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Aim: Recent research revealed an association between maternal infection i.e. 
lipopolysaccharide (LPS) exposure during pregnancy and increased risk for central nervous 
system disorders being passed onto the off-spring. Therefore, the present study was designed 
to investigate the effect of LPS infection during d14-17 of pregnancy (equivalent to third 
trimester in humans) on neurochemical, neurobehavioral abnormalities, biochemical as well 
as histopathological parameters in male/female pups. Also, the effect of zinc supplementation 
throughout pregnancy to female rats in ameliorating LPS induced neurodegenerative effects 
caused in pups were evaluated. Methods: Pregnant female rats were administered single dose 
of LPS (200 µg/kg) intraperitoneal on d14-17 of their pregnancy. Zinc supplementation was 
given throughout pregnancy (75 mg ZnSO4/L) in drinking water. Results: LPS injection 
to pregnant female rats significantly altered the levels of neurotransmitters (dopamine, 
serotonin and norepinephrine) in pups. Also, marked deterioration of motor behavior 
parameters (actophotometer, rotarod) as well as cognitive decline (plus maze and active 
avoidance) has been observed in male as well as female pups. Whereas, supplementation 
with zinc limited the alterations in behavioral parameters as well as significantly improved 
the level of neurotransmitters in prenatally exposed pups of both genders. However, levels 
of malondialdehyde and nitric oxide formed as well as antioxidant defense system including 
reduced glutathione, superoxide dismutase and catalase were found to be excessively 
compromised in female pups when compared to male pups. Conclusion: Hence, the study 
indicated LPS mediated toxicity in prenatally exposed pups is gender specific and zinc 
supplementation during pregnancy was found to attenuate LPS induced toxicity in pups.
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INTRODUCTION

Lipopolysaccharide (LPS) is a toxic component of cell 

walls in gram-negative bacteria and is widely present in 
the digestive tract of humans and animals.[1] As revealed 
by recent studies humans often get exposed to LPS 
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as it is present suspended in the air as a component 
of the air pollutant PM2.5 or as part of house dust 
and aerosols generated from contaminated water.[2,3] 
These PM2.5 i.e. particulate matter less than 2.5 μm 
originate from several sources like oil refineries, metal 
processing facilities, tailpipe and brake emissions, 
residential fuel combustion, power plants, and wild 
fires. Furthermore, occupational exposure to LPS is 
common for people in agricultural settings or in textile 
mills as suggested by previous reports.[4] It has also 
been reported that gastrointestinal distress and excess 
alcohol intake are known to increase uptake of LPS 
from gastrointestinal tract into blood.[5,6]

Further, high levels of LPS have also been detected 
in women with bacterial vaginosis.[7] In humans, gram-
negative bacterial infections are a recognized cause of 
embryo loss and preterm labor.[8] Mimicking maternal 
infection by exposing the pregnant rodents to LPS 
at early gestational stages resulted in embryonic 
resorption and fetal death.[9,10] LPS exposure at middle 
gestational stages caused teratogenesis, fetal death 
and preterm delivery.[11-13] In addition, several studies 
showed that maternal LPS exposure at late gestational 
stages led to fetal death, growth restriction, skeletal 
development retardation, and preterm labor.[14-18]

Numerous reports demonstrate that inflammatory 
cytokines, such as tumor necrosis factor alpha (TNF-α), 
have been associated with LPS-induced adverse 
developmental outcomes. Indeed, several studies 
showed that maternal LPS exposure during pregnancy 
significantly increased the level of proinflammatory 
cytokines in maternal serum, amniotic fluid, fetal 
liver, and fetal brain.[19,20] Another study found that 
the expression of TNF-α, IL-1β and IL-6 is also much 
higher in brains with periventricular leukomalacia (PVL) 
than in those without PVL.[21] Mimicking intrauterine 
infection and inflammation by LPS exposure during 
pregnancy significantly increased the levels of TNF-α, 
interleukin-1β (IL-1β) and IL-6 in maternal serum, fetal 
liver and amniotic fluid, TNF-α and IL-10 in fetal brain 
in rodents.[18] Several studies showed that maternal 
exposure of LPS (120 µg/kg)  intraperitoneal in mouse 
at late gestational stages markedly impaired the 
learning abilities and social behavioral performance in 
adulthood.[22-24]

Nutritional deficits may also cause neurodevelopmental 
disorders, such as spina bifida, which is common, and 
anencephaly, which is rare. Both disorders are neural 
tube defects with malformation and dysfunction of the 
nervous system and its supporting structures, leading 
to serious physical disability. Folic acid (vitamin B) 
supplementation in early pregnancy, aimed to prevent 

neural tube defects, may also reduce mental health 
problems in children.[25] Iodine deficiency in the pregnant 
mother subsequently causes hypothyroxinemia i.e. 
low maternal free thyroxine (T4) and results in damage 
to the developing brain, which is further aggravated by 
cretinism in the fetus.

