (GDy)

GD ID Body wt Placental Fetal wt Embryolethality
(mg / kg bw) gain (9) wt (mg) ) (%DI)
0 96.50 £ 5.0 0.47 £ 0.06 3.51+£0.15 6.20 £ 0.35
5.7 10 95.65+55 0.61+0.06° 3.40+0.08 12.20 + 0.95°
25 88.55+4.5° 0.66+0.07° 2.70+0.20° 20.45 £ 0.75°
50 82.65+4.5° 0.71+0.08 2.09+0.18° 27.50 £ 0.99°
10 90.50 +4.0° 0.61+0.04° 3.54+0.16° 8.01 £ 0.70°
8-10 25 88.50 £3.5° 0.63+0.03° 2.83%0.10° 19.50 + 0.55°
50 86.50 +5.5° 0.67 £0.10° 2.37+0.15° 23.65 + 1.55°

Values are mean = SD (n=6)
Data analysed by Holm-Sidak method; °P<0.001, ’P<0.01
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Fig 2.3

Pattern of ROS generation and status of lipid peroxidation in

liver of pregnant rats administered iron dextran
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Fig 2.4 Pattern of generation of reactive oxygen species and status of
lipid peroxidation in kidney of pregnant rats administered iron
dextran
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Fig 2.5
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Fig 2.6 Status of total thiols and non protein thiols in maternal liver
and placenta of rats administered iron dextran
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Fig 2.7 Effect of maternal iron exposure on placental oxidative stress
markers
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Table 2.10 Effect of maternal iron (ID) exposure on the status of
lipid peroxidation and ROS generation among embryos (GD13)

86

ID Cytosol Mitochondria
(mg / kg bw) 5-7 8-10 5-7 8-10
ROS' 0 227+013 227+013 1.29+014 1.29+0.14
10 216+0.12* 231+0.14 134+0.15 1.26+0.16
25 2.66+0.16° 2.68+0.13* 157+0.17° 1.39+0.19
50 314+0.23 292+0.17° 1.86+0.12° 1.68+0.15°
0 0.13+0.01 0.13+0.01 0.16+0.09 0.16 £0.09
MDAZ 10 0.12+0.04 0.11+0.06 0.17+ 0.03 0.18 £ 0.07
25 0.15+0.07 0.16+0.08 0.19+0.06 0.21+0.04
50 0.18+0.05 0.19+0.10 0.26+0.02° 0.25%0.08

Values are mean + SD (n=10)
1pmol/min/mg protein; 2nmoI/mg protein;
Data analysed by Holm-Sidak method; *P<0.001, °P<0.05



Table 2.11

Status of reduced glutathione, protein carbonyls, total thiols
(TSH) and non protein thiols (NPSH) in embryos of pregnant

rats administered iron dextran

Chapter 2 Prooxidant model

ID Gestation Days
(mg/kg bw) 5.7 8-10

0 547 +1.19 547 +1.19

GSH' 10 514 +£0.72 5.39+0.79
25 4.62 + 0.55 4.81+0.69

50 3.51+£0.77° 4.12 +0.90

0 25627 +1.25 25627 +1.25

TSH’ 10 20.45+1.36  25.34 +1.81
25 15.28 £ 1.64° 20.43 £ 1.76°
50 13.76 £ 1.58°  18.26 + 1.42°

0 5.99 + 0.41 5.99 + 0.41

NPSH 10 5.26 + 0.30 5.82+0.42
25 4.34 +0.24° 4.24 + 0.45°

50 3.15+0.52° 3.44 £ 0.14°

0 3.34 £ 0.36 3.34 +0.36

pC? 10 3.72+0.71 3.41+0.41
25 4.47 £ 0.54° 4.15+0.87

50 512+ 1.16° 3.51+1.17

Values are mean + SD (n=10)

1nmol/mg protein; Znmol carbonyls/mg protein

Data analysed by Holm-Sidak method; ?P<0.001, ®pP<0.01

87
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Fig 2.8 Alterations in reactive oxygen species and malondialdehyde
levels in fetal brain obtained from iron administered pregnant
rats
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Fig 2.9 Alterations in reactive oxygen species and malondialdehyde
levels in fetal liver obtained from iron administered pregnant
rats
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Fig2.10  Status of protein carbonyls and reduced glutathione in fetal
brain and liver obtained from iron administered pregnant rats
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Fig 2.11 Activities of catalase, glutathione transferase and glutathione

peroxidase in fetal brain and

administered pregnant rats

Catalase
_ 100 - Brain
g
o) 75 4
o o
8 £ 50 - ? a a
- 0 a
8 (%] a a
o 25 -
2
0
GDI GD Il

Glutathione S-transferase

_ 1004 Brain
S
o 75 1
9 S
8 £ 50 - a
30 a a a
q’o
8 251
X
I
GDI GD I

Glutathione peroxidase

100 - Brain

75 1
50 - a 2 a

25 -

% decrease over
control

0 +——
GD I GD Il
010 mg/kgbw 025 mg/kgbw

Values are mean + SD (n=12)
Data analysed by Holm-Sidak method; °P<0.001

100 -

75 -

50

25

liver obtained from iron

Liver

100 -

75 -

50 -

25 -

a
a a
GDI

GDIl

Liver

100 -
75 1
50 -
25 A

a a
V_raD ﬂ
a

a
GDI

GDII

Liver

@50 mg/kgbw



Chapter 2 Prooxidant model 92

4.0 DISCUSSION

Pregnancy is a condition exhibiting increased susceptibility to oxidative
stress, defined here as a disturbance in the prooxidant-oxidant balance in favour
of the former, leading to potential damage (Sies, 1991; Page, 1993). The primary
objective of the current study was to examine whether gestational exposure to
specific prooxidants such as a t-butyl hydroperoxide (a model prooxidant) and
iron (a well known prooxidant) induces any significant oxidative impact in
embryos and fetuses. Further, we examined the correlations between maternal,
placental, and embryonic oxidative stress in the tbHP model, while we also
examined the fetal oxidative impact in the iron model. More importantly, a basic
question “whether there are any critical windows to oxidative stress during

gestation” was also addressed in these two prooxidant models.

That normal pregnancy is associated with an increase in oxidative stress
and lipid peroxidation, clearly suggests that some of the vital maternal organs
may be relatively more vulnerable to exogenous prooxidants during gestation.
More importantly, these oxidative perturbations are likely to have a substantial
impact on the developing embryo and fetus. This study provides evidence that
maternal exposure to prooxidants during gestation can affect early stages of
organogenesis, leading to embryonic deaths. Also, early phases of rodent

organogenesis are sensitive to the prooxidant influences.

t-butyl hydroperoxide model:

Organic hydroperoxides such as t-butyl hydroperoxide have been
employed as prototypic inducer of oxidative stress in vitro and in vivo systems
(Sakaida et al., 1991; Latour et al., 1995; Rajeshkumar et al., 2002). In our
laboratory, we have employed hydroperoxides such as tbHP and cumene
hydroperoxide as model prooxidants to induce oxidative stress in testis of mice
and studied its genotoxic implications (Rajeshkumar et al., 2002). Further in
adult rats tbHP induced significant increase in lipid peroxidation and enhanced
ROS generation in testis following short term exposure (Kaur et al., 2006; Kumar
& Muralidhara, 2007).
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In the present study, administration of toHP at sublethal dosages (1/10
and 1/5 LDso/d for 3 days) induced a significant increase in LPO and enhanced
generation of ROS levels sampled on GD+43 in the maternal organs such as liver
and kidney irrespective of the dosing regimen (GDs; or GDsg.1p) clearly
suggesting its potential to induce oxidative stress. These results in pregnant rats
are consistent with the earlier data on tbHP induced oxidative damage in rat liver
(Younes & Wess, 1990), testis of mice and rats (Rajeshkumar et al., 2002; Li et
al., 2006, Kumar & Muralidahra, 2007). In maternal liver, enhanced generation
of ROS and MDA levels were evident in both cytosol and mitochondria
suggesting a uniform response. A comparison of the degree of response among
GDs.7 and GDg.19, however, revealed a more robust induction with the earlier
dosing regimen. Although the reasons are not clear, it may be related to the
enhanced antioxidant potency in the maternal milieu which is known to be
relatively higher among pregnant dams to cope up with enhanced endogenous
LPO events.

Further evidence of tbHP-induced oxidative stress in maternal tissues
was discernible in terms of diminished activity of antioxidant enzymes such as
catalase and GST and in the levels of reduced GSH levels. The reduced GSH
pool in the cytosol is indicative of the protective role of GSH and related
enzymes during the metabolism of tbHP. GSH is the major sulfhydryl compound
that serves as an effective reductant and a nucleophile that interacts with
numerous electrophilic and oxidizing compounds (Kaur et al., 2006). Depletion
of GSH levels can also lead to decreased concentration of non-enzymic
antioxidant molecules such as ascorbic acid and a-tocopherol. Although we
have not measured the levels of these antioxidants in pregnant rats, earlier, in
male rats we have found significant decrease in ascorbic acid and tocopherol
levels following tbHP administration at similar dosages (Kumar & Muralidhara,
2007).

Metabolism of tbHP has been elucidated by various workers employing
hepatocyte models in vitro and two major mechanisms have been speculated.

tbHP is known to be metabolized by GPX to t-butyl alcohol in isolated rat
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heptocytes and this reaction consumes reduced GSH, generating oxidised
glutathione, GSSG which is then reduced to GSH by Glutathione reductase, a
reaction simultaneously oxidizes NADPH to NAD" (Rush et al., 1985; Rush &
Alberts, 1986). Depletion of GSH and oxidation of pyridine nucleotides are
known to be associated with altered Ca?* homeostasis which is thought to be
critical event in the formation of blebs on the plasma membrane. Alternatively,
toHP can be metabolized to free radical intermediates by cytochrome P450
(present in hepatocytes) or hemoglobin (erythrocytes) which in turn can initiate
lipid peroxidation. Since the integrity of cellular membranes is critical to normal
cell function, the peroxidative decomposition of membrane lipids may have
widespread implications in tbHP toxicity (Rush et al., 1985). It is also likely that
tbHP free radicals may also form covalent bonds with cellular macromolecules
resulting in cell injury as speculated earlier (Orrenius et al., 1983). However, the
relative contribution of each of these metabolic pathways in vivo in the

pathogenesis of tbHP-induced cell death is not clear.

A further evidence of tbHP-induced oxidative stress in the maternal milieu
was evident from the elevated levels of protein carbonyls at higher doses.
Among the various oxidative modifications of aminoacids in proteins, protein
carbonyl formation may be an early biomarker of ROS mediated protein
oxidation (Stadtman, 1990). Accumulation of high amounts of protein carbonyls
due to tbHP treatment reflects a high rate of protein oxidation consistent with
high LPO state. Further, it also reflects a very low rate of oxidized protein
degradation and or low repair activity since oxidized forms of some proteins and
proteins modified by LPO products are not only resistant to proteolysis, but can
also inhibit the ability of proteases to degrade the oxidized forms of other
proteins. Alterations in protein conformation can lead to increased aggregation,
fragmentation, distortion of secondary and tertiary structures, susceptibility to
proteolysis and diminution of normal function. This data corroborates our earlier
findings in rat testis in which we found elevated protein carbonyl following short
term exposure to tbHP (Kumar & Muralidhara, 2007).
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In the present model, tbHP induced oxidative damage was not
confined only to the maternal milieu, as we found significant elevation in both
MDA and ROS levels in the placental tissue irrespective of the dosing regimen.
The protective role of placenta in part depends on the activity of its detoxifying
enzyme (Avissar et al., 1994) and has the propensity to protect the fetus from
free radical mediated damage by lowering the level of LPO in fetal blood
(Takehara et al., 1990). Numerous workers have suggested that both placenta
and the yolk sac play a critical role in the fetal development including protection
from oxidative stress. GSH is shown to play an important role and glutamate-
cysteine ligase, the enzyme that catalyses the rate limiting step in GSH
biosynthesis is demonstrated to be widely expressed in the rodent embryos and
extra membranes throughout development (Trocino et al., 1995; Thompson,
2000; Diaz et al., 2004). In the present study, tbHP administered during both
dosing regimens resulted in marked placental oxidative damage as revealed by
robust elevations in the ROS and MDA levels in both cytosol and mitochondrial
fractions. However, the decline in GSH levels were moderate and were

associated with reduced activities of antioxidant enzymes.

In the current study, induction of oxidative stress in maternal milieu
and placental tissue was associated with significant oxidative impact on the
embryos isolated on GD43. While the lower dose failed to induce any significant
impact, at the higher dose, embryos were subjected to significant oxidative
stress as evidenced by elevated ROS and dramatic elevation of MDA levels. In
general, the degree of oxidative response was relatively higher, among embryos
recovered from dams administered toHP during dosing regimen GDs.; compared
with those of GDs.19. The susceptibility of GD43 embryos to oxidative stress was
also reflected in the altered redox state measured in terms of reduced GSH and
total thiols. The embryos showed a decline in the GSH and thiols levels only at
the higher dose which was accompanied with significant reduction in the

activities of both catalase and GST levels.
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Iron model

The primary aim of employing iron as a prooxidant was based on the fact
that the oxidative stress and in vivo consequences caused by reactive iron
species (mostly free iron) have been well studied in various species of
experimental animals (Casanueva & Viteri, 2003). Many of the deleterious
effects of hemochromatosis and other chronic iron-overload conditions, some
cancers, aging and neurodegerneartive diseases, are attributed to or contributed
by them. ROS damage is observed in and explains many of the effects
secondary to ‘temporary iron excess’ as in acute iron intoxication, hemolytic
episodes and reperfusion injury (Lauffer, 1991). The effects of iron excess can
be generalised or local. Local iron excess and iron-mediated oxidative stress has
been demonstrated in the intestinal mucosa, liver, spleen, bone marrow and

placenta.

In the present study, administration of iron at sublethal dosages (10, 25
and 50 mg/kg bw/d for 3 days) induced a significant increase in LPO and
enhanced generation of ROS sampled on GD+3 in maternal milieu irrespective of
the dosing regimen (GDs.7 or GDg.1¢) at higher doses clearly suggesting induction
of OS. In maternal liver, enhanced generation of ROS and MDA levels were
evident in both cytosol and mitochondria suggesting a uniform response. A
comparison of the degree of response among GDs; and GDg.19, however,
revealed a relatively higher degree of induction with the earlier regimen. This
data suggests that brief exposure to prooxidants during early post-implantation
period in rat can result in significant maternal OS as revealed at both sampling
times (GD13 and GDyy).

Iron administration to pregnant dams induced significant OS in maternal
milieu was also reflected, as hepatic tissue (sampled at GD43 and GDyy) showed
diminished activity of antioxidant enzymes viz., catalase and GST and
diminution in the levels of reduced glutathione and total thiols. Thiols have been

found elevated in erythrocyte lysates and SOD activity in erythrocytes and
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plasma thiol levels were found to be lower during pregnancy than in non
pregnant women, suggesting an oxidative environment and stress (Wisdom et
al., 1991; llouno et al., 1996).

It is well understood that pregnancy favors oxidative stress mostly
because of the mitochondria-rich placenta. Transition metals, especially iron,
which are particularly abundant in the placenta, are important in the production of
free radicals. In the present model, iron administration also resulted in significant
oxidative stress in the placental tissue, as we found marked elevation in both
MDA and ROS levels in the placental tissue irrespective of the dosing regimen.
As discussed above, placental environment is one of enhanced oxidative stress
that induces protective mechanisms against free radicals as normal gestation
progresses. Overall, the plasma free radical trapping and antioxidant potential
are able to counteract OS in normal pregnancy through enzymatic induction and
activity of various antioxidant enzymes as well as through non-enzymatic free
radical scavengers (Watson et al., 1997; Wang & Walsch, 1996; Kharb, 2000).
The fact that placental markers of oxidative damage were elevated among dams
administered iron clearly indicates that the adaptation and equilibrium is easily

disrupted.

In the current study, induction of oxidative stress in maternal milieu and
placental tissue was associated with significant oxidative impact on the embryos
isolated on GD+3. While the lower dose failed to induce any significant impact, at
the higher dose, embryos were also subjected to significant oxidative stress as
evidenced by moderately elevated ROS and dramatic elevation of MDA levels. In
general, the degree of oxidative response was relatively higher, among embryos
recovered from dams administered toHP during dosing regimen GDs.; compared
with those dosed on GDg.19. The susceptibility of GD13 embryos to OS was also
reflected in the altered redox state measured in terms of reduced GSH and total
thiols. The embryos showed a decline in the GSH and thiol levels only at the
higher dose which was accompanied with significant reduction in the activities of

both catalase and GST levels.
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The intrauterine environment can significantly affect embryonic and fetal
development. In the current study, iron administration also significantly impacted
the embryonic oxidative markers as both ROS levels and MDA levels were
elevated irrespective of the dosing regimen. Embryos of iron administered dams
showed diminution in the levels of reduced glutathione and total thiols which is
suggestive of the ongoing oxidative stress in utero. These oxidative perturbations
clearly indicate that iron at the higher dosages resulted in a temporary iron
overload condition. Such a situation could be produced given the passive
diffusion of soluble iron molecules and iron transported to the liver as non-
transferrin bound iron (NTBI). It may be relevant to note that NTBI uptake by
hepatocytes is independent of the iron content of the liver, and is known to be
very rapid and more efficient than the liver uptake of transferring-bound uptake
(Casanueva & Viteri, 2003).

The effect of iron administration had a negative impact on the frequency
of survival of embryos (Table 2.2) as it produced a dose-dependent increase in
the incidence of embryolethality. The percent dead implantations (%DI) which
were less than 6% among the controls were elevated by several folds (2-5)
among iron administered dams. Interestingly, the incidence was relatively higher
when iron was administered during GDs.; compared to GDs.10. Correspondingly
the fetal weights among iron administered dams were significantly reduced at
higher dosages suggesting that it may be related to the enhanced induction of
oxidative stress. However, we have not measured the nature of cell death
among these embryos.

In conclusion, the results obtained from these two models suggest that
induction of oxidative stress in the maternal milieu during early post implantation
period has significant oxidative impact on placental tissue and growing embryos
and fetuses. Our findings also revealed that prooxidant exposure during GDs.7
induced relatively higher oxidative perturbations in both embryos and fetus.
Higher incidence of embryolethality among dams administered iron is suggestive
of the fact that the placental as well as the embryonic defenses under the

conditions of exposure were overwhelmed by iron-induced oxidative stress
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culminating in death of the conceptus at an early period. We could also
demonstrate that the timing and severity of the perinatal prooxidant insults are
clear determinants of the pregnancy outcome interms of severity of oxidative

damage and embryonic deaths.

6.0 SUMMARY

1. Administration of a model prooxidant, viz. t-butyl hydroperoxide at
sublethal doses to pregnant dams during specific periods of gestation
(GDs.7 or GDs.1p) induced significantly elevated oxidative stress response

in the maternal tissues (viz., liver and kidney) measured on GD1s.

2. In liver, both cytosolic and mitochondrial fractions were subjected to
significant oxidative stress as evident by the elevated MDA and ROS
levels which were accompanied with depleted GSH levels, total thiols and

diminished levels of antioxidant enzymes.

3. Induction of oxidative response by tbHP was relatively of higher
magnitude when the exposure occurred during GDs; compared to the
exposure of similar doses during GDsg.1p suggesting the increased

vulnerability of early implantation embryos to prooxidants.

4. However, tbHP exposure caused significant oxidative stress in placental

tissue which was of similar degree irrespective of the dosing period.

5. Maternal exposure to tbHP resulted in markedly elevated oxidative
perturbations in GD413 embryos measured in terms of ROS generation and
MDA levels which were associated with reduced antioxidant enzyme

activities, total thiols and non-protein thiols.

6. Elevated oxidative dysfunctions among embryos of tbHP exposed dams
was associated with increased frequency of embryolethality (4.6 fold

higher than the background incidence.
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7. Administration of iron at sublethal doses to pregnant dams during early
implantation period (GDs.7) or late implantation period (GDs.19) caused
significant oxidative impairments in maternal tissues such as liver and

kidney.

