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Therapeutic potential of stem cells 
and acitretin on inflammatory 
signaling pathway‑associated 
genes regulated by miRNAs 146a 
and 155 in AD‑like rats
Emad M. Elzayat 1, Sherif A. Shahien 2, Ahmed A. El‑Sherif 3 & Mohamed Hosney 1*

Alzheimer’s disease (AD) is one of the most common causes of dementia. Several drugs are used 
to improve the symptoms, but do not stop AD progression. There are more promising treatments 
that may have a significant role in AD diagnosis and treatment such as miRNAs and stem cells. The 
present study aims to develop a new approach for AD treatment by mesenchymal stem cells (MSCs) 
and/or acitretin with special reference to inflammatory signaling pathway as NF‑kB and its regulator 
miRNAs in AD‑like rat model. Fourty‑five male albino rats were allotted for the present study. The 
experimental periods were divided into induction, withdrawal, and therapeutic phases. Expression 
levels of miR‑146a, miR‑155, necrotic, growth and inflammatory genes were assessed using RT‑qPCR. 
Histopathological examination of brain tissues was performed in different rat groups. The normal 
physiological, molecular, and histopathological levels were restored after treatment with MSCs 
and/or acitretin. The present study demonstrates that the miR‑146a and miR‑155 might be used as 
promising biomarkers for AD. MSCs and/or acitretin proved their therapeutic potential in restoring the 
expression levels of targeted miRNAs and their related genes concerning NF‑kB signaling pathway.

Dementia is a group of symptoms characterized by its contribution in the impairment of cognitive functions such 
as memory loss, changes in personality and behavior and learning difficulties accompanied by physical, social, 
and psychological burdens to the patients and their families. Currently, more than 55 million people suffer from 
dementia worldwide and this number increases nearly by 10 million new cases per  year1. Dementia is considered 
as the seventh cause of death among all diseases and one of the main reasons of disability among older  people1.

Alzheimer’s disease (AD) is the most common form of dementia and accounts for 60–70% of its  cases1. Many 
studies reported that some risk factors, such as aging, family history, depression, head injury, oxidative stress, 
neuro-inflammation, environmental metals exposure, and cognitive activity, are associated with  AD2.

Aluminum is one of the most common risk factors in which prolonged exposure to its toxicity and its accumu-
lation in the brain may raise oxidative stress resulting in AD onset and neurons  damage3. Despite the incomplete 
understanding of AD causes till now, two factors are assumed to play critical roles at the AD onset: amyloid 
beta plaques (Aβ) and neurofibrillary tangles (NFT)4. In healthy neurons, alpha- and gamma-secretase enzymes 
play an important role in the amyloid precursor protein (APP) digestion but when the β-secretase (BACE 1) 
combine with the gamma-secretase, this reaction produces an insoluble amyloid-beta peptides which clump 
together forming amyloid-beta plaques (AβP). Aβ plays a critical role in neuronal function and neurotoxicity, 
so, AβP accumulation in the brain causes cell damage and perturbs signaling process between neurons leading 
to deterioration in the brain activities and memory  loss5,6.

Tau proteins are found on the microtubules which form neurons cytoskeleton. When tau proteins are phos-
phorylated, they undergo some conformational changes, leave the microtubules and clump together forming 
neurofibrillary tangles which accumulate in the brain of AD patients leading to neuronal loss. Consequently, 
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the reduction of tau proteins in microtubule structure will result in microtubules weakness and disability in 
performing their signaling function leading eventually to apoptosis or cell  death7,8.

Unfortunately, the clinical trials for the treatment of AD are not enough and their results are not fully sat-
isfactory. Few classes of drugs are approved till now for AD treatment including acetylcholinesterase enzyme 
inhibitors and N-methyl d-aspartate (NMDA) antagonists. Acetylcholinesterase enzyme inhibitors are used 
for acetylcholine (ACh) degradation inhibition in the synapses by blocking cholinesterase enzymes, leading 
to accumulation of ACh and activation of cholinergic  receptors9–11. NMDARs stimulation leads to  Ca2+ influx 
which results in synaptic dysfunction, neuronal cell death and cognitive function impairments. Several NMDAR 
antagonists have been launched and tried clinically but unfortunately, most of them did not achieve the expected 
success due to lack of efficiency and side  effects12–14. Most of these drugs for AD succeed to treat the symptoms, 
but do not stop AD progression.

On the other hand, there are more promising treatments that may have a significant role in AD diagnosis 
and treatment such as miRNAs and stem cells. microRNAs (MiRNAs) are small non-coding RNAs (21–25 
nucleotides) that play a critical role in the post-transcriptional regulation of gene expression through post-
transcriptional gene silencing and binding to 3′ and 5′ untranslated region (UTR) of the messenger RNAs 
(mRNAs) to degrade mRNA or block its  translation15. Many studies reported that miRNAs in blood, CSF and 
brain are affected through upregulation or downregulation of their expression in AD patients and also influence 
some signaling pathways involved in AD progression by targeting APP or BACE 1 expression as well as their 
roles in neuronal function and synaptic transmission making them ideal candidates to be used as biomarkers for 
the diagnosis of AD at early stages and a new approach for AD  treatment16,17. From the other hand, it has been 
reported that MSCs play a significant role in microglia modifications leading to an increment in the levels of 
anti-inflammatory cytokines such as IL-4 and IL-10, and decrement in the levels of pro-inflammatory cytokines 
such as IL-1β and TNF-α. Also, MSCs can degrade Aβ deposits in AD-like model that led to improve memory 
and cognitive functions making them a possible new approach for AD  treatment18.

Acitretin, the primary FDA approved drug for Psoriasis vulgaris, is a candidate drug for AD treatment. It 
exhibits a considerable impact on some AD hallmarks as it upregulates α-secretase expression and increases activ-
ity in human neuronal cells and in mouse models of the disease altering amyloid-β (Aβ) peptides and plaques 
formation leading to improved behaviour and cognitive function. These observations led to the idea of using 
retinoids as therapeutic drugs in human AD  patients19. Thereby, the present study aims to expose the therapeutic 
effect of mesenchymal stem cells (MSCs) and/or acitretin on NF-kB inflammatory signaling pathway-associated 
genes (TNFAIP1, TGF-βRII, IL-1β and IL-4) and its regulatory miRNAs namely, miR-146a and miR-155 in AD-
like rat model. The novelty of the current investigation is finding one or more specific new biomarkers that could 
help for diagnostic, prognostic, and therapeutic purposes of Alzheimer’s disease. The present study hypothesizes 
that the  AlCl3 accumulation provokes inflammation within the brain that ultimately affects some inflammatory 
signal pathways that end with neurodegeneration which is a major sign of AD. By evaluation the expression 
levels of some inflammatory cytokines and their regulatory miRNAs, one or more candidates can be found that 
help as bio-diagnostic and therapeutic markers for Alzheimer’s disease.

Results
Measurement of serum and brain Aβ1‑42 levels. Alzheimer’s disease induction (ADI) and Alzhei-
mer’s disease withdrawal (ADW) rats showed a significant increment in serum Aβ1-42 levels compared to the 
respective control induction (CI) and control withdrawal (CW) rats at the end of both induction and withdrawal 
phases. Similarly, at the end of therapeutic phase, Alzheimer’s disease therapeutic (ADT) rats exhibited a signifi-
cant increase in serum Aβ1-42 levels in comparison with the respective control therapeutic (CT) rats. Regard-
ing the effects of MSCs and acitretin, Alzheimer’s disease therapeutic stem cells (ADTS), Alzheimer’s disease 
therapeutic acitretin (ADTA) and Alzheimer’s disease therapeutic stem cells and acitretin (ADTSA) rats showed 
nearly equal values of Aβ1-42 levels to control rats (CT) (P ≤ 0.05) (Fig. 1A).