Zinc is also one of an essential element in diet of 
pregnant females as maternal zinc deficiency affects 
fetal growth and development, complications of 
pregnancy, labor and delivery and maternal and infant 
health.[26] Zinc is a structural constituent essential 
for cell growth, development, and differentiation.[27] 
Increasing evidence demonstrates that zinc has an 
anti-inflammatory effect.[28] A recent study found that 
subcutaneous injection with zinc sulfate alleviated LPS-
induced neurodevelopmental damage in fetal brain.[29,30] 
Zinc is capable of inhibiting LPS or IL-1β-induced nitric 
oxide (NO) formation as well as NO formation by NO 
synthase (NOS).[31] Many studies reported that Zn2+ 
inhibits LPS-induced TNF-α production by inactivating 
nuclear factor-κB (NF-κB) genes which is mediated by 
protein kinase A.[32,33] Another mechanism reported that  
Zn2+ increased the intracellular levels of cGMP due 
to reduced enzyme activity of phosphodiestrase-1 
(PDE-1), PDE-3, PDE-4 in cellular lysate and inhibits 
the LPS-induced TNF-α and IL-1β.[34] The development 
of anxiety has been previously reported in zinc-deficient 
rats.[35,36] Zinc can act as a critical neural messenger 
in healthy and diseased states of the brain through 
its ability to regulate N-methyl-D-aspartate receptor 
activity which have central importance in cognitive 
functions (learning and memory).[37] Recent studies 
showed that ZnSO4 supplementation during pregnancy 
protects against LPS-induced fetal growth restriction 
and demise through its anti-inflammatory effect.[28]

Nevertheless, the molecular mechanism of 
zinc-mediated protection against LPS induced 
developmental toxicity remains elusive. Present study 
was designed to investigate the gender biased effects 
of LPS injection during d14-17 of pregnancy on the 
neurobehavioral, biochemical and histopathological 
parameters in off-springs. Also, the neuroprotective 
potentials of zinc supplementation in ameliorating 
these LPS induced alterations have been established.

METHODS

Animals
Healthy Sprague-Dawley rats between 5-7 weeks age 
were procured at the central animal house of Panjab 
University, Chandigarh, India. They were acclimatized 
in the department animal house for two weeks in 
polypropylene cages in hygienic conditions. They were 
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provided standard animal feed and water ad libitum 
throughout the treatment period. All procedures were 
done in accordance with ethical guidelines laid down 
by the Ethics Committee on the Use of Experimental 
Animals of the Panjab University and in general 
according to the NIH guidelines (Rule No. 23-85, as 
revised in 1985).

Chemicals
All the chemicals were purchased from Sigma-Aldrich 
(St. Louis, USA) and Sisco Research laboratories Pvt., 
Ltd. (Mumbai, India). Zinc sulfate was purchased from 
HiMedia (Mumbai, India).

Experimental design
Rats were preferred for this experiment due to: (1) 
shorter gestation length (20-22 days), shorter estrous 
cycle (4-5 days), litter size of about 7-9, weaning age of 
about 21 days and relatively short period age of sexual 
maturity (7-8 weeks). Rat pregnancies are more size 
consistent, rats can bred quickly after parturition and 
rat brains show early sexual dimorphism.[38] At the 
commencement of the study 12 female rats of 12-14 
weeks of age were randomly distributed into four cages 
with 1 male of 14-16 weeks of age into each cage.[38] 
Pregnant female rats were then divided into four cages 
and were grouped as follows:

Group A (control): pregnant females were injected 
intraperitoneal with single dose of normal saline 
(200 µL) at day 14 of pregnancy; Group B (LPS 
treated): pregnant females were injected with single 
dose of LPS (200 μg/kg) intraperitoneal at day 14 
of pregnancy; Group C (LPS + zinc supplemented): 
pregnant females were injected single dose of LPS 
(200 μg/kg) intraperitoneal at day 14 of pregnancy. 
Animals were also administered with ZnSO4 (75 mg/L) 
dissolved in drinking water throughout their gestation 
period; Group D (zinc supplemented): pregnant 
females were supplemented with ZnSO4 (75 mg/L) 
throughout their gestation period.

