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Abstract
Neurodegenerative diseases (NDs) are a group of chronic, progressive disorders characterized by the gradual loss of neurons that
affect specific regions of the brain, which leads to deficits in specific functions (e.g., memory, movement, cognition). The
mechanism that drives chronic progression of NDs remains elusive. Among the proposed underlying pathophysiological mech-
anisms, aggregation and accumulation ofmisfolded proteins and neuroinflammation have been credited to contribute to extensive
neural loss. Therapeutic agents that confer neuroprotection by downregulating these shared characteristics could therefore have
beneficial effects on a wide range of NDs. In this regard, a commonly used antibiotic, doxycycline (Doxy), has been shown to
reduce the progression and severity of disease in different experimental models of neurodegeneration by counteracting these
common features. This review will focus on the effects reported for Doxy regarding its neuroprotective properties, the Boff-
target^ effects, thereby supporting its evaluation as a new therapeutic approach for diseases associated with a neurodegeneration.
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Introduction

Neurodegeneration is a pathological process leading to the loss
of structure and function of neuronal tissue (Brezovakova et al.
2018). The classical examples of the neurodegenerative dis-
eases (NDs) are Alzheimer’s disease (AD), Parkinson’s disease
(PD), transmissible spongiform encephalopathies (TSEs or pri-
on diseases), and multiple sclerosis (MS) and that occur
through the progressive neuronal degeneration accumulated
over a period of time. The search for treatments for NDs is a
major concern in light of today’s aging population and an

increasing burden on individuals, families, and society
(Rotermund et al. 2018). Currently, medications for this group
of disorders are limited and aim to treat the symptoms only.
Although great advances have been made in the last decades to
understand both environmental and genetic causes of these
diseases, none of the medications available can prevent onset
of the illnesses or slow progressive worsening of the diseases.

Among the proposed underlying pathophysiological
mechanisms for NDs, aggregation and accumulation of
misfolded proteins, neuroinflammation, oxidative stress,
induction of apoptosis, and mitochondrial dysfunction
have been credited to contribute to extensive neural loss
(Dohm et al. 2008; Gandhi and Wood 2005; Skaper 2007;
Socias et al. 2018; Soto and Estrada 2008). Therapeutic
agents that confer neuroprotection by countering these
shared characteristics could therefore have beneficial ef-
fects on a wide range of NDs (Noble et al. 2009).

Since pioneer studies showed that leprosy patients who
received chronic treatment with antibiotics displayed signifi-
cantly decreased prevalence of dementia (Chui et al. 1994),
great expectations regarding the role of antibiotics as neuro-
protective agents have arisen (Reglodi et al. 2017).
Doxycycline (Doxy) is a broad-spectrum and second-
generation semi-synthetic derivative of the bacteriostatic anti-
biotic tetracycline approved for use by the FDA in 1967
(Nelson and Levy 2011). In addition to their efficacy in the
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treatment of multidrug-resistant infections, Doxy has the ad-
vantage of a safe toxicological profile and good penetration of
the blood-brain barrier (BBB) (Domercq and Matute 2004).
However, their therapeutic effects are due to more than just
their antimicrobial activity (Ahler et al. 2013).

Within the ancillary effects of Doxy, their neuroprotective
properties against NDs are of great interest for the develop-
ment of effective therapies (Forloni et al. 2001; Forloni et al.
2009; Forloni et al. 2015; Gonzalez-Lizarraga et al. 2017;
Kayed et al. 2003; Lazzarini et al. 2013; Minagar et al.
2008; Santa-Cecilia et al. 2016). The aim of this paper is to
overview the effects reported for Doxy regarding its neuropro-
tective properties in different experimental models, thereby
supporting its evaluation as a new therapeutic approach for
diseases associated with neurodegeneration.

