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A B S T R A C T

Oxidative stress induced post-translational protein modifications are associated with the development of in-
flammatory hypersensitivities. At least 90% of cellular reactive oxygen species (ROS) are produced in the mi-
tochondria, where the mitochondrial antioxidant, manganese superoxide dismutase (MnSOD), is located.
MnSOD’s ability to reduce ROS is enhanced by the mitochondrial NAD+-dependent deacetylase sirtuin (SIRT3).
SIRT3 can reduce ROS levels by deacetylating MnSOD and enhancing its ability to neutralize ROS or by en-
hancing the transcription of MnSOD and other oxidative stress-responsive genes. SIRT3 can be post-transla-
tionally modified through carbonylation which results in loss of activity. The contribution of post-translational
SIRT3 modifications in central sensitization is largely unexplored. Our results reveal that SIRT3 carbonylation
contributes to spinal MnSOD inactivation during carrageenan-induced thermal hyperalgesia in rats. Moreover,
inhibiting ROS with natural and synthetic antioxidants, prevented SIRT3 carbonylation, restored the enzymatic
activity of MnSOD, and blocked the development of thermal hyperalgesia. These results suggest that therapeutic
strategies aimed at inhibiting post-translational modifications of SIRT3 may provide beneficial outcomes in pain
states where ROS have been documented to play an important role in the development of central sensitization.

1. Introduction

Peripheral and central inflammation play key roles in the develop-
ment and maintenance of pathological pain states [1]. Over the last
decade substantial evidence has been gathered to support the roles of
reactive oxygen (superoxide; SO) and nitrogen (peroxynitrite; PN)
species (collectively referred to as ROS and RNS) in the development of

peripheral and central sensitization associated with acute and chronic
pain states including in the development of carrageenan-induced
thermal hyperalgesia [2–11]. Increased formation of ROS/RNS in the
spinal cord contributes to the development of central sensitization that
governs inflammatory hyperalgesia through several mechanisms [2]. In
particular PN post-translationally modifies several proteins that are
directly linked to the development of persistent pain transmission
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[12–16]. Thus, PN seems to be a key mediator for therapeutic strate-
gies. Several lines of evidence demonstrated that pharmacologic re-
moval of PN can reverse and prevent the characteristic findings asso-
ciated with pain of several etiologies including inflammatory pain,
neuropathic pain or morphine-induced hyperalgesia and tolerance
[2,4,17].

Our previous studies demonstrated that post-translational nitration
and modification of manganese superoxide dismutase (MnSOD) are
implicated in the development of inflammatory pain [18,19]. In this
context, more than 90% of cellular ROS are produced in the mi-
tochondria, where electrons escape the electron transport chain (ETC)
and combine with molecular O2 to form superoxide. MnSOD is the
mitochondrial antioxidant within a network of detoxification enzymes
which neutralize highly reactive SO [20]. Excess superoxide can lead to
DNA, lipid, and protein damage [21]. In particular, SO combines with
nitric oxide to form PN which in turn nitrates and inactivates MnSOD;
this sustains the formation of SO and PN resulting in the development
and maintenance of central sensitization in nociceptive signaling
[13,18].

Superoxide also plays a central role in lipid peroxidation, from
which 4-hydroxynoneal (4-HNE) represents the most abundant and
effective end product causing cellular damage [22]. This 4-HNE readily
reacts with target molecules, enhances cell damage [23], and represents
the main precursor for protein carbonylation [24], an irreversible
post‐translational modification formed by covalent adduction of lipid
aldehydes to nucleophilic protein groups [25]. Recent studies have
proven that 4-HNE accumulation quickly modifies the activity of a new
class of proteins called sirtuins [26]. Sirtuins are a family of epigenetic
proteins able to deacetylate histone and non-histone proteins including
transcription factors, DNA repair proteins, and signaling factors [27].
Thus, sirtuins control different vital functions and influence several
pathologies such as metabolic diseases, neurodegenerative disorders,
inflammation and cancer [28,29]. It is well known that the nuclear
protein sirtuin 1 (SIRT1) modulates the activity of nuclear factor-kB
(NF-kB) via post-translational modification of the NF-kB p56 subunit
[30]. Accordingly, SIRT1 activators have anti-inflammatory effects in
both in vitro and in vivo models of inflammation [30]. Furthermore,
sirtuins are also target proteins of post-translational modifications.

