
 

 

 

 
Antioxidants 2023, 12, 575. https://doi.org/10.3390/antiox12030575 www.mdpi.com/journal/antioxidants 

Article 

Rescue of Dopamine Neurons from Iron-Dependent  

Ferroptosis by Doxycycline and Demeclocycline and Their 

Non-Antibiotic Derivatives 

Aurore Tourville 1, Sarah Viguier 1, Florencia González-Lizárraga 2, Rodrigo Hernán Tomas-Grau 2,  

Paola Ramirez 1, Jean-Michel Brunel 3, Mauricio Dos Santos Pereira 4, Elaine Del-Bel 4, Rosana Chehin 2,  

Laurent Ferrié 5, Rita Raisman-Vozari 1, Bruno Figadère 5 and Patrick Pierre Michel 1,* 

1 Paris Brain Institute—ICM, Inserm, Sorbonne Université, CNRS, Hôpital Pitié Salpêtrière, 75013 Paris, 

France 
2 IMMCA, CONICET-UNT-SIPROSA, Tucumán 4000, Argentina 
3 UMR_MD1 Membranes et Cibles Thérapeutiques, U1261 INSERM, Aix-Marseille Université,  

13385 Marseille, France 
4 Department of Basic and Oral Biology, USP, Ribeirão Preto 14040-904, Brazil 
5 BioCIS, CNRS, Université Paris-Saclay, 92290 Châtenay-Malabry, France 

* Correspondence: patrick.michel@icm-institute.org or patrick.pierre.michel@gmail.com 

Abstract: Several studies have reported that the tetracycline (TC) class antibiotic doxycycline (DOX) 

is effective against Parkinson’s disease (PD) pathomechanisms. The aim of the present work was 

three-fold: (i) Establish a model system to better characterize neuroprotection by DOX; (ii) Compare 

the rescue effect of DOX to that of other TC antibiotics; (iii) Discover novel neuroprotective TCs 

having reduced antibiotic activity. For that, we used cultures of mouse midbrain dopamine (DA) 

neurons and experimental conditions that model iron-mediated oxidative damage, a key mecha-

nism in PD pathobiology. We found that DOX and the other TC antibiotic, demeclocycline (DMC), 

provided sustained protection to DA neurons enduring iron-mediated insults, whereas chlortetra-

cycline and non-TC class antibiotics did not. Most interestingly, non-antibiotic derivatives of DOX 

and DMC, i.e., DDOX and DDMC, respectively, were also robustly protective for DA neurons. 

Interestingly, DOX, DDOX, DMC, and DDMC remained protective for DA neurons until advanced 

stages of neurodegeneration, and the rescue effects of TCs were observable regardless of the degree 

of maturity of midbrain cultures. Live imaging studies with the fluorogenic probes DHR-123 and 

TMRM revealed that protective TCs operated by preventing intracellular oxidative stress and mito-

chondrial membrane depolarization, i.e., cellular perturbations occurring in this model system as 

the ultimate consequence of ferroptosis-mediated lipid peroxidation. If oxidative/mitochondrial in-

sults were generated acutely, DOX, DDOX, DMC, and DDMC were no longer neuroprotective, 

suggesting that these compounds are mostly effective when neuronal damage is chronic and of low-

intensity. Overall, our data suggest that TC derivatives, particularly those lacking antibiotic activity, 

might be of potential therapeutic utility to combat low-level oxidative insults that develop chroni-

cally in the course of PD neurodegeneration. 

Keywords: dopamine neurons; ferroptosis; mitochondria; neuroprotection; oxidative stress;  

Parkinson’s disease; tetracyclines 

 

1. Introduction 

Parkinson’s disease (PD) is the second-most common neurodegenerative disorder of 

aging. It is primarily characterized by a gradual loss of voluntary motor control resulting 

in typical clinical symptoms caused by dopaminergic deafferentation of the striatum, due 

Citation: Tourville, A.; Viguier, S.; 

González-Lizárraga, F.;  

Tomas-Grau, R.H.; Ramirez, P.;  

Brunel, J.-M.; Pereira, M.S.;  

Del-Bel, E.; Chehin, R.; Ferrié, L.; et 

al. Rescue of Dopamine Neurons 

from Iron-Dependent Ferroptosis by 

Doxycycline and Demeclocycline 

and Their Non-Antibiotic  

Derivatives. Antioxidants 2023, 12, 

575. https://doi.org/10.3390/ 

antiox12030575 

Academic Editor: Claus Jacob 

Received: 22 January 2023 

Revised: 17 February 2023 

Accepted: 21 February 2023 

Published: 24 February 2023 

 

Copyright: © 2023 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Antioxidants 2023, 12, 575 2 of 23 
 

to the death of dopamine (DA) neurons in the substantia nigra (SN) [1,2]. Studies in hu-

mans and animal models of sporadic and inherited forms of PD suggest that the progres-

sive deterioration of vulnerable SN DA neurons may primarily arise from cellular disturb-

ances produced by misfolding and aggregation of the synaptic protein α-Synuclein (αS), 

mitochondrial dysfunction or oxidative stress-mediated insults [1,3–5]. Such ongoing neu-

rodegenerative events, which may mutually cooperate to promote DA cell death, appear 

to be amplified by brain neuroinflammatory processes in a vicious cycle of events [6,7]. 

The fact that several mechanisms might operate in concert to kill dopaminergic neu-

rons suggests that compounds with multimodal neuroprotective activities might be re-

quired to tackle PD neurodegeneration [8]. In that context, we became interested in 

doxycycline (DOX), a very old antibiotic from the tetracycline (TC) family, primarily used 

for skin problems, including rosacea and acne vulgaris [9]. In particular, DOX was found 

to protect vulnerable DA neurons from degeneration by restraining glial cell-mediated 

responses in a 6-OHDA PD mouse model [10]. In addition, DOX was reported to prevent 

amyloid aggregation of αS [11] and restrain neurodegenerative changes induced by ag-

gregated forms of αS [12]. In line with these observations, DOX abolished cognitive and 

daily life activity deficiencies in human αS A53T transgenic mice [13]. Finally, DOX was 

also reported to limit microglial inflammation induced by αS aggregated species [14]. 

The aim of the present study was three-fold: (i) To implement a culture model of DA 

neurons to explore further the nature of DOX neuroprotective effects; (ii) To take ad-

vantage of this culture system to compare the effects of DOX with those of two of its struc-

tural analogs demeclocycline (DMC) and chlortetracycline (CT) used as antibiotic medi-

cations; (iii) To demonstrate that TC derivatives designed to have minimal or no antimi-

crobial activity are also capable of protecting DA neurons. 

Thus, we established a model system of mouse midbrain cultures in which DA neu-

rons die spontaneously by ferroptosis, a form of regulated cell death driven by iron 

[15,16]. This paradigm appears particularly pertinent, as iron deposition is a typical fea-

ture of PD [8,16–18]. We found that DOX robustly protects DA neurons by limiting the 

production of intracellular reactive oxygen species (ROS) and preserving the function of 

mitochondria. DMC was also strongly protective but surprisingly CT was not. Noticea-

bly, novel synthetic derivatives of DOX and DMC, i.e., DDOX and DDMC, respectively, 

which have no or minimal antimicrobial activity, respectively, remained strongly protec-

tive for DA neurons through a mechanism that seems shared with DOX. 

2. Materials and Methods 

2.1. Use of Animals 

Mice used were housed, handled, and cared for in strict accordance with the Euro-

pean Union Council Directives (2010/63/EU). The Committee on the Ethics of Animal Ex-

periments Charles Darwin no. 5 approved experimental protocols under authorization 

number Ce5/2017/005. 

2.2. Midbrain Cell Culture Protocol 

We established primary cultures of DA neurons derived from midbrain tissue of 

E13.5 Swiss mouse embryos (Janvier LABS; Le Genest St Isle, France) using a protocol 

described elsewhere [19] with some modifications. In particular, prior to mechanical trit-

uration, midbrain tissue pieces were incubated for 20 min at 37 °C in an EDTA (2 mM)-

trypsin (0.05%) solution to improve tissue dissociation. The trypsin was then neutralized 

with Dulbecco’s Modified Eagle’s Medium (Thermo Fisher Scientific; Courtaboeuf, 

France) containing 10% fetal calf serum (FCS; Biowest LLC, Les Ulis, France) and tissue 

trituration was performed as described before using Leibovitz L15 culture medium 

(Sigma Aldrich; L’lsle-d’Abeau Chesnes, France). Dissociated cells in suspension were 

seeded at a density of 40–60 × 103 cells/cm2 onto Nunc 48-well multiwell plates (Roskilde, 
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Denmark) pre-coated with 1 mg/mL polyethylenimine (PEI; P3143; Sigma Aldrich) dis-

solved in a pH = 8.3 borate buffer [14]. 

Under standard cell culture conditions, dissociated cells were seeded in Modified 

Eagle′s Medium/Nutrient Mixture F-12 Ham (DF12) formulated with sodium bicarbonate, 

15 mM HEPES, and no phenol red (D6434; Sigma-Aldrich), and supplemented with 10% 

FCS. At 2 h after plating, this medium was entirely removed and replaced by the same 

medium simply supplemented with 20 µg/mL of bovine insulin (I5500; Sigma Aldrich) 

(DF12i). Subsequently, 70% of the culture medium (i.e., 350/500 µL) was exchanged at day 

in vitro (div) 1 and 3 and the cultures were generally processed at div7, except when oth-

erwise noted. Note that the cultures also received 1.2 µM of the antimitotic Ara-C [20], 2 

h and 18 h after plating, to reach a cumulative concentration of 2.4 µM, which was re-

quired to eliminate the vast majority of glial cells from these cultures; under the present 

conditions, Glial Fibrillary Acidic Protein+ astrocytes and CD45+ microglial cells usually 

represent <2% of the total number of cells in the cultures. We have previously shown that 

the presence of iron in the composition of DF12 promotes low-level oxidative stress-me-

diated insults causing the progressive loss of DA neurons [15]. 

We also used a variation of the previous protocol, in which the exposure to DF12i 

was carried out after an initial period of maturation of the cultures to demonstrate that 

the effects of test molecules extend beyond a specific time window after plating. Briefly, 

midbrain cultures were initially maintained in Neurobasal-A medium (#10888022; 

Thermo Fisher Scientific) supplemented with B27 minus antioxidants (#10889038; Thermo 

Fisher Scientific), a N2 mix (#17502048; Thermo Fisher Scientific), and 1% FCS. This me-

dium is referred to as a complete Neurobasal medium (cNb). At 2, 18, and 40 h after plat-

ing, Ara-C was added to the cultures at a concentration of 1.5 µM to reach a cumulative 

concentration of 4.5 µM. At the end of div3, the plating medium was completely removed 

and replaced by an astrocyte-conditioned medium (ACM), prepared as described before 

[19,21]. At div7, 70% of this medium was replaced by DF12i formulated with phenol red 

(D6421; Sigma-Aldrich) and supplemented with 20 µg/mL of insulin. MK-801 (2 µM) was 

also added to the cultures to avoid unwanted excitotoxic stress due to fast washing. This 

operation was then repeated at div9, 10, and 11 and the cultures were generally processed 

at div14 for immunocytochemical procedures or DA uptake measurements. DF12 formu-

lated with phenol red was used for mature midbrain cultures, as we observed that it 

makes iron-mediated neurodegeneration more progressive in this setting. 

Finally, to estimate the potential of TCs to block glutamate-mediated DA cell death, 

we cultivated midbrain cultures as described before, but instead of switching the medium 

at div7, we kept them in ACM until termination of the experimental protocol. The differ-

ent protocols are summarized in Figure 1. 

