Dibenzoylthiamine has powerful antioxidant and anti-inflammatory properties in cultured cells and in mouse models of stress and neurodegeneration
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	Experimental conditions
	

	Figure 2
	Dibenzoylthiamine (DBT) (1, 10, 50 µM) for 0, 2, 4 or 6 h
	Neuro2a cells

	Figure 3
	Dibenzoylthiamine (50 µM, DBT) for 0, 0.5, 1, 2, 4 or 6 h
	Neuro2a cells

	Figure 4
	Dibenzoylthiamine (50 µM, DBT) for 0, 0.5, 1, 2, 4 or 6 h
	No cells

	Figure 10
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Figure 13 
(A, B)
	Dibenzoylthiamine (25 µM, 25 h, DBT), thiamine (25 µM, 25 h), pyrithiamine (25 µM, 25 h, PT), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Figure 13 
(D, E)
	Dibenzoylthiamine (25 µM, 25 h, DBT), thiamine (25 µM, 25 h), pyrithiamine (25 µM, 25 h, PT), lipopolysaccharides (1 µg/ml, 24 h, LPS)
	BV2 cells

	Figure 14 A
	Dibenzoylthiamine (0, 10, 50 mg/kg) for 0, 2, 6 or 12 h
	Mice (blood)

	Figure 14 B
	Dibenzoylthiamine (0, 10, 50 mg/kg, 2 h)
	Mice (blood)

	Figure 14 C-D
	Dibenzoylthiamine (0, 50 mg/kg, 2 h)
	Mice (C Liver, D cortex)

	Supplemental figure 2
	Thiamine (50 µM), benfotiamine (50 µM, BFT), sulbutiamine (25 µM, SuBT), dibenzoylthiamine (50 µM, DBT) for 1 or 25 h
In the latter case the cells were treated with 0.25 mM paraquat (PQ) 1 h after addition of thiamine or the precursors.
	Neuro2a cells

	Supplemental figure 12
	Thiamine (50 µM), benfotiamine (50 µM, BFT), sulbutiamine (25 µM, SuBT), dibenzoylthiamine (50 µM, DBT) for 1 or 25 h
In the latter case the cells were treated with 1 μg/ml lipopolysaccharides (LPS) 1 h after addition of thiamine or the precursors.
	BV2 cells



Experimental design (Cell viability testing) 
	
	Experimental conditions
	Cell type

	Figure 5 (A/B)
	Dibenzoylthiamine (DBT) (1, 2, 5, 10, 25, 50 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Figure 6 B
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), buthionine sulfoximine (0.5 mM, 25 h, BSO), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Figure 9 B
	Dibenzoylthiamine (DBT) (25, 50 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	3T3 cells

	Figure 9 C
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), ML385 (10 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Figure 13C
	Dibenzoylthiamine (25 µM, 25 h, DBT), thiamine (25 µM, 25 h), pyrithiamine (25 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Supplemental figure 4
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h)
	Neuro2a cells

	Supplemental figure 5
	O-benzoylthiamine (O-BT) (10, 25, 50 µM, 25 h), benzoic acid (BA) (25, 50, 100 µM, 25 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Supplemental figure 9
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), dimethyl sulfoxide (0.1%, 25 h, DMSO), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Supplemental figure 10
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), Nrf2- control siRNA (50 nM, 24-48 h), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells

	Supplemental figure 11 
	Thiamine (50 µM, 25 h), benfotiamine (50 µM, 25 h, BFT), sulbutiamine (25 µM, 25 h, SuBT), dibenzoylthiamine (50 µM, 25 h, DBT), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells (A)
BV2 cells (B)

	Supplemental figure 16
	N-acetyl-L-cysteine (50 µM, 5 mM, 25 h, NAC), paraquat (0.25 mM, 24 h, PQ)
	Neuro2a cells



Experimental design (Western blot) 
	
	Experimental conditions
	Antibody
	Cell type

	Figure 6 C-D
	Thiamine (50 µM, 25 h), benfotiamine (50 µM, 25 h, BFT), sulbutiamine (25 µM, 25 h, SuBT), dibenzoylthiamine (50 µM, 25 h, DBT), paraquat (0.25 mM, 24 h, PQ)
	Anti-GCLC
Anti--tubulin
	Neuro2a cells

