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Formaldehyde (FA) is a highly reactive substance that is ubiquitous in the environment and is usually considered
as a pollutant. In the human body, FA is a product of various metabolic pathways and participates in one-carbon
cycle, which provides carbon for the synthesis and modification of bio-compounds, such as DNA, RNA, and amino
acids. Endogenous FA plays a role in epigenetic regulation, especially in the methylation and demethylation of
DNA, histones, and RNA.

formaldehyde epigenetics

| 1. Introduction

Due to the longevity of the human population, aging and aging-related problems have become one of the most
important health problems in the world. Age-related cognitive impairment (ARCI) is a predominant syndrome of
aging that has attracted increasing attention in the past few decades. Although numerous hypotheses about the
mechanisms and risk factors associated with ARCI development have been suggested, only a few effective
therapies are clinically available . One of the potential factors contributing to ARCI is dysmetabolism of
formaldehyde (FA). FA has also been suggested to be implicated in the development of Alzheimer’s disease (AD),
since elevated FA levels in AD patients and animal models of AD are associated with impaired cognitive abilities. In
1999, Luo et al. investigated the effect of aldehydes, such as acetaldehyde and glutaraldehyde on Tau
phosphorylation and aggregation . In 2001, Yu hypothesised that cerebrovascular semicarbazide-sensitive amine
oxidase is involved in the pathogenesis of Alzheimer’s disease (AD) and vascular dementia . Later, FA was found
to cause protein Tau dysfunction and aggregation, leading to cytotoxicity [4IRIEl. Moreover, clinical investigations
have shown that dysmetabolism of endogenous FA may be a risk factor for the development of ARCI . Further
investigation has contributed to elucidate the pathological relationship between the dysmetabolism of FA and ARCI,

as well as the early clinical symptoms of AD [EIIIZ0][L1]

The release of FA by drug demethylation was first described by Axelrod in 1956 12l In 1989, DNA methylation was
considered a molecular mechanism of cell memory 23Il141. The one carbon cycle is an essential metabolic hub in
the cell that releases FA 3l |n 1999, Tohji et al. suggested an association between DNA methylation and
neurodegeneration, postulating that the decrease in methylcytosine in the region comprised between base pairs
positions —224 to —101 of the amyloid precursor protein (APP) gene promoter in human cerebral cortex autopsy
samples was associated with age 18, Afterwards, it was discovered that the methylation status of cytosines in the
TAU gene promoter region changes with aging, resulting in a downregulation of the transcriptional activity of this

gene in the human brain 28, Tong et al. further elucidated the effect of FA on epigenetic changes associated with
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ARCI, and reported a relationship between FA and memory, as well as between FA and the extent of DNA and
histone methylation 7. Later, they identified a relationship between memory loss and FA due to an imbalance in
DNA methylation and demethylation (18], Furthermore, they also determined that high concentrations of FA related
to age interfere with the function of DNA methyltransferase, leading to memory loss in AD 22l |n 2017, the
relationship between FA and cognition was systematically investigated and elucidated, including the mechanisms
of FA synthesis, metabolism, and its role in cognitive impairment, which involved epigenetic mechanisms 29,
Epigenetic alterations and the involvement of FA in memory loss suggest that the exploration of FA exposures as a

risk factor may provide an insight into the pathological mechanisms of AD [21],

| 2. Formaldehyde

As the simplest carbonyl compound, FA has two hydrogen atoms, one oxygen atom, and a carbon atom in the
middle (CH,0). However, unlike other simple carbon compounds, FA is reactive and can exist in several forms,
such as monomeric FA, trioxane, and paraformaldehyde (221, FA in the upper atmosphere contributes approximately
to 90% of the total environmental FA. Atmospheric FA is produced through the action of sunlight and oxygen on
atmospheric methane and other hydrocarbons, after which it becomes part of the smog. In forest fires, car exhaust,
and tobacco smoke, FA is an intermediate product in the oxidation of methane, and can be oxidized to formic acid
(23] Although FA is colorless, pungent, and toxic, it is an important precursor of many materials and chemical
compounds, mainly used in particle boards and coatings, as well as in other industries. FA poses a significant
danger to human health, since it presents toxic 24 and carcinogenic characteristics 22, Ingestion or inhalation of
FA has been reported to be harmful to humans, causing eye irritation, headache, difficult breathing, leukemia,

cancer, or even death [28l27], Thus, the use of FA is highly regulated in numerous countries worldwide.

