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Abstract: Opioids are the most effective drugs used for the management of moderate to severe pain;
however, their chronic use is often associated with numerous adverse effects. Some results indicate the
involvement of oxidative stress as well as of proteasome function in the development of some opioid-
related side effects including analgesic tolerance, opioid-induced hyperalgesia (OIH) and dependence.
Based on the evidence, this study investigated the impact of morphine, buprenorphine or tapentadol
on intracellular reactive oxygen species levels (ROS), superoxide dismutase activity/gene expression,
as well as β2 and β5 subunit proteasome activity/biosynthesis in SH-SY5Y cells. Results showed
that tested opioids differently altered ROS production and SOD activity/biosynthesis. Indeed, the
increase in ROS production and the reduction in SOD function elicited by morphine were not shared
by the other opioids. Moreover, tested drugs produced distinct changes in β2(trypsin-like) and
β5(chymotrypsin-like) proteasome activity and biosynthesis. In fact, while prolonged morphine
exposure significantly increased the proteolytic activity of both subunits and β5 mRNA levels,
buprenorphine and tapentadol either reduced or did not alter these parameters. These results,
showing different actions of the selected opioid drugs on the investigated parameters, suggest that
a low µ receptor intrinsic efficacy could be related to a smaller oxidative stress and proteasome
activation and could be useful to shed more light on the role of the investigated cellular processes in
the occurrence of these opioid drug side effects.
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1. Introduction

Chronic pain represents one of the major health issues in our society. Although
mortality rates are highest for other pathologies, this condition is among the main sources
of human suffering and disability that profoundly impacts patients’ quality of life [1].
Despite research advancement and the suggestions of new druggable targets for acute and
chronic pain treatment, opioids still represent gold-standard analgesics. However, their
prolonged use is often hampered by several adverse side effects including the development
of analgesic tolerance, opioid-induced hyperalgesia (OIH) and dependence [2]. Although
these phenomena are not yet completely understood, molecular alterations in opioid
receptor signaling, neurotransmitter release changes, as well as glia and microglia activation
have been suggested as possible mechanisms involved in the development of side effects
related to chronic opioid treatment [3–10]. Furthermore, a role of oxidative stress in
the induction of morphine adverse events has been suggested [11–13]. In this regard,
substantial data showed that the production of reactive species could participate in chronic
pain establishment as well as in the development of opioid drugs side effects, probably
through a neuroinflammation process [14–16]. Indeed, even though low levels of reactive
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oxygen species (ROS) are fundamental for the activation of some cellular pathways [17],
increased ROS levels can induce biomolecular damage and also trigger the activation of
transcription factors involved in the control of many inflammatory genes and proteins [18].
In this context, the degradation of non-functional proteins represents a fundamental cellular
process necessary to protect cells from oxidative damage and to maintain redox balance.
Although some evidence suggests that an oxidative stress response could induce chaperone-
mediated autophagy [19], proteasome represents the major proteolytic machinery involved
in the degradation of the oxidized and misfolded proteins [18,20–22]. The 20S proteasome
is a barrel-shaped complex made up through the assembly of two outer α-rings and two
inner β-rings. The α-rings are both characterized by seven α regulatory protein (α1–7),
while the β-rings consist of seven different β subunits (β1–7) including the β1, β2, and β5
subunits known to possess caspase, trypsin, and chymotrypsin-like activities, respectively.
As suggested by numerous reports, the 20S proteasome is mainly responsible for the
degradation of non-ubiquitinated, misfolded and oxidized proteins [18,22]. However, the
20S proteasome can be capped by one or two terminal 19S regulatory particle(s) to form
the 26S or 30S proteasome [18,23]. In contrast to the 20S proteasome, the latter are mainly
implicated in ubiquitin/ATP-dependent protein degradation [23,24].

Given the pivotal role of this multi-catalytic complex in the maintenance of cellular
proteostasis, evidence highlighted its involvement in the pathogenesis of several human
diseases [25,26]. The role of proteasome activation in morphine-induced tolerance and
dependence has been suggested in particular in recent decades [27–30]. Indeed, the ability
of proteasome inhibitors to prevent/revert both tolerance and opioid-induced hyperalgesia
has been shown [29,31], thus supporting the possible implication of this degradation
complex in the development of the above-mentioned phenomena. On this basis, we
aimed to investigate the effects of selected opioid ligands in biological processes associated
with oxidative stress and proteasome activation. To this end, the ability of morphine,
buprenorphine and tapentadol to affect intracellular reactive oxygen species (ROS) levels,
superoxide dismutase activity/gene expression, as well as modulate β2 and β5 subunit
proteasome activity/biosynthesis was assessed in SH-SY5Y cell cultures.

2. Results
2.1. Intracellular ROS Levels

Opioid ligand ability to affect intracellular ROS production was assessed in SH-SY5H
cells treated for 2, 5, 24 or 48 h with 10 µM morphine, 0.25 µM buprenorphine or 10 µM
tapentadol, by the DCFH-DA assay. No significant differences between untreated control
and morphine-, buprenorphine- or tapentadol-treated cells were detected at 2 and 5 h
(p > 0.05 vs. control) (Figure 1a,b). Interestingly, a statistically significant increase in ROS
levels was observed at later intervals for morphine-treated cell cultures only (24 h: p < 0.05
and 48 h: p < 0.01 vs. control) (Figure 1c,d).

