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Introduction
Proteins are responsible for nearly every cellular function. On average, a human cell 

expresses 10,000-13,000 different protein species [1]. Hence, a huge network of factors is 
committed to preserving protein homeostasis (proteostasis) and preventing the assembly 
and accumulation of potentially toxic protein aggregates. Therefore, protein synthesis and 
degradation must be finely tuned. Malfunctioning proteins, either because they are damaged 
or abnormally folded, as well as regulatory proteins, such as cell-cycle, cell-signaling, and 
apoptosis regulators, are disposed of by various means, including the Ubiquitin-Proteasome 
System (UPS), whose core is the proteasome machinery [2]. The latter machinery is structurally 
organized as a multi-subunit and multi-catalytic protease localized at the cytosolic as well as 
at nuclear levels. The proteasome consists of a barrel-shaped proteolytic core with an axial 
cavity (20S proteasome), which contains four stacked rings. The stacked heptameric rings 
include two outermost non-catalytic α-rings and two innermost catalytic β-rings arranged 
in a αββα structure [3] (Figure 1A). In addition to the central processing unit (20S) there is a 
regulatory particle (19S), exhibiting ATPase activity, which is actively implied in the protein 
unfolding and in the removal of the ubiquitin moiety (chain/s) prior the entering of the 
protein into the central cavity of the 20S and its following degradation into small peptides. 
When a 19S unit caps, the 20S core gives rise to a 26S proteasome conformation, while when 
both sides of the core barrel are occupied by the 19S, a 30S proteasome is assembled. Usually, 
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proteins destined for proteasomal degradation are tagged by poly-
ubiquitin (Ub) chain/s (especially with Lys-48 linkages). 

The protein ubiquitination is a stepwise, evolutionary, deeply 
conserved process that implies the sequential involvement of three 
different enzymes [4]. E1 activates Ub in an ATP-dependent fashion. 
Upon activation, Ub is then transferred to an E2-conjugating enzyme, 
which ultimately, with the assistance of the E3-Ub ligases, transfers 
the Ub moiety to the substrate protein. It is not surprising that the 
dysregulation of the UPS, either because the proteasome activity 
is impaired or because augmented, is associated with several 
human diseases, including solid and hematological malignancies. 
Intriguingly, proliferating tumor cells are more sensitive to 
proteasome inhibition when compared to non-proliferating 
cells [5], suggesting that proteasome activity is required to 
sustain the neoplastic phenotype by promoting proteotoxic-

induced detoxification. Therefore, inhibiting proteasome leads to 
proteotoxic stress that sensitizes cancerous cells toward apoptosis. 
Conversely, among aging hallmarks is the age-related deterioration 
of the proteostasis network. Indeed, the proteasome function 
declines significantly upon aging, contributing to the manifestation 
of age-related pathologies, such as neurodegenerative disorders 
[6]. Interestingly, UPS dysregulation has also been associated 
with neurodevelopmental disorders [7]. Hence, the possibility to 
modulate the proteasome activity has been seen as an attractive 
tool to be exploited, and many attempts have been undertaken 
toward proteasome activation as a strategy to promote health 
span and longevity, or conversely toward its inhibition for 
neurodegenerative disorders and cancers, respectively (Figure 1A). 
The marine environment hosts a myriad of organisms that might 
potentially act as an excellent reservoir of primary and secondary 
metabolites, which exhibit a wide spectrum of biological activities.

Figure 1: A) The upper part represents neurodegenerative disorders characterized by impaired proteasome activity, 
emphasizing the potential therapeutic strategy of proteasome activation. The lower part showcases a general cancerous 
cell with elevated proteasome activity, suggesting that the proteasome is a valuable target for inhibition in cancer 
therapy.
B) Barplots depict the increasing scientific interest and research on proteasome activators and inhibitors over the 
years. The data was obtained from PubMed using the keywords ‘Proteasome activator’ and ‘Proteasome inhibitor’.

Remarkably, in the last decades, we have witnessed that several 
marine compounds display potential (direct or indirect) actions on 
UPS components, including the proteasome, thus serving as UPS 
modulators and exerting beneficial effects on conditions such as 
oxidative stress, aging, and age-related disorders. To date, the main 
sources of marine bioactive products displaying the properties of 
modulating the proteasome activity are represented by sponges 
and their associated microbial communities. However, marine 
invertebrates such as soft corals and tunicates might represent 
a fruitful source of active biomolecules suitable for modulating 
proteasome activity.