8. In liver, both cytosolic and mitochondrial fractions were subjected to
oxidative stress as evident by elevated MDA and ROS levels were
accompanied with depleted GSH levels, total thiols, and diminished levels

of antioxidant enzymes.

9. Iron administered during early implantation period (GDs.7) appeared to

induce a higher degree of oxidative response in the maternal tissues.

10.lron exposure also caused elevated oxidative stress in placenta

irrespective of dosing period.

11.Maternal exposure to iron resulted in markedly elevated oxidative
perturbations in GD13 embryos measured in terms of ROS generation and
MDA levels which were associated with reduced antioxidant enzyme
activities, total thiols and non-protein thiols.

12.Both brain and liver of fetuses (GD2p) obtained from diabetic mothers
showed markedly enhanced ROS levels, MDA levels, protein carbonyls
which were accompanied with depleted GSH content and diminished

activities of antioxidant enzymes.

13.Collectively these data suggest that maternal exposure to prooxidants
cause significant oxidative stress in maternal organs, placenta and
increased incidence of embryonic deaths. The oxidative impact on the
embryos appeared to be of higher magnitude if the prooxidants are
exposed during early post-implantation period (GDs.7) compared to their
exposure during GDs.1p suggesting the enhanced vulnerability of early

post implantation embryos.
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1.0 INTRODUCTION

Lipid peroxidation (LPO) can result in reversible and irreversible cell and
tissue damage. The process of lipid peroxidation is initiated by ROS, such as
hydroxyl radicals and is terminated by antioxidants such as vitamin E. LPO is
also stimulated by iron ions which catalyze the formation of the hydroxyl radical
and accelerate the decomposition of lipid hydroperoxides. The degradation of
lipid hydroperoxides into hydrocarbons appears to be dependent on the
presence of metal ions and a number of animal studies have shown that excess
iron, when given either intraperitoneally or in the diet resulted in increased
exhalation of ethane and/or pentane. Increases in tissue MDA levels in rat

models of dietary iron overload have also been reported.

Despite extensive literature on iron and lipid peroxidation, few studies
have investigated the effects of oral iron supplements on lipid peroxidation under
pregnancy conditions. lron supplements are almost universally prescribed for
pregnant women at doses ranging from 30 mg/d in the USA to as high as 240
mg/d where prevalence of anemia is high. For iron supplementation programs
where anemia is high, the International Nutritional Anemia Consultative Group
has recently changed its recommendations from 120 to 60 mg/d. However, if
duration of iron supplementation during pregnancy is short, or if anemia is
present, 120 mg/d is still recommended. Pregnant women in developing
countries are commonly given daily supplements containing 120 mg of iron to
prevent and correct gestational iron deficiency (Lynch & Stoltzfus, 2003). This
dose of iron (calculated to be 10 times the normal dietary intake) has been

demonstrated to cause gastrointestinal side effects (Hollan & Johansen, 1993).

With these iron doses in pregnant women, few workers have shown high
rates of undesirable gastrointestinal side effects and have suggested some toxic
effects, possibly involving iron-related oxidative stress. Daily high-iron
supplements in rats results in an abnormal accumulation of intestinal mucosal
and hepatic nonheme iron and significant increases in LPO (Viteri et al., 1995;

Knutson et al., 2000). Few studies have shown markedly increased LPO
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suggesting that both iron deficiency and iron excess promote oxidative stress
(Shigenaga et al., 1994).

Iron deficiency is a significant public health concern (Yip, 2001) that is
associated with an increased risk of poor pregnancy outcome (Viteri, 1997) and
impaired cognitive development in young children. Iron deficiency continues to
be one of the most common single-nutrient deficiencies in the world (WHO,
2001; Viteri, 1997; Beard, 2000; Walter, et al., 2002). The consequences of Iron
deficiency on the well being of the mother and on the growth of the fetus have
been reviewed (Allen, 1997). The major consequence of severe iron deficiency
anemia in pregnancy is related to both impaired fetal and maternal health and
associated with reduced birth weight, complications, impairments in maternal
functions (Beard, 2000). Many studies have reported that iron deficiency in early
life is likely to have negative consequences for normal neural development and
functioning (Beard et al., 1993; Felt & Lozoff, 1996).

Iron deficiency has also been shown to cause increased lipid
peroxidation. Recent studies (Knutson et al., 2000; Walter et al., 2002) showed
significant increase in ethane, pentane, liver/kidney MDA levels. There are
conflicting data in iron deficient rats since one group reports significantly
decreased liver MDA levels in deficient rats (Rao & Jagadeesan, 1996) and
other reports provide evidence that iron deficiency is protective against in vivo
lipid peroxidation (Chandler et al., 1988) and hydroxyl radical formation (Patt et
al., 1990). Several factors such as elevated copper levels, accumulation of
higher levels of triglycerides in liver and plasma, and increased fragility of
mitochondrial membrane of iron deficient rat tissue mitochondria are speculated

to contribute to elevated lipid peroxidation in iron deficient rats.

Although WHO has made its recommendations, there is no worldwide
consensus concerning iron prophylaxis and therapy during pregnancy. There

exists a contradiction between scientific results and common practice. Based on
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animal models, the question has been raised whether previously iron-deficient
pregnant women were more susceptible to therapeutic-iron-induced oxidative

stress than iron replete subjects.

More and more recent articles emphasize the necessary caution
considering iron therapy. High grade oxidative stress (and iron) is now widely
acknowledged to have an important role in the pathogenesis of
neurodegenerative diseases, atherosclerosis, diabetic complications, arthritis
etc. Pregnancy itself is associated (as explained in Introduction section of

chapter 2) with increase in oxidative stress.

In this context, we have addressed two major issues related to iron
excess and iron deficiency. The first issue is whether oral administration of iron
during specific periods of gestation causes oxidative implications in maternal
milieu and subsequent oxidative impact in embryos and fetuses. For this we
have employed three doses of Iron viz. 2, 4 and 8 mg/rat/d administered either
on GDs.12 or GDs.19 in order to investigate the effects on embryos or fetuses
(The criterion of dosage selection was based on recent studies of (Walter et al.,
2002). The second issue examined here is related to the often asked question
whether iron deficiency during pregnancy causes significant oxidative stress in
mother and its correlations with oxidative dysfunctions in embryos and fetuses.
The results obtained from these studies are presented in two separate sections
A and B.



Chapter 3 Iron model 104

SECTION A

IRON EXCESS: OXIDATIVE IMPLICATIONS IN MOTHER,
EMBRYOS AND FETUS

2.0 OBJECTIVE

The primary focus of this study was to examine the spectrum of oxidative
implications in embryos and fetus following induction of oxidative stress during
the post-implantation gestation period in pregnant rats. Iron excess model was
employed for this purpose and iron dextran (ID) was administered (oral) during
two dosing regimens viz., GDs.12 and GDs.19 to dams which were maintained on

normo-protein diet.

3.0 EXPERIMENTAL DESIGN

Two sets of experiments were conducted in pregnant rats to assess the
implications of maternal iron excess on embryos and fetuses. Pregnant rats
were orally administered ID at dosages of 2, 4, and 8 mg/rat/d at 9:00 am daily
and were provided with a known amount of pellet diet. Dams were also provided
with iron free (deionized) water ad libitum. Both control and treated dams were
sacrificed on GD13 (for isolation of embryos) and GD (for isolation of fetuses)
under mild ether anesthesia and uterine contents were analysed for total, live
and dead implantations. Further, placenta, embryos and fetuses were excised,
trimmed, rinsed in ice-cold PBS, blotted weighed and stored until further

analysis.
3.1 Oxidative damage in maternal organs, embryos and fetus

3.1.1 Status of lipid peroxidation and generation of ROS

Both control and pregnant rats (n=6) administered ID were sacrificed on
GD13 or GDyo. The degree of oxidative damage was determined in maternal
organs such as liver and kidney in cytosol and mitochondrial fractions. Markers

of oxidative stress were measured in embryonic homogenates and fetal tissues
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(brain and liver). In order to examine a correlation, LPO and ROS were also

determined in placenta at both sampling times.

3.1.2 Redox Status
Reduced glutathione, total thiols and non-protein thiols were quantified in
maternal tissues, placental tissue, embryos and fetal tissues of both control and

ID administered rats.

3.1.3. Response of antioxidant enzymes
As a measure of oxidative stress, activities of selected antioxidant
enzymes viz., CAT, SOD, GST, and GPX were determined in cytosolic fractions

of embryos, placenta, maternal and fetal tissues of control and ID treated rats.

3.1.4 Protein carbonyls content
As a measure of protein oxidation, the protein carbonyl content was
quantified in embryos and fetal tissues of control and ID treated rats. Protein

carbonyls were also determined in placenta and maternal tissues.

EMBRYOS
GD O GD 4 GD 13
CONTROL FETUS
GD 20
ID (2,4 & 8 mg/rat/d) from GDs_;, ﬂ

CONTROL

ID (2,4 & 8 mg/rat/d) from GDs_jo

Treatment regimen and dosages of iron employed for the study
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SECTION B

IRON DEFECIENCY DURING PREGNANCY: OXIDATIVE
PERTURBATIONS IN EMBRYOS AND FETUSES

2.0 OBJECTIVE

This study has two objectives: i) to establish whether iron deficiency
during gestation results in significant oxidative stress in the maternal milieu and
ii) to examine the oxidative impact of maternal oxidative stress on both embryos

and fetus

3.0 EXPERIMENTAL DESIGN

3.1 Preliminary Study - selection of dosages

Virgin female rats (10-12 wks old) were used for the investigations. With
an objective of determining the percentage of dietary iron and duration of
feeding which would induce consistent iron deficiency prior to pregnancy, 2 sets
of preliminary studies were conducted. Initially, groups (n=6) of virgin female
rats were maintained on iron deficient (100 and 50%) diet for a period of either 7
or 14 days and terminally rats were sacrificed humanely to assess the

hemoglobin levels.

3.2 Determinative Study

Based on the data obtained in the preliminary study, diet regimen
completely devoid of iron was fed for 14 days. Rats were then paired with
proven males and pregnancy was ascertained by examination of vaginal smears
for the presence of sperms. Pregnant rats were continued on their respective
dietary regimen. All the rats were provided with iron free (deionized) water. Rats
were provided with a known quantity of diet and daily food consumption was
monitored. To examine the effect on growth, weekly body weight gain was

monitored during the entire experimental period.
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Two sets of experiments were conducted to assess the oxidative
implications of iron deficiency during pregnancy in embryos and fetuses. In order
to study the effects on embryos and fetuses, dams were sacrificed on GD3 and

GDy respectively.

GD O GD 13
CONTROL
IDD, 2 wks IDD, GDy .3
GDO GD 20
CONTROL
IDD, 2 wks IDD, GDy .5

Treatment regimen Scheme showing the schedule employed for the study

IDD: Iron deficient diet (2 wks prior to mating and throughout the experimental period)

3.3 Analysis of uterine contents for post implantation losses

Pregnant rats from control and IDD groups were sacrificed on GD43 (for
isolation of embryos) and GDyy (for isolation of fetuses) under mild ether
anesthesia, uterine horns excised and pinned on to a wax base immersed in ice-
cold phosphate buffered saline. Further, uterine horns were longitudinally cut
open contents were analysed for total implantation sites, number of liver
embryos, resorptions and fetal deaths. Placentas, live embryos and fetuses
were excised, trimmed, rinsed in ice-cold physiological saline, blotted, weighed

and stored at -70° C for further analysis.
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3.4 Oxidative damage in maternal tissues, placenta, embryos and fetus

3.4.1 Status of lipid peroxidation (LPQO) and generation of ROS

Pregnant rats were sampled on GD43 and GDyy to measure the degree of
oxidative damage in mitochondrial and cytosolic fractions of embryonic and fetal
tissues (brain and liver). In order to obtain a comparative picture, LPO was also
determined in placenta and maternal tissues (liver and kidney) at both sampling
times. Cytosolic and mitochondrial fractions of embryos, placental, maternal and
fetal tissues were assayed for the generation of ROS levels (employing DCF-DA
as the probe) and the induction of lipid peroxidation was quantified in terms of
MDA levels.

3.4.2 Perturbations in non-enzymic antioxidants
At both sampling intervals, the levels of non-enzymic antioxidants viz.,
GSH, total thiols and non protein thiols were determined in maternal tissues,

embryos, and fetal tissues.

3.4.3 Perturbations in enzymic antioxidants

At both sampling intervals, the activities of antioxidant enzymes viz., CAT,
SOD, GST, GPX and GR and levels of non-enzymic antioxidants viz., GSH,
TSH and non protein thiols were determined in maternal, embryos and fetal

tissues.

3.4.4 Oxidative damage to proteins
Fresh mitochondrial and cytosolic samples of embryos, placenta, fetal
and maternal tissues of both control and treated groups were processed for the

determination of total protein carbonyls content at both sampling intervals.
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4.0 RESULTS

SECTION A

IRON EXCESS: OXIDATIVE IMPAIRMENTS IN MOTHER, EMBRYOS AND
FETUS

4.1 Growth characteristics

4.1.1 Body weight gain, placenta and fetal weights

Data on the effect of oral iron administration on body weight gain and
placental weights are presented in the Table 3.1a. ID at the administered
dosages (2-8 mg/rat/d) failed to induce any clinical signs of toxicity or mortality.
However, at the highest dose it significantly affected the maternal body weight
gain (GD13 control, 45.2+4.6; ID, 35.7£2.6). A similar decrease was also evident
among rats administered ID during GDs.19 (control, 98.8+5.8; ID, 80.5+3.2). At
the lowest dose ID did not affect the placental weights, but the weights
increased at highest dose during both the dosing regimens (GD13 by 21%; GDy
by 45 %).

4.1.2 Fetal weights and embryolethality

Data on the effect of oral iron administration on fetal weights and
embryolethality are presented in Table 3.1b. A dose dependent increase in the
embryonic deaths was evident with both dosing regimen. At highest dose, the
incidence of embryolethality was increased by 4 to 5 folds compared to controls.
The fetal weights among dams administered lower doses (2 and 4 mg/rat/d)
were not appreciably affected. However, at the highest dose (8mg/rat/d) the fetal

weights were moderately decreased (20-25%).

4.2 Status of oxidative damage in maternal organs

4.2.1 Generation of ROS and status of LPO
The effect of ID induced oxidative damage measured as LPO and

generation of ROS in cytosol and mitochondria of liver is illustrated in Fig 3.1.
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Differential induction levels were evident in both cytosol and mitochondria. At
higher doses, the induction of ROS levels appeared to be higher in mitochondria
compared to the cytosol during dosing regimen GDs.12 (cytosol, 10-64%;
mitochondria, 102-107%). A similar trend also occurred during the dosing
regimen GDs.19 (cytosol, 87-88%; mitochondria, 116-144%). However, the MDA
levels were higher during the dosing regimen GDs.q2 (cytosol, 69-126%;
mitochondria, 24-62%). A similar trend was also evident in the dosing regimen,
GDs.19 (cytosol, 77-144%; mitochondria, 42-85%).

The effect of ID induced oxidative damage measured as LPO and
generation of ROS in both cytosol and mitochondria of kidney is illustrated in Fig
3.2. At higher doses, the ROS levels appeared to be higher in cytosol compared
to the mitochondria (GDs.12: cytosol, 44-100%; mitochondria, 5-76%; GDs.19:
cytosol, 63-123%; mitochondria, 11-108%). However, the MDA levels were
higher in ID administered mothers during the dosing regimen GDs.12 (cytosol,
38-96%; mitochondria, 25-86%). A similar trend also evident during the dosing
regimen GDs.19 (cytosol, 54-109%; mitochondria, 42-99%).

4.2.2 Oxidative damage in placenta

Data on the ROS and MDA levels measured in placenta sampled at both
dosing regimens are illustrated in Fig 3.3. The low dose of ID did not induce any
significant response. While at higher doses, the ROS levels were markedly
enhanced (GDs.12: cytosol, 5-80%; mitochondria, 35-120% and GDs.19: cytosol,
100-210%; mitochondria, 29-107%). In contrast, the induction levels of MDA
were relatively of lesser magnitude (GDs.12: cytosol, 10-66%; mitochondria, 35-
117% and GDs.19: cytosol, 10-37%; mitochondria, 23-86%).

4.2.3 Glutathione levels and protein carbonyls in maternal organs and placenta

Status of protein carbonyls in maternal liver, kidney and placenta of
pregnant rats administered ID are shown in Fig 3.4. At the highest dose the
carbonyls levels were elevated significantly during both dosing regimens (liver:
82-74%; kidney: 114-93%; placenta, 95%).
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No significant alteration was evident at the GSH levels at the low dose of
ID (Fig 3.4). At higher doses, the GSH levels were found to be marginally
reduced in maternal organs (liver: GDs.12: 12-32%; GDs.19: 26-51% and kidney:
GDs.12: 23-46%; GDs.19: 29-67%. However, there was a uniform response in the
placental tissue (GDs.12: 25-62%; and GDs.19: 21-63%).

4.2.4 Status of total and non protein thiols in maternal liver and placenta

The thiol content and non protein thiol levels measured in maternal liver
and placental tissue is shown in Fig 3.5. In maternal liver, the thiol levels were
diminished uniformly at the higher doses irrespective of the dosing regimen
(GDs.12, 30-46%; GDs.19, 27-52%) and a similar response was also evident in
non-protein thiol levels. The placental tissue also showed significant decrease in

both total thiol and non-protein thiol levels during both dosing regimens.

4.2.5 Antioxidant enzymes in maternal liver and placenta

Alterations in the activities of antioxidant enzymes viz., catalase, GST
and GPX measured in maternal liver and placenta are illustrated in Fig 3.6. In
general, the activities of enzymes were significantly decreased only at higher
doses. In liver, the activities were significantly reduced (catalase, 19-21%; GST,
10-19%; and GPX, 27-43%). The activities in placenta were also significantly
diminished (catalase, 25-55%; GST, 10-39%; GPX, 22-53%).

4.3 Oxidative implications in embryos (GD13)

Data on the oxidative makers measured in embryos of control and ID
treated rats are depicted in Table 3.2. While the lower doses of ID caused no
measurable effect, significant elevation in ROS levels occurred at the highest
dose (ROS: cytosol, 36%, mitochondria, 54%). Similar enhancements in the
MDA levels were also observed (cytosol, 52%, mitochondria, 44%).

Data on other markers of oxidative stress determined in embryos are
presented in Table 3.3. In general, at the lower doses, there were no significant
alterations. However, at the highest dose, ID markedly diminished the levels of
GSH (40%), total thiols, (47%) and non protein thiols (36%). The protein
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carbonyl content among the embryos of ID treated dams was elevated at the
higher doses (19-63%).

Alterations in the activities of catalase, GST and GPX in embryos of
control and ID treated dams are illustrated in the Fig 3.7. Significant reduction in
the activities of enzymes was evident only at the highest dose (catalase: 52 %,
GST: 30% and GPX: 34 %).

4.4 Oxidative implications in fetal tissues

Data on the status of lipid peroxidation and ROS levels measured in brain
and liver tissue of fetuses obtained on GDyy are presented in Table 3.4. The
lowest dose of ID had no significant effect on any of the parameters studied. The
fetal brain among ID treated dams showed significantly elevated ROS levels
(cytosol, 34-66%; mitochondria, 87-109%). Likewise, the MDA levels in brain
were also elevated (cytosol, 46-92%; mitochondria, 47-81%). However, in fetal
liver, the induction of LPO was less robust (ROS: cytosol, 26-51%; mitochondria,
18-41% and MDA: cytosol, 12-41%; mitochondria, 13-29%).

Data on other markers of oxidative induction in fetal tissues of control and
treated dams are presented in Table 3.5. In general the low dose of ID had no
significant effect. At higher doses, the significant diminutions in the levels of
reduced glutathione (brain, 17-44%; liver, 22-45%) were accompanied with
elevated total thiol levels (brain, 46-92%; liver, 12-41%) and non protein thiols
(brain, 47- 81%; liver, 13-29%). On the other hand, the protein carbonyl levels
were significantly elevated (brain, 66-96%; liver, 12-25%).

