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ABSTRACT: Anti-hormone therapy mediated cognitive decline among cancer patients has been referred to as 
chemobrain. Current literature indicates that declined estrogen in the brain may be contributing to the genesis of this 
phenomenon. Aromatase is a key enzyme that converts C19 steroids to estrogen in the brain, although its involvement 
in cognitive function has remained obscure. This study evaluated the downregulation of aromatase by siRNA treatment 
and the effect of aromatase downregulation on mRNA expression and specific activity of acetylcholinesterase in SH-
SY5Y cells. short interfering RNA duplexes were employed to achieve aromatase gene downregulation in SH-SY5Y 
cells. The reduction of aromatase mRNA was analyzed by real-time PCR. Estradiol levels were determined to confirm 
the downregulation by a commercial ELISA kit. Acetylcholinesterase mRNA level of siRNA-treated SH-SY5Y cells was 
analyzed employing Real-time PCR. Specific acetylcholinesterase activity was determined using the Ellman method.  
Viability and caspase 3/7 activity was examined using ApoTox-GloTM Triplex Assay.  zVad-Fmk was employed as a 
pan-caspase inhibitor in experimental groups.Real-time PCR analysis showed a significant decrease in aromatase 
mRNA. The downregulation data was also confirmed using an ELISA estradiol kit. Acetylcholinesterase mRNA level 
was determined significantly reduced in siRNA-treated SH-SY5Y cells. It was observed that the specific activity of 
acetylcholinesterase was also reduced. Aromatase downregulation didn’t alter viability or caspase 3/7 activity of SH-
SY5Y cells. However, aromatase downregulation increased susceptibility to caspase-dependent apoptosis.Considering 
our findings, there may be interactions between aromatase and acetylcholinesterase that have not yet been elucidated 
and may contribute to the mechanism of chemobrain. 
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1.  INTRODUCTION 

Anti hormone therapy is the main treatment regimen in estrogen-sensitive cancers like breast cancer. 
Aromatase inhibitors (AIs), and tamoxifen are the most commonly used drugs for anti-hormone therapy.   The 
aromatase inhibitors decrease circulating estrogen dramatically, while tamoxifen does not change estrogen 
levels. Although the benefits of this drug regime are beyond doubt, cognitive decline is implicated many times 
among patients who use AIs. This phenomenon is called chemobrain and patients usually suffer from decreased 
estrogen levels [1-3]. Growing evidence supports the significance of estrogen in cognitive functions. Estrogen 
alters the brain’s both structure and function; plasticity, hippocampal neurogenesis, neurite growth, dendritic 
branching, neurotransmitter systems are altered, and cognition, memory, mood are affected. The major source 
of postmenopausal estrogen is aromatase (CYP19A1, ARO) that converts C19 steroids to estrogen. Significant 
levels of ARO activity is reported in different regions of the brain mostly produced by neurons [4]. 

The cholinergic hypothesis has been the major perspective for the cognitive decline since the 1960s 
and has been associated with dementia, Alzheimer’s disease, and Parkinson’s disease [5-8].Growing evidence 
has indicated estrogen-mediated cholinergic effects in the cerebral cortex and hippocampus[9, 10]. Extensive 
studies have reported that estrogen interacts with the cholinergic system inducing cholinergic innervation,  
choline acetyltransferase (CHAT) level, and acetylcholine release [11].Estradiol binding site in 30-kb region 
upstream from the human acetylcholinesterase (AChE) gene  was reported [12]. 
Although estrogen and cholinergic system have many intersections in the brain, hormonal modulation of 
cognition is still not fully understood. Decreased AChE activity is a characteristic of cognitive decline, whereas 
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increased AChE activity in the hypothalamus is documented after estrogen administration [13]. Furthermore, 
estradiol treatment was reported to increase acetylcholinesterase activity in lungs and ovaries[14-16]. 

Even though the cognitive decline was indicated many times with AI or antioestrogen treatment, the 
underlying mechanism has remained unclear[17-19]. Studies have shown escalated response to the AChE 
inhibitors tacrine and donepezil when combined with estrogen treatment, whereas cholinesterase inhibitor 
treatments didn’t change ARO mRNA level or activity[20, 21]. 

To obtain some enlightenment about ARO and AChE interactions, short-interfering RNA (siRNAs) 
were used to specifically attenuate the aromatase gene in SH-SY5Y cells, and acetylcholinesterase (AChE) 
mRNA level, specific activity, and caspase-3/7 activity were determined. 

