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Abstract
The purpose of this study was to demonstrate the neuroprotective effect of Melissa officinalis extract (MEE) against brain 
damage associated with hypothyroidism induced by propylthiouracil (PTU) and/or γ-radiation (IR) in rats. Hypothyroid-
ism induction and/or exposure to IR resulted in a significant decrease in the serum levels of T3 and T4 associated with 
increased levels of lipid peroxidation end product, malondialdehyde (MDA), and nitrites (NO) in the brain tissue homoge-
nate. Also, hypothyroidism and /or exposure to IR markedly enhance the endoplasmic reticulum stress by upregulating 
the gene expressions of the protein kinase RNA-like endoplasmic reticulum kinase (PERK), activated transcription factor 
6 (ATF6), endoplasmic reticulum-associated degradation (ERAD), and CCAAT/enhancer-binding protein homologous 
protein (CHOP) in the brain tissue homogenate associated with a proapoptotic state which indicated by the overexpression 
of Bax, BCl2, and caspase-12 that culminates in brain damage. Meanwhile, the PTU and /or IR-exposed rats treated with 
MEE reduced oxidative stress and ERAD through ATF6. Also, the MEE treatment prevented the Bax and caspase-12 gene 
expression from increasing. This treatment in hypothyroid animals was associated with neuronal protection as indicated 
by the downregulation in the gene expressions of the microtubule-associated protein tau (MAPT) and amyloid precursor 
protein (APP) in the brain tissue. Furthermore, the administration of MEE ameliorates the histological structure of brain 
tissue. In conclusion, MEE might prevent hypothyroidism-induced brain damage associated with oxidative stress and 
endoplasmic reticulum stress.
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Introduction

Hypothyroidism occurs when the thyroid gland fails to 
produce enough thyroid hormone to meet the body’s meta-
bolic demands. In combination with low levels of thy-
roxine (T4) and triiodothyronine (T3), hypothyroidism 
produces elevated levels of serum thyrotropin-stimulating 
hormone (TSH) (Muppidi et al. 2023). The thyroid hor-
mone is essential to energy metabolism, mitochondrial 
function, oxygen consumption, and active oxygen metabo-
lism (De Vitis et al. 2022; Cioffi et al. 2022). Moreover, 
thyroid hormones have a vital role in normal brain devel-
opment and function throughout life. They are required 
for growth, neurogenesis, neuronal differentiation, and 
metabolic regulation (Chaker et al. 2022). However, a 
deficiency of thyroid hormone during brain development 
(fetal and postnatal) retarded maturation, impaired cogni-
tive and neurological functions, and finally neuronal death 
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(Liu and Brent 2018) due to the sensitivity of the hip-
pocampus to thyroid hormone (Alva-Sánchez et al. 2009). 
It was found that people suffering from thyroid hormone 
deficiency exhibit a wide range of clinical symptoms, 
including neurological impairment, difficulty in memory 
and concentration, and depression (Samuels and Bernstein 
2022). Experimentally induced hypothyroidism resulted 
in growth and structural abnormalities of the neurons in 
the cortex and hippocampus, and impaired neurological 
function of neonatal rats (Talhada et al. 2019; Hashem and 
Saad 2020). There is a connection between hypothyroid-
ism and a decrease in long-term potentiation (Głombik 
et al. 2021) and deterioration of memory and learning 
capacity (Alzoubi et al. 2009). Hypothyroidism causes an 
increase in 8-hydroxyguanosine, which is accompanied 
by an increase in caspase-3 in serum and brain tissues, 
indicating an oxidative stress state leading to an increase 
in the percentage of DNA damage in the brain (Wahman 
et al. 2020).

