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Enhancing Inhibition of Both α-Synuclein Aggregation and Neuroinflammation: New Insights into the C-9 Modification of Doxycycline

Doxycycline, a semi-synthetic tetracycline, is a widely used antibiotic for mild-to-moderate infections. However, its pleiotropic effects, such as anti-inflammatory and antioxidant properties, combined with its ability to interfere with αsynuclein inhibiting its aggregation, make it an attractive candidate for repositioning in Parkinson's disease treatment. Nevertheless, the antibiotic activity of doxycycline restricts its potential for long-term treatment of Parkinsonian patients. Eighteen novel doxycycline derivatives were designed with substitution at C9. Specifically, the dimethylamino group at C4 was reduced to significantly diminish the antibiotic activity, and several coupling reactions were performed at position C9 of the D ring. Using biophysical models, we found that seven compounds were more effective than the parent compound in inhibiting α-synuclein aggregation. Furthermore, two of these derivatives exhibited better anti-inflammatory effects at non-cytotoxic concentrations on microglial cell culture. Thus, we identified two designbased tetracyclines as the most promising candidates for further preclinical investigations. In addition, our study provides new insights into the structure-activity relationship of tetracyclines as neuroprotective molecules.

INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by the loss of dopaminergic neurons, resulting in motor and non-motor symptoms. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF][START_REF] Damier | The Substantia Nigra of the Human Brain: II. Patterns of Loss of Dopamine-Containing Neurons in Parkinson's Disease[END_REF] The prevalence of PD has been increasing rapidly, with projections indicating a significant rise in cases in the coming decades. [START_REF] Dorsey | The Parkinson Pandemic-A Call to Action[END_REF] The aggregation of the presynaptic protein α-synuclein (α-Syn) has been identified as a key pathological event in PD, making it a therapeutic target for neuroprotective drug development. [START_REF] Fink | The Aggregation and Fibrillation of α-Synuclein[END_REF][START_REF] Spillantini | α-Synuclein in Lewy Bodies[END_REF] In addition, neuroinflammatory processes have been implicated as etiological factors in PD, and α-Syn aggregates can induce and amplify these processes, leading to neuronal damage. [START_REF] Gustot | Amyloid Fibrils Are the Molecular Trigger of Inflammation in Parkinson's Disease[END_REF] Tetracyclines have a long history of clinical use due to their antibiotic, antifungal, and antineoplastic properties, but they have also shown potential for matrix metalloproteinase inhibition, as well as antioxidant and anti-inflammatory activities. [START_REF] Stoilova | A New Face for Old Antibiotics: Tetracyclines in Treatment of Amyloidoses[END_REF][START_REF] Griffin | Tetracyclines: A Pleitropic Family of Compounds with Promising Therapeutic Properties. Review of the Literature[END_REF] For instance, doxycycline (DOX) has demonstrated excellent neuroprotective effects in experimental models without significant toxicity signs. [START_REF] Bortolanza | Tetracycline Repurposing in Neurodegeneration: Focus on Parkinson's Disease[END_REF] Among these neuroprotective effects, DOX was able to prevent the aggregation of -Syn; 10 reduce oxidative stress, act as an anti-inflammatory agent, [START_REF] Santa-Cecília | Doxycycline Suppresses Microglial Activation by Inhibiting the P38 MAPK and NF-KB Signaling Pathways[END_REF] induce cellular redistribution of aggregates in an animal model of Parkinson's disease [START_REF] Dominguez-Meijide | Doxycycline Inhibits α-Synuclein-Associated Pathologies in Vitro and in Vivo[END_REF] among other activities in ex vitro and in cellulo assays. [START_REF] González-Lizárraga | Repurposing Doxycycline for Synucleinopathies: Remodelling of α-Synuclein Oligomers towards Non-Toxic Parallel Beta-Sheet Structured Species[END_REF][START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF][START_REF] Tomas-Grau | Neuroprotective Effects of a Novel Demeclocycline Derivative Lacking Antibiotic Activity: From a Hit to a Promising Lead Compound[END_REF][START_REF] Rahmani | The Potential Use of Tetracyclines in Neurodegenerative Diseases and the Role of Nano-Based Drug Delivery Systems[END_REF] These pieces of evidence, along with DOX's ability to cross the blood-brain barrier, [START_REF] Lucchetti | Plasma and Brain Concentrations of Doxycycline after Single and Repeated Doses in Wild-Type and APP23 Mice[END_REF] make DOX a good candidate as a novel therapeutic agent not only for PD but also for Alzheimer's disease. [START_REF] Medina | Doxycycline Interferes With Tau Aggregation and Reduces Its Neuronal Toxicity[END_REF] However, using DOX for long-term treatment in PD patients may lead to potential antibiotic resistance and disruption of microbiota. Indeed, tetracyclines are well-known antimicrobial therapeutic agents with excellent and safe toxicological profiles and well-understood structureactivity relationships that pave the way for new pharmacomodulation studies. [START_REF] Markulin | Challenges of Repurposing Tetracyclines for the Treatment of Alzheimer's and Parkinson's Disease[END_REF] Recently, we showed that a new tetracycline derivative, a "reduced" demeclocycline (DMC) derivative called DDMC, showed promising neuroprotective activity by interfering with α-Syn aggregation without exhibiting significant antibiotic properties. [START_REF] Tomas-Grau | Neuroprotective Effects of a Novel Demeclocycline Derivative Lacking Antibiotic Activity: From a Hit to a Promising Lead Compound[END_REF] Moreover, DMC, DOX, and their corresponding reduced analogs DDMC and DDOX have also shown neuroprotective properties through their ability to chelate iron, preventing oxidative stress (Figure 1). [START_REF] Tourville | Rescue of Dopamine Neurons from Iron-Dependent Ferroptosis by Doxycycline and Demeclocycline and Their Non-Antibiotic Derivatives[END_REF] In the present study, eighteen novel non-antibiotic DOX derivatives were synthesized, with pharmacomodulation at position C9. Our goal was to identify promising compounds that exhibit enhanced antiaggregative properties against α-Syn and diminished neuroinflammation compared to parent DOX compound, but with no antibiotic properties. The ultimate objective is to halt or slow down the progression of the underlying pathology. 

RESULTS AND DISCUSSION

Chemical Synthesis.

It is well accepted that the N-dimethylamino function at the C4 position on the upper half of the tetracycline core structure in ring A is crucial for the antibacterial properties. [START_REF] Zhan-Yun | Synthesis and Neuroprotective Activity of Novel C4, C7 Derivatives in Tetracycline Series[END_REF][START_REF] Chopra | Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacterial Resistance[END_REF] Additionally, previous research has established a strong correlation between function and structure, emphasizing the importance of maintaining a specific structural motif in tetracyclines, which is crucial to interact with cross-beta structures characteristic of toxic aggregates. [START_REF] Tourville | Rescue of Dopamine Neurons from Iron-Dependent Ferroptosis by Doxycycline and Demeclocycline and Their Non-Antibiotic Derivatives[END_REF] To prepare new analogs, the aromatic ring D appears to be the most accessible option due to the phenol moiety's ability to promote aromatic electrophilic substitutions at either position C9 or C7. Specifically, halogenation of these positions would lead to further crosscoupling reactions.