2. RESULTS  

2.1. Effect of ARO downregulation on AChEmRNAexpressionandspecificactivity 

Although estrogen’s influence on cholinergic neurons is previously reported, interactions with AChE have 
remained enigmatic. Previous literature indicated that AChE inhibitor treatments didn’t change ARO mRNA 
level or activity, even though estrogen replacement therapy was found beneficial above a critical cholinergic 
threshold[21, 22]. On the other hand, a recent study in ovariectomized rats demonstrated that AChE activity 
was declined in the hippocampus. These reports raise the question of whether lack of estrogen is the 
underlying cause of the cholinergic deficit in cognitive declines. To tackle this issue, firstly down‐regulation 
of ARO was confirmed by RT-PCR analysis and estradiol ELISA kit. ARO mRNA expression was decreased 
to 0.4% at 48 hours (Figure 1A). Estradiol level in collected media revealed considerable reduction (to 26.7%) 
at the time of 48 hours of post-transfection (Figure 1B). 
After ARO suppression was confirmed, AChE mRNA expression (Figure 1C) and specific activity (Figure 1D) 
in SH-SY5Y cells were examined by RT-PCR analysis and Ellman assay. Downregulation of ARO decreased 
AChE mRNA expression and specific activity to %1.2 and 43.9% respectively. 

 

Figure 1.A) Downregulation of ARO mRNA expression B) Estradiol levels C) AChE mRNA expression D) 
Specific AChE activity. Data were analyzed by one-way ANOVA and presented as means ± SEM of 
minimum three independent experiments (*p<0.05, **p<0.01, ***p<0.001) (mRNA expression experiments 
shown in A and C also include two technical replicates) 
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2.2. Effects of ARO downregulation on cell viability and caspase-3/7  

Neuronal cell death is a common feature of cognitive decline. Neuroinflammation, amyloid  deposits, 
hyperphosphorylated tau protein, oxidative and nitrosative stress are inducers of neuron death. This process 
is mediated through various well-known mechanisms as apoptosis, necrosis, autophagy, and excitotoxicity.  

Accumulating evidence suggests that estradiol and aromatase have neuroprotective roles including 
anti-apoptotic, anti-oxidant, and anti-inflammatory effects as well as regulation of calcium channels [23-25]. 
Regarding the apoptotic cascade, estradiol has been noted to decrease caspase-3 activation and to antagonize 
the increased levels of activated caspase-3 while aromatase inhibition didn’t activate caspase 3 [25, 26]. 

Viability (Figure 2A) and caspase 3/7 (Figure 2B) activity of ARO downregulated SHSY-5Y cells were 
not significantly changed. Viability results revealed that proliferation of the SHSY-5Y cells were not estrogen-
dependent. Notably, viability was decreased when pan-caspase inhibitor zVad-Fmk was added to SHSY-5Y 
cells whereas the viability of SH-SY5Y cells transfected with ARO siRNA significantly increased to 160.8%. 
The following apoptosis analysis revealed that caspase 3/7 activity was significantly reduced after zVad-Fmk 
treatment in SH-SY5Y cells. However, the caspase inhibitory effect of zVad-Fmk was limited in the ARO 
siRNA group. 

 

Figure 2. Viability and caspase-3/7 activity in ARO siRNA transfected SH-SY5Y cells at 48 hours.  Data 
were analyzed by two-way ANOVA and presented as means ± SEM of minimum three independent 
experiments (*p<0.05). 

3. DISCUSSION 

Various studies show that estrogen has beneficial effects on cognitive functions. Estrogen therapy has 
been shown to improve memory and differential cognitive performances in ovariectomized rats dramatically 
[27, 28]. Similarly, studies in humans have also demonstrated the beneficial effects of estrogen on certain 
cognitive functions associated with verbal memory and executive functions in young menopausal or 
premenopausal women [29]. 

Brain ARO is the enzyme that converts androstenedione and testosterone to estrogen and is localized 
in many brain regions including the hippocampus and cortex. It exerts valuable effects on cognitive functions 
in these regions including neuroprotection through estrogen synthesis [30]. 