Radiation therapy has been identified as the cause of 
several thyroid disorders, including hypothyroidism, 
thyroiditis, Graves’ disease, adenoma, and carcinoma 
(Nagayama 2018). Exposure of tissues to radiation stimu-
lates water hydrolysis generating reactive oxygen species 
(ROS) which damage cellular components (DNA, lipids, 
and proteins) together with impairing the cellular orga-
nelles (mitochondria and endoplasmic reticulum (ER)) 
and signalling pathways (Cervelli et al. 2021; Abo-Zaid 
et al. 2023). The ER is a membranous organelle which 
dominates various cellular processes like protein syn-
thesis and folding, lipid synthesis, and calcium homeo-
stasis (Phillips and Voeltz 2016). The impaired redox 
status coupled with ROS perturbed the ER homeostasis 
and function (disrupted protein folding process) causing 
the accumulation of misfolded proteins which exceed the 
capacity of ER chaperones and concomitantly provoke ER 
stress. Consequently, stimulation of the unfolded protein 
response (UPR) signalling pathway in the lumen of the 
ER to restore homeostasis (Hetz and Papa 2018) subse-
quent to the activation of ER transmembrane receptors: 
pancreatic ER kinase (PKR)-like ER kinase (PERK) which 
hindered protein synthesis and translation by phospho-
rylating eukaryotic initiation factor 2α (eIF2α) followed 
by the activating transcription factor 6 (ATF6). Addition-
ally, the activated UPR pathway provoked the removal 
and degradation of accumulated misfolded proteins by 
ER-associated protein degradation (ERAD), enhancement 
of protein folding by the molecular chaperones, and induc-
tion of autophagy (Chen and Cubillos-Ruiz 2021).

However, the persistent state of ER stress overwhelmed 
the ability of the UPR to retrieve the ER homeostasis thus 
inducing apoptosis and cell death (Sandow et al. 2014) via 
activation of the pro-apoptotic CCAAT/enhancer-binding 

protein-homologous protein (CHOP) (Mao et al. 2019). 
CHOP mediates ER stress-induced apoptosis through 
modulation of the downstream pro-apoptotic proteins 
(BCL2 family) and caspases particularly caspase-12 
which is found in the ER outer membrane and promoted 
ER stress-mediated apoptosis by activation of the mito-
chondrial caspases (3 &9) (Han et al. 2021).

Natural plant products have proven to be effective neu-
roprotective molecules in the treatment of neurological 
diseases. Melissa officinalis, known as lemon balm, is an 
old natural medicinal plant commonly consumed as herbal 
tea to ameliorate digestion and gastrointestinal disorders 
due to its antispasmodic properties (Sipos et al. 2021). 
The Melissa officinalis ethanolic extract (MEE) contains 
various phytochemicals compounds, including flavonoids, 
rosmaric acid, gallic acid, and phenolic contents, which 
confer its therapeutic potential as antioxidant, antiviral, 
anti-inflammatory, neuroprotective, and anticarcinogen 
(Kamdem et al. 2013). Consequently, a previous study 
reported the protective effect of the MEE against oxi-
dative stress-derived degenerative diseases (Sipos et al. 
2021). Moreover, MEE has been shown to improve short-
term memory and learning in patients (Abdel-Aziz 2018). 
Thus, the purpose of this study was to evaluate the neuro-
protective mechanism of MEE associated with oxidative 
stress and endoplasmic reticulum stresses in the brain of 
propylthiouracil (PTU) and/or γ-radiation (IR)-induced-
hypothyroidism in rats.

Materials and methods

Plant materials

Melissa officinalis, an aromatic herb of the mint family 
(Lamiaceae), was obtained from Abd El-Rahman Harraz 
(Bab El-Khalk Zone, Cairo, Egypt). A plant was identi-
fied at Al-Azahr University, Faculty of Science, (Boys) by 
Abdel-Aziz (2018), who reported that M. officinalis con-
tains high amounts of flavonoids, rosmaric acid, gallic acid, 
and phenolic contents (Miraj and Rafieian-Kopaei 2017).

Melissa officinalis extraction

For the extraction process, the herbal leaves were air-dried, 
ground, and immersed in ethanol (1:10 w/v) for 3 days 
while being continuously shaken. Following filtration, the 
solvent was expelled using a rotary evaporator at low pres-
sure until dryness was attained. The yield percentage was 
then determined as 1 g (extract)/100 g. (crude powdered 
herb). The Melissa officinalis ethanolic extract (MEE) was 
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kept at −20 °C until use according to the method described 
by Mannaa et al. (2021). Rats were given 75 mg/kg/day 
of MEE extract orally at the beginning of the third week 
of the PTU injection and continued for 2 weeks (14 days) 
(Abdel-Aziz 2018).

Chemicals

Propylthiouracil (PTU) was obtained from Sigma Aldrich 
Chemical Co. (St. Louis, USA). All chemicals were of ana-
lytical grade.

Irradiation process

At the National Center for Radiation Research and Technol-
ogy (NCRRT, Cairo, Egypt), whole-body gamma irradiation 
was performed using Canadian gamma cell-40 (137Cesium) 
at a dose rate of 0.333 Gy•min−1 for a total dose of 5 Gy in 
a single dose on the 21st day after the last dose of the PTU 
(Ebrahim 2020).