Thus, we first targeted the dimethylamino group's reduction using previously reported methods. [START_REF] Zhan-Yun | Synthesis and Neuroprotective Activity of Novel C4, C7 Derivatives in Tetracycline Series[END_REF][START_REF] Hlavka | Tetracycline Derivatives and Methods of Use Thereof[END_REF][START_REF] Angusti | Tetracyclines and Their Use as Calpain Inhibitors[END_REF][START_REF] Abato | Composés de Tétracycline Utilisés Dans Le Traitement de La Polyarthrite Rhumatoïde et Méthodes Thérapeutiques Associées[END_REF] The compound 4-des-N-dimethylaminodoxycycline 1 (RDOX) was then prepared in two steps from DOX, after quaternarization of the amino group with methyl iodide in THF, followed by its reduction with zinc dust in aqueous acetic acid over 2 h. RDOX was selectively obtained using this two-step procedure without the significative formation of DDOX. [START_REF] Tourville | Rescue of Dopamine Neurons from Iron-Dependent Ferroptosis by Doxycycline and Demeclocycline and Their Non-Antibiotic Derivatives[END_REF] In a second step, we focused our attention on the functionalization of the aromatic ring. After several attempts, we found that CF3COOH and NIS at 0 °C were the best conditions to selectively iodinate RDOX [START_REF] Bergström | N-Iodosuccinimide (NIS) in Direct Aromatic Iodination[END_REF] on position C9 (2a) over position C7 (2b) with about a 10:1 ratio. Preparative HPLC then separated the two regioisomers 2a and 2b. Attempts towards bromination of RDOX were unsuccessful, leading to unselective reactions and/or an inseparable mixture of products. (Scheme 1). Scheme 1. Synthesis of 4-des-N-dimethyl-aminodoxycycline RDOX (1) and 9-iodo derivative 2a.

The final step consisted of performing a cross-coupling reaction at the C9 position of the D ring to introduce various new functional groups. Suzuki cross-coupling reaction was an attractive transformation due to the high functional tolerance of the reaction (e.g., ketones, alcohols, carboxylic acid, amide) and the low toxicity of boronic acids. The use of MeOH as a solvent for this transformation [START_REF] Bowser | 7-Disubstituted-Phenyl Tetracycline Derivatives[END_REF][START_REF] Nelson | Versatile and Facile Synthesis of Diverse Semisynthetic Tetracycline Derivatives via Pd-Catalyzed Reactions[END_REF] was crucial for substrate 2a: THF, dioxane, or DMF did not give any conversion. We thus obtained 13 original tetracyclines 3-15 with moderated yields after isolation by preparative HPLC (14-47% yield). Different aromatic rings were installed (3-8, 10, 14-15), as well as heteroaromatic rings (9, 13). Surprisingly, the insertion of nitrogen-containing heterocycles such as pyridine, quinoline, or pyrrole derivatives was ineffective in our hands. We were also pleased to enable the insertion of alkene derivatives (11-12). (Scheme 2)

Scheme 2. Preparation of 9-substituted doxycyclines by Suzuki cross-coupling from 2a

The insertion of alkyne derivatives was also investigated through Sonogashira cross-coupling reaction. DMF was crucial to solubilize substrate 2a efficiently, leading to reproducible conversions. The reaction outcome was also different depending steric and electronic properties of the alkyne. Hexyne afforded only the product of a subsequent cycloisomerization with phenol (16), whereas TMS-acetylene gave only the cross-coupling product 17. Further deprotection of the TMS group furnished the free acetylene function in compound 18. (Scheme 3) Scheme 3. Preparation of benzofuranyl derivative 16 and alkynes derivatives 17 and 18 from a Sonogashira cross-coupling reaction with 2a. One of the study's main objectives was to suppress the antibiotic activity of tetracyclines as a requirement for neurodegenerative diseases' chronic administration; this was to prevent any potential interference with other medications and to avoid the development of antibiotic resistance. [START_REF] Chopra | Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacterial Resistance[END_REF][START_REF] Fuoco | Classification Framework and Chemical Biology of Tetracycline-Structure-Based Drugs[END_REF] Thus, all synthesized compounds were evaluated for their antibacterial activity against several Gram-negative (i.e. Pseudomonas aeruginosa PA01 E. coli ATCC25922) and a Gram-positive strains (Staphylococcus aureus ATCC25923), and their minimal inhibitory concentrations (MIC) were determined. Interestingly all newly synthesized products exhibit mainly no antibacterial activity below 200 µM against Gram-negative P. aeruginosa and E. coli. The antibiotic activity of our novel compounds against Gram-positive bacteria S. aureus was decreased by at least 8-fold and up to 250-fold compared to DOX, indicating moderate to low activity. On the one hand, removing the dimethylamino group dramatically reduces antibiotic activity, highlighting the role of this substituent. On the other hand, the nature of the substituent at C9 does not seem to improve antibacterial activity. Indeed, 9-tBu-DOX, which possesses both the tert-butyl group at C9 and the dimethylamino group at C4, showed an increase of the MIC compared to DOX (>200, 50, 6.25 µM against P. aeruginosa, E. coli, and S. aureus, respectively), [START_REF] Draveny | Scope and Limitations of Exploiting the Ability of the Chemosensitizer NV716 to Enhance the Activity of Tetracycline Derivatives against Pseudomonas Aeruginosa[END_REF] meaning that the substitution at C9 also decreases the antibacterial activity (Table 1).

Antibacterial activity.

Inhibition of α-synuclein aggregation.

It has been previously reported that some tetracyclines, specifically DOX, can inhibit α-Syn aggregation. [START_REF] Bortolanza | Tetracycline Repurposing in Neurodegeneration: Focus on Parkinson's Disease[END_REF][START_REF] González-Lizárraga | Repurposing Doxycycline for Synucleinopathies: Remodelling of α-Synuclein Oligomers towards Non-Toxic Parallel Beta-Sheet Structured Species[END_REF][START_REF] Socias | Exploiting the Therapeutic Potential of Ready-to-Use Drugs: Repurposing Antibiotics against Amyloid Aggregation in Neurodegenerative Diseases[END_REF] To analyze the capacity of all the novel synthesized compounds to interfere with the fibril assembly process of α-Syn, we incubated 70 μM of the protein in the absence or the presence of 20 μM of each tetracycline at 37 °C under orbital agitation for 120 hours. The cross-β structure, which is the hallmark of amyloid aggregation, [START_REF] Vilar | The Fold of α-Synuclein Fibrils[END_REF] was monitored by Thioflavin T (ThT) fluorescence emission at 482 nm (λexc 450 nm). [START_REF] Lau | α-Synuclein Strains Target Distinct Brain Regions and Cell Types[END_REF] The results indicated that seven of the eighteen new tetracyclines tested showed a decrease in ThT fluorescence intensity compared to the control. It is noteworthy that each molecule displayed a varying degree of antiaggregant potential. Compound 17 was the most effective, reducing the ThT signal by approximately 95.6% compared to the control. The ranking was followed by compounds 16, 14, 6, 12, RDOX, and 4, with reductions of 93.7%, 90.7%, 89.3%, 81.3%, 70.25%, and 62% respectively (Figure 2). Interestingly, the lipophilic substituent at the C9 position appears to have a favorable effect on inhibiting α-Syn aggregation. Compounds 16 and 17 exhibited the highest activities in this regard. Conversely, compound 18, which lacks the trimethylsilyl group, showed limited effectiveness, reducing the ThT level to 14.3% compared to the control. Interestingly, RDOX displayed a significant ThT signal reduction of 70.2% in inhibiting of α-Syn aggregation, whereas the iododerivative 2a, containing an iodine atom at position C-9 instead of hydrogen, exhibited no inhibition (2.63%). Conformation structure also played a role, with alkene 11 being less effective (26%), indicating that suppressing conformational rotation adjacent to the D ring was beneficial for compounds 16 and 17 (Figure 2). Another noteworthy case was meta-benzyloxy derivative 14, which proved to be one of the most effective compounds, while free meta-phenol 3 resulted in a negative outcome, acting as a pro-aggregative molecule. According to previous observations, protection as benzyl ether provides lipophilic properties, and the aromatic ring restrained conformational rotation adjacent to the D ring of tetracycline.

Moreover, a supplementary hydroxyl group adjacent to the phenol of the D ring was beneficial for antiaggregant activity (compound 6). This result is not unexpected, as it provides additional hydrogen bonding for antiaggregatory properties. As for the remaining compounds, no significant differences were observed in ThT signal reduction compared to the control. The percentage reductions were as follows: 10 (59.4%), 13 (15.4%), 15 (7.2%), 9 (4.7%), 7 (-1.6%), 5 -32.7%), and 8 (-24.4%) (Figure 2).

