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Abstract 

Background Changes induced by monosodium glutamate (MSG) can negatively impact milk production and secre-
tion, among other adverse effects. This study aimed to investigate the effects of MSG consumption on receptor gene 
expression and quantification of hormones and receptors, as well as oxidative stress biomarkers and other lactogenic 
parameters in lactating animals. Twenty-four female Wistar rats, nine weeks of age, were randomly assigned to four 
groups, each containing six rats, at parturition. The rats in groups II, III, and IV were given varying doses of monoso-
dium glutamate (MSG); while, group I was given distilled water and served as the control. The experimental period 
lasted two (2) weeks.

Results The groups administered with MSG showed a significant decrease in mammary PRLR gene expression 
(p < 0.05), as well as a marked reduction (p < 0.05) in mammary PRLR, OXT receptor, AQP-3, brain antioxidant enzymes 
(SOD, GPx, and CAT), and pituitary SOD compared to the control group (p < 0.05). Furthermore, there was a significant 
increase (p < 0.05) in reactive oxygen species levels in the serum and mammary gland homogenates, erythrocyte 
osmotic fragility, and elevated (p < 0.05) brain and pituitary MDA levels in the MSG-administered groups compared 
to the control group. Daily milk yields were significantly decreased (p < 0.05) in the MSG-administered groups 
between days 10 and 14 of lactation.

Conclusion The findings of this study suggest that prolonged consumption of MSG could interfere with lactation-
associated functions via increased ROS production, reduced antioxidants, decreased AQP-3, mammary prolactin 
and oxytocin receptors, and prolactin receptor mRNA in lactating Wistar rats.
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Graphical Abstract

Background
Monosodium glutamate (MSG) is frequently used 
in the global food industry to improve food proper-
ties such as flavor, color, taste, appearance, and tex-
ture (Maluly et al., 2017). MSG is widely used to create 
umami, brothy, and savory flavors (Silva et  al., 2017). 
MSG consumption varies by region, with developed 
countries consuming approximately 3–10  g/day. The 
average intake in the UK is 0.58  g/day, in Germany it 
is 100  g, and in other European countries it is around 
10 g/day (Rhodes et al., 1991). Nigerians consume 0.56–
10 g per day on average (Henry-Unaeze, 2017). MSG is 
marketed in the open market and shops as Ajinomoto 
or Vedan by West African Seasoning Company Limited 
(Inuwa et al., 2011).

MSG is used in homes in Nigeria for its convenience, 
affordability, and unique taste (Henry-Unaeze, 2017); 
as a result, MSG was suggested by others as an implicit 
medium for perfecting nutritive quality in Nigeria 
(Nnanyelugo, 1997). The biosafety of MSG remains one 
of the most debated health-related issues in both scien-
tific and public settings (Omogbiya et al., 2020). There 
is no fixed amount of MSG, which is generally con-
sidered safe. As a result of a deficient manufacturer’s 
clarity, there is inordinate consumption (Wajiyasekara 
and Wansapala, 2017). The original average daily input 
estimate (0.3–1  g) per person in most developing and 
industrialized nations has significantly soared in recent 
times to as high as 14 g in some populations (Moneim 
et al., 2018; Onaolapo et al., 2016).

Breast milk is regarded as a vital source of nutrients 
and energy, but there are many deterrents despite its 
advantages (Lee et  al., 1997). Factors like cultural tra-
ditions have been reported to affect lactation behav-
ior (Gabriel et al., 1986; Osman et al., 2009). There are 
myths regarding maternal diet during breastfeeding 
that could lead to misguided dietary restrictions void 
of scientific evidence in breastfeeding mothers (Jeong 
et  al., 2017). In Nigeria and other parts of the world, 
there is a growing phobia of the effects of MSG con-
sumption on reproductive functions (Oladipo et  al., 
2015). Some of the widely generated perceptions could 
be fueled by MSG’s local usage by most communi-
ties in Nigeria as a laundry bleaching agent, making 
consumers concerned about the possible detrimental 
effect it could have on different systems of the body 
(Inuwa et  al., 2011). During nursing, the mother’s 
energy demand and expenditure increase because she 
is expected to meet both her own and her offspring’s 
needs. Among other things, oxidative stress (OS) has 
been proposed as one of the concessions during repro-
ductive exercises.

This is, however, rivaled by the OS shielding hypoth-
esis (Naaviaux, 2012), which suggests oxidative pro-
tection during reproduction. Some of the antioxidant 
protection provided during reproductive exercises in 
females is attributed to the antioxidant actions of hor-
mones such as prolactin, as shown in other studies 
(Munoz-Mayorga et al., 2023; Thebault, 2017). Accord-
ing to the findings of Cunha et  al. (2022), prolactin 
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protects against mercury-induced toxicity. However, 
Veena et  al. (2008) reported increased lipid peroxida-
tion in women with unexplained infertility and high 
serum prolactin levels. Diet can counteract oxidative 
balance by triggering a cascade of events that disrupt 
endocrine processes and the balance required to main-
tain normal reproductive function (Diamanti-Kandara-
kis et al., 2017). MSG suppresses reproductive function 
by interfering with ovarian and uterine functions (Mon-
dal et al., 2018). It also causes metabolic changes (Wah-
yuni et  al., 2014), with MSG having a negative impact 
on hypothalamic nerve cells, as reported by Igwebuike 
et  al. (2011). This could lead to changes in the hypo-
thalamic–pituitary–gonadal regulatory axis, result-
ing in hormonal dysregulation. MSG has the potential 
to cause endocrine disruption (Shannon et  al., 2017), 
which could affect milk synthesis in the young. There-
fore, this study was designed to evaluate preliminary 
monosodium glutamate-induced changes in mammary 
gland receptors and gene expression, water channels, 
oxidative stress, and some lactogenic biomarkers in lac-
tating rats.

Methods
Animals
Adult nulliparous female rats, nine (9) weeks old, were 
obtained from the animal house of the Department of 
Human Physiology, Ahmadu Bello University, Zaria, 
Nigeria, and housed in a well-aerated cubicle with free 
access to water and food (Guzman et  al., 2006). The 
Ahmadu Bello University ethical committee on animal 
use and care granted local institutional ethical permis-
sion for the use of laboratory animals for this research 
with approval number: ABUCAUC/2018/092. Mat-
ing was performed with sexually experienced males, 
and female estrus was induced by exposing the grouped 
females to the bedding materials of the male rats for 
three days (Bronson et  al., 1986). The adult female rats 
were mated with male Wistar rats in a 1:1 ratio around 
6:00 p.m. on the third day. This cohabitation was allowed 
to continue until the female rats showed obvious signs 
of pregnancy, at which point the pregnant rats were 
removed and housed separately.

At parturition, the females were randomly divided into 
four groups of six animals each, and the litter size was 
limited to six pups per dam. Group 1 was given 1 ml/kg 
of distilled water as a control; while, groups 2, 3, and 4 
were given MSG at varying doses of 925 mg/kg, 1850 mg/
kg (Emmanuel et al., 2020), and 3700 mg/kg (Emmanuel 
et al., 2020), respectively. All administrations were given 
via oral gavage, began three days after parturition, and 
lasted 14 days.