 

Figure 1. Experimental conditions used to evaluate the neuroprotective potential of TCs for DA 

neurons in midbrain cultures. (a) Standard culture conditions in which DF12i is used to maintain 

the cultures until div7 after an initial period of 2 h in DF12 medium supplemented with 10% FCS to 

favor cell attachment (*). (b) Culture conditions in which the exposure to DF12i medium between 

div7–14 is preceded by a period of maturation in cNb and then in ACM. (c) Culture conditions in 

which the initial period in cNb is followed by incubation in ACM until termination of the cultures, 



Antioxidants 2023, 12, 575 4 of 23 
 

at div16. In (a,b), DA cell death, which is spontaneous, results from the presence of iron in the for-

mulation of DF12i, and in (c), from an exposure to exogenous glutamate (Glu). 

2.3. Treatments with Test TCs and Reference Compounds 

The TC antibiotics, DOX, DMC, and CT, the inhibitor of lipid peroxidation Trolox-C 

(TROL; #238813), the iron chelator desferrioxamine (DES; D9533), the hydrogen peroxide 

detoxifying enzyme catalase from bovine liver (CAT; C100), vitamin C (VitC; 255564), and 

the two non-TC antibiotics erythromycin (ERY; E5389) and streptomycin (STR; S6501) 

were all from Sigma-Aldrich. The inhibitor of eukaryotic translation, the antifungal anti-

biotic cycloheximide (CHX; #0970), and the inhibitor of ferroptosis Liproxstatin-1 (LIP; 

#6113) were from Tocris Biotechne (Abingdon, UK). The two TCs, DDMC and DDOX, 

were obtained through in-house synthesis.  

Stock solutions of DOX and CT were made at 10 mM in distilled water and DMSO, 

respectively. Stock solutions of other TCs, DDOX, DMC, and DDMC, were prepared at 

50 mM in DMSO. All stock solutions were stored at –20 °C. Intermediate dilutions of TCs 

used for cell culture treatments were made in distilled water and stored for 7 days at 4 °C, 

protected from light. Stock solutions of TROL and LIP were made at 50 mM in pure etha-

nol and DMSO, respectively. DES and VitC stock solutions were made at 10 mM in dis-

tilled water. CAT was prediluted at 5000 UI in distilled water and kept at 4 °C until use. 

Treatments with test compounds were carried out or renewed at the time of culture me-

dium change. 

2.4. Synthesis and Spectrometric Characterization of the Two Novel TCs DDOX and DDMC 

DDMC was synthesized from DMC HCl by concomitant reduction of the dimethyl-

amino group at position 4 and hydroxy group at position 12a, with the help of zinc dust 

in an acetic acid/water mixture [22]. DDOX was obtained through a similar protocol re-

quiring a reduction step from DOX. RDOX, generated along with DDOX, is the product 

of mono-reduction of DOX where only the dimethylamino function at C4 has been re-

duced (Figure 2). 

  

Figure 2. Synthetic route to DDMC, DDOX, and RDOX. 

DDMC: In a 50 mL round-bottom flask, DMC hydrochloride (300 mg, 0.6 mmol, 1.0 

equiv) was suspended in AcOH (6.2 mL) with water (1 mL); then, zinc dust (391 mg, 6.02 

mmol, 10 equiv) was added and the reaction mixture was stirred for 20 h at room temper-

ature. 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/n-pentane pro-

duced DDMC as a yellow solid (130.5 mg, 32%). Further purification was performed with 

preparative HPLC (XSelect 4.6 x 150 mm 5 µm, H2O + 0.1%TFA: MeCN, 25:75 to 80:20 over 

20 min, tr = 11.8 min). 
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1H Nuclear Magnetic Resonance Spectroscopy (NMR) (400 MHz, DMSO-d6): δ 18.45 

(brs, 1H, OH), 14.71 (s, 1H, OH), 11.91 (s, 1H, OH), 9.11 (brs, 1H, NH), 8.72 (s, 1H, NH), 

7.59 (d, J = 8.9 Hz, 1H), 6.95 (d, J = 8.9 Hz, 1H), 5.71–4.88 (brs, 1H, OH), 4.72 (d, J = 2.7 Hz, 

1H), 3.68 (brs, 1H, CH12a), 3.17 (brs, 1H, OH), 2.82 (ddd, J = 11.4, 5.6, 2.7 Hz, 1H), 2.46–

2.55 (m, 3H), 1.87 (q, J = 12.2 Hz, 1H), 1.70 (ddd, J = 12.7, 5.6, 2.4 Hz, 1H) ppm. 13C NMR 

(101 MHz, DMSO): δ 195.32, 191.73, 190.84, 177.76, 173.24, 160.12, 140.88, 136.60, 122.16, 

118.72, 116.03, 104.33, 99.19, 63.91, 50.96, 37.97, 36.99, 29.05, 26.65 ppm. High Resolution 

Mass Spectrometry (HRMS) (ESI) m/z: calculated for C19H17ClNO7 [M+H]+: 406.0688, found 

406.0694. 

DDOX and RDOX: In a 500 mL round-bottom flask, DOX monohydrate (5.5 g, 11.9 

mmol, 1.0 eq) was suspended in water (50 mL) and stirred, followed by the addition of 

35% HCl (1.5 mL, 17 mmol, 1.4 equiv) and AcOH (50 mL). After the dissolution of the 

mixture, zinc dust was added (7.8 g, 119 mmol, 10 equiv) and the reaction mixture was 

stirred at room temperature for 4 h. The resulting mixture 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. The purifica-

tion of the residue was performed on an automatic combi flash chromatography (Petro-

leum ether: Acetone + 1% HCOOH; silicagel column Buchi Flashpure 120 g; 0% to 10% 

acetone over 20 min, then 10% to 11.3% acetone over 5.1 min, isocratic for 22.7 min, and 

11.3 to 20% acetone over 10.4 min (total 58.2 min)). A first fraction (11–18 min) afforded 

DDOX as an amorphous yellow solid (950 mg, 21%), followed by fraction n°2 (19–27 min) 

as RDOX (1310 mg, 27%). 

DDOX: 1H NMR (400 MHz, Acetone-d6) δ 18.49 (s, 1H), 14.91 (s, 1H), 12.15 (s, 1H), 

9.24 (s, 1H), 7.70 (s, 1H), 7.51 (t, J = 7.9 Hz, 1H), 6.84 (d, J = 7.5 Hz, 1H), 6.76 (d, J = 8.3 Hz, 

1H), 4.54 (brd, J = 6.6 Hz, 1H), 3.94 (d, J = 4.9 Hz, 1H), 3.71 (q, J = 7.5 Hz, 1H), 3.35 (ddd, J 

= 10.5, 9.0, 5.0 Hz, 1H), 2.81 (d, J = 4.6 Hz, 1H), 2.63 (ddd, J = 13.5, 8.7, 4.6 Hz, 1H), 2.44–

2.31 (m, 2H), 1.48 (d, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Acetone-d6) δ 201.06, 197.50, 

191.26, 174.77, 168.87, 163.67, 148.75, 138.28, 120.90, 116.20, 115.53, 103.93, 99.86, 70.98, 

49.05, 46.74, 39.82, 37.30, 32.34, 22.96. HRMS (ESI) m/z: calculated for C20H19NO7 [M+H]+ 

386.1234, found 386.1238. 

RDOX: 1H NMR (300 MHz, DMSO-d6): δ 15.36 (s, 1H), 11.53 (s, 1H), 8.85, 8.74 (2brs, 

each 1H, NH2), 7.51 (t, J = 8.0 Hz, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.75 

(brs, 1H), 5.25 (brd, J = 5.4 Hz, 1H), 3.47 (m, 1H), 2.98–2.75 (m, 2H), 2.60 (p, J = 6.7 Hz, 1H), 

2.31 (dd, J = 12.2, 8.4 Hz, 1H), 2.24 (dm, J = 11.3 Hz, 1H), 1.44 (d, J = 6.7 Hz, 3H) ppm. 13C 

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) m/z: calculated for C20H20NO8 [M+H]+: 402.1183, found 402.1189. 

The chemical structures of all test TCs are given thereafter (Figure 3). 

 

Figure 3. TCs tested in this study. Conventional numbering of the condensed rings and key posi-

tions are shown for DOX. The four rings of the TC core structure are designated by A,B,C,D. 

2.5. Evaluation of the Antimicrobial Activity of Test TCs 
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Antibiotic activities of TCs were evaluated against Gram negative, i.e., P. aeruginosa 

(PAO1) and E. coli (ATCC 25922), and Gram positive, i.e., S. aureus (ATCC 25923) bacterial 

strains using standardized protocols [23,24]. Table 1 gives an overview of the antibiotic 

activities of commercially available and newly synthetized TCs. Data expressed in mini-

mal inhibitory concentrations (MICs; µM) confirm that DOX, DMC, and CT possess 

strong antimicrobial activities against the three bacterial strains tested. Conversely, 

DDOX is devoid of antimicrobial activity whereas DDMC shows only marginal activity 

against S. aureus. 

Table 1. Antimicrobial activity of TC derivatives. 

TCs 

P. aeruginosa 

PAO1 

E. coli 

ATCC 25922 

S. aureus 

ATCC 25923 

MIC (µM) 

DDMC 200 200 12.5 

DDOX >200 >200 >200 

DMC 6.25 3.125 0.4 

CT 6.25 6.25 1.6 

DOX 12.5 3.125 0.4 

2.6. Novel Non-Antibiotic TCs Have the Capacity to Penetrate the Brain 

Given that DDOX and DDMC are potential drug candidates for PD, we compared 

the brain permeability of these two compounds to that of DOX used as a reference TC. 

Specifically, adult Swiss mice receiving a single subcutaneous injection of 40 mg/kg of 

DDOX, DDMC, or DOX diluted in saline with 5% DMSO and 5% Tween 80 were sacri-

ficed 30 min, 1 h, 8 h, and 24 h after treatment. After sacrifice, brain and serum samples 

were collected and processed at each time point for TC dosage, using an UHPLC system 

coupled with a triple quadrupole mass spectrometer LCMS-8030 (Shimadzu Corporation, 

Kyoto, Japan). The brain-to-plasma ratio calculated from the area under the concentration 

time curves in the brain and plasma were 0.27 ± 0.13, 0.21 ± 0.05, and 0.11 ± 0.03 (n = 3) for 

DDMC, DDOX, and DOX, respectively, suggesting that the two novel non-antibiotic TCs 

penetrate the brain better than DOX. 

2.7. Immunodetection of DA Neurons 

After the termination of treatments, midbrain cultures were fixed for 12 min in Dul-

becco’s phosphate-buffered saline (PBS) containing 4% formaldehyde (#252549; Sigma Al-

drich), washed with PBS and then incubated for 18 h with a mouse anti-tyrosine hydrox-

ylase (TH) antibody (#22941; ImmunoStar; 1:1000 in 0.2% Triton X-100/PBS). After recov-

ery of the antibody, which is reusable several times, the cultures were exposed to an anti-

rabbit IgG (H+L) conjugated to Alexa Fluor 555. Images of TH+ neurons are presented in 

an inverted form for better visualization of neuronal morphology. 

2.8. Cell Counting Operations 

For cell counting operations, we used a Nikon Eclipse Ti-U fluorescence inverted mi-

croscope (Nikon France, Champigny sur Marne, France) equipped with an ORCA-Flash 

digital camera (Hamamatsu Photonics, Massy, France) and the NIS-Elements software 

Version 5.41 (Nikon). The number of TH+ neurons was estimated by visually inspecting 

with a 10× objective 10–15 visual fields that were randomly selected for each treatment 

condition. 
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2.9. Assessment of Concomitant Changes in ROS Levels and Mitochondrial Membrane Potential 

After being removed, the culture medium from each individual culture well was 

transferred to another culture plate that was placed in a CO2 incubator at 37 °C for tem-

porary storage. This medium was immediately replaced by warm PBS-glucose (5 mM) 

and the cultures were then exposed for 35 min to tetramethylrhodamine methyl ester, 

perchlorate (TMRM; 50 nM; ab228569; Abcam, Cambridge, UK) together with dihydro-

rhodamine 123 (DHR-123; 25 µM; D23806; Thermo Fisher Scientific) 10 min later [15,25] 

to assess, concomitantly, changes in mitochondrial membrane potential (ΔΨm) and intra-

cellular ROS levels, respectively. The cultures were then washed extensively (3×) with 

PBS-glucose to remove the fluorescent probes in excess and the cultures were then re-

incubated with the culture medium stored in the incubator. 