Analysis of cytotoxic effects

The appropriate safety profile of DOX has allowed its administration for decades, [START_REF] Balducci | Doxycycline for Alzheimer's Disease: Fighting β-Amyloid Oligomers and Neuroinflammation[END_REF] however, new chemical modifications could impact its cytotoxicity. Consequently, a lactate dehydrogenase (LDH) assay was performed, which is commonly used as a measure of cytotoxicity by membrane impairment. We used untreated cells as the 100% release of physiological LDH. In contrast, the positive control with 1% Triton X-100 displayed high cytotoxicity, with a +150% increase in the release of LDH into the culture medium compared to the control (Figure 3). Cells were also treated with 20 M of the new tetracycline derivatives that exhibit significant inhibition of α-Syn aggregation (Figure 2). We observed that 6, 12, and RDOX exhibited no cytotoxicity, as their LDH values were not significantly different from the control condition. Additionally, we tested cell viability using the Methyl Thiazolyl Tetrazolium (MTT) assay [START_REF] Mosmann | Rapid Colorimetric Assay for Cellular Growth and Survival: Application to Proliferation and Cytotoxicity Assays[END_REF] 

Anti-inflammatory effect.

Tumor necrosis factor alpha (TNF-α) is a cytokine that plays a crucial role in the response to various inflammatory insults. [START_REF] Glass | Mechanisms Underlying Inflammation in Neurodegeneration[END_REF] While acute activation results in tissue repair and the induction of a protective immune response, chronic activation can be detrimental to the brain, leading to neurodegeneration. This study evaluated the potential anti-inflammatory effects of the non-cytotoxic compounds 6 and RDOX on primary microglial cells activated by lipopolysaccharide (LPS) compared to the precursor DOX. As previously reported, 11 DOX does not exhibit anti-inflammatory properties at a concentration of 20 M, only becoming effective at 50 M. In contrast, when cells were pretreated with either 6 or RDOX at 20 M, the TNF- release was significantly reduced by 77 and 47 %, respectively, compared to LPS (Figure 4). These results showed that 6 or RDOX are more effective than DOX in inhibiting TNF- release induced by LPS stimulation in primary microglia cells. 

CONCLUSIONS

Previous studies have demonstrated that DOX has beneficial effects in several in vitro and in vivo models of PD by targeting key pathomechanisms involved in the degenerative process of dopaminergic neurons, such as α-Syn aggregation and neuroinflammation. However, its antibiotic property could lead to antimicrobial resistance and interfere with chronic treatment. To address this issue, we designed a chemical library of eighteen novel tetracyclines through the Suzuki or Sonogashira cross-coupling reaction of 9-Iodo-RDOX 2a with the corresponding nucleophiles. Reducing the dimethylamino group significantly decreased the antibiotic activity of most compounds, making these novel tetracyclines suitable for chronic prescriptions in neurodegenerative diseases. We hypothesized that novel chemical entities with both -Syn antiaggregant and anti-inflammatory activities could have a diseasemodifying effect and be promising therapeutic agents. All synthesized compounds were therefore tested for -Syn aggregation in a biophysical in vitro model, and eight of them (17, 16, 14, 6, 12, 10, 4, and RDOX) exhibited a decrease in the ThT fluorescence intensity. The lipophilic properties of the substituent at position C9 generally induce -Syn anti-aggregation, but a reduced degree of liberty adjacent to the aromatic ring of tetracycline is required. Positioning an adjacent hydroxy group, such as compound 6, improves the antiaggregation properties by adding a supplementary hydrogen bond to the south part of the tetracycline. Before determining the anti-inflammatory effect of those active compounds on microglial cells, an LDH assay was performed to ensure their non-cytotoxicity. Therefore, only compounds 6 and RDOX showed no cytotoxicity at 20 µM. Moreover, compounds 6 and RDOX showed greater anti-aggregating and antiinflammatory properties than DOX by acting at lower concentrations. These findings highlight the promising drug candidacy of 6 and RDOX, warranting further in vivo studies on PD models before embarking on preclinical trials.

EXPERIMENTAL PROCEDURES

Chemistry

General. All the reactions were performed under an inert atmosphere (Ar). THF was distilled over sodium/benzophenone mixture. DMF was purchased as an anhydrous grade from Acros Organics and used as received. Analytical thin-layer chromatography (TLC) was performed on silica gel 60 F254 (0.25 mm) plates purchased from Merck. Doxycycline was purchased from Alfa Aesar. Compounds were visualized by exposure to a UV lamp (λ = 254 and 365 nm). All Preparative chromatographies were performed on an Xbridge (Waters) C18 5 µm, [Ø 19 mm x 150 mm or Ø 30mmx150 mm, 42 mL/min]. All reagents were commercial and used as received, except for E-hexenyl boronic acid and 4-butyl-1,2-oxaborol-2(5H)-ol, needed to synthesize tetracyclines 11 and 12, the synthesis of which was reported by us. [START_REF] Fenneteau | Liebeskind-Srogl Cross-Coupling on γ-Carboxyl-γ-Butyrolactone Derivatives: Application to the Side Chain of Amphidinolides C and F[END_REF],37 1 H and [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] C NMR spectra were recorded using a Bruker Advance 300 (300 MHz) or a Bruker Advance 400 (400 MHz) spectrometers in the indicated solvent. Chemical shifts (δ) are given in ppm, and the coupling constants (J) in Hz. The solvent signals were used as reference (CDCl3: δC = 77.16 ppm unless notified, residual CHCl3 in CDCl3: δH = 7.26 ppm; C6D6: δC = 128.06 ppm unless notified, residual C6HD5 in C6D6: δH = 7.16 ppm. Multiplicities are described by the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, p = pentuplet, h = hexuplet, m = multiplet, br = broad. An optimized sequence, called UDEFT, [START_REF] Piotto | New DEFT Sequences for the Acquisition of One-Dimensional Carbon NMR Spectra of Small Unlabelled Molecules[END_REF] was used for 1D 13 C{ 1 H}spectra. HPLC chromatograms and mass spectra were obtained on a Waters LCT Premier (ESI-TOF) spectrometer, Agilent QTOF 6530, or Agilent QTOF 6546 in BioCIS, at Université Paris-Saclay.

RDOX (1).

In a 100mL round-bottom flask, doxycycline (DOX) monohydrate (2.0 g, 4.3 mmol, 1.0 eq) was suspended in dry THF (20 mL), and CH3I (2.7 mL, 43.2 mmol, 10 eq) was added. The reaction mixture was stirred at 40 °C for 24 h under an argon atmosphere. After cooling at room temperature, the solvent was evaporated under reduced pressure. The residue was dissolved in a minimum of MeOH, and Et2O was added. Filtration of the obtained precipitate afforded doxycycline-trimethylammonium iodide salt (1.6 g, 63%). [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] In a 50mL round-bottom flask, doxycyclinetrimethylammonium iodide salt (600 mg, 1.02 mmol, 1.0 eq) was suspended in AcOH (50%) (9.6 mL), then zinc (powder) (669 mg, 10.2 mmol, 10 eq) was added, and the reaction mixture was stirred at room temperature for 1 h. The resulting solution was filtered through a small pad of Celite with AcOH. The organic phase was extracted with CH2Cl2, washed with HCl (1 M) and brine, dried over MgSO4, filtered off, and concentrated in vacuo. Precipitation in EtOAc/npentane afforded compound RDOX (1) as a yellow solid in 54% yield (220 mg). [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, DMSO-d6): δ 15.36 (s, 1H, C12-OH), 11.53 (s, 1H, C10-OH), 8.85, 8.74 (2brs, each 1H, NH2), 7.51 (t, J = 8.0 Hz, 1H, H8), 6.91 (d, J = 8.0 Hz, 1H, H7), 6.86 (d, J = 8.0 Hz, 1H, H9), 6.75 (brs, 1H, C12a-OH), 5.25 (brd, J = 5.4 Hz, 1H, C5-OH), 3.47 (m, 1H, H5), 2.98 -2.75 (m, 2H, H4), 2.60 (p, J = 6.7 Hz, 1H, H6), 2.31 (dd, 1H, J = 12.2, 8.4 Hz, H5a), 2.24 (dm, 1H, J = 11.3 Hz, H4a), 1.44 (d, 3H, J = 6.7 Hz, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-Iodo-RDOX (2a).