	Figure 11 D
	Thiamine (50 µM, 25 h), benfotiamine (50 µM, 25 h, BFT), sulbutiamine (25 µM, 25 h, SuBT), dibenzoylthiamine (50 µM, 25 h, DBT), lipopolysaccharides (1 µg/ml, 24 h, LPS)
	Anti-iNOS
Anti--tubulin
	BV2 cells

	Figure 11 E
	Dibenzoylthiamine (DBT) (1, 10, 25, 50 µM, 25 h), lipopolysaccharides (1 µg/ml, 24 h, LPS)
	Anti-iNOS
Anti--tubulin
	BV2 cells

	Figure 12
	Thiamine (50 µM, 2 h), benfotiamine (50 µM, 2 h, BFT), sulbutiamine (25 µM, 2 h, SuBT), dibenzoylthiamine (50 µM, 2 h, DBT), lipopolysaccharides (1 µg/ml, 1 h, LPS)
	Anti-p65
Anti--tubulin
Anti-lamin B1
	BV2 cells

	Supplemental figure 6
	Buthionine sulfoximine (0.1, 0.5, 1, 5 mM, 6 h, BSO), paraquat (0.25 mM, 6 h, PQ)
	Anti-GCLC
Anti--tubulin
	Neuro2a cells

	Supplemental figure 10
	Dibenzoylthiamine (50 µM, 25 h, DBT), thiamine (50 µM, 25 h), Nrf2- control siRNA (50 nM, 24-48 h), paraquat (0.25 mM, 24 h, PQ)
	Anti-Nrf2
Anti--tubulin
	Neuro2a cells



Experimental design (Nitric oxide assay) 
	
	Experimental conditions

	Figure 11 A
	Thiamine (50 µM, 25 h), benfotiamine (50 µM, 25 h, BFT), sulbutiamine (25 µM, 25 h, SuBT), dibenzoylthiamine (50 µM, 25 h, DBT), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Figure 11 B
	Thiamine (25 h), benfotiamine (25 h, BFT), sulbutiamine (25 h, SuBT), dibenzoylthiamine (25 h, DBT), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Figure 13 F
	Dibenzoylthiamine (25 µM, 25 h, DBT), pyrithiamine (25 µM, 25 h, PT), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Supplemental figure 13 A
	Benzoic acid (25, 50, 100 µM, 25 h, BA), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Supplemental figure 13 B
	O-benzoylthiamine (10, 25, 50 µM, 25 h, O-BT), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Supplemental figure 13 C
	Dibenzoylthiamine (25 µM, 25 h, DBT), benzoic acid (25 µM, 25 h, BA), lipopolysaccharides (1 µg/ml, 24 h, LPS)

	Supplemental figure 16 C
	N-acetyl-L-cysteine (50 µM, 5 mM, 25 h), lipopolysaccharides (1 µg/ml, 24 h, LPS)
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[bookmark: _Hlk39844430]Animals and housing conditions
FUS[1–359]-transgenic female (FUS-tg) and their wild type littermates were provided by the FDA-certified IPAC RAS facilities, Chernogolovka, Moscow region (http://www.ipac.ac.ru/index.html). BALB/c male mice were obtained from certified Charles River provider, Stolbovaja, RAS, Moscow region (http://www.spf-animals.ru/about/providers/animals). Male mice were single housed, and female mice were housed 2–3 per cage under standard conditions (22±1°C, 55% humidity, reversed 12-h light/dark cycle with lights on at 19:00, food and water ad libitum). Experimental procedures were set up in accordance with a Directive 2010/63/EU and approved by the local veterinarian Committee for Bioethics of IPAC RAS (N19-16.06.2017) and MSMU (22/10/17-MSMU-35).