Based on these results and to assess the involvement of µ opioid receptor (MOR)
activation in morphine-mediated ROS generation, cells were co-treated with 10 µM of the
non-selective opioids antagonist, naloxone, or with 10 µM of the selective MOR antago-
nist, β-funaltrexamine (β-FNA). The analysis at 24 h, confirmed the ability of morphine to
induce an increase in ROS intracellular generation (* p < 0.05 vs. control) (Figure 1 insert).
Interestingly, results showed that morphine effects on ROS generation were prevented
by both non-selective and selective MOR antagonist. Indeed, no significant changes
from control values were observed in cell cultures co-exposed to naloxone and morphine
(p > 0.05 vs. control) or to β-FNA and morphine (p > 0.05 vs. control) (Figure 1 insert).

According to these data, showing alteration in cell oxidative status only after 24 and
48 h of drug exposure, subsequent analyses of different drug effects upon SOD and protea-
some activity/gene expression were performed at these longer intervals.
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Figure 1. ROS production after treatment with 10 µM morphine (M), 0.25 µM buprenorphine (B) or 

10 µM tapentadol (T) in SH-SY5Y cells at different time points (a–d). The right framed insert reports 

ROS production after cotreatment with 10 μM naloxone (Nal) + 10 μM morphine (M) or 10 μM β-

funaltrexamine (β-FNA) + 10 µM morphine (M) in SH-SY5Y cells at 24 h. Data, reported as the mean 

± SEM of four/six biological replicates for each treatment, are expressed as the percentage of relative 

fluorescence (a–d) or the percentage of the intensity of the first spectra line (insert) compared to 

control (C) and are analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons test 

(* p < 0.05; ** p < 0.01 vs. control). 

According to these data, showing alteration in cell oxidative status only after 24 and 
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2.2. SOD Activity and Gene Expression 

Since an increase in ROS is often associated with a dysfunction of SOD antioxidant 

enzyme activity [32], we evaluated whether morphine, buprenorphine or tapentadol 

could affect these parameters at the selected time points. Data showed a statistically sig-

nificant decrease in SOD enzymatic activity in morphine-treated cells at 24 h (p < 0.05 vs. 

controls) (Figure 2a), while no significant changes in this enzymatic activity were found 

after 48 h of treatment (p > 0.05 vs. control) (Figure 2b). No significant changes in this 

parameter were detected after other drug treatment, at both intervals (p > 0.05 vs. control) 

(Figure 2a,b). 

 

Figure 2. SOD activity after treatment with 10 µM morphine (M), 0.25 µM buprenorphine (B) or 10 

µM tapentadol (T) in SH-SY5Y cells at 24 h (a) and 48 h (b). Data, reported as the mean ± SEM of 

three/four biological replicates for each treatment, are expressed as the percentage of inhibition rate 

Figure 1. ROS production after treatment with 10 µM morphine (M), 0.25 µM buprenorphine (B) or
10 µM tapentadol (T) in SH-SY5Y cells at different time points (a–d). The right framed insert reports
ROS production after cotreatment with 10 µM naloxone (Nal) + 10 µM morphine (M) or 10 µM
β-funaltrexamine (β-FNA) + 10 µM morphine (M) in SH-SY5Y cells at 24 h. Data, reported as the
mean ± SEM of four/six biological replicates for each treatment, are expressed as the percentage of
relative fluorescence (a–d) or the percentage of the intensity of the first spectra line (insert) compared
to control (C) and are analyzed by one-way ANOVA followed by Dunnett’s multiple comparisons
test (* p < 0.05; ** p < 0.01 vs. control).

2.2. SOD Activity and Gene Expression

Since an increase in ROS is often associated with a dysfunction of SOD antioxidant
enzyme activity [32], we evaluated whether morphine, buprenorphine or tapentadol could
affect these parameters at the selected time points. Data showed a statistically significant
decrease in SOD enzymatic activity in morphine-treated cells at 24 h (p < 0.05 vs. controls)
(Figure 2a), while no significant changes in this enzymatic activity were found after 48 h of
treatment (p > 0.05 vs. control) (Figure 2b). No significant changes in this parameter were
detected after other drug treatment, at both intervals (p > 0.05 vs. control) (Figure 2a,b).
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Figure 2. SOD activity after treatment with 10 µM morphine (M), 0.25 µM buprenorphine (B) or
10 µM tapentadol (T) in SH-SY5Y cells at 24 h (a) and 48 h (b). Data, reported as the mean ± SEM
of three/four biological replicates for each treatment, are expressed as the percentage of inhibition
rate (absorbance) compared to control (C) and analyzed by one-way ANOVA followed by Dunnett’s
multiple comparisons test (* p < 0.05 vs. control).

Similarly to as observed for SOD enzymatic activity, changes in SOD1 biosynthesis
were assessed at the 24 h observation interval only. In particular, a significant up-regulation
of SOD1 mRNA levels was observed in SH-SY5H cells treated for 24 h both with morphine
or buprenorphine (p < 0.0001 vs. control) (Figure 3a).
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(**** p < 0.0001 vs. control (C)).

