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Brain Region and Sex-specific Changes in Mitochondrial Biogenesis
Induced by Acute Trimethyltin Exposure

Jung Ho Lee, Eun Hye Jang, Soon Ae Kim
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Objective: In this study, we investigated sex- and region-specific effects of acute trimethyltin (TMT) exposure on mi-
tochondrial biogenesis.

Methods: We treated TMT to primary neuronal cultures and 4-week-old male and female mice. We measured the mi-
tochondrial DNA copy numbers using the quantitative polymerase chain reaction method. We also measured mitochon-
drial biogenesis related genes (sirtuin-1, estrogen-related receptor alpha, cytochrome C oxidase subunit IV) by western
blotting.

Results: The mitochondrial DNA copy number increased in the primary hippocampal neuron; however, it decreased
in the primary cortical neuron. The mitochondrial copy number increased in the hippocampus and decreased in the
cortex in the TMT treated female mice, though the mitochondrial copy number increased in both cortex and hippo-
campus in the TMT treated male mice. TMT treatment increased sirtuin-1 expression in the male hippocampus but
did not in the female brain. In the female brain, estrogen-related receptor alpha expression decreased in the cortex
though there is no significant change in the male brain. The protein level of mitochondrial protein, cytochrome C
oxidase subunit IV, increased in both cortex and hippocampus after TMT injection in male mice brain, but not in
female mice brain.

Conclusion: Our data suggest that acute TMT exposure induces distinct sex-specific metabolic characteristics in the

brain before significant sexual maturation.
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INTRODUCTION

Trimethyltin (TMT) is an organotin compound that in-
duces a distinct pattern of selective neuronal toxicity in
the central nervous system [1]. The neuropathological,
neurochemical, and neurobehavioral alterations exerted
in vivo have been analyzed in rodents, and human cases
of accidental poisoning. In particular, the role of oxidative
stress in TMT-mediated toxicity has been previously dem-
onstrated by different investigators, indicating the direct
involvement of mitochondrial function in response to the
neurotoxicant [2]. TMT is likely to act as an environ-
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mental toxin for all ages as well as adults [3]. Therefore,
research on TMT toxicity in adolescence is needed.

Mitochondria generate adenosine triphosphate (ATP)
and are crucial regulators of various cellular processes.
Disturbances in mitochondrial-mediated functions, in-
cluding mitochondria-mediated oxidative stress and
changes in intracellular calcium homeostasis, are related
to human pathophysiology [4-6]. By utilizing complex
mechanisms, cells finely tune mitochondrial numbers.
Moreover, several different signaling cascades and tran-
scriptional complexes are involved in mitochondrial bio-
genesis and functions. The appropriate control of mi-
tochondrial biogenesis against neurotoxic stimuli is cru-
cial for a neuronal survival. In many diseases, mecha-
nisms related to mitochondrial biogenesis are reportedly
perturbed [7-9].

There are sexual differences in the mitochondrial respi-
ratory function in physiologic conditions [10-12]. According
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to several studies, the harmful effects of neurotoxic envi-
ronment changes depend on sex [13,14]. In particular,
mitochondria’s sexual difference is potentially vital in the
effects of early life stress on brain function [15,16].
However, there is no study on whether there are sexual
differences in the effects of TMT on adolescent brain
mitochondria.

In the present study, following TMT administration, we
investigated the regulation of the mitochondrial bio-
genesis in neuronal cell cultures, as well as in the 4-week-
old brains of female and male mice before the maturation
of sexual hormones.

METHODS

Cell Culture

We purchased mouse hippocampal (M-Hi-401) and
cortical (M-Cx-400) primary neuronal cells from Lonza
(Basel, Switzerland). Each primary cell culture was main-
tained in Neural Progenitor Maintenance Medium (Lonza),
supplemented with 2% Neural Survival Factor-1, 0.2%
gentamicin/amphotericin-B, and 25 ng/ml Brain-Derived
Neurotrophic Factor and Primary Neuron Growth Medium
Kit (Lonza), respectively. All cells were incubated at 37°C
in the presence of 5% CO..