[bookmark: _Hlk39844443][bookmark: _Hlk39757571]Generation of FUS-tg mice
[bookmark: _Hlk39759176]Generation of FUS-tg mice was performed as described elsewhere (Shelkovnikova et al., 2013). Briefly, a fragment of human FUS [1–359] cDNA including 9 bp of 5′-UTR was cloned into Thy-1 promoter plasmid 323-pTSC21k. A gel-purified fragment obtained by digestion of the resulting plasmid DNA with NotI was used for microinjection of mouse oocytes. Transgenic animals were identified by PCR analysis of DNA from ear biopsies by the presence of 255-bp product (primers 5′-TCTTTGTGCAAGGCCTGGGT-3′ and 5′-AGAAGCAAGACCTCTGCAGAG-3′). The original transgenic line on C57Bl6/CBA genetic background was backcrossed with CD1 wild type mice for several (>7) generations. About 15 animals per group were used.

Wire test
FUS-tg male mice and their wild type littermates were allowed to grip a horizontal wire (diameter 0.3 cm, height above the surface 60 cm) for 180 seconds. The latency of falling was recorded as described elsewhere (de Munter et al., 2020; Veniaminova et al., 2020).

Drug administration
Experimental solutions replaced normal drinking water. Thiamine, DBT (Sigma-Aldrich, St. Louis, MO, USA) and riluzole (Sandoz, Almere, Netherlands) were dissolved in tap water and changed every 4-5 days as described elsewhere (Markova al., 2017; Vignisse et al., 2017; de Munter et al., 2020). Celecoxib-containing food pellets were produced as described elsewhere (Costa-Nunes et al., 2015; de Munter et al., 2020) and replaced standard laboratory diet. Concentrations of treatments were adjusted to the daily liquid or food intake. Drinking behavior and diet consumption were monitored by evaluating the 24-h liquid and food intake during the first three days of dosing. No group differences in these measures were found suggesting normal drinking behavior in ultrasound-exposed and dosed mice, as well as normal feeding behavior in celecoxib-treated mice.



Tissue collection in FUS-tg mice
At the age of fifteen weeks, non-treated female FUS-tg and wild type mice were anaesthetized by sodium pentobarbitone and perfused with NaCl. Lumbar parts of the spinal cord were collected as described elsewhere (de Munter et al., 2020) and immediately frozen at −80 °C on a dry ice for a subsequent malondialdehyde (MDA) assay (see below).

[bookmark: _Hlk39844463]Supplemental Materials and Methods File 3
Ultrasound radiation
Experimental groups of BALB/c mice were subjected to the continuous ultrasound emission of average intensity of 50±5dB and frequencies in a 20-45Hz range delivered via a manufactured device (Weitech, Wavre, Belgium) using a random schedule of alternating frequencies as described elsewhere (Pavlov et al., 2019; Gorlova et al., 2019). During the 10-min periods, ultrasound frequencies fluctuated at short time spans of ≤1 s. 35% of the emission time consisted of 20-25 and 25-40 kHz frequencies, and 30% of the emission time consisted of 40-45 kHz frequencies. The ultrasound device was suspended 2 m above the cages of the experimental groups with an average horizontal distance to cages of 2.5 m. The position of the cages with respect to the stimulator was changed weekly. The selectivity of the adverse effects of low-frequency ultrasound during the emission period in comparison with the potential general negative effects of a constant noise described here was demonstrated previously (Morozova et al., 2016; Gorlova et al., 2019). 

Swim test
This test was carried out as described previously (Malatynska et al., 2012; Strekalova et al., 2015; Pavlov et al., 2017). BALB/c mice were placed into a plastic transparent pool (diameter of 15 cm and a height of 25 cm) filled with water to the depth for 17 cm; water temperature was +2 3°C, light intensity was 15 Lux. Total duration of floating behavior, defined by the absence of any directed movements of animals’ head and body, was scored offline during the 6 min-period using Any-maze software (Stoelting Co, Wood Dale, IL, USA).