On the other side, at the end of both induction and withdrawal phases, ADI and ADW rats exhibited a sig-
nificant increment in brain Aβ1-42 levels in comparison with the respective control rats (CI and CW). Likewise 
at the end of therapeutic phase, untreated Alzheimer’s disease therapeutic group (ADT) showed the same trend 
of significant increase in Aβ1-42 levels against the respective control and was continuation to the induction and 
withdrawal phases (P ≤ 0.05). Concerning the effects of MSCs and acitretin, ADTS, ADTA and ADTSA rats 
showed no significant change in brain Aβ1-42 levels (P > 0.05) (Fig. 1B).

Measurement of serum oxidative stress biomarkers. At the end of both induction and withdrawal 
phases, ADI and ADW rats exhibited a significant increment in MDA levels in comparison with the respective 
control rats (CI and CW). In addition, at the end of therapeutic phase, untreated group (ADT) showed the same 
trend of significant increase in MDA levels compared to the respective control (CT) and was continuation to the 
induction and withdrawal phases. Regarding the effects of MSCs and acitretin, ADTS, ADTA and ADTSA rats 
significantly showed reduction in MDA levels against respective ADT group, and ADTS showed the best effect 
(P ≤ 0.05) (Fig. 2A).

As concerned to the antioxidant defense system as represented by GSH and SOD, ADI and ADW rats showed 
a significant decrease in GSH levels compared to the respective control rats (CT, CW) at the end of both induc-
tion and withdrawal phases. Similarly, ADT exhibited a considerable reduction in GSH levels in comparison 
with the respective control rats (CT). Concerning the effects of MSCs and acitretin, ADTA and ADTSA rats 
exhibited increase in GSH levels compared to ADT group, and ADTSA showed the best one (P ≤ 0.05) (Fig. 2B).

At the end of the induction phase, ADI exhibited a significant decrease in SOD levels compared to the respec-
tive controls (CI) (P ≤ 0.05), while ADW exhibited a non-significant change compared to the respective controls 
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(CW) at the end of withdrawal phase. At the end of the therapeutic phase, untreated group (ADT) showed same 
trend of non-significant change in SOD levels against the respective control group (CT) (P > 0.05). Regarding the 
effects of MSCs and acitretin, ADTA and ADTSA rats showed a significant increment in SOD levels compared 
to ADT group, and ADTA showed the best effect (P ≤ 0.05) (Fig. 2C).

Expression levels of miR‑146a, miR‑155, necrotic, growth and inflammatory genes in brain rat 
group. At the end of both induction and withdrawal phases, the expression levels of miR-146a and miR-155 
in ADI and ADW rats were significantly upregulated as compared to the respective control group (CI and CW). 
In addition, ADT rats expressed significantly higher levels of miR-146a and miR-155 than that of the respective 
control rats (CT) at the end of therapeutic phase. Regarding the effects of MSCs and acitretin, ADTS, ADTA and 

Figure 1.  Variations in (A) serum beta-amyloid concentrations, (B) brain beta-amyloid concentrations in 
AD-like rat model throughout the whole experimental period, the expression of values is using mean ± SD; 
*: P ≤ 0.05 significant difference compared to both control and treated groups. One-way ANOVA followed by 
Duncan a, b post hoc Test was done, and statistical significance is expressed by different letters. Groups having 
different small letters are significantly different at P ≤ 0.05, while groups having the same small letters are non-
significantly different P > 0.05.

Figure 2.  Variations in serum (A) MDA (B) GSH and (C) SOD in AD-like rat model throughout the whole 
experimental period, the expression of values is using mean ± SD; *: P ≤ 0.05 significant difference compared 
to both control and treated groups. One-way ANOVA followed by Duncan a, b post hoc Test was done, and 
statistical significance is expressed by different letters. Groups having different small letters are significantly 
different at P ≤ 0.05, while groups having the same small letters are non-significantly different P > 0.05.
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ADTSA groups showed significantly compensatory effect in comparison with the respective control groups (CT 
and ADT), and ADTSA group recorded the best one (P ≤ 0.05) (Fig. 3A and B).

Regarding the signal molecules that related to NF-kB signaling pathway, ADI and ADW were significantly 
upregulated for TNFAIP1, TGF-βRII, IL-1β expression levels as compared to the respective control groups (CI 
and CW) at the end of both induction and withdrawal phases. Similarly, at the end of therapeutic phase, untreated 
group (ADT) expressed significant higher levels of its genes than the respective control group (CT) which has 
been compensated after injections with MSCs and acitretin and ADTSA showed the best compensatory one 
(P ≤ 0.05) (Fig. 3C,D and E).

On the other side, no significant change of IL-4 expression was occurred in AD group (ADI and ADW) as 
compared to the respective control groups (CI and CW) at the end of both induction and withdrawal phases. In 
addition, untreated group (ADT) expressed higher levels of its genes than the respective control group (CT) at 
the end of the therapeutic phase. Regarding the role of MSCs and acitretin, ADTS, ADTA and ADTSA groups 
were significantly upregulated as compared to the respective controls (CT and ADT), and ADTS group recorded 
the best one (P ≤ 0.05) (Fig. 3F).

Figure 3.  Fold expressions of brain (A) miR-146a (B) miR-155, (C) TNFAIP1, (D) TGF-βRII, (E) IL-1β, and 
(F) IL-4 in AD-like rat model throughout the whole experimental period, the expression of values is using 
mean ± SD; P ≤ 0.05 significant difference compared to both control and treated groups. *: P ≤ 0.05 significant 
difference compared to both control and treated groups. One-way ANOVA followed by Duncan a, b post hoc 
Test was done, and statistical significance is expressed by different letters. Groups having different small letters 
are significantly different at P ≤ 0.05, while groups having the same small letters are non-significantly different 
P > 0.05.
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Comet assay
Tail length, tail DNA percentage and tail moment. At the end of both induction and withdrawal 
phases, ADI and ADW rats displayed significantly longer tail length, higher tail DNA percentage and higher 
tail moment than that of control rats (CI and CW). At the therapeutic phase, ADT rats showed significantly 
longer tail length, higher percentage of tail DNA and higher tail moment than that of control rats (CT). ADTA 
and ADTSA groups exhibited longer significant tail length, higher tail DNA percentage and higher tail moment 
compared to control rats (CT). ADTS rats showed the significant shortest tail length and the lowest tail DNA 
percentage and tail moment compared to ADTA and ADTSA rats and nearly reached equal tail length, tail DNA 
percentage and tail moment in comparison with control rats (CT). ADTSA had the longest tail length and the 
highest tail moment among all groups of the therapeutic phase (P ≤ 0.05) (Fig. 4A,B and C).

Homing. For further confirmation, In vivo fluorescence measurements indicated that the red PKH26 fluo-
rescently labeled ADMSCs which were injected through tail vein dislodged successfully to AD brain after 2 days 
from injection (Fig. 5).

Histopathology examination. ADI and ADW rats showed remarkable changes at the histopathological 
level compared to control rats (CI and CW) at different brain regions including cerebral cortex, striatum, hip-
pocampus, and cerebellum at the end of both induction and withdrawal phases. Control rats exhibited normal 
histopathological features at different brain regions at the end of all experimental phases. AD rats displayed 
marked histopathological changes including different degrees in neuronal degeneration in the cerebral cortex 
and hippocampus at the end of all experimental phases. Marked vacuolation (a cell that has been shaped into or 
contains one or more vacuoles or tiny, membrane-bound cavities) and gliosis (CNS reaction to brain or spinal 
cord injury) were observed in the striatum at the end of all experimental phases. Cerebellum Purkinje cell necro-
sis was clearly observed at the end of all experimental phases accompanied by more acidophilic cytoplasm with 
pyknotic or completely absent nuclei. Concerning the role of MSCs and acitretin, ADTS group showed improve-
ment with greating power in degeneration with minimal degenerating cells and mild perivascular edema within 
the cerebral cortex and the striatum respectively while the hippocampus and cerebellum were apparently nor-
mal. ADTA group showed normal histopathological features at different brain regions except for a perivascular 
hemorrhage in the cerebral cortex while ADTSA group showed the best one with an apparently normal brain 
(Figs. 6,7, 8, and 9).