Animal Model

We purchased three-week-old C57BL/6 mice from
Samtako Bio Korea (Osan, Korea). We adapted mice in
rooms with adequate humidity (50 + 10%) and temper-
ature (22 + 2°C) and supplied water and food freely. After
one week, we intraperitoneally administered either 2.3
mg/kg TMT in a vehicle (normal saline) or a vehicle. We
administered 20 ml/kg solutions to all groups. After 24
hours, we sacrificed mice with isoflurane (Hana Pharm,
Seoul, Korea) anesthesia, excised brains, and stored sam-
ples at —80°C. The number of mice used in the study was
31, and we used cortical tissue and hippocampal tissue in
each mouse. The total number of tissues used is 62. We
conducted all procedures following the guidelines of the
Eulji University Institutional Animals Care and Usage
Committee (IACUC, document number: EUIACUC-17-12)
and the ARRIVE guide for the care and use of laboratory
animals.

Mitochondrial DNA (mtDNA) Copy Number Assay
Primary mouse neuronal cells were plated onto coated
24-well plates, stabilized for 10 days, and then treated
with 5 UM TMT for 72 hours. Total cellular DNA, as well
as tissue DNA from the TMT mouse model, were ex-
tracted using DNeasy blood and tissue kit (Qiagen,
Germantown, MD, USA). Quantitative polymerase chain
reaction (PCR) was performed using the iQ™ SYBR®
Green Supermix (Bio-Rad, Hercules, CA, USA) in a
CFX96 Real-Time System (Bio-Rad). The relative mtDNA
“ method.

Beta-globin (HBB) and fB-actin genes were used as con-

copy numbers were determined using the 2

trols for the primary cell and mouse samples, respectively.
HBB primer sequences were as follows: forward, 5'-
GCCTGATTCCGTAGAGCCAC-3'; reverse, 5'-CACCCA
ACTTCTTCTTGTGA-3'. B-actin primer sequences were;
forward, 5'-GATGCCACAGGATTCCATACCTA-3'; reverse,
5'-AGCCTAGTCCTTTCTCCATCTAAAG-3". mtDNA pri-
mer sequences were; forward, 5'-GCCCATGACCAACAT
AACTG-3’; reverse, 5'-CCTTGACGGCTATGTTGATG-3'.

