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ABSTRACT (274 words)

Tetracyclines have recently emerged as possible therapeutic agents for several diseases of the central nervous
system. Chemically modified tetracycline 3 (also known as Incyclinide, CMT-3 or COL-3), a tetracycline
derivative without antibiotic activity that crosses the blood–brain barrier, has been recently validated as a
potent anti-inflammatory molecule. The present study discloses a possible mechanism through which COL-3
induces an anti-inflammatory response in cultured microglial cells activated by two different inflammogens:
the standard bacterial component lipopolysaccharide (LPS) and the amyloid fibrils of the synaptic protein
α-Synuclein (αSa). Under LPS and αSa treatment, COL-3 effectively reduced the production of prototypical
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. proinflammatory markers, as the cytokine TNF-α and the microglial protein Iba-1. COL-3 effects were
reproduced by doxycycline (DOX), a tetracycline used as reference molecule and dexamethasone, a classic
anti-inflammatory drug. Surprisingly, COL-3 avoided the increase in glucose uptake induced by LPS and
αSa in microglial cells, an outcome also observed with the inhibitor of NADPH oxidase apocynin, high
concentration of glucose and with its non-metabolized analog 2-deoxy-glucose. COL-3 and DOX, as well
as apocynin and 2-deoxy-glucose also reduced glucose-derived NADPH, a cofactor required for NADPH
oxidase activation and reactive oxygen species (ROS) generation. Comforting these data, our results showed
that LPS- and αSa-induced ROS production was also blunted in the presence of COL-3 and DOX, as well as
apocynin and the anti-oxidant vitamin E analog trolox. Accordingly, apocynin and 2-deoxy-glucose mimicked
the TNF-α reduction induced by COL-3 in LPS and αSa-treated cells. In this way, we propose that the anti-
inflamatory mechanism of action of COL-3 is the consequence of its capacity to block glucose consumption
and consequent glucose- and NADPH-dependent ROS production in microglial cells.

Keywords: 2-deoxyglucose uptake; α-synuclein; CMT-3; doxycycline, glia; glucose metabolism; incyclinide;
microglia; NADPH; NADPH oxidase; neuroinflammation; pentose-phosphate shunt; ROS.

INTRODUCTION

Tetracyclines are a family of antibiotics that inhibit bacterial protein synthesis by binding to the small
ribosomal subunit and blocking the binding of aminoacyltRNAs to the ribosome A site [1]. Although
tetracycline effects as antibiotics are rather old, there has been a renewing interest in these molecules, as it
has been reported that, in addition to their antibacterial activity, they induce important pharmacological
effects which may have clinical applications to various disease states. In recent years, preclinical studies have
suggested that tetracyclines have neuroprotective properties that are worth reusing for neurodegenerative
diseases [2-4].

In particular, doxycycline (DOX), an antibiotic belonging to the tetracycline family, has not only been
reported to exhibit neuroprotective activity in Parkinson’s disease (PD) animal models like 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine, attenuating the loss of dopaminergic
neurons in thesubstantia nigra pars compacta and striatal nerve terminals [5,6], but it also remodels toxic
α-synucein oligomers into a non-toxic, non-seeding form [7], interferes with tau amyloid aggregation [8] and
decreases the expression of the main markers of inflammation in microglial cultures treated with LPS [9],
indicating that its underlying mechanism is the ability of DOX to reduce neuroinflammation [2,10].

A new family of chemically modified tetracyclines (CMTs) has been structurally rearranged to eliminate their
antimicrobial activities while retaining their complementary mechanisms, such as inhibition of inflammation,
proteolysis, angiogenesis, among others [11-14]. To date, more than eight CMTs are available [15]. Because
CMTs might represent a safer treatment compared to antimicrobial treatment with tetracyclines, since their
administration in laboratory animals does not produce tetracycline resistant microorganisms in the oral and
intestinal flora [16], some of them, as CMT-1, CMT3 and CMT-8 have been tested in pre-clinical and clinical
applications, including cancer trials and neurological disease studies [10,17,18].

Chemically modified tetracycline 3 (CMT-3,6-demethyl-6-deoxy-4-de[dimethylamino]-tetracycline) might be
a promising drug for oxidative stress-related disorders, as neurodegenerative diseases, due to the advantage
of being able to be used in chronic treatments without generating serious side effects. CMT-3, also called
Incyclinide or COL-3 is produced by deletion of the dimethylamino group from carbon 4 in the A ring of
tetracyclines, which eliminates the antibiotic activity without affecting other important properties of the
molecule [19] (Figure 1). COL-3 is the only CMT tested in clinical trials in cancer patients [20,21], and its
pleiotropic properties offer impressive therapeutic potential to reduce the excessive degradation of connective
tissue during various pathological processes, including inflammatory conditions [22-25]. COL-3 molecule is
highly lipophilic, so it can also cross the blood-brain barrier and thus act within the brain [14,26]. COL-3
mechanism of action in the central nervous system includes anti-apoptotic effects, anti-protein aggregation,
removal of ROS, inhibition of matrix metalloproteinase, and protection against mitochondrial dysfunctions,
among others [2,17]. COL-3 has been also proposed as an anti-inflammatory molecule, as it can inhibit
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. lipopolysaccharide (LPS)-induced microglial activation and cytokine expression in the brain [26]; however,
the mechanism through which this molecule reduces neuroinflammation is yet to be described.