Figure 4.  Variations in whole blood (A) tail length, (B) tail DNA percentage and (C) tail moment in AD-like 
rat model throughout the whole experimental period, the expression of values is using mean ± SD; P ≤ 0.05 
significant difference compared to both control and treated groups. *: P ≤ 0.05 significant difference compared 
to both control and treated groups. One-way ANOVA followed by Duncan a, b post hoc Test was done, and 
statistical significance is expressed by different letters. Groups having different small letters are significantly 
different at P ≤ 0.05, while groups having the same small letters are non-significantly different P > 0.05.
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Discussion
Alzheimer’s disease is a progressive neurodegenerative disease characterized by symptoms such as memory loss 
and changes in cognitive  function20. Amyloid beta plaques (implicated in Alzheimer’s disease exists in numerous 
molecular forms that accumulate between neurons) and neurofibrillary tangles are considered the most common 
hallmarks of  AD21. Only the Acetylcholinesterase enzyme inhibitors (AChE) and N-methyl d-aspartate (NMDA) 
antagonists are the FDA approved drugs for AD and they only improve the symptoms but do not prevent the 
progression of  AD22,23.

Figure 5.  Homing of fluorescent ADMSCs in the brain of AD-like rat model after 2 days ADMSCs injection.

Figure 6.  Sections were taken from the brains of (A) CI, (B) CW, (C) CT, (D) ADI, (E) ADW, (F) ADT, (G) 
ADTS, (H) ADTA (I) ADTSA rat groups throughout the whole experimental period in hippocampus.
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In the present study, AD-like rat model was established by oral successive doses of  AlCl3 for 40 days followed 
by drug withdrawal for 20 days and treatment by MSCs and/or acitretin for 35 days. The purpose of this study 
was to expose the therapeutic effect of mesenchymal stem cells (MSCs) and/or acitretin on NF-kB inflammatory 
signaling pathway-associated genes (TNFAIP1, TGF-βRII, IL-1β and IL-4) and its regulatory miRNAs namely, 
miR-146a and miR-155 in AD-like rat model.

As  AlCl3 model of Alzheimer’s disease is still a questionable by several scientists as real AD model, and AD 
is well-known as a progressive neurodegenerative disease, the present study was interested to prove this concept 
by suggesting a withdrawal phase before the onset of therapeutic phase.  AlCl3 intoxication should be accompa-
nied by a reversible effect during the withdrawal phase, but this was not the case in the current model as  AlCl3 
withdrawal was accompanied by a progressive neurodegeneration which is a major feature of AD, a point which 
needs more clarification.

The induction of AD in rats was obviously successful and the incidence of dementia was demonstrated 
through behavioral changes as recently reported by 24 and changes in levels of lipid peroxidation and antioxi-
dant defense system. Regarding the oxidative stress markers, pro-oxidative marker (MDA) showed a significant 
increment in AD group as compared to the respective controls at the end of all experimental phases. In opposi-
tion, anti-oxidative defense system which represented by (GSH and SOD) were significantly inhibited in ADI 
as compared to respective control (CI) at the end of the induction phase. Concerning the role of stem cells and 
acitretin, MDA was significantly decreased in all therapeutic groups (ADTS, ADTA, ADTSA) as compared to the 
respective control (ADT). On the other hand, anti-oxidative defense system (GSH and SOD) was significantly 
stimulated in ADTS and ADTSA as compared to ADT. Besides there was a continuous rise of brain β- amyloid 
level through induction, withdrawal, and therapeutic phases in AD rats, which has not been unfortunately 
compensated by the different therapeutic regimens, a point which needs further investigation. Oppositely, a 
high significant serum β- amyloid level in AD rats has been observed in comparison with the respective con-
trol during the whole experimental phases which has been compensated by different therapeutic regimens. In 
addition, histopathological findings proved the ability of different therapeutic regimens bring to almost their 
normal appearance.

At the molecular level, there were significant changes in the expression levels of various miRNAs including 
miR-146a and miR-155, associated genes including (TNFAIP1 and TGF-βRII) and cytokines inflammatory genes 
including IL-1β and IL-4 related to NF-kB pathway. The Comet assay represented another proof for AD develop-
ment through the variation in tail length, tail DNA percentage and tail moment indicating DNA fragmentation. 
Eventually, homing illustrated the success of MSCs to pass the brain barriers and be implemented in the brain 
tissues (the site of injury).

Figure 7.  Sections were taken from the brains of (A) CI, (B) CW, (C) CT, (D) ADI, (E) ADW, (F) ADT, (G) 
ADTS, (H) ADTA (I) ADTSA rat groups throughout the whole experimental period in cerebral cortex.
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In the following paragraphs illustrated the full description of the present findings starting with hallmarks of 
AD including β-amyloid. The present data showed a significant increase in serum and brain Aβ levels of AD rats 
versus control rats during all three experimental phases which run in agreement with many previous studies that 
have been reported  by25–27. The efficacy of different treatments was not remarkable as there were no significant 
changes in brain Aβ levels after administration for AD rats. In contrary, different treatments were clearly effective 
in restoring serum Aβ levels nearly reaching the control values. Among therapeutic groups, ADTS showed the 
best one. The best explanation that might justify these non-significant changes in brain Aβ is that extended length 
of the therapeutic phase is needed to regenerate more neurons accompanied by reduced β-amyloid deposition.

Oxidative stress is considered as one of the main causes for the onset and progression of  AD28. A significant 
increase in MDA levels and a decrease in GSH levels of AD rats compared to control rats were observed in whole 
experimental phases, while SOD levels in AD rats were decreased significantly in comparison with control rats 
only at the end of the induction phase which might be attributed to  AlCl3 accumulation in blood. These find-
ings run in agreement with many previous studies that have been conducted  by3,28–30. After the administration 
of various treatments, MDA was significantly declined in all therapeutic groups (ADTS, ADTA, ADTSA) as 
compared to the respective control (ADT). In contrast, GSH and SOD were significantly induced in ADTS and 
ADTSA as compared to ADT which are confirmed by previous reports  of3,28–30.

In the present study, molecular measurements were performed by measuring the gene expression levels of 
two miRNAs (miR-146a and miR-155), related genes (TNFAIP1, TFG-βRII) and inflammatory cytokines (IL-1β 
and IL-4) associated to NF-kB pathway. A significant upregulation was detected in the expression levels of both 
genes (miRNAs, TNFAIP1, TFG-βRII and IL-1β) except for IL-4 during induction and withdrawal phases which 
is an anti-inflammatory cytokine associated with roles in the maintenance of learning and memory providing 
evidence for AD neurodegeneration. During the therapeutic phase, the expression levels of miRNAs and related 
genes (TNFAIP1, TFG-βRII and IL-1β) were significantly downregulated except for IL-4 after the administration 
of various treatments demonstrating their high efficacy in minimizing the effects of AD. Among the therapeutic 
regiments, the combination group of MSCs and acitretin showed the best compensatory effect. The present study 
agrees with many previous studies that are conducted  by3,31–39.

Comet assay is commonly used to detect genotoxicity, and that is general indicators for DNA fragmentation 
accompanying Al intoxication. A significant increase in the parameters of comet assay namely tail length, tail 
DNA percentage and tail moment was observed in AD rats in comparison with control rats demonstrating the 
neurotoxic effect of Al during the three experimental phases which agrees with previous studies that have been 
done  by40,41. After the administration of various treatments, the DNA fragmentation level was compensated and 
ADTS group recorded the best efficacy.