Western Blotting

We isolated the total protein of mice’s brain cortex and
hippocampus using the RIPA buffer (ATTO, Tokyo,
Japan). We measured concentrations using the bicincho-
ninic acid assay. We loaded 20 pg of cytosolic protein per
well, separated on 10% SDS-PAGE gels, and transferred
on nitrocellulose membranes (Pall, Port Washington, NY,
USA). We blocked membranes with 5% non-fat milk in
Tris-buffered saline, 0.1% Tween 20 (TBST) buffer for one
hour at 4°C and incubated with primary antibodies at 4°C
overnight. The primary antibodies were as follows: cyto-
chrome C oxidase subunit IV (COX4), sirtuin 1 (SIRT1), es-
trogen-related receptor alpha (ERRo) (Cell Signaling
Technology, Danvers, MA, USA), and CYP1B1 (Abcam,
Cambridge, MA, USA). Then, we rinsed membranes with
TBST and incubated them with horseradish perox-
idase-labeled  secondary antibody (Santa Cruz
Biotechnology, Dallas, TX, USA) for one hour. After wash-
ing with TBST buffer, we incubated the membranes with
West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific, Waltham, MA, USA). We detected pro-
tein expression levels by exposure to an X-ray film (Agfa,
Mortsel, Belgium) and analyzed using the Image] software
(National Institutes of Health, Bethesda, MD, USA).
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Statistical Analysis ings indicated that TMT altered the regulation of mi-
We conducted all statistical analyses using IBM SPSS tochondrial biogenesis, presenting sex and regional
Statistics for Windows version 20.0 (IBM Co., Armonk, differences.
NY, USA). We expressed quantitative results as mean +
standard deviation, and groups were compared using Sex Differences in Gene Expression for Mitochondrial
Dunnett’s test and unpaired ftest. Biogenesis in Response to TMT with Brain Region
Specificity
RESULTS To specifically assess changes in mitochondrial bio-
genesis following TMT treatment, we measured the levels
Acute TMT Exposure Affects mtDNA Copy Numbers of mitochondrial biogenesis related genes, SIRT1 and
in Mouse Primary Neuronal Cells and Mice Brain ERRo, using western blotting. In male mice’s cortex, pro-
Tissue tein levels of ERRa and SIRTT did not alter significantly
First, we treated 5 uM of TMT in primary hippocampal following TMT treatment (Fig. 2A). In the male hippo-
and primary cortical cultures and measured the mtDNA campus, TMT treatment significantly increased the SIRT1
copy number using qPCR. TMT treatment decreased protein level (p < 0.01); however, the protein level of
mtDNA copy numbers (p < 0.05) (Fig. 1A). In contrast, in ERRa did not change significantly (Fig. 2B). In the female
hippocampal neurons, mtDNA copy numbers increased mice cortex, SIRTT levels did not change, but ERRa. levels
(p < 0.05) (Fig. 1B). In primary neuronal cultures, TMT af- decreased after TMT treatment (p < 0.05) (Fig. 3A,
fected the regulation of mitochondrial biogenesis, reveal- Supplementary Fig. 1; available online). In the female hip-
ing regional specificity. pocampus, the ERRa: level did not alter following TMT ad-
Additionally, we administered TMT intraperitoneally ministration (Fig. 3B). Following TMT treatment, the pro-
(2.3 mg/kg) to 4-week-old female and male mice and tein level of mitochondrial COX4 increased in males, but
measured the mtDNA copy number in cortical and hippo- not in females, both cortex and hippocampus (cortex: p <
campal tissues. Interestingly, following TMT admin- 0.05, hippocampus: p < 0.001) (Figs. 2, 3). These results
istration, the mtDNA copy number increased in the male indicate that TMT alters the expression of genes involved
cortex (p < 0.05), but decreased in the female cortex (p < in mitochondrial biogenesis and that this change varies
0.01) (Fig. 1C). In the hippocampus, TMT increased the according to gender and brain region.

mtDNA copy number in both male and female mice
(male: p < 0.05, female: p < 0.001) (Fig. 1D). These find-
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Fig. 1. The change of mitochondrial DNA copy number after trimethyltin (TMT) treatment in primary neuronal cultures and mice. (A, B) The change
of mitochondrial DNA copy numbers after TMT treatment (5 uM) in primary cortical neuron (n = 3) (A) and primary hippocampal neuron (n = 3) (B).
(C, D) The change of mitochondrial DNA copy numbers after TMT injection in cortices (male vehicle, n = 10; male TMT, n = 10; female vehicle, n =
9; female TMT, n = 10) (C) and hippocampi (male vehicle, n = 10; male TMT, n = 10; female vehicle, n = 9; female TMT, n = 10) (D) of male and female mice.
£ < 0.05, *p < 0.01, **p < 0.001.
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Fig. 2. Trimethyltin (TMT) treatment altered the protein level of mitochondrial biogenesis-related genes in brains of male mice. (A) (Left)
Representative Western blots. (Right) Quantification of SIRT1 (vehicle, n = 8; TMT, n = 8), ERRa (vehicle, n = 8; TMT, n = 8), COX4 (vehicle, n = 8;
TMT, n = 8) protein levels in the cortex. (B) (Left) Representative Western blots. (Right) Quantification of SIRT1 (vehicle, n = 16; TMT, n = 16), ERRa
(vehicle, n = 8; TMT, n = 11), COX4 (vehicle, n = 15; TMT, n = 13) protein levels in the hippocampus.