Effects of Doxycycline on Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of
acquired deterioration of cognitive functioning and emo-
tional capacities leading to dementia (Inglese and Petracca
2013). The age-related accumulation of misfolded amyloid
β (Aβ) peptides (Aβ42 and Aβ40 insoluble fibrils) and
neurof ibr i l la ry tangles of hyper phosphoryla ted
microtubule-associated protein tau (MAPT) are currently
considered pathological hallmarks of AD (Socias et al.
2018). Pathological deposition of such molecules is accom-
panied by activation of the brain residing immune cells,
mainly microglia, and release of pro-inflammatory media-
tors (Brezovakova et al. 2018). In this context, neuroinflam-
mation has been widely described as a common and central
pathogenic factor of the neurodegenerative process in AD
(Heppner et al. 2015; McGeer and McGeer 2003).

Forloni et al. (2001) found that Doxy can inhibit the aggre-
gation pathway of Aβ42 and also disassemble the preformed
fibrils. Notably, small oligomeric forms of Aβ are responsible
for the toxicity and the early cognitive impairment observed in
patients before the amyloid plaque deposits appear (Kayed
et al. 2003). In this way, Diomede et al. (2010) examined the
Doxy effects on the sequence of events leading to
proteotoxicity, using transgenic Caenorhabditis elegans
(C. elegans) as a simplified invertebrate model of AD. In this
model, the expression of the Aβ peptide leads to the formation
of β-sheet-enriched structures, the intracellular accumulation
of which induces a paralysis phenotype. They found that
Doxy could interact directly in vivo with different Aβ assem-
blies and reduce Aβ oligomer deposition, protecting transgen-
ic C. elegans strains from the paralysis phenotype. This effect
was specific, dose-related and not linked to any antibiotic
activity, suggesting that Doxy might offer an effective thera-
peutic strategy to target soluble Aβ aggregates (Diomede et al.
2010). Furthermore, Costa et al. (2011) reinforced that Doxy

can prevent Aβ toxicity both in vitro and in vivo, supporting
its therapeutic potential in AD. In this work, Doxy was ad-
ministered to the developing and adult Drosophilae in their
culture medium. The effect of the drug on the behavior of the
flies was measured in three ways, firstly by measuring the
lifespan, secondly be assessing their climbing ability and at
thirdly by looking for effects on a developmental retinal tox-
icity phenotype (the rough eye phenotype). They found that
administration of Doxy to Aβ42-expressing flies did not im-
prove their lifespan but was able to slow the progression of
their locomotor deficits and partially rescued the toxicity of
Aβ in the developing eye. Also, they correlated these effects
with in vitro observations that showed that this drug reduced
formation of amyloid aggregates, the number of fibrils and the
size of Aβ species formed. Although several studies have
demonstrated the role of Doxy in preventing or halting the
progression of Aβ peptide, studies are required to evaluate
the role of this drug in amyloid cascade of tau protein.

Balducci et al. (2018) tested for the first time the efficacy of
Doxy in APP/PS1 AD mice, a transgenic mouse model that
overproduces Aβ. This study showed that subchronic
(20 days) and chronic (2 months) treatment with Doxy re-
stored long-term recognition memory without Aβ plaque re-
duction in 15- to 16-month-old APP/PS1 mice, when they
present important plaque deposition and glial activation.
This was confirmed in another mouse model induced by β-
amyloid oligomers (AβOs), where the AβO-mediated mem-
ory impairment was abolished by a Doxy pretreatment.
Although AβOs induce memory impairment through glial
activation, the memory recovery observed in both AβO-
treated and APP/PS1 mice was associated with a lower neu-
roinflammation, promoting these positive cognitive effects of
Doxy as a hopeful repositioned drug counteracting crucial
neuropathological AD targets.

Recently, Lucchetti et al. (2019) carried out pharmaco-
kinetic studies to measure plasma and brain levels of
Doxy in APP23 mice, a transgenic model of AD. It was
shown that the brain concentrations are lower than those
required for the drug’s anti-aggregating properties as ob-
served in cell-free studies, suggesting that other features
underlie the positive cognitive effects on AD mice.
Furthermore, there were no differences between Doxy
concentrations in brain areas of wild-type and APP23
mice, indicating no significant changes in BBB passage
of the drug in AD mice (Lucchetti et al. 2019).