Alterations in the activities of antioxidant enzymes in brain and liver of
fetuses of control and ID treated dams are represented in the Fig 3.8. The low
ID dose had no effect on any of the enzyme activities. However, significant
reduction in the activity was evident at higher doses in brain (catalase, 13-33%;
GST, 13-37%; GPX, 27-45%). The reductions in fetal liver were less robust
(catalase, 30%; GST, 20-27%; GPX, 21-35%).
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4.0 RESULTS
IRON DEFICIENCY DURING PREGNANCY: OXIDATIVE IMPAIRMENTS

4.1 Hemoglobin (Hb) content

In a preliminary study, iron deficient diet (either 50 or 100 %) was fed to
adult female rats for a period of 7 or 14 days. Hemoglobin levels were not
significantly altered among rats fed with 50% iron deficient diet for a week,
although marginal decrease was noticed among rats fed with 100% iron
deficient diet. However, moderate decrease (40%) was evident among rats fed
100% iron deficient diet for 2 weeks and hence this dietary regimen was

selected.

4.2 Food consumption and growth pattern

The diet intake among rats fed iron deficient diet was relatively lower (15-
20%) (data not shown). The maternal body weight gain among rats fed iron
deficient diet was significantly decreased at both sampling times (GD13, 17%;
GDyo, 25%) (Table 3.6).

4.3 Embryolethality and placental weights

Data on the placental weights and incidence of embryolethality among
control and iron deficient diet rats are presented in Table 3.6. There was no
significant change in placental weights among IDD group compared to that of
controls at both sampling times. However, dams fed iron deficient diet showed
increased incidence of dead implantations (GD+3: %DI 18.8; GDyo. %DI 28).

4.4 Evidences of oxidative stress in maternal tissues

4.4.1 Generation of ROS in maternal brain, liver and kidney
Data on the generation of ROS in maternal tissues of both control and

Iron deficient diet fed dams is presented in Fig 3.9. In general, the ROS levels
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were significantly elevated among IDD group in all organs irrespective of the

dosing regimen.

The brain ROS levels were uniformly elevated both in cytosol (30-45%)
and mitochondria (23-41%). The elevation in ROS levels in liver cytosol were
more robust (48-152%) than the mitochondria (31-51%). A similar trend of
increase in ROS levels was also evident in both cytosol and mitochondria of

kidney.

4.4.2 Lipid peroxidation in maternal brain, liver and kidney

The status of lipid peroxidation determined in maternal organs of both
control and iron deficient diet fed dams is presented in Fig 3.10. In general, the
MDA levels were significantly elevated among ID group in all organs irrespective
of the dosing regimen. The brain MDA levels were elevated both in cytosol (114-
118%) and mitochondria (74-76%). The elevation in MDA levels in liver cytosol
were more robust (73-160%) than the mitochondria (62-83%). A similar trend of

increase in MDA levels was also evident in kidney.

4.4.3 Protein carbonyls in maternal brain, liver and kidney

Data on protein carbonyls content measured among the control and Iron
deficient diet fed dams is shown in Table 3.7. While the levels in brain
mitochondria of rats fed IDD increased moderately (GDyo: 35%), there was only
a marginal increase (10-18%) in protein carbonyl levels in cytosolic and

mitochondrial fractions in both liver and kidney.

4.4.4 Reduced glutathione status in maternal brain, liver and kidney

The GSH content in cytosol and mitochondrial fractions of maternal
tissues in both control and iron deficient diet fed rats is presented in Table 3.7. A
moderate decrease (30-40%) in cytosol and mitochondria was evident in
maternal brain irrespective of dosing regimen. Likewise, in liver, significant
reduction in GSH levels were evident in both cytosol (GD13: 26 %; GD2o: 50%)
and mitochondria (GD13: 38%; GD2o: 43%).
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4.4.5 Response of antioxidant enzymes

Data on the activities of antioxidant enzymes in maternal organs of
control and iron deficient diet fed dams is shown in Fig 3.11. In brain, the activity
of SOD was significantly reduced in cytosol (15-47%) and mitochondria (26-
38%).

Likewise the SOD levels in liver were also decreased significantly
(cytosol, 31-23%; mitochondria, 46-60%). However, alterations in SOD levels in

kidney were less robust.

In brain, the activity of GST was significantly reduced in both cytosol (14-
21%) and mitochondria (31-46%). Likewise the GST levels in liver were also
decreased significantly (cytosol, 21-25%; mitochondria, 31-37%). However, the
decreases in GST levels in kidney were more robust in cytosol (50-64%) and
mitochondria (34-40%). Further, the activity of GPX in brain was significantly
reduced in both cytosol (20-28%) and mitochondria (27-39%). Likewise the GPX
levels in liver were also decreased significantly (cytosol, 13-24%; mitochondria,
27-31%). A similar trend of decrease in the activity of GPX levels was evident in

kidney.

4.5 Status of oxidative damage in placenta

Data on the ROS and MDA levels measured in placenta sampled at both
dosing regimens are presented in Table 3.8. The ROS levels were markedly
enhanced (GD43: cytosol, 32%; mitochondria, 46% and GDyy: cytosol, 15%;
mitochondria, 59%). In contrast, the induction levels of MDA were relatively of
higher magnitude (GD13. cytosol, 63%; mitochondria, 29% and GDy: cytosol,
42%:; mitochondria, 23%).

Significant depletion of placental GSH levels was also evident among lron
deficient diet fed dams (Table 3.8). The GSH levels were found to be reduced
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in placenta (GD13: cytosol, 38%; mitochondria, 45% and GDgy: cytosol, 18%;
mitochondria, 39%). The protein carbonyls content in placental tissues were
significantly increased at both sampling times (GD43: cytosol, 40%;

mitochondria, 27% and GDy: cytosol, 17%; mitochondria, 17%).

4.6 Evidences of oxidative damage in embryos (GD13)

Data on the oxidative makers measured in embryos of control and iron
deficient diet fed dams is shown in Table 3.9. There was significant elevation in
both ROS (cytosol, 83%; mitochondria, 58%) and MDA levels (cytosol, 31%;
mitochondria, 50%). Among embryos of IDD group, the levels of GSH (cytosol,
32%; mitochondria, 50%), total thiols, (cytosol, 44%; mitochondria, 29%) and
non protein thiols (cytosol, 20%; mitochondria, 23%) was diminished. The
protein carbonyl content among the embryos of Iron deficient diet fed dams was
marginally elevated (cytosol, 86%; mitochondria, 59%). Marginal alterations in
the activities of catalase, GST and GPX were observed among the embryos of
dams fed iron deficient diet (Fig 3.12).

4.7 Evidences of oxidative damage in fetus (GDy)

Data on the status of lipid peroxidation and ROS levels measured in brain
and liver of fetuses obtained on GDyy are presented in Fig 3.13. The fetal brain
of iron deficient diet fed dams showed significantly elevated ROS levels (cytosol,
129%; mitochondria, 54%). Likewise, the MDA levels in brain were also elevated
(cytosol, 33%; mitochondria, 64%). Further, in fetal liver, the induction of LPO
was significant (ROS: cytosol, 45%; mitochondria, 63% and MDA: cytosol, 40%;
mitochondria, 49%).

Data on other markers of oxidative induction in fetal tissues of control and
iron deficient diet fed dams are presented in Fig 3.14 and 3.15. Significant
diminution in the levels of reduced glutathione (brain: cytosol, 61%;
mitochondria, 30%) were accompanied with reduction in total thiol levels

(cytosol, 27%; mitochondria, 31%) and non protein thiols (cytosol, 48%;
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mitochondria, 45%). On the other hand, the protein carbonyl levels were
significantly elevated (cytosol, 23%; mitochondria, 42%). A similar trend was

obtained in the fetal liver of iron deficient diet fed dams.

The effect of feeding iron deficient diet on the activities of antioxidant
enzymes in brain and liver of fetuses are represented in the Fig 3.16. In general,
the activities of enzymes were significantly decreased (excepting for SOD). The
activities of GST were significantly reduced in both brain (cytosol, 24%,
mitochondria, 42%) and liver (20%). The activities of GPX were also reduced in
brain (cytosol, 32%, mitochondria, 35%), while the decrease was significant only
in liver mitochondria (43%). Further, the activity of SOD was marginally
increased in cytosol (brain, 16% and liver, 17%). On the other hand, the activity

of catalase was reduced in both organs (brain, 28%; liver, 23%).
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Table 3.1a Body weight gain, placental weight and incidence of
embryolethality among pregnant rats administered iron
dextran

Iron dextran Body wt Mean placental
(mg/rat/d) gain (g) wt (g)
Exposure days
(GDs.12)
0 4519+ 4.60 0.26 £ 0.015
2 46.89 £ 1.80 0.27 £0.018
4 42.35+2.70 0.28 £0.020
8 35.66 + 2.55° 0.32 £0.010°
Exposure days
(GDs.19)
0 98.81 £ 5.76 0.51 +£0.025
2 96.25 + 3.15 0.50 £ 0.022
4 96.62 + 4.50 0.47 £0.018°
8 80.46 + 3.18° 0.74 + 0.026°

Values are mean + SD (n=6)
Data analysed by Holm-Sidak method; ®P<0.001

Table 3.1b Fetal weights and incidence of embryolethality among
pregnant rats administered iron dextran

Iron dextran Fetal wt Embryolethality
(mg/rat/d) (9) (%DI)
Exposure days
(GDs.12)
0 5.36 £ 0.45 4.05 £ 0.65
2 525+0.25 445+ 0.50
4 5.18 £ 0.35 8.50 + 0.75
8 4.05+0.18° 18.50 + 1.00
Exposure days
(GDs.19)
0 550+ 0.25 3.15+£0.40
2 5.48 + 0.35 5.60 + 0.80
4 528 +0.18 8.80 + 1.00
8 4.25+0.29° 20.50 + 1.50

Values are mean = SD (n=6)
Data analysed by Holm-Sidak method; ®P<0.001
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Mitochondria a

HH

5-19

Fig 3.1 Induction of lipid peroxidation measured as malondialdehyde
levels and generation of ROS levels in liver of pregnant rats
administered (oral) with iron dextran during gestational period
(GD5-12 and GD5-19)
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Fig 3.2 Induction of lipid peroxidation and generation of ROS in kidney
of pregnant rats administered (oral) with iron dextran during
gestational period (GDs.12, GDs.19)
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Fig 3.3 Pattern of ROS generation and lipid peroxidation in placenta
of pregnant rats administered with ID (oral) during gestation.
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Fig 3.4 Status of protein carbonyls and reduced glutathione in
maternal tissues and placenta of pregnant rats administered
oral iron dextran during gestation
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Fig 3.5 Status of total thiols and non-protein thiols in liver and
placenta of pregnant rats administered oral iron dextran
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Fig 3.6 Activities of catalase, glutathione transferase, glutathione
peroxidase in liver and placenta of rats administered iron
dextran
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Table 3.2  Status of oxidative stress markers measured in GD,3 embryos
of rats administered (oral) with iron dextran during GDs.12

Iron dextran (mg/rat/d)
0 2 4 8

ROS' Cyto 0.094+0.02 0.085+0.05 0.107£0.07 0.128 +0.04
Mito 0.127+0.09 0.111£0.04 0.139+0.07 0.196 + 0.07

MDA?  Cyto 2.18+ 0.11 2.01+0.09 2.37+0.10° 3.33+0.14°
Mito 1.13 £0.02 1.17 £ 0.04 1.36 £ 0.05*  1.63 £ 0.06°

Values are mean = SD (n=6)
1pmoI/min/mg protein; 2nmol/mg protein
Data analysed by Holm-Sidak method; ?P<0.001

Table 3.3  Status of antioxidant molecules measured in GD43 embryos
of rats administered (oral) with iron dextran during GDs.42

Iron dextran (mg/rat/d)
0 2 4 8

Reduced Glutathione® 5.74 + 0.35 5.67 +0.75 4.75 + 0.29° 3.43+0.53°

Protein Carbonyls3 3.29+0.17 3.75+£0.55 3.93 + 0.69° 5.39+0.73°
Thiols, Total® 2510+1.11 23.61+1.20° 19.89+1.59° 13.12+1.31°
Thiols, non protein® 5.85 + 0.58 5.19 + 0.59 4.37 +£0.29° 3.71 £ 0.55°

Values are mean + SD (n=6)
3nmol/mg protein
Data analysed by Holm-Sidak method; °P<0.001
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Fig 3.7 Activities of catalase (CAT), glutathione transferase (GST) and
glutathione peroxidase (GPX) in GD43 embryos of rats
administered (oral) ID
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Values are mean = SD (n=12)
Data analysed by Holm-Sidak method; °P<0.001
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Table 3.4 Induction of lipid peroxidation measured as MDA levels and
generation ROS in brain and liver of fetuses obtained from
rats administered (oral) with iron dextran during gestation

Parameters Iron Dextran (mg/rat/d)

0 2 4 8

Brain

ROS, Cyto' 1.16£0.20 1.22+0.04 1.56 £ 0.07% 1.93 +0.05°
ROS, Mt 049+0.11 0.51+£0.10 0.92 +0.06° 1.18 £0.02°
MDA, Cyto? 1.53+0.04 1.72+0.02° 224+0.09° 2.94+0.13°
MDA, Mt? 1.74£0.02 217 £0.07 2.56 £0.06° 3.15+0.13°
Liver

ROS, Cyto' 3.37+£0.10 3.46+0.19 4.27 £0.47% 5.09 + 0.39°
ROS, Mt 225+0.09 2.51+0.05° 2.66+0.03° 3.19+0.06°
MDA, Cyto> 549+0.12 5.63+0.15 6.19+0.16 7.79+0.15°
MDA, Mt? 6.37£0.39 6.63+0.43%° 7.24+0.54° 8.26 +0.84°

Values are mean = SD (n=12)
'pmol/min/mg protein; nmol/mg protein
Data analysed by Holm-Sidak method; ?P<0.001
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Table 3.5 Protein carbonyls (PC) content and reduced glutathione
(GSH) levels in fetal tissues of rats administered (oral) with

iron dextran during GDs.19

Iron Dextran (mg/rat/d)

Parameters

0 2 4 8

Brain

PC’ 2.57+0.18 3.39+041° 428+0.16° 5.05+0.31°
GSH? 19.75+0.38 17.37+1.83% 16.45+155° 11.25+1.17°
TSH? 1.53 + 0.04 1.72+0.02° 224+0.09%° 294+0.13°
NPSH? 1.74 +0.02 2.17+0.07°  256+0.06° 3.15+0.13°
Liver

PC’ 4.90 + 0.47 4.89 +0.46 5.49 + 0.61 6.17 £ 0.74°
GSH? 31.16 + 2.57 30.71+1.57 2449+233% 17.37+0.72°
TSH? 5.49+0.12 5.63+0.15 6.19+0.16 7.79 +0.15°
NPSH? 6.37 £ 0.39 6.63 + 0.43 7.24 +0.54 8.26 + 0.842

Values are mean £+ SD (n=12)
"nmol / mg protein; 2nmol/mg protein
Data analysed by Holm-Sidak method; °P<0.001, ®p<0.01
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Fig 3.8 Activities of catalase (CAT), glutathione transferase (GST) and
glutathione peroxidase (GPX) in brain of fetuses of rats
administered iron dextran (ID) during GDs.19
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Values are mean = SD (n=12)
Data analysed by Holm-Sidak method; ?P<0.001
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Section B

Table 3.6 Body weight gain, placental weights and embryolethality
among pregnant rats fed iron deficient diet (IDD)

Control Iron deficient

GD 13 47.28 £0.87 39.29 + 0.62°

Body wt gain
y wtgain () GD20 98.81+0.76 74.63 + 0.30°

GD 13 0.368+0.016  0.387 £ 0.027

Placental wt (g) b
GD20 0.547 £0.013 0.602 +0.039

Embryolethality GD13 5.05+068  18.83+1.36°
(%Dead Implants)  GD20  3.11£0.04  28.03+0.70°

Values are mean + SD (n=6)
Data analysed by t- test; ?P<0.001, °P<0.01
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Fig 3.9 ROS generation in maternal organs of pregnant rats fed iron
deficient diet
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Fig 3.10 Induction of lipid peroxidation measured as malondialdehyde
(MDA) levels in maternal organs of rats fed iron deficient diet
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Table 3.7  Status of protein carbonyls and reduced glutathione levels in
maternal organs of rats fed iron deficient diet
Cytosol Mitochondria
Control Iron deficient Control Iron deficient

pcC’

Brain GD13 5.52+0.19 6.00 £ 0.36° 4.63+0.19 4.91 + 0.24°
GD20 5.69+0.26 6.44 + 0.02° 5.13+0.16 6.67 £ 0.02°

Liver GD13 5.56+0.35 4.81+0.17° 6.06 + 0.35 4.82+0.17°
GD20 6.39+0.14 5.63 £ 0.10° 6.10 £ 0.14 5.45+0.10°

Kidney GD 13 3.67 £0.35 4.31 £ 0.09? 6.78 £ 0.35 5.16 + 0.09?
GD 20 3.96+0.54 5.52 + 0.03? 7.57 £ 0.54 5.84 + 0.03°

GSH'

Brain GD13 19.59+0.09 13.9+0.06° 18.32+0.09 13.52+0.06°
GD20 16.58+0.16 7.32+0.02* 11.29+0.16 8.92+0.02°

Liver GD13 29.72+0.35 33.08+0.17 3515+0.35 30.9+0.17°
GD20 21.98+0.14 16.28+0.10° 21.75+0.14 17.5+0.10°

Kidney GD 13 4.73+0.35 4.88 + 0.09 4.68 + 0.35 4.51+0.09
GD20 2.03+0.54 2.39+0.03 242 +0.54 3.15+0.03°

Values are mean = SD (n=6)

'nmol/mg protein

Data analysed by t- test; °P<0.001, "P<0.01, °P<0.05
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Fig 3.11 Activities of antioxidant enzymes in maternal organs of
pregnant rats fed iron deficient diet
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Table 3.8  Pattern of ROS generation, status of lipid peroxidation protein
carbonyl content and reduced glutathione in placenta of rats
fed iron deficient diet

Control Iron deficient

ROS" GD13 Cyto 0.52 £ 0.09 0.69 + 0.06"
Mito 0.62+0.16 0.91 +0.02°
GD 20 Cyto 1.57 £ 0.35 1.82+0.17
Mito 0.66 + 0.14 1.05 + 0.10°

MDA? GD13  Cyto 5.87 + 0.35 9.60 + 0.09°
Mito 3.96 + 0.54 5.14 +0.03?
GD 20 Cyto 5.51+0.79 7.86 £ 0.13%

Mito 8.72+1.50 10.74 + 1.56°
PC? GD 13  Cyto 3.75+0.26 5.28 + 0.40°
Mito 3.40+0.25 4.34 £ 0.27°
GD 20 Cyto 3.90+0.48 4.57 +0.35°
Mito 4.61+0.33 5.39 + 0.50°

GSH?> GD 13 Cyto 26.52 + 1.64 16.51+ 0.81°
Mito 3.57+£0.76 1.99 + 0.44°

GD 20 Cyto 34.48 +0.48 28.33 + 0.38°

Mito 41.11 £12.07 25.33 + 2.38°

Values are mean = SD (n=6)
'pmol/min/mg protein; nmol/mg protein
Data analysed by t- test; °P<0.001, "P<0.01, °P<0.05
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Table 3.9  Oxidative stress biomarkers in embryos of rats fed iron
deficient diet

Cytosol Mitochondria
Iron Iron
Control deficient Control deficient

ROS' 0.12+0.01 0.22+0.06° 0.17+0.05 0.27 +0.02?
MDA? 292+022 383+067° 256+0.08 3.84 +0.07°
PC? 6.12+1.16 3.45+1.62° 1109+0.14 44.59+0.10
GSH?> 8388+054 76.39+0.03% 201+017 1.26+0.09°
TSH?> 2060+278 11.41+3.32° 2864+491 20.21+0.10°

NPSH? 6.16+0.31 4.87+026° 5534003  4.21%023°

Values are mean + SD (n=6)
1pmol/min/mg protein; 2nmoI/mg protein
Data analysed by t- test; °P<0.001, "P<0.01

Fig 3.12 Activities of antioxidant enzymes in embryos of rats fed iron
deficient diet
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Data analysed by t- test; °P<0.001, "P<0.01
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Fig 3.13
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Fig 3.14 Status of protein carbonyls and reduced glutathione in brain
and liver of fetuses of rats fed iron deficient diet
Protein carbonyls
8 1 Liver
6 - Brain a
c 61 2
£ .
o 47 T
S L 4 4
(o]
E
° 24
€ 2 1
=
Mitochondria Cytosol Mitochondria
Glutathione
25 1 Brain
40 - Liver
20 A
c
g 30 -
2 15 -
(o]
£ 10
o
g
5 . 10 1
Mitochondria Cytosol Mitochondria
O Control Iron deficient

Values are mean + SD (n=6)
Data analysed by t- test; °P<0.001




Chapter 3 Iron model 139

Fig 3.15 Status of total and non protein thiols in brain and liver of
fetuses of pregnant rats fed iron deficient diet
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Fig 3.16 Activities of superoxide dismutase (SOD), catalase (Cat),
glutathione transferase (GST) and glutathione peroxidase
(GPX) in brain and liver of fetuses of pregnant rats fed iron
deficient diet
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5.0 DISCUSSION

Employing ‘iron excess’ and ‘iron deficiency’ model, we have addressed
the following major questions in this study. |) whether oral supplementation of
iron at dosages equivalent to those employed in human supplementation
regimens induces oxidative stress in the maternal milieu and its oxidative
impact on the embryos and fetuses Il) whether iron deficiency prior to, and
during pregnancy causes significant oxidative stress in the maternal milieu and

its correlation with oxidative dysfunctions in embryos and fetuses.