Animals

In the current investigation, 36 Wister male albino rats 
weighing 120–150 g with an average age of 3 months were 
employed. Animals were obtained for pharmaceutical pur-
poses from the Nile Company”s breeding unit in Egypt. 
Rats were housed in the laboratory room for at least 1 week 
before testing. They were kept under standard conditions 
of humidity (50±5%) and subjected to a 12:12-h light-dark 
cycle. Animals were maintained on starter poultry pellets 
and water ad libitum for 1 week before starting the experi-
ment as an acclimatization period. The treatment of the 
experimental animals was consistent with the guidelines 
of ethics in the Guide for the Care and Use of Laboratory 
Animals (1997), in accordance with the recommendations 
of the animal care committee of the National Center for 
Radiation Research and Technology (NCRRT), Cairo, 
Egypt.

Induction of hypothyroidism

Hypothyroidism was induced according to the method of Issa 
and El-Sherif (2017) with minor modifications by a daily i.p. 
injection of PTU (5 mg/kg body weight) for 3 weeks.

Experimental groups

After an acclimatization period of 1 week, rats were divided 
into six groups (n = 6) as follows: Control group: Normal 
rats were intraperitoneally (i.p) given 0.5 ml physiologi-
cal saline daily for 30 days. PTU group: rats were injected 
i.p. with PTU (5 mg/kg/day for 21 days). PTU+IR group: 
rats were injected with PTU (5 mg/kg/day for 21 days) and 
were exposed to a single whole-body gamma IR at a dose 
of 5 Gy on the 21st day. MEE group: rats were given 75 
mg/kg/day MEE orally at the beginning of the third week 
of the PTU injection and continued for 2 weeks (14 days) 
(Abdel-Aziz 2018). PTU+MEE group: rats were injected 
with PTU (5 mg/kg/day for 21 days) and were treated with 
MEE. PTU+IR+MEE group: rats were injected with PTU, 
exposed to IR, and treated with MEE as mentioned above.

At the end of the experimental period, the animals were 
fasted overnight and sacrificed under anesthesia using ure-
thane. Blood samples were collected from each rat and were 
centrifuged to obtain serum. The brain was dissected out and 
washed with saline, dried on filter paper, and then a part of 
each brain was weighed and homogenized in a 50 mmol/l 
phosphate buffer (ice cold) solution (pH 7.4) to give 10% 
w/v homogenate. The homogenate was centrifuged at 3000 
rpm for 15 min at 4 °C. The clear supernatant was separated 
for further determination of the biochemical parameters. 
Moreover, the other part of the brain was dissected and 
immediately kept in a 10% buffered formalin-saline solution 
for a later histopathological examination (Fig. 1).

Histopathological examination

Brain tissue samples were collected and fixed in a 10% neutral 
buffered formalin solution for histopathology. Tissue speci-
mens were processed as follows: dehydrated in an ascending 

Fig. 1   Experimental group 
design
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concentration of ethanol, cleared in xylene, embedded in paraf-
fin wax, and sectioned at a 5-μm thickness (Bancroft and Gamble 
2013). Prepared slide sections were stained with hematoxylin 
and eosin and examined by a light digital microscope (Olympus 
XC30, Tokyo, Japan). They were then scored using the following 
histological grading system (Kato et al. 1991): I, a few neurons 
damaged; II, numerous neurons damaged; III, the majority of 
neurons damaged; IV, the vast majority of neurons damaged.

Biochemical determinations

Serum thyroid-stimulating hormone (TSH; No. 
MBS701641), total triiodothyronine (T3; No MBS261285), 
and total thyroxine (T4; No MBS704309) levels were deter-
mined by enzyme-linked immunosorbent assay (ELISA) 
using rat ELISA kits purchased from MyBioSource Co. 
(San Diego, California, USA). Malondialdehyde content 
(MDA; No MD2529), the activity of glutathione peroxidase 
(GPx; No GP 2524), level of glutathione reduced (GSH; No 
GR2511), catalase activity (CAT; No. CA 2517), superoxide 
dismutase activity (SOD; No SD 2521), and nitric oxide 
level (NO; No NO2533) in the supernatant of brain homoge-
nates were measured calorimetrically using a commercial kit 
(Bio-diagnostic, Egypt).

