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Abstract

Many of the widely used anticancer drugs induce dose-limiting peripheral neuropathies that 

undermine their therapeutic efficacy. Animal models of chemotherapy-induced painful peripheral 

neuropathy (CIPN) evoked by a variety of drug classes, including taxanes, vinca alkaloids, 

platinum-complexes, and proteasome-inhibitors, suggest that the common underlying mechanism 

in the development of these neuropathies is mitotoxicity in primary nerve sensory axons (PNSAs) 

arising from reduced mitochondrial bioenergetics [eg adenosine triphosphate (ATP) production 

deficits due to compromised respiratory complex I and II activity]. The causative mechanisms of 

this mitotoxicity remain poorly defined. However, peroxynitrite, an important pro-nociceptive 

agent, has been linked to mitotoxicity in several disease states and may also drive the mitotoxicity 

associated with CIPN. Our findings reveal that the development of mechano-hypersensitivity 

induced by paclitaxel, oxaliplatin, and bortezomib was prevented by administration of the 

peroxynitrite decomposition catalyst Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-

yl)porphyrin (MnTE-2-PyP5+) without interfering with their anti-tumor effects. Peak CIPN was 

associated with the nitration and inactivation of superoxide dismutase in the mitochondria, but not 

in the cytosol, as well as a significant decrease in ATP production within the PNSAs; all of these 

events were attenuated by MnTE-2-PyP5+. Our results provide continued support for the role of 

mitotoxicity in the development of CIPN across chemotherapeutic drug classes, and identify 

peroxynitrite as a key mediator in these processes, thereby providing the rationale towards 

development of “peroxynitrite-targeted” therapeutics for CIPN.
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1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a common dose-limiting 

complication of cancer chemotherapy and a frequent cause of discontinuation of what is 

otherwise successful therapy [49]. This chronic neuropathy is characterized by bilaterally 

symmetrical sensory symptoms (eg numbness, tingling, and pain) appearing in the feet, or in 

both the feet and hands [49], and occurs with chemotherapeutics across drug classes with 

distinctly different anti-tumor mechanisms, such as taxanes (eg paclitaxel), platinum-

complexes (eg oxaliplatin), and proteasome-inhibitors (eg bortezomib). Recent work in rats 

indicates a common pathophysiology for CIPN from these agents due to a long-lasting 

dysfunction in mitochondria of peripheral nerve sensory axons (PNSAs) [51,53,55,56] that 

can be blocked by mitoprotective agents, such as acetyl-L-carnitine [53,56] and olesoxime 

[52], and exacerbated by mitochondrial poisons [51]. These, and other, observations have led 

to a peripheral mitotoxicity hypothesis for CIPN, which posits that mitotoxicity within the 

PNSAs gives rise to persistent energy deficits leading to dysfunction of the sodium–

potassium pump and a subsequent increase in abnormal spontaneous discharge in both A- 

and C-fibers, as well as degeneration of the sensory afferents’ terminal arbors (intra-

epidermal nerve fibers, the neuronal compartment with the highest energy requirement) 

[14,51,53–56]. Increased spontaneous discharge of PNSAs may then initiate pathways 

ultimately leading to central sensitization mechanisms, and the promotion of allodynia and 

hyperalgesia [12].

The triggering mechanisms of this mitotoxicity are unknown, but the potent nitroxidative 

species peroxynitrite (PN) may play a critical role. We have recently reported that PN 

contributes to the development of paclitaxel-induced neuropathic pain and that 

administration of a peroxynitrite decomposition catalyst (PNDC) can prevent this mechano-

hypersensitivity [12]. Protein nitration by PN, the product of superoxide (SO) and nitric 

oxide (NO) [4], in pathological settings can lead to gain or loss of protein function [17]. 

Mitochondria constitute a primary locus for the formation and reactions of PN [35,46]; in 

excess, protein nitration by PN within the mitochondria is detrimental to normal cellular 

bioenergetics and has been linked to mitochondrial dysfunction in several diseases [26]. 

Increased levels of PN are further sustained by the PN-mediated nitration of manganese 

superoxide dismutase (MnSOD) at Tyr-34 via a Mn-catalyzed process that leads to its 

inactivation [26,27]. MnSOD is the most important mitochondrial antioxidant enzyme 

keeping SO [28], and thus PN, in check. As a result, nitration and inactivation of MnSOD 

favors a “feed-forward” mechanism that sustains elevated levels of SO/PN in mitochondria 

and further nitration of various mitochondrial proteins critical to sustained bioenergetics. 