In a 25mL round-bottom flask, RDOX (1) (110.0 mg, 2.7 ×10 -1 mmol, 1.0 eq) was dissolved in trifluoroacetic acid (2.9 mL), and the solution was put into an ice bath. N-Iodosuccinimide (67.9 mg, 3.0 ×10 -1 mmol, 1.1 eq) was portion-wise added at 0°C, and the reaction was stirred at room temperature for 3 hours. TFA was evaporated under reduced pressure, and then the organic phase was extracted with EtOAc, washed with HCl(aq) (1M) and brine, dried over MgSO4, filtered off, and concentrated under reduced pressure. Precipitation in EtOAc/npentane afforded iodinated compounds 2a and 2b in 88% yield (126 mg) as a 1:10 mixture of isomers (position 7: position 9). Further purification by preparative HPLC (eluent H2O + 0.1% formic acid / ACN, gradient 45 to 70% of ACN over 15 min) afforded 2a contaminated by about 6% of 7,9-diodo-RDOX. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.12 (s, 1H, C12-OH), 12.60 (s, 1H, C10-OH), 9.00 (brs, 1H, NH2), 7.99 (d, J = 8.2 Hz,1H, H8), 7.63 (brs, 1H, NH2), 6.83 (d, 1H, J = 8.2 Hz, H7), 5.77 (s, 1H, C12a-OH), 4.33 (dd, J = 8.3 Hz, 1H, C5-OH), 3.81 (q, J = 8.3 Hz, 1H, H5), 3.06 (dd, J = 18.6, 5.5 Hz, 1H, H4), 2.97 (dd, J = 18.6, 3.0 Hz, 1H, H4), 2.80 (m, 1H, H6), 2.55 (dd, J = 12.5, 8.5 Hz, 1H, H5a), 2.49 (ddd, J = 10.0, 3.6, 2.5 Hz, 1H, H4a), 1.57 (d, J = 6.9 Hz, 3H, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] General Procedure for Suzuki Coupling. In a 25mL two-neck round-bottom flask, 2a (155 mg, 2.95 ×10 -1 mmol, 1.0 eq), Pd(OAc)2 (6.6 mg, 2.95 ×10 -2 mmol, 0.1 eq), and Pd(PPh3)4 (34.0 mg, 2.95 ×10 -2 mmol, 0.1 eq) were dissolved in MeOH (11.5 mL), and the resulting mixture was purged under Argon for 10 minutes. A solution of Na2CO3 (93.5 mg, 8.8 ×10 -1 mmol, 3.0 eq) in H2O (3.5 mL) was added, followed by the addition of a solution of the aryl boronic acid (5.3 ×10 -1 mmol, 1.8 eq) in MeOH (3.5 mL). The reaction mixture was stirred at 70 °C for 2 hours under Argon. After cooling at room temperature, the resulting solution was filtered on a small pad of Celite, and the filtrate was concentrated under reduced pressure. Then, the organic phase was extracted with EtOAc (3 × 25 mL), washed with HCl (1M) and brine, dried over MgSO4, filtered off, and evaporated under reduced pressure. The crude product was first purified on a silica gel column (eluent CH2Cl2 + 1% formic acid) and then by preparative HPLC.

9-(m-hydroxyphenyl)-RDOX (3).

From 150 mg of 2a, 52 mg (37%) of the targeted product were isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 35 to 60% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 15.22 (brs, 1H, C12-OH), 12.37 (s, 1H, OH), 9.05 (brs, 1H, OH), 8.32 (brs, 1H, NH2), 7.63 (brs, 1H, NH2), 7.58 (d, J = 8.0 Hz, 1H, H8), 7.25 (t, J = 8.0 Hz, 1H, He), 7.12 (t, J = 1.5 Hz, 1H, Hb), 7.06 (dt, 1H, J = 7.5, 1.3 Hz, Hf), 7.04 (dd, 1H, J = 7.5, 1.0 Hz, H7), 6.81 (ddd, J = 7.5, 2.3, 1.0 Hz, 1H, Hd), 5.77 (brs, 1H, C12a-OH), 4.36 (brd, J = 7.9 Hz, 1H, C5-OH), 3.83 (dd, J = 9.8, 7.5 Hz, 1H, H5), 2.90-3.09 (m, 2H, H4), 2.85 (m, 1H, H6), 2.57 (dd, J = 12.3, 7.5 Hz, 1H, H5a), 2.46 (m, 1H, H4a), 1.62 (d, 3H, J = 6.8 Hz, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(p-methoxyphenyl)-RDOX (5).

From 120 mg of 2a, 41.4 mg (35%) of the targeted product was isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 50 to 70% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 18.43 (s, 1H, C12-OH), 15.27 (brs, 1H, OH), 12.35 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 7.63 (s, 1H, NH2), 7.53-7.58 (m, 3H, H8+Hb), 6.95-7.07 (m, 3H, H7+Hc), 5.74 (s, 1H, C12a-OH), 4.34 (d, J = 8.5 Hz, 1H, OH), 3.84 (s, 3H, OMe), 3.81 (m, 1H, H5), 3.07 (dd, J = 18.7, 5.5 Hz, 1H, H4), 2.98 (dd, J = 18.7, 3.4 Hz, 1H, H4), 2.83 (m, 1H, H6), 2.57 (dd, J = 12.3, 7.4 Hz, 1H, H5a), 2.50 (ddd, J = 10.0, 5.3, 3.5 Hz, 1H, H4a), 1.61 (d, 3H, J = 6.8 Hz) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(o-hydroxyphenyl)-RDOX (6).

From 110 mg of 2a, 46.8 mg (45%) of the targeted product were isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 40 to 60% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.25 (brs, 1H, C12-OH), 12.33 (s, 1H, OH), 9.04 (brs, 1H, NH2), 7.87 (brs, 1H, OH), 7.69 (brs, 1H, NH2), 7.54 (d, J = 8.0 Hz, 1H, H8), 7.15-7.29 (m, 2H, Hd and Hf), 7.04 (dd, J = 8.0, 1.2 Hz, 2H, H7), 6.96 (dd, J = 8.0, 1.2 Hz, 2H, Hc), 6.92 (td, J = 7.6, 0.9 Hz, 1H, He), 5.82 (brs, 1H, C12a-OH), 4.42 (brd, 1H, J = 8.2 Hz, C5-OH), 3.83 (q, J = 8.5 Hz, 1H, H5), 3.07 (dd, J = 18.7, 5.4 Hz, 1H, H4), 2.97 (dd, J = 18.7, 3.2 Hz, 1H, H4), 2.83 (dq, J = 12.6, 6.8 Hz, 1H, H6), 2.83 (dd, J = 12.6, 6.8 Hz, 1H, H5a), 2.50 (ddd, J = 10.2, 5.4, 3.2 Hz, 1H, H4a), 1.61 (d, 3H, J = 6.8 Hz, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(3,4-dimethoxyphenyl)-RDOX (7).

From 120 mg of 2a, 54.2 mg (44%) of the targeted product was isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 50 to 70% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.24 (brs, 1H, C12-OH), 12.36 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 7.63 (brs, 1H, NH2), 7.59 (d, J = 8.1 Hz, 1H, H8), 7.24 (d, J = 2.1 Hz, 1H, Hb), 7.15 (dd, J = 8.3, 2.1 Hz, 1H, Hf), 7.02 (dd, J = 8.1, 0.9 Hz, 1H, H7), 7.00 (d, J = 8.3 Hz, 1H, He), 5.72 (brs, 1H, C12a-OH), 4.34 (d, 1H, J = 8.6 Hz, C5-OH), 3.85 (s, 6H, OMe), 3.81 (m, 1H, H5), 3.07 (dd, J = 18.6, 5.4 Hz, 1H, H4), 2.97 (dd, J = 18.6, 3.2 Hz, 1H, H4), 2.81 (m, 1H, H6), 2.55 (dd, J = 12.6, 7.6 Hz, 1H, H5a), 2.51 (ddd, 1H, J = 9.9, 5.4, 3.2 Hz, 1H, H4a), 1.60 (d, 3H, J = 6.7 Hz) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(2-Naphtyl)-RDOX (8).