Studies have reported adverse cognitive side effects, such as memory impairments and concentration 
difficulties, among patients on AI treatments [31, 32]. Previous studies have indicated possible interactions of 
ARO with the cholinergic system, showing that estrogen therapy supplements cholinergic tasks by boosting 
choline acetyltransferase, choline uptake, and acetylcholine release [33, 34]. However, it is still unclear how 
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the AI treatment alters cognitive functions. This study explored the in vitro effects of siRNA mediated ARO 
downregulation on acetylcholinesterase mRNA expression and specific activity, and caspase-3/7 activity. 

AChE is the key enzyme of the brain cholinergic system that break downs the neurotransmitter 
acetylcholine in the synaptic cleft to choline and acetate. Mounting evidence has shown reduced activity of 
AChE in several brain disorders, including neurodegenerative disorders. Importantly, AChE deprivation is 
evident, as demonstrated by positron emission tomography and autopsy studies in the forebrain of 
Alzheimer's disease patients [35, 36]. In this study, downregulation of ARO decreased AChE mRNA 
expression and specific activity to 1.2% and 43.9% respectively. This observation is in accord with previous 
reports of decreased brain AChE activity in dementia patients and may explain cognitive decline which is 
observed with aromatase inhibitor treatment [11, 37, 38].Remarkably, in a recent retrospective case-control 
study, it was also found that the probability of being diagnosed with Alzheimer’s Disease was increased 
cumulatively with the period of aromatase inhibitor use [39]. 

AIs anti-tumor effect has been reported to coming from suppressing estrogen’s effects on proliferation 
and cell cycle, rather than inducing apoptosis [40, 41]. AIs are usually combined with other adjunctive anti-
cancer agents to enhance apoptosis [42].In the current study, I observed that ARO siRNA transfection didn’t 
alter viability of the SH-SY5Y cells pointing that proliferation of the SHSY-5Y cells were not estrogen-
dependent. Treatment with pan-caspase inhibitor zVad-Fmk decreased the viability of SHSY-5Y cells which 
may be due to activation of caspase independent cell death mechanisms. Although zVad-Fmk is broadly used 
to elucidate cell death mechanisms, accumulating evidence have proposed that it would inhibit other enzymes 
such as peptide N-glycanase, lysosomal cysteine protease and cathepsin B [43, 44]. These caspase independent 
effects may be the reason of decreased proliferation as reported in numerous studies  [45, 46].Interestingly, the 
viability of SH-SY5Y cells transfected with ARO siRNA significantly increased to 160.8% with zVad-Fmk 
treatment which implied that lack of estrogen might counteracted thisanti proliferative effect via currently 
unknown mechanisms. Furthermore, caspase 3/7 activity was significantly reduced after zVad-Fmk treatment 
in SH-SY5Y cells whereas this caspase inhibitory effect was slighter in the ARO siRNA group. Consistent with 
my observations, earlier reports showed that antiestrogen or aromatase inhibitors may induce cell death 
without caspase -3/7 activation [26, 47]. 

A limitation of this study was that experiments were performed in the SH-SY5Y cell line rather than in 
vivo. In this context, in vivo and/or clinical studies focusing on the effect of aromatase enzyme on cholinergic 
transmission would be valuable. The significance of aromatase- acetylcholinesterase interactions will require 
further examination. 

4. CONCLUSION 

This study emphasizes that there may be intriguing interactions between AChE and ARO enzymes than 
is known, particularly affecting cognitive functions. The present data showed that siRNA-mediated ARO 
suppression decreased the mRNA level and specific activity of AChE and increased susceptibility of SH-SY5Y 
cells to caspase-dependent apoptosis. 

5. MATERIALS AND METHODS 

5.1. Chemicalsandcellculture 

High-grade chemicals were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO), Merck 
(Quebec, Canada), and Calbiochem (Los Angeles, California). Cell culture consumables were obtained from 
ThermoScientific, Biowest, and Lonza.  

The human SH-SY5Y neuroblastoma cells (CRL-2266, ATCC) were maintained in Dulbecco’s modified 
eagle’s medium (DMEM) containing 10% FBS, 1% L-glutamine, and 1% antibiotic in a humidified atmosphere 
in 5% CO2 at 37 °C. Cells were passaged at 80% confluency. 