Thus, the beneficial effects of removing PN with a PNDC in the prevention of CIPN [12] 
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may be to protect against PNSA mitochondrial protein nitration and therefore preserve 

cellular bioenergetics.

The objectives of this study were to establish whether (1) PN is a common mediator of 

bioenergetic deficits and mitochondrial dysfunction in PNSAs during paclitaxel-, 

oxaliplatin-, and bortezomib-induced CIPN and, if so, whether (2) removing PN with 

PNDCs is mitoprotective and a beneficial approach to preventing CIPN.

2. Materials and methods

2.1. Experimental animals

Male Sprague Dawley rats (200–220 g starting weight) from Harlan Laboratories 

(Indianapolis, IN; Frederick, MD, breeding colony) were housed 3–4 per cage in a 

controlled environment (12-hour light/dark cycle) with food and water available ad libitum. 

All experiments were performed in accordance with the International Association for the 

Study of Pain and the National Institutes of Health guidelines on laboratory animal welfare, 

and the recommendations by Saint Louis University Institutional Animal Care and Use 

Committee. All experiments were conducted with the experimenters blinded to treatment 

conditions.

2.2. Chemotherapy-induced neuropathic pain

Paclitaxel (Parenta Pharmaceuticals, Yardley, PA) or its vehicle (Cremophor EL and 95% 

dehydrated ethanol in 1:1 ratio; Sigma, St. Louis, MO) was injected intraperitoneally (i.p.) 

in rats on 4 alternate days (D): D0, 2, 4, and 6 with a final cumulative dose of 8 mg/kg [34]. 

Oxaliplatin (Oncology Supply, Dothan, AL) or its vehicle (5% dextrose) was injected i.p. in 

rats on 5 consecutive days (D0–D4) for a final cumulative dose of 10 mg/kg. This low-dose 

paradigm does not cause kidney injury, as reported by Xiao et al. [53]. Bortezomib (Selleck 

Chemicals, Houston, TX) or its vehicle (5% Tween80, 5% ethanol in saline) was injected i.p. 

in rats on 5 consecutive days (D0–D4; 0.2 mg/kg) for a final cumulative dose of 1 mg/kg 

[56].

2.2.1. Test compounds

Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) was 

synthesized as described previously and kindly provided by Dr. Batinic-Haberle (Duke 

University School of Medicine) [2]. MnTE-2-PyP5+ was always given 30 minutes before the 

chemotherapeutic or its vehicle. Rats were treated with paclitaxel, oxaliplatin, or bortezomib 

and injected subcutaneously (0.2 ml) with MnTE-2-PyP5+ or its vehicle (saline) from D0 to 

D15/17, with behavioral testing performed on D0, D11/D12, D16/D17, and D25.

2.3. Behavior testing

2.3.1. Mechano-allodynia—Rats were placed in elevated Plexiglass chambers (28 × 40 × 

35 cm) on a wire mesh floor and allowed to acclimate for 15 minutes before measuring the 

mechanical paw withdrawal thresholds in grams [PWT, (g)] using calibrated von Frey (VF) 

filaments [Stoelting, ranging from 3.61 (0.407 g) to 5.46 (26 g) bending force] according to 

the “up-and-down” method [10] for paclitaxel, or with an electronic version of the VF test 
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(dynamic plantar aesthesiometer, model 37450; Ugo Basile, Italy) with a cut-off set at 50 g 

for oxaliplatin and bortezomib. The development of mechano-allodynia is evidenced by a 

significant (P < .05) reduction in mechanical mean absolute PWT (g) at forces that failed to 

elicit withdrawal responses before chemotherapy treatment (D0).

2.3.2. Mechanical hyperalgesia—PWTs (g) were measured by the Randall and Sellitto 

paw pressure test [36] using a Ugo-Basile analgesiometer (Comerio, Italy, model 37215), 

which applies a linearly increasing mechanical force to the dorsum of the rat’s hind paw. 

The nociceptive threshold was defined as the force (g) at which the rat withdrew its paw 

(cut-off set at 250 g). If testing coincided with a day when rats received test substance, 

behavioral measurements were always taken before the injection of the test substance. 

Chemotherapeutic treatment results in bilateral allodynia and hyperalgesia with no 

differences between left and right hind PWT (g) at any time point in any group; thus, the 

values from both paws were averaged. Animals receiving chemotherapeutic agents in the 

presence or absence of the experimental test substances tested did not display signs of any 

toxicities, that is they exhibited normal posture, grooming, and locomotor behavior; hair coat 

was normal; there were no signs of piloerection or ocular porphyrin discharge; and they 

gained body weight normally and comparably to vehicle-treated rats.