SIRT1, sirtuin 1; ERRa, estrogen-related receptor alpha; COX4, cytochrome C oxidase subunit IV.

*p < 0.05, *p < 0.01, **p < 0.001.

DISCUSSION

Notably, mitochondrial biogenesis can increase in re-
sponse to mitochondrial dysfunction owing to oxidative
stress [17,18]. Previously, several studies have reported
that oxidative stress-mediated apoptotic cell death occurs
after TMT treatment [2,19,20], with numerous reports re-
vealing that TMT toxicity varies with brain regions
[21,22]. Moreover, another study showed that TMT dem-
onstrates selective effects in the hippocampus and neo-
cortex via stannin, located in the mitochondria [23]. In
terms of metabolism and neurophysiology, primary neu-
ronal cell cultures from different regions may present
markedly different characteristics [24]. In the present
study, the degree of alterations in mitochondrial bio-
genesis induced by TMT differed depending on the origin
of the primary neurons. Furthermore, regional differences
in the cortex and hippocampus of the female mouse

brain, and sex differences in the cortex in terms of mtDNA
copy numbers, were interesting findings. In our recent
study, when we treated TMT to mice, the estradiol level
significantly decreased only in female mice brains, and
CYP1B1 level involved in estrogen metabolism increased
only in female mice brains [25]. This difference in sex hor-
mone changes is thought to involve the sex difference in
the TMT effect. The mRNA expression of stannin, which is
known to play an essential role in the neurotoxic effect of
TMT, was found to be higher in the hippocampus than in
the cortex [26]. In addition, as a limitation, we used the
company-purchased primary neuron in this study, and we
could not find any gender content in the product
information. If we have gender information, we could
have interpreted the sex difference in TMT in more detail.
Further research is crucial to understand the underlying
mechanisms that impact the inherent brain regional dif-
ferences induced by TMT neurotoxicity.
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Fig. 3. Trimethyltin (TMT) treatment altered the protein level of mitochondrial biogenesis-related genes in brains of female mice. (A) (Left)
Representative Western blots. (Right) Quantification of SIRTT (vehicle, n = 8; TMT, n = 8), ERRy, (vehicle, n = 8; TMT, n = 8), COX4 (vehicle, n = §;
TMT, n = 8) protein levels in the cortex. (B) (Left) Representative Western blots. (Right) Quantification of SIRT1 (vehicle, n = 16; TMT, n = 15), ERRa
(vehicle, n = 12; TMT, n = 12), COX4 (vehicle, n = 16; TMT, n = 15) protein levels in the hippocampus.

SIRT1, sirtuin 1; ERRa, estrogen-related receptor alpha; COX4, cytochrome C oxidase subunit IV.

*p < 0.05.

It is well known that mitochondria dysfunction, a sig-
nificant source of oxidative stress, is a common pathology
of several neurodegenerative diseases [27-29]. Reportedly,
decreased mtDNA copy numbers have been observed in
patients presenting neurodegenerative diseases [30-32].
Interestingly, the significance of mitochondrial dynamics
in neuronal development has been outlined in the animal
brain, and recent studies have reported morphological
changes in mitochondria when neuronal stem cells differ-
entiate in the developing and adult brains [33].
Mitochondrial biogenesis may represent an attempt to
maintain a pre-existing aerobic set point in the presence
of declining mitochondrial function. It is reasonable to
consider that the increased brain mitochondrial mass
could be compensatory in the young brain experiencing
mitochondrial dysfunction [34].