In mammalian organisms, FA is ubiquitous and is an essential intermediate in cellular metabolism. Humans quickly
convert FA into formic acid, inhibiting the accumulation of FA in the body [28. However, humans metabolize FA
slower than rodents. The concentration of FA in the blood of human is ~0.1 mM 22, Endogenous FA refers to that
produced in various metabolic pathways involving many compounds, such as sugars, lipids, proteins, and nucleic
acids BYBLB2Z For example, FA is formed during the metabolism of methanol or other methylated compounds,
such as amino acids (3. The main enzymes that metabolize endogenous FA are mitochondrial aldehyde
dehydrogenase 2 (ALDH2) and glutathione (GSH)-dependent alcohol dehydrogenase 3 (ADH3) [B485IS6I87] |y
addition, the intestinal microbiota also consume the excess of FA, combining it with tetrahydrofolic acid (THF)
through the one-carbon cycle 29, Furthermore, biomacromolecules, including proteins, DNA, and RNA, react with
the accumulated FA 28], Methylation/demethylation of DNA, RNA, and histones is considered one of the main ways

to form and consume FA in vivo, as well as one of the main mechanisms of epigenetic regulation [E2140[41]

3. Formaldehyde-Involved Epigenetics in Age-Related
Cognitive Impairment
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ARCI is characterized by problems with memory, language, thinking or judgement, and it is a typical feature of AD.
Most cases of AD are sporadic, and numerous factors have been identified as risk factors, including aging, family
history, diabetes, obesity, hypertension, and diet 42, Although the pathological mechanism of AD remains to be
elucidated, two main hypotheses remain: ‘accumulation of amyloid-p’ and ‘tau pathology’. Besides these,
numerous other pathways are known to be involved in the aetiology of AD, such as oxidative stress, inflammation,
calcium channel disruption, and autophagy 43l In familial AD, mutations in APP, PSEN1 and PSENZ2 are known

genetic risk factors [24],

Bohnuud et al. reported that FA can cause hydroxymethylation of the pyrimidine bases in DNA and transform them
into methyl groups through oxidation, silencing gene expression 2. Furthermore, Lu et al. found that FA can react
with DNA, resulting in methylated DNA 48] which can silence gene expression and inhibit DNA synthesis in cells
(471481 When the FA concentration increases, it acts on nuclear DNA, aggravates the degree of DNA methylation,
and then inhibits DNA unchaining, replication, and synthesis. Hence, high concentrations of FA cause cell cycle

arrest, eventually triggering apoptosis and necrosis (Eigure 1) 49,
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Figure 1. Formaldehyde (FA) inhibits cell proliferation and induces cell apoptosis and necrosis via its effect on cell
cycle. FA induces hypermethylation of DNA when 0.1 mmol/L < (FA) < 0.2 mmol/L, and causes crosslinking or
damage of DNA, arresting cells at S phase and restraining cells from entering G2/M phase when (FA) =

mmol/L, reproduced with permission from Miao et al. &,
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ARCI originates from chronic synaptic dysfunction B2 and neuronal loss Bl which are accompanied by the
formation of senile plaques, which are extracellular deposits of amyloid-B (AB), and neurdfibrillary tangles, which
are paired helical filaments of hyperphosphorylated Tau. Excessive FA induces hyperphosphorylation of Tau,
resulting in microtubule disassembly and damage of the spindle apparatus. In SH-SY5Y cells, these effects cause
cell cycle arrest at the G2/M phase. Excessive FA also has an aberrant impact on DNA B2, Animal experiments
have shown that methanol, which is converted to FA in vivo, can induce amyloid [ deposition, Tau
hyperphosphorylation, and cognitive impairment in monkeys 2234 |n patients with AD, the concentration of AB in
the CSF is decreased, indicating an increase in AR deposition in brain tissue 53, In Rhesus monkeys, FA
concentration in CSF increases with aging and is negatively correlated with A concentration 581, further supporting

a link between FA concentrations and Ap accumulation.

