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Abstract 

Increased production of reactive oxygen species (ROS) and oxidative stress are implicated in 

mitochondrial dysfunction, contributing to the pathogenesis of many neurodegenerative diseases. 

Research is ongoing into a new treatment approach for neurodegeneration, focusing on reactivating 

dysfunctional mitochondria. Some 5-deazaflavins, such as 10-ethyl-3-methylpyrimido[4,5-

b]quinoline-2,4(3H,10H)-dione (TND1128), and four analogs of 5-deazaflavin, including β-

nicotinamide mononucleotide (β-NMN), demonstrate efficient self-redox abilities similar to β-NMN, 

making them potential activators of mitochondrial energy synthesis. This study examines whether 

TND1128 and its analogs have protective effects against cellular impairment induced by oxidative 

stress. These compounds exhibit proliferative potential against normal cells. Moreover, TND1128 and 

its analogs significantly improved cell viability against hydrogen peroxide (H2O2)-induced oxidative 

stress injury. Our study confirms the cytoprotective effect of these 5-deazaflavins through 

mitochondrial activation. We anticipate TND1128 and its analogs will serve as mitochondria-

stimulating drugs capable of rescuing deteriorating neurons in aging or diseases. 
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1. Introduction 

Mitochondria, which are present in almost all cells, are vital organelles involved not only in 

energy production but also in regulating Ca2+ concentration and reducing oxidative stress. Recently, it 

has been discovered that mitochondrial dysfunction contributes to chronic inflammation and is 

associated with aging and the onset of various diseases such as cancer, dementia, mental illnesses like 

depression, and diabetes. Research is ongoing on a new treatment method aimed at extending the 

healthy lifespan of humans by reactivating dysfunctional mitochondria. 

β-Nicotinamide mononucleotide (β-NMN) is a precursor of the coenzyme nicotinamide 

adenine dinucleotide (NAD+), essential for cell activity, and is present in the cells of all living 

organisms (Fig. 1a). Typically, β-NMN is synthesized in the body from materials such as vitamin B3, 

but its production decreases with aging. Consequently, NAD+ production diminishes, leading to further 

damage to the cell nucleus and decreased mitochondrial activity. β-NMN is suggested to have 

neuroprotective and anti-aging effects due to the production of NAD+ from β-NMN. NAD+ serves as 

a cofactor for various processes within mitochondria, sirtuins, known as longevity genes, and poly 

[ADP-ribose] polymerase involved in DNA repair (1, 2). Additionally, β-NMN has beneficial effects 

on the central nervous system (CNS), such as enhancing mitochondrial function in the brain (3), 

preventing β-amyloid oligomer-induced cognitive impairment (4), and delaying astrocyte-mediated 

motor neuron death (5). β-NMN is found in foods such as green and yellow vegetables and fruits, but 

the amount contained is often insufficient. Given the challenge of obtaining sufficient amounts from 

food, there is a need for alternative drugs or supplements that can be taken safely and easily. 

Extensive research has been conducted on the synthesis of a compound possessing a flavin 

skeleton and pharmacological effects. Derivatives of 5-deazaflavin (pyrimido[4,5-b]quinoline-

2,4(3H,10H)-diones) feature a unique chemical structure obtained by substituting N at position 5 of 

riboflavin with CH (Fig. 1b) and exhibit redox functions similar to those of NAD+. These derivatives 
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also activate intracellular ATP production and sirtuin gene function. TND1128, a representative 5-

deazaflavin (10-ethyl-3-methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione), is known for its 

efficient self-redox ability (6, 7). Furthermore, TND1128 has been reported to enhance ATP production 

in cultured astrocytes (8), promote the elongation and branching of dendrites in cultured neurons (9), 

and exert protective effects in the mouse brain (10). However, few studies have investigated the 

neuroprotective effects of 5-deazaflavins other than TND1128. With the aim of application in the 

treatment of neuropsychiatric diseases such as Alzheimer’s disease and depression, various 5-

deazaflavin-derived and analogous compounds with increased lipophilicity have been synthesized to 

enhance their transit to the central nervous system (8). Through screening the neurite outgrowth effects 

of seven of these derivatives, four analogs such as pyridodipyrimidine (TNPP0819) (11), testosterone-

deazaflavin hybrid (TNAD3028) (12), and cholesterol-deazaflavin hybrids (TNCD2611 and 

TNCD2618) (13) (Fig. 1d) were identified that significantly promote the elongation and branching of 

dendrites in cultured neurons (8). 