From 140 mg of 2a, 20.0 mg (14%) of the targeted product was isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 55 to 75% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 18.46 (s, 1H, C3-OH), 15.30 (brs, 1H, C12-OH), 12.43 (s, 1H, C10-OH), 9.04 (brs, 1H, NH2), 8.12 (s, 1H, Hj), 7.95 (d, J = 8.1 Hz, 1H, Hc), 7.95 -7.91 (m, 2H, He & Hh), 7.80 (dd, J = 8.6, 1.7 Hz, 1H, Hb), 7.75 (d, J = 8.0 Hz, 1H, H8), 7.66 (brs, 1H, NH2), 7.49-7.56 (m, 2H, Hf & Hg), 7.12 (d, J = 8.0 Hz, 1H, H7), 5.78 (s, 1H, C12a-OH), 4.39 (d, J = 8.5 Hz, 1H, C5-OH), 3.85 (dt, J = 9.9, 8.5 Hz, 1H, H5), 3.09 (dd, J = 18.8, 5.4 Hz, 1H, H4), 2.99 (dd, J = 18.8, 3.2 Hz, 1H, H4), 2.89 (dq, J = 12.6, 6.7 Hz, 1H, H6), 2.60 (dd, = 12.6, 7.6 Hz, 1H, H5a), 2.51 (ddd, 1H, J = 9.9, 5.4, 3.2 Hz, 1H, H4a), 1.64 (d, 3H, J = 6.7 Hz, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(furan-2-yl)-RDOX (9).

From 120 mg of 2a, 38.2 mg (36%) of the targeted product was isolated after purification. Eluent H2O + 0.1% formic acid / ACN, gradient 50 to 70% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 15.19 (brs, 1H, C12-OH), 12.73 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 8.00 (d, J = 8.2 Hz, 1H, H8), 7.65 (brs, 1H, NH2), 7.62 (dd, 1H, J = 1.8, 0.7 Hz, Hd), 7.08 (dd, J = 3.4, 0.7 Hz, 1H, Hb), 7.07 (dd, J = 7.7, 1.1 Hz, 1H, H7), 6.58 (dd, J = 3.4, 1.8 Hz, 1H, Hc), 5.77 (s, 1H, C12a-OH), 4.36 (d, J = 8.5 Hz, 1H, C5-OH), 3.81 (dt, J = 9.9, 7.6 Hz, 1H, H5), 3.03 (dt, J = 18.7, 5.4 Hz, 1H, H4), 3.03 (dt, J = 18.7, 3.4 Hz, 1H, H4), 2.81 (dq, J = 12.6, 6.8 Hz, 1H, H6), 2.55 (dd, J = 12.6, 7.6 Hz, 1H, H5a), 2.49 (ddd, J = 9.9, 5.4, 3.4 Hz, 1H, H4a), 1.60 (d, J = 6.8 Hz, 3H, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(3,4-methylenedioxy-phenyl)-RDOX (10).

From 100 mg of 2a, 40.0 mg (40%) of the targeted product was isolated after purification. Conditions for preparative HPLC eluent: H2O + 0.1% formic acid / ACN, gradient 40 to 80% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] 3.81 (dt, J = 9.9, 8.2 Hz, 1H, H5), 3.07 (dd, J = 18.6, 5.0 Hz, 1H, H4), 2.97 (dd, J = 18.6, 3.1 Hz, 1H, H4), 2.81 (dq, J = 12.6, 6.5 Hz, 1H, H6), 2.53 (dd, J = 12.6, 7.5 Hz, 1H, H5a), 2.47 (ddd, J = 9.9, 5.0, 3.1 Hz, H4a), 1.59 (d, 3H, J = 6.8 Hz) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(1-(E)-hexenyl)-RDOX (11).

From 80 mg of 2a, 20.9 mg (29%) of the targeted product was isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 65 to 85% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] (dd, J = 18.7, 5.5 Hz, 1H, OH, H4), 2.96 (dd, J = 18.7, 3.2 Hz, 1H, OH, H4), 2.76 (dq, J = 12.6, 6.7 Hz, 1H, H6), 2.50 (dd, J = 12.5, 7.5 Hz, 1H, H4), 2.47 (ddd, J = 10.0, 5.5, 3.2 Hz, 1H, H4a), 2.25 (qd, J = 7.1, 1.5 Hz, 2H, Hc), 1.56 (d, 3H, J = 6.7 Hz, H6-Me), 1.47 (m, 2H, Hd), 2.20 (m, 2H, He), 0.93 (t, 3H, J = 7.1 Hz, Hf) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(2-(hydroxymethyl)-(Z)-hex-1-en-1-yl)-RDOX (12).

From 98 mg of 2a, 43.4 mg (47%) of the targeted product were isolated after purification. Conditions for preparative HPLC: eluent H2O + 0.1% formic acid / ACN, gradient 50 to 70% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.25 (brs, 1H, C12-OH), 12.12 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 7.63 (brs, 1H, NH2), 7.53 (d, J = 8.0 Hz, 1H, H8), 7.53 (d, J = 8.0 Hz, 1H, H7), 6.42 (s, 1H, Ha), 5.72 (s, 1H, OH, C12a-OH), 4.32 (d, J = 8.6 Hz, 1H, C5-OH), 4.18 (d, J = 4.2 Hz, 2H, Hb-CH2OH), 3.80 (dt, J = 10.0, 8.6 Hz, 1H, H5), 3.75 (brt, J = 4.2 Hz, 1H, OH), 3.06 (dd, J = 18.6, 5.7 Hz, 1H, H4), 2.97 (dd, J = 18.6, 3.4 Hz, 1H, H4), 2.77 (m, 1H, H6), 2.52 (dd, J = 12.7, 7.5 Hz, 1H, H5a), 2.47 (ddd, J = 10.0, 5.7, 3.4 Hz, 1H, H4a), 2.37 (t, 2H, J = 7.8 Hz, Hc), 1.53-1.63 (m, 2H, Hd), 1.58 (d, J = 6.7 Hz, 3H, H6-Me), 1.41 (sext, J = 7.3 Hz, 2H, He), 0.95 (t, 3H, J = 7.3 Hz, Hf) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(thiophen-2-yl)-RDOX (13).

From 120 mg of 2a, 52.3 mg (51%) of the targeted product were isolated after purification. Eluent H2O + 0.1% formic acid / ACN, gradient 50 to 70% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.16 (brs, 1H, C12-OH), 12.79 (s, 1H, C10-OH), 9.04 (brs, 1H, NH2), 7.90 (d, 1H, J = 8.2 Hz, H8), 7.66 (d, J = 3.4 Hz, 1H, Hd), 7.63 (brs, 1H, NH2), 7.47 (d, J = 5.4 Hz, 1H, Hb), 7.12 (dd, = 5.4, 3.4 Hz, 1H, Hc), 1H), 7.01 (d, J = 8.2 Hz, 1H, H7), 5.74 (brs, 1H, C12a-OH), 4.33 (d, 1H, J = 8.6 Hz, C5-OH), 3.81 (q, 1H, J = 8.6 Hz), 3.07 (dd, J = 18.6, 5.3 Hz, 1H, H4), 2.97 (dd, J = 18.6, 3.3 Hz, 1H, H4), 2.78 (m, 1H, H6), 2.54 (dd, J = 12.6, 7.3 Hz, 1H, H5a), 2.49 (ddd, J = 9.1, 5.3, 3.3 Hz, 1H, H4a),J = 1.58 (d, 3H, J = 6.7 Hz) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(3-benzyloxy-phenyl)-RDOX (14).