Fei et al. reported oxidative demethylation at Ser8/26 of AB induces FA generation. According to their results, FA
interacts with the Lys28 in the B-turn of AR monomers, enhancing A oligomerization 4. Furthermore, AB inhibits
FDH activity, leading to FA accumulation. Therefore, excessive FA and AB oligomers form a positive feedback cycle
that may play a role in the development of ARCI. FA scavengers such as resveratrol, NaHSO3, or coenzyme Q10
have been reported to reduce AP aggregation, ameliorate neurotoxicity, and improve cognitive performance in

APP/PS1 mice LI, The direct interaction between FA and Tau protein methylation is yet to be investigated.

These results suggest that FA may be a risk factor for sporadic ARCI, although it is not present in all patients with
AD. Endogenous FA is closely related to ARCI in patients with AD . High endogenous FA levels have been
reported in patients with AD in comparison with age-matched participants with normal cognition 8. Moreover,
exogenous FA exposure have been shown to induce AD-like changes in murine brain B2, Endogenous levels of FA
could be employed as a diagnostic criterion for ARCI in the preclinical and clinical stages, and for epidemiological
investigation of AD. The mechanisms involved in the dysmetabolism of FA in ARCI include FA-induced amyloid
peptide aggregation, tau pathology, inflammation, oxidative stress, neurotoxicity, and gut microbiota imbalance.
However, methylation or demethylation of DNA, RNA, histone, and amino acids are typical features of epigenetic

regulation of the disease.

Recent studies have indicated that epigenetics contribute to the development of ARCI. Altered DNA methylation,
histone maodifications, and ncRNA interactions are characteristics commonly found in AD. According to the
epigenetic clock theory of aging, epigenetic changes, including DNA methylation/demethylation, are involved in
aging [6A61I62] |n patients with AD, global DNA methylation in brain samples is decreased. Moreover, an altered
DNA methylation landscape in CpG islands of susceptible genes in AD, such as ABCA7 and BIN1, have been
shown to be associated with AD pathology B3], Lower levels of 5SmC and 5hmC have also been reported using in
vitro models of AD and in brain tissue of patients with AD €41 In addition, alterations in the gene expression level of
HDACs have been linked to AD 831, Excessive histone methylation has also been reported in patients with AD [68],
Finally, ncRNAs, including miRNAs and IncRNAs, were also found to be differentially expressed in AD pathology
[67][68]

Imbalance of Formaldehyde Metabolism Is Associated with Age-Related Cognitive Impairment
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In physiological conditions, FA is metabolized and homeostasis is maintained #2. An imbalance in FA metabolism
may be related to the development of ARCI 22, We believe that one of the main causes of cognitive impairment
may be excessive production and accumulation of endogenous FAs in the brain. Although either a lack of or excess
of FA resulting from an imbalance in metabolism should be harmful to cognitive ability, the lack or low concentration
of endogenous FA is not commonly considered as a major risk factor. This viewpoint is based on the following
observations: (1) Endogenous FA originates from several metabolic pathways. If less FA is produced in one
metabolic pathway, the production of FA can be compensated for by other metabolic pathways (2%, (2) The
degradation pathways of FA, involving enzymes such as ADH and ALDH, are less abundant than those of the
production pathways 2. (3) High levels of FA were observed in the digestion contents in the cecum of 7-month-old
APP/PS1-transgenic mice. However, a marked increase in FA was not observed in the cecum contents of wildtype
7-month-old C57 mice 9 nor in 24-month-old wildtype 129S2/SvPasCrl mice though their intestinal length
extended with aging 4 (Figure S1, Permit Number: SYXK2019-06). This suggests that FA metabolism in vivo may
also be related to the intestinal microbe flora. (4) Methylation and demethylation play critical roles in the
catecholamine metabolic pathway. FA acts as a methyl donor in the catecholamine pathway through the SAM cycle
72 Accumulation of FA disturbs the metabolism of catecholamines, leading to norepinephrine depletion and
cognitive decline 31, (5) Exogenous FA is ubiquitous in humans, despite its concentration 4. This may explain
why no drug to increase FA concentrations has been developed for conditions in which FA concentrations are low.

Therefore, we emphasize that FA accumulation resulting from the metabolism imbalance is associated with ARCI.