In particular, carbonylation of mitochondrial sirtuin 3 (SIRT3) by 4-
HNE at Cys (280) was reported in liver mitochondrial extracts of
ethanol-consuming mice, resulting in allosteric inhibition of SIRT3 ac-
tivity [24]. SIRT3 is emerging as a pivotal regulator of oxidative stress,
deacetylating the substrates involved in both ROS production and de-
toxification. Notably, SIRT3 deacetylates and activates many mi-
tochondrial enzymes involved in fatty acid β-oxidation, amino acid
metabolism, and the electron transport chain (ETC) [31,32]. Interest-
ingly, SIRT3 activity can reduce ROS levels by modulating key anti-
oxidants [31]. In particular, SIRT3 directly deacetylates the MnSOD
122-lysine residue in the mitochondria [33] significantly enhancing its
ability to neutralize ROS [33,34]. SIRT3 enhances the transcription of
MnSOD and other oxidative stress-responsive genes, as well as forkhead
box protein O3 (FoxO3), catalase, glutathione peroxidase (GPX), and
isocitrate dehydrogenase 2 [35,36]. In fact, enzyme dysfunction in
antioxidant defense systems, through the downregulation of SIRT3
signaling, can trigger oxidative stress [33]. In particular, SIRT3 binds
FoxO3a which in turn regulates antioxidants include Mn-SOD [37,38].
Moreover, SIRT3-mediated deacetylation of FOXO3 triggers both mi-
tochondrial biogenesis and mitophagy processes. On the one hand,
SIRT3-FOXO3 axis upregulates Peroxisome Proliferator-Activated Re-
ceptor Gamma Coactivator 1 alpha (PGC1alpha; the mastergene of
mitochondrial biogenesis) and mitochondrial transcription factor A
(Tfam), thus controlling mitochondrial mass and ATP production; on
the other hand the main mitochondrial autophagic mediators (Bnip3,
Nix and LC3) are positively controlled by FOXO3 deacetylation [39].
We propose that alterations in mitochondrial SIRT3 disrupt mitochon-
drial homeostasis contributing to the development of hyperalgesia.

Synthetic or natural antioxidant agents are known to show anti-
hyperalgesic effects [40,41]. Recent study have shown that dietary
polyphenols, including resveratrol (RSV), have antioxidant and long-
lasting anti-nociceptive effects [40,42,43]. It has been demonstrated
that resveratrol attenuates the development of neuropathic pain by
alleviating the reduction of SIRT1 deacetylase activity [44]. Moreover,
resveratrol exhibited an anti-hyperalgesic effects through the down-
regulation of ROS level and pERK/ERK ratio, indicating that anti-hy-
peralgesic effect of resveratrol might be correlated with antioxidant
activity [40].

Additionally, our previous studies [11,16,18] reported the use of
synthetic antioxidants for the removal of free radicals. Among these,
Mn (III) tetrakis (4-benzoic acid) porphyrin (MnTBAP) is a potent in-
hibitors of lipid peroxidation [45] and exerts a protective effect against
some of the detrimental effects associated with endotoxic and hemor-
rhagic shock [46]. Its efficacy is probably due to its peroxynitrite-
scavenging activity in addition to its superoxide-scavenging activity
[18].

The contribution of post-translational SIRT3 modifications in cen-
tral sensitization is largely unexplored and the modulation of key en-
dogenous antioxidant enzymes is not well known in inflammatory pain.
Accordingly, in the present study, we investigated the impact of oxi-
dative stress and the role of antioxidants (resversatrol and MnTBAP) on
SIRT3 signaling in the spinal cord in a well-characterized model of
inflammatory hyperalgesia in rats [6,13,47–49].

2. Material and methods

2.1. Animals

Male Sprague-Dawley rats (225−250 g, 8 weeks old, Envigo) were
used for these studies. All animals were housed and cared in accordance
with the NIH Guidelines on Laboratory Animal Welfare following the
Italian regulations for the protection of animals used for experimental
and other scientific purposes (D.L. 26/2014), and with European
Economic Community regulations (2010/63/UE) with authorization
number 577-2016-PR. The numbers of animals used were the minimum
necessary to achieve statistical significance at p<0.05. Rats were
housed two per cage and maintained under identical conditions of
temperature (21±1 °C) and humidity (60%±5%), with a 12 h light/
12 h dark cycle and allowed food ad libitum and all experiments took
place during the light period in a quiet room. All the drugs were pur-
chased from Sigma Aldrich and dissolved in saline (sodium chloride
0.9%).

2.2. Experimental groups

Rats were allocated into one of the following experimental groups:

2.2.1. Vehicle group
Rats (n = 15) received an intraperitoneal injection of saline, 15 min

before intraplantar injection of saline into the right hindpaw.

2.2.2. Carrageenan group
Rats (n = 15) received an intraperitoneal injection of saline 15 min

before intraplantar injection of carrageenan (1% suspension in 0.85%
NaCl; Calbiochem, cat. 22049) into the right hindpaw.