In the present study, we used COL-3 to further explore the mechanisms underlying its anti-inflammatory
action and compare its effects with a reference tetracycline that presents antibacterial activity, DOX. To this
aim, we used culture of microglial cells isolated from postnatal mouse brains and an activation paradigm
using the classical inflammogen LPS. Since the aggregation process that affects α-synuclein (αS) synaptic
protein may represent a potential trigger for the activation of microglial cells, which is involved in the
pathogenesis of synucleinopathies including PD [27-29], we also used the aggregated version of αS (αSa)
as an inflammogen. We observed that COL-3 exerts robust anti-inflammatory effects on microglial cells
by inhibiting ROS signaling events and glucose-dependent synthesis of NADPH, a cofactor required for
activation of NADPH oxidase and the generation of ROS. Surprisingly, the anti-inflammatory action of
COL-3 was significantly higher than that evoked by DOX, as lower concentrations of COL-3 were sufficient
to induce the same anti-inflammatory effect that a higher concentration of DOX.

MATERIAL AND METHODS

Pharmacological and cell culture reagents

Lipopolysaccharide (LPS; Escherichia coli strain O26:B6; #L8274), 2-deoxy-D-glucose (2-DG; #D8375),
Trolox (TROL; #238813), dexamethasone (DEX; #D4902) and doxycycline hyclate (DOX; #D9891) were
obtained from Sigma Aldrich (L’Isle d’Abeau Chesnes, France). 4-Dedimethylaminosancycline (COL-3;
#HY-13648) was purchased from MedChemExpress (Monmouth Junction, NJ). Apocynin (APO; #4663)
was purchased from R&D Systems Europe (Lille, France). Dulbecco’s modified Eagle’s medium (DMEM)
and the Trypsin (0.05%)-EDTA solution used to produce subcultures were obtained from ThermoFisher
Scientific (Saint Aubin, France). Fetal calf serum (FCS) was provided by Biowest LLC (Eurobio, Les Ulis,
France). Deoxy-D-glucose 2-[1,2-3H (N)]- (NET549A) was purchased from Perkin Elmer (Courtaboeuf,
France).

Microglial cell cultures

Ethics statement

To generate microglial cell cultures, we used newborn C57BL/6J mice from Janvier LABS (Le Genest St Isle,
France). Mice were housed, handled, and cared for in strict accordance with the European Union Council
Directives (2010/63/EU). Experimental protocols were approved by the Committee on the Ethics of Animal
Experiments Charles Darwin no. 5.

Coating procedure with polyethyleneimine

Polyethyleneimine (PEI; Mw: 750,000 and Mn: 60,000; # P3143, Sigma Aldrich) was used to coat culture
flasks to spontaneously isolate microglial cells, as previously described (Sepulveda-Diaz et al., 2016). PEI
was diluted at 1 mg/ml in a pH 8.3 borate buffer solution prepared with borax decahydrate (#B3545) [30-
32]. After at least a 2 h incubation at 37°C, PEI was discarded, and culture flasks washed 4 times with
Dulbecco’s phosphate-buffered saline (PBS) until further use.

Isolation of microglial cells and production of subcultures

Brains from mouse pups (post-natal day 1) were mechanically dissociated as described before [33] and
cells in suspension were plated in PEI-coated T-75 culture flasks (Corning) containing 12 ml of DMEM
supplemented with 10% FCS and a penicillin/streptomycin cocktail. Under these conditions, the purification
of microglial cells occurs spontaneously after 14-18 days of culture. When required, purified microglial cells
were maintained for up to one more week in cell culture flasks by adding 2-3 ml of DMEM supplemented
with antibiotics and 1% FCS, only. To produce subcultures, purified microglial cells were trypsinized with
0.05% trypsin during 5 min. After trypsin neutralisation with 10% FCS, cells were plated onto uncoated
Nunc 48 plates, at a density of 100,000 cells per well, using DMEM supplemented with antibiotics and 1%
FCS as maintenance medium.
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. Πυριφιςατιον ανδ αγγρεγατιον οφ ρεςομβιναντ αΣ

Expression and purification of recombinant human αS was performed as previously described [7,34]. The
purity of the recombinant αS protein was evaluated by SDS-PAGE electrophoresis and protein samples were
then applied to a Pierce Spin column (#88275; Thermo Scientific) to remove contaminating endotoxins.
The Limulus Amebocyte Lysate assay revealed that monomeric αS stock solutions contained less than 0.1
endotoxin unit (EU)/mg protein at this stage. The protein solutions were then filtered and centrifuged, and
the protein content of the supernatant was measured at 280 nm with a Nanodrop 8000 spectrophotometer
(Thermo Fisher Scientific). The protein solution was finally adjusted to obtain appropriate concentrations.

To produce αSa fibers, recombinant αS samples were incubated at 37oC under orbital agitation for 96 h
(Thermomixer comfort; Eppendorf; Montesson, France). Protein aggregates were harvested, sonicated for
2 min and kept at -20oC until further use as previously described [7]. The production of amyloid fibrils
through this protocol was previously confirmed by transmission electron microscopy [30,35].

Stimulation protocols with inflammogens and drug treatments

Microglial cells were exposed to either LPS or αSa fibers for 24 hours to model brain inflammatory-type
reactions. Treatments with the test compounds and reference molecules were initiated 2 h before addition
of the inflammogens and pursued until the end of stimulation protocols.

Transmission electron microscopy (TEM)

Samples of αS solution were adsorbed onto glow-discharged 200 mesh carbon film coated copper grids and
stained with uranyl acetate (2%). Excess liquid was removed and grids were allowed to air dry. Images were
captured using a Hitachi HT7700 120kV transmission electron microscope.