Milk yield assessment
Milk yield was estimated daily between 18 and 23 h after 
gavage according to the method described by Sampson 
and Jansen (1984) as a difference between the pre- and 
post-suckling weights of the litters. Milk yield 18 h after 
gavage was calculated as w3−w2 . Where w2 = pre-suck-
ling weight of litters (11:00 am) and w3 = post-suckling 
weight of litters (12:00  pm). The correction for weight 
loss due to metabolic processes was calculated 18 h after 
gavage as w2−w1

4  where w2 = pre-suckling litters’ weight, 
w1 = pre-isolation litters’ weight. Milk yield 23  h was 
calculated as w5− w4 where w4 = pre-suckling weight of 
pups (4:00  pm) and w5 = post-suckling weight of pups 
(5:00  pm). Weight loss correction 23  h after gavage 
(Morag, 1970) was calculated as [(w2−w1)]+(w4−w3)]

8 .

Blood sample and tissue collection
At the end of the experiment, animals were anesthetized 
with 75 mg/kg ketamine and 10 mg/kg xylazine (Abdul-
ghani et al., 2022) and euthanized by cervical dislocation 
afterward (Donovan & Brown, 2005). Blood samples and 
tissues were collected for biochemical assessments in 
heparinized and plain tubes by cardiac puncture (Par-
asuraman et al., 2010). The pituitary gland was removed 
from the surrounding dura matter and scooped out of 
the sphenoid bone, weighed and stored in a plastic tube 
on dry ice (Tzou et al., 2010), and subsequently homog-
enized in phosphate buffer solution (PBS, pH 7.4). The 
remaining whole brain was rinsed thoroughly in ice-
cold PBS, weighed, and cut into smaller fragments, then 
homogenized in PBS (Francik et al., 2014). Mammary tis-
sues were excised as described by Tolg et al. (2018), and 
the samples used for the PCR were washed in PBS at pH 
7.4 (Battagello et  al., 2020) and preserved in RNAlater 
[thermofisher scientific, Inc., USA]. The remaining mam-
mary tissue was reduced to tiny pieces and homogenized 
in PBS, and the supernatant obtained was used for bio-
chemical assays.

Assessment of erythrocyte osmotic fragility
Erythrocyte osmotic fragility assessment was carried out 
according to the method described by Faulkner and King 
(1970), as modified by Oyewale (1992). The percentage of 
hemolysis was calculated using the given formula:

Hormonal assay
Serum prolactin, growth hormone, oxytocin, and brain 
dopamine assays were carried out according to the man-
ufacturer’s manual using their respective ELISA kits: 

Percentagehaemolysis =
opticaldensityoftestsolution

opticaldensityofstandardsolution
× 100
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prolactin hormone (ER-0076 [fine test], Wuhan China), 
growth hormone (ER-0993 [fine test], Wuhan China), 
oxytocin hormone (ER-1723 [fine test], Wuhan China), 
and brain dopamine (EU0392 [fine test], Wuhan China).

Tissue receptor assay
Prolactin (ER7070 fine test, Wuhan China), oxytocin 
(ER1619 fine test, Wuhan China), and aquaporin-3 
receptor (ER0743 fine test, Wuhan China) were carried 
out according to the manufacturer’s manual.

Assay of oxidative stress biomarkers
The ELISA kits were used to estimate the concentrations 
of malondialdehyde, superoxide dismutase activity, glu-
tathione peroxidation, and catalase activity. The malon-
dialdehyde assay utilized the NWLSS™ NWK-MDA01 
kit from the USA, with a sensitivity of 0.08  µM, and the 
result was expressed as nmol/mg protein according to the 
method of Janero (1990). The superoxide dismutase activ-
ity was measured according to the method described by 
Martin et al. (1987), using the NWLSS™ NWK-SOD02 kit 
from the USA, with a sensitivity of 5.0 U/ml, and the result 
was expressed as IU/L. The glutathione peroxidation assay 
was performed according to the method of Paglia and Val-
entine (1967), using the NWLSS™ NWK-GPX01 kit from 
the USA, with a sensitivity of 1.0 mU/mL, and the results 
were expressed as IU/L. The catalase activity was deter-
mined using the ER0264 kit from Wuhan, China, with a 
sensitivity of 18.75 mIU/ml based on the method of Beers 
and Sizer (1952). Reactive oxygen species (ROS) were esti-
mated using the Rat reactive oxygen species ELISA kit [Cat 
No.: CK-bio-20410, Shanghai Coon Koon Biotech Ltd., 
China] according to the manufacturer’s manual.

Analysis of gene expression by real‑time PCR
Total RNA was extracted using the RiboPure™ Kit 
[AM1924] according to the manufacturer’s instruc-
tions. Complementary deoxyribonucleic acid (cDNA) 
was synthesized using a high-capacity cDNA reverse 
transcription kit with an RNAase inhibitor (Applied 
Biosystems, USA). Gene expression assays were done 
using TaqMan-labeled primers and probes for the tar-
get genes: prolactin receptor and β-actin. The endog-
enous control was beta-actin (the housekeeping gene). 
The target cDNA was normalized using an endog-
enous control. The quantitative polymerase chain 
reaction was carried out based on the Light Cycler® 
system instructions using Ultra SYBR Mixture (with 
Rox) and the following cycling protocol: 10  min at 
95 °C, followed by 40 cycles consisting of 15 s at 95 °C 
and 60  s at 60  °C. The fold change in expression was 
calculated using the relative quantification technique 
(ΔΔCT). To do this, the threshold cycle (CT) values of 

the target cDNAs were first normalized to the CT val-
ues of the internal control β-actin in the same samples 
(ΔCT = CTTarget—CTβ-actin). Using the control, it 
was further normalized (ΔΔCT = CT-CTControl). The 
expression fold change was then calculated as  (2−ΔΔCT).

Primer sequences used (5’ to 3’): β-actin (TTG TAA 
CCA ACT GGG ACG ATA TGG )-forward, (GAT CTT GAT 
CTT GAT GGT GCT GCT AGG)-reverse. That of the pro-
lactin receptor is: (CCT GAA GAC AAG GAA CAA GCC)-
forward and (TGG GAA TCC CTG CGC AGG CA)-reverse.

Mammary gland histological assessment
The mammary gland tissue was harvested as described 
by Tolg et al. (2018) and fixed in 10% formalin for histo-
logical assessment. Tissues were dehydrated through a 
series of alcohol solutions of increasing concentrations 
for 15  min each. Subsequently, the tissues were cleared 
using xylene for 20  min and embedded in paraffin wax 
into blocks, then clamped into a microtome and cut 
into sections between 5 and 8 microns according to the 
method of Macsween (1977). These sections were then 
stained with hematoxylin and eosin in a series of steps as 
described by Yousif and Qasem (2016).