Iron excess model

In order to address the first question, our selection of dosages for this
study was essentially based on some recent seminal observations reported in
literature. A brief mention of these findings would be relevant here and would
justify our dosage selection of iron. Pregnant women in developing countries are
commonly given daily supplements containing 120 mg of iron (Lynch & Stoltzfus,
2003) to prevent and correct gestation iron deficiency and this dose of iron is
shown to be 10 times the normal daily dietary intake and can cause
gastrointestinal side effects (Hollan and Johansen, 1993). Earlier studies (Viteri
et al., 1995; Knutson et al., 2000) have also demonstrated that equivalent
doses of daily high—iron supplements in male rats (which is equivalent to 10X
normal intake or 8000 pg of iron/day) resulted in an abnormal accumulation of
intestinal mucosal and non heme iron and significant increases in lipid
peroxidation. Interestingly studies in iron deficient rats (Knutson et al., 2000)
also showed markedly increased lipid peroxidation clearly suggesting that both

iron deficiency and iron excess promote oxidative stress.

For the iron excess experiments, dosages of 2, 4 and 8 mg of iron/rat/day
were selected. Daily supplements (ds) of iron were given to dams either during
GDs.12 (8 doses) or GDs.19 (15 doses) in order to examine the correlation
between maternal oxidative impairments and oxidative impact in embryos as

well as fetus. While iron induced no signs of toxicity or maternal mortality, at the
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highest dose, there was a marginal reduction in weight gain among dams.
Elevated oxidative stress was evident in the maternal milieu as observed in
terms of enhanced levels of ROS and MDA in both cytosol and mitochondria of
liver and kidney. At higher doses, iron caused moderate depletion of GSH, total
thiols and non-protein thiols which were accompanied with concomitant
perturbations in the activities of various antioxidant enzymes. This data is
consistent with earlier findings in which excess iron given either intraperitoneally
or in the diet has been demonstrated to result in increased exhalation of ethane
and/or pentane (Dillard & Tappel, 1979: Harvey & Klassen, 1983: Dresow et al.,
1995; Knutson et al., 2000). Likewise, significant increases in tissue MDA in rat
models of dietary iron overload have also been reported (Brown et al., 1997;
Houglum et al., 1990). In some of these studies, supplementation with vitamin E
completely mitigated the increase d lipid peroxidation (Brown et al., 1997;
Dresow et al., 1995). With high iron doses in pregnant women, various
undesirable gastrointestinal side effects have also been reported (Hollan &
Johansen, 1993).

Despite extensive literature on iron and LPO, few studies have
investigated the effects of daily supplements (ds) of iron on LPO especially in
normal pregnant rats. Data on the LPO in rats provided daily iron
supplementation are rather conflicting. While a recent study in weanling male
rats given daily iron—supplements (Knutson et al., 2000), the MDA levels in liver,
kidney and plasma were not elevated suggesting absence of elevated lipid
peroxidation. However, an earlier study (Srigiridhar and Madhavan Nair, 1998)
reported that ds increased lipid peroxidation as well as protein oxidation in rat

intestinal mucosa of iron deficient rats.

In the present study, ds rats showed extensive mitochondrial oxidative
damage during both dosing regimens. The degree of oxidative damage was
relatively higher in mitochondria when compared to the cytosol. The increased

oxidative stress observed both in iron excess and IDD rats in the present study
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may involve mitochondrial dysfunctions as has been found in aging and
associated neurodegenerative diseases (Shigenaga et al., 1994). Mitochondria
use 90% of inspired oxygen, produce a significant amount of cellular superoxide,
and accumulate iron for heme and iron-sulfur cluster formation. Numerous
studies of severe iron overload modeling hemochroamtosis have also reported
increased hepatic lipid peroxidation, nuclear DNA damage and mitochondrial
dysfunction (as reviewed by Britton et al., 1994). Interestingly, previous
morphological and biochemical investigations have shown that id causes
significant mitochondrial dysfunctions in various organs such as heart, skeletal
muscle, liver and blood cells (Dallman, 1986) and the mitochondria are shown to
be enlarged, rounded with few cristae, had decreased cytochrome
concentration, respiratory control and gluconeogenesis compared to iron normal
controls (Jarvis and Jacobs, 1991: Masini et al., 1994: Klempa et al., 1989).

Iron deficiency model

Iron deficiency is the most common nutritional deficiency and is
associated with an increased risk of poor pregnancy outcomes and impaired
cognitive development in young children. In the present study, feeding of an iron
deficient diet (IDD) also induced significant oxidative stress in the maternal
milieu. This finding corroborates with observations of few recent workers who
found that IDD rats had increased lipid peroxidation, ethane, pentane, liver MDA
and Kidney MDA levels (Knutson et al., 2000, Walter et al., 2002). Prior to these
reports, numerous workers have reported that under experimentally IDD
conditions, liver MDA decreased as measured by TBARS (Rao & Jagadeesan,
1996) and other reports provide evidence that IDD is protective against in vivo
lipid peroxidation (Chandler et al., 1988) and hydroxyl formation (Patt et al.,
1990). However, increased peroxidation in IDD rats has also been reported
(Uehara et al., 1997) who showed elevated levels of serum and liver
phosphatidylcholine hydroperoxide, an reliable indicator of membrane

peroxidation.



Chapter 3 Iron model 144

While the exact mechanism/s underlying induction of oxidative stress
under IDD conditions is not clear, several mechanisms have been proposed and
few evidences favour such possibility. a) First it has been demonstrated
repeatedly that IDD rats rapidly accumulate liver copper (Sherman & Moran,
1984, Sherman & Tissue, 1981). Hence as with excess iron, excess copper can
also catalyse lipid peroxidation (Bremner, 1998). The id rats in another study
had liver copper levels which were 8-fold higher than normal rats (Uehara et al.,
1997). b) Second, id rats have been shown to accumulate triglycerides in liver
and plasma (Masini et al., 1994; Uehara et al., 1997) and offer more lipid
substrate for lipid peroxidation which may contributed to the high levels of liver
and kidney MDA levels. c) the increase in LPO may be due to increased fragility
of mitochondrial membranes of IDD rat tissue mitochondria which have been
described as being greatly enlarged and swollen (Dallman and Goodman,
1970). In the current study, hepatic tissue of IDD rats showed elevated
mitochondrial ROS and MDA levels suggesting that mitochondria may be

subjected to elevated peroxidation events.

Recent studies of Walter et al., 2002 have convincingly shown that id
induced increased levels of oxidants and LPO damages the integrity of
mitochondrial membrane resulting in uncoupling of mitochondria. Further, the
higher levels of oxidants could be caused by decreased heme levels and
complex IV activity. Decreased cytochrome concentration of the ETC could
contribute to higher superoxide levels. Other speculated mechanisms include i)
Higher hepatic copper accumulation which can participate in Fenton chemistry,
ii) loss of activity of some important iron—containing repair enzymes such as
ribonuceleotide reductase, iii) decrease in mitochondrial aconitase activity which
may prevent further mitochondrial release of oxidants by diminishing the supply
of reducing equivalents to the ETC and the reduced electron flow may be one
way by which the cell protects from oxidant stress under id conditions (Chen et
al., 1997).
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Impact of maternal oxidative stress on Placenta, embryos and fetuses

In the ds study, iron administration caused significant oxidative stress in
placental tissue as evident from enhanced levels of various oxidative markers
measured in cytosol as well as mitochondria. Oxidative alterations were more
robust when ds were given during GDs.19. A similar trend of results were also
observed with respect to diminution of GSH , thiol content, and antioxidant
defenses suggesting a higher degree of oxidative induction during GDs.1g
regimen. Placental protein carbonyls were markedly elevated suggesting protein
oxidation. There was a good correlation among alterations in oxidative markers
in the hepatic tissue and embryonic tissue. The embryonic ROS, and MDA
levels were considerably elevated, while the levels of GSH, thiols were
significantly depleted along with lowered activities of antioxidant enzymes at
higher doses (4 and 8 mg/rat) suggesting a consistent induction of oxidative
stress. Further, ds during GDs.19, Oxidative alterations induced in the maternal
milieu significantly impacted the dysfunctions in fetal tissues as well. We chose
to measure the oxidative markers in fetal brain and liver since both are known to

be subjected to iron—-induced oxidative damage.

Oxidation of protein may alter its structure, function and integrity. In the
cell, a system of proteolytic enzymes is responsible for the recognition and
selective degradation of oxidatively denatured proteins (Carney et al., 1991).
The mechanism/s by which cellular proteinases, proteases and peptidases
recognize oxidatively modified proteins are not clearly understood (Davies et al.,
1987). Protein carbonyls are employed as biomarkers of ROS mediated protein
oxidation (/sabella et al., 2003) and elevated levels of oxidized protein have
been reported in animal tissue and cell models under various conditions of
oxidative stress (Berlett & Stadman, 1997). Elevated ROS can lead to oxidation
of amino acid residue side chains, formation of protein—protein cross linkage,
and oxidation of protein backbone resulting in protein fragmentation. Protein
carbonyls are introduced in to the protein by reaction with aldehydes (eg., 4-

hydroxy nonenal and MDA) produced during LPO or with reactive carbonyl
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derivatives generated as a consequence of the reaction of reducing sugars or
their oxidation products with lysine residues of proteins. Consistently higher
levels of protein carbonyls in maternal tissues, embryonic homogenates,
placental tissues and fetal tissues observed in the iron excess model, in the
present study reflects a high rate of protein oxidation in all the compartments.
Furthermore, it also reflects a very low rate of oxidized protein degeneration
and/or low repair activity as oxidized forms of some proteins (for eg., cross-liked
proteins) and proteins modified by LPO products are not only resistant to
proteolysis, but can also inhibit the ability of proteases to degrade the oxidized
forms of other proteins (de Catalfo & Gomez Dumm, 1998). The potential role of
oxidized proteins in drug-induced teratogenesis has been demonstrated both in
vivo (Liu & Wells, 1995 a, b)

Placental oxidative stress

The placenta provides an extensive and intimate interface between the
maternal and fetal blood streams. A burst of oxidative stress occurs in the
normal placenta as the maternal circulation is established and it is speculated
that this may serve a physiological role in stimulating normal placental
differentiation, but may also may be factor for the pathogenesis of pre-
ecclampsia and early pregnancy failure if antioxidant defenses are depleted
(Jauniaux et al., 2000). The protective role of the placenta depends in part on
the activity of its detoxifying enzymes (Avissar et al., 1994). The placenta is
equipped with antioxidant enzymes such as catalase, SOD, GPX, GST and GR.
The placenta also expresses both enzymes necessary for synthesis of GSH and
it has been suggested that the placenta could protect the developing fetus from
free radicals by lowering the level of lipid peroxides in fetal blood (Takehara et
al., 1990). In the present study, placenta of rats administered iron excess
showed higher ROS and MDA levels at higher doses, which were accompanied
with diminished GSH, reduced activity of antioxidant enzymes, reduced total
thiols and non-protein thiols, and elevated protein carbonyl content suggesting

that the ongoing oxidative dysfunctions in this protective tissue. These
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significant perturbations clearly indicate that the placental antioxidant defenses
were overwhelmed by the administered iron at higher doses and were unable to
cope up with the oxidative implications.

In the iron excess model, embryos which were sampled on GD13 showed
significant increases in the biomarkers of oxidative stress as compared with the
controls. Both cytosol and mitochondrial fractions exhibited elevated levels of
ROS and MDA levels clearly suggesting increased lipid peroxidation occurring in
vivo. Further, our findings such as depleted GSH levels, reduced activities of
antioxidant enzymes, total thiols and non-protein thiols among embryos
exposed to high maternal iron levels also suggested that the embryos were
indeed subjected to elevated oxidative stress situation. Interestingly, the protein
carbonyl content of embryos were also elevated significantly indicating the

occurrence of protein oxidation.

Fetal oxidative stress

The intrauterine environment influences the development of the fetus by
modifying gene expression in both pluripotential and terminally differentiated,
poorly replicating cells. The fetus adapts to an inadequate supply of substrates
(such as glucose, aminoacids, fatty acids, and oxygen) by metabolic changes,
redistribution of blood flow, and changes in the production of fetal and placental
hormones which control growth (Simmons, 2006).

Fetal growth and development are dependent upon the adequate
provision of oxygen and substrates from the maternal circulation. Intrauterine
growth restriction is a condition sometimes associated with placental
insufficiency caused by shallow trophoblast invasion during the early stages of
gestation (Cetin, 2003). In the present study, we observed significant increase in
placental weights only at the highest dose (8 mg/d) in the dosing regimen GDs.
12, where as significant increase was evident at higher doses (4 and 8 mg/d) in
the dosing regimen 5-19. Increased placental weights, placental size and
placental ratios (placental weight to birth weigh ratio)/have been documented in
pregnancies complicated by gestational diabetes (Naeye, 1987; Desoye &
Shafir, 1996; Lao et al., 1997).
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Pregnancy outcome

Iron nutrition and hematological status are known to be critical throughout
pregnancy for mother, fetus and beyond (Casanueva & Viteri, 2003).
Epidemiological evidence has shown an association between anemia,
premature delivery and low birth weight (Scholl & Reilly, 2000). Prolonged Iron
deficiency conditions are known to have pronounced negative effect on the
course and product of pregnancy. In the present study, iron administered at
higher doses induced significant elevation in the incidence of embryonic deaths

(2-5 fold higher over the background incidence) during both dosing regimens.

Although we have not examined the nature of cell death mechanisms
under iron excess or iron deficiency models, in the present study, the incidence
of early embryonic deaths were higher in both models. However, a small
percentage (approximately 10% deaths) of fetal deaths occurred in the dosing
regimen GDs 19 clearly suggesting the vulnerability of early embryos to oxidative
stress. The nature of cell death involved in the embryonic deaths was not
examined in the present study. However, earlier numerous studies with
teratogens, such as hyperthermia, cyclophosphamide, sodium arsenite,
cadmium and deoxyadenosine have demonstrated induction of apoptosis in
early post-implantation mouse embryos (Mirkes & Little, 1998, Ghatnekar et al.,
2004).

In conclusion, the present investigations have clearly demonstrated that
both iron excess (daily supplements) and iron deficiency during gestation
causes not only elevated oxidative impairments in the maternal milieu, but has
significant impact on the embryonic development. The embryos are subjected to
oxidative stress as revealed by the various oxidative dysfunctions which may
significantly contribute towards the higher frequency of early embryonic deaths.
Further the fetal tissues are also subjected to significant oxidative stress as
revealed in the elevated oxidative dysfunction in the fetal organs which is likely
to be responsible for the altered development of fetus and subsequent

development of adult diseases.
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6.0 SUMMARY

Oral administration (2-8 mg/rat/d) of iron failed to induce any clinical signs
of toxicity or mortality, while at the highest dose it significantly affected the
maternal body weight gain. Placental weights were found increased (21-

45%) at the highest dose during both the dosing regimens.

In maternal organs, differential pattern of induction of ROS levels was
evident in cytosol and mitochondria. At higher doses, the induction of ROS

levels appeared to be higher in mitochondria during both regimens.

Marginal reduction in GSH levels in maternal organs were accompanied by
uniformly diminished total thiol/non-protein thiols levels at higher doses
irrespective of the dosing regimen; Protein carbonyls levels were elevated
significantly only at higher doses. In general, the activities of antioxidant

enzymes were significantly decreased only at higher doses.

Placental tissue showed marked elevation in ROS levels only at the
highest dose, while the increase in MDA levels was relatively of lesser
magnitude. The placental tissue also showed significant decrease in total

thiol and non-protein thiol levels during both dosing regimens.

Significant oxidative impact was evident among GD3 embryos following
maternal exposure of iron at the highest dose as evidenced by elevated
ROS and MDA levels in both cytosol and mitochondria. That the embryos
are subjected to OS was also reflected in the diminished activities of
antioxidant enzymes, marked diminution of GSH, total thiols, and non

protein thiols, while the carbonyl content were found significantly elevated.
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Maternal iron exposure resulted in a significant oxidative impact in the fetal
tissues. While brain tissue showed significant elevations in MDA and ROS

levels, the liver tissue showed less robust induction.

In fetal tissues, maternal Iron exposure caused significant reduction in the
activity of antioxidant enzymes, reduced levels of GSH and was
accompanied with elevated total thiol levels, while the protein carbonyl

levels were higher.

Among iron deficient dams, the incidence of embryolethality was

significantly higher compared to the controls during both GD43 and GDy.

Maternal tissues of iron deficient dams were subjected to significant OS as
evident from the elevated ROS levels and lipid peroxidation irrespective of
the dosing regimen. In brain, the ROS levels were uniformly elevated both
in cytosol and mitochondria, while in liver, the cytosol showed more robust

increase than mitochondria.

The GSH content of maternal tissues (brain, liver and kidney) showed
moderate decrease in cytosol/mitochondria which were associated with

significantly reduced activities of antioxidant enzymes.

The placenta of iron deficient dams showed moderate elevations in ROS
levels, marked induction of MDA levels, depleted GSH levels and elevated

protein carbonyls content suggesting the ongoing oxidative stress in vivo.

Embryos of iron deficient dams were indeed subjected to oxidative impact
as evident by significant elevation in both ROS and MDA levels, diminished
levels of GSH, total thiols/non protein thiols and marginal alterations in the

activities of antioxidant enzymes.
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Embryos were also subjected to protein oxidative damage since the
protein carbonyl content among the embryos of Iron deficient diet fed dams
was marginally were observed among the embryos of dams fed iron

deficient diet

The fetal organs (brain and liver) of iron deficient diet fed dams showed
significantly elevated ROS/MDA levels. Significant diminution in the levels
of reduced glutathione accompanied with reduction in total thiol levels and
non protein thiols, while the protein carbonyl levels were significantly

elevated.