5.2. ARO siRNAtransfection 

SH-SY5Y cells were transiently transfected with a pool of small interfering RNAs (siRNA) designed 
against ARO (GenBank Accession number: D29757) using Lipofectamine™ RNAiMAXreagent (Invitrogen, 
CA, USA). Cells were seeded in a six-well cell culture plate (6 x 105 cells/well) in antibiotic-free DMEM 
supplemented with 10% FBS. After siRNA transfection (1 μg/100 μl), plates were incubated for 48 hours before 
RNA isolation, cDNA synthesis, and RT-PCR. 
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5.3. Total RNA isolation, cDNA synthesis, and RT-PCR 

RNA was isolated using RNAGEM Tissue (ZyGEM New Zealand), as claimed by the manufacturer’s 
recommendations. A Nano drop spectrophotometer was employed to determine the purity and concentration 
of RNAs. The Proto Script First Strand cDNA Synthesis Kit (BioLabs New England) was used to convert total 
RNA tocDNA on a Veriti 96 well thermocycler (AppliedBiosystems). cDNA synthesis reaction occurred for an 
hour at 42 °C including inactivation of the enzyme at 80 °C for 5 min.  

Evaluation of gene expression was conducted in a ViiA 7 by Life Technologies Real-Time PCR system 
and software (AppliedBiosystems) as claimed by the manufacturer's instructions. RT conditions were as 
follows: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C, 1 min at 60 °C, and 1 min at 72 °C.  

All data were analyzed using the ΔΔCt method. SampleCt−values were normalized by Ct−values of the 
GAPDH. Primers forAChE, ARO, and GAPDH (housekeeping gene) employed in quantitative real-time PCR 
experiments are listed in Table 1. 

 

Table 1. Primer sequences used for RT-PCR. 

Primer Name Primersequence (5’-3’) 

AChE  (F) CCTGTCCTCGTCTGGATCTATG 

AChE (R) AAGAAGCGGCCATCGTACAC 

ARO (F) GACGCAGGATTTCCACAGAAGAG 

ARO (R) ATGGTGTCAGGAGCTGCGATCA 

GAPDH (F) GTCGTATTGGGCGCCTGGTCAC 

GAPDH (R) GCCAGCATCGCCCCACTTGATT 

 

5.4. Estradiol Assay 

SH-SY5Y cells were transfected with siRNAs targeting ARO and the medium was collected 48 h later. 
Estradiol levels were determined using human estradiol ELISA kit (CusabioBiotech) according to the 
manufacturer's instructions. 

5.5. AChE specific activity 

Acetylcholinesteras eactivity was determined by the colorimetric Ellman method at 412 nm. [48, 49] 
Cells were trypsinized and centrifuged at 3700xg for 5 minutes at 4 °C. After the addition of 1 drop of glycerol 
onto the pellet, the pellet was sonicated with 10x5 sec 21% amplitude and waited for 50 seconds between each 
treatment. The pellet was diluted 7 fold with lysis buffer pH 7.4 containing 50 mMTris-HCl, 0.5% Triton X 100, 
1% Nonidet P40, 5 mM EDTA, 150 mM NaCl, protease inhibitor and incubated for 30 minutes on ice in an 
orbital shaker. After this period, it was centrifuged again at 14,000xg for 5 minutes at 4 °C. The supernatant 
was assayed with a reaction mixture containing 20 mM KP pH 7.4, 5 mM acetylthiocholine (ATC) as a 
substrate, and 1.25 mM DTNB. The reaction was monitored spectrophotometrically at 412 nm by 
BiotekPowerWave XS microplatereader. Calchem (SantaCruz) BCA protein assay kit was used to calculate the 
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amount of protein in the samples. Tetraisopropylpyrophosphoramide (iso‐OMPA; 100 μM) was added into 
the reaction mixture for specific inhibiting the BChE activity in samples. 

5.6. Viability and apoptosis analysis 

ApoTox-GloTMTriplexAssay (Promega) was used to estimate the levels of viability, cytotoxicity, and 
apoptosis in a 96-well assay plate as a triplex assay by FLUOstar® Omegamulti-modemicroplatereader. [49] 
Human neuroblastoma SH-SY5Y cells (5x 103cells/well) were plated in 96-well plates in highglucose DMEM 
including 10 % FBS and 1 % antibiotic. After 48 h of siRNA transfection, cell viability (wavelength 400Ex/505Em) 
and cytotoxicity (wavelength 485Ex/520Em) was measured fluorometrically. Apoptosis was determined by the 
luminogenic caspase-3/7 substrate as claimed by the manufacturer’s instructions.The pan-caspaseinhibitor 
zVad-Fmk (50 μM) was used as a negative control. 