Immunofluorescence detection of microglial markers

The MAC-1/CD11b antibody (clone M1/70.15) from BioRad (Oxford, UK) and the rabbit anti-ionized
antibody of the calcium-1 binding molecule (Iba-1, #019-19741) from Wako Chemicals (Neuss, Germany)
were used to monitor microglial cell responses at the cellular level. Briefly, cultures were fixed with 4%
formaldehyde in PBS (20 min, at room temperature), washed and incubated sequentially with antibodies
against MAC-1/CD11b (1:1000 in PBS for 72 hours) and Iba-1 (1: 500 in PBS-0.2% Triton X-100 overnight).
Immunodetection of MAC-1/CD11b and Iba-1 were performed with anti-rat Alexa-Fluor 555 and anti-rabbit
Alexa-Fluor 488 secondary antibodies, respectively (Invitrogen). Nuclear counterstaining with Hoechst 33342
(1 μg/ml for 5 min) was performed to enable automated focus during the cell counting procedure with
an Arrayscan XTi workstation (Thermo Fisher Scientific, Courtaboeuf, France). Fluorescent images were
automatically acquired with a 20x objective, and variations of immunofluorescence signal intensities were
quantified at the cellular level using the HCStudio software. For each treatment condition, at least 2,500
cells were processed for image analysis.

ΤΝΦ-α ασσαψ

TNF-α was measured using an ELISA kit from Thermofisher Scientific (#BMS607-3) according to the
manufacturer’s instructions. Absorbance measurements were performed at 450 nm using a SpectraMax i3X
microplate reader (Molecular Devices, Sunnyvale, CA).

Quantification of intracellular NADPH levels

NADPH levels were quantified using the high sensitivity NADPH quantification fluorometric Assay Kit
(#MAK216; Sigma Aldrich), as previously described [32]. The fluorescent reaction product was quantified
with a SpectraMax i3X microplate reader (Molecular Devices, Sunnyvale, CA) using excitation and emission
wavelengths of 535 and 587 nm, respectively.

Quantification of intracellular ROS levels

4
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. Intracellular ROS levels were measured using the membrane-permeable CellROX Deep Red reagent (In-
vitrogen Life Technologies), as described before [33]. Signal acquisition was performed an Arrayscan XTI
automated workstation fitted with a 20x objective (Thermo Scientific, Courtaboeuf, France). Cellular fluo-
rescence intensity levels were estimated with the HCStudio software [30].

Assessment of [3H]-2-DG uptake

The uptake of [3H]-2-DG was measured based on a protocol previously described [32]. Briefly, after ter-
mination of test treatments, microglial cell cultures were incubated at 37oC for 30 min in PBS containing
1 μCi [3H]-2-DG. 2-DG accumulation was terminated by washing the cultures with ice-cold PBS and the
radioactivity incorporated by the cells recovered by scraping the cultures in distilled water containing 1%
Triton-X. The radioactivity accumulated by microglial cells was quantified with a Tri-Carb 4910TR liquid
scintillation counter (Villebon sur Yvette, France). Blank values were obtained by applying 50 mM glucose
to control cultures.

Statistical analysis

Experimental values expressed as mean ± SEM were derived from at least two independent experiments
performed in triplicate. For statistical analysis, we performed comparisons by One-way ANOVA followed
by a Bonferroni post-hoc test using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla,
CA).

RESULTS

Τηε τετραςψςλινε ῝ΟΛ-3 ρεδυςες τηε ινφλαμματορψ ρεσπονσε οφ μιςρογλιαλ ςελλς

ςηαλλενγεδ ωιτη ειτηερ ΛΠΣ ορ αΣα

Figure 2A confirms that amyloid fibrils were present in αS shaken samples for 96h (lower image), whereas
non-shaken samples did not produce fibrilar αSa species.

To evaluate the anti-inflammatory potential of the non-antibiotic tetracycline COL-3, we used microglial
cells activated with the bacterial cell wall component LPS (10 ng/ml), a prototypical agonist for Toll-like
receptor-4 (TLR4) [36]. After 24 hours of treatment, LPS strongly stimulated the production/release of
the proinflammatory cytokine TNF-α. When the cultures were exposed to either 10 or 20 μM COL-3, the
production of TNF-α induced by LPS was significantly reduced by more than 30 and 75%, respectively
(Figure 2B). No significant effect was observed, however, at 1 μM, indicating that the suppressive action
of the tetracycline derivative was concentration-dependent and only significant after 10 μM. COL-3 at 20
μM appeared as effective as the reference tetracycline DOX, at 50μM. The reference anti-inflammatory drug
DEX (2.5 μM) wasmore effective than either 20 μM COL-3 or 50 μM DOX to reduce TNF-α release.

Cellular expression of the phenotypic activation marker Iba-1 was also estimated under the same experimental
conditions. We established that COL-3 suppressed the LPS-induction of microglial Iba-1 expression only at
10 or 20 μM (Figure 2B). At 50 μM, DOX also caused a robust decrease of the Iba-1 immunosignal. Note
that 2.5μM DEX reduced Iba-1 expression with an efficacy that was similar to that of COL-3 and DOX,
at 20 and 50μM, respectively. Photomicrographs illustrated LPS-treated microglial cell cultures, exposed or
not to COL-3 (20 μM) or DOX (50 μM) and then processed sequentially for CD11b and Iba-1 fluorescence
immunodetection, binding proteins that are constitutively expressed in microglia (Figure 2C).