Neurobehavioral analysis
Elevated plus maze test
Elevated plus maze (EPM) test is a learning task which 
measures spatial long-term memory and evaluates 
the cognitive behavior.[39] Apparatus used for the EPM 
test consists of 2 open arms (40 cm × 6 cm) and 2 
closed arms of the same size connected with a central 
platform (6 cm × 6 cm). The maze was placed 50 cm 
above the ground. Rats were allowed to move freely in 
this apparatus for 90 min of training. After a few hours, 
trained pups were again allowed to move freely for the 
same time and time spent in the open arms and closed 
arms were analyzed. The apparatus was cleaned with 
25% ethanol after testing the pups.

Active avoidance test
Memory impairments can be observed in Active 
Avoidance Test.[40] Apparatus used for this test 
consisted of 2 chambers, which are separated by a 
partition. One of these chambers is enlightened, where 
the animal has to be kept. After 10 s, the buzzer is 
kept on and after 10 s the shock is given. If the animal 
jumps to the other side of the compartment as soon as 
the buzzer is set on, it means the animal has avoided 
the test. But in case, if the animal jumps to the other 
compartment aftershock or does not jump is termed as 
escapism. The number of escaped trials/2 min/animal 
were noted and analyzed statistically.

Actophotometer (total locomotor activity)
Total locomotor activity (ambulation’s and rearing) was 
measured by using a computerized Actophotometer 
(IMCORP, Ambala, India). An array of 16 infrared 
emitter/detector pairs measured animal activity 
along a single axis of motion, the digital data being 
displayed on the front panel meters as ambulatory 
movements. Rats were allowed to acclimatize to the 
observation chamber for a period of 2 min. The activity 
was monitored continuously for a period of 5 min. 
Locomotion was expressed in terms of total photo 
beam counts per 5 min period per animal.[41]

Rotarod
The effect of LPS on the muscle performance was 
evaluated using a Rota-rod. Animals were given 2 
initial training trails of 300 s each, approximately 10 min 
apart, to maintain posture on a Rota-rod which is 3 cm 
in diameter and rotating at a constant 25 revolution per 
minute. After the initial training trials, a baseline trial of 
120 s was conducted. The time each animal remained 
on the rotarod was recorded; animals not falling off the 
rotarod were given a maximum score of 120 s.[42]

Estimation of neurotransmitter levels 
(epinephrine, nor-epinephrine, dopamine and 
serotonin)
Biogenic amines dopamine, norepinephrine and 
serotonin were measured by high performance 
liquid chromatography (HPLC) with electrochemical 
detector.[43] Water standard system consisting of a 
high pressure isocratic pump. A 20 µL sample injector 
valve, C18 reverse phase column and electrochemical 
device were used. Data was recorded and analyzed 
with the help of Empower software. Mobile phase 
consisting of 10 mmol/L sodium citrate, 32 mmol/L 
NaH2PO4, 0.025 mmol/L EDTA, and 0.77 mmol/L 
1-heptane sulphonic acid was used. pH of mobile phase 
was adjusted to 4.5 with the help of orthophosphoric 
acid. Electrochemical conditions for the experiment 
were +0.800 V, sensitivity ranges from 5-50 nA. 
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Separation was carried out at a flow of 1 mL/min. 
Samples (20 µL) were injected manually. On the 
day of experiment frozen samples of midbrain were 
homogenized in the homogenizing solution containing 
0.1 mol/L perchloric acid. After that samples were 
centrifuged at 12,000 g for 5 min. The supernatant 
was further filtered through 0.25 micron nylon filters 
before injecting in the HPLC injection pump. Data 
was recorded and analyzed with the help of Empower 
software.[43]

Biochemical estimations
All the tissues (10% w/v) were homogenized in 10 mmol/L 
PBS, pH = 7.4. Homogenate was made using 
mechanically driven Teflon Potter-Elvejhem type 
homogenizer for total disruption of cells. Homogenate 
was centrifuged first at 10,000 g for 30 min at 40 °C. 
Pellet was discarded and supernatant was used for 
various biochemical estimations.