The results obtained in the iron excess and iron deficiency models clearly
suggest the occurrence of elevated oxidative impairments in the maternal
milieu, and significant oxidative impact on the growing embryos, which may
contribute towards the higher frequency of early embryonic deaths.
Further, elevated oxidative dysfunction in the fetal organs may to be
responsible for the altered development of fetus and subsequent

development of adult diseases.
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1.0 INTRODUCTION

The steadily increasing trend in the prevalence of diabetes mellitus (DM)
is of global concern. Women are reported to be more prone to type 1 DM than
men. DM is often diagnosed in women during pregnancy and about 5 % of all
pregnancies occur among diabetic women. Maternal diabetes during pregnancy
is associated with increased risk for growth disturbances and congenital
malformations. There is 2-3 fold increased incidence of major congenital
malformations in the offspring of diabetic women compared to that of the general
population. The malformations which occur during the period of embryonic
organogenesis and the nature observed in type-1, type-2 and gestational
diabetes are similar. Although the cellular mechanisms of diabetic embryopathy
are not completely understood, a number of possible teratological processes
have been suggested mainly on experimental studies. Both disturbed
metabolism of arachidonic acid and excess of radical oxygen species (ROS)
have been implicated in diabetes-induced embryonic dysmorphogenesis
(Eriksson et al., 1996; Eriksson et al., 2003).

Several findings have suggested a role for oxidative stress in the
development of diabetic complications (Oberley, 1988; Baynes & Thorpe, 1999;
Gurler et al., 2000). Mitochondrial overproduction of the oxygen radical
superoxide has been suggested recently as a critical element in diabetic
complications (Brownlee, 2001). Earlier studies have demonstrated the
involvement of oxidative stress in the pathogenesis of diabetic embryopathy
(Eriksson & Borg, 1991). Some evidence also suggests that disturbances in the
arachidonic acid cascade (Goldman et al., 1985) including prostaglandin E2
metabolism cause diabetic embryopathy (Goto et al., 1992; Piddington et al.,
1996; Wentzel et al., 1999) since this pathway plays a vital role in neural tube

development.
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Uncontrolled diabetes has been implicated as an etiological factor for
recurrent pregnancy loss and there is an estimated incidence of 17%
spontaneous abortion in DM pregnancies. Prevention of fetal complications in
maternal DM requires a thorough understanding of the underlying
pathophysiology of pregnancy in diabetes. Poor maternal metabolic control
during pregnancy is attributed to be the major cause for the augmented
malformation rate. Major organ system anomalies arise in embryos of diabetic
women during the period of organogenesis and are known to affect various
systems rather nonspecifically. Experimental studies on maternal diabetes in
laboratory animals have demonstrated a consistent intrauterine growth
restriction (IUGR) and fetoplacental abnormalities (Padmanabhan et al., 2006).
However, the mechanisms of diabetic embryopathy are not clearly understood
so far, although there is some strong evidence that there is oxidant-antioxidant

disequilibrium in DM.

Employing animal models, numerous workers have demonstrated that
exposure of embryos to diabetes in vivo or high glucose concentration in vitro
(Eriksson & Borg, 1981) increases malformation rate in the offspring. More
importantly, in experimental diabetic pregnancy, various antioxidative treatments
have been demonstrated to be beneficial by improving fetal outcome, thereby
implicating oxidative stress as an important etiological factor for diabetic
embryopathy (Wentzel & Eriksson, 2005; Cederberg & Eriksson, 2005).

In the field of obstetrics, diabetes during pregnancy is a cause for great
concern due to a number of reasons. Firstly, diabetic women are more
susceptible to spontaneous abortion than non-diabetic pregnant women. The
increased risk may be eliminated if glycemic control is obtained at the time of
conception or during the first 3 months of pregnancy. In addition, congenital
anomalies occur in 6-8% of the fetuses of diabetic women (Type 1) compared to

2 % in non-diabetics.
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Several studies have reported the positive effects of antioxidant treatment
in experimental diabetic pregnancy. The antioxidants viz., ascorbic acid and
alpha tocopherol have been demonstrated to improve fetal outcome and
diminish embryonic dysmorphogenesis (Cederberg & Eriksson, 2005) in
rodents. However, administering antioxidants in extremely high doses also
constitutes a high teratological risk and hence finding the optimal dosage level of
antioxidant is critical in clinical studies with dietary supplementation to pregnant

diabetic women.

Accordingly, in the present investigation, it was aimed to establish the
nature and degree of oxidative impairments in CFT-Wistar rats, rendered
diabetic by an acute injection of STZ, a well-known diabetogen. Following
preliminary studies, an optimum dosage of 45 mg/kg bw and the gestation day
(GD) 4 was selected for these investigations. In the first series of investigation,
we have quantified the oxidative implications in maternal tissues at GD¢3 and
GDy in order to examine the progression and pattern of oxidative stress.
Induction of hyperglycemia and the effects of diabetes on body growth and urine
output were monitored. More importantly, we chose to examine the impact of
maternal hyperglycemia on embryonic and fetal development, oxidative
implications in GD13 embryos and fetal organs (GD2). The degree to which the
placental tissue is subjected to oxidative stress has also been assessed at both
sampling times. In the second series of investigation, the protective propensity
of garlic (a widely consumed spice) and selected medicinal plants were
assessed. These studies focused on their ability to modulate diabetic associated
oxidative impairments in maternal embryonic and fetal milieu. The results have

been presented under two sections, A and B.
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SECTION A

OXIDATIVE PERTURBTIONS IN PREGNANT DIABETIC RATS

2.0 OBJECTIVE

The primary objective of this study was to arrive at the optimum dosage
of STZ required to induce consistent hyperglycemia, moderate embryopathy and
assessment of embryonic and fetal growth characteristics in CFT-Wistar strain
of rats. Further, it was aimed to establish the degree of oxidative damage in
maternal milieu and its correlation with oxidative implications in the embryos
(GD13) and fetal (GDy) tissues. These data were a primary requisite for our

subsequent ameliorative studies.

3.0 EXPERIMENTAL DESIGN

3.1 Preparation of STZ
Streptozotocin was dissolved (75 mg/ml) in freshly prepared citrate buffer

(0.05 M, pH4.5) and immediately used for administration.

3.2 Preliminary studies and dose selection

With an objective of determining the optimum dosage of STZ that would
induce a consistent hyperglycemia and moderate embryolethality, preliminary
studies were conducted. Initially, groups of pregnant rats (n=4) were
administered (i.p) STZ at acute dosages - 30, 45 and 60 mg/kb bw on GDs.
Animals were provided with glucose water (5% wi/v) for 48 h following STZ
treatment to prevent initial drug-induced hyperglycemic mortality. Random
plasma glucose was measured by drawing blood by cardiac puncture from both
control and STZ-injected rats. Based on the incidence of embryolethality and
hyperglycemic response, a dosage 45 mg/kg bw was selected as the optimum

dosage in our strain for our further experimentation.
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3.3 Determinative study

In order to assess the diabetes associated oxidative impairments in
embryos and fetuses, pregnant rats were rendered diabetic by administration of
an acute dose of STZ (i.p, 45 mg/kg bw) on GD,4. Rats of both control and STZ
groups were provided with a known amount of diet and water ad libitum. Daily
food consumption was recorded by weighing the residual diet. Weekly body
weights were monitored during the experimental period of 20 days. Dams (n=6)
from both groups were sacrificed on GD43 or GDyy under light ether anesthesia.
Maternal serum glucose levels were determined at sacrifice. Embryos, placenta
and fetuses were excised, trimmed, rinsed in ice-cold physiological saline,

blotted and weighed.
3.4 Oxidative impairments in mother, placenta, embryos and fetus

3.4.1 Status of lipid peroxidation and generation of ROS

Status of oxidative damage in embryonic tissue and fetal organs (brain
and liver) was measured in terms of MDA levels. In order to obtain a
comparative data, MDA levels were also determined in placenta and selected
maternal organs such as liver and kidney at both sampling times (GD3 and
GD3). Cytosolic and mitochondrial fractions of embryos, placenta, maternal and
fetal tissues from both control and treated groups were subjected to biochemical

analysis.

3.4.2 Perturbations in enzymic and non-enzymic antioxidants

At both sampling intervals, the activities of antioxidant enzymes viz., CAT,
SOD, GST, GPX and GR and levels of non-enzymic antioxidants viz., GSH, total
thiols and non protein thiols were determined in embryos, placenta, maternal

and fetal tissues.

3.4.3 Oxidative damage to proteins: protein carbonyls formation
Fresh mitochondrial and cytosolic samples of embryos, placental, fetal
and maternal tissues of both control and treated groups were processed for the

determination of total protein carbonyls content at both sampling intervals.
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SECTION B

ABROGATION OF DIABETES ASSOCIATED OXIDATIVE
IMPAIRMENTS

2.0 OBJECTIVE

The primary objective of these studies was to assess the ameliorative
propensity of selected medicinal plants viz., Gymnema sylvestre (GS), Ipomea
aquatica (IA), Tinospora cordifolia (TC) and Withania somnifera (WS) in
pregnant rats rendered diabetic by an acute dose of STZ on GD4. Dried powder
of leaves (GS and IA) and roots (TC and WS) were used as dietary
supplements. A separate study was also conducted to assess the beneficial

effects of garlic supplements (freeze dried garlic powder) in the diabetic model.

3.0 EXPERIMENTAL DESIGN

3.1 Ameliorative effects of garlic powder on diabetes associated oxidative
damage in maternal and fetal tissues

Pregnant rats were randomly distributed into four groups (n=6) as follows:
Group I: Control; Group Il: Garlic (G); Group lll: Streptozotocin (STZ) and Group
IV: STZ + Garlic. While Group Il and IV rats were fed with powdered diet
supplemented with garlic (2%) from GDg.19 throughout the gestation (total 20
days), other groups were maintained on powdered commercial pellet diet (M/s
Amruth feeds Ltd., India). STZ (45 mg/kg bw) was administered to pregnant rats
of Group Il and IV on GD4.

Terminally, all rats were sacrificed under mild diethyl ether anesthesia.
Blood was drawn by cardiac puncture for separation of serum. Maternal organs
(liver and kidney) were excised, rinsed in ice-cold PBS, blotted, and processed.
Placenta and fetuses were weighed after rinsing in ice-cold PBS and blotted.

Further, fetuses were dissected, brain and liver excised, rinsed in ice-cold PBS,
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blotted and processed. The following biochemical indices of oxidative damage
were determined in placenta, maternal and fetal tissues (brain and liver): TBARS
and ROS levels, GSH and total thiols, protein carbonyls, selected enzymic

antioxidants.

3.2 Ameliorative effects of medicinal plants on diabetes induced oxidative

impairments in maternal and fetal tissues

Rats were randomly grouped in to ten groups (n=6) as follows:

Group | — non-diabetic control (CTR); Group Il: GS control; Group llI: IA control;
Group IV: TC control; Group V: WS control; Group VI: STZ; Group VII: STZ +
GS; Group VIII: STZ + IA; Group IX: STZ + TC; Group X: STZ + WS.

Weighed amounts of diet (supplemented with 2% of GS/IA/TC/WS) were
fed to the rats throughout the gestation starting from GDy. On GD4 pregnant rats
of Group VI, VII, VIII, IX and X) were rendered diabetic by STZ. While body
weight gain was monitored regularly, urine excretion was measured from GD17.20

after housing them in individual metabolic cages.

Rats were sacrificed on GDyy by mild diethyl ether anesthesia. Blood was
drawn by cardiac puncture for measuring serum glucose levels. Maternal organs
(liver and kidney) were excised, rinsed in ice-cold phosphate buffered saline,
blotted, weighed and stored in cryovials at -80°C until further analysis. Uterine
horns were excised and pinned to wax base immersed in ice cold PBS. Using
surgical procedures, fetuses and placenta were excised and weighed. Further,
fetal liver and brain were excised, rinsed in ice-cold PBS, blotted and at -80°C
until further analysis. The modulatory effects of selected medicinal plants were
assessed employing the following selected markers: TBARS and ROS levels,
reduced GSH and total thiols, enzymic antioxidants (CAT and GST).
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4.0 RESULTS

SECTION A

OXIDATIVE PERTURBATIONS IN PREGNANT DIABETIC RATS

4.1 Hyperglycemic response

Blood glucose measured following administration of STZ at the dosages
of 30, 45 and 60 mg/kg bw, has been presented in Fig 4.1. The data showed a
consistent and progressive hyperglycemic response following STZ injection.
While the glucose levels in control rats were in the range of 82-104 mg%, those
of STZ rats ranged from 223-636 mg%. At the highest dosage (60 mg/kg bw),
plasma glucose increased by 6-fold whereas, the lowest dose (30 mg/kg bw)
induced only a 2-fold increase and a 4-fold increase in the glucose levels was

evident at the dosage of 45 mg/kg bw.

4.2 Incidence of embryo lethality: fetal/placental weight

STZ at the administered dosages (30, 45 and 60 mg/kg bw) failed to
induce any maternal mortality. However, STZ administration resulted in a higher
incidence of embryolethality as evident by significant increase in the incidence of
dead implantation (D), the percent dead implants expressed as a percentage of
total implantations. While the highest dosage induced complete resorptions
(100% Dil), the lowest dosage (30mg/kg bw) induced only a marginal increase
(12%) (Table 4.1). However, at a dosage of 45 mg /kg bw STZ induced
consistent degree of DI (30-40% DI). Hence, based on the incidence of
embryolethality and hyperglycemic response, 45 mg/kg bw was considered as
the optimum dosage which was deployed for all further investigations.

Data on the fetal and placental weights among control and diabetic rats
determined on GDy is presented in Fig 4.2. Among diabetic dams the fetal
weights were markedly reduced (38%), while the mean placental weights were
highly increased (70%).
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4.3 Food consumption and growth pattern

A significant decrease (50%) in food intake was evident in the STZ
treated rats during the first four days of post STZ administration. Further, the
food intake was significantly increased (30-40%) in diabetic rats compared to the
controls during the rest of experimental period (data not shown). In general, a
decrease in the body weight gain was evident among the STZ treated rats
throughout gestation. Body weight gain in the diabetic rats (19+1.5g) was
significantly reduced than that of controls (31+2.6g) at GD43. Similarly, on GDxy,
there was a 43% decrease in the body weight gain (CTR 86 + 5.6g v/s STZ: 49
+6.59)

4.4 Evidences of oxidative damage in maternal tissues (GD13)

4.4.1 Lipid peroxidation (LPO) in maternal liver and kidney

The lipid peroxidation (LPO) status measured as MDA levels in maternal
liver of both control and STZ treated rats on GD4; is presented in Fig 4.3.
Diabetes induced significant elevation (30%) in MDA levels in mitochondria as
well as cytosolic fractions of maternal liver. However, the extent of elevation in
MDA levels in cytosol of kidney was marginal (15%). There was a marked

elevation (60%) in LPO in serum of diabetic rats (data not shown).

4.4.2 Generation of ROS in maternal liver and kidney

STZ treatment resulted in a significant elevation in ROS levels in cytosolic
and mitochondrial fractions of both liver and kidney (Fig 4.3). Interestingly the
pattern of elevation was similar in both fractions. While the hepatic cytosolic and
mitochondrial fractions showed marked (90%) elevation, the percent increase in

renal ROS levels was relatively less (70%) in both fractions.
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4.4.3 Perturbations in antioxidant enzymes and molecules

Data on the activity of selected antioxidant enzymes in hepatic and renal
tissue is presented in Fig 4.4. In general, the activities of antioxidant enzymes
were reduced marginally in the cytosolic fractions of liver and kidney of diabetic
rats. The extent of reduction was more in kidney compared to liver. While there
was no significant difference in hepatic GPX, activities of other enzymes were
decreased in both liver (CAT: 23%; GST: 17%) and kidney (GST: 47%; GPX:
17%; CAT: 30%). Data on reduced GSH and thiol status are depicted in Fig 4.4.
While, hepatic GSH and non protein thiol levels were moderately decreased
(35%), total thiol levels decreased by 25% in pregnant rats administered STZ on
GD4. Similar pattern of decrease in levels of antioxidant molecules was also

evident in kidneys of diabetic rats.

4.5 Status of oxidative damage in placenta (GD13)

4.5.1 Status of lipid peroxidation

The status of lipid peroxidation determined in placenta sampled on GD43
is presented in Fig 4.5. There was a marked elevation in the MDA levels in both
cytosolic (64%) and mitochondrial (70%) fractions of placenta. A similar trend

was also evident in ROS levels (cytosol, 50%; mitochondria, 70%).

4.5.2 Alterations in antioxidant defenses

The levels of reduced GSH, total thiols, non protein thiols and activities of
antioxidant enzymes in placenta of control and STZ treated rats are shown in
Fig 4.5. In general, a significant decrease in CAT, GPX and GST activities were
evident (30-40%) in cytosol of diabetic rats sampled on GD1s. Further, a
significant reduction was observed with reduced GSH (45%) and NPSH (36%)

while on the other hand, there was only a marginal (10%) increase of total thiols.
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4.6 Status of oxidative impairments in embryos (GD13)

4.6.1 MDA and ROS levels in embryos

The effect of diabetic pregnancy on LPO and ROS levels in embryos,
measured on GD+3 is shown in Fig 4.6. MDA levels in embryos of diabetic rats
showed a significant elevation in both cytosolic (63%) and mitochondrial (53%)
fractions compared to controls. Likewise, there was a marked increase (70-90%)

in the ROS levels in both the fractions of embryos.

4.6.2 Response of antioxidant defenses

Data on the levels of antioxidant molecules (reduced glutathione and total
thiols) (Fig 4.7) showed a significant (30%) decrease. However, there was a
higher degree of reduction in non-protein thiols (60%) in embryos of STZ rats
compared to their corresponding controls. While the activities of GPX and CAT
decreased moderately (30%), the reduction in the activity of GST was marginal
(18%) (Fig 4.7).

4.7 Oxidative damage in maternal tissues (GD2)

4.7.1 Status of lipid peroxidation and ROS

The lipid peroxidation status measured as MDA levels in maternal serum,
liver and kidney in both control and STZ treated rats on GDyg is presented in
Table 4.2. There was a marked elevation (50%) in LPO in serum of diabetic rats.
Hepatic and renal MDA levels showed a significant elevation in both

mitochondrial and cytosolic fractions, which ranged from 35-40%.

STZ administration induced significant increase in the ROS levels in both
liver and kidney and the ROS levels were enhanced (45%) in both the
compartments of liver. While, in kidney, the ROS levels measured were

relatively less elevated (35%) in cytosol than mitochondrial fractions (81%).
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4.7.2 Perturbations in antioxidant molecules and enzymes

A marked decrease (liver: 40% and kidney: 25%) in the endogenous GSH
levels was evident in maternal tissues on GDy (Table 4.2). However, TSH levels
showed only a moderate decrease (kidney: 35% and liver: 15%) due to STZ
treatment. On the contrary, NPSH levels were greatly reduced (70%) in maternal
liver, whereas in kidney, the decrease was marginal (26%). Alterations in
activities of antioxidant enzymes showed similar levels in maternal hepatic and
renal tissues on GDj3. While, hepatic antioxidant enzymes showed marginal
reduction in their activities (CAT and GST: 22% and GPX: 16%), that of kidney
showed moderate reduction (CAT: 30%; GST: 35% and GPX: 20%).

4.7.3 Protein carbonyls content
Marginal increases of 19 and 24% in protein carbonyl levels were found

in the maternal kidney and liver of diabetic rats on GD,, (Table 4.2).

4.8 Evidences of oxidative damage in fetal tissues

4.8.1 Status of lipid peroxidation and generation of ROS

Data on the ROS and MDA levels in brain and liver of fetuses in non-
diabetic and diabetic rats is presented in Tables 4.3 and 4.4. The hepatic cytosol
showed enhanced ROS levels (by 53%) over the controls, while it was relatively
higher in mitochondrial fractions (by 66%). The fetal brain cytosol and
mitochondria of STZ rats also showed enhanced ROS levels (65-80%).

However, the increase in MDA levels was less robust (20-30%).

