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20230810 Ambroxol — a unique disease-modifying compound in neurodegenerative disorders

Studies conducted both in preclinical and clinical settings, focusing on various disorders characterized by
neuronal degeneration, have demonstrated that ambroxol aids in promoting the survival of neurons
through a range of interconnected mechanisms. Broadly, these studies indicate that ambroxol assists
neurons in effectively clearing waste within their structures, improving their metabolic functions, and
reducing inflammatory response.

From a clinical perspective, ambroxol has a well-established history of safe usage, even during prolonged
periods and at elevated doses. Moreover, it exhibits strong bioavailability within brain tissue. Based on
these favorable attributes and the robust outcomes observed in model systems, ambroxol is currently
undergoing clinical trials for several neurodegenerative conditions, including Parkinson’s disease (phase
[l (University College, London, 2023), phase Il (Fondazione I.R.C.C.S. Istituto Neurologico Carlo Besta,
2022)), Lewy body dementia (phase /1l (Pasternak, 2022), phase Il (Helse Fonna, 2021)), Amyotrophic
lateral sclerosis (phase Il (Turner, 2022)), and Gaucher’s disease (multiple open label trials (Shaare Zedek
Medical Center, 2023; Zhan et al., 2023). Collectively, these results indicate ambroxol’s potential for
treatment of neurodegenerative disorders including Alzheimer’s disease (AD).

In terms of its underlying mechanisms, the initial evidence revealing ambroxol’s unexpected impact on
the cellular waste elimination process, known as autophagy, emerged from screenings that
demonstrated its ability to regulate enzymes responsible for processing sphingolipids. Sphingolipids are
molecules that are predominantly processed by enzymes localized within lysosomes. These enzymes
experience significant dysregulation in patients with Alzheimer’s disease (AD) and even in individuals at
the early stages of AD progression (Byeon et al., 2021; Baloni et al., 2022). Through an extensive library
screening, ambroxol was identified as the primary candidate capable of acting as a molecular chaperone
for glucocerebrosidase (GCase) (Maegawa et al., 2009). Elevated GCase activity has been demonstrated
to enhance the lysosomes' ability to break down protein aggregates, such as those formed by alpha-
synuclein (Mazzulli et al., 2016). Notably, ambroxol has been shown to boost GCase activity in human
patients with Gaucher’s disease (Narita et al., 2016) as well as in cases of idiopathic Parkinson's disease
(PD) (Mullin et al., 2020), with positive impacts on the overall reported quality of life in both instances.
Ambroxol's effects also extend to inhibiting sphingomyelinase (Carpinteiro et al., 2021), an enzyme that
tends to become overly active in AD patients (Baloni et al., 2022). Heightened sphingomyelinase activity
is linked to the increased amyloidogenic processing of the amyloid precursor protein by gamma
secretases (Grimm et al., 2005). Conversely, inhibiting sphingomyelinase has been demonstrated to
rescue synaptic deficits in mouse models of AD (Baloni et al., 2022).

Another aspect of AD's underlying mechanisms that ambroxol addresses is the unfolded protein
response. In AD and other neurodegenerative disorders, the accumulation of neurotoxic protein waste
contributes to the emergence of endoplasmic reticular stress. This stress triggers the production of
additional intracellular protein aggregations (Ajoolabady et al., 2022). Ambroxol plays a role in enhancing
the removal of protein aggregates by promoting autophagy through the upregulation of transcription
factor EB (McNeill et al., 2014; Choi et al., 2018; Magalhaes et al., 2018). Transcription factor EB is a key
controller of cellular autophagy processes (Medina et al., 2015). It's worth noting that many substances
that amplify TFEB signaling also disrupt cellular metabolism by generating free radicals as by-products
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(Lu et al., 2017; Redmann et al., 2017). In contrast, ambroxol acts as a potent antioxidant (Ledwozyw et
al., 1991; Stetinova et al., 2004). Its application has demonstrated an association with heightened
functionality of lysosomes and mitochondria both in cell cultures and in murine models (Magalhaes et
al., 2018; Mishra and Krishnamurthy, 2020). Additionally, ambroxol has been shown to alleviate
endoplasmic reticular stress and protect neural function in mouse models of ischemic stroke when
administered after reperfusion (Ge et al., 2020; Jiang et al., 2020).