5.7. Statistical analysis 

Statistical analysis was performed using the GraphPadPrism 8.0 software (GraphPad Software Inc. 
USA). Data were given as the mean ± SEM. Comparisons between the different groups were performed by the 
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test. Differences were 
considered statistically significant at p < 0.05. 

 

Author contributions:Concept – T.T.K.; Design – T.T.K.; Supervision – T.T.K.; Resources – T.T.K.; Materials – T.T.K.; 
Data Collection and/or Processing – T.T.K; Analysis and/or Interpretation – T.T.K.; Literature Search – T.T.K.; Writing 
– T.T.K.; Critical Reviews – T.T.K. 

Conflict of interest statement: The author declared no conflict of interest. 

REFERENCES 

[1] Henderson VW. Cognitive Changes After Menopause: Influence of Estrogen. Clin Obstet Gynecol. 2008; 51(3): 618-626. 
[CrossRef] 

[2] Rao SM, Malkin MG, Durgerian S, Restrepo JA, Pezzin LE, Nattinger AB. Cognitive Performance among Breast Cancer 
Survivors Treated with Aromatase Inhibitors. J Cancer Res Ther. 2013; 2(1): 1-7. [CrossRef] 

[3] Phillips KA, Ribi K, Fisher R. Do aromatase inhibitors have adverse effects on cognitive function? Breast Cancer Res. 
2011; 13(1): 203. [CrossRef] 

[4] Li R, Cui J, Shen Y. Brain sex matters: estrogen in cognition and Alzheimer's disease. Mol Cell Endocrinol. 2014; 389(1-
2): 13-21. [CrossRef] 

[5] Contestabile A. The history of the cholinergic hypothesis. Behav Brain Res. 2011; 221(2): 334-340. [CrossRef] 

[6] Francis PT, Palmer AM, Snape M, Wilcock GK. The cholinergic hypothesis of Alzheimer’s disease: a review of progress. 
J Neurol Neurosurg. 1999; 66(2): 137-147. [CrossRef] 

[7] Bartus R, Dean R, Beer B, Lippa A. The cholinergic hypothesis of geriatric memory dysfunction. Science. 1982; 217(4558): 
408-414. [CrossRef] 

[8] Terry AV, Buccafusco JJ. The Cholinergic Hypothesis of Age and Alzheimers Disease-Related Cognitive Deficits: Recent 
Challenges and Their Implications for Novel Drug Development. J Pharmacol Exp Ther. 2003; 306(3): 821-827.[CrossRef] 

[9] Shughrue PJ, Scrimo PJ, Merchenthaler I. Estrogen binding and estrogen receptor characterization (ERα and ERβ) in 
the cholinergic neurons of the rat basal forebrain. Neuroscience. 2000; 96(1): 41-49.[CrossRef] 

[10] Abraham IM, Koszegi Z, Tolod-Kemp E, Szego EM. Action of estrogen on survival of basal forebrain cholinergic 
neurons: promoting amelioration. Psychoneuroendocrinology. 2009; 34 Suppl 1: S104-112.[CrossRef] 

[11] García-Ayllón M-S, Small DH, Avila J, Sáez-Valero J. Revisiting the Role of Acetylcholinesterase in Alzheimer’s 
Disease: Cross-Talk with P-tau and β-Amyloid. Front Mol Neurosci. 2011; 4: 22.[CrossRef] 

[12] Grisaru D, Lev-Lehman E, Shapira M, Chaikin E, Lessing JB, Eldor A, Eckstein F, Soreq H. Human Osteogenesis 
Involves Differentiation-Dependent Increases in the Morphogenically Active 3′ Alternative Splicing Variant of 
Acetylcholinesterase. Mol Cell Biol. 1999; 19(1): 788-795.[CrossRef] 

[13] Luine VN, Rhodes JC. Gonadal hormone regulation of MAO and other enzymes in hypothalamic areas. 
Neuroendocrinology. 1983; 36(3): 235-241.[CrossRef] 

https://doi.org/10.1097/GRF.0b013e318180ba10
https://doi.org/10.7243/2049-7962-2-7
https://doi.org/10.1186/bcr2806
https://doi.org/10.1016/j.mce.2013.12.018
https://doi.org/10.1016/j.bbr.2009.12.044
https://doi.org/10.1136/jnnp.66.2.137
https://doi.org/10.1126/science.7046051
https://doi.org/10.1124/jpet.102.041616
https://doi.org/10.1016/s0306-4522(99)00520-5
https://doi.org/10.1016/j.psyneuen.2009.05.024
https://doi.org/10.3389/fnmol.2011.00022
https://doi.org/10.1128/mcb.19.1.788
https://doi.org/10.1159/000123461