In some experiments, ROS production was induced with H2O2 (25 µM; #8070.4; 

CARL ROTH, Karlsruhe, Germany) and mitochondrial depolarization with the protono-

phore carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 0.5µM) provided 

in the TMRM assay kit, using APO (100µg/mL)-treated cultures to avoid spontaneous de-

generative changes. H2O2 and FCCP were added 1 h and 10 min before addition of the 

fluorogenic probes, respectively. Note that FCCP but not H2O2 remained present during 

the whole incubation period in PBS-glucose. 

For each culture condition, fluorescent images from at least five randomly chosen 

fields were acquired with a 40× fluorescence objective using a Nikon Eclipse Ti-U fluores-

cence inverted microscope equipped with an ORCA Flash digital camera. The excitation 

and emission wavelengths for DHR-123 were 490 nm and 525 nm, respectively, whereas 

the corresponding values for TMRM were 548 nm and 575 nm, respectively. Results were 

expressed in changes of fluorescence intensity relative to APO-treated cultures. The open-

source FIJI software [26] was used for quantification of the fluorescent signals. 

2.10. Tritiated-DA Uptake 

The uptake of tritiated-DA was performed to evaluate the functional integrity and 

synaptic function of DA neurons as described before [15,19]. Briefly, after culture medium 

removal, midbrain cultures were incubated at 37 °C in PBS-glucose (5 mM) containing 25 

nM [3H]-DA (NET673; 40 Ci/mmol; PerkinElmer, Courtaboeuf, France). After 15 min, the 

supernatant containing the radiochemical in excess was removed and cultured cells were 

washed twice with PBS-glucose before a lysis step with 1% Triton X-100 in distilled water. 

Cell lysates were then recovered in 2 mL of Econofluor-2 (#6NE9699; PerkinElmer) and 

the radioactivity accumulated by DA neurons quantified by liquid scintillation spectrom-

etry using a Tri-Carb 4910TR counter (PerkinElmer). Blank values were obtained by incu-

bating APO-treated cultures with 0.2µM GBR-12909 (Sigma-Aldrich). 

2.11. Statistical Analysis 

For statistical analyses, we used One-way ANOVA followed by the post hoc Dun-

nett’s test for all comparisons against a control group and the Student–Newman–Keuls 

test (SNK) post hoc test for all pairwise comparisons. 

3. Results 

3.1. The TC Antibiotics DOX and DMC Prevent Iron-Dependent DA Cell Death in Midbrain 

Cultures 

To study the neuroprotective mechanism of action of DOX and other TCs for DA 

neurons, we established an experimental model of midbrain cell cultures in which DA cell 

loss develops progressively and spontaneously as a function of time in DF12i medium 

(Figures 1 and 4a). The spontaneous death of DA neurons results from (i) the presence of 

trace levels (1.6 µM) of iron in DF12 medium used for the maintenance of the cultures and 

(ii) the elimination of astrocytes from the cultures by treatment with the antimitotic Ara-
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C [15]. As a result, the iron-chelating glycoprotein APO (100 µg/mL) efficiently protects 

DA neurons from degenerating in this experimental setting (Figure 4a). 

Figure 4b,c depicts the survival-promoting effects of DOX and DMC (0.5–10 µM) for 

DA neurons in div7 midbrain cultures, i.e., a stage where DA cell loss is virtually complete 

in non-treated (NT) cultures. We found that DOX has a strong neuroprotective potential 

for DA neurons in this setting. Specifically, DOX exerted partial rescue effects at 5 µM 

and optimal protection at 10 µM. At a concentration of 2.5 µM, however, DOX had virtu-

ally no protective effect. The effective concentration 50 (EC50) of DOX protecting half of 

DA neurons was estimated graphically at 5.2 µM in this paradigm. DMC appeared more 

potent than DOX, as significant protective effects were already observed at concentrations 

as low as 1 µM, with the EC50 of this compound being estimated at 1.84 µM. CT, which 

differs from DMC only by a methyl group located at position C6 on ring C of the TC core 

structure, provided no significant protection to DA neurons regardless of the test concen-

tration (Figure 4d). APO (100 µg/mL) is used as a reference protective treatment in Figure 

4b–d and DOX (10 µM) as a reference TC in Figure 4c,d. Figure 4e illustrates the impact 

that treatments with DOX (10 µM), DMC (5 µM), CT (5µM), and APO (100 µg/mL) exert 

on DA (TH+) neurons in div7 midbrain cultures chronically exposed to these treatments. 

Interestingly, DOX and DMC were both found to exert protective effects when ap-

plied with delay to the cultures (Figure 4f,g). Experimental data show that approximately 

half of DA neurons were still rescued at div7 when treatments with DOX and DMC were 

applied at div2, i.e., at a stage where the neurodegenerative process is already engaged 

but partial. If the treatment with DOX or DMC was initiated at div3, approximately 30% 

of DA neurons still survived at div7. Starting the treatments at div4 and onwards resulted 

in limited or no protection at all. CT was ineffective in this paradigm (not shown). 

 

Figure 4. Protection of cultured DA neurons by DOX and DMC. (a) Kinetics of spontaneous DA 

(TH+) cell death in midbrain cultures maintained in DF12i medium after plating until div7. APO 

(100 µg/mL) provides robust neuroprotection under these conditions. Data expressed in % of DA 

neurons at div0 are means ± SEM (8–12). *** p < 0.001 vs. NT, at div0; ### p < 0.001 vs. NT of same 

culture age. One-way ANOVA followed by SNK’s test. (b–d) Survival of TH+ neurons in midbrain 

cultures chronically exposed to different concentrations (0.5–10 µM) of DOX, DMC, or CT until 

div7. APO (100 µg/mL) is used as a reference neuroprotective treatment in (b–d). DOX (10 µM) is 
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used as a reference TC in (c,d). Data expressed in % of APO-treated cultures in (b–d) are means ± 

SEM (4–9). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. (e) Representative 

photomicrographs of TH+ neurons in div7 midbrain cultures chronically exposed or not to DOX (10 

µM), DMC (5 µM), CT (5 µM), or APO (100 µg/mL). (f,g) Survival of DA neurons at div7, under 

conditions where treatments with DOX (10 µM) or DMC (5 µM) are carried out with or without a 

time delay (d) after plating. Data expressed in % of APO-treated cultures are means ± SEM (4–14). 

*** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. 

3.2. Protective Effects of TC Antibiotics Are Not Reproduced by Other Antimicrobial Molecules 

We tested whether two other unrelated antimicrobial molecules, such as the macro-

lide ERY or the β-lactam STR, could also protect DA neurons from iron-mediated neuro-

degeneration. We found that antimicrobial concentrations of ERY (10 µM) or STR (100 

µM) [27] that are not toxic for neuronal cells could not mimic the rescue effects of DOX or 

DMC for DA neurons (Figure 5a). The antifungal antibiotic CHX [28] was similarly inac-

tive, leading us to assume that neuroprotection by DOX and DMC is unrelated to the 

antibiotic activity of these compounds (Figure 5a). 

 

Figure 5. Protection of cultured DA neurons by non-antibiotic TCs. (a) Survival of TH+ neurons in 

midbrain cultures chronically treated with ERY (10 µM), STR (100 µM), CHX (3 µM), DOX (10 µM), 

DMC (5 µM), or APO (100 µg/mL) until div7. Data expressed in % of APO-treated cultures are 

means ± SEM (3–9). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. (b) Survival 

of TH+ neurons in midbrain cultures chronically treated with DDOX (0.5–10 µM), DOX (10 µM), or 

APO (100 µg/mL) until div7. (c) Survival of TH+ neurons in midbrain cultures chronically treated 

with DDMC (0.5–10 µM), DOX (10 µM), or APO (100 µg/mL) until div7. Data in (b,c) expressed in 

% of APO-treated cultures are means ± SEM (4–12). *** p < 0.001 vs. NT. One-way ANOVA followed 

by Dunnett’s test. (d) Representative photomicrographs of TH+ neurons in div7 midbrain cultures 

exposed or not exposed to DOX (10 µM), DDOX (3 µM), DDMC (3 µM), ERY (10 µM), STREP (100 

µM), or APO (100 µg/mL). (e,f) Survival of DA neurons at div7, under conditions where treatments 

with DDOX (3 µM) or DDMC (3 µM) are carried out with or without a time delay (d) after plating. 

Comparison with a chronic treatment with APO. Data expressed in % of APO-treated cultures are 

means ± SEM (5–8). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. 
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3.3. Non-Antibiotic TC Derivatives Provide Robust Neuroprotection for DA Neurons 

To further study the mechanisms underlying TC-mediated neuroprotection, we eval-

uated the protective potential of newly designed TC analogs having limited or no antibi-

otic activity (see Table 1). The two new molecules, DDOX and DDMC, which are doubly 

reduced derivatives of DOX and DMC, respectively, were both highly effective in pro-

tecting DA neurons (Figure 5b,c).  

The EC50s for DDOX and DDMC were estimated at 1.58 and 0.81 µM, respectively. 

Figure 5d illustrates the impact that treatments with DDOX (3 µM), DDMC (3 µM), ERY 

(10 µM), STR (100 µM), and APO (100 µg/mL) exert on DA neurons in div7 midbrain 

cultures chronically exposed to these treatments. If DDOX (3 µM) or DDMC (3 µM) were 

added to the cultures with a delay, the rescue of DA neurons by these two compounds 

was significant if the treatment was not postponed by more than 4 d (Figure 5e,f). 

3.4. Protection by DOX and Other Protective TCs against Spontaneous DA Cell Death Does Not 

Occur through Inhibition of Excitotoxic Stress 

We noted that neuroprotective TCs prevent the swelling of neuronal cell bodies when 

iron-dependent insults culminate in NT cultures (Figure 6a). With cell body swelling be-

ing classically observed in situations where ionotropic glutamate receptor over-activation 

leads to excitotoxic neuronal death [29,30], we assessed the protective potential of TCs in 

a situation where DA neurons are exposed to 10 µM glutamate to promote low-level ex-

citotoxic insults. We found that all TC derivatives except DOX substantially blocked glu-

tamate-mediated DA cell death (Figure 6b,c). As expected, the blockade of NMDA recep-

tors by MK-801 (2 µM) or AMPA/kainate receptors by CNQX (20 µM) provided robust 

and intermediary protection, respectively, under the same experimental conditions [31]. 

However, neither MK-801 (2 µM) nor CNQX (20 µM) mimicked TC-mediated neuropro-

tection when DA neurons were subjected to iron-mediated insults (Figure 6d,e). 

 

Figure 6. TC-mediated neuroprotection of DA neurons against iron-mediated neurodegeneration is 

not explained by blockade of glutamate excitotoxicity. (a) Phase contrast (Phaco) images of div2–3 

cultures showing that protective TC derivatives and APO prevent the swelling of neuronal cell bod-

ies that is prominent when iron-dependent insults culminate in NT cultures. White arrows point to 

swollen neuronal cell bodies whose boundaries are delineated with a dashed line. Note that nuclear 
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integrity (H-33342; blue signal) is preserved not only in the presence, but also in the absence, of 

protective treatments at this stage of neurodegeneration. (b) Survival of div16 DA neurons exposed 

2 d before to Glu (10 µM) in the presence or absence of DOX (10 µM), DDOX (5 µM), DMC (5 µM), 

DDMC (3 µM), CT (5 µM), APO (100 µg/mL), MK-801 (MK, 2µM), or CNQX (20 µM). Data ex-

pressed in % of NT cultures are means ± SEM (6–15). *** p < 0.001 vs. NT; ### p < 0.001 vs. Glu; §§§ p < 

0.001 vs. MK. One-way ANOVA followed by SNK’s test. (c) Photomicrographs illustrating the sur-

vival of TH+ neurons in div16 midbrain cultures exposed 2 d before to Glu (10 µM) in the presence 

or absence of some of the treatments described in (b). (d) Survival of div7 DA neurons maintained 

in DF12i in the presence or absence of DOX (10 µM), DDOX (3 µM), DMC (5 µM), DDMC (3 µM), 

APO (100 µg/mL), MK-801 (MK, 2 µM), or CNQX (20 µM). Data expressed in % of APO-treated 

cultures are means ± SEM (3–11). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. 