2.3. Proteasome Activity and β2/β5 Subunit Biosynthesis

Given relationships between cell oxidative stress and proteasome function/regulation [18],
proteasomal enzymatic activity as well as specific subunit de novo synthesis were evaluated
in our experimental conditions. Results indicated that the investigated opioid drugs dif-
ferently alter β2 trypsin-like and β5 chymotrypsin-like proteasome activities at the two
observation intervals.

Indeed, morphine treatment was able to induce a significant increase in β5 proteolytic
activity at 24 h (β5: p < 0.01 vs. control) (Figure 4a,c) and an enhancement of both β2 and
β5 proteasome activity at 48 h (β2: p < 0.01 vs. control; β5: p < 0.0001 vs. control), in
SH-SY5Y cells (Figure 4b,d). Differently, a reduction in β5 enzymatic activity was observed
after 24 h of buprenorphine treatment (p < 0.001 vs. control) and a decrease in β2 activity
was detected after 48 h exposure to the same drug (p < 0.0001 vs. control) (Figure 4b,c).
Tapentadol did not significantly change the enzymatic activity of both β subunits at any
assessment intervals (p > 0.05 vs. control) (Figure 4a–d).
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are expressed as the percentage of relative fluorescence (RFU) compared to control (C) and analyzed
by one-way ANOVA followed by Dunnett’s multiple comparisons test (** p < 0.01; *** p < 0.001 vs.
control; **** p < 0.0001 vs. control).

Gene expression results showed that the investigated drugs also affect β2 and β5
subunit biosynthesis. In particular, morphine induced a significant down-regulation of β2
subunit gene expression both at 24 and 48 h (p < 0.01; p < 0.001 vs. control) (Figure 5a,b),
while it caused an increase in β5 mRNA levels after 48 h (p < 0.05 vs. control) (Figure 5d).
As regards the impact of buprenorphine and tapentadol on β subunits gene expression,
data showed that these molecules decreased β2 and β5 mRNA levels after 24 h (p < 0.01;
p < 0.001 vs. control) (Figure 5a,c) and that β5 subunit down-regulation was maintained at
48 h only after tapentadol treatment (p < 0.01 vs. control) (Figure 5d).
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Figure 5. Relative gene expression of β2 (a,b) and β5 (c,d) subunits after treatment with 10 µM
morphine (M), 0.25 µM buprenorphine (B) or 10 µM tapentadol (T) in SH-SY5Y cells at 24 h (a,c)
and 48 h (b,d). Data, expressed as the mean ± SEM of three/four biological replicates per treatment,
represent 2−DDCt values and are analyzed by one-way ANOVA followed by Dunnett’s multiple
comparisons test (* p < 0.05; ** p < 0.01; *** p < 0.001 vs. control (C)).

3. Discussion

Several mechanisms have been suggested in the development of the most important
opioid-related side effects [7–10]. Among the plethora of molecular mechanisms proposed,
attention has been also focused on oxidative stress and proteasome function [12–15,31].

Indeed, the regulation of cellular ROS is important since low levels of these reactive
species are involved in the modulation cell proliferation, differentiation and act as signaling
messengers. However, their excessive production causes negative cell effects including
the dysregulation of cell macromolecule homeostasis with the subsequent involvement of
proteasome that plays a crucial role in the maintenance of redox balance by recognizing
and removing the oxidatively modified or damaged proteins [18,22].
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In order to explore opioids’ relationship with oxidative stress and proteasome regula-
tion, the aims of this study were to investigate the effects of morphine, buprenorphine and
tapentadol on ROS generation, superoxide dismutase activity/gene expression, as well as
on β2 and β5 subunit proteasome activity/biosynthesis in human SH-SY5Y cell line.

Data here reported showed that the selected drugs differently alter ROS production
level. Indeed, the ROS-increasing effect of morphine is not shared by the other opioid
analgesics here investigated, thus suggesting that the specific drug pharmacological profile
can influence this parameter. In accordance with previous studies that indicated morphine’s
ability to induce an oxidative stress in SH-SY5Y cells [33,34], our findings support the
hypothesis that agonist stimulation of MOR could contribute to the increase in intracellular
ROS. Indeed, the MOR-agonist-induced reactive oxygen species generation is completely
blocked by the non-selective MOR antagonist naloxone and the selective MOR antagonist
β-funaltrexamine (β-FNA). Although ROS can act as signaling molecules [35] evidence
has shown their involvement in the promotion of desensitization, down-regulation and
tolerance for GPCRs, including MOR [33,36–39], thus supporting their pivotal role in
morphine side effects.

Together with alteration in ROS generation, a significant decrease in SOD enzymatic
activity and an increase in SOD1 mRNA levels were observed in SH-SY5Y cells after 24 h
of morphine exposure. It is conceivable that the increase in the SOD1 gene expression
might represent a cellular adaptive mechanism aimed to raise enzyme availability and to
counteract ROS production and the subsequent oxidative damage. In line with our finding,
an increase in this enzyme isoform levels has been observed in the nucleus accumbens
of non-human primates subjected to a prolonged morphine treatment [40]. However,
morphine effects on cell antioxidant machinery are still controversial since both an increase
or a decrease in SOD activity or biosynthesis have been reported in different cell lines and at
different concentrations [12,41]. Taken together, these results suggest that morphine could
be able to produce a higher ROS-mediated neurotoxic effect than the other investigated
compounds [42]. In this context, it is interesting to note that oxidative processes could be
related to the development of analgesic tolerance and probably dependence since some
studies showed that the administration of molecules acting as antioxidant or SOD-mimetics
prevent or counteract morphine tolerance in different animal models [43–46].