To model inflammatory reactions as they may occur in PD we used αSa to trigger an inflammogenic response
in microglial cell cultures. As expected, a 24-hour exposure to αSa caused a robust increase of TNF-α release
whereas the monomeric form of αS (αSm) does not induce a significant effect compared to control levels
(Figure 2D). At 10 or 20 μM, COL-3 significant reduced TNF-α release induced by αSa. DOX exerted a
comparable repressive effect at 50μM. DEX at 2.5 μM was as effective as COL-3 and DOX at 20 and 50 μM,
respectively.

Coherent with previous observations, we also demonstrated that the induction of Iba-1 expression induced
by αSa was efficiently curtailed by COL-3 (10 or 20 μM), DOX (50 μM) and DEX (2.5 μM) (Figure 2E).
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. Micrographs illustrate microglial cultures treated with αSa in the presence or not of COL-3 (20μM) or DOX
(50 μM) and then processed sequentially for CD11b and Iba-1 fluorescence immunodetection (Figure 2F). It
is interesting to point out that αSm does not induce any effect.

The tetracycline COL-3 reduces glucose accumulation in microglial cells challengedωιτη ειτηερ
ΛΠΣ ορ αΣα

Recent studies have demonstrated that glucose is an essential fuel for microglial inflammatory processes
[32,37]. Accordingly, we found that a 24-h treatment with 10 ng/ml LPS leads to an almost 2-fold increase
in [3H]-2-DG uptake in microglial cultures (Figure 3A). [3H]-2-DG uptake was significantly reduced when
LPS-treated cultures were exposed to either 10 or 20 μM COL-3, whereas a lower COL-3 concentration (1
μM) was not effective (Figure 3A). A similar effect was obtained with DOX used at a concentration of 50 μM.
Surprisingly, DEX (2.5 μM) failed to alter [3H]-2-DG uptake, indicating that the anti-inflammatory effects
of the glucocorticoid and the non-antibiotic tetracycline derivative may occur through distinct mechanisms.
The uptake of [3H]-2-DG was also strongly reduced by inhibiting NADPH oxidase activity with 300μM APO
or by exposing the cultures to 500 μM unlabeled 2-DG, a concentration of the glucose analog susceptible
to restrain glucose utilization by these cells without affecting their survival (dos-Santos Pereira et al, 2020).
As expected, glucose uptake was also efficiently prevented when 50 mM glucose was added acutely to the
cultures to compete with [3H]-2-DG during uptake measurement (Figure 3B).

Interestingly, αSa also robustly increased [3H]-2-DG in microglial cell cultures (Figure 3C), suggesting that
the greater demand of glucose by microglial cells was not circumscribed to LPS-induced inflammatory events.
In contrast, αSm did not induce statistical effects. Noticeably, COL-3 (10 or 20 μM) reduced substantially
glucose uptake when applied concomitantly to αSa. This effect was mimicked by DOX at 50 μM. A co-
treatment of αSa-treated cultures with 300 μM APO or 500 μM 2-DG also led to a significant reduction in
[3H]-2-DG uptake. As expected [3H]-2-DG uptake was also prevented when glucose was added in excess to
compete with the radioligand when performing uptake measurements (Figure 3D).

COL-3 prevents the accumulation of NADPH in microglial cells challenged ωιτη ειτηερ ΛΠΣ
ορ αΣα

Glucose may have a key impact on microglial inflammatory processes by stimulating the pentose phosphate
pathway and consequently the synthesis of NADPH, the requisite substrate for the superoxide producing
enzyme NADPH oxidase [32,37]. Coherent with this view, we found that NADPH levels were increased
substantially in microglial cells activated by either 10 ng/ml LPS or 70 μg/ml αSa but not with αSm (Figure
4A,B). Of interest, COL-3 (20 μM) caused a significant reduction of NADPH levels in both inflammation
paradigms (Figure 4A,B). As expected, the suppressive effect of COL-3 was mimicked by DOX at a concen-
tration of 50 μM.

Both the inactive glucose analog 2DG (500 μM) and the NADPH oxidase inhibitor APO (300 μM) mimicked
the inhibitory effect of COL-3 on NADPH production in microglia activated by LPS or αSa, indicating that
the non-antibiotic tetracycline may interfere with a glucose-dependent mechanism that promotes NADPH
synthesis and as a consequence ROS production via the NADPH oxidase enzyme.

COL-3 prevents intracellular oxidative stress generated in microglial cells in response to in-
flammatory signals

To test the hypothesis of a ROS-dependent NADPH production, we used a quantitative cell-based fluo-
rescence assay to evaluate ROS in microglial cells exposed to 10 ng/ml LPS or 70 μg/ml αSa (Figure 5).
As expected, a 24-h treatment with LPS (10 ng/ml) or αSa (70 μg/ml) induced a significant increase of
intracellular ROS levels in microglial cells. In contrast, αSm does not induce significant effects on ROS
levels. Of interest, ROS production returned to control values when cultures exposed to either LPS or αSa
were previously treated with 20 μM COL-3 (Figure 5A,B), confirming the hypothesis that the non-antibiotic
tetracycline may exert anti-inflammatory effects by counteracting oxidative stress-dependent mechanisms.
As expected, the inhibitory effect of COL-3 on ROS production was mimicked by DOX at 50 μM. Noticeably,
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. the NADPH oxidase inhibitor APO (300 μM) and the antioxidant TROL (10μM) reduced ROS production
with an efficacy similar to that demonstrated by COL-3.