NO
NO was estimated by the method of Raddassi et al.[44] The 
level of NO was estimated as nitrite, a NO metabolite 
and remains stored in tissues as Nitrates (NO3-) or 
Nitrite (NO2-). Thus, NO concentration can be estimated 
by measuring concentrations of NO3- and NO2- in 
combination. The simplest technique is the monitoring 
of reduction of NO3- to NO2- by nitrate reductase or 
metallic catalyst, followed by the calorimetric Griess 
Reaction to measure NO2- levels (nitrite levels). A 
standard curve was made with serial dilutions of sodium 
nitrite by making its volume to 100 μL; add 100 μL of 
Griess reagent in wells of ELISA reader plate. Instead 
of sodium nitrite 100 μL of homogenate was added 
along with 100 μL of Griess reagent in subsequent 
wells of ELISA plate. The colorimetric reaction was 
allowed to proceed for 10 min at room temperature 
in dark, and optical density was measured at 550 nm 
using ELISA reader.

Glutathione reduced
Estimation of glutathione reduced (GSH) was 
performed in the tissue homogenate by the method 
of Moron et al.[34] The assay was performed by mixing 
100 μL of 2.5% homogenate and trichloroacetic acid 
(TCA). The precipitated proteins were separated by 
centrifugation at 2,000 g for 15 min; 0.1 mL supernatant 
was diluted to 1 mL with 0.2 mol/L phosphate buffer (pH 
= 8.0). Further, 2 mL of freshly prepared 0.6 mmol/L 
5,5’-dithiobis (2-nitrobenzoic acid) (DTNB) in buffer 
was added. In this method, DTNB is reduced by -SH 
groups to form 1 mole of 2-nitro-5-mercaptabenzoic 
acid per mole of SH. The nitro mercaptobenzoic acid 
anion released has intense yellow color and can be 
used to measure -SH groups at 412 nm.

Lipid peroxidation (MDA) assay
Lipid peroxide formation was assayed by the method 
of Wills.[45] An aliquot containing 0.5 mL of tissue 
homogenate (10% w/v), diluted to 1.0 mL using 0.1 mL 
Tris-HCl buffer (pH = 7.4) was shaken. Samples were 
incubated at 37 °C for 2 h with constant shaking. 
After incubation, 1 mL of ice cold 10% TCA was 
added and mixed it thoroughly; the reaction mixture 
was centrifuged at 800 g for 10 min. One mL of 
0.67% thiobarbituric acid (TBA) was added to 1 mL 
of supernatant and color developed at 100 °C for 
10 min. Samples were cooled and diluted with 1 mL 
double distilled water. The absorbance was read at 
532 nm. The amount of Malondialdehyde formed was 
calculated on the basis of molar extinction coefficient 
of MDA-TBA chromophore (1.56 × 105 M-1 cm-1) and 
results were expressed as nmoles of MDA/mg protein.

Catalase
The enzymatic activity of catalase was estimated by UV 
spectrophotometer method described by Luck.[46] H2O2 
was used as substrate. The UV absorption of H2O2 
solution is measured at 240 nm on decomposition of 
H2O2 with catalase. The amount of H2O2 decomposed 
was calculated on the basis of molar extinction 
coefficient of H2O2 (39.4 M-1 cm-1) and results were 
expressed as μ moles of H2O2 decomposed/min/mg 
protein.

Superoxide dismutase
Superoxide dismutase (SOD) estimation was assayed 
by the method of Kono.[47] The principle of SOD activity 
assay was based on the inhibition of nitrobluetetrazolium 
(NBT) reduction using the following reagents. Solution 
A: EDTA (0.1 mmol/L) containing 50 mmol/L sodium 
carbonate, pH 10.0; solution B: NBT (90 mmol/L) in 
solution A; solution C: Triton-X (0.6%) in solution A; 
solution D: hydroxylamine hydrochloride (20 mmol/L) 
pH 6.0. The reaction mixture contained 1.3 mL of 
solution A, 0.5 mL of solution B and 0.1 mL of solution 
C. The reaction is initiated by the addition of 0.1 mL 
of solution D to the reaction mixture and the rate of 
reduction of NBT in the absence of enzyme source 
was recorded at 560 nm for 3 min, which is considered 
as reference. Following this an appropriate amount of 
the enzyme source (PMS 20-50 µL) was added and 
the rate of reduction was noted for 3 min at 560 nm. 
Percentage inhibition in the rate of NBT reduction 
is calculated and one unit of the enzyme that is the 
inverse of the amount of the protein (mg) required to 
inhibiting the reduction rate by 50%. The results are 
expressed as IU/mg of protein.