Statistical analyses
Statistical analyses were carried out by ANOVA using 
SPSS version 23 [IBM, USA]. Tukey’s post hoc test was 
employed to show the differences between the groups. 
Values with a p < 0.05 were considered statistically sig-
nificant. GraphPad Prism 8 software (version 8.0.2 [263]; 
GraphPad Software, San Diego, USA) was used for charts.

Results
Serum level of prolactin and growth hormone
Serum prolactin was higher nonsignificantly (p > 0.05) in 
all the MSG-administered groups compared to the con-
trols [Fig.  1a]. The increase in prolactin in all the MSG 
groups was dose-dependent. There were no significant 
(p > 0.05) changes observed in the level of GH in the 
MSG-administered groups compared to the control. 
However, GH was higher in all the MSG-administered 
groups compared to the control [Fig. 1b].

Serum level of oxytocin and brain dopamine
There were no significant (p > 0.05) changes observed in 
serum oxytocin in the MSG-administered animals com-
pared to the control [Fig.  2a]. Oxytocin was, however, 
higher in the MSG-administered animals compared to 
the control. There were no significant (p > 0.05) changes 
observed in brain dopamine in the MSG-administered 
animals compared to the control [Fig.  2b]. However, 
there was a non-significant decrease in the level of brain 
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dopamine in MSG 1850  mg/kg and MSG 3700  mg/kg 
compared to the control group.

Mammary gland prolactin receptor and prolactin receptor 
gene expression
The mammary gland prolactin receptor was decreased 
significantly (p < 0.05) in the MSG-administered animals 
compared to the control [Fig. 3a]. Additionally, the pro-
lactin receptor decreased in the groups given MSG with 
increasing MSG doses. However, these changes between 
the groups were not statistically significant (p > 0.05). 
The expression of prolactin receptors in the mammary 
gland was significantly (p < 0.05) decreased in the groups 
given MSG at 1850 mg/kg and 3700 mg/kg compared to 
the control. The decrease in the MSG 3700 mg/kg given 
group was significant (p < 0.05) compared to the MSG 
925 mg/kg and MSG 1850 mg/kg groups [Fig. 3b].

Mammary gland oxytocin receptor and aquaporin‑3 levels
The mammary gland oxytocin receptor was significantly 
decreased (p < 0.05) in all the groups’ given MSG com-
pared to the normal control [Fig.  4a]. There was also a 
significant (p < 0.05) dose-dependent decrease in oxytocin 
receptor expression with MSG administration. Aqua-
porin-3 was significantly (p < 0.05) decreased in all the 
MSG-administered groups compared to the control group 
[Fig.  4b]. Among the MSG-administered groups, there 
was a significant (p < 0.05) dose-dependent decrease.

Serum and mammary gland homogenate ROS level
Serum ROS was significantly increased (p < 0.05) in all 
the groups given MSG compared to the control [Fig. 5a]. 
Additionally, the increase in ROS between the MSG-
administered groups was dose-dependent. In Fig. 5b, the 
mammary ROS level in all the MSG-administered groups 
compared to the control was significantly (p < 0.05) 
increased. With increasing MSG doses, mammary ROS 
levels increased nonsignificantly.

Brain homogenate levels of MDA, SOD, CAT and GPx
The brain homogenate level of MDA was significantly 
(p < 0.05) increased in all the groups given MSG com-
pared to the control [Fig.  6a]. In the group given MSG 
at 3700  mg/kg, MDA was significantly (p < 0.05) higher 
compared to all the other MSG-given groups. The activ-
ity of SOD [Fig. 6b] and CAT [Fig. 6c] was significantly 
decreased (p < 0.05) in the MSG groups at 1850  mg/
kg and 3700  mg/kg compared to the control and MSG 
925  mg/kg groups. More so, in the 3700  mg/kg group, 
SOD and CAT significantly (p < 0.05) decreased com-
pared to the MSG 1850 mg/kg group. GPx was reduced 
significantly (p < 0.05) in all the MSG-administered 
groups compared to the control. Additionally, GPx in 
the MSG 1850  mg/kg and 3700  mg/kg groups was sig-
nificantly decreased (p < 0.05) compared to the MSG 
925 mg/kg group.
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Pituitary gland homogenate levels of MDA and SOD
Pituitary MDA was significantly (p < 0.05) increased in 
the groups given MSG at 1850  mg/kg and 3700  mg/kg 
compared to the control [Fig.  7a]. At the highest MSG 

dose, SOD was significantly (p < 0.05) decreased only in 
the group given MSG at 3700  mg/kg compared to the 
control [Fig. 7b].
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Erythrocyte osmotic fragility
The percentage of hemolysis was significantly (p < 0.05) 
higher in the MSG 3700  mg/kg administered group 
compared to the control at 0.1  g/dL NaCl concentra-
tion solution in Fig.  8. At 0.3  g/dL NaCl concentration, 
the percentage of hemolysis was significantly higher in 

the MSG 3700  mg/kg group compared to the control. 
Although it was higher compared to the remaining MSG-
treated groups, it was not significant (p > 0.05). The per-
centage of hemolysis was significantly higher (p < 0.05) 
in all the MSG-treated groups compared to the normal 
control group. A non-significant (p > 0.05) increase was 

0

50

100

150

Pe
rce

nta
ge

 H
em

oly
sis

 (%
)

0.0 0.1 0.3 0.5 0.7 0.9

NaCl concentration (g/dL)

MSG (925 mg/kg)
NC (1ml/kg DW) MSG (1850 mg/kg)

MSG (3700 mg/kg)

a

a

a a

a

a

Fig. 8 Percentage hemolysis of red blood cells of breastfeeding Wistar rats. NC = normal control, MSG = monosodium glutamate, DW = distilled 
water. Superscripts a indicates statistically significant difference (p < 0.05) compared to the normal control

NC (1
ml/kg

 DW)

MSG (9
25 m

g/kg
)

MSG (1
850 m

g/kg
)

MSG (3
700 m

g/kg
)

0

1

2

3

4

 a: Milk yield (18 Hrs post gavage)

M
ilk

 yi
eld

 (g
/p

up
)

ns(P>0.05)

NC (1
ml/kg

 DW)

MSG (9
25 m

g/kg
)

MSG (1
850 m

g/kg
)

MSG (3
700 m

g/kg
)

0

1

2

3

4

 b: Milk yield (23 Hrs post gavage)

M
ilk

 yi
eld

 (g
/p

up
)

ns(P>0.05)

Fig. 9 Milk yield 18 [9a] and 23 [9b] hours post-gavage in lactating Wistar rats. NC = normal control, MSG = monosodium glutamate, DW = distilled 
water



Page 10 of 15Emmanuel et al. The Journal of Basic and Applied Zoology            (2024) 85:3 

observed in all the MSG-administered groups com-
pared to the normal control group at 0.7 g/dL NaCl con-
centration. At 0.9 g/dL NaCl concentration, there was a 

significant increase (p < 0.05) in percentage hemolysis 
observed in the MSG 3700  mg/kg treated groups com-
pared to the normal control group.
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Milk yield at 18 and 23 h post‑gavage
The milk yield at 18 h post-gavage was nonsignificantly 
(p > 0.05) higher in the groups given MSG at 1850 mg/
kg and 3700 mg/kg compared to the control and MSG 
at 925 mg/kg in Fig. 9a. At 23 h post-gavage, the milk 
yield in all the MSG-administered groups was nonsig-
nificantly higher (p > 0.05) compared to the control, as 
shown in Fig. 9b.