In the present study, we examined the protective effect of TND1128 and its analogs against 

hydrogen peroxide (H2O2)-induced oxidative stress to evaluate their potential as activators of energy 

production and compared their efficacy with that of β-NMN as a control. 
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2. Materials and Methods 

2.1. Materials  

TND1128 (10-ethyl-3-methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione) (10-ethyl-3-methyl-5-

deazaflavin) and four analogs, TNPP0819 (10-(4-chlorophenyl)-3,7-diphenylpyrido[2,3-d:6,5-

d’]dipyrimidine-2,4,6,8(1H,3H,7H,10H)-tetraone), TNAD3028 (5’-deaza-17b-hydroxy-3’,8’-

dimethylandrost-2,4-dieno[2,3-g]pteridine-2’,4’(3’H,8’H)-dione), TNCD2611 (3’-methyl-8’-(3,4-

dimethylphenyl)-5’-deazacholest-2,4-dieno[2,3-g]pteridine-2’,4’(3’H,8’H)-dione), and TNCD2618 

(8’-(3,4-dimethylphenyl)-3’-phenyl-5’-deazacholest-2,4-dieno[2,3-g]pteridine-2’,4’(3’H,8’H)-dione), 

synthesized by the co-author (T.N.) (Fig. 1), were employed in the study (8). β-NMN and 

dimethylsulfoxide (DMSO) were procured from Sigma-Aldrich (St. Louis, USA). Hydrogen peroxide 

(H2O2) was procured from FUJIFILM Wako (Osaka, Japan). 

 

2.2. Cell cultures 

Rat pheochromocytoma (PC12) cells were obtained from the American Type Culture 

Collection (Manassas, Virginia, USA). These cells were cultured in RPMI-1640 medium (Nissui, 

Tokyo, Japan) supplemented with 5% (v/v) fetal bovine serum (Thermo Fisher Scientific, Waltham, 

MA, USA), 10% (v/v) horse serum (Thermo Fisher Scientific, Waltham, MA, USA), 100 units/ml 

penicillin, and 100 μg/ml streptomycin (FUJIFILM Wako, Osaka, Japan). The cells were grown until 

confluence at 37°C in a 5% CO2 atmosphere. The medium was refreshed two or three times per week. 

 

2.3. Cell viability assay 

The effect of TND1128 and its analogs on the cell viability of PC12 and H2O2-injured PC12 

cells was determined using a colorimetric assay with the Cell Counting Kit-8 (CCK-8, Dojindo, Japan) 

following the manufacturer’s instructions. Briefly, PC12 cells were seeded in 96-well plates at a 
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density of 2 × 104 cells/well for 24 h. Subsequently, the cells were treated with increasing 

concentrations of β-NMN, TND1128, and its derivatives (0.01–1.0 μM, dissolved in DMSO) or 

vehicle (DMSO) for 24 h. CCK-8 reagent was added, and the absorbance of the resulting formazan at 

450 nm was measured using an automatic multi-well spectrophotometer (Tecan, Männedorf, 

Switzerland). The absorbance values for each treatment group were expressed as a percentage of the 

control. 

Furthermore, the effect of β-NMN, TND1128, and its analogs on the reduction of H2O2-

induced cytotoxicity was evaluated. After seeding PC12 cells in 96-well plates at a concentration of 2 

× 104 cells/well for 24 h, the cells were treated with β-NMN, TND1128, and its derivatives for 2 h 

prior to H2O2 exposure. Subsequently, 20 μM of H2O2 or β-NMN, TND1128, and its analogs were 

added to the culture medium and incubated for 24 h. To assess cell viability, the H2O2-containing 

media were discarded, and cell viability was determined using the CCK-8 assay. 