Lastly, ambroxol assumes a powerful role in governing the immune response, which increases during the
prodromal phase of AD. Elevated levels of pro-inflammatory cytokines, such as interleukin 1p, 6, 8, and
tissue necrosis factor alpha, in longitudinally sampled AD patient sera have been identified as predictive
of unfavorable clinical trajectories (Heneka et al., 2015). In contrast, heightened levels of anti-
inflammatory cytokines like interleukin 10 and interferon-y associated with adaptive immunity have
been linked to slower cognitive decline in individuals with AD (Yang et al., 2022). Diverse studies across
various organ systems (Takeda et al., 2016; Zhang et al., 2016; Jiang et al., 2020; Kdkai et al., 2021;
Schneider et al., 2021; Cavalu et al., 2022) have collectively affirmed that ambroxol exerts a
transformative influence on inflammation and immune response. For instance, in lung tissue, ambroxol
has demonstrated the ability to reduce the expression of pro-inflammatory cytokines like interleukins 1P,
6, 8, and tissue necrosis factor-a (Bianchi et al., 1990; Jang et al., 2003; Wang et al., 2011). It has also
been shown to reduce activation of pathways leading to inflammasome activation, such as NF-kB, in the
gut (Cavalu et al., 2022).

This dampening of inflammation is partially attributed to ambroxol's capacity to scavenge free radicals
(Peroni et al., 2013). Moreover, its effects on autophagy, particularly TFEB activation, could play a role in
mitigating inflammation by degrading pivotal mediators of inflammation, including components of the
inflammasome (Shi et al., 2012; Deretic, 2021). Alongside its inhibitory effects on pro-inflammatory
signaling pathways, ambroxol has been found to elevate the expression of interleukin 10, 12, and
interferon-y in lung tissue following challenges with pathogens and ovalbumin (Takeda et al., 2016; Kdkai
et al., 2021), indicating a reinforced anti-inflammatory and adaptive immune response. Collectively,
these immune response effects may contribute to preclinical observations of diminished inflammation in
ulcerative colitis models (Schneider et al., 2021) and a reduction in pro-inflammatory M1-type microglial
activation in models of intracerebral hemorrhage (Jiang et al., 2020).

Due to its demonstrated capacity to safeguard neuronal integrity in the face of challenges, ambroxol
stands out as a promising contender for repurposing in the context of various neurodegenerative
conditions. Notably, the International Linked Clinical Trials program has singled out ambroxol as one of
the select few FDA-approved drug candidates for repurposing in the treatment of Parkinson’s disease
(Stott et al., 2021). Following encouraging outcomes in phase 2 trials (Mullin et al., 2020), this initiative
joined forces with the Van Andel Institute and the John Black Charitable Foundation to finance a phase 3
trial investigating ambroxol's potential in treating PD. This milestone marks ambroxol as one of only five
candidate drugs to ever attain such a stage of clinical investigation for PD.

In addition, ambroxol earned a place of prominence in the RENEWAL program through expert consensus,
positioning it as the most promising candidate for clinical trials targeting Lewy Body Dementia (O’Brien
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et al., 2022). Furthermore, strong preclinical study results (Bouscary et al., 2019) have propelled
ambroxol into the sphere of evaluation as a prospective therapy for amyotrophic lateral sclerosis.

Thus, ambroxol boasts a robust clinical history and has garnered support from both preclinical and
clinical realms as a potential remedy for neuronal loss in degenerative disorders. Its distinctive
mechanisms of action at the cellular level align effectively with alleviating the intracellular deficits
characteristic of such disorders. Coupled with its favorable safety profile and ability to cross the blood-
brain barrier, Ambroxol holds promise for deployment as a flexible solution in the treatment of
Alzheimer’s disease. It could serve either as a standalone therapy or in synergy with newly approved
monoclonal antibodies, which are on the brink of becoming the standard of care.

References
Ajoolabady A, Lindholm D, Ren J, Pratico D (2022) ER stress and UPR in Alzheimer’s disease: mechanisms,
pathogenesis, treatments. Cell Death Dis 13:706.