Figure 8.  Sections were taken from the brains of (A) CI, (B) CW, (C) CT, (D) ADI, (E) ADW, (F) ADT, (G) 
ADTS, (H) ADTA (I) ADTSA rat groups throughout the whole experimental period in striatum.
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In vivo fluorescent measurements confirmed the success of red PKH26 fluorescently labeled ADMSCs migra-
tion to the damaged brain tissue (the site of injury) and that in agreement  with24,42. Regarding the histopatho-
logical findings, there were remarkable changes in different brain areas at the histopathological level includ-
ing degenerated neurons specially within the hippocampus and cerebral cortex. Vacuolation and gliosis with 
observed thickening of blood vessels wall at the striatum and Purkinje cell necrosis at the cerebellum in AD rats 
were exhibited as compared to control. These findings expose the neurodegenerative effect of  AlCl3 in AD rats at 
the histopathological level and which agrees with previous  findings28,43,44. Administration of various treatments 
almost retrieved most of the brain regions to their normal state except the cerebral cortex and striatum in ADTS 
and cerebral cortex only in ADTA. The combined treatment of MSCs and acitretin showed the best results.

According to other researchers, intranasal stem cells control and treat brain  tumors45, protect against the 
neurologic side effects of  radiation46, and treat chemotherapy-induced peripheral  neuropathy47. Mesenchymal 
stem cells given orally have also been shown to transfer their mitochondria to neural stem cells to stimulate the 
production of brain cells’  energy48.

By eliminating the need for intravenous delivery, which disperses cells throughout the body and causes 
unintended systemic exposure, as well as the need for invasive neurosurgical implantation of cells, this intra-
nasal delivery, directing, and treatment technology can make stem cell treatments for brain disorders feasible. 
This method of treatment may pave the way for the creation of stem cell, immune cell, microglia, macrophage, 
and genetically engineered cell therapies for Parkinson’s, PSP, and Huntington’s49, Alzheimer’s50, MS, epilepsy, 
stroke, neonatal ischemia, brain tumours, traumatic brain injury (TBI), and even LSDs like Niemann-Pick type 
C  disease51. According to a recent report by Danielyan et al.53, choosing stem cells with superior cell motility and 
enhanced migratory potential can increase the therapeutic benefit obtained after intranasal stem cell therapy.

Conclusion
As summarized in (Fig. 10), the induction of AD in rats was obviously successful and the incidence of dementia 
was demonstrated through changes in levels of lipid peroxidation and antioxidant defense system. Overall, the 
present study demonstrated the therapeutic potential of the utilized treatments for restoring the normal state of 
AD-like rat model at the histopathological, physiological, and molecular levels after the appearance of memory 
deficits and signs of dementia. The combined treatment of MSCs and acitretin showed the best results for com-
pensating the neurodegeneration that caused by  AlCl3. These findings can give hope for the development of 
therapy to treat AD and stop its progression not only to improve the symptoms. The present study also confirmed 
the eligibility of using miR-146a and miR-155 as additional biomarkers for diagnosis and treatment of AD.

Figure 9.  Sections were taken from the brains of (A) CI, (B) CW, (C) CT, (D) ADI, (E) ADW, (F) ADT, (G) 
ADTS, (H) ADTA (I) ADTSA rat groups throughout the whole experimental period in cerebellum.
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Limitation of the study. There was a continuous rise of brain β- amyloid level through induction, with-
drawal, and therapeutic phases in AD-like rat model, which has not been unfortunately compensated by the 
different therapeutic regimens under the experimental conditions, a point which needs further investigation. 
Despite the fact that different treatments were clearly effective in restoring serum Aβ levels nearly reaching the 
control values, extending the length of the therapeutic phase seems necessary to regenerate more neurons and 
restore normal or almost levels of β-amyloid deposition in brain tissues.

Future respective. The promising changes in brain levels of miR-146a and miR-155 documented in the 
present study during the three experimental phases need some support by evaluating the circulating levels as far 
as they are used as eligible biomarker for Alzheimer’s disease and is a point of future respective.

Methods
Animals. Fourty-five male albino rats (Rattus norvegicus) with approximate weight 150–200 g were pur-
chased from a commercial supplier (National Research Center, Dokki, Egypt). The rats were housed in cages in 
specific pathogen-free conditions and a 12-h light/12-h dark cycle at a constant temperature of (~ 25 °C) with 
free access to normal chow diet and water. The rats were supposed to one week before performing the experi-
ments for adapting to the environment.

Animal rights. Experimental protocols and procedures used in this study were approved by the Cairo Uni-
versity Institutional Animal Care and Use Committee (CU-IACUC) (Egypt), (approval no. CU/I/F/51/20) in 
accordance with the international guidelines for care and use of laboratory animals.

Experimental design and analysis. The rats were randomly divided into negative control groups (n = 15) 
and Alzheimer’s disease groups (n = 30). The experimental periods were divided into induction phase (40 days), 
withdrawal phase (20 days) and therapeutic phase (35 days).

At the induction phase, rats were classified into control group (CI) given orally 1 ml of distilled water daily 
and Alzheimer’s disease group (ADI) given orally 100 mg/kg/BW/daily  AlCl3.5  H2O54. At the withdrawal phase, 
no treatment was performed. At the therapeutic phase, rats were categorized into control group (CT) given 

Figure 10.  Schematic representation of Alzheimer’s disease signs after  AlCl3 intoxication, compensatory effect 
of an administration of ADMSCs, compensatory effect of an administration of acitretin, and compensatory 
effect of an administration of ADMSCs and/or acitretin in AD-like rat model.
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orally 1% DMSO diluted in saline daily, AD group (ADT) left untreated, AD group injected by stem cells only 
(ADTS) intravenously injected in tail vein by a single dose of red PKH26 fluorescently-labeled ADMSCs (1.0 ×  106 
cells/0.5 ml serum supplemented DMEM/rat)55, AD group injected by acitretin only (ADTA) given an oral dose 
of acitretin (2.5 mg/kg/day) dissolved in 1% DMSO diluted in  saline56 and AD group injected by both stem cells 
and acitretin (ADTSA) given a combined treatment with ADMSCs and acitretin daily. At the end of each phase, 
the rats were euthanized by using sodium pentobarbital (50 mg/kg) to obtain blood and tissues for further studies.

Experimental procedures. Blood and tissue collection. At the end of each phase, half of the rats from 
each group were anesthetized with 50 mg sodium pentobarbital per kg then euthanized by cervical dislocation 
for blood collection from the retro-orbital  plexus57. Serum was separated via coagulation and centrifugation at 
3000 rpm for 10 min for further experiments. The brain was excised, washed with saline, dried on filter paper, 
and weighed. The brain was dissected into two halves; one half was stored in 10% formalin for histopathological 
tests and homing of various brain area. The other half was homogenized using 10% (w/v) phosphate buffer saline 
(PBS) and stored at − 80 °C for further assays.

Enzyme‑linked immunosorbent assay (ELISA). The present study evaluated the serum and brain Aβ1-42 levels 
in rat groups at the end for each experimental phases using a sandwich ELISA according to manufacturer’s 
instructions (Nova, Beijing, China).

Oxidative stress biomarkers. The present study measured the activity of serum MDA, GSH, and SOD by using 
spectrophotometer according to manufacturer’s instructions (Biodiagnostic, Dokki, Giza, Egypt) according to 
the method of Ohkawa et  al.58 for lipid peroxidation (MDA), Aykaç et  al.59 for reduced glutathione (GSH), 
Kakkar et al.60 for superoxide dismutase (SOD), respectively.