Daily milk yield distribution at 18 h post‑gavage
Figure  10 is the daily distribution of the milk yield at 
18  h post-gavage. Daily milk yield was significantly 
reduced (p < 0.05) in the MSG-administered groups 
at 1850 and 3700  mg/kg compared to the control and 
MSG 925 mg/kg groups from day 10 to day 14.

Daily milk yield distribution at 23 h post‑gavage
Figure 11 is the daily distribution of the milk yield at 23 h 
post-gavage. A non-significant rise was observed in the 
MSG 3700  mg/kg group compared to the other groups 
between days 1 and 5. However, there was a significant 

decrease (p < 0.05) in the daily milk yield in the MSG 
3700  mg/kg group compared to the control and MSG 
925 mg/kg groups on days 6 and 12. On day 14, there was 
a significant (p < 0.05) decrease in the daily milk yield of 
the MSG group (1850 mg/kg) compared to all the other 
groups.

Plate [A] Control: normal mammary gland histoarchi-
tecture with fat globule [FG], showing normal alveolar 
milk lumen [AML], and alveolar epithelium [AE] with 
normal epithelial cells. Plate B (MSG 925 mg/kg) shows 
normal mammary gland histoarchitecture with irregular 
alveoli branching lined with fat globules, numerous alve-
olar milk lumens containing milk, and a defined alveolar 
epithelium. Plate C (MSG 1850  mg/kg) shows irregu-
lar alveoli branching with fat globules. It also shows less 
defined epithelial cells with a smaller number of alveo-
lar milk lumens. Plate D (MSG 3700  mg/kg) shows fat 
globules with a smaller number of distended alveoli. The 
alveoli of this group present irregularly disintegrating 
alveolar epithelium [X] and epithelial cells in the blood 
vessel [Y].
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Fig. 11 Daily milk yield 23 h post-gavage in lactating Wistar rats. MSG = monosodium glutamate, DW = distilled water. Superscripts a, b and c 
indicate statistically significant difference (p < 0.05) compared to the normal control, MSG 925 mg/kg and MSG 3700 mg/kg, respectively
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Discussion
Regions such as the pituitary gland, called periventricu-
lar organs (CVO), have been reported to allow molecules 
such as glutamate to pass in and out of the ECF (Hawk-
ins & Viña, 2016). Functional glutamate receptors are 
involved in the release of prolactin (Login, 1990), growth 
hormone (Tena-Sempere et  al., 2000), and oxytocin 
(Stern et  al., 2000). These may be responsible for the 
changes observed using MSG in this study. In the current 
study, serum levels of prolactin, growth hormone, and 
oxytocin were not significantly increased in MSG-admin-
istered animals compared to controls. These results indi-
cate that orally ingested MSG may exert minimal effects 
on both the adenohypophysis and the neurohypophysis 
of the pituitary gland. In addition, the significant pitui-
tary and whole-brain lipid peroxidation in the MSG-
administered group could have contributed to decreased 
pituitary function in the MSG-administered group. MSG 
did not significantly influence brain dopamine in this 
study. However, brain dopamine levels decreased with an 
increasing dose of MSG as opposed to the initial increase 
observed in the group given MSG at 925  mg/kg. The 
reduction in brain dopamine with MSG administration 
in this study is in concert with the findings of Wallace 
and Dawson (1990) and Abu-Taweel et al. (2014). How-
ever, the exact mechanism underlying the effect of MSG 
on brain dopamine is not clear.

The generation of massive ROS results in persistent 
changes in signal transduction and gene expression, as 
well as oxidative modification of proteins and nucleic 
acids (Das et al., 2022; Leone et al., 2017; Turpaev, 2002). 
Therefore, the significant increase in serum and mam-
mary ROS levels in the MSG group in this study may be 
responsible for the significant reduction in mammary 
gland receptors for prolactin, oxytocin, and PRLR gene 
expression observed in the MSG-administered groups. 
The decreased prolactin receptor in this study corrobo-
rates the significant decrease in the expression of its gene.

In this study, MSG decreased mammary gland AQP-
3. Aquaporins play an important role in the movement 
of water and solutes across epithelial and endothelial 
membranes (Verkman, 2002; Yde et  al., 2021). Recent 
studies have shown the presence of several aquaporins 
in the mammary gland, including AQP-3 (Mobasheri 
and Barrett-Jolley, 2014). In this study, higher mammary 
ROS may have caused or contributed to the reduction 
of mammary AQP-3. There is an inverse relationship 
between AQP-3 and oxidative stress in other tissues (Xie 
et  al., 2013). However, the exact mechanism remains 
unknown. The current study is one of the first to report 
the preliminary activity of AQP-3 in the mammary gland 
of lactating animals administered MSG.

MSG administration significantly increased serum and 
mammary gland ROS levels in this study. The red blood 
cell is primarily involved in the maintenance of redox 
balance, with hemoglobin being a major factor in initiat-
ing oxidative stress within the erythrocyte (Rifkind and 
Nagababu, 2013). Thus, in this current study, the sig-
nificant increase in serum ROS could have been due to 
the autoxidation of hemoglobin and activation of nico-
tinamide adenine dinucleotide phosphate oxidase in the 
MSG-administered groups, leading to the generation of 
superoxide radicals and their dismutation to hydrogen 
peroxides within the RBC (Wang and Zennadi, 2020). 
RBCs can be destroyed by ROS coming from external 
sources as well as from other cells that are in circulation. 
(Gwozdzinski et  al., 2021). The results of the osmotic 
fragility test in the MSG-administered group in this cur-
rent study reveal a significant increase in the percentage 
of hemolyzed RBCs, which corroborates with the serum 
ROS findings and suggests that MSG consumption could 
have weakened the membrane integrity of the RBCs, 
making them more vulnerable to destruction through 
ROS production (Mohanty et  al., 2014). Several studies 
have demonstrated that MSG administration increases 
ROS production in the kidney (Omogbiya et  al., 2020; 
Sharma, 2015; Sharma et  al., 2014), thymocytes (Vucic 
et  al., 2018), and leucocytes (Delibashvili et  al., 2018). 
Moreover, according to Mukhajee et al. (2023), MSG con-
sumption is associated with heightened ROS production. 
All of these could have served as exogenous contributors 
to ROS production in this study.