 

2.4. Statistical analysis 

All statistical analyses were conducted using GraphPad Prism 8 software (La Jolla, CA, 

USA). The results were expressed as the mean ± standard error of the mean (SEM). For multiple 

comparisons between the treated conditions and control, one-way ANOVA with post hoc Tukey’s 

multiple comparisons tests or Dunnett’s multiple comparisons tests were performed. The criterion for 

statistical significance was set at p<0.05. 

 

3. Results 

3.1.  Effects of TND1128 and 5-deazaflavin derivatives on cell proliferation  

We examined the effects of TND1128, a representative 5-deazaflavin, and β-NMN on the 

cell proliferation of normal cells (Fig. 2). Treatment of PC12 cells with TND1128 for 24 h resulted in 
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a significant activation of cell proliferation within a concentration range of 0.01–1.0 μM (F (5, 

158)=8.679, p=0.0193 for 0.01 μM, p=0.0002 for 0.03 μM, p=0.0036 for 0.1 μM, p=0.0071 for 0.3 

μM, p<0.0001 for 1.0 μM vs. Control; Fig. 2a). In contrast, β-NMN, widely recognized for its NAD+-

like effects, demonstrated significant cell proliferation within the concentration range of 0.1–1.0 μM 

(F (5, 158)=3.883, p=0.0432 for 0.1 μM, p=0.0099 for 0.3 μM, p=0.0197 for 1.0 μM vs. Control; Fig. 

2b). These results suggest that TND1128 exhibits a strong NAD+-like effect even at lower 

concentrations. 

Next, we investigated the effects of 5-deazaflavin compounds other than TND1128 on cell 

proliferation (Fig. 3). When PC12 cells were treated with each compound for 24 h, all compounds 

significantly increased cell proliferation (TNPP0819: F (5, 158)=18.55, p=0.0018 for 0.01 μM, 

p<0.0001 for 0.03 μM, p<0.0001 for 0.1 μM, p<0.0001 for 0.3 μM, p<0.0001 for 1.0 μM vs. Control; 

Fig. 3a, TNAD3028: F (5, 158)=7.800, p=0.0053 for 0.03 μM, p=0.0100 for 0.1 μM, p=0.0015 for 0.3 

μM, p<0.0001 for 1.0 μM vs. Control; Fig. 3b, TNCD2611: F (5, 158)=6.961, p=0.0041 for 0.01 μM, 

p=0.0097 for 0.03 μM, p=0.0018 for 0.1 μM, p=0.0008 for 0.3 μM vs. Control; Fig. 3c, TNCD2618: 

F (5, 158)=7.820, p=0.0479 for 0.01 μM, p=0.0251 for 0.03 μM, p<0.0001 for 0.1 μM, p=0.0002 for 

0.3 μM vs. Control; Fig. 3d). Among the four compounds examined in this study, TNPP0819 appeared 

to be particularly potent compared to the positive control β-NMN (Fig. 3a). These results suggest that 

5-deazaflavin compounds have a significant impact on cell proliferation. Furthermore, no significant 

cytotoxicity was observed for any of the compounds at the concentrations treated in this study. 

 

3.2.  Protective effects of TND1128 and its analogs against oxidative stress-induced cell death 

To examine the effect of 5-deazaflavin compounds on oxidative stress damage, we 

determined the conditions for inducing cell damage (Fig. 4a). Cell viability was significantly decreased 

at concentrations exceeding 20 µM of H2O2 treatment (F (9, 238)=156.3, p<0.0001 for 20–100 μM 
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H2O2 vs. Control; Fig. 4a). Because an approximately 50% reduction in viability was observed with 

20–25 μM treatment, subsequent experiments were conducted at this concentration to induce cell 

damage. 