Histopathology
Histology of brain tissues was done by the method 
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of Humanson.[48] All brain tissue sections were fixed 
in 10% neutral buffered formalin. The tissues were 
processed and embedded in paraffin and sectioned 
at 4 μm thickness. The sections were stained with 
hematoxylin and eosin (HE). The dried stained slides 
were seen under the Leica microscope. Images 
were captured at 10× and 40× and auto corrected in 
Microsoft office 2010 to enhance image clarity.

Statistical analysis
Statistical analysis was done by one way ANOVA 
followed by LSD with post-hoc multiple pairwise 
comparisons between genders and different groups to 
estimate whether the differences between the mean 
values of groups are statistically significant or not. 
Results were taken significant at P ≤ 0.05.

RESULTS

Prenatal zinc supplementation improves LPS 
induced neurobehavioral deficits in pups
Total locomotor activity was assessed in prenatally 
LPS treated male and female pups on actophotometer. 
Prenatal LPS exposure significantly (P < 0.05) 
decreased total locomotor activity in male (31.59%) 
as well as female (30.17%) pups when compared 
to control pups. Zinc supplememtaion to female rats 
throughout pregnancy improved locomotor activity 
in case of female pups (21.60%) [Figure 1]. In case 
of rotarod test a significantly (P < 0.05) decreased 
mean fall off time was observed in (54.30%) male and 
(65.93%) female pups in comparison to control pups. 
Zinc supplementation however significanty increased 
the mean fall off time in pups of both sexes.

Spatial memory was assessed in prenatally LPS 
treated male and female pups using a EPM as well as 
active avoidance test as shown in Figure 2. Time spent 
in closed arm was significantly (P < 0.05) decreased 
in case of prenatally LPS treated male pups (66.23%) 
and female pups (6-fold) when compared to control 
pups. However, following zinc supplementation time 
spent in the closed arm was significantly (P < 0.05) 
increased in male (14.84%) and female (47.26%) pups 
when compared to LPS treated pups.

Prenatally LPS exposed pups of both genders showed 
significant (P < 0.05) increase (2-fold) in the number 
of escaped trials when compared to control pups. 
However, number of escaped trials were significantly 
(P < 0.05) decreased in male (35.29%) and female 
(41.67%) pups following zinc supplementation to LPS 
treated mothers when compared to prenatally LPS 
treated pups.

Effect of prenatal zinc supplementation on 
neurotransmitter levels in pups
Present study relates the deficit in locomotor activity 
and short term memory with neurotransmitter levels 
which were measured using HPLC as shown in 
Table 1. Prenatal LPS exposure significantly (P < 0.05) 
decreased the level of dopamine in male (38.37%) and 
female (41.70%) pups when compared to control pups. 
In case of pups from zinc supplemented mothers a 
significant (P < 0.05) improvement in dopamine level 
was observed (male 52.2%) and (female 13.37%)  
when compared to prenatally LPS treated pups.

Prenatal LPS exposure significantly (P < 0.05) increased 
the level of norepinephrine (NE) in male (78.21%) 
and female (24.42%) pups when compared to control 
pups. However, NE levels were found to decrease 
significantly (P < 0.05) in male (27.98%) as well as 
female pups (14.42%) following zinc supplementation 
to LPS treated mothers when compared to prenatally 
LPS treated pups.

Prenatal LPS exposure also significantly (P < 0.05) 
decreased the level of 5-HT in male (30.58%) and 
female (55.76%) pups when compared to control pups. 
Whereas, 5-HT levels were significantly (P < 0.05) 
improved with (14.40%) increase in male and female 
(60.86%) pups following zinc supplementation to LPS 
treated mothers when compared to prenatally LPS 
treated pups.