(e) Photomicrographs illustrating the survival of TH+ neurons in div7 midbrain cultures exposed to 

some of the treatments described in (d). 

3.5. Neuroprotective TCs Prevent Intracellular ROS Production and Preserve Mitochondrial 

Health 

To better understand the nature of the protective mechanism of TCs, we used the 

fluorogenic probe DHR-123 for monitoring intracellular ROS production in TC-treated 

and NT cultures. We found that ROS levels increased progressively after div2–3 if APO 

was omitted from the culture medium. When APO was replaced by DOX (10 µM), DDOX 

(3 µM), DMC (5 µM), or DDMC (3 µM), ROS returned to basal levels estimated in the 

presence of APO (Figure 7a). The TC antibiotic CT (5 µM) could not prevent ROS produc-

tion. 

Concomitant to ROS quantification with DHR-123, we also monitored changes in 

ΔΨm with the mitoprobe TMRM. We established that neuroprotective TCs but not CT 

prevented the decrease in ΔΨm occurring in ROS-producing neurons in NT cultures (Fig-

ure 7b). ΔΨm was also well preserved in APO-treated cultures. Figure 7c describes the 

impact that chronic treatments with TCs and APO have on the survival of TH+ neurons in 

div7 midbrain cultures. Photomicrographs from Figure 7d illustrate the impact of treat-

ments with TCs and APO on ROS production (upper row; DHR-123) and ΔΨm (middle 

row; TMRM) in div2 midbrain cultures. The bottom row represents phase contrast (Phaco) 

images merged with DHR-123 and TMRM fluorescent signals. 

 

Figure 7. DOX, DDOX, DMC, and DDMC limit oxidative stress and preserve mitochondrial mem-

brane potential (ΔΨm). (a,b) ROS production and changes in ΔΨm monitored with the fluorogenic 

probes DHR-123 and TMRM, respectively, in div2 midbrain neurons exposed or not exposed to 
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DOX (10 µM), DDOX (3 µM), DMC (5 µM), DDMC (3 µM), or CT (5 µM). APO (100 µg/mL) was 

used as a reference neuroprotective treatment. Data expressed in % of APO-treated cultures are 

means ± SEM (4–12). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. (c) Survival-

promoting effects of treatments described in (a,b). Data expressed in % of APO-treated cultures are 

means ± SEM (4–16). ***p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. (d) Images 

showing DHR-123 (upper panel) and TMRM (mid panel) fluorescent signals in div2 midbrain cul-

tures treated or not treated with DOX, DDOX, DMC, DDMC, or CT. The lower panel represents 

Phaco images merged with the DHR-123 and TMRM fluorescent signals. White arrows point to 

neurons showing a decrease in ΔΨm with an increase in ROS production. White arrowheads indi-

cate neurons, in which ΔΨm is preserved and ROS production contained. Yellow dotted lines rep-

resent virtual boundaries of neuronal cell bodies indicated by white arrows or white arrowheads. 

3.6. TCs Prevent Iron-Catalyzed Oxidative Stress and Its Consequences 

To better understand the nature of the neuroprotective effects of TCs, we performed 

a series of experiments comparing the neuroprotective action of TCs to that of other treat-

ments of interest. These treatments include the iron chelator DES (10 µM), the inhibitors 

of lipid peroxidation and ferroptosis TROL (10 µM) and LIP (0.3 µM), respectively, the 

H2O2 neutralizing enzyme CAT (300 IU/mL), the water-soluble vitamin VitC (25 µM), and 

APO (100 µg/mL). Results are expressed in % of APO-treated cultures. We showed that 

DES, TROL, LIP, and CAT promote the survival of DA neurons at div7 with an efficacy 

comparable to that of neuroprotective TCs and APO. VitC, however, had no protective 

effect for DA neurons in this setting (Figure 8a). 

 

Figure 8. DOX, DDOX, DMC, and DDMC protect DA neurons by inhibiting oxidative insults elic-

ited through a Fenton-type reaction. (a) Survival of TH+ neurons in div7 midbrain cultures chroni-

cally exposed or not exposed to DOX (10 µM), DDOX (3 µM), DMC (5 µM), DDMC (3 µM), the 

iron chelator desferrioxamine (DES; 10 µM), the inhibitor of lipid peroxidation TROL (10 µM), the 

inhibitor of ferroptosis LIP (0.3 µM), the H2O2 detoxifying enzyme CAT (300 UI/mL), the water-

soluble vitamin VitC (25 µM), and APO (100 µg/mL). Data expressed in % of APO-treated cultures 

are means ± SEM (3–18). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. (b) ROS 

production monitored with the fluorogenic probe DHR-123 in div2 midbrain neurons exposed or 

not exposed to the same treatments as in (a). (c) Changes in ΔΨm measured in the same cultures as 

in (a) using the mitoprobe TMRM. Data in (b,c) expressed in % of APO-treated cultures are means 

± SEM (3–7). * p < 0.05, *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. 

We then monitored ROS production and changes in ΔΨm in div2 cultures receiving 

the same treatments as before (Figure 8b,c). As expected, intracellular oxidative stress sig-

nificantly increased in div2 midbrain cultures receiving no treatment, whereas a decrease 

of ΔΨm was observed, concomitantly. Conversely, ROS levels and ΔΨm returned to basal 

levels in the presence of APO and non-TC compounds with an antioxidant potential ex-

cept for VitC, which only marginally reduced ROS production and failed to maintain the 

ΔΨm. DOX, DDOX, DMC, and DDMC prevented ROS production and preserved ΔΨm 

under these conditions, as expected. 

3.7. Neuroprotective TCs Are Inoperative against Oxidative Insults or Mitochondrial Deficits 

Generated Acutely 

In a separate set of experiments described in Figure 9, we tested whether DOX, 

DDOX, DMC, and DDMC could limit acute oxidative or mitochondrial insults generated 
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by a transient exposure to the oxidizing agent H2O2 (25 µM) or the protonophore FCCP 

(0.5 µM), which operates as an uncoupler of oxidative phosphorylation [32]. 

Using div2 midbrain cultures treated with APO to preclude spontaneous neuro-

degenerative events, we established that neither DOX, DDOX, DMC, nor DDMC could 

restrain oxidative stress-mediated insults when APO-treated cultures are challenged with 

25 µM H2O2 for 1 h (Figure 9a). None of these TCs could prevent the concomitant decrease 

of ΔΨm associated with ROS production under these conditions (Figure 9b). In line with 

these observations, DA neurons were not protected when acutely challenged with H2O2 

in the presence of DOX, DDOX, DMC, or DDMC and then left to recover in the presence 

of the same TCs until div3 for survival assessment (Figure 9c). Note that changes in ROS 

levels and ΔΨm in div2 cultures acutely challenged with H2O2 were relatively similar to 

those observed in sister cultures where neurodegenerative changes occur spontaneously 

(Figure 9a,b). 

DOX, DDOX, DMC, and DDMC also failed to prevent the decrease in ΔΨm ob-

served in APO-treated cultures acutely exposed to FCCP (0.5 µM) (Figure 9d,e). There 

were, however, no significant changes in ROS production under FCCP treatment, while 

test TCs did not modify ROS levels under these conditions. We also found that DA neu-

rons were not protected when acutely challenged with FCCP in the presence of DOX, 

DDOX, DMC, or DDMC and then left to recover in the presence of the same TCs until 

div3 for survival assessment (Figure 9f). We observed the expected changes in ROS levels 

and ΔΨm in div2 sister cultures not treated with APO. 

Overall, these observations suggest that neither DOX, DDOX, DDMC, nor DMC are 

effective against acute oxidative or mitochondrial insults induced in APO-treated cul-

tures. 

 

Figure 9. DOX, DDOX, DMC, and DDMC are ineffective against acute oxidative insults or mito-

chondrial deficits induced in APO-treated cultures. (a,b) ROS and ΔΨm monitored with DHR-123 

and TMRM, respectively, in div2 midbrain cultures treated with APO (100 µg/mL) to prevent spon-

taneous DA cell loss and challenged acutely with H2O2 (25 µM) in the presence or absence of DOX 
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(10 µM), DDOX (3 µM), DMC (5 µM), or DDMC (3 µM). As a comparison, we also estimated ROS 

levels in div2 sister cultures not treated with APO. Data expressed in % of APO-treated cultures are 

means ± SEM (5–10). ** p < 0.01, *** p < 0.001 vs. APO, only. One-way ANOVA followed by Dunnett’s 

test. (c) Survival of DA neurons in APO-treated midbrain cultures challenged acutely at div2 with 

H2O2 in the presence or absence of the test TCs and then left to recover with the same treatments 

until div3 for survival assessment. Data expressed in % of APO-treated cultures are means ± SEM 

(n = 3). (d,e) ROS and ΔΨm production monitored in div2 midbrain cultures treated with APO and 

challenged acutely with FCCP (0.5 µM) in the presence or absence of the same treatments as in (a). 

As a comparison, ROS levels and changes in ΔΨm were estimated in div2 cultures not treated with 

APO. Data expressed in % of APO-treated cultures are means ± SEM (5–10). *** p < 0.001 vs. APO, 

only. One-way ANOVA followed by Dunnett’s test. (f) Survival of DA neurons in APO-treated mid-

brain cultures challenged acutely at div2 with FCCP (0.5 µM) in the presence or absence of the test 

TCs and then left to recover with the same treatments until div3 for survival assessment. Data ex-

pressed in % of APO-treated cultures are means ± SEM (n = 3). 

3.8. The Protective Effects of TCs Are Still Observable When Low-Level Iron-Mediated Oxidative 

Stress Takes Place in Mature Midbrain Cultures 

We wanted to confirm that the effects of TCs for DA neurons remain observable in 

mature midbrain cultures. Precisely, we gradually replaced ACM from div7 midbrain cul-

tures by DF12i supplemented with 2 µM MK-801. The cultures were then maintained in 

the presence or absence of various concentrations of DOX, DDOX, DMC, or DDMC until 

processing at div14. We used APO (100 µg/mL) as a reference protective treatment and 

DOX (10 µM) as a reference TC molecule when needed. Experimental results clearly show 

that all TCs remained protective for older DA neurons (Figure 10a–d). Note, however, that 

DOX appeared more potent than under standard experimental conditions. Based on esti-

mated EC50s, the potency of test TCs to rescue mature DA neurons appears to display the 

following order: DDMC > DDOX > DMC > DOX. Neuroprotective effects of TCs are il-

lustrated by photomicrographs of TH+ neurons in Figure 10e. Note that protective TCs 

also well preserved the morphology of DA neurons in this experimental setting. 

In addition, we measured the uptake of tritiated DA in mature midbrain cultures 

exposed to optimal concentrations of DOX (10 µM), DDOX (3 µM), DMC (5 µM), or 

DDMC (3 µM). As a comparison, we performed the uptake in cultures maintained 

throughout the culture time with ACM. Our results show that the uptake of DA is com-

parable in APO- and TC-treated cultures, suggesting that rescued neurons are fully func-

tional (Figure 10f). 