Next, the protective effects of TND1128 and four 5-deazaflavin analogs on oxidative stress 

injury of PC12 cells were examined, compared to the positive control β-NMN. Single treatment results 

indicated that β-NMN affected cell proliferation at concentrations of 0.1–1.0 mg/ml, whereas other 

compounds, including TND1128, showed effects at even lower concentrations (Fig. 2, 3). Based on 

these data, the cytoprotective effect of β-NMN was examined up to a concentration of 1.0 mg/ml, 

whereas the effects of other compounds were assessed up to a lower dose of 0.3 mg/ml. TND1128 

demonstrated cytoprotective effects, ameliorating the reduction in cell viability induced by H2O2 

treatment in a bell-shaped, dose-dependent manner (F (5, 708)=40.26, p<0.0001 for 20 μM H2O2 (+ 

0.05% DMSO) vs. Control, p=0.0313 for 0.01 μM TND1128 + 20 μM H2O2, p=0.0034 for 0.03 μM 

TND1128 + 20 μM H2O2, p<0.0001 for 0.1 μM TND1128 + 20 μM H2O2, p=0.0029 for 0.3 μM 

TND1128 + 20 μM H2O2 vs. 20 μM H2O2 (+ 0.05% DMSO); Fig. 4b). Similarly, β-NMN also 

exhibited cytoprotective effects similar to those of TND1128 (F (4, 613)=51.91, p<0.0001 for 20 μM 

H2O2 (+ 0.05% DMSO) vs. Control, p=0.0223 for 0.3 μM β-NMN + 20 μM H2O2 vs. 20 μM H2O2 (+ 

0.05% DMSO); Fig. 4c). However, consistent with the findings in Fig. 3, TND1128 appeared to have 

a stronger protective effect than β-NMN. 

Moreover, we investigated four other 5-deazaflavin analogs, and all exhibited a significant 

improvement in cell viability (TNPP0819: F (5, 720)=39.83, p<0.0001 for 20 μM H2O2 (+ 0.05% 

DMSO) vs. Control, p=0.0018 for 0.1 μM TNPP0819 + 20 μM H2O2, p=0.0073 for 0.3 μM TNPP0819 

+ 20 μM H2O2 vs. 20 μM H2O2 (+ 0.05% DMSO); Fig. 5a, TNAD3028: F (5, 720)=38.86, p<0.0001 

for 20 μM H2O2 (+ 0.05% DMSO) vs. Control, p<0.0001 for 0.1 μM TNAD3028 + 20 μM H2O2, 

p=0.0177 for 0.3 μM TNAD3028 + 20 μM H2O2 vs. 20 μM H2O2 (+ 0.05% DMSO); Fig. 5b, 
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TNCD2611: F (5, 720)=45.25, p<0.0001 for 20 μM H2O2 (+ 0.05% DMSO) vs. Control, p=0.0095 for 

0.1 μM TNCD2611 + 20 μM H2O2; Fig. 5c, TNCD2618: F (5, 720)=42.58, p<0.0001 for 20 μM H2O2 

(+ 0.05% DMSO) vs. Control, p=0.0009 for 0.1 μM TNCD2618 + 20 μM H2O2; Fig. 5d). These four 

5-deazaflavin analogs examined in this study demonstrated a cell protective effect similar to that of 

TND1128 and β-NMN. 

 

4. Discussion  

Reactive oxygen species (ROS) induce oxidative stress, resulting in damage to organelles 

and macromolecules such as DNA, proteins, and lipids, ultimately leading to cell death (14). In 

addition to exogenous ROS inducers, endogenous substances such as 15-deoxy-Δ12,14-prostaglandin 

J2 (15d-PGJ2), synthesized via prostaglandin H2, also trigger inflammatory responses as endogenous 

electrophiles (15). The increased production of ROS and oxidative stress contribute to the dysfunction 

of mitochondrial energy production and have been implicated in the pathogenesis of numerous 

neurodegenerative diseases, including Alzheimer’s disease (16), Parkinson’s disease (17), and 

Huntington’s disease (18). Particularly in brain cells with high energy demands, mitochondria are 

notably susceptible to malfunction due to age-related abnormalities in mitochondrial electron transport. 