Quantitative real time‑PCR (RT‑QPCR). Total RNA was isolated using the RNeasy Mini kit (Qiagen, 
Germany) according to the manufacturer’s instructions. Then synthesis of cDNA from miRNA was performed 
using the miScript® II RT Kit (Qiagen, Germany) according to the manufacturer’s instructions. GAPDH was 
used as a control primer and the targeted genes including miR146a, miR-155, TNFAIP1, TGF-βRII, IL-1β and 
IL-4. Primers used for RT- qPCR were commercially synthesized from (Macrogen, Seoul, South Korea), and 
their sequences are listed in Table 1. RT-qPCR was performed in applied Biosystems Step One Plus (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) using HERAPLUS SYBR® Green qPCR Kit (Willowfort, UK), and 
each sample was prepared as triplet for each gene. Each sample was initially denatured at 94 °C for 4 min fol-
lowed by 40 cycles at 94 °C for 1 min, 56 °C for 1 min and 72 °C for 1 min. Relative expression levels of the 
miRNAs and genes were calculated using the  2−ΔΔCt  method61,62.

Comet assay. The DNA fragmentation in the cells of rat groups during the end of each experimental phase 
was evaluated using comet  assay63. The alkaline comet assay was done as described  by64. The whole blood was 
dissolved in 0.75% low melting-point agarose and immediately spread onto a glass microscope slide pre-coated 

Table 1.  Primer sequences of genes involved in RT-qPCR.

GAPDH
Forward:
5′-AGT GCC AGC CTC GTC TCA TA-3′
Reverse:
5′-GAT GGT GAT GGG TTT CCC GT-3′66

miR-146a
Forward:
5′- TCT GAG AAC TGA ATT CCA TGGGT -3′
Reverse:
5′-TGA CGA TAG AGC TAT CCC AGC -3′

miR-155
Forward:
5′-TGT GAT AGG GGT TTT GGC CTC -3′
Reverse:
5′-TGT TAA TGC TAA CAG GTA GGA GTC  -3′

TNFAIP1
Forward:
5′—TAC CTC CGA GAT GAC ACC GT-3 ′
Reverse:
5′—CAC CAG CCC TTG AAT GAG GT -3′

TGF-βRII
Forward:
5’- ATC CTG AGA GGG CGA GGA AT -3’
Reverse:
5’- GCT GTT AAC CGA CTT GGG AAC-3’

IL-1B
Forward:
AGG CTG ACA GAC CCC AAA AG
Reverse:
CTC CAC GGG CAA GAC ATA GG

IL-4
Forward:
GTA CCG GGA ACG GTA TCC AC
Reverse:
ACA TCT CGG TGC ATG GAG TC
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with a layer of 1% normal melting-point agarose. The slides were then incubated in ice-cold lysis solution (2.5 M 
NaCl, 10 mM Tris, 100 mM EDTA, 1% Triton X-100, and 10% DMSO, pH 10.0) at 4 °C for at least 1 h to get rid 
cellular proteins and membranes. Slides were removed from the lysis solution and placed on a horizontal elec-
trophoresis unit. The unit was filled with fresh buffer (300 mM NaOH, 1 mM EDTA, pH13.0), which covered 
the slides for 20 min at 4 °C to allow unwinding of DNA and expression of alkali-labile sites. Electrophoresis 
was performed for 20 min at 25 V (74 V/cm). Slides were then neutralized (0.4 M Tris, pH 7.5), fixed in absolute 
ethanol for 10 min and then slides were left to dry at room temperature, The neutral comet assay was conducted 
at pH 8.5, essentially according to the same procedure as the alkaline version, except at lower pH. In the neutral 
version, electrophoresis was carried out in a buffer consisting of 100 mM Tris and 300 mM sodium acetate at 
pH 8.5.

The slides were stained with ethidium bromide and analyzed under a fluorescent microscope. One hundred 
cells (50 cells from each of two replicate slides) per concentration of each test substance were selected and ana-
lyzed visually with an optical microscope for tail length and amount of DNA present in the tail. When selecting 
cells, the areas around air bubbles or at the edges were  prevented65. The parameters selected for analysis were: (1) 
the tail length (TL) (the distance between the center of the comet head and the last non-zero pixel of the comet 
profile), (2) percentage of DNA in tail (% DNA) (the intensity of all tail pixels divided by the total intensity of 
all pixels in the comet, expressed as percentage, (3) tail moment (TM) (equivalent to the % DNA in the comet 
tail multiplied by the tail length) and (4) olive tail moment (OTM)—computed as the summation of each tail 
intensity integral value, multiplied by its relative distance from the center of the head, the point at which the 
head integral was mirrored, and divided by the total comet intensity.

Homing. Two rats were selected randomly from stem cell treated group and injected intravenously through 
tail vein with a red PKH26 fluorescently labeled in a single dose of 1 ×  106 ADMSCs. Fluorescence images were 
picked up after 2 days post-transplantation using fluorescent-inverted microscope for assessing migration of 
stem cells to injured organ (homing).

Histopathology of brain tissues. Fixed brain tissues were dehydrated, cleared, and embedded in paraf-
fin. The paraffin blocks were cut using microtome in thin tissue sections (6 µm) and stained by hematoxylin and 
eosin (H&E) for subsequent histopathological examinations. Unstained brain tissue sections were examined by 
using fluorescent-inverted microscope for assessing homing.

Statistical analysis. Values were expressed as (mean ± SD). Statistical analysis was performed using SPSS 
statistical software package version 25 by one-way analysis of variance (ANOVA) with Duncan post hoc test and 
P ≤ 0.05 was considered statistically significant.

Data availability
All data generated or analyzed during this study are included in this published article. The datasets generated 
and/or analyzed during the current study are available and accession numbers of datasets are XM_039110643.1, 
NR_106710.1, NM_182950.4, NM_031132.4, NM_031512.2, and NM_201270.1 and NM_017008.4. In addition, 
the direct web links are NM_182950.4 Rattus norvegicus TNF alpha induced protein 1 (Tnfaip1), mRNA, https:// 
www. ncbi. nlm. nih. gov/ nucle otide/ 11931 0187, NM_031132.4 Rattus norvegicus transforming growth factor, 
beta receptor 2 (Tgfbr2), mRNA, https:// www. ncbi. nlm. nih. gov/ nucle otide/ 19365 00939, XM_039110643.1 PRE-
DICTED: Rattus norvegicus forkhead associated phosphopeptide binding domain 1 (Fhad1), transcript variant 
X9, mRNA, https:// www. ncbi. nlm. nih. gov/ nucle otide/ 19587 78177, NM_031512.2 Rattus norvegicus interleukin 
1 beta (Il1b), mRNA, https:// www. ncbi. nlm. nih. gov/ nucle otide/ 15818 6735, NM_201270.1 Rattus norvegicus 
interleukin 4 (Il4), mRNA, https:// www. ncbi. nlm. nih. gov/ nucle otide/ 42627 876, NR_106710.1 PREDICTED: 
Rattus norvegicus microRNA 155 (Mir155), microRNA, https:// www. ncbi. nlm. nih. gov/ nucco re/ NR_ 106710.1, 
NM_017008.4 Rattus norvegicus glyceraldehyde-3-phosphate dehydrogenase (Gapdh), mRNA, https:// www. 
ncbi. nlm. nih. gov/ nucle otide/ 40269 1727.

Received: 2 October 2022; Accepted: 9 June 2023

References
 1. World Health Organization 2021 Key facts on dementia (2021).
 2. Weng, M. H., Chen, S. Y., Li, Z. Y. & Yen, G. C. Camellia oil alleviates the progression of Alzheimer’s disease in aluminum chloride-

treated rats. Free Radic. Biol. Med. https:// doi. org/ 10. 1016/j. freer adbio med. 2020 (2020).
 3. Yin, S., Ran, Q., Yang, J., Zhao, Y. & Li, C. Nootropic effect of neferine on aluminium chloride-induced Alzheimer’s disease in 

experimental models. J. Biochem. Mol. Toxicol. 34(2), e22429. https:// doi. org/ 10. 1002/ jbt. 22429 (2020).
 4. Hung, A. S. M. et al. Mutated tau, amyloid and neuroinflammation in Alzheimer disease—a brief review. Prog. Histochem. Cyto‑

chem. 51, 1–8 (2016).
 5. Ashrafian, H., Zadeh, E. H. & Khan, R. H. Review on Alzheimer’s disease: Inhibition of amyloid beta and tau tangle formation. 