2.2.3. Drug groups
Rats received an intraperitoneal injection of different doses of

Resveratrol (RSV; 10 mg/kg; 30 mg/kg; or 50 mg/kg; for each dose n =
15; Sigma, cat. R5010), Mn (III) Tetrakis (4-Benzoic acid) porphyrin
(MnTBAP; 5 mg/kg; 10 mg/kg; or 30 mg/kg; for each dose; n = 15;
Cayman, cat. 75850) 15 min before intraplantar (i.pl.) injection of
carrageenan (1% suspension in 0.85% NaCl; Calbiochem, cat. 22049)
into the right hindpaw.
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The dose of the compounds has been chosen according with the
bibliography [16,40,50,51].

For all groups, the lumbar enlargement segment of the spinal cord
(L4–L6) was removed six hours after the second injection, immediately
frozen in liquid nitrogen, and stored at −80 °C for subsequent analysis.

2.3. Measurements of thermal hyperalgesia and edema after carrageenan
administration

Hyperalgesic responses to heat were determined as described by
Hargreaves [47] and a cut off latency of 20 s was chosen to prevent
tissue damage in non-responsive animals. Rats were individually al-
lowed to acclimate for 30 min within plexiglass chambers on a clear
glass plate in a quiet testing room (Ugo-Basile, Varese, Italy). A mobile
foot stimulus unit, consisting of a high-intensity projector bulb, was
positioned to deliver a thermal stimulus directly to a single hindpaw
from beneath the chamber. The withdrawal latency period of injected
and contralateral paws was determined to the nearest 0.1 s with an
electronic clock circuit and thermocouple. Each successful test point
represented the difference (sec) in withdrawal latency between paws
[withdrawal latency of contralateral (left paw) minus withdrawal la-
tency of injected paw (right paw)] at each time point. Results were
expressed as Paw-withdrawal latency changes (sec). Changes in paw
volume were measured as previously described [52]. Paw volume was
measured with a plethysmometer (Ugo-Basile, Varese, Italy) im-
mediately before the injection of carrageenan and at 6 h. Edema was
expressed as the increase in paw volume (mL) after carrageenan in-
jection, relative to the paw’s pre-injection volume. Results are ex-
pressed as paw volume change (mL). All experimenters were blinded to
treatment conditions. Data were unblinded during data analysis.

2.4. Cell cultures

Mechanistic studies were performed in vitro using the breast cancer
cell line MDA-MB-231. In fact, such a cell line has been extensively used
in our laboratory as an in vitro system to identify or validate SIRT3
metabolic functions as well as to confirm SIRT3 activity on new and old
targets [29]. In particular, our previous work on MDA-MB-231 allowed
us to obtain and validate, from a protein and enzymatic point of view,
clones overexpressing and silenced for SIRT3 and to discover the role of
SIRT3 in regulating ROS production, the mitochondrial permeability
transition (MPT) by interacting with hexokinase II (HKII) as well as the
intracellular acidification by deacetylating mitochondrial carbonic an-
hydrase Vb (CAVB) [29]. In this work, the MDA-MB-231 human breast
carcinoma cell line was purchased from LGC Standards (Milan, Italy).
MDA-MB-231 was maintained in 75-cm2 polystyrene flasks (Corning
Costar Corp., Oneonta, NY, USA) with RPMI 1640 medium (Mediatech,
Inc., Herndon, VA, USA), containing 100 units/mL penicillin, 0.1 mg/
mL streptomycin, and 10% by volume of heat-inactivated fetal bovine
serum. The medium was changed every other day. The cells were
passaged up to six times. Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air.

2.5. Cell treatment

To evaluate the involvement of SIRT3, MDA-MB-231 human cells
were incubated with 50 μM 4-HNE (Abcam Biochemicals, cat.
ab141502) in DMSO for 3 h. In the experiments with antioxidants, cells
were incubated with 50 μM MnTBAP (Cayman, cat. 75850) and 50 μM
Resveratrol (Sigma, R5010) for 15 min before exposure to 4-HNE. The
dose of the compounds has been chosen according with the biblio-
graphy [53–55].

2.6. Generation of SIRT3 transfectants

MDA-MB-231 cells were stably transfected with the pcDNA 3.1

expression vector encoding for human SIRT3-Flag (Addgene Inc.,
Cambridge, MA, USA) as previously reported [29]. Briefly, stable clones
were generated by delivering plasmid DNA constructs into cells using
TurboFectin 8.0 (Origene Technologies, Rockville, MD, USA), according
to manufacturer recommendations. Cells (5 × 104) were seeded on a
24-well plate and were transfected the following day. TurboFectin re-
agents (0.5 μL) were first mixed with serum-free RPMI at room tem-
perature for five minutes. Subsequently, plasmid DNA (0.3 μg) was
added to the TurboFectin-containing media and incubated at room
temperature for 30 min. After that, the transfection mixtures were
added to the cells. The selection of stable clones started 24 h later with
the addition of 500 μg/mL of Geneticin (Sigma-Aldrich).