Effect of prenatal zinc supplementation on 
oxidative stress markers (NO levels, MDA level 
(lipid peroxidation) and antioxidant enzymes 
(GSH, SOD and catalase)
As seen from Table 2 a significant (P < 0.05) elevation 

Table 1: Effect of prenatal zinc supplementation on neurotransmitter levels in mid brain of prenatally LPS treated 
male and female pups

Group
Dopamine (ng/mg tissue) Serotonin (ng/mg tissue) Norepinephrine

Male Female Male Female Male Female
Control 0.645 + 0.050 0.885 + 0.040 0.340 + 0.030 0.260 + 0.007 3.81 + 0.08 5.69 + 0.13
LPS 0.398 + 0.030* 0.516 + 0.060* 0.236 + 0.000* 0.115 + 0.005* 6.79 + 0.08* 7.07 + 0.12*

LPS + ZnSO4 0.605 + 0.050# 0.585 + 0.030# 0.270 + 0.010# 0.185 + 0.005# 4.89 + 0.08# 6.05 + 0.11#

ZnSO4 0.748 + 0.020*# 0.901 + 0.010# 0.313 + 0.010*# 0.245 + 0.005# 3.08 + 0.08*# 5.05 + 0.11*#

Values are expressed as mean + SD; n = 5/group. *P < 0.05 vs. control group, #P < 0.05 vs. prenatally LPS treated group. LPS: 
lipopolysaccharide
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in NO levels were observed only in prenatally LPS 
treated female pups (46.49%) when compared to 
control pups. However, with zinc supplementation 
to LPS treated pregnant rats significantly (P < 0.05) 
decreased NO levels in female (26.71%) pups when 
compared to prenatally LPS treated pups. Prenatally 
LPS exposed female pups showed significant (P < 
0.05) increase in lipid peroxidation when compared 
to control pups (37.99%). However, significant (P 
< 0.05) decrease in MDA levels were observed 
in case of female pups from zinc supplemented 
mothers (25.37%). Similarly, prenatal LPS exposure 
significantly (P < 0.05) decreased the GSH levels 
in male (61.57%) and female (59.65%) pups when 
compared to control pups. However, GSH levels were 
found to be significantly (P < 0.05) increased in male 
(60.60%) and female (73.52%) pups following zinc 
supplementation to their LPS treated mothers when 
compared to prenatally LPS treated pups. Prenatal 
LPS exposure significantly (P < 0.05) decreased the 
enzymatic activity of Catalase (33%) and SOD (32.94%) 
in only female pups when compared to control pups. 
Whereas, pups following zinc supplementation to their 

LPS treated mothers showed non-significant results 
when compared to prenatally LPS treated pups.

Histopathological studies
Coronal section from both male and female pups 
from prenatally exposed female rats were prepared 
to analyse LPS induced alterations in hippocmapus 
and cortex region. Figure 3 shows the histo-
architecture of hippocampus and Figure 4 cortex of 
all the groups for both prenatally LPS exposed (A) 
male and (B) female pups respectively. Necrotic cells 
with inflammatory infilterate were seen in histological 
slides of hippocampus and cortex area in prenatally 
LPS exposed both male and female pups. Cystic 
lesions were also observed in the cortex of prenatally 
LPS exposed male pups. Decrease in the number of 
necrotic cells was observed in hippocampus as well 
as cotex of zinc supplemented group for both male 
and female pups.

DISCUSSION

In the current study, the effects of prenatal zinc 

Table 2: Effect of prenatal zinc supplementation on NO levels, lipid peroxidation and antioxidant defense system 
in mid brain of prenatally LPS treated male and female pups

Group
NO (nmoles/mg 
protein)

LPO (nmoles of 
MDA/mg protein)

GSH (µmoles/
mg protein)

SOD (I.U)
Catalase (nmoles of 
H2O2 hydrolysed/mg 
protein/min

Male
Control 0.389 + 0.051 40.11 + 7.64 31.91 + 0.60 0.349 + 0.054 0.700 + 0.120
LPS 0.430 + 0.020 50.03 + 5.54 12.26 + 1.09* 0.269 + 0.041 0.540 + 0.062
LPS + ZnSO4 0.314 + 0.038# 45.41 + 7.60# 19.69 + 1.68# 0.290 + 0.035 0.610 + 0.082
ZnSO4 0.357 + 0.054# 36.50 + 9.76 31.25 + 1.34# 0.340 + 0.033 0.800 + 0.091#