We have studied a wide range of 5-deazaflavins with increased lipophilicity to improve their 

translocation into the brain (8). Previous studies have reported that TND1128 acts as a coenzyme factor 

for activating ATP production in cultured astrocytes (8), significantly reducing cytoplasmic and 

mitochondrial Ca2+ elevation induced by electrical stimulation (10) and promoting significant 

branching of axons and dendrites in cultured neuronal cells (9). These mechanisms of TND1128 

appear analogous to those of β-NMN. In this study, we investigated their cytoprotective effects against 

oxidative stress using respective compounds characterized by structural formulas representing 5-

deazaflavins (TND1128) and four analogs: pyridodipyrimidine (TNPP0819), testosterone-deazaflavin 
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hybrid (TNAD3028), and cholesterol-deazaflavin hybrid (TNCD2611 and TNCD2618) (Fig. 1c and 

d). TND1128 and the other 5-deazaflavin analogs exhibited both proliferative and cytoprotective 

effects on PC12 cells similar to β-NMN. Although they ameliorated the reduction in cell viability 

induced by H2O2-induced stress, the precise mechanism, whether through increasing the number of 

viable cells via cell proliferation or inhibiting cell death, remains unclear. It is necessary to investigate 

the effects of these compounds on cytotoxicity in future research. 

Notably, the effective concentration of TND1128 (and other compounds) in these studies 

was lower than that of β-NMN, suggesting the stronger effect of TND1128. This lower effective 

concentration appears to be attributable to the hydrophobicity and chemical stability of TND1128 and 

other compounds. Although the four 5-deazaflavin analogs (TNPP0819, TNAD3028, TNCD2611, and 

TNCD2618) showed comparable activity, and no definitive structure-activity relationship could be 

discerned, TND1128 had a stronger effect on cell viability than the other derivatives. This study 

showed the direct effects on cell survival in vitro. Given that these derivatives were synthesized with 

TND1128 as the lead compound to increase brain transfer, it is necessary to examine their effects, 

including absorption and brain transfer, using animal models of diseases in future investigations. 

The Keap1-Nrf2 signaling pathway plays an important role in regulating biological 

responses to oxidative stress. Nuclear factor erythroid 2-related factor 2 (Nrf2), a member of the 

Cap’n’Collar (CNC)-BZIP transcription factor family (19), typically forms complexes with Kelch-

like epichlorohydrin-related proteins (Keap1) under normal physiological conditions, maintaining a 

state of low activity. However, under oxidative stress or other pathological stimuli, Nrf2 is released 

from the complex and translocates to the nucleus. The Nrf2-mediated transcription process is initiated, 

regulating downstream gene expression, activating a cascade of antioxidant enzymes and phase II 

antioxidant enzymes, eliminating ROS and other harmful substances, and promoting antioxidative 

stress, anti-inflammatory, anti-apoptotic, and other cellular protection mechanisms (20, 21, 22). 
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Various compounds or precursors that activate this pathway, such as sulforaphane in broccoli sprouts 

and curcumin in turmeric, are present in plant metabolites (23, 24, 25). Furthermore, given that β-

NMN attenuates brain injury by activating the Keap1-Nrf2 signaling pathway (26), TND1128 and 

other compounds may have also exhibited cytoprotective effects via this pathway, similar to β-NMN. 

In our study, we found that TND1128 and other 5-deazaflavins derivatives, which increase 

intracellular ATP production through mitochondrial activity, have cytoproliferative and cytoprotective 

effects. Notably, extracts derived from various fruits and vegetables exhibit neuroprotective properties 

in both cell culture and animal models, relevant to the pathogenesis of various neurodegenerative 

conditions, including stroke, Alzheimer’s disease, and Parkinson’s disease (27). Our compounds may 

also be applicable to numerous neurodegenerative diseases. However, the detailed mechanisms 

underlying the protective actions of TND1128 and related compounds against oxidative stress, as well 

as their ability to enhance ATP production, remain unclear and warrant further investigation. 
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Figure legends 

Figure 1. Structures of β-NMN, TND1128, and other 5-deazaflavin analogs. (a) β-ΝΜΝ: a highly 

water-soluble compound with a phosphoribosyl bond at the N-position of nicotinamide. This 

compound is known for its effective redox activity. (b) Basic structure of 5-deazaflavin. (c) TND1128: 

a hydrophobic compound synthesized as a 5-deazaflavin derivative. This compound also contains a 

nicotinamide structure. (d) Structures of four 5-deazaflavin analogs. Each compound has the following 

structural formula: pyridodipyrimidine (TNPP0819), testosterone-deazaflavin hybrid (TNAD3028), 

and cholesterol-deazaflavin hybrids (TNCD2611 and TNCD2618). 