Our data also indicated that morphine, buprenorphine, and tapentadol produced
different changes in β2 trypsin-like and β5 chymotrypsin-like activities. Overall data
analysis, in accordance with previous studies, showed that morphine was able to increase
the proteolytic activity after prolonged exposure [47]. Instead, a different picture was
observed for buprenorphine and tapentadol, with buprenorphine reducing proteasome
activity after prolonged exposure intervals and tapentadol unable to induce significant
alterations at any assessment time point.

Given the strong correlation between proteasome and oxidative stress [18,21,22], the
increase in proteasome activity could be related to the rise of oxidized proteins. In fact, it is
known that an excessive ROS production and the subsequent protein oxidation induces a
rapid activation of the proteasome degradation complex and the de novo synthesis of its
proteolytic subunits [21,22]. In this regard, gene expression data overall showed that tested
compound are able to differently affect β subunits biosynthesis. Interestingly, morphine
promoted an increase, whereas buprenorphine and tapentadol caused a reduction in mRNA
levels for β5 subunit which represents the more active proteasome subunit and the more
clearly induced during oxidative stress processes [48]. However, given the long half-life
of this complex, additional studies will be useful to better clarify if the gene expression
changes in proteasome subunits here observed are related to their bio-availability.

Different preclinical and clinical studies pointed out the possibility to identify two
distinct clusters of opioid drugs, based on their intrinsic efficacy and side effect profile
(e.g., tolerability and abuse liability). On this basis, it is possible that buprenorphine and
tapentadol, showing lower µ receptor intrinsic efficacy than morphine [49,50], might induce
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less oxidative stress and proteasome activation possibly associated with a more favorable
side effect profile.

However, since proteasome is involved either in oxidized and polyubiquitinated pro-
tein degradation, it is conceivable that the enhancement of 20S proteasome activity after
morphine treatment might be also related to an increase in polyubiquitinated proteins. In
this regard, previous studies suggested a crucial role for the ubiquitin/proteasome pathway
in agonist-induced down-regulation and in basal turnover of µ-opioid receptors [51]. In ad-
dition, Moulédous and coworkers showed that the sustained MOR activation by morphine
promotes the proteasomal degradation of Gβγ which, in turn, contributes to adenylate
cyclase sensitization, a hallmark of opiate dependence [52]. In addition to in vitro results,
animal studies also highlighted the involvement of ubiquitin/proteasome system in the
development of morphine tolerance and in addictive behavior [30,31]. Indeed, it has been
demonstrated that proteasome inhibitors prevent the development of morphine tolerance
inhibiting the proteasomal degradation of spinal glutamate transporter and the decrease in
spinal glutamate uptake activity [31]. Moreover, the intra-nucleus accumbens infusion of
proteasome inhibitors seems to prevent morphine preference in mice probably preventing
the proteasomal degradation of polyubiquitinated proteins in this specific area [30].

These results give further insights into the relationships between opioid drugs and ox-
idative stress. Even though some data suggested a neuroprotective role of specific concentra-
tions of morphine [53–55], our data support the view of a pro-oxidative effect [12,13,33,56],
of this analgesic alkaloid. Data here presented provide a new comparison of different
opioid drug ability to affect cell oxidative status and proteasome activity/biosynthesis and
highlight the higher impact of morphine on these parameters.

In light of literature data about the effect of antioxidants and proteasome inhibitors
upon morphine side effects [31,43,57–60], our data could be useful to better understand the
involvement of the investigated cell processes in the different opioid drugs’ adverse effects.

Since a role of peroxynitrite, the product of the interaction between superoxide and
nitric oxide, in morphine antinociceptive tolerance has been proposed [15], future studies
will be aimed at investigating the relative ability of tested ligands to induce the production
of this highly reactive species.

4. Materials and Methods
4.1. Cell Culture and Treatments

Human SH-SY5Y neuroblastoma cells purchased from ICLC-IST (Genoa, Italy) were
cultured in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% (v/v)
fetal bovine serum (FBS), 100 units/mL penicillin, 100µg/mL streptomycin and 2 mM
glutamine. Cells were incubated at 37 ◦C in a humidified atmosphere containing 5% CO2
and were allowed to reach 80% confluence before starting any treatment. All reagents
employed for cell culture were purchased from Lonza (Milan, Italy). SH-SY5Y cells were
exposed to 10 µM morphine (Carlo Erba, Cornaredo, Italy), 0.25 µM buprenorphine (Sigma-
Aldrich, Milan, Italy) or 10 µM tapentadol (Grünenthal GmbH, Aachen, Germany) in
accordance with previous studies regarding morphine and tapentadol [37,61,62]. As regards
buprenorphine, we referred to the drug potency of buprenorphine vs. morphine (25–100%
more potent than morphine); therefore, we decided to use 0.25 µM [63].