Baloni P et al. (2022) Multi-Omic analyses characterize the ceramide/sphingomyelin pathway as a
therapeutic target in Alzheimer’s disease. Commun Biol 5:1-13.

Bianchi M, Mantovani A, Erroi A, Dinarello CA, Ghezzi P (1990) Ambroxol inhibits interleukin 1 and tumor
necrosis factor production in human mononuclear cells. Agents Actions 31:275-279.

Bouscary A, Quessada C, Mosbach A, Callizot N, Spedding M, Loeffler J-P, Henriques A (2019) Ambroxol
Hydrochloride Improves Motor Functions and Extends Survival in a Mouse Model of Familial
Amyotrophic Lateral Sclerosis. Front Pharmacol 10:883.

Byeon SK, Madugundu AK, Jain AP, Bhat FA, Jung JH, Renuse S, Darrow J, Bakker A, Albert M, Moghekar
A, Pandey A (2021) Cerebrospinal fluid lipidomics for biomarkers of Alzheimer’s disease. Mol
Omics 17:454-463.

Carpinteiro A, Gripp B, Hoffmann M, P6hlmann S, Hoertel N, Edwards MJ, Kamler M, Kornhuber J, Becker
KA, Gulbins E (2021) Inhibition of acid sphingomyelinase by ambroxol prevents SARS-CoV-2 entry
into epithelial cells. Journal of Biological Chemistry 296.

Cavalu S et al. (2022) Ambroxol, a mucolytic agent, boosts HO-1, suppresses NF-kB, and decreases the
susceptibility of the inflamed rat colon to apoptosis: A new treatment option for treating
ulcerative colitis. The FASEB Journal 36:22496.

Choi SW, Gu Y, Peters RS, Salgame P, Eliner JJ, Timmins GS, Deretic V (2018) Ambroxol Induces Autophagy
and Potentiates Rifampin Antimycobacterial Activity. Antimicrobial Agents and Chemotherapy
62.

Deretic V (2021) Autophagy in inflammation, infection, and immunometabolism. Immunity 54:437-453.

Fondazione I.R.C.C.S. Istituto Neurologico Carlo Besta (2022) Ambroxol as a Disease-modifying Treatment
to Reduce the Risk of Cognitive Impairment in GBA-associated Parkinson’s Disease. A
Multicenter, Randomized, Double-blind, Placebo-controlled, Phase 2 Trial. clinicaltrials.gov.
Available at: https://clinicaltrials.gov/study/NCT05287503 [Accessed August 9, 2023].

3|Page



128
129
130
131

132
133
134

135
136
137
138

139

140
141
142

143
144
145
146

147
148

149
150

151
152

153
154
155

156
157

158
159
160

161
162
163

Ge H, Zhang C, Yang Y, Chen W, Zhong J, Fang X, Jiang X, Tan L, Zou Y, Hu R, Chen Y, Feng H (2020)
Ambroxol Upregulates Glucocerebrosidase Expression to Promote Neural Stem Cells
Differentiation Into Neurons Through Wnt/B-Catenin Pathway After Ischemic Stroke. Front Mol
Neurosci 13:596039.

Grimm MOW, Grimm HS, Patzold AJ, Zinser EG, Halonen R, Duering M, Tschape JA, De Strooper B, Miiller
U, Shen J, Hartmann T (2005) Regulation of cholesterol and sphingomyelin metabolism by
amyloid-beta and presenilin. Nat Cell Biol 7:1118-1123.

Helse Fonna (2021) A Clinical Trial to Demonstrate Clinical Efficacy on Cognitive, Neuropsychiatric and
Functional Outcomes of Ambroxol in New and Early Patients With Prodromal and Mild Dementia
With Lewybodies. clinicaltrials.gov. Available at: https://clinicaltrials.gov/study/NCT04588285
[Accessed August 9, 2023].

Heneka MT et al. (2015) Neuroinflammation in Alzheimer’s Disease. Lancet Neurol 14:388-405.

Jang YY, Song JH, Shin YK, Han ES, Lee CS (2003) Depressant effects of ambroxol and erdosteine on
cytokine synthesis, granule enzyme release, and free radical production in rat alveolar
macrophages activated by lipopolysaccharide. Pharmacol Toxicol 92:173-179.