FA metabolism imbalance is associated with ARCI, as FA acts as a methyl group donor, participating in the
methylation or demethylation of DNA, RNA, and histones and regulating the epigenetics landscape. Although the
effects of FA on DNA methylation/demethylation have been investigated, the implications of FA in ARCI
development need to be further investigated. FA levels influence the activity of DNMT and the degree of DNA
methylation in the brain 8. Excessive FA has shown to decrease DNA methylation by disturbing the activities of
DNMTs in vivo and in vitro. During spatial learning in Sprague—Dawley rats, there is an initial global DNA
demethylation, followed by a re-methylation step associated with the elevation of hippocampal FA. Subsequently,
hippocampal FA levels decrease and reach the baseline levels (8], Excessive FA concentrations could mimic the
global DNA methylation decline associated with age-related spatial memory deficits observed in normal adult rats.
Furthermore, global DNA methylation levels in the autopsied hippocampus of patients with AD are associated with
a marked increase of endogenous FA levels [22l. Thus, the dysregulation of DNMT related to defects in the global
levels of DNA methylation could be one of the pathophysiological mechanisms underlying hippocampal-associated
spatial memory impairment. According to this hypothesis, in the elderly, the degree of DNA methylation is reduced
and endogenous FA accumulates, leading to the development of ARCI in the most severe cases. Hence, targeting
FA imbalance might be an effective way to prevent ARCI. Although no approved drugs can be used for this
purpose, some chemicals or compounds that have neuroprotective effects, including some Chinese medicinal

herbs (e.g., resveratrol), physical methods, and lifestyle interventions are recommended as a treatment for ARCI.

We hypothesize that endogenous FA, including that derived from catecholamine, APP, A3 peptide, and Tau protein,
acts as an epigenetic factor in the formation or loss of memory associated with the methylation and demethylation

of DNA, RNA, and histones. FA dysmetabolism has been suggested as a risk factor for ARCI, as this condition is
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associated with the disturbance of DNA methylation and demethylation. Further investigations on whether FA is
associated with methylation and demethylation of RNA, histones and other biomolecules in ARCI should be

performed in the future.

| 4. Conclusion

The review depicted the interplay between FA and epigenetics, involved in ARCI. Homeostasis of formaldehyde
metabolism is maintained by several metabolic pathways, including the one-carbon cycle, which involves
methylation of DNA, RNA, proteins, and amino acids. FA dysmetabolism, which is associated with the disturbance

of methylation and demethylation. has been suggested as a risk factor for ARCI.

References

1. Long, J.M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment
Strategies. Cell 2019, 179, 312-3309.

2. Luo, J.Y.; He, R.Q. Effect of acetaldehyde on aggregation of neuronal tau. Protein Pept. Lett.
1999, 6, 105-110.

3. Yu, P. Involvement of cerebrovascular semicarbazide-sensitive amine oxidase in the
pathogenesis of Alzheimer’s disease and vascular dementia. Med. Hypotheses 2001, 57, 175—
179.

4. Hua, Q.; He, R.-Q. Effect of phosphorylation and aggregation on tau binding to DNA. Protein
Pept. Lett. 2002, 9, 349-357.

5. Nie, C.-L.; Zhang, W.; Zhang, D.; He, R.-Q. Changes in Conformation of Human Neuronal Tau
During Denaturation in Formaldehyde Solution. Protein Pept. Lett. 2005, 12, 75-78.

6. Nie, C.L.; Wei, Y.; Chen, X.; Liu, Y.Y.; Dui, W.; Liu, Y.; Davies, M.C.; Tendler, S.J.; He, R.G.
Formaldehyde at Low Concentration Induces Protein Tau into Globular Amyloid-Like Aggregates
In Vitro and In Vivo. PLoS ONE 2007, 2, €629.

7. Tong, Z.; Zhang, J.; Luo, W.; Wang, W.; Li, F.; Li, H.; Luo, H.; Lu, J.; Zhou, J.; Wan, Y.; et al. Urine
formaldehyde level is inversely correlated to mini mental state examination scores in senile
dementia. Neurobiol. Aging 2011, 32, 31-41.

8. Lu, J.; Miao, J.-Y,; Pan, R.; He, R.-Q. Formaldehyde-mediated Hyperphosphorylation Disturbs
The Interaction Between Tau Protein and DNA*. Prog. Biochem. Biophys. 2011, 38, 1113-1120.