Analysis of gene expression by real‑time 
quantitative reverse transcription–polymerase 
chain reaction (RT‑qPCR)

Pure RNA was extracted using the total RNA purification kit 
(Thermo Scientific, Ferments, #K0731), and cDNAs were syn-
thesized using a RevertAid First Strand cDNA Synthesis Kit and 
reverse transcription kits (Thermo Scientific, Ferments, # EP0451) 

following the manufacturer's instructions. Gene expression was 
measured using RT-PCR with SYBR Green. The isolated cDNA 
was amplified using 2× Maxima SYBR Green/ROX qPCR Master 
Mix and gene-specific primers, as directed by the manufacturer 
(Thermo Scientific, USA, # K0221). The primers used in the 
amplification are shown in Table 1. The web-based tool Primer 3 
was used to design these primers based on published rat sequences. 
To ensure the primer sequence is unique for the template sequence, 
we checked the similarity to other known sequences with BLAST 
(www.​ncbi.​nlm.​nih.​gov/​blast/​Blast. cgi). Thermal cycling condi-
tions were 95 °C for 10 min, 95 °C for 15 s, 60 °C for 30 s, and 
72 °C for 30 s for 40 cycles. The relative amount of mRNA of 
each gene in each sample was calculated using the 2−ΔΔCT method 
(Livak and Schmittgen 2001). All qRT-PCR experiments used 
actin expression as an internal control.

Statistical analysis

Using the SPSS 20 software package (Analytical Software, 
USA), the results were statistically analyzed by one-way 
ANOVA, followed by Duncan’s test to assess the differ-
ences between groups at a p<0.05. The data are expressed 
as mean ± SE (n = 6 per group). Moreover, the charts were 
graphed via GraphPad Prism 8 (GraphPad, CA, USA).

Results

Histopathological examination

The cerebral cortex tissue section from the control and MEE 
group showed normal histopathological structure consisting 
of many layers of neuronal cells having an oval-rounded 

Table 1   Sequences for primers used for quantitative RT-PCR analysis

PERK, protein kinase-like endoplasmic reticulum kinase; ATF-6, activating transcription factor 6; CHOP, CCAAT/enhancer-binding protein 
homologous protein; eIF2α, eukaryotic translation initiation factor 2A; Caspase-12, cysteinyl aspartate specific proteinase 12; BAX, BCL2 asso-
ciated X, apoptosis regulator; Bcl-2, B-cell lymphoma 2; MAPT, microtubule-associated protein tau; APP, amyloid precursor protein; ERAD, 
endoplasmic reticulum-associated degradation

Gene Forward primer
(5′ ------ 3′)

Reverse primer
(5′ ------ 3′)

Accession number

Bax ACA​CCT​GAG​CTG​ACC​TTG​ AGC​CCA​TGA​TGG​TTC​TGA​TC XM_032893644
Bcl2 ATC​GCT​CTG​TGG​ATG​ACT​GAG​TAC​ AGA​GAC​AGC​CAG​GAG​AAA​TCA​AAC​ NM_016993.2
MAPT TGG​CTT​AAA​AGC​TGA​AGA​AGCA​ GCC​CTT​GGC​TTT​CTT​CTC​GT NM_017212.3
APP CAA​CCG​TGG​CAT​CCT​TTT​GG CGT​CGA​CAG​GCT​CAA​CTT​CA XM_032900495
CHOP ACC​ACC​ACA​CCT​GAA​AGC​AG AGC​TGG​ACA​CTG​TCT​CAA​AG XM_039078588
PERK GAA​GTG​GCA​AGA​GGA​GAT​GG GAG​TGG​CCA​GTC​TGT​GCT​TT NM_031599
EIF2α TTG​AAC​TGT​TGT​GAC​CCC​GAC​ CGT​AGT​CTG​CCC​GAT​TTT​GC
ATF6 GGA​CCA​GGT​GGT​GTC​AGA​G GAC​AGC​TCT​GCG​CTT​TGG​G XM_008769738
ERAD (BiP) TAA​CAA​TCA​AGG​TCT​ACG​AAGG​ CCA​TTC​ACA​TCT​ATC​TCA​AAGGT​ M14050
Caspase-12 TGG​ATA​CTC​AGT​GGT​GAT​AA ACG​GCC​AGC​AAA​CTT​CAT​TA NM_130422
B-actin AAG​TCC​CTC​ACC​CTC​CCA​AAAG​ AAG​CAA​TGC​TGT​CAC​CTT​CCC​ XM_032887061