Malondialdehyde (MDA) assay
MDA content was measured following Abcam ab118970 kit instructions (Abcam, Eugene, OR, USA). Briefly, the tissue was washed in cold PBS and homogenized in lysis solution, and then centrifuged at 13000 g for 10 min. TBA reagent was added to supernatant and, after incubation at 95 °C for 60 min and cooling to room temperature in an ice bath, supernatant was analyzed at 532nm in a 96-well microplate as described elsewhere (Costa-Nunes et al., 2020).
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Supplemental figure 1: Agarose gel electrophoresis of RT-PCR products for detection of thiamine transporter-1 (SLC19A2, THTR-1). (A) Neuro2a cells (DMEM), (B) Neuro2a cells (DMEM thiamin-restricted), (C) H2O as negative control and (D) 100 bp DNA Ladder (the size of the markers is indicated, Quick-Load Purple 2-Log DNA ladder, New England Biolabs). All PCR products showed a band at position 610 bp in agreement with the expected amplicon size.  
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Supplemental figure 2: Effects of thiamine (Thia) or its synthetic precursors (benfotiamine, BFT; sulbutiamine, SuBT and dibenzoylthiamine, DBT) on thiamine (A, C) and ThDP (B, D) content in Neuro2a cells after 1 h (A, B) or 25 h (C, D). The cells were grown in DMEM thiamine-restricted medium as described in Materials and Methods. At t=0, thiamine, BFT, SuBT or DBT were added at the concentrations indicated. Intracellular thiamine and ThDP contents were analyzed by HPLC after 1 and 25 h. In the latter case the cells were treated with 0.25 mM PQ 1 h after addition of thiamine or the precursors. Control thiamine levels are very low (1 pmol/mg of protein) compared to the levels in the presence of precursors (see figure 2). The results are expressed as mean ± SD (n=3).
[image: ]
Supplemental figure 3: Deuterium-labeled thiamine metabolites after incubation of Neuro2a cells with 50 µM labelled thiamine-d3. (A) Structural formula of thiamine-3d. (B) Difference between the responses without and with incubation of the cells for 1 h with thiamine-d3. The open form of thiamine-d3, S-BT-d3 and DBT-d3 could be detected in very low quantities. The response of the compounds in the cells incubated with thiamine d3 were subtracted by the response of the compounds in the cells used as negative control. (mean ± SD, n = 12)
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	Supplemental figure 4: DBT does not increase the cell density of a Neuro2a cells  culture in the absence of PQ. Thiamine and DBT at 50 µM were added to cells and the cell density (MTT test) was tested 25 h later. The results are expressed as mean ± SD (n=3). Statistical analysis was made by one-way ANOVA.
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Supplemental figure 5: Effect of O-benzoylthiamine (O-BT) (A) and benzoic acid (BA) (B) and on the cell viability of Neuro2a cells in the presence of PQ (0.25 mM, 24 h). The data are expressed as mean ± SD (n=3-5, ***, p<0.001, ANOVA followed by a Tukey post-hoc test).
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	[bookmark: OLE_LINK1]Supplemental figure 6: Buthionine sulfoximine (BSO) prevents the expression of the catalytic subunit of glutamate cysteine ligase (GCLC) in Neuro2a cells under control conditions. The cells were incubated in the presence of BSO for 6 h. PQ does not affect GCLC expressions (immunoblot after SDS-PAGE).
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	Supplemental figure 7: Buthionine sulfoximine (BSO, 25 h) decreases the GSH content in absence or in presence of paraquat (PQ, 0.5 mM, 24 h) in Neuro2a cells. The results are expressed as mean ± SD (n=3). Statistical analysis was made by two-way ANOVA followed by Tukey multiple comparisons test (**, p<0.01 vs condition control, # p<0.05 vs conditon PQ, ##, p<0.01 vs condition PQ) .
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	Supplemental figure 8: Paraquat (PQ) induces a similar decrease in cell viability, GSH and NADPH content in Neuro2a cells. The results are expressed as mean ± SD (n=3).
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	Supplemental figure 9: DMSO (0.1%, diluent of ML385) does not impact the protective effect of DBT (50 µM, 25 h) against PQ-induced cell death in Neuro2a cells. The results are expressed as mean ± SD (n=4). Statistical analyses was made by one-way ANOVA followed by Tukey multiple comparisons test (**, p<0.01 vs condition PQ)
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Supplemental figure 10: Knockdown of Nrf2 using a small double-stranded interfering RNA (siRNA). (A) Influence of control and Nrf2 siRNA on the expression of Nrf2 after 24 h and 48 h (immunoblot after SDS-PAGE). At 48 h, the cells were treated with paraquat (0.25 mM). (B) Impact of Nrf2 siRNA on the protective effect of DBT (50 μM, 25 h) against PQ-induced cell death in Neuro2a cells. The results are expressed as mean ± SD (n=5).  Statistical analysis was made by one-way ANOVA followed by Tukey multiple comparisons test (** p < 0.01). 
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Supplemental figure 11: Effect of PQ on the survival of Neuro2a and BV2 cells in the presence of thiamine or its precursors. The cells were incubated for 25 hours in the absence (control) or presence of thiamine (Thia, 50 μM) or its prodrugs (BFT, 50 μM ; DBT, 50 μM or SuBT, 25 μM). PQ (0.25 mM) was added after 1 hour and the survival rate was determined 24 hours later. The data are expressed as mean ± SD (n=3, **, p<0.01, ***, p<0.001, one-way ANOVA followed by Tukey’s post-hoc test).

