Multiple factors intricately work together to regulate
mitochondrial biogenesis [35,36] and SIRT1 and ERRo

are two such well-known factors. SIRT1, the most widely
investigated sirtuin, is known to demonstrate a significant
effect on mitochondrial biogenesis, by regulating the ace-
tylation of peroxisome proliferator-activated receptor- 7
coactivator (PGC)-1oa and has presented protective effects
in previous reports [37,38]. ERRa. acts as a cofactor with
PGClo, affecting the transcription of several genes in-
volved in mitochondrial functions [39,40]. Factors in-
volved in mitochondrial biogenesis may demonstrate var-
ious changes in models related to neurodegenerative
disease. The changes in SIRT1 level were not consistent in
the results of studies using patients and animal models of
various neurodegenerative diseases [41-43]. Furthermore,
studies have documented a decrease in ERRat in neuro-
degenerative disease models [44,45]. Moreover, in-
creased SIRT1 expression has shown neuroprotective ef-
fects in neurodegenerative disease models, and ERRa pro-
tein reportedly plays an important role in the pathology of
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Alzheimer’s disease [41,44].

In contrast to chronic neurodegenerative toxic effects,
the altered protein expression patterns of ERRo and SIRT1
following acute TMT exposure differed between sexes
and brain regions, in the present study. It was observed
that the mitochondrial DNA copy number increased, and
the expression of genes related to mitochondrial bio-
genesis increased in the mitochondria toxic propionic
acid treated SH-SY5Y cells [46]. Though several drugs
that cause neurotoxicity have been shown to decrease mi-
tochondrial biogenesis-related gene expression [47,48],
the mMRNA expression of SIRT1 in the TMT-treated rat hip-
pocampus shown a tendency to elevate compared to the
control group in a previous study to investigate the effect
of estrogen in rat brains treated with TMT [49]. After treat-
ment with amyloid-beta soluble oligomer, it was ob-
served that the SIRT1 protein level increased at 24 hours
than 1 hour in PC12 cells, and it suggested an increase in
SIRT1 level play a role in maintaining mitochondrial ho-
meostasis [50]. Although the male mouse brain finally
demonstrated increased COX-4 protein expression, the
female brain showed a relative absence of differences in
COX-4 protein expression after TMT exposure. Further
studies are needed to clarify the mechanisms underlying
regional and sex-specific differences in short-term
mtDNA copy number alterations and the long-term ef-
fects on mitochondrial biogenesis related gene expression
after TMT exposure.

In this study, we first demonstrated that short-term TMT
treatment in early-juvenile mice induced region-specific
and sex-specific alterations in mitochondrial biogenesis
in the brain. To the best of our knowledge, the differences
in mitochondrial biogenesis between the brains of male
and female mice in the earlier life stage, first identified in
our study, indicate that male and female brains have exist-
ing differences in metabolic characteristics prior to sig-
nificant sexual maturation. Our results present a new per-
spective on neurological problems that can occur in men
and women when accidentally exposed to environmental
neurotoxins such as TMT at an early age.

B Funding

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korean
government, MOE, and MSIT (No. 2017R1D1A3B030
33533 and No. 2020R1A2C1009499). MOE and MSIT

were not involved in the preparation or submission of this
manuscript.

H Conflicts of Interest

No potential conflict of interest relevant to this article
was reported.Conflicts of Interest

B Author Contributions

Conceptualization: Soon Ae Kim. Data acquisition:
Jung Ho Lee, Eun Hye Jang. Formal analysis: Jung Ho Lee,
Eun Hye Jang. Funding: Soon Ae Kim. Supervision: Soon
Ae Kim. Writing—original draft: Soon Ae Kim, Jung Ho
Lee, Eun Hye Jang. Writing—review & editing: Soon Ae
Kim, Jung Ho Lee.

B ORCID
Jung Ho Lee https://orcid.org/0000-0003-3268-8332
https://orcid.org/0000-0002-6644-0784

https://orcid.org/0000-0002-9831-0511

Eun Hye Jang
Soon Ae Kim

REFERENCES

1. Kassed CA, Butler TL, Navidomskis MT, Gordon MN, Morgan
D, Pennypacker KR. Mice expressing human mutant pre-
senilin-1 exhibit decreased activation of NF-kappaB p50 in
hippocampal neurons after injury. Brain Res Mol Brain Res
2003,110:152-157.