4.8.2 Effect on reduced GSH, thiols and antioxidant enzymes

Changes in reduced GSH, thiols and antioxidant enzymes in fetal brain
and liver are presented in Table 4.4. While NPSH showed marked decrease
(50%) in fetal liver, it showed marginal decrease in fetal brain (23%). However,
there was marginal to moderate decrease in the levels of other antioxidant
molecules (GSH and TSH) in both the fetal tissues which ranged between 30-
40%. While diabetic pregnancy induced marginal change (10-18%) in the
activities of antioxidant enzymes in fetal liver, it induced moderate change (15-
35%) in fetal brain (Table 4.4).
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4.0 RESULTS

SECTION B

ABROGATION OF DIABETES ASSOCIATED OXIDATIVE IMPAIRMENTS.

(i) Ameliorative effects of dietary garlic

4.1 Effect on diet intake and body weight gain

Data on serum glucose levels, body weight gain and urine output among
control and treatment groups are presented in Table 4.5. There was a marginal
decrease (20%) in diet intake of diabetic rats, which was normalized with garlic
diet (data not shown). Terminally, the average body weight gain among diabetic
dams was significantly (45%) lower compared to non-diabetic controls.
However, weight gain was restored partially among garlic supplemented diabetic
dams, although it was still lower (25%) in comparison with non-diabetic dams.
Urine output among diabetic dams measured on gestation days 14-19 showed a
marked polyuria (STZ: 98 ml v/s CTR: 11 ml/rat/d), while diabetic dams fed
garlic diet showed relatively lower degree of polyuria (STZ+G: 73 ml v/s STZ:
98ml /rat/d).

4.2 Incidence of embryolethality and fetal weights

Data on the incidence of total, live and dead implantations (DI) among
control and treatment groups is presented in Table 4.6. The DI calculated as
percentage of total implantations showed marked increase in diabetic rats (STZ:
40% v/s control: 4%). While garlic per se had no measurable effect on the
incidence of DI, garlic supplements in diabetic dams significantly reduced the
incidence of embryolethality (12% v/s 40%). Further, the mean fetal weights in
diabetic dams were markedly (37%) decreased in comparison with non-diabetic
controls. However, garlic supplements in diabetic dams considerably normalized
the fetal weights. Interestingly, there was significant (50%) restoration of fetal

weights among garlic supplemented diabetic dams
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4.3 Oxidative impairments in maternal organs

4.3.1 Markers of oxidative stress

In general, garlic supplements had no measurable effect on various
biochemical markers of oxidative damage determined in maternal liver and
kidney of non-diabetic dams (Table 4.7). However, induction of diabetes caused
a significant elevation in ROS levels (liver-29%; kidney-55%) as well as MDA
levels in maternal tissues (liver-45%; kidney-43%). With garlic supplements,
these markers were significantly restored to normalcy among diabetic dams.
Likewise, the reduced GSH and total thiols in maternal liver of diabetic dams
which were reduced by 40% and 30% respectively in diabetic dams were also
restored to normalcy by garlic supplements among diabetic dams. However, the
protein carbonyl levels in liver of diabetic dams were protected only marginally
by garlic. A similar trend of result was also evident in maternal kidney with

respect to total thiols and protein carbonyls (Table 4.7).

4.4 Placental weights and markers of oxidative damage in placenta

In general, garlic supplements had no measurable effect on either
placental weights or biochemical markers of oxidative damage in placenta of
non-diabetic dams (Table 4.8). While induction of diabetes caused a marked
(75%) elevation in the placental weights, garlic supplements significantly (42%)
reduced the weights among diabetic dams. In diabetic dams, the elevated
placental MDA (by 64%) and ROS (by 49%) levels were restored significantly
(50% restoration) by garlic supplementation. A similar degree of protection was
also evident with respect to other markers viz., reduced GSH, total thiols and

protein carbonyls in diabetic dams provided with garlic supplements.
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4.5 Oxidative stress markers in fetal brain and liver

4.5.1 Status of lipid peroxidation

Status of lipid peroxidation (quantified as MDA levels) in the mitochondrial
and cytosolic fraction of fetal liver and brain are shown in Fig 4.8. The MDA
levels were elevated significantly (27%) in fetal brain and liver obtained from
diabetic dams. While garlic supplements did affect the basal levels in non-
diabetic controls, it restored partially the augmented MDA levels in the fetal
organs of diabetic dams. The fetal liver of diabetic dams showed relatively
higher degree of oxidative damage and the garlic diet afforded a lower degree of

protection.

4.5.2 ROS generation in fetal brain and liver

Levels of ROS generated in the mitochondrial and cytosolic fractions of
fetal brain and liver are shown in Figs 4.8 and 4.9. The MDA levels were
elevated significantly (27%) in fetal brain and liver obtained from diabetic dams.
While garlic supplementation did not affect the basal levels in non-diabetic
controls, it restored partially the augmented levels in the fetus of diabetic dams.
The fetal liver of diabetic dams showed relatively higher degree of oxidative

damage and the garlic supplements afforded a lower degree of protection.

4.5.3 Antioxidant enzyme activity

Data on the activity of antioxidant enzymes viz., catalase (CAT) and
glutathione transferase (GST) measured in maternal and fetal tissues are
presented in Table 4.9. Among diabetic dams, the activity of catalase was
significantly lower in maternal tissues (liver, 30%; kidney, 44%). Likewise GST
activity was also lower (liver, 25%; kidney, 50%). However, the enzyme activities
were restored to varying degrees of normalcy by garlic diet among diabetic
dams. In fetus obtained from diabetic dams, significant decrease in CAT activity
was observed in brain (40%) and liver (28%). Likewise, GST activity was also
reduced in fetal brain (49%) and liver (25%). However, diabetic dams fed garlic

showed relatively higher levels of enzyme activities.
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(ii) Ameliorative effects of medicinal plants

4.6 Serum glucose levels, diet intake, urine output and body weight gain

In general, supplementation of selected medicinal plants to non-diabetic
rats had no significant effect on diet intake, body weight gain, serum glucose
and urine output (Table 4.10). There was a significant increase (3.5 fold) in the
serum glucose levels of diabetic rats. However, dietary supplements lowered the
increased serum glucose levels in diabetic rats to varying extent (GS: 40%, TC:
35%, IA and WS: 20%). There was a marginal decrease (20%) in diet intake of
diabetic rats, which was normalized with GS, IA and WS diet. TC did not alter
the diet intake in diabetic rats. Terminally, the average body weight gain among
diabetic dams was significantly lower (43%) compared to non-diabetic dams.
Dietary supplements offered varying degree of protection among diabetic rats
(GS: 65%, IA: 25%, TC: 42% and WS: 40%). The urine output in diabetic rats
was dramatically enhanced (8-folds higher) compared to control. The elevated
urine output was brought down marginally by the dietary supplements (GS and
TC: 35%; 1A and WS: 20%).

4.7 Incidence of embryolethality, fetal and placental weights

Data on the incidence of embryolethality among control, STZ and various
treatments groups is presented in Table 4.11. Diabetic rats showed high
incidence of (40%) embryolethality compared to non-diabetic controls. Dietary
supplements offered significant protection against STZ induced embryolethality.
While GS and TC offered maximum protection (65%), IA and WS brought down
the elevated incidence of dead implants by 36 and 47%. Fetal weights in
diabetic rats which were decreased significantly (intra uterine growth retardation)

were restored by dietary supplements.
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4.8 Oxidative impairments in maternal organs

In general, dietary supplements fed to non diabetic rats had no
appreciable effect on various biochemical markers of oxidative damage
determined in maternal liver and kidney (Table 4.12) except for GS and TC
supplements which reduced MDA levels by 25% in maternal liver. However, STZ
administration on elevated the MDA levels in maternal tissues (M.: 45% and M:
32%) as well as ROS levels (M.: 72% and Mk: 55%). GS supplementation
offered maximum protection against elevated MDA levels (M.: 90% and M.
71%) followed by TC (M.: 65% and Mk. 70%), IA (M.: 58% and Mk. 62%) and
WS (M. and Mk. 35%). Similar patterns of protection were also evident in

reduction of ROS levels.

Diabetic rats showed marked decline in GSH levels in maternal tissues
(M: 53 % and Mk. 40%) (Table 4.13). Dietary supplement in diabetic rats
significantly offset the decrease in GSH levels. Further, the protection offered by
various supplements in maternal liver was between 40-60%. In maternal kidney,
GS and TC offered moderate but significant protection (30-40%) while on the
contrary IA and WS treatments offered no appreciable protection. STZ
administration induced a moderate (25-45%) reduction in TSH levels of maternal
tissues. While dietary supplements offered 30-50% protection in maternal liver,

they offered 30-70% protection in kidney.

In diabetic rats, the activities of antioxidant enzymes were significantly
diminished (Cat, 35-40%; GST, 35%) in both liver and kidney (Table 4.14). The
percent protection offered against STZ induced reduction in CAT activity by GS
and TC varied from 50-75 in maternal liver. However, I1A and WS supplements
restored the decreased CAT activity by 30-60%. Similar pattern of protection by

dietary supplements was evident in restoring the reduced GST activity.
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4.9 Oxidative stress markers in fetal tissues

4.9.1 Modulation of MDA and ROS levels in fetus

Data on fetal tissues (brain and liver) MDA levels in mitochondria and
cytosolic fractions are shown in Fig 4.10. Dietary supplements per se had no
effect on the basal MDA levels in non-diabetic rats except in fetal liver.
Significant elevation (cytosol, 45% and mitochondria, 65%) in the fetal brain
MDA levels was evident in diabetic rats while dietary supplementation offered
varying degree of protection in both cytosol (TC and WS: >70%; GS and IA:
>45%) and mitochondrial fractions (GS: 65%; IA and TC: = 50%; WS: 30%).

In fetus, the ROS levels were markedly enhanced in brain (mitochondria,
40%; cytosol, 36%) and liver (mitochondria, 55%; cytosol, 44%) of STZ
administered rats (Fig 4.11). Both GS and TC supplements resulted in a marked
(70%) protection in fetal brain cytosol and mitochondria (73 and 60%). However,
IA and WS treatment offered marginal (20-35%) protection in both cytosolic and
mitochondrial fractions of fetal brain. A similar pattern of protection was also
evident in fetal liver. While GS and TC offered 60-70 % protection, IA and WS

offered only 25-50% protection respectively.

4.9.2 Status of Reduced Glutathione and Total Thiols (TSH)

Dietary supplements per se had no measurable effect on the levels of
GSH and TSH in fetal tissues, except for the marginal increase (12%) in Fg GSH
by GS and TC (Fig 4.12). Diabetic rats showed marked decline in GSH levels in
both the fetal tissues (Fg: 64% and F.: 26%). Dietary treatment in diabetic rats
significantly offset the decrease in GSH levels. While GS and TC
supplementation restored the GSH levels in fetal brain by = 80%, IA and WS
supplementation restored it by 60%. In fetal liver, GS and TC offered moderate
but significant protection (30-40%). On contrary, IA and WS treatments had no
appreciable protection in fetal liver. STZ induced a moderate (45%) reduction in
TSH levels of fetal tissues which were restored to varying degree by the plant

supplements.



Chapter 4 STZ-Diabetes model 170

4.9.3 Antioxidant enzyme activity

Data on the activities of antioxidant enzymes catalase (CAT) and
glutathione transferase (GST) are presented in Fig 4.13. In non-diabetic rats,
GS/IA/ITC/WS supplements did not appreciably alter the GST and CAT activity in
and fetal tissues, since the activities were on par with those of controls. In
diabetic rats, CAT activity decreased by 30-40%, whereas GST activity
decreased by 25-35% in fetal tissues. The percent protection offered by GS and
TC against STZ induced reduction in CAT activity varied from 50-75% in fetal
tissues. However, IA and WS supplements restored the decreased CAT activity
by 30-60%. Similar pattern of protection by dietary supplements was evident in

restoring the reduced GST activity of fetal tissues.
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Fig 4.1 Serum glucose levels in rats administered STZ on GD4
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Table 4.1  Serum glucose levels, urine output and embryolethality in
pregnant rats rendered diabetic by an acute dose of

STZ on GD,
Serum Glucose Urine Output ** Implantations
(mg %) ml/rat/d TI LI DI %DI*
CTR 113 £+ 9.64 10.50 £ 02.05 180 173 7 3.89

STZ 514.7 + 20.6° 98.0 £26.91° 158 102 53 33.54

Values are mean = SD (n=15)

TI: Total implants; LI: Live implants; DI: Dead implants

*Dead implants expressed as a percentage of total implantations
** Urine output was measured on last 5 days

Data analysed by t-test; °P<0.001
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Fig 4.2 Mean fetal and placental weights of pregnant rats rendered

diabetic by an acute dose of STZ on GD4 (measured on GDy)

Values are mean £ SD (n=15)
Data analysed by t-test; °P<0.001
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Fig 4.3 Malondialdehyde and ROS levels in maternal tissues of STZ-
diabetic rat measured on GD4;

Malondialdehyde
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Fig 4.4 Activities of antioxidant enzymes in maternal tissues of STZ-
diabetic rat measured on GD1;
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Fig 4.5 Placental oxidative stress in STZ-diabetic rat measured on
GDy;
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Fig 4.6 Malondialdehyde (MDA) and ROS levels in cytosolic and
mitochondrial fractions of GD43 embryos of STZ-diabetic rats
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Fig 4.7 Levels of antioxidant molecules and activities of antioxidant
enzymes in GD4; embryos of STZ-diabetic rats
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Table 4.2 Biochemical markers of oxidative stress in maternal tissues
of STZ-diabetic rat measured on GDy

Tissue Parameter Control STZ

Serum  MDA? 48.77 +0.37 74.96 + 1.40°

Liver ROS’ (cyto) 8.81+0.76 12.69 +0.86°
ROS (mito) 431+060 6.35+0.95°
MDA? (cyto) 6.53+0.72 9.23+1.33°
MDA (mito) 5.77+0.63  7.96 + 0.80°
PC? 409+0.22 508+0.23°
GSH? 31.02+598 18.45+6.69°
TSH?, Total 101.54 + 8.74 86.12+5.23°

Kidney = ROS (cyto) 6.02+0.68 8.14+1.25°
ROS (mito) 3.11+0.04 5.63+0.68°
MDA (cyto) 7.875+0.28 11.07 +0.65°
MDA (mito) 463+0.37 6.34+0.44°
PC 6.12+0.03  7.27 +1.45
GSH 8.38+1.88  6.32+1.24°
TSH 7168 +6.41 46.16 +3.22°

Values are mean + SD (n=6

1pmol DCF/min/mg protein; “nmol/mg protein

Data analysed by t-test; °P<0.001, °P<0.01, °P<0.05
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Table 4.3
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CTR STZ
ROS' (Cyto) 310+0.29 5.18+0.56°
ROS (Mito) 1.72+0.17 3.18 + 0.62?
MDA %Cyto) 6.95+0.81 9.76+1.12°
MDA (Mito) 516 +0.48 6.63+0.65°
GSH? 19.84 +3.93 13.19 + 2.56°
TSH? 54.50 +9.62 36.60 + 6.39°
NPSH? 6.59+0.87 5.02+1.18°
CAT? 168 +0.19  1.09 + 0.03?
GST* 220+0.06 1.74 +0.02°
GPX® 210+0.15 1.79+0.03°

Values are mean + SD (n=6
1pmol DCF/min/mg protein; “nmol/mg protein
3pmol H,O, oxidized/min/mg protein

*nmol complex/min/mg protein;
*nmol NADPH oxidized/min/mg protein

Data analysed by t-test; ?P<0.001, °P<0.01, °P<0.05
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Biochemical markers of oxidative stress in fetal brain of STZ-
diabetic rat measured on GDyg



Table 4.4

diabetic rat measured on GD,g
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Biochemical markers of oxidative stress in fetal liver of STZ

CTRL STZ
ROS' (Cyto) 3.62+0.45 5.55 + 0.65°
ROS (Mito) 159 +0.34 2.65+0.332
MDA %(Cyto) 8.47 + 0.69 10.30 + 0.84°
MDA (Mito) 5.53 +0.35 7.73 +0.612
GSH? 27.84 +6.19 16.43 + 3.71°
TSH? 84.56 + 10.73 56.48 + 3.932
NPSH? 9.84 + 0.84 6.12 + 1.252
CAT?® 217.13 + 16.87 192.47 + 20.47°
GST* 90.51 + 7.61 73.54 + 9.15°
GPX® 99.66 + 10.85 85.63 + 9.95°

Values are mean + SD

1

w N

4

pmol/min/mg protein

nmol/mg protein,

pmol H,O, oxidized/min/mg protein
nmol complex/min/mg protein

®nmol NADPH oxidized/min/mg protein
Data analysed by t-test: ?P<0.001, °P<0.01, °P<0.05
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Table 4.5  Effect of garlic supplements on plasma glucose, body weight,
urine output and fetal weight of pregnant rats rendered
diabetic by an acute dose of STZ

Plasma Glucose Body wt gain  Urine output  Fetal Weight

(mg %) (g/rat) (mlirat/d) (g/fetus)
CTR 113.0 £ 11.0 86.0 + 5.65 10.50 + 02.69 5.36 + 0.45
Garlic (2%) 123.5 + 05.5 945+545°  13.25+04.08  4.96 + 0.25°
STZ 514.7 + 25.0° 49.0+6.50° 98.00+29.48°  3.34 +0.75°
STZ+ 419.6 + 11.4° 66.0 +4.00°  73.01 £25.00° 4.24 + 0.50°

Garlic (2%)

Values are mean + SD (n=10)
Data analysed by Holm-Sidak method; °P<0.001

Table 4.6  Effect of garlic supplements on total implantation (TI), live
Implants (LI), dead implants (DI) % dead implants (%DI) of
STZ-diabetic rat

IMPLANTATIONS

Total Live Dead % DI

CTR 96 92 4 416
Garlic (2%) 93 88 5 537
STZ 80 48 32 400
STZ + Garlic (2%) 90 89 1 122

Values are mean + SD (n=10)
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Table 4.7  Abrogation of oxidative stress markers in maternal tissues of
STZ- diabetic rat by fresh garlic powder during gestation
CTR Garlic STZ STZ + Garlic
Liver MDA 5.31+0.12 4.18 £0.72° 7.72 £ 0.59° 5.58 £0.70
ROS? 4.47 +0.29 3.28 £ 0.23° 5.76 £ 0.91° 7.56 +0.32°
GSH' 20.38 £1.07 2522 +1.17° 1214 £0.70° 18.11 £ 1.41°
TSH' 110.85+£7.23 107.94+7.10 74.45+2.96° 100.55 * 5.55°
PC’ 3.55+£0.24 3.68 £ 0.31 5.07 £ 0.16° 4.45 +0.32°
Kidney MDA 4.56 +1.04 4.58 + 0.62 6.55 + 0.48° 5.27 £ 0.83°
ROS 3.28 £0.32 3.17£0.78 5.11 £ 0.34° 3.96 £ 0.32°
GSH 3.18 £ 0.06 3.82+0.14° 1.28 £ 0.02° 2.75+0.13°
TSH 73.86 £ 6.57 80.30 £ 12.22 39.82 + 8.6° 64.66 + 5.37°
PC 291+0.29 2.86+£0.70 4.81 +£0.91° 3.43+£0.39

Values are mean = SD (n=6)
Data Pooled from 2 independent experiments

'nmol/mg protein; 2pmol/min/mg protein

Data analysed by Holm-Sidak method; ?P<0.001
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Table 4.8  Modulatory effect of garlic powder on the status of placental
oxidative stress markers in STZ-diabetic rat

CTR Garlic STZ STZ + Garlic
Weight 270+12.49 290+ 11.31 473 +13.0° 386 +27.40°
MDA' 1.04+018 1.25+021 1.71+0.31° 1.4+0.55
ROS®? 0.61+0.08 0.59+0.07 0.91+0.06° 0.72+0.08°
GSH' 6.52+0.48 6.65+0.09 3.57+0.24° 524 +0.31°
TSH' 9.75+1.84 10.75+266 6.78+26 8.56+2.54
PC’ 248+0.19 269+0.16 3.85+0.19° 2.95+0.28°
CAT? 1.98+0.2 1.86+0.11 1.34+0.12° 1.58+0.20°
GST* 9.79+0.68 8.64+0.44° 6.99+0.41% 7.93+0.60°