Effects of Doxycycline on Parkinson’s Disease

Parkinson’s disease (PD) is the second most common human
neurodegenerative disorder after AD and the main clinical
symptoms include bradykinesia, resting tremor, and postural
instability, which result in impaired movement and other
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neurological dysfunctions (Kalia and Lang 2015). The neuro-
pathological hallmarks of this disease are the progressive loss
of dopaminergic neurons from the substantia nigra pars
compacta and the abnormal accumulation in the surviving
neurons of cytoplasmic α-synuclein (AS) protein inclusions,
which are called Lewy bodies (LBs) (Forno 1996). While the
pathogenic mechanism of human PD is still not fully under-
stood, oxidative stress, neuroinflammation, protein
misfolding, and mitochondrial dysfunction are thought to play
an important role in the degeneration of dopaminergic neurons
(Gandhi and Wood 2005). Nonetheless, AS aggregation ap-
pears to be the primary event that triggers all other injurious
processes (Socias et al. 2018).

Gonzalez-Lizarraga et al. (2017) showed that Doxy inter-
feres with this pathologic cycle at the aggregation level by
binding to early multimeric AS species and inducing their
reshaping into non-toxic off-pathway oligomers.
Furthermore, subantibiotic doses of Doxy were also able to
block the seeding capacity of AS preformed aggregates.

Accumulating evidence suggests that matrix metallopro-
teinases (MMPs) are associated with dopaminergic neuronal
death and neuroinflammation and, as a consequence, is in-
volved in the pathogenesis of PD (Reglodi et al. 2017). In this
regard, Doxy showed neuroprotective effect on dopaminergic
system and this appeared to derive from anti-inflammatory
mechanisms (Bortolanza et al. 2018). Cho et al. (2009) report-
ed that Doxy downregulated the cellular stress-inducedMMP-
3 expression and suppressed apoptosis and MMP-3 release in
dopaminergic cells. In addition, the drug led to reduction of
MMP-3 in microglial BV-2 cells exposed to lipopolysaccha-
ride (LPS) and this was accompanied by suppression of pro-
duction of nitric oxide and tumor necrosis factors alpha
(TNF-α), as well as gene expression of interleukin 1 beta
(IL-1β), TNF-α, inducible nitric oxide synthase (iNOS), and
cyclooxygenase 2 (COX-2). In vivo, Doxy provided protec-
tion of the nigral dopaminergic neurons in a 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyrimidine(MPTP)-induced mouse PD
model and suppressed glial activation (Cho et al. 2009). In the
same context, Reglodi et al. (2017) showed that Doxy has a
strong inhibitory effect on LPS-induced production of MMP3
and MMP9 in primary microglial cells and, therefore, it could
be useful to prevent and/or diminish neuroinflammatory-
associated neurodegeneration. In addition, previous and com-
plementary studies from our group demonstrated that Doxy
could diminish the impairments produced by the intrastriatal
administration of 6-hydroxydopamine (6-OHDA) by
inhibiting microglial and astrocyte expression in a mouse
model of PD (Lazzarini et al. 2013), which is in agreement
with the neuroprotective properties observed by previously
mentioned work (Cho et al. 2009).

Given that the immune response initiated by the major
histocompatibility complex II (MHC II) antigen can advance
chronic neurodegeneration in the process of PD, Zhang et al.

(2015) demonstrated that Doxy can inhibit degeneration of
LPS-induced dopaminergic neurons after injection of LPS
stereotactically into the substantia nigra compacta, and this
neuroprotective function is achieved by downregulating the
microglia MHC II expression. Furthermore, we also demon-
strated the efficiency of Doxy in the modulation of the
neuroinflammatory response in LPS-activated primary
microglial cells in culture. The drug showed a direct effect
on microglial cell activation through the reduction of the pro-
duction of pro-inflammatory cytokines (TNF-α and IL-1β),
reactive nitrogen, and oxygen species and these effects were
mediated by the inhibition of mitogen-activated protein kinase
(MAPK) p38 and nuclear factor kappa B (NF-κB) signaling
pathways (Santa-Cecilia et al. 2016).