Tüylü Küçükkılınç T. Downregulation of aromatase decreases 
acetylcholinesterase mRNA and specific activity  

Journal of Research in Pharmacy 

 ResearchArticle 

 

 

 
http://dx.doi.org/10.29228/jrp.134 

JResPharm 2022; 26(2): 362-369 

368 

[14] Degano B, Prévost M-C, Berger P, Molimard M, Pontier S, Rami J, Escamilla R. Estradiol Decreases the Acetylcholine-
elicited Airway Reactivity in Ovariectomized Rats through an Increase in Epithelial Acetylcholinesterase Activity. Am J 
Respir Crit Care Med. 2001; 164(10): 1849-1854.[CrossRef] 

[15] Abdul-Karim RW, Drucker M, Jacobs RD. The influence of estradiol-17β on cholinesterase activity in the lung. Am J 
Obstet Gynecol. 1970; 108(7): 1098-1101.[CrossRef] 

[16] Hervonen A, Kanerva L, Lietzén R. Histochemically Demonstrable Catecholamines and Cholinesterases of the Rat 
Uterus during Estrus Cycle, Pregnancy and after Estrogen Treatment. Acta Physiol Scand. 1973; 87(2): 283-288.[CrossRef] 

[17] Argyriou AA, Assimakopoulos K, Iconomou G, Giannakopoulou F, Kalofonos HP. Either called "chemobrain" or 
"chemofog," the long-term chemotherapy-induced cognitive decline in cancer survivors is real. J Pain Symptom Manag. 
2011; 41(1): 126-139.[CrossRef] 

[18] Shilling V, Jenkins V, Fallowfield L, Howell T. The effects of hormone therapy on cognition in breast cancer. J Steroid 
Biochem Mol. 2003; 86(3-5): 405-412.[CrossRef] 

[19] Rosenfeld CS, Shay DA, Vieira-Potter VJ. Cognitive effects of aromatase and possible role in memory disorders. Front 
Endocrinol. 2018; 9: 610.[CrossRef] 

[20] Schneider LS, Farlow MR, Henderson VW, Pogoda JM. Effects of estrogen replacement therapy on response to tacrine 
in patients with Alzheimer's disease. Neurology. 1996; 46(6): 1580-1584.[CrossRef] 

[21] Gibbs RB, Chipman AM, Nelson D. Donepezil plus estradiol treatment enhances learning and delay-dependent 
memory performance by young ovariectomized rats with partial loss of septal cholinergic neurons. Horm Behav. 2011; 
59(4): 503-511.[CrossRef] 

[22] Li J, Rao D, Gibbs RB. Effects of Cholinergic Lesions and Cholinesterase Inhibitors on Aromatase and Estrogen 
Receptor Expression in Different Regions of the Rat Brain. Neuroscience. 2018; 384: 203-213.[CrossRef] 

[23] Azcoitia I, Sierra A, Veiga S, Honda S, Harada N, Garcia-Segura LM. Brain aromatase is neuroprotective. J Neurobiol. 
2001; 47(4): 318-329.[CrossRef] 

[24] Garcia-Segura LM, Veiga S, Sierra A, Melcangi RC, Azcoitia I. Aromatase: a neuroprotective enzyme. Prog Neurobiol. 
2003; 71(1): 31-41.[CrossRef] 

[25] Amantea D, Russo R, Bagetta G, Corasaniti MT. From clinical evidence to molecular mechanisms underlying 
neuroprotection afforded by estrogens. Pharmacol Res. 2005; 52(2): 119-132.[CrossRef] 

[26] Thiantanawat A, Long BJ, Brodie AM. Signaling Pathways of Apoptosis Activated by Aromatase Inhibitors and 
Antiestrogens. Cancer Res. 2003; 63(22): 8037-8050.[CrossRef] 

[27] Daniel JM, Fader AJ, Spencer AL, Dohanich GP. Estrogen Enhances Performance of Female Rats during Acquisition 
of a Radial Arm Maze. Horm Behav. 1997; 32(3): 217-225.[CrossRef] 