Values are mean = SD (n=12)

'nmol/mg protein; 2pmol/min/mg protein
3pmol H,0O, oxidized/min/mg protein; *nmol complex/min/mg protein
Data analysed by Holm-Sidak method; °P<0.001, °P<0.05
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Table 4.9  Effect of garlic supplements on the activities of antioxidant
enzymes in maternal and fetal tissues of STZ diabetic rat

CTR Garlic STZ STZ + Garlic

mjéfr“a' CAT' 380.5 + 8.60 3850+ 168 264.20+38.0° 305.8 + 18.2°
GST? 100.31 £+8.39  116.30 + 12.76° 72.41+2.62° 104.71+3.76

Kidney CAT' 119.8 + 8.6 112.0 £ 6.3 67.5+3.2° 89.0+6.7°
GST? 16.41+1.0 21.16 + 2.38° 8.41+0.95° 15.41 + 1.34

E?;ar: CAT' 3.42+0.15 3.38+0.12 2.06 +0.11° 2.93+0.11°
GST? 19.98 + 1.96 22.02 + 3.60 13.69 + 1.41° 21.33+2.89

Liver CAT' 2441+ 27.4 231.53+36.2 175.88+34.6° 21568+ 35.9
GST? 71.23+3.2 72.58 + 4.09 53.31+8.54° 60.44+6.17°

Values are mean + SD; n=6 (dams) and n=12 fetuses
1pmol H,O, oxidized/min/mg protein
“nmol complex/min/mg protein

Data analysed by Holm-Sidak method; °P<0.001, ®pP<0.01
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Fig 4.8 Ameliorative effect of dietary garlic on oxidative stress
markers in fetal brain of STZ diabetic rat
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Fig 4.9
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Table 4.10 Effect of medicinal plant supplements on body weight gain,
serum glucose levels, urine output among STZ diabetic rat

Serum Glucose Urine output Body wt gain

Group
(mg%) (ml/rat/d) (g/rat)

CTR 113.0+11.0 10.50 + 02.69 86.0 £ 5.65
GS 106.0 £ 03.0 12.50 + 01.46 925+3.25
1A 115.0 £ 05.0 14.00 + 02.26 91.0 £ 3.50
TC 121.0 £ 08.0 12.00 + 03.22 88.5 + 2.50
WS 103.0 £ 03.0 11.90 + 02.34 90.5 +2.50
STZ 514.7 + 25.0° 98.00 + 29.48? 49.0 £ 6.50°

STZ + GS 353.2+11.7%®  65.42+29.60® 73.0 +6.00%
STZ +IA 468.6 + 12.4% 80.50 + 08.90°  58.5 + 5.50%
STZ+TC 377.4+13.5®  67.50+24.00®° 65.0 + 4.00%°
STZ +WS 432.6 + 08.2%° 79.40 + 18.48%  63.5 + 2.50%

Values are mean = SD (n=6)

Urine output was measured on GD7.4g

IA: Ipomea aquatica; TC: Tinospora cordfolia

WS: Withania somnifera; GS: Gymnema sylvestre

Data analyzed by Holm-Sidak method; ?P<0.001(compared with non-diabetic control)
®P<0.001(compared with STZ)
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Table 4.11 Modulatory effect of medicinal plants on fetal/placental
weights and incidence of embryolethality among STZ diabetic

rat

Group Fetal Placental Im!olantations

wt (g) wt (g) Total Live Dead % DI
CTR 536+093 0.308+0.037 96 92 4 416
GS 5.39+0.57 0.283+0.038 94 89 5 532
IA 513+0.72 0.315+0.041 92 88 4 435
TC 554+0.74 0.311+0.022 93 90 3 322
WS 528+0.78 0.284+0.044 95 89 6  6.31
STZ 3.36+0.55° 0.548+0.028° 80 48 32 40.0
STZ+GS 4.72+0.57° 0.362+0.053° 90 78 12 13.33
STZ+IA 481+0.53° 0.355+0.041° 85 67 18 21.18
STZ+TC 5.02+0.60° 0.362+0.035° 88 75 13 14.77
STZ+WS 4.96+0.65° 0.352+0.052° 86 64 22 2558

Values are mean = SD (n=6)

IA: Ipomea aquatica; TC: Tinospora cordfolia
WS: Withania somnifera ; GS: Gymnema sylvestre
Data analyzed by Holm-Sidak method; ?P<0.001(compared with non-diabetic control)

®P<0.001(compared with STZ)
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Table 4.12 Attenuation of oxidative stress markers in maternal tissues of
STZ-diabetic rat by medicinal plant supplements

Reactive oxygen species Malondialdehyde

Groups (pmol DCF/min/mg protein) (nmol/mg protein)
Liver Kidney Liver Kidney

CTR 596+1.33 4.38+1.20 8.35+1.21 6.08+0.94
GS 506+1.63 454+0.23 650+1.17 5.83+1.59
IA 550+ 1.99 4.47+0.72 829+1.23 559+1.65
TC 517+1.15 4.37+047 625+1.29 598+1.43
WS 519+1.22 474+0.63 7.14+153 6.30+1.52
STZ 10.25+ 1.07° 6.81+1.17° 12.09+2.70° 8.07 + 1.41
STZ+GS 709+1.14° 564+082 877+149 6.62+1.02
STZ+IA  907+1.89%° 509+1.41 998+117 6.84+224
STZ+TC 843+125 5.15+096 9.75+250 6.66+1.04
STZ+WS 912+243% 570+2.02 1076+225 7.32+0.55

Values are mean = SD (n=6)

IA: Ipomea aquatica; TC: Tinospora cordfolia

WS: Withania somnifera; GS: Gymnema sylvestre

Data analyzed by Holm-Sidak method; ?P<0.001(compared with non-diabetic control)
®P<0.001(compared with STZ)
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Table 4.13 Attenuation of oxidative stress markers in maternal tissues of
STZ-diabetic rat by medicinal plant supplements

Glutathione Total thiols
Groups (nmol/mg protein) (nmol/mg protein)
Liver Kidney Liver Kidney

CTR 30.24+161 7.86+169 91.74+£6.59 63.73+12.80
GS 34.02+227 9.09+148 103.22+1511 60.42+5.95
A 30.39+£3.65 7.41+155 93.92+11.59 64.53+6.59
TC 3433+359 851+149 89.96+13.36 65.36+7.39
WS 28.33+341 7.48+1.74 86.55+11.89 61.87 +842
STZ 14.16 £ 11.57° 3.17 £2.05*° 51.63 £12.32° 42.65+5.73°
STZ+GS 23.38+457 6.06+143 71.12+15.68 5541+7.96
STZ + 1A 20.5+2.60 5.08 £+2.51 62.51+20.07° 55.01+7.52
STZ+TC 20.56+9.19 560+266 64.36+18.38° 51.90+6.64
STZ+WS 2247 +13.35 494+161 66.86+18.82 48.38+12.28

Values are mean = SD (n=6)
IA: Ipomea aquatica; TC: Tinospora cordfolia

WS: Withania somnifera; GS: Gymnema sylvestre

Data analyzed by Holm-Sidak method; ?P<0.001(compared with non-diabetic control)



Chapter 4 STZ-Diabetes model 191

Table 4.14 Effect of medicinal plants supplements on the activities of
antioxidant enzyme in maternal tissues of STZ-diabetic rat

CAT GST
Groups (units / mg protein) (units / mg protein)
Liver Kidney Liver Kidney
CTR 385.71+23.49 11.98+1.53 100.31+14.63 16.41+1.10
GS 41257 +1583 10.92+1.31 98.42+1367 14.68+1.08
IA 353.35+17.83 10.87 +1.47 10527 +12.91 18.02+1.55
TC 39578 +17.46  12.04+1.23 96.34+12.11 13.68+1.16
WS 334.95+3229a 1153+0.97 89.67+12.05 15.36+1.35
STZ 264.23+22.29° 7.74+112° 7241+970° 841+152°
STZ+GS 347.38+23.90° 9.88+1.18  90.60+9.27 14.14+1.95
STZ+IA  303.62+2191° 10.16+1.17 86.24+832 14.08+1.71°
STZ+TC  34895+27.51° 1221+125° 90.96+9.11 1222+ 1.46%
STZ+WS 298.62+2517%° 10.16+1.54 79.75+8.33  14.13 + 1.64

Values are mean + SD (n=6)
IA: Ipomea aquatica; TC: Tinospora cordfolia

WS: Withania somnifera; GS: Gymnema sylvestre
Data analyzed by Holm-Sidak method; °P<0.001(compared with non-diabetic control)
®P<0.001(compared with STZ)
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Fig 4.10
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in fetal brain of STZ-diabetic rats
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Fig 4.11 Effect of medicinal plants supplements on the pattern of
reactive oxygen species (ROS) and levels of malondialdehyde
(MDA) in fetal liver of STZ diabetic rat
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Fig 4.12
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Fig 4.13 Effect of medicinal plants supplements on the activities of
catalase (CAT) and glutathione s-transferase (GST) in fetal
brain and liver of STZ-diabetic rat
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5.0 DISCUSSION

The purpose of the present study was to determine the perturbations in
markers of oxidative stress in maternal milieu of pregnant rats rendered
diabetic by an acute STZ dose on gestation day 4 and more importantly its
implications on embryonic/fetal growth and oxidative consequences in
placenta, embryos and fetal organs. Once these were established, the
possibilities of ameliorating diabetes induced oxidative impairments during
pregnancy by oral supplements of garlic powder and selected medicinal plants

were investigated.

Oxidative perturbations in pregnant diabetic rats

In general, in animal models, two strategies have been employed to
investigate the implications of chemical diabetogens during pregnancy. In the
first, diabetes is induced by diabetogens (such as alloxan, STZ) in normal
female rats, and the animals mated. In the second strategy, diabetes is
induced after mating (Kalter, 1996). In the present study, we chose to
administer STZ on GD4 and the basis for selection of GD4 consisted of the
following a) administration of STZ prior to mating may result in failure of
pregnancy b) administration during preimplantation days is likely to cause
preimplantation deaths of embryos. In order to circumvent these problems, we
chose to administer STZ on GDs4. Further, our observations in preliminary
experiments suggested GD,4 to be ideal, since the degree of preimplantation
losses were minimal in the diabetic group and were comparable to those of
non-diabetic pregnant rats. This regimen has been adopted by earlier workers
(Palomar-Morales et al., 1998) and it has been suggested that this regimen
may cause a state similar to that of gestational diabetes mellitus in humans.

In the present study, administration of STZ to pregnant rats on GDg4
induced typical symptoms of diabetes such as hyperglycemia, lesser body
weight gain, hyperphagia and polydipsia after one week. These observations
are consistent with earlier findings in STZ diabetic pregnant rats (Viana et al.,
2000). Further, there was a marked increase in blood glucose in STZ-induced

diabetic pregnant rats. Significant increases in the incidence of post-
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implantation embryonic deaths were observed among diabetic dams as
reported by earlier workers (Eriksson et al., 2000; Wentzel et al., 1999;
Cederberg et al., 2003; Cederberg et al., 2001). In the present study, maternal
diabetes in the rat increased both resorption rates. Similar large-sized
resorptions have been reported in diabetic litters by earlier workers (Eriksson
et al., 2000). Both malformations and resorptions are speculated to result from
the same developmental abnormality, i.e., a fetus with a severe malformation
will die prematurely and then be counted as a resorption and not as a
malformation.

In the present study, maternal tissues of diabetic mothers on GD13
showed elevated lipid peroxidation and ROS levels and perturbations in
antioxidant defenses clearly suggesting that a state of oxidative stress exists in
vivo. The maternal organs showed more robust elevations in markers of
oxidative stress sampled on GDyy suggesting a clear progression of oxidative
impairments. Interestingly, these dysfunctions were associated with significantly
enhanced ROS and MDA levels in embryos. Among diabetic rats, the fetal
tissues (GDyo) also exhibited marked oxidative damage as evident by increased
ROS and MDA levels in the brain and liver cytosol and mitochondria. Our
findings in maternal tissues of diabetic rats are consistent with earlier reports
(Oberley, 1988; Baynes & Thorpe, 1999; Gurler et al., 2000).

Mitochondrial overproduction of the oxygen radical superoxide has been
suggested recently as a critical element in the blood vessel-associated diabetic
complications (Brownlee, 2001; Rolo & Palmeira, 2006). Increased production of
ROS (Trocino et al., 1995; Sakamaki et al., 1999) and enhanced lipid
peroxidation (Wentzel et al., 1999) have been demonstrated both in vitro and in
vivo in embryos of diabetic rats (Jenkinson et al., 1986). Further evidence
implicating oxidative stress as an important etiological factor for diabetic
embryopathy stems from experimental diabetic pregnancy wherein several
different types of antioxidative treatments have been shown to be beneficial in
terms of improving fetal outcome (Eriksson et al., 2000; Cederberg et al., 2001;

Cederberg & Eriksson, 2005). Apart from increased production of ROS in
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diabetic pregnancy, the putative increase in oxidative stress can be attributed to
impaired embryonic defense in response to an oxidative environment (Ornoy et
al., 1999, Zaken et al., 2001). This hypothesis is supported by findings of
decreased activity and impaired mRNA response to maternal diabetes of the
radical scavenging enzyme catalase in embryos of a malformation-prone rat
strain. Interestingly, the fetal maldevelopment in diabetic litters is shown to be
blocked by vitamin E/C, supporting a teratogenic role for free-oxygen radicals.
Collectively these data provide support for the notion of oxidative stress

involvement in both diabetic embryopathy and teratogenicity.

In the present study, the GSH concentration was diminished in the
diabetic group compared with the non-diabetic group. The glutathione
antioxidant system has a fundamental role in cellular defense against reactive
free radicals and other oxidant species (Mak et al., 1996). Glutathione (GSH) is
present in most mammalian cells and plays an important role in cellular defense
against oxidative stress by reducing protein disulfides and other cellular
molecules. It also acts as a scavenger of free radicals of ROS. GSH is
synthesized intracellularly by two GSH-synthesizing enzymes, y-
glutamylcysteine synthetase (y-GCS) and glutathione synthetase. y-GCS
catalyzes the rate-limiting step of GSH synthesis. In many cells, the GSH redox
cycle is catalyzed by both glutathione peroxidase and glutathione reductase.
During oxidative stress, the reduced form of GSH is converted by glutathione
peroxidase to oxidized glutathione (GSSG). Earlier studies have shown the
presence of low GSH and high GSSG concentrations in erythrocytes of diabetic
patients (Nwose et al., 2006) and in endothelial cells of diabetic rabbits (Tagami
et al., 1992). Further the activity of y-GCS is reduced specifically in human
erythrocytes of diabetic patients and in endothelial cells cultured under
hyperglycemic conditions (Pieper et al., 1995). Earlier, few workers (Menegola
et al. 1995; Sakamaki et al. 1999) have shown a dramatic reduction in
embryonic GSH content and impaired responsiveness of GSH-synthesizing

enzyme to OS during organogenesis and speculated that these may have
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important roles in the development of embryonic malformations in diabetes since
they impair the cellular protection mechanism in the oxidative stress condition
related to diabetic pathology.

Inconsistent results exist in the literature regarding the relationship
between enzymes and antioxidant products. The reasons for these
discrepancies have not been delineated, but it is quite possible that variations in
enzyme activity are dependent upon each enzyme and the types of tissue under
consideration. Furthermore, various investigators have suggested the possibility
that there may be temporal changes in enzyme activity that are both transitory
and biphasic in nature. For instance, after prolonged hyperglycemia in severe
diabetes, the induction of certain antioxidant enzymes or a return to normal
values from previously decreased values may occur as a compensatory
mechanism to respond to the constant exposure to increased oxidative stress
(Pieper et al., 1995). In view of this, we measured the activities of selected

antioxidant enzymes in maternal, embryonic and fetal tissues.

Modulation of oxidative dysfunctions in diabetic pregnancy by garlic
Recently much emphasis has been laid on understanding the protective
biochemical function of natural antioxidants contained in dietary plants, which
are good candidates for prevention of oxidative damage caused by free radical
species (Stavirc, 1994). Despite the widespread traditional use of garlic as an
abortifacient, there are no epidemiologic studies suggesting an association
between garlic intake and miscarriage. Hypoglycemic effect of garlic in human
is not well studied. Chronic feeding of garlic oil and garlic powder (Jain & Vyas,
1975; Augusti, 1996) showed significant decrease in blood glucose level
whereas few studies (Liu et al., 2007) showed no change in blood glucose level.
All human studies, except one or two, have been shown the effect of garlic on
blood glucose level in normal healthy individuals but not in diabetic patients.

Thus the role of garlic in diabetic condition is yet to be confirmed.

In the present study, dietary garlic (2%) did not have any adverse effect
on the pregnancy outcome or on any other determinants among non-diabetic

rats. However, various protective effects were demonstrable among diabetic
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mothers. The most notable effect was the significant reduction in incidence of
embryolethality among diabetic mothers. Garlic did not provide total protection,
but offered 70% protection. The second protective effect was the restoration of
fetal weights among diabetic litters, where in nearly 50% protection was evident.
The third protective effect was the reduction in the placental weights among
diabetic dams. These protective effects were also reflected in normalization of
various oxidative stress markers in tissues of diabetic mothers, and fetuses.
Garlic has been used in herbal medicine for centuries for various ailments such
as cardiovascular risk factors and diabetes (Jain et al., 1973). To date, many
favorable experimental and clinical effects of garlic preparations, including garlic
extract, have been reported. These biological responses have been largely
attributed to : i) reduction of risk factors for cardiovascular diseases and cancer,
ii) stimulation of immune function, iii) enhanced detoxification of foreign

compound, iv) hepatoprotection v) antimicrobial effect and vi) antioxidant effect.

Garlic is a complex mixture of phytochemicals and it is likely that they all
interact synergistically to contribute towards its beneficial effects, especially its
antioxidant capacity. Garlic has been shown to reduce blood glucose level in
diabetic mice, rats (Augusti & Sheela, 1996, Demerdash et al., 2005; Ozturk et
al., 1994), and rabbits (Jain & Vyas, 1975; Durak et al., 2002).

Ingestion of garlic juice has been shown to result in better utilization of
glucose by glucose tolerance test performed in rabbits (Jain & Vyas, 1975;
Durak et I., 2002). Ethyl alcohol, petroleum ether and ethyl ether extracts of
garlic are also reported to significantly reduce blood sugar levels in rabbits.
Allicin (250mg/kg) is 60% as effective as tolbutamide in alloxan-induced diabetic
rabbit. S-allyl cysteine sulfoxide (alliin), a sulfur containing amino acid in garlic
(200 mg/kg bw.) has a potential to reduce diabetic condition in rat almost to the
same extent as glibenclamide and insulin (Augusti & Sheela, 1996). Aged garlic
extract is also effective in preventing adrenal hypertrophy, hyperglycemia and
elevation of corticosterone in hyperglycemic mice induced by immobilization
stress. Recently, garlic oil was also shown to reduce oxidative stress in STZ-

induced diabetes. Treatment of diabetic rats with garlic oil decreased serum
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acid/ alkaline phosphatase, serum alanine and asparate transferases, as well as
serum amylase in diabetic rats. However, few reports have shown contradictory
results. Garlic intake (6.25% in diet, for 12 d) reduced hyperphagia and
polydipsia but did not alter hyperglycemia and hypoinsulinaemia in STZ -induced
diabetic mice. Though the exact mechanism/s of garlic as antidiabetic agent is
still not clear, evidences suggest that garlic acts as an insulin secretagogue in
diabetic rats. Inactivation of insulin by sulphydryl groups is a well known
phenomenon, and allicin in garlic can effectively combine with compounds such
as cysteine and enhance serum insulin levels. Further, it is proposed that garlic
can act as an antidiabetic agent by increasing either the pancreatic secretion of
insulin from the beta cells or its release from bound insulin (Jain & Vyas, 1975).
The antioxidant nature of S-allyl cysteine sulfoxide (isolated product from garlic)
is also speculated to contribute towards the beneficial effect in diabetes (Augusti
& Sheela, 1996).