From 90 mg of 2a, 20.0 mg (24%) of the targeted product were isolated after purification: eluent H2O + 0.1% formic acid / ACN, gradient 60 to 80% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 15.23 (brs, 1H, C12-OH), 12.36 (s, 1H, C10-OH), 9.04 (brs, 1H, NH2), 7.60 (brs, 1H, NH2), 7.58 (d, J = 8.0 Hz, 1H, H8), 7.50 (d, J = 7.7 Hz, 2H, Hi), 7.41 -7.28 (m, 5H, Hj+Hk+Hb+He), 7.18 (d, J = 7.7 Hz, 1H, Hd), 7.03 (d, J = 8.0 Hz, 1H, H7), 7.00 (ddd, J = 8.1, 2.5, 0.8 Hz, 1H, Hb), 5.73 (s, 1H, C12a-OH), 5.16 (s, 2H, Hg), 4.33 (d, J = 8.5 Hz, 1H, C5-OH), 3.82 (dt, J = 9.9, 8.5 Hz, 1H, H5), 3.07 (dd, J = 18.6, 5.5 Hz, 1H, H4), 2.98 (dd, J = 18.6, 3.4 Hz, 1H, H4), 2.85 (m, 1H, H6), 2.56 (dd, J = 12.5, 7.6 Hz, 1H, H5a), 2.49 (ddd, J = 9.9, 5.5, 3.4 Hz, 1H, H4a), 1.60 (d, J = 6.6 Hz, 3H, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] (15). From 120 mg of 2a, 34.0 mg (26%) of the targeted product were isolated after purification: eluent H2O + 0.1% formic acid / ACN, gradient 60 to 80% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 18.45 (brs, 1H, C3-OH), 15.24 (brs, 1H, OH), 12.39 (s, 1H, C10-OH), 9.04 (brs, 1H, NH2), 7.65 (brs, 1H, NH2), 7.63 (d, J = 8.0 Hz, 1H, H8), 7.04 (dd, J = 8.0 1.0 Hz, 1H, H7), 6.91 (s, 2H, Hb), 5.77 (brs, 1H, C12a-OH), 4.38 (d, 1H, J = 8.5 Hz, C5-OH), 3.86 (s, 6H, Hc-OMe), 3.79-3.85 (m, 1H, H5), 3.78 (s, 3H, Hd-OMe), 3.07 (dd, J = 18.6, 5.5 Hz, 1H, H4), 2.98 (dd, J = 18.6, 3.1 Hz, 1H, H4), 2.84 (dq, J = 12.5, 6.6 Hz, 1H, H6), 2.56 (dd, J = 12.5, 7.6 Hz, 1H, H5a), 2.49 (ddd, J = 9.9, 5.5, 3.1 Hz, 1H, H4a), 1.61 (d, J = 6.8 Hz, 3H, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] General Procedure for Sonogashira Coupling. In a 25 mL two-neck round-bottom flask, 9-iodo-RDOX 2a (160 mg, 3.0 ×10 -1 mmol, 1.0 eq), Pd(PPh3)2Cl2 (10.7 mg, 1.5 ×10 -2 mmol, 0.05 eq) and CuI (2.9 mg, 1.5 ×10 - 2 mmol, 0.05 eq) were suspended in NEt3 (3.1 mL) then dry DMF (3.1 mL) was added, and the resulting mixture was purged under Argon for 10 minutes. TMS acetylene (215 µL, 1.5 mmol, 5.0 eq) was added, and the reaction was stirred at 60°C for 12 hours under Argon. After cooling at room temperature, the reaction was filtered on a small pad of Celite, and the filtrate was concentrated under reduced pressure. Then, the organic phase was extracted with EtOAc (3 × 25 mL), washed with HCl (1M) and brine, dried over MgSO4, filtered off, and evaporated under reduced pressure. The crude material was first purified on a silica gel column (eluent CH2Cl2 + 1% formic acid) and then by preparative HPLC.

9-(3,4,5-trimethoxyphenyl)-RDOX

[10,9-b](1-butylfuran)-RDOX (16). From 98 mg of 2a, 20.2 mg (22%) of the targeted product were isolated after purification: eluent H2O + 0.1% formic acid / ACN, gradient 50 to 90% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (300 MHz, Acetone-d6): δ 18.50 -17.40 (brs, 1H, OH, C3-OH), 17.25 -15.00 (brs, 1H, C12-OH), 9.12 (brs, 1H, NH2), 7.73 (d, J = 8.2 Hz, 1H, H8), 7.67 (brs, 1H, NH2), 7.34 (d, J = 8.2 Hz, 1H, H7), 6.57 (t, J = 1.0 Hz, 1H, Ha), 5.47 (brs, 1H, C12a-OH), 4.24 (brs, 1H, C5-OH), 3.83 (t, J = 8.6 Hz, 1H, H5), 3.03 (dd, J = 18.5, 5.4 Hz, 1H, H4), 2.98 (dd, J = 18.5, 4.0 Hz, 1H, H4), 2.94 -2.87 (m, 1H, H6), 2.83 (t, J = 7.6 Hz, 2H, Hc), 2.59 (dd, J = 12.6, 7.8 Hz, 1H, H5a), 2.50 (dt, J = 9.6, 5.4, 4.0 Hz, 1H, H4a), 1.76 (p, J = 7.5 Hz, 2H, Hd), 1.63 (d, J = 6.9 Hz, 3H, H6-Me), 1.46 (h, J = 7.5 Hz, 2H, He), 0.96 (t, J = 7.3 Hz, 3H, Hf). [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] (17). From mg of 2a, 22.0 mg (21%) of the targeted product were isolated after purification: eluent H2O + 0.1% formic acid / ACN, gradient 60 to 80% of ACN over 15 min. [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 15.25 (brs, 1H, C12-OH), 12.12 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 7.63 (brs, 1H, NH2), 7.53 (d, 1H, J = 8.1 Hz, H8), 6.94 (d, J = 8.1 Hz, 1H, H7), 5.79 (s, 1H, C12a-OH), 4.36 (brd, J = 8.5 Hz, 1H, C5-OH), 3.81 (q, J = 8.1 Hz, 1H, H5), 3.07 (dd, J = 18.6, 5.5 Hz, 1H, H4), 2.98 (dd, J = 18.6, 3.2 Hz, 1H, H4), 2.80 (dq, 1H, J = 12.6, 6.8 Hz), 2.53 (dd, J = 12.6, 7.5 Hz, 1H, H5a), 2.48 (ddd, J 10.0, 5.5, 3.2 Hz, 1H, H4a), 1.57 (d, J 6.6 Hz, 3H, H6-Me), 0.24 (s, 9H, TMS) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] (18). In a 10 mL round-bottom flask, compound 17 (40 mg, 8.0 ×10 -2 mmol, 1.0 eq) was dissolved in a mixture of MeOH/THF (1:1, v:v) (1.8 mL) and an aqueous solution of KOH (1M) (240 µL) was added dropwise. The reaction mixture was stirred at room temperature for 3 hours under Argon. Then, solvents were evaporated under reduced pressure, and the organic phase was extracted with EtOAc (3 × 25 mL), washed with HCl (1M) and brine, dried over MgSO4, filtered off, and evaporated under reduced pressure. Compound 18 was isolated without further purification (25 mg, 74%). [START_REF] Parkinson | An Essay on the Shaking Palsy[END_REF] H NMR (400 MHz, Acetone-d6): δ 18.43 (s, 1H, C12-OH), 15.17 (brs, 1H, C3-OH), 12.26 (s, 1H, C10-OH), 9.02 (brs, 1H, NH2), 7.66 (brs, 1H, NH2), 7.64 (d, J = 8.1 Hz, 1H, H8), 6.97 (d, J = 8.1 Hz, 1H, H7), 5.78 (s, 1H, C12a-OH), 4.37 (brd, J = 6.8 Hz, 1H, C5-OH), 3.81 (m, 1H, H5), 3.79 (s, 1H, H7), 3.07 (dd, J = 18.7, 5.4 Hz, 1H, H4), 2.96 (dd, J = 18.7, 3.5 Hz, 1H, H4), 2.81 (dt, J = 12.5, 6.7 Hz, 1H, H6), 2.54 (dd, J = 12.5, 7.6 Hz, 1H, H5a), 2.49 (ddd, J = 10.0, 5.4, 3.5 Hz, 1H H4a), 1.57 (s, 3H, H6-Me) ppm. [START_REF] Ferreira Junior | The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress[END_REF] 

9-(trimethylsilylethynyl)-RDOX

9-(ethynyl)-RDOX

Biological Assays

Expression and Purification of Human Recombinant α-Syn. Recombinant wild-type human α-Syn was expressed in Escherichia coli using the pT7-7 plasmid encoding for the protein sequence. Purification was performed as previously described. [START_REF] Hoyer | Dependence of α-Synuclein Aggregate Morphology on Solution Conditions[END_REF] Protein purity was assessed using electrophoresis in polyacrylamide gels under denaturing conditions (SDS-PAGE). The stock solution of α-Syn was prepared in 20 mM HEPES, 150 mM NaCl, and pH 7.4. Prior to the aggregation assay, the protein stock solutions were centrifuged for 30 min at 12,000× g to remove microaggregates. Protein concentration was determined by measuring the absorbance at 280 nm using the extinction coefficient ε275 = 5600 cm -1 M -1 .