http://www.ncbi.nlm.nih.gov/blast/Blast
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nuclei surrounded by scanty basophilic cytoplasm and small 
blood vessels in between (score 0) (Fig. 2a and g), while the 
hippocampal section (dentate gyrus region) exhibited nor-
mal granular layer (cells with dark nuclei), molecular layer 
(glial cells as well as pyramidal cells) (score 0) (Fig. 2b and 
h). However, the cerebral cortex of rats injected with PTU 
exhibited moderate neuronal degeneration in the form of 
shrunken and darkly pyknotic nuclei. Neuronal cell apop-
tosis manifested as densely eosinophilic bodies (score 2) 
(Fig. 2c). Histological sections of the hippocampal (den-
tate gyrus region) revealed pyramidal cell shrinkage and 
vacuolar degeneration of the granular cell layers (score 2) 
(Fig. 2d). Additionally, the cerebral cortex of the PTU+ 
IR group showed neuronal degeneration manifested as 
darkly stained condensed and clumped nuclear chromatin 
surrounded by per-cellular halo spaces accompanied by 
focal gliosis, neuronophagia with perivascular edema, and 
apoptotic neuronal cells (score 3) (Fig. 2e), while the his-
tological section of the hippocampal (dentate gyrus region) 
revealed cellular disorganization and marked shrinkage in 
the size of large pyramidal cells together with remarkable 
vacuolation of the granular cell layers (score 2) (Fig. 2f). In 
contrast, treatment with MEE not only lowered the number 
of degenerated neuronal cells but also alleviated gliosis, 
satellitosis, neuronophagia, and perivascular edema of the 
cerebral cortex (score 1) (Fig. 2i and k) besides restoring 
the structure of the granular cell layers of the hippocampal 
dentate gyrus region (score 0) (Fig 2j and l) in both PTU+ 
MEE and PTU+IR+MEE group.

Biochemical results

Effect of MEE on thyroid function test (TSH, T3, 
and T4)

As shown in Fig. 3, injection of rats with PTU resulted in 
a significant decrease in serum T3 and T4 levels (−58.35% 
and −48.9%, respectively) and an increase in TSH (74.4%) 
as compared to their respective control values, confirm-
ing the development of hypothyroidism. However, more 
disturbance in the thyroid function (T3, T4, and TSH) 
was observed in the group of rats injected with PTU and 
exposed to IR (−45.71%, −23.40%, and 56.05% respec-
tively) compared to the control group. On the other hand, 
administration of MEE significantly improved the thyroid 
function in both PTU and PTU+IR groups (T3: 77.14, 
547.3%; T4: 38.72, 138.29%; and TSH: −23.56, −56.73% 
respectively) compared with PTU and PTU+IR groups.

Effect of MEE on brain oxidative stress markers

The activity of different brain antioxidant enzymes (GSH, 
GPx, SOD, and catalase) was evaluated in irradiated 
and unirradiated PTU hypothyroidism-induced rats. It 
was found that both PTU and PTU+IR groups showed a 
remarkable decrease in GSH levels and activities of GPx, 
SOD, and catalase in brain tissues accompanied by sig-
nificant elevation in MDA and NO levels compared with 

Fig. 2   Photomicrograph of 
brain tissue section showing (a, 
g) normal histological structure 
of the cerebral cortex, (b, h) 
normal granular cell layers 
of the dentate gyrus arrow, 
(c) degenerated and apoptotic 
neuronal cells surrounded by 
per-cellular haloes arrow, (d) 
vacuolar degeneration of the 
granular cell layers with dark 
nuclei arrow, (e) apoptosis of 
neuronal cells which appeared 
as densely eosinophilic bodies, 
(f) vacuolar degeneration of 
granular cells arrow, (i) few 
numbers of degenerated neu-
ronal cells arrows, (j) normal 
granular cell layers, (k) low 
neuronal degeneration, and (l) 
normal organization of the com-
pact granular cell layer arrow 
(H&E×400)
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the control group. The excessive impairment in the redox 
status was observed in the PTU+IR group. The hypothy-
roidism rats that received MEE showed a notable decline 
in the brain MDA and NO levels coupled with signifi-
cant enhancement in the levels of GSH and activities of 
GPx, SOD, and catalase as compared with the PTU and 
PTU+IR groups (Fig. 4).