Jiang X, Zhang J, Kou B, Zhang C, Zhong J, Fang X, Huang X, Zhang X, Xie F, Hu Q, Ge H, Yu A (2020)
Ambroxol Improves Neuronal Survival and Reduces White Matter Damage through Suppressing
Endoplasmic Reticulum Stress in Microglia after Intracerebral Hemorrhage. BioMed Research
International 2020:e8131286.

Kékai D, Pardczai D, Virok DP, Endrész V, Gaspar R, Csont T, Bozd R, Burian K (2021) Ambroxol Treatment
Suppresses the Proliferation of Chlamydia pneumoniae in Murine Lungs. Microorganisms 9:880.

Ledwozyw A, Jabtonka S, Tusinska E (1991) [The effect of ambroxol on peroxidative processes in dog lung
mitochondria]. Pol Arch Weter 31:105-113.

LuS, Sung T, Lin N, Abraham RT, Jessen BA (2017) Lysosomal adaptation: How cells respond to
lysosomotropic compounds. PLOS ONE 12:e0173771.

Maegawa GHB, Tropak MB, Buttner JD, Rigat BA, Fuller M, Pandit D, Tang L, Kornhaber GJ, Hamuro Y,
Clarke JTR, Mahuran DJ (2009) Identification and characterization of ambroxol as an enzyme
enhancement agent for Gaucher disease. J Biol Chem 284:23502—-23516.

Magalhaes J, Gegg ME, Migdalska-Richards A, Schapira AH (2018) Effects of ambroxol on the autophagy-
lysosome pathway and mitochondria in primary cortical neurons. Scientific Reports 8:1385.

Mazzulli JR, Zunke F, Tsunemi T, Toker NJ, Jeon S, Burbulla LF, Patnaik S, Sidransky E, Marugan JJ, Sue CM,
Krainc D (2016) Activation of B-Glucocerebrosidase Reduces Pathological a-Synuclein and
Restores Lysosomal Function in Parkinson’s Patient Midbrain Neurons. J Neurosci 36:7693-7706.

McNeill A, Magalhaes J, Shen C, Chau K-Y, Hughes D, Mehta A, Foltynie T, Cooper JM, Abramov AY, Gegg
M, Schapira AHV (2014) Ambroxol improves lysosomal biochemistry in glucocerebrosidase
mutation-linked Parkinson disease cells. Brain 137:1481-1495.

4|Page



164
165
166
167

168
169

170
171
172

173
174

175
176

177
178
179

180
181
182

183
184
185

186
187
188
189

190
191
192

193
194
195

196
197

198
199

Medina DL, Di Paola S, Peluso I, Armani A, De Stefani D, Venditti R, Montefusco S, Scotto-Rosato A,
Prezioso C, Forrester A, Settembre C, Wang W, Gao Q, Xu H, Sandri M, Rizzuto R, De Matteis MA,
Ballabio A (2015) Lysosomal calcium signalling regulates autophagy through calcineurin and
TFEB. Nat Cell Biol 17:288-299.

Mishra A, Krishnamurthy S (2020) Neurorestorative effects of sub-chronic administration of ambroxol in
rodent model of Parkinson’s disease. Naunyn Schmiedebergs Arch Pharmacol 393:429-444.

Mullin S et al. (2020) Ambroxol for the Treatment of Patients With Parkinson Disease With and Without
Glucocerebrosidase Gene Mutations: A Nonrandomized, Noncontrolled Trial. JAMA Neurol
77:427-434,

Narita A et al. (2016) Ambroxol chaperone therapy for neuronopathic Gaucher disease: A pilot study.
Ann Clin Transl Neurol 3:200-215.

O’Brien JT et al. (2022) RENEWAL: REpurposing study to find NEW compounds with Activity for Lewy
body dementia—an international Delphi consensus. Alzheimer’s Research & Therapy 14:169.

Pasternak S (2022) Ambroxol as a Novel Disease Modifying Treatment for Lewy Body Dementia.
clinicaltrials.gov. Available at: https://clinicaltrials.gov/study/NCT04405596 [Accessed August 9,
2023].