The anti-inflammatory activity of COL-3 is reproduced by reducing oxidative stress or glucose
utilization

Next, we wished to determine whether COL-3 suppressive effects on TNF-α release were reproduced by
lowering ROS production or glucose utilization. In line with this possibility, we established that the NADPH
inhibitor APO (300 μM) and the non-metabolizable glucose analog 2DG (500 μM) (Figure 6A) were as
effective as COL-3 to reduce TNF-α release induced by LPS or αSa, thus further supporting the view that
COL-3 exerts its anti-inflammatory effect by interfering with a glucose-dependent mechanism that promotes
oxidative stress (Figure 6B).

DISCUSSION

COL-3, a modified tetracycline with non-antibacterial properties [19,38,39], represents a promising molecule
to treat neurodegenerative- or inflammation-related diseases, since it is a tetracycline with pleiotropic effects
that does not present antibacterial properties and has previous studies demonstrating its safety, toxicity
and therapeutic range [40]. In this study, we unveiled COL-3 is a potent inhibitor, in primary microglial
cell cultures, of inflammatory reactions prompted by the bacterial cell wall component LPS and by the
aggregated form of αS, a potential trigger to PD pathophysiology. COL-3 anti-inflammatory action was
observed through TNF-α production/release and Iba-1 expression. Outstandingly, the ability of COL-3 to
restrict LPS and αSa-induced microglial inflammation comes, at least partially, from its capacity to inhibit
glucose consumption and production of NADPH, the requisite substrate for the superoxide producing enzyme
NADPH oxidase. This outcome converts to increased levels of ROS and consequent oxidative stress in the
cells, which are also restrained by COL-3 (Figure 7).

῝ΟΛ-3 περφορμς ας α ποτεντ αντι-ινφλαμματορψ δρυγ φορ ΛΠΣ- ανδ αΣα-αςτιvατεδ

μιςρογλιαλ ςελλς

Our group has previously demonstrated, in newborn mice primary microglial cultures, the robust inflamma-
tory action of LPS and αSa as these inflammogens stimulated the production/release of the proinflammatory
cytokine TNF-α and glutamate, a non-cytokine inflammatory mediator [30,32,35]. The present study point-
edly demonstrates that COL-3, when administered at 10 and 20 μM restrained or almost entirely abolished
the release of TNF-α and Iba-1 expression induced by LPS or αSa in microglial cell cultures, an absent effect
at 1 μM, indicating that COL-3 presents a threshold concentration.

Previous studies sustain our findings, as COL-3 can restrain the development of paclitaxel-induced thermal
hyperalgesia, effect associated to a COL-3 protection against CD11b+ cells increase – a surface protein
expressed by many immune cells, such as macrophage and microglial cells – and cytokine production, such
as TNF-α and Il-1β [41]. In the study of Cazalis et al. (2009) [42], using anex vivo human whole blood model,
it was shown that LPS increased cytokines’ secretion, and COL-3 reduced LPS-induced cytokine secretion at
several degrees. This outcome was centrally reproduced in an in vivo model of inflammation, where COL-3
was able to prevent, at least partially, microglia activation and TNF-α (but not IL-1β) release in the brain
[26]. Our results suggest the efficacy of COL-3 is more effective than the reference tetracycline DOX in
restraining inflammation produced by LPS or αSa, since the effect of COL-3 lower concentrations (10 and 20
μM) toward TNF-α and Iba-1 expression was sufficient to mimic the effect of a higher DOX concentration
(50 μM) or of the classic glucocorticoid anti-inflammatory, DEX.

The anti-inflammatory properties of COL-3 derives from its ability to restrain glucose uptake
and consequent glucose-dependent NADPH production

Our data showed that the treatment with inflammogens LPS or αSa substantially elevated glucose consump-
tion by microglial cells, as it seems to be a prerequisite to the shift into an activated profile [43], estimated
through the capture of [3H]-2-DG, a synthetic analog of glucose labeled with tritium. This corroborates pre-
vious results from our group showing LPS increases glucose uptake as a substrate to NADPH-dependent ROS
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. production, which leads to an inflammatory state of microglial cells [32]. This is the first time it is shown that
the aggregated inflammatory form of αS can increase glucose consumption in microglial cells, which points
to a common mechanism of these aggregated form of the protein with LPS to induce the inflammatory state
in microglial cells. Of interest, COL-3 strongly inhibited [3H]-2-DG uptake in LPS- and αSa-stimulated cells,
indicating the non-antibiotic tetracycline curtailed inflammatory-type responses by reducing glucose uptake.
Again, a higher concentration of the reference antibiotic tetracycline DOX reproduced these findings; how-
ever, the microglial uptake of [3H]-2-DG was unresponsive to DEX, indicating that the mechanisms of action
of the glucocorticoid and the tetracyclines were most probably partly different.

It should be emphasized that the uptake of [3H]-2-DG was also strongly reduced by inhibiting NADPH
oxidase activity with APO, which indicates that COL-3 prevented the uptake of glucose through inhibition
of ROS dependent-signaling events [44]. Noticeably, COL-3 anti-inflammatory action was also mirrored by
unlabeled 2-DG used at concentrations that competitively inhibit hexokinase, the glycolytic enzyme that
converts glucose into glucose-6-P [45], and saturating concentrations of GLUT-dependent glucose uptake
[46]. Our current data is one more evidence that the control of glucose availability by anti-inflammatory
drugs largely contributes to the reduction of microglial cell activation [32,47].