Effect of MEE on brain markers (MAPT and APP)

Neurodegenerative disease and brain damage are com-
monly characterized by the accumulation of tau protein and 
amyloid-β. Therefore, the mRNA expression of the amyloid 
precursor protein (APP) and microtubules-associated protein 
tau (MAPT) was examined in the brain tissues to evaluate 
the damaging effect associated with hypothyroidism. The 
obtained results in Fig. 5 revealed that hypothyroidism 
induced either by PTU alone or with gamma IR was associ-
ated with remarkable upregulation in the APP and MAPT 
mRNA expression relative to the control group (p<0.001). 
Conversely, MEE treatment alleviated brain damage by 
reducing the expression of these genes.

Effect of MEE on endoplasmic reticulum stress 
markers (PERK, eIF2α, ATF6, and ERAD) in the brain

The evaluation of the endoplasmic reticulum stress biomark-
ers (PERK-eIF2α-ATF6-ERAD) was shown in Fig. 6. It was 
observed that PTU injection upregulated the brain expres-
sion of PERK (220%), eIF2α (173%), ATF6 (363%), and 
ERAD (536%). Furthermore, exposure of the rat to gamma 
radiation after injection with PTU notably caused the over-
expression of the ER stress markers (PERK: 344%, eIF2α: 
290%, ATF6: 616%, and ERAD: 757%) compared to the 
control (p<0.001). Meanwhile, treating the hypothyroidism 

animals (both PTU and PTU+IR) with MEE markedly 
downregulated the expression of these biomarkers compared 
with PTU and PTU+IR groups respectively.

Effect of MEE on endoplasmic reticulum 
stress‑induced apoptosis

The effect of MEE on the neuronal death markers and 
apoptotic pathway caused by hypothyroidism in the brains 
was illustrated in Fig. 7. Hypothyroidism caused overex-
pression of CHOP (163.3% and 300%), Casp12 (158% and 
323%), and Bax (210% and 386%), while downexpression 
of Bcl2 levels was observed in both the PTU and PTU+IR 
groups, respectively (p<0.001). Whereas, MEE administra-
tion significantly downregulated the expression of CHOP 
(53.46% and 32.25%), Casp12 (32.55% and 40.66%), and 
Bax (40.96% and 40.53%) in the brain of hypothyroid rats 
(p<0.001). This downregulation was associated with upreg-
ulation in the gene expression of Bcl2 (167.85% and 450%) 
in both non-irradiated and irradiated hypothyroid-induced 
rats (p<0.001).

Discussion

Several mechanisms of neural damage are associated with 
PTU-induced hypothyroidism, including oxidative stress, 
and endoplasmic reticulum stress (Torres-Manzo et  al. 
2018). The development of a treatment for this disease is still 
crucial to avoiding neuronal damage. A variety of natural 
products have been reported to have applications in treat-
ing oxidative stress-induced damage in different diseases. 
In addition to its antioxidant properties, MEE is anti-inflam-
matory and neuroprotective. The role of MEE in preventing 
endoplasmic reticulum stress has yet to be determined. As a 

Fig. 3   Effect of MEE on serum thyroid function in different experi-
mental groups. (A) The levels of TSH. (B) The levels of T3. (C) The 
levels of T4 hormone. Values with different symbols are significantly 

different from each other at p < 0.05 while those with similar sym-
bols are non-significant
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Fig. 4   Effect of MEE on hypo-
thyroidism-induced oxidative 
stress in the brain of rats. (A) 
The levels of NO. (B) The lev-
els of MDA. (C) The activity of 
catalase enzyme. (D) The activ-
ity of SOD. (E) The content of 
GSH. (F) The activity of GPx. 
Values with different symbols 
are significantly different from 
each other at p < 0.05 while 
those with similar symbols are 
non-significant

Fig. 5   Effect of MEE on brain 
markers. (A) Microtubule-
associated protein tau (MAPT) 
and (B) β-amyloid precursor 
protein (APP), gene expression. 
Values with different symbols 
are significantly different from 
each other at p < 0.05 while 
those with similar symbols are 
non-significant
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result, the goal of this study was to determine whether MEE 
maintains oxidative and endoplasmic reticulum stress in the 
brains of hypothyroid rats after radiation exposure.