Female
Control 0.299 + 0.028 39.95 + 7.57 29.77 + 1.04 0.607 + 0.013 1.000 + 0.170
LPS 0.438 + 0.022* 55.13 + 4.79* 12.01 + 0.70* 0.407 + 0.050* 0.670 + 0.083*

LPS + ZnSO4 0.321 + 0.066# 41.14 + 6.50# 20.84 + 0.68# 0.470 + 0.050 0.750 + 0.110
ZnSO4 0.299 + 0.038# 27.36 + 4.29# 29.37 + 0.90# 0.716 + 0.110*# 1.160 + 0.180#

Values are expressed as mean + SD; n = 5/group. *P < 0.05 vs. control group, #P < 0.05 vs. prenatally LPS treated group. LPS: 
lipopolysaccharide; NO: nitric oxide; LPO: lipid peroxidation; GSH: reduced glutathione; SOD: superoxide dismutase

Figure 1: Effect of prenatal zinc supplementation in (A) actophotometer and (B) rotarod on prenatally LPS treated male pups and female 
pups. Values are expressed as mean + SD; n = 5/group, *P < 0.05 vs. control group, #P < 0.05 vs. prenatally LPS treated group. LPS: 
lipopolysaccharide
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Figure 2: Effect of prenatal zinc supplementation on elevated plus maze in prenatally LPS treated (A) male pups, (B) female pups and in 
(C) active avoidance test on both the genders. Values are expressed as mean + SD; n = 5/group, *P < 0.05 vs. control group, #P < 0.05 vs. 
prenatally LPS treated group. LPS: lipopolysaccharide
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supplementation against LPS-induced endotoxemia 
during third trimester of pregnancy were investigated. 
It was observed that LPS-induced endotoxicity has 
major effects on female pups as compared to male 
pups. Although behavioral impairments were seen 
in both prenatally exposed male and female pups. 
Importantly prenatal zinc supplementation prevented 
these effects in female pups. Many studies have 
reported behavioral impairments in new born as well 
as adult off-spring due to early, mid or late gestational 
LPS exposure. According to Taweel et al.,[49] it was 
shown that gestational exposure of LPS has an 
inhibitory effect on righting reflex, rotating reflex and 
cliff avoidance activity in mice off-spring (PND21). Also, 
zinc supplementation during pregnancy significantly 
improved reduced motor activity and responsiveness 
in rats and monkeys.[50] Similarly, in the present 
experiment with zinc supplementation to mothers 
throughout pregnancy showed improvement in total 
locomotor activity as well as rotarod behavior.

Prenatally LPS treated male and female pups spent 
maximum time in open arm on EPM and they escaped 
maximum number of trails in active avoidance 
test performed in the present study. This aberrant 
behavior can be due to loss of memory. Several 
reports demonstrated different memory based tests 
like nest-seeking, cliff avoidance and morris water 
maze etc. on prenatally LPS treated pups and pups 
showed impairment in behavior.[51,52] Maternal zinc 
supplementation prevents aberrant behavior in object 
recognition task in mice off spring following early 
gestational exposure of LPS.[53] In accordance with 
the previous reports in case of present study also 
an improvement in memory following maternal zinc 
supplementation was observed.

Loss of total locomotor activity and short term memory 
were further correlated with decrease in dopamine 
(DA) and serotonin (5-HT) levels. As per previous 
reports a long term reduction of DA and 5-HT along 
with other neurophysiological changes were observed 

Figure 3: Representative figures are HE stained coronal sections of the brain showing the effect of prenatal zinc supplementation in 
hippocampal region of prenatally LPS treated (A) male and (B) female pups. Left side: ×10; right side: ×40. LPS: lipopolysaccharide
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due to early gestational exposure of LPS in rats.[54] 
Also, a decrease in number of TH positive cells was 
observed in rat off-spring following LPS exposure.[55] In 
the case of our study a significant decline in the levels 
of neurotransmitters DA, 5-HT and NE were observed 
following LPS exposure which was further found to be 
improved in pups of zinc-supplemented mothers. This 
improvement in case of DA level was more significant 
in case of male pups as compared to female pups. 
This improvement in DA level in both sex pups could 
be related to the property that DA receptor regulating 
factor is a zinc finger transcription factor.[56]