Protein Aggregation Assay

The aggregation protocol was adapted from previous studies. [START_REF] González-Lizárraga | Repurposing Doxycycline for Synucleinopathies: Remodelling of α-Synuclein Oligomers towards Non-Toxic Parallel Beta-Sheet Structured Species[END_REF] The different aggregated species were formed by incubating recombinant α-Syn samples (70 µM) in 10 mM PBS, pH 7.4, in a Thermomixer Comfort ® (Eppendorf, Germany) at 37 °C under orbital agitation at 600 rpm in the absence or presence of each tetracyclines derivatives at 20 µM.

Thioflavin T (ThT) Fluorescence Assay. Aggregation studies with α-Syn in the absence or presence of the different non-antibiotic tetracyclines were performed by measuring the fluorescence emission of ThT at different time points according to LeVine. [START_REF] Levine | Thioflavine T Interaction with Synthetic Alzheimer's Disease β-Amyloid Peptides: Detection of Amyloid Aggregation in Solution[END_REF] Changes in the emission fluorescence spectra were monitored at an excitation wavelength of 450 nm using a Fluoromax-4 spectrofluorometer.

Ethic Statement. Mice used were housed, handled, and cared for in strict accordance with the European Union Council Directives (2010/63/EU). The Committee on the Ethics of Animal Experiments Charles Darwin no. 5 approved experimental protocols under authorization number Ce5/2017/005. [START_REF] Tourville | Rescue of Dopamine Neurons from Iron-Dependent Ferroptosis by Doxycycline and Demeclocycline and Their Non-Antibiotic Derivatives[END_REF] Primary Microglial Cell Isolation. Microglial cell isolation was performed as previously described. [START_REF] Sepulveda-Diaz | A Simplified Approach for Efficient Isolation of Functional Microglial Cells: Application for Modeling Neuroinflammatory Responses in Vitro: Simplified Approach for Microglia Isolation[END_REF] Briefly, hole brains were harvested, and the cells were mechanically disaggregated and resuspended in Dulbecco's Modified Eagle Medium (DMEM) with 10 % heat-inactivated fetal bovine serum (FBS), 10.000 U/mL penicillin, and l0.000 µg/mL streptomycin (P-E). Next, the cells were seeded at a density of two brains per 10 mL of media in a polyethyleneimine (PEI) precoated T75 flask and incubated at 37 °C with 5% CO2. Fourteen days after incubation, microglial cell isolation was completed, and as required, the cells were harvested by trypsinization and resuspended in DMEM containing 0,1% FBS and P-E for plating specific to each experiment.

Cell Cytotoxicity. To evaluate the safety of the molecules in terms of cytotoxicity, we measured the lactate dehydrogenase (LDH) activity released in the extracellular medium. To assess this evaluation, 4×10 5 cells/well were seeded into 96 well plate. After 24 h, cells were pre-treated with tetracycline derivatives at a final concentration of 20 µM. Control groups consisted of i) non-treated cells, which correspond to physiological release of LDH and ii) cells treated with Triton 1%, which correlates with the maximum level of LDH as a positive control of toxicity. Twenty-four hours after incubation, supernatants were transferred to a new plate, LDH reagents were added according to the manufacturer's instructions (Roche, Lot #11644793001), and absorbance was read at 490 nm. All experiments were performed in quadruplicate, and the relative cell cytotoxicity (%) was expressed as a percentage relative to the untreated control cells.

Detection of TNF-α released.

To evaluate the antiinflammatory properties of the molecules on LPSactivated primary microglia, the TNF-α released in the culture medium was measured using the ELISA kit (Lot #BMS607-3) from Thermo Fisher Scientific. To this end, 3×10 5 cells/well were seeded in 96 well plates. After 24h, cells were pre-treated with the tetracyclines derivatives 6 and RDOX to a final concentration of 20 µM. Four hours later, an inflammatory environment was induced by adding LPS at a final concentration of 10 ng/mL. For this experiment, the control groups were Dexamethasone 2.5 µM, LPS only, and the untreated group (Control), in which case only fresh media was added. The absorbance of each sample was measured according to the manufacturer's instructions using a spectrophotometer SpectraMax M4 (Molecular Devices, Sunnyvale, CA, USA).

Antimicrobial assay. The susceptibility of bacterial strains Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 25922), and Staphylococcus aureus (ATCC 25923) to antibiotics and compounds was determined in microplates using the standard broth dilution method according to the recommendations of the Comité de l'Antibiogramme de la Société Française de Microbiologie (CA-SFM). [START_REF] Carret | Comité de l'Antibiogramme de La Société Française de Microbiologie Report[END_REF] Briefly, the Minimal Inhibitory Concentrations (MICs) were determined with an inoculum of 10 5 CFU in 200 μL of MHII containing two-fold serial dilutions of each drug. The MIC was defined as the lowest concentration of the drug that completely inhibited visible growth after incubation for 18 h at 37 °C. To determine all MICs, the measurements were independently repeated in triplicate.
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Figure 1 .

 1 Figure 1. Structures of previously studied tetracyclines: DOX, DMC, DDOX and DDMC.

Figure 2 .

 2 Figure 2. Effect of the new tetracyclines derivatives RDOX, 2a, 3-18 on the α-Syn aggregation. The fluorescence emission intensity of 25 μM thioflavin T (ThT) was measured in a solution containing 70 μM α-Syn alone (Control) and in the presence of 20 µM of DOX or each compound (RDOX, 2a, 3-18) after 120 hours of incubation. The ThT fluorescence intensity of the Control was considered 100%, and the values obtained in the presence of the different molecules tested were referred to this Control. The data are presented as mean ± SEM (n= 3), and statistical analysis was performed using one-way ANOVA followed by Dunnets multiple comparison test. The figure indicates significant

  after exposure to the tetracyclines derivatives RDOX, 4, 6, 12, 14, 16, 17. Results showed that two tetracycline derivatives, 6 and RDOX do not influence cell viability up to 20 M, reinforcing the non-toxicity of both compounds (Figure S-1, see supplementary information).

Figure 3 .

 3 Figure 3. Cytotoxicity of α-Syn antiaggregant compounds. LDH release of primary microglial cells culture in the absence (Control) or after adding 20 µM of each compound (DOX, 17, 16, 14, 6, 12, RDOX or 4). The bars represent the mean values expressed in percentage, normalized to the Control condition. Triton 1% was used as a cytotoxic control, inducing a total disruption of the cells. Data are presented as mean ± S.E.M (n = 6), and statistical analysis was performed using one-way ANOVA followed by Dunnets multiple comparison test. Significant differences are indicated in the figure: ****p < 0.0001; *p < 0.05 vs. Control.

Figure 4 .

 4 Figure 4. Anti-inflammatory properties of α-Syn antiaggregant and non-toxic compounds. TNF-α release of primary microglial cell cultures upon pre-treatment for 4 h with DOX, 6, or RDOX at 20 µM; DOX at 50 µM; dexamethasone (DEX) at 2.5 µM, followed by stimulation with 10 ng/ml of LPS for 24 h. The bars represent the mean ± S.E.M (n = 3). Statistical analysis was performed using oneway ANOVA followed by Dunn's multiple comparison test. Significant differences are indicated in the figure: **** p < 0.0001; * p < 0.05 compared to the LPS control group.