The most effective test for detecting hypothyroidism is the 
laboratory measurement of serum TSH, T3, and T4 (Mincer 
and Jialal 2022), and an increase in TSH and a decrease in 
T4 with normal or decreased T3 levels are regarded as evi-
dence of hypothyroidism (Ashraf et al. 2022). In the current 
study, injection of the PTU notably elevated the levels of 
the TSH coupled with a significant decline in the thyroid 
hormone (T3 and T4) levels relative to their levels in the 
control rats, ascertaining the hypothyroidism state. These 
results are in line with the previous studies, which indicated 
the suppressive effect of the PTU on the thyroid peroxidase 
as well as type I deiodinase enzymes that are responsible 
for the synthesis of T4 and its conversion to T3 respectively 
leading to their reduction in serum (Fumarola et al. 2010; 
Khoder et al. 2022).

Moreover, whole-body exposure to a single dose of 
gamma IR (5 Gy) has significantly increased the level of 
TSH and reduced the level of serum T3 and T4 compared 
to the PTU-induced hypothyroidism group alone. These 
results were in agreement with Zhai et  al. (2017) who 

verified that IR induced hypothyroidism. Misa-Agustiño 
et al. (2015) attributed IR-induced hypothyroidism to the 
massive damage and hypertrophy of the follicles together 
with its dysfunction subsequent to ROS production. In har-
mony with our results, Abdel-Aziz (2018) revealed that 
treating hypothyroid rats with MEE significantly decreased 
the serum TSH levels and increased the serum T3 and T4 
levels. Moreover, using caffeic acid which is one of the 
active constituents of MEE abolished hypothyroidism in 
rats owing to its thyro-stimulatory potential as well as 
increasing the circulating levels of T3 through the mono-
deiodination of T4 (Kar et al. 2022).

Thyroid hormones influence the balance between the 
antioxidant defense system and oxidative stress (Mancini 
et al. 2016). Both states of thyroid dysfunction (hyperthy-
roidism and hypothyroidism) promote oxidative damage in 
brain tissues displayed by elevated levels of MDA and NO 
concomitant with depletion of the enzymatic (SOD, CAT, 
and GPx) and non-enzymatic (GSH) antioxidants leading 
to brain damage (Ahmed et al. 2012; Farrokhi et al. 2014). 
Similarly, the present data revealed that in brain tissues, 
both hypothyroidism and radiation impaired the redox sta-
tus and resulted in a state of oxidative stress, characterized 

Fig. 6   Effect of MEE on 
endoplasmic reticulum stress 
biomarkers in the brain tissues. 
(A) The relative expression of 
PERK. (B) The relative expres-
sion of eLF2α. (C) The relative 
expression of ATF6. (D) The 
relative expression of ERAD. 
Values with different symbols 
are significantly different from 
each other at p < 0.05 while 
those with similar symbols are 
non-significant
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by a marked decline in the antioxidant defense system 
(SOD, CAT, GSH, and GPx) accompanied by significantly 
increased levels of lipid peroxidation (MDA) as well as NO 
levels. Based on the excess content of polyunsaturated fatty 
acids, high oxygen consumption, and low antioxidant levels, 
the brain is particularly vulnerable to oxidative stress and 
ROS (Cheignon et al. 2018).

The present study showed a significant increase in anti-
oxidant levels coupled with a remarkable reduction in both 
MDA and NO levels after MEE treatment. Farahi et al. 
(2012) reported that Melissa officinalis reduced lipid per-
oxidation owing to its antioxidant potential. Furthermore, 
Kamdem et al. (2013) reverted the powerful antioxidant 
effect of the MEE to higher content of phenolic (flavo-
noids) which boosts the scavenging of NO and free radi-
cals together with hindering free radical chain reactions that 
propagate oxidative stress status, electron-donation ability, 
and chelation activity. Additionally, López et al. (2009) 
indicated that Melissa officinalis alleviated oxidative stress 
status in the neurons thus neuroprotective effect.