9. Lu, J.; Miao, J.; Su, T,; Liu, Y.; He, R. Formaldehyde induces hyperphosphorylation and
polymerization of Tau protein both in vitro and in vivo. Biochim. Biophys. Acta (BBA) Gen. Sub;.
2013, 1830, 4102-4116.

https://encyclopedia.pub/entry/10841 6/11



Formaldehyde and De/Methylation | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

He, X.; Li, Z.; Rizak, J.D.; Wu, S.; Wang, Z.; He, R.; Su, M.; Qin, D.; Wang, J.; Hu, X. Resveratrol
Attenuates Formaldehyde Induced Hyperphosphorylation of Tau Protein and Cytotoxicity in N2a
Cells. Front. Neurosci. 2017, 10, 598.

Su, T.; Monte, W.C.; Hu, X.; He, Y.; He, R. Formaldehyde as a trigger for protein aggregation and
potential target for mitigation of age-related, progressive cognitive impairment. Curr. Top. Med.
Chem. 2015, 16, 472-484.

Axelrod, J. The enzymatic N-demethylation of narcotic drugs. J. Pharmacol. Exp. Ther. 1956, 117,
322-330.

Michalowsky, L.A.; Jones, P.A. DNA Methylation and Differentiation. Environ. Heal. Perspect.
1989, 80, 189.

Riggs, A. DNA methylation and cell memory. Cell Biophys. 1989, 15, 1-13.

Abeles, R.H.; Frey, P.A.; Jencks, W.P. One Carbon Metabolism. In Biochemistry; Chapter 25, One
Carbon Metabolism; Jones and Bartlett Publishers: Boston, MA, USA, 1992.

Tohgi, H.; Utsugisawa, K.; Nagane, Y.; Yoshimura, M.; Genda, Y.; Ukitsu, M. Reduction with age in
methylcytosine in the promoter region -224 approximately -101 of the amyloid precursor protein
gene in autopsy human cortex. Brain Res. Mol. Brain Res. 1999, 70, 288-292.

Tong, Z.-Q.; Han, C.-S.; Miao, J.-Y.; Lu, J.; He, R.-Q. Excess Endogenous Formaldehyde Induces
Memory Decline*. Prog. Biochem. Biophys. 2011, 38, 575-579.

Tong, Z.; Han, C.; Luo, W.; Li, H.; Luo, H.; Qiang, M.; Su, T.; Wu, B.; Liu, Y.; Yang, X.; et al. Aging-
associated excess formaldehyde leads to spatial memory deficits. Sci. Rep. 2013, 3, srep01807.

Tong, Z.; Han, C.; Qiang, M.; Wang, W.; Lv, J.; Zhang, S.; Luo, W.; Li, H.; Luo, H.; Zhou, J.; et al.
Age-related formaldehyde interferes with DNA methyltransferase function, causing memory loss
in Alzheimer’s disease. Neurobiol. Aging 2015, 36, 100-110.

He, R. Cognitive Ability and Impairment Related to Formaldehyde. Formaldehyde Cogn. 2017, 8,
143-166.

Wang, F.; Chen, D.; Wu, P.; Klein, C.; Jin, C. Formaldehyde, Epigenetics, and Alzheimer’s
Disease. Chem. Res. Toxicol. 2019, 32, 820-830.

Bernstein, R.S.; Stayner, L.T.; Elliott, L.J.; Kimbrough, R.; Falk, H.; Blade, L. Inhalation exposure
to formaldehyde: An overview of its toxicology, epidemiology, monitoring, and control. Am. Ind.
Hyg. Assoc. J. 1984, 45, 778-785.

Baker, R.R. The generation of formaldehyde in cigarettes—Overview and recent experiments.
Food Chem. Toxicol. 2006, 44, 1799-1822.

https://encyclopedia.pub/entry/10841 7/11



Formaldehyde and De/Methylation | Encyclopedia.pub

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

U.S. Department of Health and Human Services. P.H.S., National Toxicology Program, Report on
Carcinogens, Eleventh ed.; U.S. Department of Health and Human Services: Washington, DC,
USA, 2005.

Shao, Y.; Wang, Y.; Zhao, R.; Chen, J.; Zhang, F.; Linhardt, R.J.; Zhong, W. Biotechnology
progress for removal of indoor gaseous formaldehyde. Appl. Microbiol. Biotechnol. 2020, 104,
3715-3727.