	A
[image: C:\Users\Margaux Sambon\Desktop\Doctorat\Rédaction\Papier n°2\Résultats\BV2\HPLC - 1 h - Thiamine.jpg]
	B
[image: C:\Users\Margaux Sambon\Desktop\Doctorat\Rédaction\Papier n°2\Résultats\BV2\HPLC - 1 h - ThDP.jpg]

	C
[image: C:\Users\Margaux Sambon\Desktop\Doctorat\Rédaction\Papier n°2\Résultats\BV2\HPLC - 25 h - Thiamine.jpg]

	D
[image: C:\Users\Margaux Sambon\Desktop\Doctorat\Rédaction\Papier n°2\Résultats\BV2\HPLC - 25 h - ThDP.jpg]

	Supplemental figure 12: Intracellular thiamine (A, C) and ThDP (B, D) content after treatment with thiamine or prodrugs in BV2 cells for 1 or 25 hours. In the latter case the cells were treated with 1 μg/ml LPS 1 h after addition of thiamine or the precursors. The protocol was as described in legend to supplemental figure 2. (mean ± SD, n=3) 
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	Supplemental figure 13: Effect of benzoic acid (BA) and O-benzoylthiamine (O-BT) on the production of NO-2 in BV2 cells in the presence of LPS (1 μg/ml, 24 h). (A) BA. (B) O-BT. (C) Combined effects of benzoic acid and DBT. The data are expressed a mean ± SD (n=3-5, ***, p<0.001, ANOVA followed by a Tukey post-hoc test).
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Supplemental Figure 14: Treatment with thiamine or DBT did not change latency of falling in the wire test in wild type mice. No significant differences were found between groups on week 5 and week 6 of the study, p>0.05, two-way ANOVA. Doses are expressed in mg/kg per day. DBT = dibenzoyl thiamine. 7-16 animals per group were used. Bars are mean ± SEM.
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Supplemental Figure 15: Administration of DBT but not thiamine ameliorates ultrasound-induced increase of malonaldehyde (MDA) concentration in the hippocampus. Ultrasound-exposed vehicle-treated mice displayed a significant elevation of the MDA concentration in the hippocampus compared to control group. Ultrasound-exposed groups treated with DBT at the doses of 25 or 200 mg/kg per day showed significantly decreased MDA concentration than vehicle-treated mice exposed to the ultrasound stress (*, p<0.05 vs. control mice, #, p<0.05 vs. vehicle-treated ultrasound-exposed group, one-way ANOVA and post hoc Tukey’s test). 6-11 animals per group were used. Doses are expressed in mg/kg per day. Bars are mean ± SEM.
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Supplemental figure 16: Effect of N-acetylcysteine (NAC) on the levels of GSH in Neuro2a cells (A) and cell viability of PQ-challenged Neuro2a (B) and the production of NO2- in LPS-challenged BV2 cells (C). The cells were incubated for 25 h in the presence of 5 µM or 5 mM N-acetylcysteine. PQ (0.25 mM, 24 h) or LPS (1 µg/ml, 24 h) were added after 1 h The data are expressed as mean ± SD (n=3). (n=3, *, p<0.05, **, p<0.01, ***, p<0.001, ANOVA followed by a Tukey post-hoc test.
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