Regarding the vital role of thyroid hormones in brain devel-
opment, it was found that hypothyroidism was associated with 

impaired memory and loss of cognitive and neurological func-
tions and finally neuronal death (Liu and Brent 2018; Bernal 
2022). Elbakry et al. (2022) observed that oxidative stress pro-
moted the accumulation of misfolded proteins (amyloid-β and 
tau) in the brain tissues leading to neurodegeneration. Interest-
ingly, it was reported that thyroid hormones affect the expres-
sion of APP; meanwhile, their deficiency was accompanied by 
a significantly upregulated expression of the APP mRNA (Liu 
and Brent 2018) which in turn led to the accumulation of Aβ 
and tau protein and eventually brain degeneration (Lewis et al. 
2001). Furthermore, alternative splicing of the MAPT mRNA 
during translation or posttranslational resulted in its matura-
tion and formation of tau protein, one of the main causes of 
neurodegeneration (Chang et al. 2021). Besides, Olczak et al. 
(2017) observed elevated levels of MAPT in brain injury and 
neurodegeneration diseases. On the contrary, Ozarowski et al. 
(2016) showed that Melissa officinalis through summation of 
its bioactive components diminished Aβ accumulation and 
alleviated cellular toxicity in PC12 cells.

Impaired redox status concomitant with sustained ER 
stress, as well as a plethora of the misfolded protein aggre-
gates relevant to hypothyroidism, provoked cascades of 

Fig. 7   Effect of MEE on the 
endoplasmic reticulum stress 
and apoptotic markers in adult 
rats’ brains. (A) The relative 
expression of CHOP. (B) The 
relative expression of Bax. (C) 
The relative expression of Bcl-
2. (D) The relative expression 
of caspase-12. Values with dif-
ferent symbols are significantly 
different from each other at p 
< 0.05 while those with similar 
symbols are non-significant
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neuronal death (Blas-Valdivia et al. 2021; Shi et al. 2022) 
that was obviously seen by the overexpression of the apop-
totic markers (CHOP, Bax, and caspase-12) along with the 
suppression of the anti-apoptotic Bcl2 protein in the brain 
of the hypothyroid rats. Activation of PERK- eIF2α-ATF4 
during the ER stress evoked CHOP activation and apopto-
sis (Han et al. 2021). CHOP mediates ER stress-induced 
apoptosis through modulation of the downstream pro-
apoptotic proteins (BCL2 family) and caspases particularly 
caspase-12 which is found in the ER outer membrane and 
promoted ER stress-mediated apoptosis by activation of the 
mitochondrial caspases (3 and 9) (Han et al. 2021). How-
ever, hampering and suppression of the ER stress pathway 
(PERK- eIF2α-ATF4-CHOP) diminished the misfolded 
proteins (amyloidogenesis) (Shi et al. 2022) and attenu-
ated the elicited apoptosis (Liu et al. 2021; Xu et al. 2021). 
Consequently, restoring ER homeostasis minimizes neu-
ronal degeneration and brain damage and promotes their 
recovery. Previous studies attributed the neuroprotective 
effect of the Melissa officinalis to the alleviation of the 
oxidative stress and inhibition of apoptosis (Hassanzadeh 
et al. 2011; Hosseini et al. 2015).

Additionally, the abundance of  polyphenolic com-
pounds in the extract of Melissa officinalis activates 
vitagenes which are a group of genes involved in main-
taining cellular homeostasis during stressful conditions. 
Vitagenes include heat shock proteins (Hsp), HO-1, GSH, 
thioredoxin, and sirtuin (Calabrese et al. 2009). These 
activated vitagenes counteract proteotoxic stress by main-
taining protein homeostasis (synthesis, folding, and deg-
radation), besides ameliorating cellular redox balance 
via modulation of oxidative stress and scavenging of free 
radicals (Siracusa et al. 2020). Moreover, the protective 
effect of vitagens against oxidative stress-induced neu-
rodegenerative diseases was attributed to the inhibition 
of neuronal apoptosis subsequent to the upregulation of 
HO-1 and Bcl2 levels (Calabrese et al. 2010; Cornelius 
et al. 2013).

In conclusion, the current study revealed that Melissa 
officinalis extract ameliorates the induced hypothyroid-
ism as well as the associated brain damage by enhanc-
ing the cellular redox balance, alleviating the neurotoxic-
ity through abrogating the misfolded protein aggregates 
precursors (APP & MAPT). Moreover, MEE impedes 
brain apoptosis by the inhibition of the ER stress pathway 
(PERK-eIF2α-ATF4-CHOP) and the apoptotic mediators 
(Bax and caspase-12) along with activation of the anti-
apoptotic protein (Bcl2). Collectively, MEE maintains 
ER and protein homeostasis, ameliorates brain structure 
and function, and prevents neuronal apoptosis. Hence, it 
could confer the neuroprotective potential of MEE against 
hypothyroidism-induced brain damage.
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