NADPH oxidase (NOX2), a multimeric complex, utilizes NADPH as substrate and reduces molecular oxygen
to produce superoxide, that is then further dismutated into stable and diffusible hydrogen peroxide pro-
oxidant [48]. The first metabolite product of glucose, glucose-6-phosphate, can be translocated into the
pentose phosphate shunt [49], which serves to produce nucleotide precursors and helps regenerate the reducing
agent NADPH, which is also a requisite substrate for NOX2 [45,49]. Consistent with previous findings from
our group and others, the pentose-phosphate shunt pathway is essential for ROS response in immune cells
like macrophages and microglial cells [32,48]. Therefore, we tested the possibility that the increase in glucose
uptake observed in primary microglial cells may serve to stimulate an increase in NADPH levels and that
COL-3 may possibly resolve inflammatory processes by preventing this effect. Here we observed a robust
elevation of NADPH synthesis in LPS- and αSa-challenged microglial cells.

In a recent study from our group, the phytocannabinoid anti-inflammatory cannabidiol prevented the rise
in NADPH synthesis elicited by LPS treatment, indicating that the anti-inflammatory action of cannabidiol
may be also dependent of this suppressive effect [32]. Our current results sustain our previous data, as the
tetracyclines COL-3 and DOX reduced NADPH levels produced after LPS and αSa stimulation in microglial
cells. Like cannabidiol, COL-3 operated by interfering with an alternative glucose-dependent mechanism.
Therefore, it is possible to imply that the inhibitory effects that COL-3 exerts on glucose consumption and
NADPH synthesis may strengthen the intrinsic antioxidant potential of this compound in a self-reinforcing
process.

Reinforcing our hypothesis, we found that compounds capable of restricting LPS and αSa-induced TNF-α
release and Iba-1 expression were also effective in preventing not only [3H]-2-DG uptake, but also the conse-
quent production of intracellular NADPH derived from the preferential activation of the pentose-phosphate
shunt pathway. In this way, the NOX2 inhibitor APO and the saturating concentration of unlabeled 2DG
prevented the production of NADPH, confirming the resulting inflammatory process caused by these inflam-
mogens results from a signaling event that requires an increase in glucose uptake and consequent NADPH
production, and the anti-inflammatory effect of COL-3 comes from blocking the signaling cascade of the
pentose-phosphate shunt pathway.

Our results also show that DEX, despite reducing inflammatory factors, was ineffective in avoiding LPS-
and αSa-dependent [3H]-2AG uptake increase. Although there are reports showing DEX inhibits glucose
uptake in contracting myotubes [50], glucocorticoids classically suppress the transcription of several genes
that encode pro-inflammatory cytokines and chemokines, therefore suggesting it may not have a direct action
over glucose uptake and consumption and oxidative stress response.

῝ΟΛ-3 πρεvεντς ΡΟΣ προδυςτιον ανδ ςονσεχυεντ ΛΠΣ ορ αΣα-εvοκεδ οξιδατιvε στρεσς

To finally assume that the anti-inflammatory effect of COL-3 was acquired from an underlying and indirect
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. anti-oxidant action, we observed LPS and αSa-increased ROS levels after treatment with COL-3. Coherent
with the previous results, COL-3 (20 μM) strongly inhibited ROS production in both scenarios. An intrinsic
antioxidant effect from COL-3 would implicate in a passive diffusion from this compound into the intracellular
content. Despite being shown that from the eight chemically modified tetracyclines existent, COL-3 is the
most lipophilic and consistently exhibited the greatest in vivo efficacy in animal models of tissue breakdown
and tissue uptake [51], if COL-3 has an intrinsic antioxidant ability or if it is only an indirect mechanism
through the reduction of glucose uptake and NADPH production remains to be determined.

It has been well described by our group and others that the inflammatory profile of microglial cells evoked by
LPS and αSa is associated with a robust elevation of intracellular oxidative stress [30,32,35,52,53]. Interest-
ingly this response was efficiently inhibited by COL-3, that reduced microglial inflammatory-type responses,
and by APO and TROL, an inhibitor of the superoxide producing enzyme NADPH oxidase, and an an-
tioxidant analog of vitamin E, respectively [54,55]. As previously hypothesized, these data point that ROS
production through a NOX2-dependent manner – i.e., the NADPH oxidase isoform that is most abundant
in microglial cells [56] – is a critical participant of the inflammatory response to the inflammogens LPS and
αSa, and that COL-3 potentially hindered with this signaling event. The expression of the phosphorylated
form of the p65 subunit of the NF-κB transcription factor is an important sequential event in the ROS
signaling cascade, as ROS operate as a trigger for NF-κB activation [57]. In addition to ROS direct toxic
impact on biological macromolecules, they can trigger the inflammatory response – i.e., microglial activation
and cytokine release – by stimulating a number of genes which are regulating the inflammatory-signaling
cascades, including NF-κB [58].

Again, we noticed COL-3 was proportionally more efficacious to inhibit oxidative stress in LPS- and αSa-
activated microglial cells than DOX, as a higher concentration of the last (50 μM was necessary to mimic
COL-3 (20 μM) action in avoiding ROS production. Several studies have compared the pleiotropic actions
od COL-3 and DOX, with converging results. Protasoni et al. [1] performed a comparative study of COL-3
and DOX to investigate the role of the mitochondrial energy generating capacity in an anticancer mechanism
and found that both drugs caused a severe decrease in the levels of mitochondrially encoded cytochrome-
c oxidase subunits and cytochrome-c oxidase activity. In addition to that, COL-3 was the only drug to
produce a marked drop in the level of nuclear-encoded succinate dehydrogenase subunit A and citrate
synthase activity, indicating that COL-3, differently from DOX, had multiple inhibitory effects. Opposingly,
Onoda et al. [59], investigating whether tetracyclines could induce apoptosis in human HT29 colon cancer
cells, described that both COL-3 and DEX inhibited the proliferation of six different colorectal cancer cell
lines in a dose-dependent manner; however, COL-3 had a stronger effect on cancer cells than DOX. This
study is the first to suggest a more effective action of COL-3 when compared to a tetracycline with antibiotic
activity such as DOX in an inflammatory context for microglial cells.