 

Figure 10. TC derivatives preserve the survival and function of mature DA neurons enduring low-

level iron-mediated neurodegeneration. (a–d) Concentration–response curves of the rescue effects 

of DOX, DDOX, DMC, and DDMC for DA neurons, in div14 midbrain cultures, which have been 
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gradually placed since div7 in DF12i supplemented with 2 µM MK-801. APO (100 µg/mL) was used 

as a reference neuroprotectant. EC50s for each TC are indicated on the graph above. Data expressed 

in % of APO-treated cultures are means ± SEM (4–9). * p < 0.05, ** p < 0.01, *** p < 0.001 vs. NT. One-

way ANOVA followed by Dunnett’s test. (e) Microphotographs illustrating the protective effects of 

DOX (10 µM), DDOX (3 µM), DMC (5 µM), DDMC (3 µM), or APO (100 µg/mL) in mature mid-

brain cultures. (f) DA uptake in div14 midbrain cultures that were gradually placed since div7 in 

DF12i supplemented with 2 µM MK-801 in the presence or absence of DOX (10 µM), DDOX (3 µM), 

DMC (5 µM), DDMC (3 µM), or APO (100 µg/mL). As a comparison, the uptake was also performed 

in cultures maintained in ACM during the entire culture time. Data expressed in % of APO-treated 

cultures are means ± SEM (8–18). *** p < 0.001 vs. NT. One-way ANOVA followed by Dunnett’s test. 

4. Discussion 

In the present experimental work, we demonstrate that two TC class antibiotics, DOX 

and DMC, provide robust and sustained neuroprotection to midbrain DA neurons in cul-

ture enduring sustained low-level iron-mediated insults. Non-TC antimicrobial molecules 

did not have the capacity to protect DA neurons, suggesting that neuroprotection was 

unrelated to the antibiotic activity of test TCs. Comforting this view, non-antibiotic TC 

derivatives of DOX and DMC, namely DDOX and DDMC, respectively, proved to be 

robustly protective for DA neurons. Neuroprotection of DA neurons by TCs remained 

observable regardless of the degree of maturation of midbrain cultures. DOX, DDOX, 

DMC, and DDMC operated similarly by restraining intracellular oxidative stress and pre-

venting mitochondrial dysfunction, i.e., cellular perturbations arising as consequences of 

iron-mediated ferroptosis. Neuroprotection by test TCs was lost, however, if DA neurons 

were subjected to acute oxidative or mitochondrial insults. 

4.1. DOX and DMC, but Not CT, Exert Robust Protective Effects for DA Neurons Enduring 

Low-Level Intensity Iron-Mediated Insults 

Many experimental data suggest that DOX and related TCs might have potential 

therapeutic utility for PD treatment [10–13,33]. This might be through the inhibition of 

glial inflammatory processes that contribute to neurodegeneration [10,14,34,35] or the 

blockade of intrinsic neuronal DA cell death processes such as αS-mediated neurotoxicity 

[12,13]. 

Here, we were more specifically interested in investigating whether DOX and other 

TC derivatives could interfere with oxidative stress-mediated insults that represent a com-

mon pathogenic mechanism in PD neurodegeneration [5,8,36]. Thus, we established a cul-

ture model of midbrain DA neurons in which sustained low-level oxidative stress, medi-

ated by iron, results in the progressive demise of these neurons [15,37]. This model system 

might be particularly pertinent as iron deposition is a typical feature of PD degeneration 

[8,17,18]. In this setting, we demonstrate that DOX exerts robust protective effects that are 

concentration-dependent with an EC50 of approximately 5 µM. Interestingly, DMC, an-

other TC antibiotic reported recently to protect against αS-induced toxicity [38], was even 

more potent than DOX in protecting DA neurons in the same paradigm. Quite unexpect-

edly, however, CT, a TC which differs from DMC by a methyl located at the C6 position 

of the tetracyclic core structure [39], failed to afford protection to DA neurons. This sug-

gests that the presence of the C6 methyl group in CT causes disruption of steric and elec-

tronic features presumably essential for neuroprotection by DMC in this paradigm of neu-

rodegeneration. 

4.2. Protective Effects of DOX and DMC Are Not Related to Their Antibiotic Activity 

TCs and many other antimicrobial compounds operate by inhibiting bacterial protein 

translation in particular by targeting the ribosomal machinery [40,41]. Interestingly, some 

studies report that some of these compounds, including TCs, may also inhibit eukaryotic 

ribosomes [42], indicating that TC-mediated neuroprotection may be possibly related to 

the inhibition of protein synthesis in our model system. In support of this view, the TC 
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minocycline was reported to extend the lifespan of both young and old C. elegans nema-

todes by attenuating cytoplasmic mRNA translation [43], and a well-known inhibitor of 

eukaryotic translation, the antifungal antibiotic compound CHX [28], was found to pre-

vent neuronal programmed cell death induced by nerve growth factor deprivation [44]. 

Thus, we tested the possibility that non-TC antibiotics, such as the macrolide ERY or 

the β-lactam STR that both target ribosomal translation, could mimic the neuroprotective 

effects of DOX and DMC against iron-mediated DA cell degeneration. At antibiotic con-

centrations [27], neither ERY nor STR was able to do so, suggesting that the protective 

effects of TCs are probably unrelated to their capacity to inhibit protein synthesis. Two 

additional arguments comfort this view: (i) CT, which possesses a good antibiotic activity 

at test concentrations, was not protective in our model system, and (ii) at concentrations 

known to inhibit eukaryotic translation [28,44], CHX was similarly ineffective. 

4.3. Non-Antibiotic TC Derivatives Are Strongly Neuroprotective for DA Neurons 

A possible long-lasting use of TC antibiotics for PD treatment would probably cause 

the selection of antibiotic resistance genes in pathogens as well as persistent changes in 

the commensal host microbiome [45]. Therefore, we designed novel TC analogs having 

limited or no antibiotic activity using a synthesis strategy inspired by Golub et al. [46]. 

Indeed, these authors established that the dimethylamino group at C4 on the upper half 

of the TC core structure is essential for the antimicrobial activity of this class of com-

pounds. Concretely, we removed the dimethylamino substituent at position 4 along with 

the hydroxyl group at position 12a on ring A of the two parent TCs, DOX and DMC. The 

new doubly reduced molecules, named DDOX and DDMC, respectively, were strongly 

neuroprotective despite having no or little antimicrobial activity, respectively, further 

comforting the idea that the protective effects of TC derivatives for DA neurons are unre-

lated to their antimicrobial activity. 

4.4. A Delayed Treatment with TCs Provides Protection as Long as Neurodegeneration Is  

Ongoing 

We also established that all neuroprotective TCs retain some efficacy to protect DA 

neurons, as long as the neurodegenerative process is still in progress. More specifically, 

experimental data show that approximately half of DA neurons could still be rescued at 

div7 when the treatment with TCs was applied at div2, i.e., at a stage where the neuro-

degenerative process is already engaged but where a substantial number of DA neurons 

are still alive. When TCs were applied at div3, DA cell rescue at div7 was still substantial, 

whereas neuroprotection progressively diminished thereafter. These results are of interest 

considering that TCs could have potential utility for PD treatment. Indeed, clinical symp-

toms develop in this disorder when DA cell loss is already substantial [47,48]. 

4.5. TCs do Not Operate by Preventing Glutamate-Induced Excitotoxicity 

Neuroprotective TCs also efficiently prevented the swelling of neuronal cell bodies 

occurring when degenerative changes culminate in control culture conditions. Neuronal 

cell body swelling is a typical feature of glutamate-mediated excitotoxicity [29,49]. There-

fore, we hypothesized that protective TCs could possibly operate by restraining exci-

totoxic insults mediated by ionotropic glutamate receptors. Related to this, DMC was re-

ported to limit glutamate-induced neurodegeneration [50]. In good agreement with this 

observation, we found that DMC was protective for DA neurons under experimental con-

ditions where these neurons endure low-level excitotoxic insults mediated by glutamate. 

Interestingly, DDOX and DDMC were also similarly protective. Several arguments sug-

gest, however, that TCs do not operate by blocking glutamate-mediated neurodegenera-

tion in our paradigm of iron-mediated DA cell loss: (i) DOX was protective against iron-

mediated DA cell loss, but ineffective against glutamate-mediated neurodegeneration in 

agreement with previous observations [51]; (ii) Conversely, CT, which was protective 
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against glutamate-mediated excitotoxic stress, was ineffective against iron-mediated neu-

rodegeneration; (iii) Most importantly, the protective effects of TCs against iron-mediated 

insults were not reproduced by blockers of NMDA or AMPA/kainate receptors. Overall, 

the present data indicate that TCs do not block iron-mediated DA cell death by interfering 

with a death modality requiring activation of ionotropic glutamate receptors. Therefore, 

the swelling of neuronal cell bodies in control culture conditions is probably the mere 

consequence of iron-mediated ferroptosis.  

4.6. Nature of the Cell Death Process Prevented by TCs 

The use of the fluorogenic probe DHR-123 revealed that in untreated cultures, ROS 

production becomes prominent in the subpopulation of neurons in which degenerative 

changes are in progress. Most interestingly, the increase in ROS was efficiently curtailed 

by DOX, DDOX, DMC, and DDMC, suggesting that ROS inhibition is pivotal for the 

rescue of DA neurons by neuroprotective TCs. Coherent with that, CT, which did not 

rescue DA neurons, also failed to inhibit oxidative stress under the present conditions. 

Overall, these data indicate that neuroprotective TCs act primarily by reducing oxidative 

stress-mediated insults that develop spontaneously and progressively in our cell culture 

paradigm. 

APO and DES, which both possess iron-chelating properties, CAT, which detoxifies 

H2O2, as well as TROL and LIP, which operates as a lipid peroxidation and ferroptosis 

inhibitor, respectively, were all capable of mimicking neuroprotective and ROS inhibitory 

effects of TCs. This indicates that neuroprotective TCs prevented the deleterious conse-

quences of a sequence of events in which the reaction between Fe(II) and H2O2 (the Fenton 

reaction) generates hydroxyl radicals (•OH) [52], which in turn activates lipid peroxida-

tion, a process characteristic of ferroptosis and PD neurodegeneration [53,54]. With APO 

and DES being specific chelators of Fe(III) [55,56], one may assume that redox cycling be-

tween Fe(II) and Fe(III) is a critical aspect of iron toxicity in this paradigm and that TCs 

may interfere in one way or another with this process. It should also be noted that the 

rescue effects provided by CAT, which is membrane impermeable [57], suggest that •OH-

mediated lipid peroxidation starts originally at the lipid–aqueous interface boundary of 

the plasma membrane. This might explain why the antioxidant VitC, which is effective in 

aqueous environments [58], could not mimic TC-mediated neuroprotection.  

In view of these results, we can assume that the protective effect of TCs was primarily 

to preserve the plasma membrane integrity, and secondarily to prevent the activation of 

downstream signaling events that cause intracellular propagation of oxidative stress 

through a mechanism of ROS-induced ROS release [59]. DHR-123, used for ROS monitor-

ing in the present setting, is selectively trapped in mitochondria after its conversion by 

oxidation to a positively charged fluorescent dye, Rhodamine-123 [60]. One may therefore 

assume that protective TCs operate indirectly by preventing ROS emission by dysfunc-

tional mitochondria. 

4.7. Mechanisms Contributing to ROS Inhibition by TCs 

With DOX and other TCs having the potential to form chelate complexes with iron 

[61,62], one may logically assume that the neuroprotective activity of this family of com-

pounds was related to iron sequestration. For instance, DOX was reported to form a com-

bination of 1:1 and 2:1 complexes with iron under physiological conditions [63]. With iron 

being present at a concentration of 1.6 µM in DF12 culture medium, DOX would be ex-

pected to provide optimal rescue to DA neurons between 1.6 and 3.2 µM, which was not 

the case, as neuroprotection with DOX under standard culture conditions was found to 

be optimal at 10 µM. Therefore, the chelating properties of DOX, and presumably of other 

TCs, are probably not solely responsible for the neuroprotective effects of these com-

pounds in our model system. Accordingly, DOX was also reported to neutralize ROS in 

settings where iron mediation is not needed [64]. In particular, in cell free-systems, DOX 
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has been found to scavenge superoxide anions and to prevent the formation of malondial-

dehyde (MDA) [64], a major by-product of the lipid peroxidation of cell membranes [65], 

having also the capacity to stimulate ROS production by mitochondria [66]. Therefore, 

TC-mediated neuroprotection might involve several mechanisms operating in a coopera-

tive manner to prevent neuronal oxidative damage and ultimately neurodegeneration. 