Wartew, G.A. The health hazards of formaldehyde. J. Appl. Toxicol. 1983, 3, 121-126.

Raja, D.S.; Sultana, B. Potential health hazards for students exposed to formaldehyde in the
gross anatomy laboratory. J. Environ. Heal. 2012, 74, 36—40.

Jacobsen, D.; Webb, R.; Collins, T.D.; McMartin, K.E. Methanol and Formate Kinetics in Late
Diagnosed Methanol Intoxication. Med. Toxicol. Adverse. Drug Exp. 1988, 3, 418-423.

Heck, H.D.; Casanova, M. The implausibility of leukemia induction by formaldehyde: A critical
review of the biological evidence on distant-site toxicity. Regul. Toxicol. Pharmacol. 2004, 40, 92—
106.

Li, FX.; Lu, J.; Xu, Y.J.; Tong, Z.Q.; Nie, C.L.; He, R.Q. Formaldehyde-mediated chronic damage
may be related to sporadic neurodegeneration. Prog. Biochem. Biophys. 2008, 35, 393—400.

Walport, L.J.; Hopkinson, R.J.; Schofield, C.J. Mechanisms of human histone and nucleic acid
demethylases. Curr. Opin. Chem. Biol. 2012, 16, 525-534.

Wang, Y.; Shi, C.; Chen, Y.; Yu, L.; Li, Y.; Weli, Y.; Li, W.; He, R. Formaldehyde produced from d-
ribose under neutral and alkaline conditions. Toxicol. Rep. 2019, 6, 298—-304.

Wilson, S.M.; Gleisten, M.P.; Donohue, T.J. Identification of proteins involved in formaldehyde
metabolism by Rhodobacter sphaeroides. Microbiology 2008, 154, 296-305.

Dicker, E.; Cederbaum, A.l. Inhibition of CO2 production from aminopyrine or methanol by
cyanamide or crotonaldehyde and the role of mitochondrial aldehyde dehydrogenase in
formaldehyde oxidation. Biochim. Biophys. Acta (BBA) Gen. Subj. 1986, 883, 91-97.

Koivusalo, M.; Baumann, M.; Uotila, L. Evidence for the identity of glutathione-dependent
formaldehyde dehydrogenase and class Il alcohol dehydrogenase. FEBS Lett. 1989, 257, 105—
109.

MacAllister, S.L.; Choi, J.; Dedina, L.; O'Brien, P.J. Metabolic mechanisms of
methanol/formaldehyde in isolated rat hepatocytes: Carbonyl-metabolizing enzymes versus
oxidative stress. Chem. Inter. 2011, 191, 308-314.

Dorokhov, Y.L.; Shindyapina, A.; Sheshukova, E.V.; Komarova, T.V. Metabolic Methanol:
Molecular Pathways and Physiological Roles. Physiol. Rev. 2015, 95, 603-644.

https://encyclopedia.pub/entry/10841 8/11



Formaldehyde and De/Methylation | Encyclopedia.pub

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Burgos-Barragan, G.; Wit, N.; Meiser, J.; Dingler, F.A.; Pietzke, M.; Mulderrig, L.; Pontel, L.B.;
Rosado, I.V.; Brewer, T.F.; Cordell, R.L.; et al. Erratum: Mammals divert endogenous genotoxic
formaldehyde into one-carbon metabolism. Nat. Cell Biol. 2017, 548, 612.

Gupta, S.; Kim, S.Y.; Artis, S.; Molfese, D.; Schumacher, A.; Sweatt, J.D.; Paylor, R.E.; Lubin, F.D.
Histone Methylation Regulates Memory Formation. J. Neurosci. 2010, 30, 3589-3599.

Dezi, V.; lvanov, C.; Haussmann, |.U.; Soller, M. Nucleotide modifications in messenger RNA and
their role in development and disease. Biochem. Soc. Trans. 2016, 44, 1385-1393.

Bochtler, M.; Kolano, A.; Xu, G.-L. DNA demethylation pathways: Additional players and
regulators. BioEssays 2017, 39, e201600178-13.

Scheltens, P.; Strooper, B.D.; Kivipelto, M.; Holstege, H.; Chételat, G.; Teunissen, C.E.;
Cummings, J.; van der Flier, W.M. Alzheimer’s disease. Lancet 2021, 397, 1577-1590.