 

Figure 2. Influence of TND1128 and β-NMN on cell proliferation. PC12 cells were treated with the 

indicated doses of TND1128 (a, 0–1.0 µM) or β-NMN (b, 0–1.0 µM) for 24 h. Cell proliferation was 

assessed using the CCK-8 assay and expressed as a percentage of control. *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001 indicate significant differences compared to the Ctrl group (ANOVA 

followed by Dunnett’s multiple comparisons test). 

 

Figure 3. Influence of other 5-deazaflavin analogs on cell proliferation. PC12 cells were treated with 

the indicated doses of 5-deazaflavin analogs (0–1.0 µM, a: TNPP0819, b: TNAD3028, c: TNCD2611, 

d: TNCD2618) for 24 h. Cell proliferation was assessed using the CCK-8 assay and expressed as a 
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percentage of the control. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 indicate significant 

differences compared to the Ctrl group (ANOVA followed by Dunnett’s multiple comparisons test). 

 

Figure 4. Protective effects of TND1128 and β-NMN on cell viability following H2O2 exposure. (a) 

Influence of H2O2 on cell viability. PC12 cells were treated with the indicated doses of H2O2 (0–100 

µM) for 24 h. Cell viability was assessed using the CCK-8 assay and expressed as a percentage of the 

control. ****p<0.0001 indicates significant differences compared to the Ctrl group (ANOVA followed 

by Dunnett’s multiple comparisons test). Exposure to H2O2≥20 µM significantly induced cytotoxicity. 

(b, c) PC12 cells were pre-treated with TND1128 (b, 0.01–0.3 µM) or β-NMN (c, 0.1–1.0 µM) for 2 

h prior to H2O2 exposure. After 2 h, 20 μM of H2O2 with the indicated doses of TND1128 or β-NMN 

were added to the culture medium and incubated for 24 h. Cell viability was assessed using the CCK-

8 assay and expressed as a percentage of the control. ####p<0.0001 indicates significant differences 

compared to the Ctrl group; *p<0.05, **p<0.01, and ****p<0.0001 indicate significant differences 

compared to the 20 μM H2O2 (+ 0.05% DMSO) group (ANOVA followed by Tukey’s multiple 

comparisons test). 

 

Figure 5. Protective effects of other 5-deazaflavin analogs on cell viability following H2O2 exposure. 

PC12 cells were pre-treated with the indicated doses of 5-deazaflavin analogs (0–0.3 µM, a: 

TNPP0819, b: TNAD3028, c: TNCD2611, d: TNCD2618) for 2 h prior to H2O2 exposure. After 2 h, 

20 μM of H2O2 with the indicated doses of 5-deazaflavin analogs were added to the culture medium 

and incubated for 24 h. Cell viability was assessed using the CCK-8 assay and expressed as a 

percentage of control. ####p<0.0001 indicates significant differences compared to the Ctrl group; 

*p<0.05, **p<0.01, and ***p<0.001 indicate significant differences compared to the 20 μM H2O2 (+ 

0.05% DMSO) group (ANOVA followed by Tukey’s multiple comparisons test). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 

 

 

References  

1. Brazill JM, Li C, Zhu Y, Zhai RG. NMNAT: It's an NAD+ synthase… It's a chaperone… It's a 

neuroprotector. Curr Opin Genet Dev. 2017; 44:156-162. doi:10.1016/j.gde.2017.03.014. 

 

2. Mills KF, Yoshida S, Stein LR, Grozio A, Kubota S, Sasaki Y, Redpath P, Migaud ME, Apte RS, 

Uchida K, Yoshino J, Imai SI. Long-Term Administration of Nicotinamide Mononucleotide 

Mitigates Age-Associated Physiological Decline in Mice. Cell Metab. 2016; 24(6):795-806. doi: 

10.1016/j.cmet.2016.09.013. 