2.4. Anti-tumor activity

The effects of MnTE-2-PyP5+ on the anti-tumor activity of oxaliplatin on human colon 

carcinoma cells (SW480) [9] and bortezomib on human multiple myeloma cells [Roswell 

Park Memorial Institute (RPMI) medium 8226] [30] were assessed using a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay adapted from a 

previously described assay [21,40]. Cells were cultured and assayed in their recommended 

media [L15 for SW480 (Sigma) or RPMI 1640 for RPMI 8226 (Sigma)] supplemented with 

heat-denatured 10% fetal bovine serum (HyClone; Thermo Fisher Scientific, Waltham, MA) 

and penicillin/streptomycin (Invitrogen, Grand Island, NY) at 37°C, 0% (SW480), or 5% 

carbon dioxide (RPMI 8226), and 95% humidity. Cells (3.13 × 104 cells/cm2) were cultured 

overnight in 24-well plates (SW480; BD Biosciences, Franklin Lakes, NJ) or 12 mm × 7.5 

mm culture tube (RPMI 8226; BD Biosciences, Franklin Lakes, NJ) in complete media. This 

regimen yielded 60% confluency for testing. After equilibrating in fresh media (5 h), cells 

were treated for 48 h with MnTE-2-PyP5+ (60 μM) or its vehicle (PBS) and 

chemotherapeutics: oxaliplatin (0–30 μM) or its vehicle (0.01% dimethyl sulfoxide, final 

concentration), or bortezomib (0–100 nM) or its vehicle (0.1% dextrose, final 

concentration). Two naïve control wells (media only) were included as a control for the anti-

tumor effects of MnTE-2-PyP5+ alone. Cell survival was assessed by incubating cells with 

MTT (500 μg/ml) for 75 minutes, removing media, and dissolving the resulting tetrazolium 

crystals in isopropanol. The tetrazolium absorption (A560–570 nm) was measured using a 

Glomax Multi-Detection system (Promega, Madison, WI). The anti-tumor effects of 

MnTE-2-PyP5+ alone were determined as % Survivability = (A560–570 nm of test well)/(mean 

A560–570 nm of the vehicle control well) × 100. The LC50 of each chemotherapeutic agent + 

MnTE-2-PyP5+ or its vehicle was determined by three-parameter non-linear analysis of % 

Survivability where the top and bottom plateaus were constrained using GraphPad Prism 

(version 5.03).
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2.5. Assessment of mitochondrial abnormalities by electron microscopy

On D25, saphenous nerves were harvested and immersed in primary fixative solution within 

seconds of being removed from rats. Primary fixation was with 2.5% glutaraldehyde in 0.1 

M sodium cacodylate buffer pH 7.25 containing 2% sucrose and 2 mM calcium chloride. 

Secondary fixation was with 1% osmium tetroxide in the same buffer. Nerves were then 

processed into EmBed resin following standard Electron Microscopy (EM) protocols. C-

fibers and myelinated A-fibers were identified in post-stained thin sections in a JEOL 1200 

transmission electron microscope and mitochondrial morphology evaluated at 20,000×. The 

criteria for abnormal mitochondrial ultrastructure were swelling, matrix extraction, 

membrane inflation (“ballooning”), and membrane rupture [14]. The scoring of normal vs 

abnormal mitochondria was always done blind (the grids are coded so that the scorers did 

not know if a given grid of sections was control or experimental), in 250 axon profiles per 

rat. As mitochondria can be subject to artefactual swelling and vacuolization due to poor 

fixation [3] we designed the primary and secondary fixative solutions to minimize such 

problems (the sucrose is an osmotic balancer and the calcium stabilizes membranes).

2.6. ATP assay

On the final day of treatment, the saphenous nerve was excised and placed in ice-cold 

mitochondrial preservation media and then prepared and tested using a technique adapted for 

the saphenous nerve as fully described in Zheng et al. [55]. Briefly, after the saphenous 

tissue was prepped in ice-cold preservation medium, the preservation medium was removed 

and replaced with room temperature (RT) respiration medium; the sample was incubated 

with substrates for complex I and II (5.0 mM glutamate and 2.5 mM malate, 5.0 mM 

succinate) after which a sample was taken of the media (100 μl). The sample was then 

stimulated with adenosine diphosphate (ADP) (1.0 mM) and another sample of the medium 

was taken. Samples were stored at −80°C until they could be assessed with a flash luciferin–

luciferase assay (Promega Enliten ATP Assay; Promega) according to the manufacturer’s 

protocol. To normalize adenosine triphosphate (ATP) concentrations, the saphenous tissue 

preparation was homogenized and processed, and a citrate synthase (mitochondrion-specific 

enzyme) enzyme assay kit (Sigma) was utilized to assess the levels of citrate synthase 

activity within the supernatant.