The significant increase in mammary gland ROS levels 
in the animals’ given MSG in this study could be linked to 
the role of AQP-3. Miller et al. (2010) found that AQP-3 
mediates hydrogen peroxide uptake into cells for intracel-
lular signaling regulation. Wang et  al. (2007) noted that 
aquaporins are associated with gas permeability across 
membranes. Therefore, AQP-3 may have enabled the 
transfer of ROS from exogenous sources into the mam-
mary gland in this study. Additionally, Sarwar et al. (1998), 
Matsumoto et al. (2013), and Park and Choi (2016) found 
that the mammary gland selectively synthesizes glutamine 
for protein synthesis and the milk amino acid pool. Mon-
osodium glutamate supplementation has been reported 
to increase glutamine synthesis (Boutry et al., 2011), and 
increased glutamine synthesis is associated with ROS 
generation (Yang et al., 2021). However, the exact mecha-
nism of action was not ascertained in this study.

In this study, MSG administration significantly caused 
brain and pituitary gland lipid peroxidation. Some of the 
factors that increase the brain’s susceptibility to oxidative 
stress include unsaturated lipid enrichment and increased 
circulating glutamate, among other things (Cobley et al., 



Page 13 of 15Emmanuel et al. The Journal of Basic and Applied Zoology            (2024) 85:3  

2018). The findings on brain oxidative stress in this study 
are in concert with those of Formobi and Onyema et al. 
(2006) and Omogbiya et  al. (2020). A possible action 
of MSG in this study could have been via excitotoxicity, 
which leads to the over-activation of postsynaptic glu-
tamatergic (NMDA) receptors in neurons, resulting in 
the influx of sodium and calcium and the production of 
ROS (Meldrum, 2000; Dong et al., 2009; Wang and Qin, 
2010). A concomitant decrease in tissue antioxidants was 
observed in the brain and pituitary gland homogenates of 
the MSG-administered animals in this current study. SOD 
is utilized for the catalytic conversion of superoxide ani-
ons to oxygen and hydrogen peroxide (Scandalios, 1993). 
The GPx and catalase families of enzymes are involved in 
the termination reaction of the ROS pathway by convert-
ing hydrogen peroxide to water (Hasanuzzaman et  al., 
2020). Thus, the significant decrease in the tissue antioxi-
dants in this study with MSG administration corroborates 
the higher ROS production in the said tissues.

There were no significant differences in total milk out-
put found following gavage at 18 and 23 h in this study at 
the end of day 14. The daily milk outputs at 18 and 23 h 
in the MSG-administered group, however, showed sig-
nificant differences. The MSG-administered group’s daily 
milk yield initially increased between days 1 and 7, but 
it significantly decreased between days 10 and 14. These 
findings mimic a "poisoned chalice" concept where MSG 
first seemed advantageous by increasing daily milk output 
but was eventually countered by its harmful effect with 
sustained administration, as demonstrated by the signifi-
cant decrease in the daily milk output between days 10 
and 14. The non-significant increase in lactogenic hor-
mones, the possible low ROS production at the time, and 
the potential optimal sensitivity of the mammary gland 
to these hormones due to the presence of their receptors 
could all be contributing factors to the initial increase in 
daily milk output in the early days of MSG administration. 
The opposite result, which was obtained between days 10 
and 14, might be explained by the system’s excessive ROS 
production, decreased AQP-3, which reduced the amount 
of water that could enter the mammary gland, as well as 
the decline in hormone genes and receptors with pro-
longed MSG administration. Changes in the mammary 
gland histology were consistent with lactation-induced 
adjustments in lactating rats, with toxicological altera-
tions observed in the highest MSG-administered group.

Conclusions
The findings of this study suggest that prolonged con-
sumption of MSG could interfere with lactation-associ-
ated functions via increased ROS production, reduced 
antioxidants, decreased AQP-3, mammary prolactin and 

oxytocin receptors, and prolactin receptor mRNA in lac-
tating Wistar rats.

Abbreviations
ANOVA  Analysis of variance
AQP-3  Aquaporin-3
CAT   Catalase
CVOs  Circumventricular organs
DW  Distilled water
ELISA  Enzyme linked immunosorbent assay
GH  Growth hormone
GPx  Glutathione peroxidase
IBM  International business machines
MDA  Malondialdehyde
MSG  Monosodium glutamate
NC  Normal control
OS  Oxidative stress
OXT  Oxytocin
OXTR  Oxytocin receptor
PBS  Phosphate buffer solution
PCR  Polymerase chain reaction
PRL  Prolactin
PRLR  Prolactin receptor
ROS  Reactive oxygen species
SOD  Superoxide dismutase
SPSS  Statistical package for social sciences

Acknowledgements
We would like to acknowledge Tertiary Education Trust fund (TETFund) for 
supporting this study with an Institution Based Grant (IBR) and the auspices of 
the Vice Chancellor of Ahmadu Bello University Zaria, Prof. Kabir Bala and the 
Executive Secretary of Tertiary Education Trust Fund, Arc. Sunday Echono.

Author contributions
NSE carried out conceptualization and design of the study, as well as drafting 
of the manuscript under the supervision of IBG, TY and AM. ISM, EDE, HAU and 
AM reviewed the manuscript and participated in literature review. NES and 
MA carried out the statistical analyses of the data.

Funding
This study received grant from Tertiary Education Trust fund (TETFund) with 
reference number: TETF/DR&D/UNI/ZARIA/IBR/2020/VOL.1/7.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The Ahmadu Bello University ethical committee on animal use and care 
granted local institutional ethical permission for the use of laboratory animals 
for this research with approval number: ABUCAUC/2018/092.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Human Physiology, College of Medical Sciences, Faculty 
of Basic Medical Sciences, Ahmadu Bello University, Zaria, Kaduna, Nigeria. 
2 Department of Human Physiology, College of Medical Sciences, University 
of Maiduguri, Borno, Nigeria. 3 Department of Physiology, School of Medicine, 
Kabale University, Kabale, Uganda. 4 Department of Nutrition and Diatetics, 
Kaduna Polytechnic, Kaduna, Nigeria. 



Page 14 of 15Emmanuel et al. The Journal of Basic and Applied Zoology            (2024) 85:3 

Received: 25 April 2023   Accepted: 29 January 2024

References
Abdulghani, M. A. M., Alshehade, S. A., Kamran, S., & Alshawsh, M. A. (2022). 

Effect of monosodium glutamate on serum sex hormones and uterine 
histology in female rats along with its molecular docking and in-silico 
toxicity. Heliyon, 8(10), e10967.

Abu-Taweel, G. M., Zyadah, M. A., Ajarem, J. S., & Ahmad, M. (2014). Cognitive 
and biochemical effects of monosodium glutamate and aspartame, 
administered individually and in combination in male albino mice. Neuro-
toxicology and Teratology, 42, 60–67.

Battagello, D. S., Lorenzon, A. R., Diniz, G. B., Motta-Teixeira, L. C., Klein, M. O., 
Ferreira, J. G. P., Arias, C. M., Adamantidis, A., Sita, L. V., Cipolla-Neto, J., 
Bevilacqua, E. M. A. F., Sawchenko, P. E., & Bittencourt, J. C. (2020). The Rat 
mammary gland as a novel site of expression of melanin-concentrating 
hormone receptor 1 mRNA and Its protein immunoreactivity. Frontiers in 
Endocrinology, 11, 463.