Effects of Doxycycline on Prion Protein
Diseases

Prion diseases also called transmissible spongiform encepha-
lopathies (TSE) in human and animals are fatal neurodegen-
erative diseases that cause extensive loss of cerebral neurons
with formation of vacuoles, giving a Bsponge-like^ appear-
ance to the tissue. They include several diseases such as
Creutzfeld Jakob disease (CJD), Gerstmann-Sträussler-
Sheinker (GSS) diseases, Kuru, and fatal familial insomnia
(FFI), with different causes (infectious/iatrogenic, sporadic,
or genetic origin), recognized both in humans and animals as
variations of the same disorder (Collins et al. 2004; De Luigi
et al. 2008; Forloni et al. 2009; Prusiner 2001).

The presence of a pathological form (PrPSc) of the cellular
prion protein (PrPC) is the common feature of these heteroge-
neous diseases (Collins et al. 2004; De Luigi et al. 2008; Forloni
et al. 2013) and has been associatedwith either the pathogenesis
or infectivity of the diseases. This causes infected brain tissue to
become spongy and riddled with holes. The main target of the
anti-prion strategy has been the pathological form of the cellular
prion protein (PrPSc), invariably associated with TSE.

In this regard, Forloni et al. (2009) demonstrated that Doxy
interacted with aggregates obtained by synthetic PrP peptides
or pathological PrP (PrPSc) extracted from TSE brains,
destabilized the structure of amyloid fibrils, and also inhibited
the conversion of PrPC to the pathological form PrPSc.
Moreover, the pretreatment of homogenates from prion-
infected brains with Doxy diminished their infectivity, de-
layed the development of the pathology and increased the
survival time (Forloni et al. 2009). This finding is in agree-
ment with previous observations from De Luigi et al. (2008)
indicating the effectiveness of Doxy as anti-prion agents in
prolonging the survival of hamsters infected with the 263K
scrapie strain. However, this effect was limited when Doxy
was administered after animals began to show signs of dis-
ease. However, the results of randomized, double-blind, phase
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2 trial of 121 CJD patients treated with Doxy versus placebo
did not show significant difference in survival or disease pro-
gression between the groups. Researchers have speculated
that treatment with oral Doxy after disease symptoms first
appear (late stage) is relatively ineffective (Haik et al. 2014).
More recently, a phase 2 study in CJD patients at an early
stage demonstrated the superiority of Doxy over control
(Varges et al. 2017), where slight increase in survival time in
the Doxy treatment group was observed, a contrasting with the
negative results of Haik et al. (2014). Another clinical trial
with Doxy was reported indicating preventive treatment to
persons carrying a genetic mutation associated with fatal fa-
milial insomnia (FFI) (Forloni et al. 2015).

Notably, Schmitz et al. (2016) were the first to apply real-
time quaking-induced conversion (RT-QUIC), an in vitro am-
plification assays used to detect aggregation activity of
misfolded prion protein, in different types of samples from
patients with a prion disease, as a pre-screening amplification
assay for anti-prion agents, and confirmed that Doxy is an
efficient inhibitor of the PrP aggregation process.

Effects of Doxycycline on Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) characterized, in the early
phase, by infiltration of circulating mononuclear cells and
extensive microglial activation that lead to axon demyelin-
ation and to neuroaxonal degeneration and brain atrophy that
becomes more dominant as the disease progresses (Inglese
and Petracca 2013; Lassmann and van Horssen 2011). The
extent of demyelination and axonal injury are the key features
of MS pathogenesis.