Our results point to a higher efficacy of COL-3 than DOX in their anti-inflammatory properties. That might
be explained by the structural differences of these two molecules: the presence of methyl groups that play a
role in the antibiotic activity of DOX might not influence or even reduce the anti-inflammatory/antioxidant
response shaped by this tetracycline. Gonzalez-Lizarraga et al. [17] described that COL-3 is also more
effective than DOX as an antiaggregant molecule due to these structural distinctions. In this way, COL-
3 not only efficiently prevented the formation of toxic α-synuclein amyloid aggregates in vitro , but also
disaggregated α-synuclein amyloid fibrils, while DOX was only efficient in the former analysis. This suggests
that COL-3 and DOX structural differences can impact the efficacy of each compound concerning their
anti-inflammatory responses.

Conclusion

This study supports the prominent anti-inflammatory profile of the promising tetracycline with no antibac-
terial activity, COL-3, on microglial cells activated by ether LPS or αSa. These anti-inflammatory effects
derive from the inhibition of glucose uptake and NADPH synthesis-dependent mechanism, which culminates
in the production of ROS by NADPH oxidase, necessary for the change of microglial cells into their pro-
inflammatory state. Thus, the complex and multifaceted action of COL-3 can be useful in clinical trials in
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. addition to those already carried out for cancer studies, including different neuroinflammatory conditions of
the central nervous system.
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Figure 1: This is a caption

Figure 1: Chemical structure of Chemically Modified Tetracycline (COL-3). While all tetracy-
clines present an octahydrotetracene-2-carboxamide skeleton, they differ from each other by the presence
of chloride, methyl, and hydroxyl groups. COL-3 differs from other tetracyclines in the absence of the
dimethylamino group from carbon 4 in the A ring, which confers it the characteristic of a non-antibacterial
tetracycline.

Figure 2: This is a caption

Figure 2: Τηε τετραςψςλινε ῝ΟΛ-3 ρεδυςες τηε ινφλαμματορψ ρεσπονσε οφ μιςρογλιαλ
ςελλς ςηαλλενγεδ ωιτη ειτηερ ΛΠΣ ορ αΣα (Α) (b) TEM images showing the presence of αS
amyloid fibrils under shaken conditions, only (lower image). Scale bar: 1 μm. (B)Quantification of TNF-α
levels in microglial cells exposed or not to LPS (10 ng/ml, 24-h) in the presence or not of COL-3 (1, 10 or
20 μM), DOX (50μM) or the reference antiinflammatory drug DEX (2.5 μM). Data are means ± SEM (n
= 4), *p < 0.05 vs control.#p < 0.05 vs LPS. One-way ANOVA followed by Bonferroni post-hoc test. (C)
Quantification of Iba-1 immunofluorescence density in microglial cultures exposed or not to to LPS (10 ng/ml,
24-h) in the presence or not of COL-3 (10 or 20 μM), DOX (50μM) or the reference glucocorticoid DEX (2.5
μM). Data are means ± SEM (n = 4), *p < 0.05 vs control.#p < 0.05 vs LPS. One-way ANOVA followed by
Bonferroni post-hoc test. (D) Visualization of CD11b (green) and Iba-1 (red) immunofluorescence signals
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. of LPS (10 ng/ml)-treated microglial cell cultures treated or not with COL-3 (20μM) or DOX (50 μM). Cell
nuclei were counterstained with Hoechst 33342 (blue). Scale bar = 120 μm. (E) Quantification of TNF-α
levels in microglial cells exposed or not to αSa (70 μg/ml, 24-h) in the presence or not of COL-3 (10 and 20
μM), DOX (50μM) or DEX (2.5 μM). Some cultures were also exposed αSm (70 μg/ml). Data are means ±
SEM (n = 4), *p < 0.05 vs control. #p < 0.05 vs αSa. One-way ANOVA followed by Bonferroni post-hoc
test.(F) Quantification of Iba-1 immunofluorescence signals in microglial cultures exposed or not to to α Sa
(70 μg/ml, 24-h) in the presence or not of COL-3 (10 or 20 μM), DOX (50μM) or DEX (2.5 μM). Data are
means ± SEM (n = 4), *p < 0.05 vs control.#p < 0.05 vs αSa. One-way ANOVA followed by Bonferroni
post-hoc test. (G) Visualization of CD11b (green) and Iba-1 (red) immunofluorescent signals in αSa (70
μg/ml)-treated microglial cell cultures exposed or not to COL-3 (20μM) or DOX (50 μM). Cell nuclei were
counterstained with Hoechst 33342 (blue). Scale bar = 120 μm.