2.7. Immunoprecipitation

Saphenous nerves were obtained and stored immediately at −80°C. Immunoprecipitation and 

Western blot analyses were performed as described [29,48]. Proteins were resolved with 4–

20% (MnSOD) sodium dodecyl sulfate-polyacrylamide gel electrophoresis prior to 

electrophoretic transfer. Membranes were blocked for 1 h at RT in 1% bovine serum albumin 

in TBS-T (50 mM Tris·hydrochloric acid, pH 7.4), 150 mM sodium chloride, 0.01% 

Tween-20, and 0.1% thimerosal, and then probed with rabbit polyclonal anti-MnSOD 

(1:1000). Membranes were washed with TBS-T and visualized with horseradish peroxidase-

conjugated secondary antibodies for 1 hour at RT and enhanced chemiluminescence. The 

relative density of the protein bands of interest were determined using the Gel Logic Pro 

2200 system (Carestream Molecular Imaging, Rochester, NY) in conjunction with GL2200 

PRO Acquire Software module (version 5.0.7.24). The blots were stripped and probed with a 
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murine monoclonal anti-β-actin antibody (1:2000), and nitrated MnSOD bands were 

normalized to β-actin.

2.8. Measurement of mitochondrial MnSOD activities

Saphenous nerves were homogenized with 10 mM phosphate buffered saline (PBS) (pH 

7.4), sonicated on ice for 1 min (20 seconds, three times), and centrifuged at 1100×g for 10 

min. The superoxide dismutase (SOD) activity in the supernatants was measured, as 

described previously [48], by the ability to competitively inhibit xanthine–xanthine oxidase-

derived superoxide reduction of nitroblue tetrazolium (NBT) to blue tetrazolium salt. 

Copper, zinc SOD (CuZnSOD) activity was blocked in this assay by the addition of 2 mM 

sodium cyanide after pre-incubation for 30 minutes. The rate of NBT reduction was 

monitored spectrophotometrically at 560 nm. The amount of protein required to inhibit the 

rate of NBT reduction by 50% was defined as one unit of enzyme activity. Enzymatic 

activity was expressed in units per mg of protein [48].

2.9. Determining ED50 values

The ED50 and the corresponding 95% confidence interval (95% CI) were determined by 

curve-fitting the % Prevention of mechano-allodynia or mechano-hyperalgesia using the 

least sum of squares method by a normalized three-parameter non-linear analysis using 

GraphPad Prism (version 5.03).

where PWT is the paw withdrawal threshold, drug is MnTE-2-PyP5+, chemo is paclitaxel, 

oxaliplatin, or bortezomib, and Veh is the vehicle.

2.10. Statistical analysis

Data are expressed as mean ± SD for n animals. Differences between data from the full-time 

course studies and in the ATP assay were analyzed by two-way repeated measures analysis 

of variance (ANOVA) with Bonferroni-corrected comparisons. All other biochemical data 

collected on D25 were analyzed by one-way ANOVA with Dunnett’s-corrected 

comparisons. Significant differences were defined as P < .05. All statistical analyses were 

performed using GraphPad Prism (version 5.03).

3. Results

3.1. Targeting PN blocks the development of chemotherapy-induced neuropathic pain

We have recently reported that PN plays a key role in the development of paclitaxel-induced 

neuropathic pain [12] and its removal with MnTE-2-PyP5+, a well-characterized potent 

mangano porphyrin-based PNDC [1,37], blocked the development of mechano-allodynia 

and mechano-hyperalgesia without interfering with paclitaxel’s anti-tumor effects [12]. We 

now extend these beneficial effects of MnTE-2-PyP5+ to CIPN that develops with two other 

chemotherapeutic agents, oxaliplatin and bortezomib. In agreement with previous studies 