A decrease in 5-HT levels in prenatally LPS exposed 
male and female pups could be related to decreased 
expression of serotonin transporter (5-HTT) was 
observed in somatosensory cortex using positron 
emission tomography in rabbit kits on post-natal day 
1 when their mothers were injected with 20 µg/kg LPS 
intra-uterine on E28.[57] On the contrary, significant 
augmentation in 5HT content was observed in frontal 
cortex of prenatally LPS (1 mg/mL every second day 
from E7 until full-term) exposed female pups (PND21). 
Similarly, 5-HT levels were found to be significantly 

increased in co-supplemented group of both male and 
female pups in the current study. Also, studies have 
reported synergism of zinc and essential fatty acids in 
regulating DA, NE and possibly serotonin activity as 
zinc is essential for conversion of dietary pyridoxine to 
its active form, pyridoxal phosphate, and pyridoxine is 
necessary for conversion of tryptophan to 5-HT.[58]

In the present study, a significant increase in levels of 
NE in pups of both genders from LPS treated mothers 
was observed. The results are supported by the 
report that LPS has direct effect on hypothalamus to 
stimulate the efflux of NE and this effect was probably 
due to IL-1β.[59] NE negatively regulates the expression 
of pro-inflammatory cytokine expression at least to 
TNF-α which could contribute to the observed anti-
inflammatory properties of NE.[60] However, NE levels 
were significantly decreased in co-supplemented 
pups. Further, the female pups from LPS treated 
mothers showed significant increase in NO levels and 
lipid peroxidation as depicted from increased MDA 
levels. However, in case of female pups from zinc 
supplemented mothers showed significant decrease 
in NO levels. It has been reported that Zn2+ inhibits 
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production of inducible NO synthase to produce NO 
by (1) interfering with calcium-activated colmudulin 
function; (2) inhibiting NADPH dependent cytochrome 
P-450; and (3) by binding to glutathione and other 
thiols to decrease nitric oxide synthase activity.[31]

Significant reduction in GSH levels were observed in 
both prenatally LPS treated male and female pups. 
Whereas in case of pups from zinc supplemented 
mothers showed significantly increased GSH levels. 
Glutathione system is important for cellular defense 
against ROS. O2- and NO radicals, although they 
cannot react directly with GSH, can oxidize GSH 
after undergoing intracellular redox reactions NO can 
react with O2- by radical-radical interaction forming 
peroxynitrite (ONOO-), thus clearing and scavenging 
O2- in a diffusion limited rate.[61-63] ONOO- is a strong 
oxidizing agent, a reactive nitrogen species which 
oxidizes GSH rapidly to GSSG and depletes intracellular 
store of GSH. Similar results for glutathione system 
have been previously reported as decrease in GSH 

levels of maternal and fetal liver at 3 h, 6 h and 16 h after 
LPS injection to pregnant mice was observed.[64] Also, 
a significant decrease in levels of GSH in prenatally 
LPS treated mice pups and 4-month-old rats were 
reported.[65,66] Studies showed therapeutic efficacy of 
N-acetylcysteine, a potent anti-oxidant and precursor 
of glutathione to attenuate LPS-induced white matter 
injury and hypomyelination in the developing rat 
brain.[67] Zinc was found to be effective in decreasing 
oxidative stress via metallothionein by regulating 
the secretion of pro-inflammatory cytokines[68] and 
these metallothionein’s are strong scavengers of free 
radicals.[69,70] In the present study only prenatally LPS 
treated female pups showed significant decrease in 
the activity of catalase and SOD enzyme. However 
prenatal zinc supplementation was unable to restore 
the activity of both the enzymes.

Female pups were found to be more prone to ill 
effects of prenatal LPS exposure as compared to male 
pups. As suggested by Paris et al.,[71] more of anxiety 

Figure 4: Representative figures are HE stained coronal sections of the brain showing the effect of prenatal zinc supplementation on cortex 
of prenatally LPS treated (A) male pups and (B) female pups. Left side: ×10; right side: ×40. LPS: lipopolysaccharide
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levels in prenatally IL-1β exposed female pups were 
observed due to decrease in progesterone turnover 
to its metabolites in hippocampus which was not the 
same in case of male pups. However, this could also 
be related to differential increase of NE levels in case 
of pups of both sexes as observed in the present study. 
Results from histopathological studies were also in line 
with the above discussed results. Therefore, it can be 
suggested that LPS exposure prenatally effects pups 
and is gender specific and the same is the case with 
Zinc supplementation.
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