Beers, R. F., Jr., & Sizer, I. W. (1952). A spectrophotometric method for measuring 
the breakdown of hydrogen peroxide by catalase. The Journal of Biological 
Chemistry, 195(1), 133–140.

Boutry, C., Bos, C., Matsumoto, H., Even, P., Azzout-Marniche, D., Tome, D., & 
Blachier, F. (2011). Effects of monosodium glutamate supplementation on 
glutamine metabolism in adult rats. Frontiers in Bioscience (elite Edition), 
3(1), 279–290.

Bronson, F. H., & Whitten, W. K. (1986). Oestrus-accelearating pheromone of 
mice: Assay, androgen-dependency and presence in bladder urine. 
Journal of Reproduction and Fertility, 15, 131–134.

Cobley, J. N., Fiorello, M. L., & Bailey, D. M. (2018). 13 reasons why the brain is 
susceptible to oxidative stress. Redox Biology, 15, 490–503.

Cunha, L., Bonfim, L., Lima, G., Silva, R., Silva, L., Lima, P., Oliveira-Bahia, V., Freitas, 
J., Burbano, R., & Rocha, C. (2022). In vivo evaluation of the potential pro-
tective effects of prolactin against damage caused by methyl mercury. 
Brazilian Journal of Medical and Biology Research, 55, 1414–1431.

Das, D., Banerjee, A., Bhattacharjee, A., Mukherjee, S., & Maji, B. K. (2022). Dietary 
food additive monosodium glutamate with or without high-lipid diet 
induces spleen anomaly: A mechanistic approach on rat model. Open Life 
Sciences, 17(1), 22–31.

Delibashvili, D., Dumbadze, Z., Krynytska, I., Marushchak, M., Habor, H., & Holo-
vatiuk, L. (2018). The influence of monosodium glutamate administra-
tion on generation of reactive oxygen species and apoptosis of blood 
leukocytes in rats. Georgian Medical News, 283, 144–148.

Diamanti-Kandarakis, E., Papalou, O., Kandaraki, E. A., & Kassi, G. (2017). 
Mechanisms in endocrinology: Nutrition as a mediator of oxidative stress 
in metabolic and reproductive disorders in women. European Journal of 
Endocrinology, 176(2), R79–R99.

Dong, X. X., Wang, Y., & Qin, Z. H. (2009). Molecular mechanisms of excitotoxic-
ity and their relevance to pathogenesis of neurodegenerative diseases. 
Acta Pharmacologica Sinica, 30(4), 379–387.

Donovan, J. & Brown, P. (2005) Euthanasia. Current Protocol of Neuroscience, 
Appendix 4

Emmanuel, N. S., Yaduma, W. G., Kashini, A., Husainy, A. Y., Malgwi, I. S., & 
Momoh, I. J. (2020). Changes in liver oxidative stress biomarkers, bio-
chemicals and histological assessment in lactating Wistar rats following 
oral monosodium glutamate (MSG) administration. EC Pharmacology and 
Toxicology, 9(2), 14–25.

Farombi, E. O., & Onyema, O. O. (2006). Monosodium glutamate-induced oxi-
dative damage and genotoxicity in the rat: Modulatory role of vitamin C, 
vitamin E and quercetin. Human & Experimental Toxicology, 25(5), 251–259.

Faulkner W.R., King J.W., (1970) Chemical Rubber Company; Cleveland, OH, 
USA: 1970. Manual of Clinical Laboratory Procedures

Francik, R., Kryczyk, J., Krośniak, M., Berköz, M., Sanocka, I., & Francik, S. (2014). 
The neuroprotective effect of cornus MAS on brain tissue of Wistar rats. 
The Scientific World Journal, 2014, 847368.

Gabriel, A., Gabriel, K. R., & Lawrence, R. A. (1986). Cultural values and biomedi-
cal knowledge: choices in infant feeding. Analysis of a survey. Social 
Science and Medicine, 23(5), 501–509.

Guzmán, C., Cabrera, R., Cárdenas, M., Larrea, F., Nathanielsz, P. W., & Zambrano, 
E. (2006). Protein restriction during fetal and neonatal development in 

the rat alters reproductive function and accelerates reproductive ageing 
in female progeny. Journal of Physiology, 572(Pt1), 97–108.

Gwozdzinski, K., Pieniazek, A., & Gwozdzinski, L. (2021). Reactive oxygen spe-
cies and their involvement in red blood cell damage in chronic kidney 
disease. Oxidative Medicine and Cellular Longevity, 2021, 6639199.

Hasanuzzaman, M., Bhuyan, M. H. M. B., Zulfiqar, F., Raza, A., Mohsin, S. M., Mah-
mud, J. A., Fujita, M., & Fotopoulos, V. (2020). Reactive oxygen species and 
antioxidant defense in plants under abiotic stress: revisiting the crucial 
role of a universal defense regulator. Antioxidants (basel, Switzerland), 9(8), 
681.

Hawkins, R. A., & Viña, J. R. (2016). How glutamate is managed by the blood-
brain barrier. Biology, 5(4), 37.

Henry-Unaeze, H. N. (2017). Update on food safety of monosodium L-gluta-
mate (MSG). Pathophysiology, 24(4), 243–249.

Igwebuike, U. M., Izuchukwu, S., Blessing, C., & Idika, K. (2011). The effects of 
oral administration of monosodium glutamate (MSG) on the testicular 
morphology and cauda epdidymal sperm reserves of young and adult 
male rats. Veterinary Archives, 81(4), 525–534.

Inuwa, M., Aina, V. O., Gabi, B., Aim, O., & Ja’Afaru, L. (2011). Determination of 
nephrotoxicity and hepatoxicity of monosodium glutamate (MSG) con-
sumption. British Journal of Pharmacology, 2(3), 148–153.

Janero, D. R. (1990). Malondialdehyde and thiobarbituric acid-reactivity as 
diagnostic indices of lipid peroxidation and peroxidative tissue injury. Free 
Radical Biology & Medicine, 9(6), 515–540.

Jeong, G., Park, S. W., Lee, Y. K., Ko, S. Y., & Shin, S. M. (2017). Maternal food 
restrictions during breastfeeding. Korean Journal of Pediatrics, 60(3), 70–76.

Lee, S. J., Seo, J. W., Park, J. O., Shin, J. H., Lee, H. R., Chung, J. T., & Chung, H. I. 
A. (1997). Survey on the factors related to the failure of breast-feeding. 
Korean Journal of Pediatrics, 40, 1336–1346.

Leone, A., Roca, M. S., Ciardiello, C., Costantini, S., & Budillon, A. (2017). Oxida-
tive stress gene expression profile correlates with cancer patient poor 
prognosis: identification of crucial pathways might select novel therapeu-
tic approaches. Oxidative Medicine and Cellular Longevity, 2017, 2597581.

Login, I. S. (1990). Direct stimulation of pituitary prolactin release by glutamate. 
Life Sciences, 47(24), 2269–2275.

Macsween, R. N. M. (1977). Theory and practice of histological techniques. 
Journal of Clinical Pathology, 30(11), 1089.