[28] Luine VN, Jacome LF, Maclusky NJ. Rapid enhancement of visual and place memory by estrogens in rats. 
Endocrinology. 2003; 144(7): 2836-2844.[CrossRef] 

[29] Sherwin BB, Henry JF. Brain aging modulates the neuroprotective effects of estrogen on selective aspects of cognition 
in women: a critical review. Front Neuroendocrinol. 2008; 29(1): 88-113.[CrossRef] 

[30] Roselli CF. Brain aromatase: roles in reproduction and neuroprotection. J Steroid Biochem Mol. 2007; 106(1-5): 143-
150.[CrossRef] 

[31] Gallicchio L, Calhoun C, Helzlsouer K. A prospective study of aromatase inhibitor therapy initiation and self-reported 
side effects. Support Care Cancer. 2017; 25(9): 2697-2705.[CrossRef] 

[32] Le Rhun E, Delbeuck X, Lefeuvre-Plesse C, Kramar A, Skrobala E, Pasquier F, Bonneterre J. A phase III randomized 
multicenter trial evaluating cognition in post-menopausal breast cancer patients receiving adjuvant hormonotherapy. 
Breast Cancer Res Treat. 2015; 152(3): 569-580.[CrossRef] 

[33] Gibbs RB. Effects of gonadal hormone replacement on measures of basal forebrain cholinergic function. Neuroscience. 
2000; 101(4): 931-938.[CrossRef] 

[34] Gabor R, Nagle R, Johnson DA, Gibbs RB. Estrogen enhances potassium-stimulated acetylcholine release in the rat 
hippocampus. Brain Res. 2003; 962(1-2): 244-247.[CrossRef] 

[35] Kuhl DE, Koeppe RA, Minoshima S, Snyder SE, Ficaro EP, Foster NL, Frey KA, Kilbourn MR. In vivo mapping of 
cerebral acetylcholinesterase activity in aging and Alzheimer's disease. Neurology. 1999; 52(4): 691-699.[CrossRef] 

[36] Davis KL, Mohs RC, Marin D, Purohit DP, Perl DP, Lantz M, Austin G, Haroutunian V. Cholinergic markers in elderly 
patients with early signs of Alzheimer disease. Jama. 1999; 281(15): 1401-1406.[CrossRef] 

https://doi.org/10.1164/ajrccm.164.10.2102009
https://doi.org/10.1016/0002-9378(70)90459-X
https://doi.org/10.1111/j.1748-1716.1973.tb05392.x
https://doi.org/10.1016/j.jpainsymman.2010.04.021
https://doi.org/10.1016/j.jsbmb.2003.07.001
https://doi.org/10.3389/fendo.2018.00610
https://doi.org/10.1212/wnl.46.6.1580
https://doi.org/10.1016/j.yhbeh.2011.01.011
https://doi.org/10.1016/j.neuroscience.2018.05.033
https://doi.org/10.1002/neu.1038
https://doi.org/10.1016/j.pneurobio.2003.09.005
https://doi.org/10.1016/j.phrs.2005.03.002
https://pubmed.ncbi.nlm.nih.gov/14633737/
https://doi.org/10.1006/hbeh.1997.1433
https://doi.org/10.1210/en.2003-0004
https://doi.org/10.1016/j.yfrne.2007.08.002
https://doi.org/10.1016/j.jsbmb.2007.05.014
https://doi.org/10.1007/s00520-017-3678-8
https://doi.org/10.1007/s10549-015-3493-1
https://doi.org/10.1016/s0306-4522(00)00433-4
https://doi.org/10.1016/s0006-8993(02)04053-2
https://doi.org/10.1212/wnl.52.4.691
https://doi.org/10.1001/jama.281.15.1401


Tüylü Küçükkılınç T. Downregulation of aromatase decreases 
acetylcholinesterase mRNA and specific activity  

Journal of Research in Pharmacy 

 ResearchArticle 

 

 

 
http://dx.doi.org/10.29228/jrp.134 

JResPharm 2022; 26(2): 362-369 

369 

[37] Shinotoh H, Namba H, Fukushi K, Nagatsuka S, Tanaka N, Aotsuka A, Ota T, Tanada S, Irie T. Progressive loss of 
cortical acetylcholinesterase activity in association with cognitive decline in Alzheimer's disease: a positron emission 
tomography study. Ann Neurol. 2000; 48(2): 194-200.[CrossRef] 