2.7. Lentiviral transduction

Mission™ TRC shRNA lentiviral transduction particles expressing
short hairpin RNA (shRNA) targeting SIRT3 (NM 012239 TRC
N0000038889) and lentiviral negative control particles (SHC016 V)
were purchased from Sigma-Aldrich. Stably transduced clones were
generated according to manufacturer instructions. Cells were seeded on
a 24-well plate and infected the following day. After 24 h, the medium
was replaced with fresh RPMI. The selection of stable clones started 24
h later with the addition of 3 μg/mL of puromycin. The expression of
SIRT3 was confirmed by western blotting.

2.8. Tissue or cells preparation for mitochondrial extraction

For mitochondrial extraction, tissues or cells were homogenized
with lysis buffer at 1:3 w/v ratio. The lysis buffer (250 mM Sucrose; 10
mM Tris; 1 mM EDTA; pH 7.8) contained 1% protease inhibitor cocktail
(v/v) (Sigma, cat. P8340). Solubilized extracts were centrifuged at
1600g for 10 min at 4 °C to obtain supernatants that were re-centrifuged
at 12,000g for 15 min at 4 °C. The resulting pellets were collected and
suspended for 10 min with mitochondrial lysis buffer (1% Triton; 1:100
Protease inhibitor cocktail) and centrifuged at 10,000g for 10 min at 4
°C. The resulting supernatants were immediately stored at −80 °C for
subsequent analysis. Protein concentration was determined using the
Bicinchoninic Acid (BCA) protein assay (Thermo Scientific, cat. 23225).

2.9. Immunoprecipitation and Western blot analyses

Mitochondrial fractions obtained as previously described were used
for immunoprecipitation and western blot analyses. For im-
munoprecipitation, Protein A-sepharose 4B resin (Sigma, cat. P3391)
was prepared by washing 50 μL of resin four times in PBS. Each wash
consisted of mixing resin with fresh PBS and collecting the cleaned resin
after centrifugation (14,000 rpm at 4 °C for 1 min). The cleaned resin
was re-suspended in Lysis Buffer (1% Triton; 1:100, IBI Scientific cat.
IB07100; Protease inhibitor cocktail, Sigma, cat. P8340) and coated
with specific antibodies against the protein of interest (anti-SIRT3, Cell
Signaling, cat. 26275 or anti-MnSOD, Millipore, cat. 06984) and gently
mixed overnight at 4 °C. Beads were washed four times with PBS and
were added to every 300 μg of tissue or cell homogenate supernatant
and incubated overnight at 4 °C. Samples were centrifuged (14,000 rpm
at 4 °C for 20 min) and each pellet was collected for SDS-PAGE analysis.

Western blot analyses of the immunoprecipitated protein complex
and total lysates were made using specific antibodies. The im-
munoprecipitated proteins were resolved in 12% SDS-PAGE minigels
and transferred to nitrocellulose membranes. Membranes were blocked
for 1 h at room temperature in 1% BSA/0.1% thimerosal in 50 mM
Tris−HCl (pH 7.4)/150 mM NaCl/0.01% Tween-20 (TBS/T), followed
by overnight incubation at 4 °C with: anti-Lys-Acetylated antibodies
(1:1000; Cell Signaling, cat. 9441); anti-SOD2/MnSOD (acetyl K122)
(1:1000; abcam, cat. ab214675); anti-4-HNE (1:1000; Millipore, cat.
MAB3249); anti-SIRT3 (1:1000; Cell Signaling, cat. 26275); or anti-
MnSOD (1:1000; Millipore, cat. 06984). Membranes were then washed

S. Ilari, et al. Pharmacological Research 157 (2020) 104851

3



with TBST and incubated with monoclonal (anti-mouse 1:10000; GE
Healthcare, cat. NA931) or polyclonal (anti-rabbit 1:30000; GE
Healthcare, cat. NA934) secondary antibodies conjugated to horse-
radish peroxidase, for 1 h at room temperature. After washes, proteins
were visualized by enhanced chemiluminescence (ECL; GE Healthcare,
cat. RPN2232). No difference for Prohibitin (1:1000, Thermo Scientific,
cat. MS261) was detected among the lanes. All densitometry data were
normalized against prohibitin for each lane and expressed as the ratio of
nitrated to unnitrated proteins. Quantitation of protein bands of interest
was determined by densitometry using ImageQuant 5.2 software
(Molecular Dynamics).

2.10. Analytical analysis of 4-HNE

4-HNE was monitored by liquid chromatography-mass spectrometry
(LC/MS/ESI) equipped with a double analyzer, which allows the frag-
mentation of molecular ions by collision with a gas. In the present work,
we focused on ion 137 m/z to 4-HNE (devoid of a water molecule).
LC–MS measured the ratio of mass with respect to charge in conditions
of very low pressure (10−6 Torr). A spray (electrospray, liquid pumped
to a determined pressure) was generated with charged molecules.
Chromatogram elaboration was made through Windows® version of the

software Borwin, provided by Jasco.