2. Misiti F, Orsini F, Clementi ME, Lattanzi W, Giardina B,
Michetti F. Mitochondfrial oxygen consumption inhibition im-
portance for TMT-dependent cell death in undifferentiated
PC12 cells. Neurochem Int 2008;52:1092-1099.

3. Braman RS, Tompkins MA. Separation and determination of
nanogram amounts of inorganic tin and methyitin compoundls
in the environment. Anal Chem 1979:51:12-79.

4. Sims NR, Muyderman H. Mitochondlria, oxidative metabo-
lism and cell death in stroke. Biochim Biophys Acta 2010;
1802:80-91.

5. Perez Ortiz )M, Swerdlow RH. Mitochondlrial dysfunction in
Alzheimer’s disease: role in pathogenesis and novel ther-
apeutic opportunities. Br / Pharmacol 2019;176:3489-3507.

6. Abou-Sleiman PM, Mugit MM, Wood NW. Expanding in-
sights of mitochondrial dysfunction in Parkinson's disease.
Nat Rev Neurosci 2006,7:207-219.

7. Sheng B, Wang X, Su B, Lee HG, Casadesus G, Perry G, et al.
Impaired mitochondrrial biogenesis contributes to mitochon-
drial dystunction in Alzheimer’s disease. /| Neurochem 2012,
120:419-429.

8. Thomas RR, Keeney PM, Bennett JP. /mpaired complex-I mi-
tochondlrial biogenesis in Parkinson dlisease frontal cortex. |
Parkinsons Dis 2012;2:67-76.

9. Ren ), Pulakat L, Whaley-Connell A, Sowers JR. Mitochondrial



480 ).H. Lee, etal.

20.

21.

22.

23.

biogenesis in the metabolic syndrome and cardiovascular
disease. | Mol Med (Berl) 2010,88:993-1001.

. Miotto PM, McGlory C, Holloway TM, Phillips SM, Holloway

GP. Sex dlifferences in mitochondlrial respiratory function in
human skeletal muscle. Am J Physiol Regul Integr Comp
Physiol 2018:314:R909-R915.

. Khalifa AR, Abdel-Rahman EA, Mahmoud AM, Ali MH,

Noureldin M, Saber SH, et al. Sex-specific difterences in mi-
tochondria biogenesis, morphology, respiratory function, and
ROS homeostasis in young mouse heart and brain. Physiol
Rep 2017:5:€13125,

. Harish G, Venkateshappa C, Mahadevan A, Pruthi N, Bharath

MM, Shankar SK. Mitochondrial function in human brains is
affected by pre- and post mortem factors. Neuropathol App!
Neurobiol 2073:39:298-315.

. Gaignard P, Fréchou M, Liere P, Thérond P, Schumacher M,

Slama A, et al. Sex dlifferences in brain mitochondlrial metabo-
lism: influence of endogenous steroids and stroke. / Neuroen-
docrinol 2018:30:e1249/.

. Misiak M, Beyer C, Arnold S. Gender-specific role of mi-

tochondlria in the vulnerability of 6-hydroxydopamine-treated
mesencephalic neurons. Biochim Biophys Acta 2010:1797:
1178-1188.

. Gonzélez-Pardo H, Arias JL, Gémez-Lazaro E, Lépez Taboada

I, Conejo NM. Sex-specific effects of early life stress on brain
mitochondlrial function, monoamine levels and neuro-
inflammation. Brain Sci 2020;10:447.

. Hoffmann A, Spengler D. The mitochondrion as potential in-

terface in early-life stress brain programming. Front Behav
Neurosci 2018,12:306.

. Liu CS, Tsai CS, Kuo CL, Chen HW, Lii CK, Ma YS, et al.

Oxidative stress-related alteration of the copy number of mi-
tochondrial DNA in human leukocytes. Free Radic Res
2003;37:1307-1317.

. Lee HC, Wei YH. Mitochondrial biogenesis and mitochon-

drial DNA maintenance of mammalian cells under oxidative
stress. Int | Biochem Cell Biol 2005,37:822-834.