Sanabria-Castro, A.; Alvarado-Echeverria, I.; Monge-Bonilla, C. Molecular Pathogenesis of
Alzheimer’s Disease: An Update. Ann. Neurosci. 2017, 24, 46-54.

Bertram, L.; Lill, C.; Tanzi, R.E. The Genetics of Alzheimer Disease: Back to the Future. Neuron
2010, 68, 270-281.

Bohnuud, T.; Beglov, D.; Ngan, C.H.; Zerbe, B.; Hall, D.R.; Brenke, R.; Vajda, S.; Frank-
Kamenetskii, M.D.; Kozakov, D. Computational mapping reveals dramatic effect of Hoogsteen
breathing on duplex DNA reactivity with formaldehyde. Nucleic Acids Res. 2012, 40, 7644—7652.

Lu, K.; Craft, S.; Nakamura, J.; Moeller, B.C.; Swenberg, J.A. Use of LC-MS/MS and stable
isotopes to differentiate hydroxymethyl and methyl DNA adducts from formaldehyde and
nitrosodimethylamine. Chem. Res. Toxicol. 2012, 25, 664—-675.

Richardson, B.C. Role of DNA Methylation in the Regulation of Cell Function: Autoimmunity, Aging
and Cancer. J. Nutr. 2002, 132, 2401S-2405S.

Moore, L.D.; Le, T.; Fan, G. DNA Methylation and Its Basic Function. Neuropsychopharmacology
2013, 38, 23-38.

Miao, J.-Y.; Lu, J.; Zhang, Z.-J.; Tong, Z.-Q.; He, R.-Q. The Effect of Formaldehyde on Cell Cycle
Is in a Concentration-dependent Manner. Acta Agron. Sin. 2013, 40, 641.

Pei, Y.; Davies, J.; Zhang, M.; Zhang, H.-T. The Role of Synaptic Dysfunction in Alzheimer’s
Disease. J. Alzheimer’s Dis. 2020, 76, 49-62.

Whitehouse, P.J.; Price, D.L.; Struble, R.G.; Clark, A.W.; Coyle, J.T.; Delon, M.R. Alzheimer’s
disease and senile dementia: Loss of neurons in the basal forebrain. Science 1982, 215, 1237—-
1239.

https://encyclopedia.pub/entry/10841 9/11



Formaldehyde and De/Methylation | Encyclopedia.pub

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kalasz, H. Biological Role of Formaldehyde, and Cycles Related to Methylation, Demethylation,
and Formaldehyde Production. Mini Revi. Med. Chem. 2003, 3, 175-192.

Yang, M.F.; Lu, J.; Miao, J.Y.; Rizak, J.; Yang, J.Z.; Zhai, R.W.; Zhou, J.; Qu, J.G.; Wang, J.H.;
Yang, S.C.; et al. Alzheimer’s Disease and Methanol Toxicity (Part 1): Chronic Methanol Feeding
Led to Memory Impairments and Tau Hyperphosphorylation in Mice. J. Alzheimers Dis. 2014, 41,
1117-1129.

Yang, M.; Miao, J.; Rizak, R.; Zhai, Z.; Wang, T.; Huma, T.; Li, N.; Zheng, S.; Wu, Y.; Zheng, X.; et
al. Alzheimer’s disease and methanol toxicity (part 2): Lessons from four rhesus macaques
(Macaca mulatta) chronically fed methanol. J. Alzheimers Dis. 2014, 41, 1131-1147.

Lee, J.C.; Kim, S.J.; Hong, S.; Kim, Y. Diagnosis of Alzheimer’s disease utilizing amyloid and tau
as fluid biomarkers. Exp. Mol. Med. 2019, 51, 1-10.

Li, Z.H.; He, X.P,; Li, H.; He, R.Q.; Hu, X.T. Age-associated changes in amyloid-beta and
formaldehyde concentrations in cerebrospinal fluid of rhesus monkeys. Zool. Res. 2020, 41, 444—
448.

Fei, X.; Zhang, Y.; Mei, X.; Yue, W.; Jiang, L.; Ai, Y.; Yu, H.; Luo, H.; Li, W.; Luo, X.; et al.
Degradation of FA reduces Abeta neurotoxicity and Alzheimer-related phenotypes. Mol.
Psychiatry 2020.