Int. J. Biol. Macromol. 167, 382–394. https:// doi. org/ 10. 1016/j. ijbio mac. 2020. 11. 19 (2021).
 6. Breijyeh, Z. & Karaman, R. Comprehensive review on Alzheimer’s disease: Causes and treatment. Molecules 25(24), 5789. https:// 

doi. org/ 10. 3390/ molec ules2 52457 89 (2020).
 7. Boutajangout, A. & Wisniewski, T. Tau-based therapeutic approaches for Alzheimer’s disease - a mini-review. Gerontology 60, 

381–385. https:// doi. org/ 10. 1159/ 00035 8875 (2014).
 8. Metaxas, A. & Kempf, S. J. Neurofibrillary tangles in Alzheimer’s disease: Elucidation of the molecular mechanism by immuno-

histochemistry and tau protein phospho-proteomics. Neural Regen. Res. 11, 1579–1581 (2016).

https://www.ncbi.nlm.nih.gov/nucleotide/119310187
https://www.ncbi.nlm.nih.gov/nucleotide/119310187
https://www.ncbi.nlm.nih.gov/nucleotide/1936500939
https://www.ncbi.nlm.nih.gov/nucleotide/1958778177
https://www.ncbi.nlm.nih.gov/nucleotide/158186735
https://www.ncbi.nlm.nih.gov/nucleotide/42627876
https://www.ncbi.nlm.nih.gov/nuccore/NR_106710.1
https://www.ncbi.nlm.nih.gov/nucleotide/402691727
https://www.ncbi.nlm.nih.gov/nucleotide/402691727
https://doi.org/10.1016/j.freeradbiomed.2020
https://doi.org/10.1002/jbt.22429
https://doi.org/10.1016/j.ijbiomac.2020.11.19
https://doi.org/10.3390/molecules25245789
https://doi.org/10.3390/molecules25245789
https://doi.org/10.1159/000358875


13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9613  | https://doi.org/10.1038/s41598-023-36772-3

www.nature.com/scientificreports/

 9. Singh, R., & Sadiq, N.M. Cholinesterase Inhibitors. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2020; Available 
online: https:// www. ncbi. nlm. nih. gov/ books/ NBK54 4336/ (accessed on 8 December 2020).

 10. Eldufani, J. & Blaise, G. The role of acetylcholinesterase inhibitors such as neostigmine and rivastigmine on chronic pain and 
cognitive function in aging: A review of recent clinical applications. Alzheimers Dement 5, 175–183 (2019).

 11. Sharma, K. Cholinesterase inhibitors as Alzheimer’s therapeutics (Review). Mol. Med. Rep. 20, 1479–1487 (2019).
 12. Wang, R. & Reddy, P. H. Role of glutamate and NMDA receptors in Alzheimer’s disease. J. Alzheimer’s Dis. Jad 57, 1041–1048 

(2017).
 13. Liu, J., Chang, L., Song, Y., Li, H. & Wu, Y. The role of NMDA receptors in Alzheimer’s disease. Front. Neurosci. 13, 43 (2019).
 14. Turcu, A. L. et al. A novel NMDA receptor antagonist protects against cognitive decline presented by senescent mice. Pharmaceutics 

12, 284 (2020).
 15. Silvestro, S., Bramanti, P. & Mazzon, E. Role of miRNAs in Alzheimer’s disease and possible fields of application. Int. J. Mol. Sci. 

20(16), 3979. https:// doi. org/ 10. 3390/ ijms2 01639 79 (2019).
 16. Takousis, P. et al. Differential expression of microRNAs in Alzheimer’s disease brain, blood, and cerebrospinal fluid. Alzheimers 

Dement. 15(11), 1468–1477. https:// doi. org/ 10. 1016/j. jalz. 2019. 06. 4952 (2019).
 17. Patel, A. A., Ganepola, G. A. P., Rutledge, J. R. & Chang, D. H. The potential role of dysregulated miRNAs in Alzheimer’s disease 

pathogenesis and progression. J. Alzheimer’s Dis. 67(4), 1123–1145. https:// doi. org/ 10. 3233/ jad- 181078 (2019).
 18. Chen, X., Wang, S. & Cao, W. Mesenchymal stem cell medicated immunomodulation in cell therapy of neurodegenerative diseases. 

Cell. Immunol. https:// doi. org/ 10. 1016/j. celli mm. 2017. 06. 006 (2017).
 19. Lauer, A. A. et al. Shotgun lipidomics of liver and brain tissue of Alzheimer’s disease model mice treated with acitretin. Sci Rep. 

11(1), 15301. https:// doi. org/ 10. 1038/ s41598- 021- 94706-3 (2021).
 20. Gerring, Z. F., Gamazon, E. R., White, A. & Derks, E. M. Integrative network-based analysis reveals gene networks and novel drug 

repositioning candidates for Alzheimer disease. Neurol Genet. 7(5), e622. https:// doi. org/ 10. 1212/ NXG. 00000 00000 000622 (2021).
 21. Lane, C. A., Hardy, J. & Schott, J. M. Alzheimer’s disease. Eur. J. Neurol. 25, 59–70 (2018).
 22. Alzheimer’s Association, 2020. 2020 Alzheimer’s disease facts and figures. Alzheimer’s Dementia 391–460. https:// doi. org/ 10. 1002/ 

alz. 12068. Alzheimer’s Disease International, 2019. World Alzheimer Report 2019: Attitudes to Dementia. London.
 23. Vaz, M. & Silvestre, S. Alzheimer’s disease: Recent treatment strategies. Eur. J. Pharmacol. 15(887), 173554. https:// doi. org/ 10. 

1016/j. ejphar. 2020. 173554 (2020).
 24. Elzayat, E., Husein, A., Elbeltagy, Y., Mohamed, F. & Hosney, M. ’Adipose-derived mesenchymal stem cells partially compensating 

the neurodegenerative signs at the behavioral, physiological, and molecular levels in AD Rat Model. Egypt. Acad. J. Biol. Sci. D. 
Histol. Histochem. 13(2), 101–118. https:// doi. org/ 10. 21608/ eajbsd. 2021. 200376 (2021).

 25. Zidan, N. S., Omran, A. M. E., Rezk, S. M., Atteia, H. H. & Sakran, M. I. Anti-Alzheimer’s disease potential of Arabian coffee versus 
Date palm seed extract in male rats. J. Food Biochem. 46(1), e14017. https:// doi. org/ 10. 1111/ jfbc. 14017 (2022).

 26. Cao, Z., Wang, F., Xiu, C., Zhang, J. & Li, Y. Hypericum perforatum extract attenuates behavioral, biochemical, and neurochemical 
abnormalities in Aluminum chloride-induced Alzheimer’s disease rats. Biomed. Pharmacother. 91, 931–937. https:// doi. org/ 10. 
1016/j. biopha. 2017. 05. 022 (2017).

 27. Rather, A. M. et al. Neuroprotective role of Asiatic acid in aluminum chloride induced rat model of Alzheimer’s disease. Front. 
Biosci. (School Ed). 1(10), 262–275. https:// doi. org/ 10. 2741/ s514 (2018).

 28. Chavali, V. D., Agarwal, M., Vyas, V. K. & Saxena, B. Neuroprotective effects of ethyl pyruvate against aluminum chloride-induced 
Alzheimer’s disease in rats via inhibiting toll-like receptor 4. J Mol Neurosci. 70(6), 836–850. https:// doi. org/ 10. 1007/ s12031- 020- 
01489-9 (2020).