[38] Shinotoh H, Namba H, Fukushi K, Nagatsuka S, Tanaka N, Aotsuka A, Tanada S, Irie T. Brain acetylcholinesterase 
activity in Alzheimer disease measured by positron emission tomography. Alzheimer Dis Assoc Disord. 2000; 14 Suppl 1: 
S114-118.[CrossRef] 

[39] Liao K-F, Lin C-L, Lai S-W. Nationwide Case-Control Study Examining the Association between Tamoxifen Use and 
Alzheimer’s Disease in Aged Women with Breast Cancer in Taiwan. Front Pharmacol. 2017; 8(612).[CrossRef] 

[40] Thiantanawat A, Long BJ, Brodie AM. Signaling pathways of apoptosis activated by aromatase inhibitors and 
antiestrogens. Cancer Res. 2003; 63(22): 8037-8050.[CrossRef] 

[41] Williams MM, Lee L, Werfel T, Joly MMM, Hicks DJ, Rahman B, Elion D, McKernan C, Sanchez V, Estrada MV, 
Massarweh S, Elledge R, Duvall C, Cook RS. Intrinsic apoptotic pathway activation increases response to anti-estrogens 
in luminal breast cancers. Cell Death Dis. 2018; 9(2): 21.[CrossRef] 

[42] Rozeboom B, Dey N, De P. ER+ metastatic breast cancer: past, present, and a prescription for an apoptosis-targeted 
future. Am J Cancer Res. 2019; 9(12): 2821-2831.[CrossRef] 

[43] Misaghi S, Korbel GA, Kessler B, Spooner E, Ploegh HL. z-VAD-fmk inhibits peptide:N-glycanase and may result in 
ER stress. Cell Death Differ. 2006; 13(1): 163-165.[CrossRef] 

[44] Schotte P, Declercq W, Van Huffel S, Vandenabeele P, Beyaert R. Non-specific effects of methyl ketone peptide 
inhibitors of caspases. FEBS letters. 1999; 442(1): 117-121.[CrossRef] 

[45] Kennedy NJ, Kataoka T, Tschopp J, Budd RC. Caspase activation is required for T cell proliferation. J Exp Med. 1999; 
190(12): 1891-1896.[CrossRef] 

[46] Lawrence CP, Chow SC. Suppression of human T cell proliferation by the caspase inhibitors, z-VAD-FMK and z-IETD-
FMK is independent of their caspase inhibition properties. Toxicol Appl Pharmacol. 2012; 265(1): 103-112.[CrossRef] 

[47] Cepa M, Correia-da-Silva G, da Silva EJT, Roleira FM, Borges M, Teixeira NA. New steroidal aromatase inhibitors: 
Suppression of estrogen-dependent breast cancer cell proliferation and induction of cell death. BMC Cell Biol. 2008; 9(1): 
41.[CrossRef] 

[48] Ellman GL, Courtney KD, Andres V, Featherstone RM. A new and rapid colorimetric determination of 
acetylcholinesterase activity. Biochem Pharmacol. 1961; 7(2): 88-95.[CrossRef] 

[49] Ayazgök B, Tüylü Küçükkılınç T. Low-dose bisphenol A induces RIPK1-mediated necroptosis in SH-SY5Y cells: 
Effects on TNF-α and acetylcholinesterase. J Biochem Mol Toxicol. 2018: e22233.[CrossRef] 

 

 

https://doi.org/10.1002/1531-8249(200008)48:2%3C194::AID-ANA9%3E3.0.CO;2-X
https://doi.org/10.1097/00002093-200000001-00017
https://doi.org/10.3389/fphar.2017.00612
https://pubmed.ncbi.nlm.nih.gov/14633737/
https://doi.org/10.1038/s41419-017-0072-x
https://pubmed.ncbi.nlm.nih.gov/31911865/
https://doi.org/10.1038/sj.cdd.4401716
https://doi.org/10.1016/S0014-5793(98)01640-8
https://doi.org/10.1084/jem.190.12.1891
https://doi.org/10.1016/j.taap.2012.09.002
https://doi.org/10.1186/1471-2121-9-41
https://doi.org/10.1016/0006-2952(61)90145-9
https://doi.org/10.1002/jbt.22233