Peroni DG, Moser S, Gallo G, Pigozzi R, Tenero L, Zanoni L, Boner AL, Piacentini GL (2013) Ambroxol
inhibits neutrophil respiratory burst activated by alpha chain integrin adhesion. Int J
Immunopathol Pharmacol 26:883-887.

Redmann M, Benavides GA, Berryhill TF, Wani WY, Ouyang X, Johnson MS, Ravi S, Barnes S, Darley-Usmar
VM, Zhang J (2017) Inhibition of autophagy with bafilomycin and chloroquine decreases
mitochondrial quality and bioenergetic function in primary neurons. Redox Biol 11:73-81.

Schneider R, Leven P, Glowka T, Kuzmanov I, Lysson M, Schneiker B, Miesen A, Baqi Y, Spanier C, Grants |,
Mazzotta E, Villalobos-Hernandez E, Kalff JC, Miiller CE, Christofi FL, Wehner S (2021) A novel
P2X2-dependent purinergic mechanism of enteric gliosis in intestinal inflammation. EMBO Mol
Med 13:e12724.

Shaare Zedek Medical Center (2023) Ambroxol Therapy for Patients With Type 1 Gaucher Disease and
Suboptimal Response to Enzyme Replacement Therapy. clinicaltrials.gov. Available at:
https://clinicaltrials.gov/study/NCT03950050 [Accessed August 9, 2023].

Shi C-S, Shenderov K, Huang N-N, Kabat J, Abu-Asab M, Fitzgerald KA, Sher A, Kehrl JH (2012) Activation
of autophagy by inflammatory signals limits IL-13 production by targeting ubiquitinated

inflammasomes for destruction. Nat Immunol 13:255-263.

Stetinovd V, Herout V, Kvetina J (2004) In vitro and in vivo antioxidant activity of ambroxol. Clin Exp Med
4:152-158.

Stott SRW, Wyse RK, Brundin P (2021) Drug Repurposing for Parkinson’s Disease: The International Linked
Clinical Trials experience. Front Neurosci 15:653377.

5|Page



200
201
202

203
204
205

206
207
208

209
210
211

212
213
214
215

216
217

218
219
220

221

Takeda K, Miyahara N, Matsubara S, Taube C, Kitamura K, Hirano A, Tanimoto M, Gelfand EW (2016)
Immunomodulatory Effects of Ambroxol on Airway Hyperresponsiveness and Inflammation.
Immune Netw 16:165-175.

Turner BJ (2022) ANZCTR - Registration. Available at:
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=384846&showOriginal=true&i
sReview=true [Accessed August 10, 2023].

University College, London (2023) Ambroxol to Slow Progression in Parkinson Disease: A Phase llla Multi-
centre Randomised Placebo-controlled Trial. clinicaltrials.gov. Available at:
https://clinicaltrials.gov/study/NCT05778617 [Accessed August 9, 2023].

Wang Y, Wang F-Y, Pan Z, Dai Y-Y, Xu H-J, Jin K-K, Wang W-T (2011) [Effects of ambroxol combined with
low-dose heparin on TNF-alpha and IL-1beta in rabbits with acute lung injury]. Chinese Journal of
Applied Physiology 27:231-235.

Yang H-S, Zhang C, Carlyle BC, Zhen SY, Trombetta BA, Schultz AP, Pruzin JJ, Fitzpatrick CD, Yau W-YW, Kirn
DR, Rentz DM, Arnold SE, Johnson KA, Sperling RA, Chhatwal JP, Tanzi RE (2022) Plasma IL-
12/IFN-y axis predicts cognitive trajectories in cognitively unimpaired older adults. Alzheimer’s &
Dementia 18:645-653.

Zhan X, Zhang H, Maegawa GHB, Wang Y, Gao X, Wang D, Li J (2023) Use of Ambroxol as Therapy for
Gaucher Disease. JAMA Network Open 6:€2319364.

Zhang S, Jiang J, Ren Q, Jia Y, Shen J, Shen H, Lin X, Lu H, Xie Q (2016) Ambroxol inhalation ameliorates

LPS-induced airway inflammation and mucus secretion through the extracellular signal-regulated
kinase 1/2 signaling pathway. European Journal of Pharmacology 775:138-148.

6|Page