 29. Dastan, Z. et al. Arbutin reduces cognitive deficit and oxidative stress in animal model of Alzheimer’s disease. Int. J. Neurosci. 
129(11), 1145–1153. https:// doi. org/ 10. 1080/ 00207 454. 2019. 16383 76 (2019).

 30. Lan, Z., Xie, G., Wei, M., Wang, P. & Chen, L. The protective effect of Epimedii Folium and Curculiginis Rhizoma on Alzheimer’s 
disease by the inhibitions of NF-κB/MAPK pathway and NLRP3 inflammasome. Oncotarget 8(27), 43709–43720. https:// doi. org/ 
10. 18632/ oncot arget. 12574 (2017).

 31. Lukiw, W. J. microRNA-146a signaling in Alzheimer’s disease (AD) and prion disease (PrD). Front. Neurol. 25(11), 462. https:// 
doi. org/ 10. 3389/ fneur. 2020. 00462 (2020).

 32. Ansari, A. et al. PharmaCog Consortium. miR-146a and miR-181a are involved in the progression of mild cognitive impairment 
to Alzheimer’s disease. Neurobiol. Aging. 82, 102–109. https:// doi. org/ 10. 1016/j. neuro biola ging. 2019. 06. 005 (2019).

 33. Wang, G. et al. MicroRNA-146a suppresses ROCK1 allowing hyperphosphorylation of tau in Alzheimer’s disease. Sci. Rep. 25(6), 
26697. https:// doi. org/ 10. 1038/ srep2 6697 (2016).

 34. Alexandrov, P., Zhai, Y., Li, W. & Lukiw, W. Lipopolysaccharide-stimulated, NF-kB-, miRNA-146a- and miRNA-155-mediated 
molecular-genetic communication between the human gastrointestinal tract microbiome and the brain. Folia Neuropathol. 57(3), 
211–219. https:// doi. org/ 10. 5114/ fn. 2019. 88449 (2019).

 35. Mahernia, S. et al. The possible effect of microRNA-155 (miR-155) and BACE1 inhibitors in the memory of patients with down 
syndrome and Alzheimer’s disease: Design, synthesis, virtual screening, molecular modeling and biological evaluations. J. Biomol. 
Struct. Dyn. 22, 1–13. https:// doi. org/ 10. 1080/ 07391 102. 2021. 18738 61 (2021).

 36. Dinicola, S., Proietti, S., Cucina, A., Bizzarri, M. & Fuso, A. Alpha-lipoic acid downregulates IL-1β and IL-6 by DNA hypermeth-
ylation in SK-N-BE neuroblastoma cells. Antioxidants (Basel) 6(4), 74. https:// doi. org/ 10. 3390/ antio x6040 074 (2017).

 37. Loupy, K. M. et al. Alzheimer’s Disease: Protective effects of mycobacterium vaccae, a soil-derived mycobacterium with anti-
inflammatory and anti-tubercular properties, on the proteomic profiles of plasma and cerebrospinal fluid in rats. J. Alzheimers 
Dis. 78(3), 965–987. https:// doi. org/ 10. 3233/ JAD- 200568 (2020).

 38. He, D., Tan, J. & Zhang, J. miR-137 attenuates Aβ-induced neurotoxicity through inactivation of NF-κB pathway by targeting 
TNFAIP1 in Neuro2a cells. Biochem. Biophys. Res. Commun. 490(3), 941–947. https:// doi. org/ 10. 1016/j. bbrc. 2017. 06. 144 (2017).

 39. Wang, H. et al. miR-106b aberrantly expressed in a double transgenic mouse model for Alzheimer’s disease targets TGF-β type II 
receptor. Brain Res. 21(1357), 166–174. https:// doi. org/ 10. 1016/j. brain res. 2010. 08. 023 (2010).

 40. Borai, I. H. et al. Therapeutic impact of grape leaves polyphenols on certain biochemical and neurological markers in AlCl3-induced 
Alzheimer’s disease. Biomed. Pharmacother. 93, 837–851. https:// doi. org/ 10. 1016/j. biopha. 2017. 07. 038 (2017).

 41. Bhalla, P., Singla, N. & Dhawan, D. K. Potential of lithium to reduce aluminum induced cytotoxic effects in rat brain. BioMetals 
23, 197–206. https:// doi. org/ 10. 1007/ s10534- 009- 9278-4 (2010).

 42. Park, B. N., Lim, T. S., Yoon, J. K. & An, Y. S. In vivo tracking of intravenously injected mesenchymal stem cells in an Alzheimer’s 
animal model. Cell Transplant. 27(8), 1203–1209. https:// doi. org/ 10. 1177/ 09636 89718 788067 (2018).

 43. Auti, S. T. & Kulkarni, Y. A. Neuroprotective effect of cardamom oil against aluminum induced neurotoxicity in rats. Front. Neurol. 
10, 399 (2019).

 44. Eikelenboom, P. et al. Neuroinflammation in Alzheimer’s disease and prion disease. Glia 40(2), 232–239 (2002).
 45. Reitz, M. et al. Intranasal delivery of neural stem/progenitor cells: A noninvasive passage to target intracerebral glioma. Stem Cells 

Trans. Med. 1(12), 866–873 (2012).
 46. Soria, B. et al. Human mesenchymal stem cells prevent neurological complications of radiotherapy. Front. Cell. Neurosci. 16(13), 

204. https:// doi. org/ 10. 3389/ fncel. 2019. 00204 (2019).
 47. Boukelmoune, N. et al. Nasal administration of mesenchymal stem cells reverses chemotherapy-induced peripheral neuropathy 

in mice. Brain Behav. Immun. 93, 43–54. https:// doi. org/ 10. 1016/j. bbi. 2020. 12. 011 (2021).

https://www.ncbi.nlm.nih.gov/books/NBK544336/
https://doi.org/10.3390/ijms20163979
https://doi.org/10.1016/j.jalz.2019.06.4952
https://doi.org/10.3233/jad-181078
https://doi.org/10.1016/j.cellimm.2017.06.006
https://doi.org/10.1038/s41598-021-94706-3
https://doi.org/10.1212/NXG.0000000000000622
https://doi.org/10.1002/alz.12068
https://doi.org/10.1002/alz.12068
https://doi.org/10.1016/j.ejphar.2020.173554
https://doi.org/10.1016/j.ejphar.2020.173554
https://doi.org/10.21608/eajbsd.2021.200376
https://doi.org/10.1111/jfbc.14017
https://doi.org/10.1016/j.biopha.2017.05.022
https://doi.org/10.1016/j.biopha.2017.05.022
https://doi.org/10.2741/s514
https://doi.org/10.1007/s12031-020-01489-9
https://doi.org/10.1007/s12031-020-01489-9
https://doi.org/10.1080/00207454.2019.1638376
https://doi.org/10.18632/oncotarget.12574
https://doi.org/10.18632/oncotarget.12574
https://doi.org/10.3389/fneur.2020.00462
https://doi.org/10.3389/fneur.2020.00462
https://doi.org/10.1016/j.neurobiolaging.2019.06.005
https://doi.org/10.1038/srep26697
https://doi.org/10.5114/fn.2019.88449
https://doi.org/10.1080/07391102.2021.1873861
https://doi.org/10.3390/antiox6040074
https://doi.org/10.3233/JAD-200568
https://doi.org/10.1016/j.bbrc.2017.06.144
https://doi.org/10.1016/j.brainres.2010.08.023
https://doi.org/10.1016/j.biopha.2017.07.038
https://doi.org/10.1007/s10534-009-9278-4
https://doi.org/10.1177/0963689718788067
https://doi.org/10.3389/fncel.2019.00204
https://doi.org/10.1016/j.bbi.2020.12.011


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9613  | https://doi.org/10.1038/s41598-023-36772-3

www.nature.com/scientificreports/

 48. Boukelmoune, N., Chiu, G. S., Kavelaars, A. & Heijnen, C. J. Mitochondrial transfer from mesenchymal stem cells to neural stem 
cells protects against the neurotoxic effects of cisplatin. Acta Neuropathol. Commun. 6(1), 139. https:// doi. org/ 10. 1186/ s40478- 
018- 0644-8 (2018).