  H NMR (300 MHz, Acetone-d6): δ 15.24 (brs, 1H, C12-OH), 12.37 (s, 1H, C10-OH), 9.04 (brs, 1H, NH2), 7.69 (brs, 1H, NH2), 7.56 (d, J = 8.1 Hz, 1H, H8), 7.13 (d, J = 1.6 Hz, 1H, Hf), 7.05 (dd, J = 8.1, 1.6 Hz, 1H, Hb), 7.01 (dd, J = 8.1, 0.8 Hz, 1H, Hc), 6.90 (d, 1H, J = 8.1 Hz, H7), 6.03 (s, 2H, O-CH2-O), 5.82 (brs, 1H, C12a-OH), 4.41 (d, J = 8.2 Hz, 1H, C5-OH),

  H NMR (400 MHz, Acetone-d6): δ 18.44 (s, 1H, C3-OH), 15.23 (brs, 1H, C12-OH), 12.23 (s, 1H, C10-OH), 9.03 (brs, 1H, NH2), 7.68 (d, J = 8.1 Hz, OH, 1H), 7.64 (brs, 1H, NH2), 6.92 (d, 1H, J = 8.1 Hz, H8), 6.69 (d, J = 16.1 Hz, 1H, Ha), 6.35 (dt, J = 16.1, 7.1 Hz, 1H, Hb), 5.74 (s, 1H, C12a-OH), 4.33 (d, 1H, J = 8.5 Hz, C5-OH), 3.79 (dt, J = 10.0, 8.1 Hz, 1H, H5), 3.01

Table 1 .

 1 MIC of synthesized products 1-18 against Gram + and Gram -bacterial strains

	Compounds		MIC (µM)	
		P. aeruginosa	E. coli	S. aureus
		PAO1	ATCC 25922	ATCC 25923
	1	>2000	200	25
	2a	>200	200	50
	3	>200	>200	50
	4	>200	>200	6.25
	5	>200	>200	6.25
	6	>200	>200	50
	7	>200	>200	12.5
	8	>200	>200	6.25
	9	>200	>200	25
	10	>200	3.125	3.125
	11	>200	>200	6.25
	12	>200	>200	3.125
	13	>200	>200	6.25
	14	>200	>200	100
	15	>200	>200	12.5
	16	>200	>200	25
	17	>200	>200	3.125
	18	>200	200	100
	DOX	12.5	3.125	0.4

  H NMR (300 MHz, DMSO-d6) δ 15.41 (brs, 1H), 11.46 (s, 1H), 9.25 (brs, 2H), 7.70 (s, 1H), 7.54 (t, J = 8.1 Hz, 1H), 6.94 (d, J = 7.7 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 5.71 (d, J = 8.2 Hz, 1H), 4.58 (s, 1H), 3.58 -3.16 (m, 3H), 3.37 (s, 9H), 3.10 (d, J = 11.0 Hz, 1H), 2.78 -2.66 (m, 1H), 1.45 (d, J = 6.3 Hz, 3H).

	13 C NMR
	(75 MHz, DMSO) δ 192.25, 191.90, 185.97, 174.40,
	172.07, 161.07, 147.82, 136.77, 115.96, 115.73, 115.46,
	106.74, 97.86, 72.32, 72.22, 68.24, 54.69, 45.70, 43.48,
	38.22, 16.02. HRMS (ESI): calculated for C23H27N2O8
	[M] + : 459.1762, found 459.1765.

  C{ 1 H} NMR (75 MHz, DMSO-d6): δ 194.94, 192.47, 192.02, 176.83, 173.34, 161.06, 148.04, 136.47, 115.80, 115.62, 115.53, 106.62, 98.08, 74.57, 67.64, 62.21, 45.91, 43.04, 29.27, 15.86 ppm. HRMS (ESI): calculated for C20H20NO8 [M+H] + : 402.1183, found 402.1189.

  C{ 1 H} NMR (100 MHz, Acetone-d6): δ 195.96, 193.91, 193.03, 177.03, 174.99, 161.58, 149.78, 146.39, 118.90, 116.99, 107.32, 99.78, 83.64, 75.89, 69.72, 47.44, 44.50, 39.35, 30.65, 16.38. (CH3) ppm. HRMS (ESI): calculated for C20H19INO8 [M+H] + : 528.0150, found 528.0157.

  C{ 1 H} NMR (75 MHz, Acetone-d6): δ 195.93, 194.91, 193.17, 176.08, 174.94, 160.46, 155.64, 148.36, 139.43, 132.27, 129.72, 126.95, 125.34, 120.40, 117.11, 116.63, 116.43, 107.49, 99.70, 75.75, 69.64, 47.74, 44.42, 39.49, 30.52, 16.38 ppm. HRMS (ESI): calculated for C26H23NO8 [M+H] + : 494.1446, found 494.1452.

  C{ 1 H} NMR (75 MHz, Acetone-d6): δ 195.93, 194.91, 193.17, 176.08, 174.94, 160.46, 155.64, 148.36, 139.43, 132.27, 129.72, 126.9i5, 125.34, 120.40, 117.11, 116.63, 116.43, 107.49, 99.70, 75.75, 69.64,

	47.74, 44.42, 39.49, 30.52, 16.38 ppm. HRMS (ESI):
	calculated for C28H28NO10 [M+H] + : 538.1708, found
	528.1717.

  C{ 1 H} NMR (100 MHz, Acetone-d6): δ 195.95, 194.96, 193.12, 176.40, 174.98, 158.91, 149.87, 147.83, 142.53, 132.49, 119.10, 116.83, 116.72, 112.72, 111.20, 107.54, 99.77, 75.83, 69.71, 47.64, 44.47, 39.44, 30.62, 16.37 ppm. HRMS (ESI): calculated for C24H22NO9 [M+H] + : 468.1289, found 468.1295.

  C{ 1 H} NMR (75 MHz, Acetone-d6): 13C NMR (75 MHz, Acetone) δ 195.96, 194.89, 193.13, 176.31, 174.97, 159.21, 148.19, 138.79, 135.31, 127.85, 126.58, 126.52, 122.37, 117.00, 116.88, 107.52, 99.81, 75.85, 69.80, 47.65, 44.49, 39.40, 30.72, 16.37 ppm. HRMS (ESI): calculated for C24H22NO9S [M+H] + : 484.1061, found 484.1070.

  C{ 1 H} NMR (75 MHz, Acetone-d6): δ 195.9, 195.0, 193.2, 176.1, 175.0, 160.5, 159.6, 148.5, 139.4, 138.5, 138.0, 129.9, 129.3, 129.2, 128.6, 128.5, 122.8, 116.9, 116.8, 116.7, 114.6, 107.6, 99.8, 75.8, 70.6, 69.8, 47.7, 44.5, 39.5, 30.7, 16.4 (CH3) ppm. HRMS (ESI): calculated for C33H30NO9 [M+H] + : 584.1915, found 568.1922.

  C{ 1 H} NMR (100 MHz, Acetone-d6): δ 195.94, 194.24, 193.04, 176.82, 174.95, 163.84, 150.00, 140.64, 116.68, 116.60, 111.92, 107.38, 100.94, 99.73, 99.44, 75.82, 69.68, 47.40, 44.46, 39.56, 30.61, 16.32, 0.09 ppm. HRMS (ESI): calculated for C25H27NO8Si [M+H] + : 498.1579, found 498.1586.

  C{ 1 H} NMR (100 MHz, Acetone-d6): δ 195.95, 194.24, 193.04, 176.82, 174.94, 164.02, 150.08, 140.80, 116.70, 116.63, 111.09, 107.39, 99.73, 83.81, 79.31, 75.82, 69.68, 47.38, 44.45, 39.53, 30.60, 16.32 ppm. HRMS (ESI): calculated for C22H20NO8 [M+H] + : 426.1183, found 426.1193.
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