Moreover, to test the influence of MOR activation on ROS generation, cells were
pretreated with 10 µM naloxone (non-selective opioid antagonist, Tocris Biotechne, Milan,
Italy) or with 10 µM β-funaltrexamine, β-FNA (MOR selective antagonist, Sigma-Aldrich,
Milan, Italy), 30 min before morphine. Four/six biological replicates per treatment were
utilized in each experiment.

4.2. Intracellular Reactive Oxygen Species Production

Intracellular reactive oxygen species were originally measured with the 2,7-dichloroflu
orescin diacetate (DCFH-DA) assay, OxiSelect™ Intracellular ROS Assay Kit (Cell Biolabs,
San Diego, CA, USA). The assay was carried out in accordance with the manufacturer’s
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instruction. Briefly, SH-SY5Y cells were cultured in black 96-well plates. 10 µM DCFH-DA
was then dissolved in medium containing 1% FBS and 100 µL of this solution was added
to each well. Cells were incubated for 60 min in order to allow cellular incorporation.
Thereafter, the original medium was discarded, and 10 µM morphine, 0.25 µM buprenor-
phine or 10 µM tapentadol was added to the cell medium, culturing for 2, 5, 24, or 48 h.
Then, DCF fluorescence intensity (RFU) was read at 37 ◦C in a fluorescence plate reader
(GENios Tecan, Männedorf, Switzerland) with an emission wavelength of 530 nm and an
excitation wavelength of 480 nm. Results are expressed as the percentage of RFU relative to
controls. The determination of ROS generation in morphine-treated cells pretreated with
MOR non-selective or selective antagonists was assessed at 24 h by electronic paramagnetic
resonance (EPR) as previously described [64]. After the treatment, cells were collected and
centrifuged at 300× g for 5 min. Pellets were suspended in 1 mL of standard physiological
solution containing the hydroxylamine “spin probe” (bis(1-hydroxy-2,2,6,6-tetramethyl-4-
piperidinyl) decandioate dihydrochloride) (1 mM), incubated at 37 ◦C for 5 min and then
frozen at −80 ◦C until EPR analysis.

4.3. Protein Extraction

After treatments (24 or 48 h), cells were homogenized in lysis buffer (150 mM NaCl,
50 mM HEPES pH 7.5, 5 mM EDTA, 2 mM ATP, 1% Triton; Sigma-Aldrich, Milan, Italy)
and centrifuged at 14,000× g at 4 ◦C for 15 min, as previously described [65]. Protein
concentration was determined by using the Pierce BCA protein assay kit (Thermo Fischer
Scientific, Waltham, MA, USA) and supernatants were aliquoted and kept at −80 ◦C until
SOD and proteasome activities assays.

4.4. SOD Activity Assay

SOD activity was determined using the SOD assay kit (Sigma-Aldrich, Milan, Italy).
Briefly, the assay is based on the use of the highly water-soluble tetrazolium salt, WST-
1 [2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium
salt], which forms a water-soluble formazan dye upon reduction with a superoxide anion,
with a reduction rate that is inversely proportional to SOD activity. In accordance with the
manufacturer’s instructions and previous studies [66], 25 µg of proteins were assayed in
triplicate for each sample. After incubation at 37 ◦C for 20 min, absorbance was measured
at 450 nm using a plate reader fluorometer (GENios Tecan, Männedorf, Switzerland).

4.5. Proteasome Activity Assay

Proteasome β2 trypsin-like and β5 chymotrypsin-like activities were analyzed by
monitoring the cleavage of benzyloxycarbonyl-Ala-Arg-Arg-7-amino-4-methylcoumarin
(Z-ARR-AMC) and succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC)
(both purchased from Merck Millipore, Roma, Italy), respectively, using 25 µg of cell
lysate proteins per sample [67]. The assay is based on the detection of the fluorophore 7-
amino-4-methylcoumarin (AMC) after cleavage from the labeled substrates. The free AMC
fluorescence was quantified at 380 nm excitation and 460 nm emission wavelengths using a
plate reader fluorometer (GENios Tecan, Männedorf, Switzerland). Data are expressed as
the percentage of RFU relative to controls.

4.6. RNA Isolation and qRT-PCR

After treatments (24 or 48 h), total RNA was isolated using the TRIZOL reagent (Life
Technologies, Carlsbad, CA, USA) according to the method of Chomczynski and Sacchi [68]
and its integrity was checked by 1% agarose gel electrophoresis. In brief, the amounts of
RNA were determined by measuring optical densities and only RNA samples with an
OD260/OD280 1.8 < ratio < 2 were used. Total RNA was reverse transcribed as previously
described [69,70]. Quantitative real-time PCR was performed on a StepOne Real-Time PCR
System (Life Technologies, Carlsbad, CA, USA) using TaqMan Gene Expression Master Mix
(ThermoFisher Scientific, Waltham, MA, USA), to analyze SOD1 (Hs 00533490_m1, FAM),
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β2 (Hs 01002946_m1, FAM), β5 (Hs 00605652_m1, FAM). All samples were run in triplicate
and were normalized to the endogenous reference gene glyceraldehyde—3-phosphate
dehydrogenase (GAPDH) (Hs 03929097_g1, VIC).