2.11. Determination of MnSOD activity

MnSOD activity was measured as previously described [56,57].
Briefly, the tissues were homogenized with 10 mM phosphate-buf-

fered saline (pH7.4) in a Polytron homogenizer, sonicated on ice for one
minute, and subsequently centrifuged for 10 min at 1100g. To de-
terminate SOD activity, a competitive inhibition assay using xanthine
oxidase-generated O2 was performed by reducing nitrobluetetrazolium
(NTB) to blue tetrazolium salt, as previously described [6]. The reaction
was performed in sodium carbonate buffer (50 mM, pH 10.1) con-
taining EDTA (0.1 mM), nitrobluetetrazolium (25 μM), xanthine (0.1
mM), and xanthine oxidase (2 nM). The rate of NBT reduction was
monitored at 560 nm. MnSOD activity was calculated by preincubating
the sample for 30 min with 2 mM NaCN. The amount of protein re-
quired to inhibit the rate of NTB reduction by 50% was defined as 1 unit
of enzymatic activity. Enzymatic activity was expressed in units per
milligram of protein. All determinations were performed in triplicate.

Fig. 1. Oxidative stress causes thermal hyperalgesia and edema that are induced by intraplantar carrageenan injection. (A–D) Intraperitoneal injections of MnTBAP
(5–30 mg/kg) or RSV (10–50 mg/kg) 15 min prior to each carrageenan injection inhibit thermal hyperalgesia (A and C respectively) and inflammatory response (B
and D respectively) induced by intraplantar carrageenan injection. Results are expressed as means± SEM for 15 rats in each group. *P< 0.05 compared to Veh +
carr; †P<0.05, ♯P<0.05 compared to Veh + Veh.
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2.12. Determination of protein carbonylation

The presence of protein carbonyl groups was determined using the
Oxyblot protein oxidation kit (Millipore, cat. 57150). Protein carbonyl
derivatives were detected by reaction with 2,4-dinitrophenylhydrazine
(DNPH), according to manufacturer instructions. The level of carbonyl
protein groups was analyzed by Western Blot. SIRT3 and prohibitin
levels were detected after stripping the membrane, using stripping
buffer solution (Thermo scientific, cat. 21059) following the manu-
facturer protocol.

2.13. SIRT3 deacetylase activity assay

SIRT3 deacetylase activity was determined using the SIRT3
Fluorimetric Activity Assay/Drug Discovery Kit (EnzoLife, cat.
BMLAK5570001) following the manufacturer protocol. The mitochon-
drial extract (5 μg) was incubated with the Fluor de Lys substrate buffer
at 37 °C for 1 h, followed by Fluor de Lys Developer at 37 °C for 40 min.
After excitation at 360 nm, the emitted light was detected at 460 nm,
using an Infinite 200 microplate fluorometer (Tecan).

2.14. Statistical analysis

Data are expressed as means± SEM for n animals. Data from the
time course studies were analyzed via two-way repeated measures
analysis of variance (ANOVA) with Bonferroni comparisons.

One-way ANOVA followed by the Newman-Keuls test was used to
analyze other data. Statistically significant differences were defined as a
P<0.05. All statistical analyses were performed using GraphPad Prism
(v8.00; GraphPad Software, Inc).

3. Results

3.1. Carrageenan-induced thermal hyperalgesia and edema are associated
with 4-hydroxinonenal (4-HNE) production and post-translational
modifications of mitochondrial proteins

Intraplantar injection of carrageenan in rats caused a time-depen-
dent development of thermal hyperalgesia and edema which peaked
within 2–3 h and plateau up to 6 h (Fig. 1A–D). This was associated
with lipid mitochondrial damage quantified by measuring 4-HNE ac-
cumulation in the spinal cord (Fig. 2A–B). Polyunsaturated fatty acids
within the cellular membrane are primary targets of free radicals, and
4-HNE is a major lipid peroxidation product of omega-6 fatty acids
[22]. Our analysis revealed significant 4-HNE production in mi-
tochondria of the lumbar spinal cord of carrageenan treated rats (2A-B).

Intraperitoneal (i.p.) injection of different doses of RSV (10−50
mg/kg, 15 min before carrageenan) alleviated the development of
thermal hyperalgesia (Fig. 1C) supporting previous studies [40,58–60].
These results were comparable to the action of MnTBAP, the SOD mi-
metic, a potent inhibitors of lipid peroxidation (5−30 mg/kg, ad-
ministered i.p. 15 min before carrageenan) (Fig. 1A, C).

In addition, RSV (10−50 mg/kg) and MnTBAP (5−30 mg/kg) have
significant beneficial effects against tissue damage and inflammation as
shown by the reduction of edema (Fig. 1B, D) and may provide a dif-
ferent therapeutic approach avoiding the typically associated NSAIDs
side effects. Furthermore, the SOD mimetic and resveratrol inhibited
enhanced 4-HNE production in the spinal cord of carrageenan-treated
rats (Fig. 2A–C).