Marine-Derived Compounds with Proteasome-
Inhibiting and -Enhancing Properties 

In the last decades, as witnessed by the large amount of 
data accumulated, we have witnessed an increasing interest in 
the scientific community in attempting to identify compounds 
displaying proteasome-modulating effects (Figure 1B). Cancerous 
cells significantly rely on proteasomal activity, which is tightly 
associated with their robust proliferative and metabolic rates 
sustained by enhanced protein synthesis. Hence, a tight protein 
turnover involving the proteasome is required. The precursor of all 
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marine-derived natural products acting as proteasome modulators 
is Salinosporamide A (Marizomib) which exhibits peculiar 
inhibitory features [8]. Compared to the previous proteasome 
inhibitor Bortezomib, Salinosporamide A displays fewer side 
effects, and it is currently under investigation for hematological 
(i.e., Multiple Myeloma) and Central Nervous System tumors [9]. 
Indeed, diversly from many analogous compounds (i.e., Bortezomib, 
Carfilzomib, and Ixazomib) it is an irreversible proteasome inhibitor 
that is blood-brain barrier permeant. After that, several bioactive 
molecules displaying inhibitory effects on the proteasome, in the 
range of nano to micro-molar concentrations, have been isolated 
and characterized in cellular and animal models. Basically, to date 
such inhibitors fall into four main chemical categories: a) alkaloids 
(e.g., mazamines, oroidin-derivatives, variabines) [10-12]; b) 
terpenes (e.g., strongylophorine, heteronemin, petrosaspongiolide) 
[13-15]; c) quinones (e.g., halenaquinones derivatives) [16], and 
d) peptides (e.g., fellutamide, carmaphycin, and scytonemide) 
[17-19]. The proteasome proteolytic activity is achieved with 
different cleavage preferences, caspase-like, trypsin-like, and 
chymotrypsin-like performed by the different β subunits, β1, β2, 
and β5 respectively [3]. Interestingly, quite often marine-derived 
compounds with proteasome-inhibiting activities display different 
site-specific inhibition enabling them to selectively inhibit the 
different cleavage preferences.

Conversely from cancerous cells, neurodegenerative disorders 
are characterized by the accumulation of toxic intracellular protein 
aggregates (e.g., Parkinson, Alzheimer’s disease) mostly due to 
a reduced proteasome activity. Therefore, enhancing the activity 
of the latter by small-molecule compounds has been assumed to 
be a valuable approach in treating neurodegenerative disorders 
[6,20]. Differently from most bioactive marine-derived proteasome 
inhibitor compounds that directly interact and thus inhibit the 
proteasome, those that enhance proteasome activity exert their 
action in an indirect fashion. Indeed, they determine an increase 
in the cellular proteasomal level through transcriptional induction 
of proteasomal subunit encoding genes. Among these compounds, 
sulforaphane [21], phenolic compounds such as phloroglucinol 
[22-24], astaxanthin, fucoxhantin [25], and benzo-1,3-oxazine 
xyloketal derivative [26,27] have displayed, to different extents, a 
neuroprotective and antioxidant functions in cellular and animal 
models.

Conclusion and Future Perspectives
Though proteasome inhibition is a promising therapeutical 

approach, it is currently facing a few hurdles. Indeed, such 
compounds display serious side effects that restrict their 
applicability and beneficial effects. In addition, in patients affected 
by hematological malignancies (e.g., multiple myeloma), after 
an initial response, such molecules lose their efficacy because of 
the development of drug resistance mechanisms. Additionally, 
solid tumors display primary resistance to the currently available 
proteasome inhibitors. In this regard, marine compounds might 
represent a valuable alternative to be exploited. Remarkably, 
carphamycins exhibit good efficacy against solid tumors [18]. As 
future challenges, the pharmacological and preclinical assessment 

of proteasome inhibitors marine-derived compounds, either used 
as a single agent or in combination with the classic ones (e.g., 
Bortezomib) or with other drugs other than proteasome inhibitors, 
should be assessed in view to sensitize the pharmaco-resistance. 
Furthermore, since proteasomes are common to archebacteria, 
mycobacteria (e.g., Mycobacterium tuberculosis), and eukaryotes it 
would be of great interest to appraise the activity of marine-derived 
proteasome inhibitor molecules also in these cells due to the active 
involvement of the proteasome machinery in the pathogenesis of 
the associated diseases (e.g., tuberculosis, malaria, leishmaniasis, 
Chagas disease, etc..). As far as it concerns the marine-derived 
proteasome activators, we are lagging a little bit behind.

 In the near future, the most challenging requirement is to gain 
deeper insights into their in vivo effects on mammalian model 
organisms (e.g., murine) and provide preclinical data to support 
further clinical phase I/II clinical trials potentially. Albeit the marine 
milieu represents a fruitful “spring” of metabolites where to draw, 
there are some serious practical drawbacks, including the yield 
of the extracted molecules and the ecosystem menacing. To this 
purpose, the development of chemical synthesis and the genetically 
modified system might be helpful to remedy such issues.
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