Maluly, H. B. D., Arisseto-Bragotto, A. P., & Reyes, F. G. R. (2017). Monosodium 
glutamate as a tool to reduce sodium in foodstuffs: Technological and 
safety aspects. Food Science and Nutrition, 5(6), 1039–1048.

Martin, J. P., Jr., Dailey, M., & Sugarman, E. (1987). Negative and positive assays 
of superoxide dismutase based on hematoxylin autoxidation. Archives of 
Biochemistry and Biophysics, 255(2), 329–336.

Matsumoto, T., Nakamura, E., Nakamura, H., Hirota, M., San Gabriel, A., Naka-
mura, K., Chotechuang, N., Wu, G., Uneyama, H., & Torii, K. (2013). Produc-
tion of free glutamate in milk requires the leucine transporter LAT1. 
American Journal of Physiology. Cell Physiology, 305(6), C623–C631.

Meldrum, B. S. (2000). Glutamate as a neurotransmitter in the brain: Review 
of physiology and pathology. The Journal of Nutrition, 130(4S Suppl), 
1007S-S1015.

Miller, E. W., Dickinson, B. C., & Chang, C. J. (2010). Aquaporin-3 mediates 
hydrogen peroxide uptake to regulate downstream intracellular signal-
ing. Proceedings of the National Academy of Sciences of the United States of 
America, 107(36), 15681–15686.

Mobasheri, A., & Barrett-Jolley, R. (2014). Aquaporin water channels in the 
mammary gland: From physiology to pathophysiology and neoplasia. 
Journal of Mammary Gland Biology and Neoplasia, 19(1), 91–102.

Mohanty, J. G., Nagababu, E., & Rifkind, J. M. (2014). Red blood cell oxidative 
stress impairs oxygen delivery and induces red blood cell aging. Frontiers 
in Physiology, 5, 84.

Mondal, M., Sarkar, K., Nath, P. P., & Paul, G. (2018). Monosodium glutamate sup-
presses the female reproductive function by impairing the functions of 
ovary and uterus in rat. Environmental Toxicology, 33(2), 198–208.

Moneim, W. M. A., Yassa, H. A., Makboul, R. A., & Mohamed, N. A. (2018). 
Monosodium glutamate affects cognitive functions in male albino rats. 
Egyptian Journal of Forensic Science, 8, 1–10.

Morag, M. (1970). Estimation of milk yield in the rat. Laboratory Animals, 4(2), 
259–272.

Mukherjee, I., Biswas, S., Singh, S., Talukdar, J., Alqahtani, M. S., Abbas, M., Nag, 
T. C., Mridha, A. R., Gupta, S., Sharma, J. B., Kumari, S., Dhar, R., & Karmakar, 
S. (2023). Monosodium glutamate perturbs human trophoblast invasion 



Page 15 of 15Emmanuel et al. The Journal of Basic and Applied Zoology            (2024) 85:3  

and differentiation through a reactive oxygen species-mediated path-
way: An in-vitro assessment. Antioxidants (basel, Switzerland), 12(3), 634.

Munoz-Mayorga, D., Tovar, A., Diaz-Munoz, M., & Morales, T. (2023). Lactation 
attenuates pro-oxidant reactions in the maternal brain. Molecular and 
Cellular Endocrinology, 565, 111888.

Naaviaux, R. K. (2012). Oxidative shielding or oxidative stress? Journal of Phar-
macology and Experimental Therapeutics, 342(3), 608–618.

Nnanyelugo, D. O. (1997). Opportunities for food fortification technology in 
Nigeria. Research Monograph in Human Nutrition, University of Nigeria, 
Nsukka

Oladipo, I. C., Adebayo, E. A., & Kuye, O. M. (2015). Effects of monosodium 
glutamate in ovaries of female Sprague Dawley rats. International Journal 
of Current Microbiology and Applied Sciences, 4, 737–745.

Omogbiya, A. I., Ben-Azu, B., Eduviere, A. T., Eneni, A. O., Nwokoye, P. O., Ajayi, A. 
M., & Umukoro, S. (2020). Monosodium glutamate induces memory and 
hepatic dysfunctions in mice: Ameliorative role of Jobelyn® through the 
augmentation of cellular antioxidant defense machineries. Toxicological 
Research, 37(3), 323–335.

Onaolapo, O. J., Onaolapo, A. Y., Akanmu, M. A., & Gbola, O. (2016). Evidence of 
alterations in brain structure and antioxidant status following “low-dose” 
monosodium glutamate ingestion. Pathophysiology the Official Journal of 
the International Society for Pathophysiology, 23(3), 147–156.

Osman, H., El Zein, L., & Wick, L. (2009). Cultural beliefs that may discourage 
breastfeeding among Lebanese women: A qualitative analysis. Interna-
tional Breastfeeding Journal, 4(12), 1–6.

Oyewale, J. O. (1992). Effects of temperature and pH on osmotic fragility of 
erythrocytes of the domestic fowl (Gallus domesticus) and guinea-fowl 
(Numida meleagris). Research in Veterinary Science, 52(1), 1–4.

Paglia, D. E., & Valentine, W. N. (1967). Studies on the quantitative and qualita-
tive characterization of erythrocyte glutathione peroxidase. The Journal of 
Laboratory and Clinical Medicine, 70(1), 158–169.

Parasuraman, S., Raveendran, R., & Kesavan, R. (2010). Blood sample collection 
in small laboratory animals. Journal of Pharmacology and Pharmaco-
therapy, 1(2), 87–93.

Park, J. H., & Choi, T. S. (2016). Subcutaneous administration of monosodium 
glutamate to pregnant mice reduces weight gain in pups during lacta-
tion. Laboratory Animals, 50(2), 94–99.

Rhodes, J., Titherley, A. C., Norman, J. A., Wood, R., & Lord, D. W. (1991). A survey 
of the monosodium glutamate content of foods and an estimation of the 
dietary intake of monosodium glutamate. Food Additives and Contami-
nants, 8(5), 663–672.

Rifkind, J. M., & Nagababu, E. (2013). Hemoglobin redox reactions and red 
blood cell aging. Antioxidants & Redox Signaling, 18(17), 2274–2283.

Sampson, D. A., & Jansen, G. R. (1984). Measurement of milk yield in the lactat-
ing rat from pup weight and weight gain. Journal of Pediatric Gastroenter-
ology and Nutrition, 3(4), 613–617.

Sarwar, G., Botting, H. G., Davis, T. A., Darling, P., & Pencharz, P. B. (1998). Free 
amino acids in milks of human subjects, other primates and non-pri-
mates. The British Journal of Nutrition, 79(2), 129–131.

Scandalios, J. G. (1993). Oxygen stress and superoxide dismutases. Plant 
Physiology, 101(1), 7–12.

Shannon, M., Green, B., Willars, G., Wilson, J., Mathews, N., Lamb, J., Gillespie, A., 
& Conolly, L. (2017). The endocrine disrupting potential of monosodium 
glutamate (MSG) on secretion of the glucagon-like peptide-1 (GLP-1) gut 
hormone and GLP-1 receptor interaction. Toxicology Letters, 265, 97–105.