4-HNE interferes with mitochondrial function by inflicting protein
damage by carbonylation via addition reactions with lysine amino
groups, cysteine sulfhydryl groups, and histidine imidazole groups [61].
Modifications of proteins by reactive aldehydes contribute to cellular
damage and neurodegenerative disorders [62]. To evaluate mitochon-
drial protein damage induced by oxidative stress via 4-HNE production
in vivo, we evaluated carbonylation levels of mitochondrial proteins.

Spinal cord segments from carrageenan-treated rats revealed significant
increases in carbonylated proteins that were decreased in rats treated
with MnTBAP and resveratrol (Fig. 2C).

3.2. Thermal hyperalgesia and edema are associated with SIRT3
carbonylation and inactivation

SIRT3 is considered the major mitochondrial deacetylase [63].
Thus, alteration of SIRT3 activity alters mitochondrial pathways. We
examined SIRT3 post-translational modification by reactive aldehydes.
Our data demonstrated that although SIRT3 expression levels remained
unaltered in rat spinal cords during carrageenan-induced inflammation
and hyperalgesia, SIRT3 carbonylation levels were significantly in-
creased (Fig. 3A). Carbonylated SIRT3 lost its enzymatic activity. Re-
sveratrol and MnTBAP restored the SIRT3 enzymatic activity (Fig. 3B).

3.3. Inhibition of SIRT3 activity caused hyperacetylation of mitochondrial
proteins and MnSOD inactivation

Next, we analyzed mitochondrial acetylated proteins as an addi-
tional marker of SIRT3 inactivation. Our data demonstrated a sig-
nificant increase in mitochondrial protein acetylation in the lumbar
spinal cord at the time of peak edema and hyperalgesia (Fig. 4A).
MnTBAP and resveratrol reduced acetylation of mitochondrial proteins
(Fig. 4A). Targets of SIRT3 deacetylation are wide spread and are im-
plicated in a host of cellular pathways, including oxidative phosphor-
ylation, fatty acid metabolism, alcohol metabolism, and the oxidative
stress response proteins, such as MnSOD that limit accumulation of
mitochondrial ROS [64,65]. SIRT3 carbonylation and subsequent in-
activation is responsible for spinal MnSOD hyperacetylation (Fig. 4B)
and its subsequent inactivation (Fig. 4C). Pretreatments with MnTBAP
and resveratrol attenuated MnSOD acetylation and restored its enzy-
matic activity (Fig. 4B, C).

3.4. SIRT3 regulates mitochondrial MnSOD activity

To further dissect the endogenous role of SIRT3 on MnSOD activity,
we used SIRT3-over-expressing (Sirt3 OE), SIRT3 knockdown (SIRT3
KD), and SIRT3 Wild Type (WT) cells (Fig. 5A). First, we compared
MnSOD acetylation levels in SIRT3 KD and SIRT3 WT cells and showed
that acetylated MnSOD levels were significantly lower in SIRT3 WT
than in SIRT3 KD cells (Fig. 5B). These acetylated MnSOD levels were
linked to endogenous SIRT3 activity; indeed, our data demonstrated a
significant reduction of SIRT3 activity (Fig. 5C) and a concomitant in-
crease in MnSOD acetylation and inactivation in SIRT3 KD cells
(Fig. 5B, D). No significant difference in MnSOD acetylation was ob-
served following the administration of MnTBAP and resveratrol in both
cellular models (Fig. 5B).

Gels are representative of results from 6 different experiments and
the histograms represent densitometric analysis of the MnSOD acet-
ylation/MnSOD ratio and SIRT3/Prohibitin ratio of the gels shown.
Results are expressed as mean± SEM. *P<0.05 vs. WT cells.
†P<0.05 vs. SIRT3 OE. SIRT3 KD, SIRT3-knockdown cells; WT, SIRT3-
Wild Type cells; SIRT3 OE, SIRT3-over-expressed cells; cell line used:
human breast cancer cells MDA-MB-231; AFU, arbitrary fluorescence
unit.

3.5. Oxidative stress inhibits SIRT3 activity

Finally, we analyzed MnSOD acetylation levels in SIRT3 OE cells
treated with 4-HNE to confirm the role of oxidative stress on SIRT3
activity. Our study demonstrated that 4-HNE treatment increased
MnSOD acetylation levels and inactivation of MnSOD and SIRT3
(Fig. 6A–C).

Addition of MnTBAP maintained SIRT3 activity and inhibited
MnSOD hyperacetylation, restoring its activity (Fig. 6A–C). This effect
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has been compared to that one of RSV, showing high similarities be-
tween the natural and the synthetic antioxidant action, even if RSV was
not able to totally restore the activity of SIRT3 to the level control
(Fig. 6B).