In the present study, the weights of the mother and fetuses, were
significantly decreased by maternal diabetes. Earlier studies have reported
similar findings in STZ-diabetic pregnancy and more importantly, the reversal of
these effects by the antioxidant, vitamin E (Sivan et al., 1996). This indicates
that dietary additions aiming to reduce diabetic embryopathy should be
composed of an antioxidant mixed with other protective agents. The most
important findings were that antioxidative agents such as vitamin E in vivo
(Sivan et al., 1996; Siman and Eriksson, 1997; Mihalick et al., 2003) and folic
acid in vitro (Cano et al., 2001; Joshi et al., 2001; Chiarello et al., 2003)
normalized embryonic isoprostane and PGE2 concentrations in a
diabetic/hyperglycemic environment, concomitant with diminishing embryonic
dysmorphogenesis. The mechanism behind these findings may be related, at
least in part, to an intracellular arachidonic acid deficiency due to a diabetes/
hyperglycemia-induced overproduction of oxygen-derived radicals, leading to

increased formation of isoprostanes from arachidonic acid (Morrow et al., 1992).
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Recent studies have shown that garlic and onion juices exert antioxidant
and antihyperglycemic effects and consequently may alleviate liver and renal
damage caused by alloxan-induced diabetes (Demerdash et al. 2005). Several
mechanisms have been suggested to explain the protective effect of garlic
extract on the functional abnormalities observed in the diabetic rat aorta. Garlic
extract has been shown to improve impairment in endothelium-dependent
relaxation in vitro evoked by ACh (Ozturk et al., 1994) and to reduce increased
lipid peroxidation caused by oxygen-free radicals (Ide and Lau, 1997).
Therefore, a possible mechanism by which garlic extract administration can
improve the vascular reactivity in diabetes may depend on inhibition of oxidative
stress. Consistent with this idea, it has been shown that in vivo treatment with
garlic extract reduces the lipid peroxidation products (Balasenthil et al., 2000). In
addition, it has been shown that garlic extract activates the antioxidant system
and decreases peroxidation in aortic tissue (Durak et al., 2002). However,
whether the lipid peroxidation-lowering effect of garlic extract results from its
direct superoxide scavenging properties or increasing NO synthesis indirectly is
controversial because NO also has antioxidant activity per se in diabetic arteries
(Chang et al., 1993). Further, it has been demonstrated that garlic can increase
NO in endothelial cells and suppress the production of hydroxyl radical,
confirming its antioxidant activity (Kim et al., 2001). On the other hand,
advanced stage glycosylation end products (AGEs) which accumulate in
diabetes (Monnier et al., 1984) can inactivate NO (Bucala et al., 1991).
Therefore, it is possible that garlic extract directly inhibits AGEs production in

vivo through preventing NO quenching induced by AGEs.

Modulatory effects of medicinal plants in STZ model

WHO study groups have emphasized strongly the optimal and rational
use of traditional and natural indigenous medicines. In Ayurvedic or indigenous
folk medicines, the hypoglycemic plants have been in use generally in their
natural forms (fresh juice, paste or powder). Hence in the present study, we
have employed four plants which have been earlier shown to have appreciable

hypoglycemic properties. Gymnema sylvestre (GS), a commonly used herb in
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ayurveda is demonstrated to significantly reduce blood glucose in animals with
residual pancreatic function, but with no effect in pancreatectomized animals.
Earlier studies with ethanol leaf extract, in diabetic rat and rabbit models have
reported regeneration of islets of Langerhans, decrease in blood glucose, and
increases in serum insulin (Shanmugasundaram et al., 1990; Prakash et al.,
1986, Chattopadhyay, 1998). Anti-hyperglycemic effects of dried leaf powder of

GS are also reported in alloxanized rabbits (Shanmugasundaram et al., 1983).

In the present study, dietary incorporation of GS leaf powder significantly
offset diabetes induced oxidative stress in maternal organs. Earlier workers
have reported the efficacy of GS leaf powder (500 mg/rat/d, 10 d) to prevent
beryllium nitrate induced hyperglycemia in rats. However, no significant
hypoglycemia was evident in normal rats fed with GS leaves for 25 days
(Prakash et al., 1986). In another study, oral administration of aqueous extracts
of GS leaves (20 mg/day) for 20-60 days normalized the blood sugar levels in
STZ diabetic rats (Shanmugasundaram et al., 1990). Further, single/chronic
administration of aqueous extract (1 g/kg) to 18-h fasted non-diabetic and STZ
diabetic (mild) rats showed significant reduction in blood glucose on OGTT
(1 g/kg) without any significant effect on immuno-reactive insulin levels
(Okabayashi et al., 1990). Oral doses GS aqueous extract (50,100,200 and 500
mg/kg) to normal and STZ diabetic rats showed significant dose-dependent
hypoglycemic activity (Chattopadhyay, 1999). Other workers have demonstrated

hypolipidemic effect in spontaneously hypertensive rats (Preuss et al., 1998).

Various hypoglycemic principles of GS referred to as gymnemosides and
gymnemic acid were isolated from the saponin fraction of the plant (Murakami et
al., 1996; Yoshikawa et al., 1997). Its triterpene glycosides are known to inhibit
glucose utilzation in muscles, inhibit glucose uptake in the intestine (Shimizu et
al.,, 1997). In humans, oral treatment of GS leaves extract (400 mg) for 18-/20
months plus conventional treatment showed beneficial effects in 22 NIDDM
patients. Salient findings such as significant reduction in blood glucose,

glycosylated haemoglobin and plasma proteins and lowering of conventional
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drug requirement. In addition, serum insulin levels were raised suggesting
insulin-releasing effect (Baskaran et al., 1990). Oral administration of a water-
soluble leaves extract of G. sylvestre (400 mg/day) to 27 IDDM patients on
insulin therapy lowered fasting blood glucose, glycosylated haemoglobin
(HbA1c), glycosylated plasma protein and insulin  requirements

(Shanmugasundaram et al., 1990).

In the present study, another plant used, Tinospora cordfolia (TC) is
widely used in Ayurveda as a tonic, vitalizer and as a remedy for DM and other
metabolic disorders. Earlier both anti-oxidant and hypolipidemic activity of this
plant have been described (Prince & Menon, 1999; Stanely et al., 2000). In our
study dietary supplemens of TC at 2% level significantly mitigated the oxidative
stress associated with diabetes in maternal as well as fetal tissues clearly
suggesting its efficacy. These findings are consistent with earlier reports in
which considerable hypoglycemic effect of aqueous extract of TC was
demonstrated following oral intake (400 mg/kg,15 weeks) (Grover et al., 2000).
In another study, aqueous extract of TC root (2.5, 5 and 7.5 mg/kg) also caused
a significant reduction in blood glucose, brain lipid level, hepatic glucose-6-
phosphatase, serum acid phosphatase, alkaline and lactate dehydrogenase and
increase in body weight, total hemoglobin and hepatic hexokinase in alloxan-
diabetic rats (Stanely et al., 2003).

Withania somnifera (WS), commonly known as ‘Indian cheese’ has been
reported to possess a variety of biological activities. A compound isolated from
aqueous extract of fruit of Withania coagulans has been shown to exert
hepatoprotective and anti-inflammatory activity (Budhiraja et al., 1986; Rajurkar
et al., 2001). Antifungal and antibacterial properties have also been
demonstrated in the ethanolic extract of the whole plant and leaves (Choudhary
et al., 1995; Khan et al., 2006). Administration of aqueous extract of W.
coagulans (1 g/kg) to non-diabetic and STZ-diabetic rats exhibited significant
lowering of blood glucose levels at the end of 7 days suggesting that possibly its
action may be similar to that of insulin. Aqueous extract of Withania to diabetic

rats significantly lowered the liver/ serum LPO and decreased the STZ induced
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enhanced serum cholesterol levels. Earlier, studies have shown that WS
possesses anti-inflammatory (Senthilnathan et al., 2006), antitumour (Christina
et al., 2004), cardioprotective (Gupta et al., 2004) and antioxidant (Bhatnagar et
al., 2005) properties. It also appears to exert a positive influence on the
endocrine (Hemalatha et al., 2004), urogenital and central nervous systems
(Prasad & Malhotra, 1968). The biologically active chemical constituents of WS
are alkaloids, steroidal lactones (including withanolides), and terpenoids with a
tetracyclic skeleton like cortisol. Furthermore, treatment with WS produced an
enhancement in the circulating antibody titre in the mouse spleen (Bhattacharya
et al., 2000).

According to indigenous medicine in Sri Lanka, Ipomea aquatica extracts
possess an insulin-like principle (Malalavidhane et al., 2000). The hypoglycemic
and antihyperglycemic effects of /. aquatica have been reported in diabetic rats
and patients (Sokeng et al., 2007; Malalavidhane et al., 2003). However, the
mechanisms involved in the action of this plant extract remains unclear. An
antidiabetic agent could exert a beneficial effect in the diabetic situation by
different mechanisms including the inhibition of gastrointestinal digestion and
absorption of sugars, the enhancement of insulin secretion and/or insulin action
(Malalavidhane et al., 2001). Consumption of the shredded, fresh, edible portion
of I. aquatica for one week effectively reduced the fasting blood sugar level of
STZ -induced diabetic rats. When subjected to a glucose challenge, the Type Il
diabetic subjects showed a significant reduction in the serum glucose
concentration 2h after the glucose load. However, it was not significantly
reduced at 1h post glucose load. There was a 29.4% decrease in the serum
glucose concentration of the Type Il diabetic patients (Sokeng, 2007;
Malalavidhane, 2000; 2001).
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6.0 SUMMARY

1. Administration of STZ (45 mg/kg bw, i.p.) to pregnant rats on gestation
day 4 induced significant hyperglycemia. Further, induction of diabetes
consistently resulted in significant (40%) embryolethality and reduction in

fetal weights.

2. Diabetes induction caused significant oxidative stress in maternal organs
such as liver and kidney measured on GD43 in terms of, increased
generation of ROS levels, elevated lipid peroxidation (MDA levels),
perturbations in antioxidant defenses and significant elevation in placental

lipid peroxidation and alteration in antioxidant defenses.

3. Embryos (GD+3) of diabetic dams were subjected to significant oxidative
stress as evident from markedly elevated MDA/ROS levels in
cytosolic/mitochondrial fractions, diminished GSH/total thiols and reduced

activities of antioxidant enzymes.

4. Oxidative impairments in maternal organs (liver, kidney) obtained on
GDyp showed more robust oxidative impairments as evident by marked
elevation in LPO, ROS levels, depleted GSH and total thiols antioxidant

enzymes and higher protein carbonyls.

5. Fetal (GDy) tissues of diabetic dams (brain and liver) were also
subjected to marked oxidative stress as measured by increased

ROS/MDA levels and alterations in antioxidant defenses.

6. Garlic supplements (2% in diet) to STZ-diabetic pregnant rats marginally
reduced the blood glucose levels, partially restored the body weight loss,
and reduced the magnitude of polyuria. However, garlic supplements
significantly reduced the incidence of embryolethality and markedly

restored the fetal weights (50% protection).

7. However, garlic supplements markedly offset diabetes associated

oxidative impairments in maternal organs (liver and kidney) as evident
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by the restoration of various oxidative markers such as MDA/ROS

levels, GSH content and enzymic antioxidants.

. Garlic supplementation appeared to significantly protect against

placental oxidative stress and placental weights.

. Garlic supplements among diabetic rats significantly restored the ROS

generation and MDA levels, markedly restored the diminished GSH

levels, perturbations in antioxidant defenses and thiol content.

10.Oral supplements of medicinal plants to non-diabetic pregnant rats had

11.

no appreciable effect. While dietary supplements to STZ-diabetic rats
marginally reduced the glucose levels, significant beneficial effects were
demonstrable among Diabetic rats in terms of abrogation of oxidative

stress biomarkers.

The incidence of embryolethality was reduced significantly by all the
dietary supplements (GS>TC>IA>WS). A similar protective effect was
also evident in terms of reduction in intra uterine growth retardation
(IUGR). Dietary supplements also provided considerable protection
against diabetes associated oxidative impairments among both maternal

and fetal tissues.

12.Collectively, these findings suggest that dietary supplementation of

Garlic powder, GS, TC, IA and WS during pregnancy can substantially
mitigate diabetes associated oxidative stress in maternal organs and
fetal tissues thus rendering protection to the mother and the developing

embryos and fetus.
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CONCLUSIONS

1. Pregnant dams exposed to a model prooxidant, viz., t-butyl hydroperoxide at
sublethal doses during specific periods of gestation (GDs.7 or GDsg.19) showed
elevated oxidative induction response in the maternal tissues as evident by
elevated MDA/ROS levels, depleted GSH levels, total thiols and diminished

levels of antioxidant enzymes.

2. Induction of oxidative response was of higher magnitude when tbHP was
administered during GDs; compared to the response during GDs.1o
suggesting the enhanced vulnerability of embryos to prooxidants during early

gestation.

3. Maternal exposure to tbHP resulted in significant oxidative implications
among embryos (GD13) as measured by elevated ROS/MDA levels, reduced

antioxidant enzyme activities, total thiols and non-protein thiols.

4. The fetal tissues obtained from tbHP exposed dams were also showed
enhanced ROS/MDA levels, protein carbonyls, depleted GSH and

diminished activities of antioxidant enzymes.

5. lron administered at sublethal doses to pregnant dams during early
implantation period (GDs.7) or late implantation period (GDsg0) induced
significant oxidative impairments in maternal tissues (eg., liver and kidney).
Iron administered during early implantation period (GDs7) appeared to
induce a higher degree of oxidative response in the maternal and placental

milieu.

6. Maternal exposure to iron caused marked oxidative perturbations among
GD+3 embryos as evident from elevated ROS and MDA levels associated

with reduced antioxidant enzyme activities, total thiols and non-protein thiols.
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Both brain and liver of fetuses obtained from iron exposed dams showed
marked enhancement of ROS/MDA levels, protein carbonyls, depleted GSH

content and diminished activities of antioxidant enzymes.

Taken together, the above data suggest that maternal exposure to
prooxidants during early phases of development induces significant oxidative
stress in maternal milieu, placenta and higher oxidative impact among

embryos during early post-implantation period (GDs.7) compared to GDg.1.

Pregnant dams administered with iron (oral, 2-8 mg/rat/d) during gestation
failed to show any clinical signs of toxicity, while the placental weights were
increased (21-45%) at the highest dose.

Differential pattern of ROS induction was evident in cytosol and mitochondria
of maternal organs which appeared to be higher in mitochondria during both
regimens, while the MDA levels were higher during the dosing regimen,
GDs.12. Marginal reduction in GSH levels in maternal organs were
accompanied by diminished total thiol/non-protein thiols levels at higher

doses irrespective of the dosing regimen, while PC levels were elevated.

Placental tissue showed marked elevation in ROS levels (at the highest
dose), marginal elevation in MDA levels, and significant decrease in total
thiol and non-protein thiol levels during both dosing regimens suggesting the
vulnerability to iron induced oxidative stress especially during the early

phase of development.

Maternal exposure to iron resulted in significant oxidative impact among
embryos as evidenced by elevated ROS and MDA levels in both cytosol and
mitochondria. A considerable reduction in the activities of antioxidant
enzymes, marked diminution of GSH, total thiols/non protein thiols were the

other salient findings.
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Significant oxidative impact in the fetal tissues was observed following
maternal iron exposure. While brain showed significant elevations in MDA
and ROS levels, the liver tissue showed less robust induction. Significant
reduction in the activity of antioxidant enzymes, reduced levels of GSH was
accompanied with elevated total thiol levels, while the protein carbonyl levels

were significantly elevated.

Among iron deficient (Idd) diet fed dams, the incidence of embryolethality
was significantly higher compared to the controls. Maternal tissues of Id
dams were subjected to significant oxidative stress since both ROS levels
and lipid peroxidation were significantly elevated. In brain the ROS levels
were uniformly elevated in cytosol and mitochondria, while liver cytosol
showed robust increase. The GSH content of maternal tissues showed
moderate decrease in cytosol and mitochondria and was associated with

reduced activities of antioxidant enzymes.

The placental tissue of Ildd dams, showed moderate elevations in GSH
levels and elevated protein carbonyls content suggesting that the placental

tissues is subjected to oxidative stress .

Embryos of Idd dams were also subjected to oxidative impact as evident by
significant elevation in both ROS/MDA levels, diminished levels of GSH, total
thiols/non protein thiols and marginal alterations in the activities of
antioxidant enzymes. Embryos were also subjected to protein oxidative
damage since the protein carbonyl content among the embryos of Id diet fed

dams was marginally were observed among the embryos of dams fed Idd.

The fetal organs (brain and liver) of Idd diet fed dams showed significantly
elevated ROS/MDA levels. Significant diminution in the levels of GSH
accompanied with reduction in total thiol levels and non protein thiols, while
the PC levels were significantly elevated; the activities of antioxidant

enzymes in fetal tissues were decreased excepting for the SOD activities.
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Administration of an acute dose of streptozotocin (STZ, 45 mg/kg bw, i.p.) to
pregnant dams during GD4 induced significant hyperglycemia and higher

incidence of embryolethality (30- 40%) and reduction in fetal weights.

Diabetes induction caused significant oxidative stress in maternal organs
(eg. liver, kidney) measured on either GD13 or GDy (increased generation of
ROS levels, elevated lipid peroxidation, perturbations in antioxidant

defenses) and elevated placental lipid peroxidation.

The embryos (GDi3) and fetal (GDy) organs of diabetic dams were
subjected to significant oxidative stress as evident from elevated MDA/ ROS
levels in cytosolic/mitochondrial fractions, diminished GSH/total thiols and

reduced activities of antioxidant enzymes.

Garlic supplements to diabetic dams marginally reduced the blood glucose
levels, partially restored the body weight loss, and reduced the magnitude of
polyuria. Interestingly, the incidence of embryolethality was markedly
reduced and fetal weights (50% protection) were restored among diabetic

dams.

Garlic supplements markedly offset diabetes associated oxidative
impairments in maternal organs (liver and kidney) as evident by the
restoration of various oxidative markers such as MDA/ROS levels, GSH

content and enzymic antioxidants.

Both placental weights and oxidative stress among diabetic rats was also
significantly attenuated by the garlic supplements (50% protection). Garlic
supplements among diabetic rats significantly restored the ROS generation
and MDA levels, markedly restored the diminished GSH levels, perturbations

in antioxidant defenses and thiol content.
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Oral supplements of medicinal plants to non-diabetic pregnant rats had no
effect. While the dietary supplements to STZ-diabetic rats marginally
reduced the glucose levels, significant beneficial effects were demonstrable

among diabetic rats in terms of abrogation of oxidative stress biomarkers.

The incidence of embryolethality was reduced significantly by all the dietary
supplements (GS>TC>IA>WS) and protective effect was discernible in terms
of reduction in intra uterine growth retardation. Dietary supplements also
provided considerable protection against diabetes associated oxidative

impairments among both maternal and fetal tissues.

In conclusion, our findings in the diabetic model suggest that dietary
supplements of garlic powder, GS, TC, IA and WS during pregnancy can
significantly abrogate diabetes associated oxidative stress in maternal and
fetal tissues thus rendering protection to the mother and the developing

embryos/fetus.



Plate I : A) Typical normal rat gravid uterus (GD 17) showing (a) ovary, (b) right uterine

horn and (c) left uterine horn; B) Normal rat gravid uterus (GD 17) cut open with fetuses
attached (a) fetus (b) placenta; C) Normal rat gravid uterus (GD 17) cut open with fetuses
attached (a) fetus (b) placenta (c) umbilical cord;

D) Gravid uterus from a treated rat showing early resorption sites
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