4.8. Neuroprotective TCs also Ensure Mitochondrial Health 

By using DHR-123 together with TMRM, a cell-permeant dye that loads specifically 

in polarized (active) mitochondria [67,68], we were able to demonstrate that neuroprotec-

tive TCs as well as non-TC neuroprotectants prevent the decrease in ΔΨm occurring spe-

cifically in ROS-producing neurons. This observation signifies that TCs also preserved the 

integrity and function of mitochondria in these neurons, protecting them from energy fail-

ure and degeneration. 

The present results are apparently coherent with data showing that TCs promote sur-

vival and fitness in mitochondrial disease models [33] by stimulating mitohormesis 

[33,69], i.e., a compensatory adaptive response to mild mitochondrial stress, wherein low, 

non-cytotoxic concentrations of ROS can serve as signaling molecules to initiate cellular 

events that ultimately protect cells from harmful effects [70]. However, such a mechanism 

is unlikely in the present paradigm, as neuronal ROS levels estimated in the presence of 

optimal concentrations of TCs remain low and similar to levels evaluated in APO-treated 

cultures. 

The preservation of the mitochondrial function by TCs may rather depend, here, on 

the upstream inhibition of ROS. Interestingly, MDA, the major by-product of lipid perox-

idation, was reported to promote both mitochondrial ROS production and ΔΨm dissipa-

tion [66], suggesting that TC may preserve mitochondrial fitness through their capacity to 

prevent oxidative degradation of lipids, primarily at the level of the plasma membrane.  

4.9. Neuroprotective TCs Are Ineffective against Acute Oxidative or Mitochondrial Insults 

We also tested the efficacy of TCs against acute oxidative or mitochondrial insults 

induced by the oxidizing agent, H2O2, or the uncoupler of oxidative phosphorylation, 

FCCP, using midbrain cultures treated with APO to avoid the spontaneous demise of DA 

neurons. 

Upon H2O2 exposure, we observed a robust increase in intracellular ROS correlated 

to a decrease in ΔΨm slightly greater than 30%, i.e., functional changes that closely mimic 

those observed in the course of spontaneous neurodegeneration. However, neither DOX, 

DDOX, DMC, nor DDMC reduced intracellular ROS production nor prevented mito-

chondrial membrane depolarization under these conditions, which certainly explains why 

TCs failed to afford protection in this paradigm. Note that this result can be probably ex-

plained by both the acuteness of this paradigm and the absence of scavenging properties 

of DOX for H2O2 [64]. 

Following FCCP exposure, we observed a large decrease in ΔΨm, as expected, and 

no significant elevation of ROS. This is somehow different from reports showing that un-

coupling agents limit ROS production in isolated mitochondria [71,72], but in agreement 

with data showing that mitochondrial uncoupling has no effect on ROS production in 

isolated mitochondria oxidizing glucose-derived physiological substrates [73]. The ineffi-

cacy of DOX, DDOX, DMC, and DDMC to limit ΔΨm dissipation by FCCP explains 

without any doubt why TCs are not protective for DA neurons in this paradigm. 

Overall, this set of data underlines the fact that TCs lose their neuroprotective efficacy 

when DA neurons experience acute oxidative and mitochondrial perturbations. 

4.10. The Rescuing Effects of TCs Are Still Observable in Mature Midbrain Cultures 

Finally, we wished to determine whether the neuroprotective effects of TCs for DA 

neurons remained observable when midbrain cultures endure low-level oxidative insults 
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after an initial period of maturation in ACM to mimic as closely as possible brain physio-

pathological conditions in PD [19,74]. DOX, DDOX, DMC, and DDMC were robustly 

protective in this paradigm. Curiously, DOX appeared more potent in mature midbrain 

cultures than in younger ones, for a reason that we could not explain. This is, however, in 

line with a report showing that DOX efficiently protects DA neurons in a 6-OHDA rodent 

model of PD where oxidative stress-mediated neurodegeneration is progressive [10]. Most 

importantly, we found that all neuroprotective TCs preserved the uptake of DA under 

these culture conditions, indicating that the somato-dendritic and synaptic functions of 

DA neurons are also well maintained in TC-treated midbrain cultures [15,20]. 

A schematic drawing that summarizes how TCs may protect DA neurons from iron-

mediated oxidative stress insults is shown in Figure 11. 

 

Figure 11. Schematic drawing showing how TCs may prevent the spontaneous loss of DA neurons 

induced by ferroptosis in midbrain culture. Under control conditions, soluble oxygen gives rise 

spontaneously to superoxide anions, which by dismutation produce H2O2 [75], which in turn is con-

verted into •OH through a Fenton-type reaction requiring Fe2+ as catalyst [52,75]. •OH produced 

initially in the extracellular compartment stimulates lipid peroxidation on the outer side of the 

plasma membrane. The nature of downstream signaling events stimulating mitochondrial ROS pro-

duction and promoting mitochondrial membrane depolarization remains to be established but 

MDA, a major by-product of lipid peroxidation of cell membranes [65], can produce both types of 

perturbations [66]. Neuroprotection by TCs could be due to superoxide scavenging, iron chelation, 

or the inhibition of lipid peroxidation propagation [63,64], with these mechanisms not mutually 

exclusive. The neuroprotective effects of TCs are mimicked by ferric iron chelators (APO; DES), 

which prevent iron to redox cycle, by the H2O2 detoxifying enzyme CAT, which inhibits the for-

mation of •OH, and by inhibitors of lipid peroxidation/ferroptosis (TROL, LIP), which protect the 

plasma membrane from the attack of •OH. The effects of TCs are, however, not mimicked by VitC, 

a water-soluble antioxidant. The possibility that TCs could preserve mitochondrial health by stim-

ulating mitohormesis [69] is not favored in the paradigm. 

5. Conclusions 

To conclude, we have established an in vitro system of mouse midbrain cultures for 

modeling chronic low-level oxidative stress mediated by iron as it may occur in PD neu-

rodegeneration [8,16–18,53]. We showed that DA cell death is preventable by some TCs, 

independently of their antibiotic activity, through a mechanism that restrains oxidative 

stress-mediated insults and preserves the mitochondrial function. Although we are well 

aware that this model system cannot entirely recapitulate the complex and multifaceted 

nature of neurodegeneration in PD, we suggest that protective TCs, which lack antibiotic 

activity and reach the brain in relevant amounts may be of potential interest for PD treat-

ment. This may be especially true for DDMC, which was also reported to inhibit αS ag-

gregation [22], another important contributive mechanism to PD neurodegeneration. 

6. Patents 

The authors have filed patent applications for the use of non-antibiotic tetracycline 

derivatives for the treatment of Parkinson’s disease and related disorders. 



Antioxidants 2023, 12, 575 20 of 23 
 

Author Contributions: Conceptualization, B.F., E.D.-B., P.P.M., R.C. and R.R.-V.; Methodology, 

A.T., B.F., J.-M.B., L.F. and P.P.M.; Data curation, A.T., B.F., J.-M.B., L.F. and P.P.M.; Formal analysis, 

A.T., B.F., J.-M.B., L.F. and P.P.M.; Funding acquisition, B.F., P.P.M. and R.R.-V.; Investigation, A.T., 

B.F., F.G.-L., J.-M.B., L.F., P.P.M., P.R. and S.V.; Methodology, A.T., B.F., J.-M.B., L.F. and P.P.M.; 

Project administration; B.F. and P.P.M.; Resources; B.F., L.F. and P.P.M.; Supervision, B.F., L.F., 

P.P.M. and R.R.-V.; Visualization, A.T., B.F., L.F. and P.P.M.; Writing—original draft preparation, 

P.P.M.; Writing—review and editing, A.T., B.F., F.G.-L., L.F., M.D.S.P. and R.H.T.-G. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This work was supported by Association France Parkinson [DOXYPARK; GAO2018] and 

program maturation from Institut Carnot. This study also received support from Program Inves-

tissements d’Avenir [ANR-10-IAIHU-06] and Translational Research Infrastructure for Biotherapies 

in Neurosciences [ANR-11-INBS-0011-NeurATRIS]. 

Institutional Review Board Statement: The Committee on the Ethics of Animal Experiments 

Charles Darwin no. 5 approved the experimental protocols under authorization number 

Ce5/2017/005. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The datasets generated during the current study are available from 

the corresponding author upon reasonable request. 

Acknowledgments: This research work benefited from the equipment and excellent services from 

the cell culture, imaging, and animal facilities at ICM. In particular, we thank David Akbar for tech-

nical support for imaging studies. The TechMedILL facility (Illkirch, France) is also acknowledged 

for PK data. 

Conflicts of Interest: The authors have filed patent applications for the use of non-antibiotic tetra-

cycline derivatives for the treatment of Parkinson’s disease and related disorders. 

References 

1. Subramaniam, S.R.; Chesselet, M.-F. Mitochondrial Dysfunction and Oxidative Stress in Parkinson’s Disease. Progress Neurobiol. 

2013, 106–107, 17–32. https://doi.org/10.1016/j.pneurobio.2013.04.004. 

2. Michel, P.P.; Hirsch, E.C.; Hunot, S. Understanding Dopaminergic Cell Death Pathways in Parkinson Disease. Neuron 2016, 90, 

675–691. https://doi.org/10.1016/j.neuron.2016.03.038. 

3. Tanudjojo, B.; Shaikh, S.S.; Fenyi, A.; Bousset, L.; Agarwal, D.; Marsh, J.; Zois, C.; Heman-Ackah, S.; Fischer, R.; Sims, D.; et al. 

Phenotypic Manifestation of α-Synuclein Strains Derived from Parkinson’s Disease and Multiple System Atrophy in Human 

Dopaminergic Neurons. Nat. Commun. 2021, 12, 3817. https://doi.org/10.1038/s41467-021-23682-z. 

4. Corti, O.; Lesage, S.; Brice, A. What Genetics Tells Us About the Causes and Mechanisms of Parkinson’s Disease. Physiol. Rev. 

2011, 91, 1161–1218. https://doi.org/10.1152/physrev.00022.2010. 

5. Dias, V.; Junn, E.; Mouradian, M.M. The Role of Oxidative Stress in Parkinson’s Disease. J. Park. Dis. 2013, 3, 461–491. 

https://doi.org/10.3233/JPD-130230. 

6. Hirsch, E.C.; Hunot, S. Neuroinflammation in Parkinson’s Disease: A Target for Neuroprotection? Lancet Neurol. 2009, 8, 382–

397. https://doi.org/10.1016/S1474-4422(09)70062-6. 

7. Pajares, M.; Rojo, A.I.; Manda, G.; Boscá, L.; Cuadrado, A. Inflammation in Parkinson’s Disease: Mechanisms and Therapeutic 

Implications. Cells 2020, 9, 1687. https://doi.org/10.3390/cells9071687. 

8. Devos, D.; Hirsch, E.; Wyse, R. Seven Solutions for Neuroprotection in Parkinson’s Disease. Mov. Disord. 2021, 36, 306–316. 

https://doi.org/10.1002/mds.28379. 

9. Valentín, S.; Morales, A.; Sánchez, J.L.; Rivera, A. Safety and Efficacy of Doxycycline in the Treatment of Rosacea. Clin. Cosmet. 

Investig. Derm. 2009, 2, 129–140. https://doi.org/10.2147/ccid.s4296. 

10. Lazzarini, M.; Martin, S.; Mitkovski, M.; Vozari, R.R.; Stühmer, W.; Bel, E.D. Doxycycline Restrains Glia and Confers Neuropro-

tection in a 6-OHDA Parkinson Model: Doxycycline in a 6-OHDA Parkinson Model. Glia 2013, 61, 1084–1100. 

https://doi.org/10.1002/glia.22496. 