Tong, Z.; Han, C.; Luo, W.; Wang, X.; Li, H.; Luo, H.; Zhou, J.; Qi, J.; He, R. Accumulated
hippocampal formaldehyde induces age-dependent memory decline. AGE 2012, 35, 583-596.

Liu, X.; Zhang, Y.; Wu, R.; Ye, M,; Zhao, Y.; Kang, J.; Ma, P,; Li, J.; Yang, X. Acute formaldehyde
exposure induced early Alzheimer-like changes in mouse brain. Toxicol. Mech. Methods 2017, 28,
95-104.

Horvath, S.; Raj, K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing.
Nat. Rev. Genet. 2018, 19, 371-384.

Ciccarone, F.; Tagliatesta, S.; Caiafa, P.; Zampieri, M. DNA methylation dynamics in aging: How
far are we from understanding the mechanisms? Mech. Ageing Dev. 2018, 174, 3-17.

Wilkinson, G.S.; Adams, D.M.; Haghani, A.; Lu, A.T.; Zoller, J.; Breeze, C.E.; Arnold, B.D.; Ball,
H.C.; Carter, G.G.; Cooper, D.K.N.; et al. DNA methylation predicts age and provides insight into
exceptional longevity of bats. Nat. Commun. 2021, 12, 1615.

De Jager, P.L.; Srivastava, G.; Lunnon, K.; Burgess, J.; Schalkwyk, L.C.; Yu, L.; Eaton, M.L.;
Keenan, B.T.; Ernst, J.; McCabe, C.; et al. Alzheimer’s disease: Early alterations in brain DNA
methylation at ANK1, BIN1, RHBDF2 and other loci. Nat. Neurosci. 2014, 17, 1156-1163.

Mastroeni, D.; Grover, A.; Delvaux, E.; Whiteside, C.; Coleman, P.D.; Rogers, J. Epigenetic
changes in Alzheimer’s disease: Decrements in DNA methylation. Neurobiol. Aging 2010, 31,

https://encyclopedia.pub/entry/10841 10/11



Formaldehyde and De/Methylation | Encyclopedia.pub

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

2025-2037.

Ding, H.; Dolan, P.J.; Johnson, G.V.W. Histone deacetylase 6 interacts with the microtubule-
associated protein tau. J. Neurochem. 2008, 106, 2119-2130.

Sanchez-Mut, J.V.; Graff, J. Epigenetic Alterations in Alzheimer’s Disease. Front. Behav.
Neurosci. 2015, 9, 347.

Zhang, Z. Long non-coding RNAs in Alzheimer’s disease. Curr. Top Med. Chem. 2016, 16, 511-
519.

Dehghani, R.; Rahmani, F.; Rezaei, N. MicroRNA in Alzheimer’s disease revisited: Implications for
major neuropathological mechanisms. Rev. Neurosci. 2017, 29, 161-182.

Xiao, R.; He, R.Q. Metabolism of Formaldehyde In Vivo. Formaldehyde and Cognition, 1st ed.;
Chapter 8; Springer: Amsterdam, The Netherlands, 2017; pp. 21-46.

Liu, K.L.; He, Y.G.; Yu, L.X.; He, R.Q. Elevated formaldehyde in the cecum of APP/PS1 mouse.
Microbiol. China 2017, 44, 1761-1766.

Mou, L.X.; Hu, P.D.; Cao, X.; He, R.Q. Changes in intestinal lengths of 129S2/SvPasCrl mice from
adulthood to agedness. Microbiol. China 2021, 48, 1057-1060.

Kennedy, D.O. B Vitamins and the Brain: Mechanisms, Dose and Efficacy—A Review. Nutrients
2016, 8, 68.

Mei, Y.F.; Jiang, C.; Wan, Y.; Lv, J.H.; Jia, J.P.; Wang, X.M.; Yang, X.; Tong, Z.Q. Aging-associated
formaldehyde-induced norepinephrine deficiency contributes to age-related memory decline.
Aging Cell 2015, 14, 659-668.

Qu, M.H.; He, R.Q. Formaldehyde from Environment. Formaldehyde and Cognition, 1st ed.;
Chapter 8; Springer: Amsterdam, The Netherlands; pp. 1-20.

Retrieved from https://encyclopedia.pub/entry/history/show/25718

https://encyclopedia.pub/entry/10841 11/11