A clinical trial demonstrated that patients who were taking
intramuscular interferon beta (IFN-β) for the treatment of MS
and were submitted to a combination therapy with oral Doxy
pointed effective, safe, and well-tolerated results (Minagar
et al. 2008). Overexpression of MMPs in the pathogenesis of
MS is associated with promotion of the inflammatory cascade
in the CNS and axonal loss (Newman et al. 2001; Starckx
et al. 2003). The clinical trial indicated correlations between
decreased serum MMP-9 levels and enhancing lesion activity
reduction. Also, Doxy decreased transendothelial migration of
monocytes. Because IFN-β also decreases MMP production
and activity in patients with MS, the combination of these
compounds may exert a synergistic impact on MMP levels
and activity (Minagar et al. 2008).

Conclusion and Further Considerations

In this review, we highlighted beneficial effects of Doxy, a
semi-synthetic second-generation tetracycline, together with

its potential for as a typical clinical antibiotic, its ability to
cross the BBB in both humans and mice, and the pleiotropic
actions emerging for this class of antibiotics, mainly focused
on the regulatory influence on protein aggregation and
neuroinflammatory pathway (Fig. 1).

A candidate molecule for therapy in neurodegeneration
must be able to freely cross the BBB, or at least at a concen-
tration high enough to exert its action, since the pharmacolog-
ic approach may be particularly difficult and hamper the treat-
ment (Socias et al. 2018). In this context, Doxy has good
clinical safety and can easily penetrate the BBB (Domercq
and Matute 2004).

Protein aggregation processes appear to involve common
mechanisms during the development of the different ND
pathological states. As demonstrated by the anti-
aggregating activity of Doxy on Aβ, α-synuclein, and PrP
disorders, there is an important opportunity for its applica-
tion in multiple NDs. Furthermore, compelling evidence
s ugge s t s t h a t mo s t , i f n o t a l l , NDs i nvo l v e a
neuroinflammatory process, whichmay contribute to degen-
eration and neuronal death (Chen et al. 2016; Gonzalez-
Lizarraga et al. 2017). Thereby, the anti-inflammatory prop-
erties of Doxy have been proposed as the mechanism in-
volved in the neuroprotective effect (Santa-Cecilia et al.
2016). Interestingly, aggregated proteins may induce an in-
flammatory response mediated by glia cells as well as oxi-
dative damage and all these processes might be interrelated
in a self-sustained cycle of protein aggregation leading to
neuroinflammation events that further exacerbate aggre-
gates’ formation (Gonzalez-Lizarraga et al. 2017; Gustot
et al. 2015). Overall, neuroprotective therapy with Doxy as
a pleiotropic drug capable of downregulating neuroinflam-
mation and protein aggregation at several levels constitutes a
promising approach for hampering the degenerative cycle.

In fact, by adjusting the Doxy concentration, it is possible
to select the antibiotic activity or its pleiotropic actions
(Gonzalez-Lizarraga et al. 2017). Some clinical trials demon-
strated antimicrobial effect with 200–400 mg/day of the drug,
whereas subantibiotic doses (20–40 mg/day) exert anti-
inf lammatory act ivi t ies (Di Caprio et al . 2015) .
Nevertheless, treatment with conventional anti-inflammatory
drugs has been not proven effective in neuroprotection, sug-
gesting that this mechanism alone would not be enough
(Bortolanza et al. 2018; Gonzalez-Lizarraga et al. 2017).

Finally, long-term administration of subantimicrobial-dose
Doxy of up to 2 years in clinical trials did not produce antibi-
otic side effects (Golub et al. 2016; Keijmel et al. 2017).

In summary, the proven feasibility and the good safety
record of Doxy support its potential prospect as an effective
and inexpensive protective treatment for neurodegenerative
disorders without serious secondary effects. Future studies
are required for a better understanding of Doxy action and
unravel the molecular mechanisms involved in its effects. It
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seems likely that Doxy could offer novel therapeutic ap-
proaches that act on multiple pathways counteracting the de-
generation of the dopaminergic neurons in the CNS.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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