11. González-Lizárraga, F.; Socías, S.B.; Ávila, C.L.; Torres-Bugeau, C.M.; Barbosa, L.R.S.; Binolfi, A.; Sepúlveda-Díaz, J.E.; Del-Bel, 

E.; Fernandez, C.O.; Papy-Garcia, D.; et al. Repurposing Doxycycline for Synucleinopathies: Remodelling of α-Synuclein Oli-

gomers towards Non-Toxic Parallel Beta-Sheet Structured Species. Sci. Rep. 2017, 7, 41755. https://doi.org/10.1038/srep41755. 

12. Dominguez-Meijide, A.; Parrales, V.; Vasili, E.; González-Lizárraga, F.; König, A.; Lázaro, D.F.; Lannuzel, A.; Haik, S.; Del Bel, 

E.; Chehín, R.; et al. Doxycycline Inhibits α-Synuclein-Associated Pathologies in Vitro and in Vivo. Neurobiol. Dis. 2021, 151, 

105256. https://doi.org/10.1016/j.nbd.2021.105256. 



Antioxidants 2023, 12, 575 21 of 23 
 

13. La Vitola, P.; Artioli, L.; Cerovic, M.; Poletto, C.; Dacomo, L.; Leva, S.; Balducci, C.; Forloni, G. Repositioning Doxycycline for 

Treating Synucleinopathies: Evidence from a Pre-Clinical Mouse Model. Park. Relat. Disord. 2023, 106, 105229. 

https://doi.org/10.1016/j.parkreldis.2022.105229. 

14. Ferreira Junior, N.C.; dos Santos Pereira, M.; Francis, N.; Ramirez, P.; Martorell, P.; González-Lizarraga, F.; Figadère, B.; Chehin, 

R.; Del Bel, E.; Raisman-Vozari, R.; et al. The Chemically-Modified Tetracycline COL-3 and Its Parent Compound Doxycycline 

Prevent Microglial Inflammatory Responses by Reducing Glucose-Mediated Oxidative Stress. Cells 2021, 10, 2163. 

https://doi.org/10.3390/cells10082163. 

15. Rousseau, E.; Michel, P.P.; Hirsch, E.C. The Iron-Binding Protein Lactoferrin Protects Vulnerable Dopamine Neurons from De-

generation by Preserving Mitochondrial Calcium Homeostasis. Mol. Pharm. 2013, 84, 888–898. 

https://doi.org/10.1124/mol.113.087965. 

16. Riederer, P.; Monoranu, C.; Strobel, S.; Iordache, T.; Sian-Hülsmann, J. Iron as the concert master in the pathogenic orchestra 

playing in sporadic Parkinson’s disease. J. Neural. Transm. 2021, 128, 1577–1598. https://doi.org/10.1007/s00702-021-02414-z. 

17. Hirsch, E.C.; Brandel, J.-P.; Galle, P.; Javoy-Agid, F.; Agid, Y. Iron and Aluminum Increase in the Substantia Nigra of Patients 

with Parkinson’s Disease: An X-Ray Microanalysis. J. Neurochem. 1991, 56, 446–451. https://doi.org/10.1111/j.1471-

4159.1991.tb08170.x. 

18. Michel, P.P.; Vyas, S.; Agid, Y. Toxic Effects of Iron for Cultured Mesencephalic Dopaminergic Neurons Derived from Rat 

Embryonic Brains. J. Neurochem. 1992, 59, 118–127. https://doi.org/10.1111/j.1471-4159.1992.tb08882.x. 

19. Tourville, A.; Akbar, D.; Corti, O.; Prehn, J.H.M.; Melki, R.; Hunot, S.; Michel, P.P. Modelling α-Synuclein Aggregation and 

Neurodegeneration with Fibril Seeds in Primary Cultures of Mouse Dopaminergic Neurons. Cells 2022, 11, 1640. 

https://doi.org/10.3390/cells11101640. 

20. Michel, P.P.; Ruberg, M.; Agid, Y. Rescue of Mesencephalic Dopamine Neurons by Anticancer Drug Cytosine Arabinoside. J. 

Neurochem. 1997, 69, 1499–1507. https://doi.org/10.1046/j.1471-4159.1997.69041499.x. 

21. dos Santos Pereira, M.; Abreu, G.H.D.; Rocca, J.; Hamadat, S.; Raisman-Vozari, R.; Michel, P.P.; Del Bel, E. Contributive Role of 

TNF-α to L-DOPA-Induced Dyskinesia in a Unilateral 6-OHDA Lesion Model of Parkinson’s Disease. Front. Pharmacol. 2021, 

11, 617085. https://doi.org/10.3389/fphar.2020.617085. 

22. Tomas-Grau, R.; González-Lizárraga, F.; Ploper, D.; Avila, C.L.; Socías, S.B.; Besnault, P.; Tourville, A.; Mella, R.M.; Villacé, P.; 

Salado, C.; et al. Neuroprotective Effects of a Novel Demeclocycline Derivative Lacking Antibiotic Activity: From a Hit to a 

Promising Lead Compound. Cells 2022, 11, 2759. https://doi.org/10.3390/cells11172759. 

23. Mawabo, I.K.; Noumedem, J.A.K.; Kuiate, J.R.; Kuete, V. Tetracycline Improved the Efficiency of Other Antimicrobials against 

Gram-Negative Multidrug-Resistant Bacteria. J. Infect. Public Health 2015, 8, 226–233. https://doi.org/10.1016/j.jiph.2014.09.001. 

24. SFM Antibiogram Committee. Comité de l’Antibiogramme de La Société Française de Microbiologie Report 2003. Int. J. Anti-

microb. Agents 2003, 21, 364–391. https://doi.org/10.1016/S0924-8579(03)00021-9. 

25. Joshi, D.C.; Bakowska, J.C. Determination of Mitochondrial Membrane Potential and Reactive Oxygen Species in Live Rat Cor-

tical Neurons. JoVE 2011, 51, e2704. https://doi.org/10.3791/2704. 

26. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, 

B.; et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 2012, 9, 676–682. 

https://doi.org/10.1038/nmeth.2019. 

27. EFSA Panel on Additives and Products or Substances used in Animal Feed (FEEDAP); Guidance on the assessment of bacterial 

susceptibility to antimicrobials of human and veterinary importance. EFSA J. 2012, 10, 2740. 

https://doi.org/10.2903/j.efsa.2012.2740. 

28. Schneider-Poetsch, T.; Ju, J.; Eyler, D.E.; Dang, Y.; Bhat, S.; Merrick, W.C.; Green, R.; Shen, B.; Liu, J.O. Inhibition of Eukaryotic 

Translation Elongation by Cycloheximide and Lactimidomycin. Nat. Chem. Biol. 2010, 6, 209–217. https://doi.org/10.1038/nchem-

bio.304. 

29. Rungta, R.L.; Choi, H.B.; Tyson, J.R.; Malik, A.; Dissing-Olesen, L.; Lin, P.J.C.; Cain, S.M.; Cullis, P.R.; Snutch, T.P.; MacVicar, 

B.A. The Cellular Mechanisms of Neuronal Swelling Underlying Cytotoxic Edema. Cell 2015, 161, 610–621. 

https://doi.org/10.1016/j.cell.2015.03.029. 

30. Lavaur, J.; Le Nogue, D.; Lemaire, M.; Pype, J.; Farjot, G.; Hirsch, E.C.; Michel, P.P. The Noble Gas Xenon Provides Protection 

and Trophic Stimulation to Midbrain Dopamine Neurons. J. Neurochem. 2017, 142, 14–28. https://doi.org/10.1111/jnc.14041. 

31. Douhou, A.; Troadec, J.-D.; Ruberg, M.; Raisman-Vozari, R.; Michel, P.P. Survival Promotion of Mesencephalic Dopaminergic 

Neurons by Depolarizing Concentrations of K+ Requires Concurrent Inactivation of NMDA or AMPA/Kainate Receptors: Res-

cue of Dopamine Neurons by Depolarization. J. Neurochem. 2001, 78, 163–174. https://doi.org/10.1046/j.1471-4159.2001.00401.x. 

32. Demine, S.; Renard, P.; Arnould, T. Mitochondrial Uncoupling: A Key Controller of Biological Processes in Physiology and 

Diseases. Cells 2019, 8, 795. https://doi.org/10.3390/cells8080795. 

33. Perry, E.A.; Bennett, C.F.; Luo, C.; Balsa, E.; Jedrychowski, M.; O’Malley, K.E.; Latorre-Muro, P.; Ladley, R.P.; Reda, K.; Wright, 

P.M.; et al. Tetracyclines Promote Survival and Fitness in Mitochondrial Disease Models. Nat. Metab. 2021, 3, 33–42. 

https://doi.org/10.1038/s42255-020-00334-y. 

34. Santa-Cecília, F.V.; Socias, B.; Ouidja, M.O.; Sepulveda-Diaz, J.E.; Acuña, L.; Silva, R.L.; Michel, P.P.; Del-Bel, E.; Cunha, T.M.; 

Raisman-Vozari, R. Doxycycline Suppresses Microglial Activation by Inhibiting the P38 MAPK and NF-KB Signaling Pathways. 

Neurotox Res. 2016, 29, 447–459. https://doi.org/10.1007/s12640-015-9592-2. 



Antioxidants 2023, 12, 575 22 of 23 
 

35. Wu, D.C.; Jackson-Lewis, V.; Vila, M.; Tieu, K.; Teismann, P.; Vadseth, C.; Choi, D.K.; Ischiropoulos, H.; Przedborski, S. Blockade 

of microglial activation is neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson dis-

ease. J. Neurosci. Off. J. Soc. Neurosci. 2002, 22, 1763–1771. https://doi.org/10.1523/JNEUROSCI.22-05-01763.2002. 

36. Zhou, C.; Huang, Y.; Przedborski, S. Oxidative Stress in Parkinson’s Disease: A Mechanism of Pathogenic and Therapeutic 

Significance. Ann. N. Y. Acad. Sci. 2008, 1147, 93–104. https://doi.org/10.1196/annals.1427.023. 

37. Guerreiro, S.; Ponceau, A.; Toulorge, D.; Martin, E.; Alvarez-Fischer, D.; Hirsch, E.C.; Michel, P.P. Protection of midbrain dopa-

minergic neurons by the end-product of purine metabolism uric acid: Potentiation by low-level depolarization. J. Neurochem. 

2009, 109, 1118–1128. https://doi.org/10.1111/j.1471-4159.2009.06040.x. 

38. Braun, A.R.; Liao, E.E.; Horvath, M.; Kalra, P.; Acosta, K.; Young, M.C.; Kochen, N.N.; Lo, C.H.; Brown, R.; Evans, M.D.; et al. 

Potent Inhibitors of Toxic Alpha-Synuclein Identified via Cellular Time-Resolved FRET Biosensors. npj Park. Dis. 2021, 7, 52. 

https://doi.org/10.1038/s41531-021-00195-6. 

39. Epe, B.; Woolley, P. The Binding of 6-Demethylchlortetracycline to 70S, 50S and 30S Ribosomal Particles: A Quantitative Study 

by Fluorescence Anisotropy. EMBO J. 1984, 3, 121–126. https://doi.org/10.1002/j.1460-2075.1984.tb01771.x. 

40. Chopra, I.; Roberts, M. Tetracycline Antibiotics: Mode of Action, Applications, Molecular Biology, and Epidemiology of Bacte-

rial Resistance. MicroBiol. Mol. Biol. Rev. 2001, 65, 232–260. https://doi.org/10.1128/MMBR.65.2.232-260.2001. 

41. Li, W.; Atkinson, G.C.; Thakor, N.S.; Allas, Ü.; Lu, C.; Chan, K.-Y.; Tenson, T.; Schulten, K.; Wilson, K.S.; Hauryliuk, V.; et al. 

Mechanism of Tetracycline Resistance by Ribosomal Protection Protein Tet(O). Nat. Commun. 2013, 4, 1477. 

https://doi.org/10.1038/ncomms2470. 