TaqMan Probe sequences were purchased from ThermoFisher Scientific, Waltham,
MA, USA.

4.7. Statistical Analysis

Biochemical data have been initially evaluated by Shapiro-Wilk tests to confirm the
normality of the distribution and by Grubb’s test to identify outliers, then they were
analyzed by one-way ANOVA followed by Dunnett’s multiple comparison as a post hoc
test. Results were expressed as the mean ± SEM of three/six biological replicates per
treatment. Statistical analysis was performed using the GraphPad Prism software package
(v9 for Windows, GraphPad Software, San Diego, CA, USA). The threshold for statistical
significance was set at p < 0.05.

5. Conclusions

In summary, the results highlighted the different ability of opioids to alter redox
balance and proteasome function in SH-SY5Y cells. Even though additional studies are
still necessary to elucidate the involvement of these processes in opioid action, our results
offer new information on different opioid drug effects on oxidative stress and proteasome
and support the view that the modulation of the redox balance might be a promising
pharmacological approach for chronic pain treatment.
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13. Reymond, S.; Vujić, T.; Schvartz, D.; Sanchez, J.C. Morphine-induced modulation of Nrf2-antioxidant response element signaling
pathway in primary human brain microvascular endothelial cells. Sci. Rep. 2022, 12, 4588. [CrossRef] [PubMed]

14. Muscoli, C.; Cuzzocrea, S.; Ndengele, M.M.; Mollace, V.; Porreca, F.; Fabrizi, F.; Esposito, E.; Masini, E.; Matuschak, G.M.;
Salvemini, D. Therapeutic manipulation of peroxynitrite attenuates the development of opiate-induced antinociceptive tolerance
in mice. J. Clin. Investig. 2007, 117, 3530–3539. [CrossRef] [PubMed]

15. Salvemini, D.; Neumann, W.L. Peroxynitrite: A strategic linchpin of opioid analgesic tolerance. Trends Pharmacol. Sci. 2009, 30,
194–202. [CrossRef]

16. Tobore, T.O. Towards a comprehensive theory of non-cancer acute and chronic pain management: The critical role of reactive
oxygen and nitrogen species in pain, and opioid dependence, addiction, hyperalgesia, and tolerance. Adv. Redox Res. 2021,
2, 100003. [CrossRef]

17. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453–R462. [CrossRef]
18. Lefaki, M.; Papaevgeniou, N.; Chondrogianni, N. Redox regulation of proteasome function. Redox Biol. 2017, 13, 452–458.

[CrossRef]
19. Kiffin, R.; Christian, C.; Knecht, E.; Cuervo, A.M. Activation of chaperone-mediated autophagy during oxidative stress. Mol. Biol.

Cell 2004, 15, 4829–4840. [CrossRef]
20. Ding, Q.; Dimayuga, E.; Martin, S.; Bruce-Keller, A.J.; Nukala, V.; Cuervo, A.M.; Keller, J.N. Characterization of chronic low-level

proteasome inhibition on neural homeostasis. J. Neurochem. 2003, 86, 489–497. [CrossRef]
21. Grune, T.; Jung, T.; Merker, K.; Davies, K.J. Decreased proteolysis caused by protein aggregates, inclusion bodies, plaques,

lipofuscin, ceroid, and ‘aggresomes’ during oxidative stress, aging, and disease. Int. J. Biochem. Cell Biol. 2004, 36, 2519–2530.
[CrossRef] [PubMed]

22. Aiken, C.T.; Kaake, R.M.; Wang, X.; Huang, L. Oxidative stress-mediated regulation of proteasome complexes. Mol. Cell Proteom.
2011, 10, R110.006924. [CrossRef] [PubMed]

23. Tanaka, K. The proteasome: Overview of structure and functions. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2009, 85, 12–36. [CrossRef]
24. Caputi, F.F.; Rullo, L.; Stamatakos, S.; Candeletti, S.; Romualdi, P. Interplay between the endogenous opioid system and

proteasome complex: Beyond signaling. Int. J. Mol. Sci. 2019, 20, 1441. [CrossRef]
25. Dahlmann, B. Role of proteasomes in disease. BMC Biochem. 2007, 8 (Suppl. 1), S3. [CrossRef] [PubMed]
26. Coux, O.; Zieba, B.A.; Meiners, S. The proteasome system in health and disease. Adv. Exp. Med. Biol. 2020, 1233, 55–100.

[CrossRef] [PubMed]
27. Massaly, N.; Francès, B.; Moulédous, L. Roles of the ubiquitin proteasome system in the effects of drugs of abuse. Front. Mol.

Neurosci. 2015, 7, 99. [CrossRef]
28. Moss, A.; Blackburn-Munro, G.; Garry, E.M.; Blakemore, J.A.; Dickinson, T.; Rosie, R.; Mitchell, R.; Fleetwood-Walker, S.M. A role

of the ubiquitin-proteasome system in neuropathic pain. J. Neurosci. 2002, 22, 1363–1372. [CrossRef] [PubMed]
29. Ossipov, M.H.; Bazov, I.; Gardell, L.R.; Kowal, J.; Yakovleva, T.; Usynin, I.; Ekström, T.J.; Porreca, F.; Bakalkin, G. Control of

chronic pain by the ubiquitin proteasome system in the spinal cord. J. Neurosci. 2007, 27, 8226–8237. [CrossRef]
30. Massaly, N.; Dahan, L.; Baudonnat, M.; Hovnanian, C.; Rekik, K.; Solinas, M.; David, V.; Pech, S.; Zajac, J.M.; Roullet, P.; et al.