Sharma, A. (2015). Monosodium glutamate-induced oxidative kidney damage 
and possible mechanisms: A mini-review. Journal of Biomedical Science, 
22, 93.

Sharma, A., Wongkham, C., Prasongwattana, V., Boonnate, P., Thanan, R., 
Reungjui, S., & Cha’on, U. (2014). Proteomic analysis of kidney in rats 
chronically exposed to monosodium glutamate. PLoS ONE, 9(12), 
e116233.

Silva, H. L. A., Balthazar, C. F., Esmerino, E. A., Vieira, A. H., Cappato, L. P., Neto, R. 
P. C., Verruck, S., Cavalcanti, R. N., Portela, J. B., Andrade, M. M., Moraes, J., 
Franco, R. M., Tavares, M. I. B., Prudencio, E. S., Freitas, M. Q., Nascimento, J. 
S., Silva, M. C., Raices, R. S. L., & Cruz, A. G. (2017). Effect of sodium reduc-
tion and flavor enhancer addition on probiotic Prato cheese processing. 
Food Research International (ottawa, Ont), 99(Pt 1), 247–255.

Stern, J. E., Hestrin, S., & Armstrong, W. E. (2000). Enhanced neurotransmitter 
release at glutamatergic synapses on oxytocin neurons during lactation 
in the rat. The Journal of Physiology, 526(Pt 1), 109–114.

Tena-Sempere, M., Pinilla, L., González, L. C., & Aguilar, E. (2000). Regulation 
of growth hormone (GH) secretion by different glutamate receptor 
subtypes in the rat. Amino Acids, 18(1), 1–16.

Thebault, S. (2017). Potential mechanisms behind the antioxidant actions of 
prolactin in the retina. Experimental Eye Research, 160, 56–61.

Tolg, C., Cowman, M., & Turley, E. A. (2018). Mouse mammary gland whole 
mount preparation and analysis. Bio Protocol, 8(13), e2915.

Turpaev, K. T. (2002). Reactive oxygen species and regulation of gene expres-
sion. Biochemistry. Biokhimiia, 67(3), 281–292.

Tzou, S. C., Landek-Salgado, M. A., Kimura, H., & Caturegli, P. (2010). Prepara-
tion of mouse pituitary immunogen for the induction of experimental 
autoimmune hypophysitis. Journal of Visual Experiment, 46, 2181.

Veena, B. S., Upadhya, S., Adiga, S. K., & Pratap, K. N. (2008). Evaluation of oxida-
tive stress, antioxidants and prolactin in infertile women. Indian Journal of 
Clinical Biochemistry, 23(2), 186–190.

Verkman, A. S. (2002). Aquaporin water channels and endothelial cell function. 
Journal of Anatomy, 200(6), 617–627.

Vucic, M., Cojbasic, I., Vucic, J., & Pavlovic, V. (2018). The effect of curcumin and 
PI3K/Akt inhibitor on monosodium glutamate-induced rat thymocytes 
toxicity. General Physiology and Biophysics, 37(3), 329–336.

Wahyuni, E. D., Situmorang, C. C., Yueniwati, Y., Barlianto, W., & Dwijayasa, P. 
M. (2014). Combination of vitamin C and E modulated monosodium 
glutamate-induced endometrial toxicity in female Wistar rats. Asian 
Pacific Journal of Reproduction, 3(2), 106–109.

Wallace, D. R., & Dawson, R., Jr. (1990). Effect of age and monosodium-L-gluta-
mate (MSG) treatment on neurotransmitter content in brain regions from 
male Fischer-344 rats. Neurochemical Research, 15(9), 889–898.

Wang, Y., & Qin, Z. H. (2010). Molecular and cellular mechanisms of excitotoxic 
neuronal death. Apoptosis an International Journal on Programmed Cell 
Death, 15(11), 1382–1402. https:// doi. org/ 10. 1007/ s10495- 010- 0481-0

Wang, Q., & Zennadi, R. (2020). Oxidative Stress and Thrombosis during Aging: 
The Roles of Oxidative Stress in RBCs in Venous Thrombosis. International 
Journal of Molecular Sciences, 21(12), 4259.

Wang, Y., Cohen, J., Boron, W. F., Schulten, K., & Tajkhorshid, E. (2007). Exploring 
gas permeability of cellular membranes and membrane channels with 
molecular dynamics. Journal of Structural Biology, 157(3), 534–544.

Wijayasekara, K., & Wansapala, J. (2017). Uses, effects and properties of mono-
sodium glutamate (MSG) on food & nutrition. International Journal of 
Food Science and Nutrition., 2, 132–143.

Xie, H., Liu, F., Liu, L., Dan, J., Luo, Y., Yi, Y., Chen, X., & Li, J. (2013). Protective role 
of AQP3 in UVA-induced NHSFs apoptosis via Bcl2 up-regulation. Archives 
of Dermatological Research, 305(5), 397–406.

Yang, P., Luo, X., Li, J., Zhang, T., Gao, X., Hua, J., Li, Y., Ding, N., He, J., Zhang, Y., 
Wei, W., Wang, J., & Zhou, H. (2021). Ionizing radiation upregulates glu-
tamine metabolism and induces cell death via accumulation of reactive 
oxygen species. Oxidative Medicine and Cellular Longevity, 2021, 5826932.

Yde, J., Keely, S. J., & Moeller, H. B. (2021). Expression, regulation and function 
of Aquaporin-3 in colonic epithelial cells. Biochimica Et Biophysica Acta. 
Biomembranes, 1863(7), 183619.

Yousif, M.Q. & Qasem, S.A. (2016). Tissue processing and staining for histologi-
cal analyses. Tissue Engineering and Regenerative Medicine, 49–59

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s10495-010-0481-0

	Preliminary monosodium glutamate-induced changes in mammary gland receptors and gene expression, water channel, oxidative stress, and some lactogenic biomarkers in lactating rats
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Methods
	Animals
	Milk yield assessment
	Blood sample and tissue collection
	Assessment of erythrocyte osmotic fragility
	Hormonal assay
	Tissue receptor assay
	Assay of oxidative stress biomarkers
	Analysis of gene expression by real-time PCR
	Mammary gland histological assessment
	Statistical analyses

	Results
	Serum level of prolactin and growth hormone
	Serum level of oxytocin and brain dopamine
	Mammary gland prolactin receptor and prolactin receptor gene expression
	Mammary gland oxytocin receptor and aquaporin-3 levels
	Serum and mammary gland homogenate ROS level
	Brain homogenate levels of MDA, SOD, CAT and GPx
	Pituitary gland homogenate levels of MDA and SOD
	Erythrocyte osmotic fragility
	Milk yield at 18 and 23 h post-gavage
	Daily milk yield distribution at 18 h post-gavage
	Daily milk yield distribution at 23 h post-gavage

	Discussion
	Conclusions
	Acknowledgements
	References