42. Mortison, J.D.; Schenone, M.; Myers, J.A.; Zhang, Z.; Chen, L.; Ciarlo, C.; Comer, E.; Natchiar, S.K.; Carr, S.A.; Klaholz, B.P.; et 

al. Tetracyclines Modify Translation by Targeting Key Human rRNA Substructures. Cell Chem. Biol. 2018, 25, 1506–1518.e13. 

https://doi.org/10.1016/j.chembiol.2018.09.010. 

43. Solis, G.M.; Kardakaris, R.; Valentine, E.R.; Bar-Peled, L.; Chen, A.L.; Blewett, M.M.; McCormick, M.A.; Williamson, J.R.; Ken-

nedy, B.; Cravatt, B.F.; et al. Translation Attenuation by Minocycline Enhances Longevity and Proteostasis in Old Post-Stress-

Responsive Organisms. eLife 2018, 7, e40314. https://doi.org/10.7554/eLife.40314. 

44. de León, A.; Gibon, J.; Barker, P.A. NGF-Dependent and BDNF-Dependent DRG Sensory Neurons Deploy Distinct Degenera-

tive Signaling Mechanisms. eNeuro 2021, 8, ENEURO.0277-20.2020. https://doi.org/10.1523/ENEURO.0277-20.2020. 

45. Anthony, W.E.; Wang, B.; Sukhum, K.V.; D’Souza, A.W.; Hink, T.; Cass, C.; Seiler, S.; Reske, K.A.; Coon, C.; Dubberke, E.R.; et 

al. Acute and persistent effects of commonly used antibiotics on the gut microbiome and resistome in healthy adults. Cell Rep. 

2022, 39, 110649. https://doi.org/10.1016/j.celrep.2022.110649. 

46. Golub, L.M.; Ramamurthy, N.S.; McNamara, T.F.; Greenwald, R.A.; Rifkin, B.R. Tetracyclines Inhibit Connective Tissue Break-

down: New Therapeutic Implications for an Old Family of Drugs. Crit. Rev. Oral Biol. Med. 1991, 2, 297–321. 

https://doi.org/10.1177/10454411910020030201. 

47. Bezard, E.; Dovero, S.; Prunier, C.; Ravenscroft, P.; Chalon, S.; Guilloteau, D.; Crossman, A.R.; Bioulac, B.; Brotchie, J.M.; Gross, 

C.E. Relationship between the Appearance of Symptoms and the Level of Nigrostriatal Degeneration in a Progressive 1-Methyl-

4-Phenyl-1,2,3,6-Tetrahydropyridine-Lesioned Macaque Model of Parkinson’s Disease. J. Neurosci. 2001, 21, 6853–6861. 

https://doi.org/10.1523/JNEUROSCI.21-17-06853.2001. 

48. Kim, H.-K.; Lee, M.J.; Yoo, H.S.; Lee, J.H.; Ryu, Y.H.; Lyoo, C.H. Temporal Trajectory Model for Dopaminergic Input to the 

Striatal Subregions in Parkinson’s Disease. Park. Relat. Disord. 2022, 103, 42–49. https://doi.org/10.1016/j.parkreldis.2022.08.006. 

49. Brennan-Minnella, A.M.; Shen, Y.; El-Benna, J.; Swanson, R.A. Phosphoinositide 3-Kinase Couples NMDA Receptors to Super-

oxide Release in Excitotoxic Neuronal Death. Cell Death Dis. 2013, 4, e580–e580. https://doi.org/10.1038/cddis.2013.111. 

50. Jiang, S.X.; Lertvorachon, J.; Hou, S.T.; Konishi, Y.; Webster, J.; Mealing, G.; Brunette, E.; Tauskela, J.; Preston, E. Chlortetracy-

cline and Demeclocycline Inhibit Calpains and Protect Mouse Neurons against Glutamate Toxicity and Cerebral Ischemia. J. 

Biol. Chem. 2005, 280, 33811–33818. https://doi.org/10.1074/jbc.M503113200. 

51. Lu, Y.; Yang, Y.; Chen, W.; Du, N.; Du, Y.; Gu, H.; Liu, Q. Minocycline, but Not Doxycycline Attenuates NMDA-Induced [Ca2+]i 

and Excitotoxicity. NeuroReport 2021, 32, 38–43. https://doi.org/10.1097/WNR.0000000000001558. 

52. Tang, Z.; Zhao, P.; Wang, H.; Liu, Y.; Bu, W. Biomedicine Meets Fenton Chemistry. Chem. Rev. 2021, 121, 1981–2019. 

https://doi.org/10.1021/acs.chemrev.0c00977. 

53. Dexter, D.T.; Carter, C.J.; Wells, F.R.; Javoy-Agid, F.; Agid, Y.; Lees, A.; Jenner, P.; Marsden, C.D. Basal lipid peroxidation in 

substantia nigra is increased in Parkinson’s disease. J. Neurochem. 1989, 52, 381–389. https://doi.org/10.1111/j.1471-

4159.1989.tb09133.x. 

54. Mahoney-Sánchez, L.; Bouchaoui, H.; Ayton, S.; Devos, D.; Duce, J.A.; Devedjian, J.C. Ferroptosis and its potential role in the 

physiopathology of Parkinson’s Disease. Prog. NeuroBiol. 2021, 196, 101890. https://doi.org/10.1016/j.pneurobio.2020.101890. 

55. Faller, B.; Nick, H. Kinetics and Mechanism of Iron(III) Removal from Citrate by Desferrioxamine B and 3-Hydroxy-1,2-Dime-

thyl-4-Pyridone. J. Am. Chem. Soc. 1994, 116, 3860–3865. https://doi.org/10.1021/ja00088a022. 

56. Schmaier, A.H. Transferrin: A blood coagulation modifier. Cell Res. 2020, 30, 101–102. https://doi.org/10.1038/s41422-020-0275-

z. 

57. Beckman, J.S.; Minor, R.L.; White, C.W.; Repine, J.E.; Rosen, G.M.; Freeman, B.A. Superoxide Dismutase and Catalase Conju-

gated to Polyethylene Glycol Increases Endothelial Enzyme Activity and Oxidant Resistance. J. Biol. Chem. 1988, 263, 6884–6892. 

58. Pandithavidana, D.R.; Jayawardana, S.B. Comparative Study of Antioxidant Potential of Selected Dietary Vitamins; Computa-

tional Insights. Molecules 2019, 24, 1646. https://doi.org/10.3390/molecules24091646. 



Antioxidants 2023, 12, 575 23 of 23 
 

59. Zorov, D.B.; Juhaszova, M.; Sollott, S.J. Mitochondrial Reactive Oxygen Species (ROS) and ROS-Induced ROS Release. Physiol. 

Rev. 2014, 94, 909–950. https://doi.org/10.1152/physrev.00026.2013. 

60. Sobreira, C.; Davidson, M.; King, M.P.; Miranda, A.F. Dihydrorhodamine 123 Identifies Impaired Mitochondrial Respiratory 

Chain Function in Cultured Cells Harboring Mitochondrial DNA Mutations. J. HistoChem. Cytochem. 1996, 44, 571–579. 

https://doi.org/10.1177/44.6.8666742. 

61. Grenier, D.; Huot, M.-P.; Mayrand, D. Iron-Chelating Activity of Tetracyclines and Its Impact on the Susceptibility of Actinoba-

cillus Actinomycetemcomitans to These Antibiotics. Antimicrob. Agents Chemother. 2000, 44, 763–766. 

https://doi.org/10.1128/AAC.44.3.763-766.2000. 

62. Markulin, I.; Matasin, M.; Turk, V.E.; Salković-Petrisic, M. Challenges of Repurposing Tetracyclines for the Treatment of Alz-

heimer’s and Parkinson’s Disease. J. Neural. Transm. 2022, 129, 773–804. https://doi.org/10.1007/s00702-021-02457-2. 

63. Faure, M.; Cilibrizzi, A.; Abbate, V.; Bruce, K.; Hider, R. Effect of Iron Chelation on Anti-Pseudomonal Activity of Doxycycline. 

Int. J. Antimicrob. Agents 2021, 58, 106438. https://doi.org/10.1016/j.ijantimicag.2021.106438. 

64. Clemens, D.; Duryee, M.; Sarmiento, C.; Chiou, A.; McGowan, J.; Hunter, C.; Schlichte, S.; Tian, J.; Klassen, L.; O’Dell, J.; et al. 

Novel Antioxidant Properties of Doxycycline. IJMS 2018, 19, 4078. https://doi.org/10.3390/ijms19124078. 

65. Jové, M.; Mota-Martorell, N.; Pradas, I.; Martín-Gari, M.; Ayala, V.; Pamplona, R. The Advanced Lipoxidation End-Product 

Malondialdehyde-Lysine in Aging and Longevity. Antioxidants 2020, 9, 1132. https://doi.org/10.3390/antiox9111132. 

66. Long, J.; Liu, C.; Sun, L.; Gao, H.; Liu, J. Neuronal mitochondrial toxicity of malondialdehyde: Inhibitory effects on respiratory 

function and enzyme activities in rat brain mitochondria. Neurochem. Res. 2009, 34, 786–794. https://doi.org/10.1007/s11064-008-

9882-7. 

67. Perry, S.W.; Norman, J.P.; Barbieri, J.; Brown, E.B.; Gelbard, H.A. Mitochondrial Membrane Potential Probes and the Proton 

Gradient: A Practical Usage Guide. BioTechniques 2011, 50, 98–115. https://doi.org/10.2144/000113610. 

68. Connolly, N.M.C.; Theurey, P.; Adam-Vizi, V.; Bazan, N.G.; Bernardi, P.; Bolaños, J.P.; Culmsee, C.; Dawson, V.L.; Deshmukh, 

M.; Duchen, M.R.; et al. Guidelines on Experimental Methods to Assess Mitochondrial Dysfunction in Cellular Models of Neu-

rodegenerative Diseases. Cell Death Differ. 2018, 25, 542–572. https://doi.org/10.1038/s41418-017-0020-4. 

69. Mottis, A.; Li, T.Y.; El Alam, G.; Rapin, A.; Katsyuba, E.; Liaskos, D.; D’Amico, D.; Harris, N.L.; Grier, M.C.; Mouchiroud, L.; et 

al. Tetracycline-Induced Mitohormesis Mediates Disease Tolerance against Influenza. J. Clin. Investig. 2022, 132, e151540. 

https://doi.org/10.1172/JCI151540. 

70. Palmeira, C.M.; Teodoro, J.S.; Amorim, J.A.; Steegborn, C.; Sinclair, D.A.; Rolo, A.P. Mitohormesis and metabolic health: The 

interplay between ROS, cAMP and sirtuins. Free. Radic. Biol. Med. 2019, 141, 483–491. https://doi.org/10.1016/j.freeradbio-

med.2019.07.017. 

71. Korshunov, S.S.; Skulachev, V.P.; Starkov, A.A. High protonic potential actuates a mechanism of production of reactive oxygen 

species in mitochondria. FEBS Lett. 1997, 416, 15–18. https://doi.org/10.1016/s0014-5793(97)01159-9. 

72. Cadenas, S. Mitochondrial uncoupling, ROS generation and cardioprotection. Biochim. Biophys. Acta Bioenerg. 2018, 1859, 940–

950. https://doi.org/10.1016/j.bbabio.2018.05.019. 

73. Tretter, L.; Adam-Vizi, V. Uncoupling is without an effect on the production of reactive oxygen species by in situ synaptic 

mitochondria. J. Neurochem. 2007, 103, 1864–1871. https://doi.org/10.1111/j.1471-4159.2007.04891.x. 

74. Pozzi, D.; Ban, J.; Iseppon, F.; Torre, V. An Improved Method for Growing Neurons: Comparison with Standard Protocols. J. 

NeuroSci. Methods 2017, 280, 1–10. https://doi.org/10.1016/j.jneumeth.2017.01.013. 

75. Collin, F. Chemical Basis of Reactive Oxygen Species Reactivity and Involvement in Neurodegenerative Diseases. Int. J. Mol. 

Sci. 2019, 20, 2407. https://doi.org/10.3390/ijms20102407. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