Involvement of protein degradation by the ubiquitin proteasome system in opiate addictive behaviors. Neuropsychopharmacology
2013, 38, 596–604. [CrossRef]

31. Yang, L.; Wang, S.; Lim, G.; Sung, B.; Zeng, Q.; Mao, J. Inhibition of the ubiquitin-proteasome activity prevents glutamate
transporter degradation and morphine tolerance. Pain 2008, 140, 472–478. [CrossRef]

32. Wang, Y.; Branicky, R.; Noë, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS
signaling. J. Cell Biol. 2018, 217, 1915–1928. [CrossRef]

33. Ma, J.; Yuan, X.; Qu, H.; Zhang, J.; Wang, D.; Sun, X.; Zheng, Q. The role of reactive oxygen species in morphine addiction of
SH-SY5Y cells. Life Sci. 2015, 124, 128–135. [CrossRef]

34. Halcrow, P.W.; Kumar, N.; Hao, E.; Khan, N.; Meucci, O.; Geiger, J.D. Mu opioid receptor-mediated release of endolysosome iron
increases levels of mitochondrial iron, reactive oxygen species, and cell death. Neuroim. Pharmacol. Ther. 2022, published online
14 September. [CrossRef]

http://doi.org/10.1016/j.neuroscience.2016.06.029
http://doi.org/10.1016/j.cobeha.2016.12.003
http://doi.org/10.1002/jnr.24626
http://www.ncbi.nlm.nih.gov/pubmed/32253777
http://doi.org/10.1016/j.peptides.2019.01.003
http://doi.org/10.1007/s00726-010-0633-0
http://doi.org/10.2174/1570193X113106660031
http://www.ncbi.nlm.nih.gov/pubmed/24376392
http://doi.org/10.1038/s41598-022-08712-0
http://www.ncbi.nlm.nih.gov/pubmed/35301408
http://doi.org/10.1172/JCI32420
http://www.ncbi.nlm.nih.gov/pubmed/17975673
http://doi.org/10.1016/j.tips.2008.12.005
http://doi.org/10.1016/j.arres.2021.100003
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1016/j.redox.2017.07.005
http://doi.org/10.1091/mbc.e04-06-0477
http://doi.org/10.1046/j.1471-4159.2003.01885.x
http://doi.org/10.1016/j.biocel.2004.04.020
http://www.ncbi.nlm.nih.gov/pubmed/15325589
http://doi.org/10.1074/mcp.M110.006924
http://www.ncbi.nlm.nih.gov/pubmed/21543789
http://doi.org/10.2183/pjab.85.12
http://doi.org/10.3390/ijms20061441
http://doi.org/10.1186/1471-2091-8-S1-S3
http://www.ncbi.nlm.nih.gov/pubmed/18047740
http://doi.org/10.1007/978-3-030-38266-7_3
http://www.ncbi.nlm.nih.gov/pubmed/32274753
http://doi.org/10.3389/fnmol.2014.00099
http://doi.org/10.1523/JNEUROSCI.22-04-01363.2002
http://www.ncbi.nlm.nih.gov/pubmed/11850463
http://doi.org/10.1523/JNEUROSCI.5126-06.2007
http://doi.org/10.1038/npp.2012.217
http://doi.org/10.1016/j.pain.2008.09.028
http://doi.org/10.1083/jcb.201708007
http://doi.org/10.1016/j.lfs.2015.01.003
http://doi.org/10.1515/nipt-2022-0013


Molecules 2022, 27, 8321 11 of 12

35. Dickinson, B.C.; Chang, C.J. Chemistry and biology of reactive oxygen species in signaling or stress responses. Nat. Chem. Biol.
2011, 7, 504–511. [CrossRef]

36. Schattauer, S.S.; Land, B.B.; Reichard, K.L.; Abraham, A.D.; Burgeno, L.M.; Kuhar, J.R.; Phillips, P.E.M.; Ong, S.E.; Chavkin, C.
Peroxiredoxin 6 mediates Gαi protein-coupled receptor inactivation by cJun kinase. Nat. Commun. 2017, 8, 743. [CrossRef]

37. Caputi, F.F.; Acquas, E.; Kasture, S.; Ruiu, S.; Candeletti, S.; Romualdi, P. The standardized Withania somnifera Dunal root extract
alters basal and morphine-induced opioid receptor gene expression changes in neuroblastoma cells. BMC Complement Altern.
Med. 2018, 18, 9. [CrossRef]

38. Doyle, T.; Bryant, L.; Muscoli, C.; Cuzzocrea, S.; Esposito, E.; Chen, Z.; Salvemini, D. Spinal NADPH oxidase is a source of
superoxide in the development of morphine-induced hyperalgesia and antinociceptive tolerance. Neurosci. Lett. 2010, 483, 85–89.
[CrossRef]