Figure 3: This is a caption

Φιγυρε 3: Τηε τετραςψςλινε ῝ΟΛ-3 ρεδυςες γλυςοσε αςςυμυλατιον ιν μιςρογλιαλ ςελλς

ςηαλλενγεδ ωιτη ειτηερ ΛΠΣ ορ αΣα. (A)Quantification of glucose uptake in microglial cells
exposed or not to LPS (10 ng/ml, 24-h) in the presence or not of COL-3 (10 or 20 μM), DOX (50μM) or the
reference DEX (2.5 μM). (B) Quantification of glucose uptake in microglial cells exposed or not to LPS in the
presence of APO (300 μM), 2-DG (500 μM). The specificity of the assay was confirmed by acutely exposing
LPS-treated cultures to an excess of glucose (50 mM). (C) Quantification of glucose uptake in microglial
cells exposed or not to aSa (70 μg/ml, 24-h) in the presence or not of COL-3 (10 and 20 μM), DOX (50μM) or
the reference glucocorticoid DEX (2.5 μM). (D) Quantification of glucose uptake in microglial cells exposed
or not to αSa in the presence of APO (300 μM), 2-DG (500 μM). The specificity of the assay was confirmed
by acutely exposing αSa-treated cultures to an excess of glucose (50 mM). Data are means ± SEM (n =
6–8), *p < 0.05 vs control.#p < 0.05 vs inflammogen. One-way ANOVA followed by Bonferroni post-hoc
test.
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Figure 4: This is a caption

Φιγυρε 4: ῝ΟΛ-3 πρεvεντς ΝΑΔΠΗ σψντηεσις ιν μιςρογλιαλ ςελλς ςηαλλενγεδ ωιτη

ειτηερ ΛΠΣ ορ αΣα (Α) Quantification of NADPH in microglial cells exposed or not to LPS (10
ng/ml, 24-h) in the presence or not of COL-3 (20 μM), DOX (50μM), APO (300 μM), 2-DG (500 μM).(B)
Quantification of NADPH in microglial cells exposed or not to αSa (70 μg/ml, 24-h) in the presence or not
of COL-3 (20 μM), DOX (50μM), APO (300 μM), 2-DG (500 μM). Data are means ± SEM (n = 6–8), *p <
0.05 vs control. #p < 0.05 vs inflammogen. One-way ANOVA followed by Bonferroni post-hoc test.
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Figure 5: This is a caption

Φιγυρε 5: ῝ΟΛ-3 πρεvεντς ιντραςελλυλαρ οξιδατιvε στρεσς γενερατεδ ιν μιςρογλιαλ ςελλς

βψ ΛΠΣ ορ αΣα εξποσυρε (Α) Quantification of ROS levels in microglial cells exposed or not to LPS
(10 ng/ml, 24-h) in the presence or not of COL-3 (20 μM), DOX (50μM), APO (300 μM), or TROL (10 μM).
Data are means ± SEM (n = 6–8), *p < 0.05vs control. #p < 0.05 vs LPS. One-way ANOVA followed by
Bonferroni post-hoc test. (B)Visualization of intracellular ROS levels in LPS (10 ng/ml)-treated microglial
cell cultures treated or not with COL-3 (20 μM) or DOX (50 μM). Scale bar: 50 μm. (C) Quantification of
ROS levels in microglial cells exposed or not to αSa (70 μg/ml, 24-h) in the presence or not of COL-3 (20
μM), DOX (50 μM), APO (300 μM), or TROL (10 μM). Data are means ± SEM (n = 6–8), *p < 0.05 vs
control. #p < 0.05 vs αSa. One-way ANOVA followed by Bonferroni post-hoc test. (D) Visualization of
intracellular ROS levels in αSa (70 μg/ml)-treated microglial cell cultures treated or not with COL-3 (20μM)
or DOX (50 μM). Scale bar: 50 μm.
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Figure 6: This is a caption

Figure 6: The inhibitory effects of COL-3 ον ΤΝΦ-α ρελεασε αρε ρεπροδυςεδ βψ ειτηερ
ρεδυςινγ γλυςοσε μεταβολισμ ορ λοωερινγ ΝΑΔΠΗ οξιδασε αςτιvιτψ . (A) Quantification
of TNF-α levels in microglial cells exposed or not to LPS (10 ng/ml, 24-h) in the presence or not of COL-3
(20 μM), APO (300 μM), or 2-DG (500 μM μM). Data are means ± SEM (n = 6), *p < 0.05 vs control.#p
< 0.05 vs LPS. One-way ANOVA followed by Bonferroni post-hoc test. (B) Quantification of TNFα levels
in microglial cells exposed or not to αSa (70 μg/ml, 24-h) in the presence or not of COL-3 (20 μM), APO
(300 μM), or 2DG (500 μM μM). Data are means ± SEM (n = 6), *p < 0.05 vs control.#p < 0.05 vs αSa.
A One-way ANOVA followed by Bonferroni post-hoc test.
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Figure 7: This is a caption

Φιγυρε 7: Προποσεδ σςηεμε ρεπρεσεντινγ τηε μεςηανισμ ῝ΟΛ-3 μαψ ρεδυςε μιςρογλιαλ

ινφλαμματιον ιν ρεσπονσε το ΛΠΣ ανδ αΣα. The bacterial inflammogen LPS and the aggregates of
αS stimulate ROS production through the activation of TLR4 and TLR2/P2X7, respectively, and indirectly
through stimulation of NADPH oxidase (NOX2) activity. Increased levels of NADPH further enhance oxidant
stress (seen through ROS production) thus leading to the release of proinflammatory mediators (TNF-α and
Iba-1). COL-3 and DOX, by inhibiting glucose uptake, reduces glucose-derived synthesis of NADPH and
consequent oxidative stress. Reference drugs can (APO, TROL, DEX, 2AG) affect the inflammation process
in different steps (as observed in the figure), resulting in a similar final response to tetracyclines.

19