 

3. Long AN, Owens K, Schlappal AE, Kristian T, Fishman PS, Schuh RA. Effect of nicotinamide 

mononucleotide on brain mitochondrial respiratory deficits in an Alzheimer's disease-relevant 

murine model. BMC Neurol. 2015; 15:19. doi: 10.1186/s12883-015-0272-x.  

 

4. Wang X, Hu X, Yang Y, Takata T, Sakurai T. Nicotinamide mononucleotide protects against β-

amyloid oligomer-induced cognitive impairment and neuronal death. Brain Res. 2016; 1643:1-9. doi: 

10.1016/j.brainres.2016.04.060.  

 

5. Harlan BA, Pehar M, Sharma DR, Beeson G, Beeson CC, Vargas MR. Enhancing NAD+ Salvage 

Pathway Reverts the Toxicity of Primary Astrocytes Expressing Amyotrophic Lateral Sclerosis-

linked Mutant Superoxide Dismutase 1 (SOD1). J Biol Chem. 2016; 291(20):10836-46. doi: 

10.1074/jbc.M115.698779. 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

6. Nagamatsu T, Hashiguchi H, Yoneda F. A new, general, and convenient synthesis of 5-

deazaflavins (5-deazaisoalloxazines) and bis-(5-deazaflavin-10-yl) alkanes. J Chem Soc Perkin 

Trans 1. 1984; 561-565, doi: 10.1039/P19840000561. 

 

7. Kuroda K, Nagamatsu T, Yanada R, Yoneda F. Autorecycling system for reduction of carbonyl 

compounds to alcohols by 1.5-Dihydro-5-deazaflavins. J Chem Soc Perkin Trans 1. 1993; 547-550, 

doi:10.1039/P19930000547. 

 

8. Nagamatsu T, Akaike N. Use of Coenzyme Factor for Activation of ATP Production PCT/JP 

2019003860 (WO2019/151516A1; US20200246340A1). 

 

9. Katsurabayashi S, Oyabu K, Kubota K, et al. The novel mitochondria activator, 10-ethyl-3-

methylpyrimido[4,5-b]quinoline-2,4(3H,10H)-dione (TND1128), promotes the development of 

hippocampal neuronal morphology. Biochem Biopys Res Comm. 2021; 560:146e151. 

doi:10.1016/j.bbrc.2021.04.132. 

 

10. Takahashi N, Akaike N, Nagamatsu T, Uchino H, Kudo Y. Effects of TND1128 (a 5-deazaflavin 

derivative), with self-redox ability, as a mitochondria activator on the mouse brain slice and its 

comparison with β-NMN. J Pharmacol Sci. 2023; 151(2):93-109. doi:10.1016/j.jphs.2022.11.005. 

 

11. Nagamatsu T, Yamato H, Ono M, Takarada S, Yoneda F. Autorecycling oxidation of alcohols 

catalysed by pyridodipyrimidines as an NAD(P)+ model. J. Chem. Soc. Perkin Trans, 1, 1992; 2101-

2109. 

 

12. Nagamatsu T, Yamada H, Shiromoto K. New synthesis and biologically active molecular design 

of deazapteridine-steroid hybrid compounds. Heterocycles, 2004; 63(1): 9 – 8. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

 

13. Shrestha A R, Shindo T, Ashida N, Nagamatsu T. Synthesis, biological active molecular design, 

and molecular docking study of novel deazaflavin-cholestane hybrid compounds. Bioorg. & Med. 

Chem. 2008; 16; 8685-8696. 

 

14. Zuo L, Zhou T, Pannell BK, Ziegler AC, Best TM. Biological and physiological role of reactive 

oxygen species--the good, the bad and the ugly. Acta Physiol (Oxf). 2015; 214(3):329-348. 

doi:10.1111/apha.12515. 