39. Doyle, T.; Esposito, E.; Bryant, L.; Cuzzocrea, S.; Salvemini, D. NADPH-oxidase 2 activation promotes opioid-induced antinoci-
ceptive tolerance in mice. Neuroscience 2013, 241, 1–9. [CrossRef]

40. Bu, Q.; Yang, Y.; Yan, G.; Hu, Z.; Hu, C.; Duan, J.; Lv, L.; Zhou, J.; Zhao, J.; Shao, X.; et al. Proteomic analysis of the nucleus
accumbens in rhesus monkeys of morphine dependence and withdrawal intervention. J. Proteom. 2012, 75, 1330–1342. [CrossRef]

41. Saify, K.; Saadat, I.; Saadat, M. Down-regulation of antioxidant genes in human SH-SY5Y cells after treatment with morphine. Life
Sci. 2016, 144, 26–29. [CrossRef] [PubMed]

42. Zhou, J.; Li, Y.; Yan, G.; Bu, Q.; Lv, L.; Yang, Y.; Zhao, J.; Shao, X.; Deng, Y.; Zhu, R.; et al. Protective role of taurine against
morphine-induced neurotoxicity in C6 cells via inhibition of oxidative stress. Neurotox. Res. 2011, 20, 334–342. [CrossRef] [PubMed]

43. Caputi, F.F.; Rullo, L.; Acquas, E.; Ciccocioppo, R.; Candeletti, S.; Romualdi, P. Evidence of a PPARγ-mediated mechanism in the
ability of Withania somnifera to attenuate tolerance to the antinociceptive effects of morphine. Pharmacol. Res. 2019, 139, 422–430.
[CrossRef] [PubMed]

44. Ghavimi, H.; Charkhpour, M.; Ghasemi, S.; Mesgari, M.; Hamishehkar, H.; Hassanzadeh, K.; Arami, S.; Hassanzadeh, K.
Pioglitazone prevents morphine antinociceptive tolerance via ameliorating neuroinflammation in rat cerebral cortex. Pharmacol.
Rep. 2015, 67, 78–84. [CrossRef]

45. Janes, K.; Neumann, W.L.; Salvemini, D. Anti-superoxide and anti-peroxynitrite strategies in pain suppression. Biochim. Biophys.
Acta 2012, 1822, 815–821. [CrossRef]

46. Zeng, X.S.; Geng, W.S.; Wang, Z.Q.; Jia, J.J. Morphine Addiction and Oxidative Stress: The Potential Effects of Thioredoxin-1.
Front. Pharmacol. 2020, 11, 82. [CrossRef]

47. Yang, L.; Wang, S.; Sung, B.; Lim, G.; Mao, J. Morphine induces ubiquitin-proteasome activity and glutamate transporter
degradation. J. Biol. Chem. 2008, 283, 21703–21713. [CrossRef]

48. Chondrogianni, N.; Tzavelas, C.; Pemberton, A.J.; Nezis, I.P.; Rivett, A.J.; Gonos, E.S. Overexpression of proteasome beta5
assembled subunit increases the amount of proteasome and confers ameliorated response to oxidative stress and higher survival
rates. J. Biol. Chem. 2005, 280, 11840–11850. [CrossRef]

49. Manandhar, P.; Connor, M.; Santiago, M. Tapentadol shows lower intrinsic efficacy at µ receptor than morphine and oxycodone.
Pharmacol. Res. Perspect. 2022, 10, e00921. [CrossRef]

50. Morgan, D.; Cook, C.D.; Smith, M.A.; Picker, M.J. An examination of the interactions between the antinociceptive effects of
morphine and various mu-opioids: The role of intrinsic efficacy and stimulus intensity. Anesth. Analg. 1999, 88, 407–413.
[CrossRef]

51. Chaturvedi, K.; Bandari, P.; Chinen, N.; Howells, R.D. Proteasome involvement in agonist-induced down-regulation of mu and
delta opioid receptors. J. Biol. Chem. 2001, 276, 12345–12355. [CrossRef]

52. Moulédous, L.; Neasta, J.; Uttenweiler-Joseph, S.; Stella, A.; Matondo, M.; Corbani, M.; Monsarrat, B.; Meunier, J.C. Long-term
morphine treatment enhances proteasome-dependent degradation of G beta in human neuroblastoma SH-SY5Y cells: Correlation
with onset of adenylate cyclase sensitization. Mol. Pharmacol. 2005, 68, 467–476. [CrossRef]

53. Almeida, M.B.; Costa-Malaquias, A.; Nascimento, J.L.; Oliveira, K.R.; Herculano, A.M.; Crespo-López, M.E. Therapeutic
concentration of morphine reduces oxidative stress in glioma cell line. Braz. J. Med. Biol. Res. 2014, 47, 398–402. [CrossRef]

54. Elyasi, L.; Eftekhar-Vaghefi, S.H.; Asadi-Shekaari, M.; Esmaeili-Mahani, S. Induction of cross-tolerance between protective effect
of morphine and nicotine in 6-hydroxydopamine-induce neurotoxicity in SH-SY5Y human dopaminergic neuroblastoma cells.
Int. J. Neurosci. 2019, 129, 129–138. [CrossRef]
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