4. Discussion

Reactive species, including superoxide and peroxynitrite, are im-
plicated in both the development and maintenance of inflammatory
pain, through multiple mechanisms [2,5,19]. More recently,

Fig. 2. Inflammatory pain is associated with oxidative stress damage. Intraplantar (i.pl.) injection of carrageenan increased 4-HNE levels (A, B) and 4-HNE-car-
bonylated mitochondrial proteins (C) in the spinal cord (L4-L5) of rats as measured by LC/MS/ESI (A) and Western Blot (B, C). Intraperitoneal (i.p.) administration of
MnTBAP (10 mg/kg; 15 min prior to each carrageenan injection) or RSV (10 mg/kg; 15 min prior to each carrageenan injection) both attenuated 4-HNE expression
(A, B) and protected mitochondrial proteins against such 4-HNE attack (C). No differences for prohibitin expression were detected among the lanes in these
conditions. Gels are representative of results from 5 animals and the histogram represents densitometric analysis of total mitochondrial proteins 4-HNE/prohibitin
ratio of the gel shown (B), or total mitochondrial proteins carbonylation/prohibitin ratio of the gel shown (C). Results are expressed as means± SEM for 5 rats in
each group. †P<0.05 compared to Veh + Veh; *P<0.05 compared to Veh + carrageenan. Ppm, parts per million.

Fig. 3. Thermal hyperalgesia is associated with
SIRT3 carbonylation. (A) Carrageenan injec-
tion significantly increases carbonylation of
mitochondrial SIRT3 in the lumbar spinal cord
segment. Pre-treatment with MnTBAP (10 mg/
kg) or resveratrol (10 mg/kg), 15 min prior to
each carrageenan injection, prevents such
SIRT3 carbonylation. No differences for pro-
hibitin or SIRT3 expression were detected
among the lanes in these conditions. Gels are
representative of results from 5 animals and
the histogram represents densitometric ana-
lysis of SIRT3 carbonylation/SIRT3 ratio of the
gel shown. Results are expressed as
means± SEM for 5 rats per group. †P<0.001
vs. Veh + Veh; *P< 0.001 vs. Veh + carra-
geenan. (B) Intraplantar (i.pl.) injection of
carrageenan is linked to the inactivation of
SIRT3 enzymatic function. Compared with the
vehicle group, animals receiving carrageenan

injection showed lower levels of SIRT3 activity. Pre-treatment of MnTBAP (10 mg/kg; 15 min prior to each carrageenan injection) or resveratrol (10 mg/kg; 15 min
prior to each carrageenan injection) maintained SIRT3 activity. Results are expressed as means± SEM for 5 rats. †P<0.05 vs. Veh + Veh; *P<0.05 vs. Veh +
carrageenan. AFU, arbitrary fluorescence unit.
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mitochondrial dysfunction has been considered to be an important
component in inflammatory pain [66,67]. In particular, proper mi-
tochondrial function requires careful regulation of multiple enzymes
[68]. SIRT3 is localized to the inner mitochondrial membrane and it is
implicated in metabolic regulation of physiopathological processes,
such as inflammation, metabolism and cell cycle regulation and it also
seems to be involved in the epigenetic regulation [69]; its activity ap-
pears to be regulated by oxidative stress agents, and it is responsive to
aberrant or increased mitochondrial levels of SO [70]. Within the an-
tioxidant defense system [36], SIRT3 is a main regulator of cell defense
and survival in response to oxidative stresses induced by various in-
juries [39]. As an experimental corollary, SIRT3 signaling down-reg-
ulation leads to mitochondrial antioxidant enzyme dysfunction and
thus increased oxidative stress [36]. In this regard, SIRT3 can be con-
sidered as a crucial mitochondrial fidelity protein able to resist oxida-
tive stresses, counteract oxidative stresses [29,70,71], and protect cells
against ROS. However, the role of SIRT3 in modulating inflammatory
pain has not yet been investigated.

As shown in numerous studies, inflammatory hyperalgesia evoked
by carrageenan induces, also at the spinal cord level, various ROS
species formation, presumably in response to glutamate, which play a
major role in the development of pain through central sensitization
[3,6–8].

Our results strongly suggest that 4-HNE formation is a key element
in the generation of inflammatory hyperalgesia. In an animal model of
inflammatory pain we have demonstrated an increase of 4-HNE along
with the oxidative stress marker MDA and nitrotyrosine level in the
spinal cord [11,13,19]. The enhanced presence of 4- HNE could be
responsible for the carbonylation and inactivation of SIRT3 [24,72,73]

that in turn lead to mitochondrial hyperacetylation and MnSOD in-
activation.

These effects were significantly attenuated by a single prior anti-
oxidant treatment with MnTBAP and resveratrol, showing the pivotal
role of free radicals as mediators of hyperalgesia and inflammation.