. Kaur S, Nehru B. Afteration in glutathione homeostasis and

oxidative stress during the sequelae of trimethyltin syndrome
in rat brain. Biol Trace Elem Res 2013,153:299-308.

Jenkins SM, Barone S. The neurotoxicant trimethyltin induces
apoptosis via caspase activation, p38 protein kinase, and oxi-
dative stress in PC12 cells. Toxicol Lett 2004,147:63-72.
Brown AW, Aldridge WN, Street BW, Verschoyle RD. 7he be-
havioral and neuropathologic sequelae of intoxication by tri-
methyltin compounds in the rat. Am J Pathol 1979;97:59-82.
Bouldin TW, Goines ND, Bagnell RC, Krigman MR.
Pathogenesis of trimethyiltin neuronal toxicity. Ultrastructural
and cytochemical observations. Am J Pathol 1981;104:
237-249.

Davidson CE, Reese BE, Billingsley ML, Yun JK. Stannin, a pro-
tein that localizes to the mitochondria and sensitizes NIH-3T73
cells to trimethyltin and dimethyltin toxicity. Mol Pharmacol

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

2004,66:855-863.

Dauth S, Maoz BM, Sheehy SP, Hemphill MA, Murty T,
Macedonia MK, et al. Neurons derived from diifferent brain re-
gions are inherently different in vitro: a novel multiregional
brain-on-a-chip. | Neurophysiol 2017;117:1320-1341.

Lee JH, Cho SH, Jang EH, Kim SA. Sex-specific changes in
brain estrogen metabolism induced by acute trimethyltin
exposure. In Vivo 2021;35:793-797.

Dejneka NS, Patanow CM, Polavarapu R, Toggas SM, Krady
JK, Billingsley ML. Localization and characterization of stan-
nin: relationship to cellular sensitivity to organotin compounds.
Neurochem Int 1997:31:801-815.

Iturria-Medina Y, Carbonell FM, Sotero RC, Chouinard-Decorte
F, Evans AC. Multifactorial causal model of brain (dis)organ-
ization and therapeutic intervention: application to Alzheimer’s
disease. Neuroimage 2017;152:60-77.

Veitch DP, Weiner MW, Aisen PS, Beckett LA, Cairns NJ,
Green RC, et al.; Alzheimer’s Disease Neuroimaging Initiative.
Understanding disease progression and improving Alzheimer’s
diisease clinical trials: recent highlights from the Alzheimer’s
Disease Neuroimaging Initiative. Alzheimers Dement 2019;
15:106-152.

Johri A, Beal MF. Mitochondrial dysfunction in neuro-
degenerative diiseases. | Pharmacol Exp Ther 2012;:342:619-630.
Pyle A, Anugrha H, Kurzawa-Akanbi M, Yarnall A, Burn D,
Hudson G. Redluced mitochondlrial DNA copy number is a bi-
omarker of Parkinson's disease. Neurobiol Aging 2016,38:
216.e7-216.€10.

Rice AC, Keeney PM, Algarzae NK, Ladd AC, Thomas RR,
Bennett JP Jr. Mitochondlrial DNA copy numbers in pyramidal
neurons are decreased and mitochondrial biogenesis tran-
scriptome signaling is disrupted in Alzheimer’s disease
hippocampi. ] Alzheimers Dis 2014;40:319-330.

Wei W, Keogh MJ, Wilson |, Coxhead J, Ryan S, Rollinson S,
et al. Mitochondrial DNA point mutations and relative copy
number in 1363 disease and control human brains. Acta
Neuropathol Commun 2017,5:13.

Son G, Han ). Roles of mitochondlria in neuronal development.
BMB Rep 2018:51:549-556.

Onyango IG, Lu J, Rodova M, Lezi E, Crafter AB, Swerdlow
RH. Regulation of neuron mitochondirial biogenesis and rele-
vance to brain health. Biochim Biophys Acta 2010;1802:
228-234.