 49. Yu-Taeger, L. et al. Intranasal administration of mesenchymal stem cells ameliorates the abnormal dopamine transmission system 
and inflammatory reaction in the R6/2 mouse model of Huntington disease. Cells 8(6), 595. https:// doi. org/ 10. 3390/ cells 80605 95 
(2019).

 50. Danielyan, L. et al. Intranasal delivery of bone marrow-derived mesenchymal stem cells, macrophages, and microglia to the brain 
in mouse models of Alzheimer’s and Parkinson’s disease. Cell Transplant. 23(Suppl 1), S123–S139. https:// doi. org/ 10. 3727/ 09636 
8914X 684970 (2014).

 51. Das, M. et al. Pioglitazone treatment prior to transplantation improves the efficacy of human mesenchymal stem cells after trau-
matic brain injury in rats. Sci. Rep. 9(1), 13646. https:// doi. org/ 10. 1038/ s41598- 019- 49428-y (2019).

 52. Kang, I. et al. Stem cell-secreted 14,15- epoxyeicosatrienoic acid rescues cholesterol homeostasis and autophagic flux in Niemann-
Pick-type C disease. Exp. Mol. Med. 50(11), 1–14. https:// doi. org/ 10. 1038/ s12276- 018- 0176-0 (2018).

 53. Danielyan, L. et al. Cell motility and migration as determinants of stem cell efficacy. EBioMedicine. 60, 102989. https:// doi. org/ 10. 
1016/j. ebiom. 2020. 102989 (2020).

 54. Kumar, V. & Gill, K. D. Aluminum neurotoxicity: Neurobehavioural and oxidative aspects. Arch. Toxicol. 83(11), 965–978. https:// 
doi. org/ 10. 1007/ s00204- 009- 0455-6 (2009).

 55. Lykhmus, O. et al. Mesenchymal stem cells injected intravenously penetrate the brain and prevent LPS-induced brain damage and 
memory impairment in mice. Front. Pharmacol. https:// doi. org/ 10. 3389/ fphar. 2019. 00355 (2019).

 56. Gunes, B., Calka, O., Akdeniz, N., Bayram, I. & Metin, A. The effects of retinoids on secondary wound healing: Biometrical and 
histopathological study in rats. J. Dermatol. Treat. 24(4), 283–289 (2013).

 57. Van Herck, H. et al. Blood sampling from the retro-orbital plexus, the saphenous vein and the tail vein in rats: Comparative effects 
on selected behavioural and blood variables. Lab Anim. 35(2), 131–139. https:// doi. org/ 10. 1258/ 00236 77011 911499 (2001).

 58. Ohkawa, H., Ohishi, N. & Yagi, K. Assay for lipid peroxides in animal tissues by thiobarbituric acid reaction. Anal. Biochem. 95(2), 
351–358. https:// doi. org/ 10. 1016/ 0003- 2697(79) 90738-3 (1979).

 59. Aykaç, G. et al. The effect of chronic ethanol ingestion on hepatic lipid peroxide, glutathione, glutathione peroxidase and glutathione 
transferase in rats. Toxicology 36(1), 71–76. https:// doi. org/ 10. 1016/ 0300- 483x(85) 90008-3 (1985).

 60. Kakkar, P., Das, B. & Viswanathan, P. N. A modified spectrophotometric assay of superoxide dismutase. Ind. J. Biochem. Biophys. 
21, 130–132 (1984).

 61. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2− ΔΔCT 
method. Methods 25(4), 402–408. https:// doi. org/ 10. 1006/ meth. 2001. 1262 (2001).

 62. Adibkia, K. et al. Silver nanoparticles induce the cardiomyogenic differentiation of bone marrow derived mesenchymal stem cells 
via telomere length extension. Beilstein J. Nanotechnol. 2(12), 786–797. https:// doi. org/ 10. 3762/ bjnano. 12. 62 (2021).

 63. Olive, P. L. & Banáth, J. P. The comet assay: A method to measure DNA damage in individual cells. Nat Protoc. 1(1), 23–29. https:// 
doi. org/ 10. 1038/ nprot. 2006.5 (2006).

 64. Singh, N. P., Muller, C. H. & Berger, R. E. Effects of age on DNA. double strand breaks and apoptosis in human sperm. Fertil. Steril. 
80, 6–1420 (2003).

 65. Asahi, J., Kamo, H., Baba, R., Doi, Y. & Yamashita, A. Bisphenol A induces endoplasmic reticulum stress-associated apoptosis in 
mouse non-parenchymal hepatocytes. Life Sci. 87, 431–438 (2010).

 66. Mohamed, A. S. et al. Sodium pentobarbital dosages for exsanguination affect biochemical, molecular and histological measure-
ments in rats. Sci. Rep. 10(1), 378. https:// doi. org/ 10. 1038/ s41598- 019- 57252-7 (2020).

Author contributions
E.M.E., A.A.E. and M.H. conceived, designed, planned, and supervised the research point. E.M.E., M.H. and 
S.A.S. performed the experimental work. E.M.E. and M.H. analyzed and interpreted the data. S.A.S., M.H., and 
E.M.E. participated in writing the manuscript. S.A.S., M.H. and E.M.E. participated in summarizing the find-
ings in a schematic diagram, reviewed, and edited the final version of the manuscript. All authors approved the 
final version of the manuscript.

Funding
Open access funding provided by The Science, Technology & Innovation Funding Authority (STDF) in coopera-
tion with The Egyptian Knowledge Bank (EKB).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1186/s40478-018-0644-8
https://doi.org/10.1186/s40478-018-0644-8
https://doi.org/10.3390/cells8060595
https://doi.org/10.3727/096368914X684970
https://doi.org/10.3727/096368914X684970
https://doi.org/10.1038/s41598-019-49428-y
https://doi.org/10.1038/s12276-018-0176-0
https://doi.org/10.1016/j.ebiom.2020.102989
https://doi.org/10.1016/j.ebiom.2020.102989
https://doi.org/10.1007/s00204-009-0455-6
https://doi.org/10.1007/s00204-009-0455-6
https://doi.org/10.3389/fphar.2019.00355
https://doi.org/10.1258/0023677011911499
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1016/0300-483x(85)90008-3
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3762/bjnano.12.62
https://doi.org/10.1038/nprot.2006.5
https://doi.org/10.1038/nprot.2006.5
https://doi.org/10.1038/s41598-019-57252-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Therapeutic potential of stem cells and acitretin on inflammatory signaling pathway-associated genes regulated by miRNAs 146a and 155 in AD-like rats
	Results
	Measurement of serum and brain Aβ1-42 levels. 
	Measurement of serum oxidative stress biomarkers. 
	Expression levels of miR-146a, miR-155, necrotic, growth and inflammatory genes in brain rat group. 

	Comet assay
	Tail length, tail DNA percentage and tail moment. 
	Homing. 
	Histopathology examination. 

	Discussion
	Conclusion
	Limitation of the study. 
	Future respective. 

	Methods
	Animals. 
	Animal rights. 
	Experimental design and analysis. 
	Experimental procedures. 
	Blood and tissue collection. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Oxidative stress biomarkers. 

	Quantitative real time-PCR (RT-QPCR). 
	Comet assay. 
	Homing. 
	Histopathology of brain tissues. 
	Statistical analysis. 

	References