 

15. Itoh K, Mochizuki M, Ishii Y, Ishii T, Shibata T, Kawamoto Y, Kelly V, Sekizawa K, Uchida K, 

Yamamoto M. Transcription Factor Nrf2 Regulates Inflammation by Mediating the Effect of 15-

Deoxy-Δ12,14-Prostaglandin J2. Mol.  Cell. Biol., 2004; 24(1), 36–45. doi:10.1128/MCB.24.1.36-

45.2004. 

 

16. Behl C. Oxidative stress in Alzheimer's disease: implications for prevention and therapy. Subcell 

Biochem. 2005; 38:65-78. doi: 10.1007/0-387-23226-5_3.  

 

17. Trist BG, Hare DJ, Double KL. Oxidative stress in the aging substantia nigra and the etiology of 

Parkinson's disease. Aging Cell. 2019; 18(6):e13031. doi: 10.1111/acel.13031. 

 

18. Browne SE, Beal MF. Oxidative damage in Huntington's disease pathogenesis. Antioxid Redox 

Signal. 2006; 8(11-12):2061-73. doi: 10.1089/ars.2006.8.2061.  

 

19. Son TG, Camandola S, Mattson MP. Hormetic dietary phytochemicals. Neuromolecular Med. 

2008;10(4):236-46. doi: 10.1007/s12017-008-8037-y.  

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

 

20. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y, Oyake T, Hayashi N, Satoh K, 

Hatayama I, Yamamoto M, Nabeshima Y. An Nrf2/small Maf heterodimer mediates the induction of 

phase II detoxifying enzyme genes through antioxidant response elements. Biochem Biophys Res 

Commun. 1997; 236(2):313-22. doi: 10.1006/bbrc.1997.6943. 

 

21. Motohashi H, Yamamoto M. Nrf2-Keap1 defines a physiologically important stress response 

mechanism. Trends Mol Med. 2004; 10(11):549-57. doi: 10.1016/j.molmed.2004.09.003.  

 

22. Buendia I, Michalska P, Navarro E, Gameiro I, Egea J, León R. Nrf2-ARE pathway: An 

emerging target against oxidative stress and neuroinflammation in neurodegenerative diseases. 

Pharmacol Ther. 2016; 157:84-104. doi: 10.1016/j.pharmthera.2015.11.003. 

 

23. Zhang Q, Liu J, Duan H, Li R, Peng W, Wu C. Activation of Nrf2/HO-1 signaling: An important 

molecular mechanism of herbal medicine in the treatment of atherosclerosis via the protection of 

vascular endothelial cells from oxidative stress. J Adv Res. 2021; 34:43-63. doi: 

10.1016/j.jare.2021.06.023. 

 

24. Morimitsu Y, Nakagawa Y, Hayashi K, Fujii H, Kumagai T, Nakamura Y, Osawa T, Horio F, Itoh 

K, Iida K, Yamamoto M, Uchida K. A sulforaphane analogue that potently activates the Nrf2-

dependent detoxification pathway. J Biol Chem. 2002; 277(5):3456-63. doi: 

10.1074/jbc.M110244200. 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

 

25. Balogun E, Hoque M, Gong P, Killeen E, Green CJ, Foresti R, Alam J, Motterlini R. Curcumin 

activates the haem oxygenase-1 gene via regulation of Nrf2 and the antioxidant-responsive element. 

Biochem J. 2003; 371(Pt 3):887-95. doi: 10.1042/BJ20021619. 

 

26. Wei CC, Kong YY, Li GQ, Guan YF, Wang P, Miao CY. Nicotinamide mononucleotide 

attenuates brain injury after intracerebral hemorrhage by activating Nrf2/HO-1 signaling pathway. 

Sci Rep. 2017; 7(1):717. doi:10.1038/s41598-017-00851-z 

 

27. Mattson MP, Cheng A. Neurohormetic phytochemicals: Low-dose toxins that induce adaptive 

neuronal stress responses. Trends Neurosci. 2006; 29(11):632-9. doi: 10.1016/j.tins.2006.09.001. 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

 

 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 10, 2024. ; https://doi.org/10.1101/2024.05.07.592882doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.07.592882
http://creativecommons.org/licenses/by-nc-nd/4.0/