Dominy JE, Puigserver P. Mitochondirial biogenesis through
activation of nuclear signaling proteins. Cold Spring Harb
Perspect Biol 2013:5:a015008.

Scarpulla RC, Vega RB, Kelly DP. Transcriptional integration
of mitochondlrial biogenesis. Trends Endocrinol Metab 2012,
23:459-466.

Rodgers JT, Lerin C, Gerhart-Hines Z, Puigserver P. Metabolic
adaptations through the PGC-1 alpha and SIRT1 pathways.
FEBS Lett 2008;582:46-53.

Nemoto S, Fergusson MM, Finkel T. S/IRTT functionally inter-



Brain Mitochondrial Biogenesis Changes by TMT 481

39.

40.

41.

42.

43.

44,

acts with the metabolic regulator and transcriptional co-
activator PGC-1{alpha/. ] Biol Chem 2005,280:16456-16460.
Schreiber SN, Emter R, Hock MB, Knutti D, Cardenas J,
Podvinec M, et al. The estrogen-related receptor alpha
(ERRalpha) functions in PPARgamma coactivator 1alpha
(PGC-Talpha)-induced mitochondrial biogenesis. Proc Nat/
Acad Sci U S A 2004;101:6472-6477.

Finck BN, Kelly DP. PGC-T coactivators: inducible regulators
of energy metabolism in health and disease. / Clin Invest
2006,116:615-622.

Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F,
Rodgers JT, et al. SIRTT deacetylase protects against neuro-
degeneration in models for Alzheimer’s disease and amyo-
trophic lateral sclerosis. EMBO | 2007,26:3169-3179.

Pallas M, Pizarro )G, Gutierrez-Cuesta J, Crespo-Biel N, Alvira
D, Tajes M, et al. Modulation of SIRTT expression in different
neurodegenerative models and human pathologies. Neuroscience
2008;154:1388-1397.

Singh P, Hanson PS, Morris CM. SIRTT ameliorates oxidative
stress induced neural cell death and is down-regulated in
Parkinson's disease. BMC Neurosci 2017:18:46.

Tang Y, Min Z, Xiang XJ, Liu L, Ma YL, Zhu BL, et al.
Estrogen-related receptor alpha is involved in Alzheimer's dlis-
ease-like pathology. Exp Neurol 2018;305:89-96.

45.

46.

47.

48.

49.

50.

Ye Q, Chen C, Si E, Cai Y, Wang J, Huang W, et al.
Mitochondirial effects of PGC-1alpha silencing in MPP+ treat-
ed human SH-SY5Y neuroblastoma cells. Front Mol Neurosci
2017;:10:164.

Kim SA, Jang EH, Mun }Y, Choi H. Propionic acid induces mi-
tochondrial dysfunction and affects gene expression for mi-
tochondiria biogenesis and neuronal dlifferentiation in SH-SY5Y
cell line. Neurotoxicology 2019;75:116-122.

Wang H, Dong X, Liu Z, Zhu S, Liu H, Fan W, et al. Resveratrol
suppresses rotenone-induced neurotoxicity through activa-
tion of SIRT1/Akt1 signaling pathway. Anat Rec (Hoboken)
2018:301:1115-1125.

Zou XD, Guo SQ, Hu ZW, Li WL. NAMPT protects against
6-hydroxydopamine-induced neurotoxicity in PC12 cells
through modulating SIRTT activity. Mol Med Rep 2016,13:
4058-4064.

Corvino V, Di Maria V, Marchese E, Lattanzi W, Biamonte F,
Michetti F, et al. Estrogen administration modulates hippo-
campal GABAergic subpopulations in the hjppocampus of tri-
methyltin-treated rats. Front Cell Neurosci 2015;9:433.
Panes JD, Godoy PA, Silva-Grecchi T, Celis MT, Ramirez-
Molina O, Gavilan J, et al. Changes in PGC-10/5IRT]1 signal-
ing impact on mitochondrial homeostasis in amyloid-beta
peptide toxicity model. Front Pharmacol 2020;11:709.