To confirm the direct link between SIRT3 and oxidative stress, we
used a validate cell line in which SIRT3 was either overexpressed or
knockdown. The SIRT3-knockdown cells showed reduced basal or
carrageenan-induced SIRT3 activity compared with wild type cells and
this reduction is followed by a SIRT3-dependent MnSOD inactivation.
To confirm the relationship between oxidative stress and SIRT3, we
analyzed the levels of MnSOD acetylation in SIRT3-overexpressing cells
that were treated with 4-HNE. We observed a significant increase of
MnSOD acetylation followed by a MnSOD inactivation after treatment
with 4-HNE, and this protein alteration was prevented or greatly re-
duced by pre-treatment with MnTBAP or resveratrol.

Our findings demonstrate, for the first time, deactivation of sirtuins
is involved in the development of hyperalgesia, and SIRT3 protection
by antioxidants is beneficial during oxidative stress-induced hyper-
algesia and inflammation. Notably, SIRT3 appears to be the major
deacetylase in the mitochondria [74,75], but until now little was known
about the mechanism of its regulation during nociception. Collectively,
our results indicate that the effects of MnSOD deacetylation on the
suppression of inflammation and inflammatory pain are canonically
mediated by the SIRT3/MnSOD pathway.

Previous studies demonstrated that SIRT3 down-regulation resulted
in reduced poly (ADP-ribose) polymerase (PARP) activity. SIRT3 and
PARP use the same cofactor Nicotinamide Adenine Dinucleotide
(NAD+) and PARP hyperactivity also causes chronic inflammation by

Fig. 4. Sirt3 inhibition caused acetylation of mitochondrial proteins and inactivation of MnSOD. (A) Western blot analyses demonstrated significant acetylation of
mitochondrial proteins in the spinal cord of animals that received intraplantar carrageenan injections. Pre-treatment of such animals with MnTBAP (10 mg/kg) or
resveratrol (10 mg/kg) before carrageenan injections inhibited such post-translational modification of proteins. No differences for the marker protein prohibitin’s
expression were detected among the lanes in these conditions. (B) Inactivation of SIRT3 by intraplantar carrageenan administration induced mitochondrial MnSOD
acetylation in the animals’ lumbar spinal cords. Rats pretreated with either MnTBAP (10 mg/kg) or resveratrol (10 mg/kg) prevented carrageenan-induced MnSOD
acetylation. No difference for prohibitin or MnSOD expression was detected among the lanes in these conditions. Gels are representative of results from 5 animals and
the histogram represents densitometric analysis of total mitochondrial protein acetylation/prohibitin (A) or MnSOD acetylation/MnSOD (B) ratio of the gel shown.
Results are expressed as means± SEM for 5 rats. *P<0.05 vs. Veh + Veh; †P<0.05 vs. Veh + carrageenan. (C) Acetylation of MnSOD is linked to the inactivation
of MnSOD’s enzymatic function. Compared with the saline-injected vehicle group, animals that received a carrageenan injection showed lower levels of MnSOD
activity in their lumbar spinal cords. MnTBAP (10 mg/kg) or resveratrol (10 mg/kg) pretreatment maintained MnSOD activity in carrageenan-inflamed rats. Results
are expressed as means± SEM for 5 rats. †P<0.05 vs. Veh + Veh; *P< 0.05 vs. Veh + carrageenan.
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depleting NAD+, which subsequently decreases endogenous SIRT ac-
tivity [76]. In addition, mitochondrial Ca2+ influx has a crucial role in
the down regulation of the NAD+/NADH ratio and in the NAD+-de-
pendent deacetylase activity of SIRT3 to inhibit MnSOD activity. Thus,
increasing the production of mitochondrial ROS [77,78].

These interactions could create both an amplified auto-feedback
loop that regulates SIRT3 activity and a positive feedback signal that
further enhances oxidative damage and inflammatory processes.
Therefore, it can be deduced that both natural or synthetic antioxidants
could inhibit inflammatory pain by maintaining SIRT3 activity and
thereby limit endogenous ROS production.

5. Conclusion

In conclusion, our data identify mitochondrial dysfunction as cru-
cial player in the pathogenesis of inflammatory pain.

We demonstrate, for the first time, that SIRT3 carbonylation con-
tributes to spinal MnSOD inactivation during carrageenan-induced
thermal hyperalgesia in rats. Moreover, inhibiting ROS with anti-
oxidants prevented SIRT3 carbonylation, restored the enzymatic ac-
tivity of MnSOD and blocked the development of pain. These results
suggest that therapeutic strategies aimed at inhibiting post-translational
modifications of SIRT3 may provide beneficial outcomes in pain states
where ROS have been documented to play an important role in the

development of central sensitization. Restoring mitochondrial sirtuins
pathway may also represent an innovative approach for therapeutic
intervention in specific patient populations in rehabilitation treatment
who present with inflammatory pain.
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