[53,56], oxaliplatin- (Fig. 1A, B) and bortezomib-induced (Fig. 2A, B) mechano-allodynia 
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and mechano-hyperalgesia developed by D11/12 (onset) and reached its peak by D16/17 at a 

level that was maintained throughout our observation period (D25; times relative to first 

chemotherapy injection). Although chemotherapy dosing is completed within a few days, we 

continued administration of MnTE-2-PyP5+ until peak hypersensitivity to account for the 

delay to symptom onset (also noted in patients) that introduces uncertainty about the 

timeline of relevant pathological process. Subcutaneous injections of MnTE-2-PyP5+ 

attenuated the development of oxaliplatin-induced neuropathic pain in a dose-dependent 

manner (0.3–3 mg/kg/d, n = 5–7) with ED50s on D25 of 0.6 mg/kg/d (95% CI = 0.4–0.8 

mg/kg/d) and of 0.4 mg/kg/d (95% CI = 0.3–0.5 mg/kg/d) for mechano-allodynia and 

mechano-hyperalgesia, respectively (Fig. 1A, B). MnTE-2-PyP5+, when tested at the highest 

dose, was found to block paclitaxel- (Fig. 3A, B), oxaliplatin- (Fig. 1), and bortezomib-

induced mechano-allodynia and hyperalgesia (Fig. 2A, B). We have previously reported that 

when given alone, and at the highest dose tested (10 mg/kg/d), MnTE-2-PyP5+ does not 

affect baseline withdrawal thresholds [12]; therefore, Vehicle + MnTE-2-PyP5+ groups were 

unnecessary. None of the drugs tested affected body weight, and all animals gained weight 

to the same extent over the course of the experiment (data not shown).

3.2. MnTE-2-PyP5+ does not compromise the in vitro anti-tumor activity of oxaliplatin and 
bortezomib

Pharmacokinetic studies demonstrated plasma MnTE-2-PyP5+ levels in male rats when 

given systemically at a dose providing near-to-maximal inhibition of neuropathic pain (10 

mg/kg) were approximately 17 μM at Cmax [42]. MnTE-2-PyP5+ (60 μM, a concentration 

three times higher than Cmax) did not diminish the anti-tumor effects of oxaliplatin in human 

colon cancer cells (SW480) [9] or bortezomib in human multiple myeloma cells (RPMI 

8226) [30] (Table 1). Higher doses of MnTE-2-PyP5+ were not used because these doses had 

direct anti-tumor effects on all three cell lines tested. The presence of direct anti-tumor 

effects suggests the possibility that PNDCs might not only prevent CIPN, but may also 

enhance anti-tumor therapy.

3.3. PN post-translationally nitrates mitochondrial MnSOD compromising mitochondrial 
bioenergetics and leading to dysfunction in PNSA

When compared with baseline (D0), development of paclitaxel-induced pain at peak plateau 

phase (D25; Fig. 3A, B) is associated with significant nitration (Fig. 3C) and reduced SOD 

activity of mitochondrial MnSOD (Fig. 3D). The activity of cytosolic CuZnSOD was not 

affected (Fig. 4A). Furthermore, in the saphenous nerves of paclitaxel-treated animals there 

is an increased appearance of abnormal and swollen/vacuolated mitochondria in both A- and 

C-fibers, as shown by electron microscopy (Fig. 5A–F) and impaired ATP production due to 

complex I and II deficits in PNSAs (Fig. 5G). Mitochondria in Schwann cells were normal 

confirming previous studies (data not shown) [53,54,56]. Removal of PN through catalytic 

decomposition with MnTE-2-PyP5+ (10 mg/kg/d) blocked the paclitaxel-induced nitration 

and inactivation of MnSOD (Fig. 3C, D), and mitochondrial dysfunction, that is MnTE-2-

PyP5+ reduced the increased prevalence of abnormal mitochondria (Fig. 5E, F) and 

attenuated the loss of ATP production (Fig. 5G), implicating a critical role of PN in such 

mitochondrial dysfunction. Furthermore, similar nitration (Figs. 6A and 7A) and inactivation 

(Figs. 6B and 7B) of MnSOD, but not cytosolic CuZnSOD (Fig. 4B, C), and loss of ATP 
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production from complex I and II deficits (Figs. 6C and 7C), were associated with 

oxaliplatin- (Fig. 6) and bortezomib- (Fig. 7) induced neuropathic pain at peak (D25). Of 

note, MnTE-2-PyP5+ blocked nitration and enzymatic inactivation of MnSOD, and restored 

ATP production (Figs. 6 and 7). These findings underscore the commonality and importance 

of mitochondrial PN-mediated nitroxidative stress in PNSAs to the development of 

neuropathic pain evoked by diverse chemotherapeutic agents.

4. Discussion

Chronic neuropathic pain accompanying CIPN, which generally resolves within weeks to 

months, but can last for years in some patients [32], greatly reduces the success of widely 

used chemotherapeutic agents by limiting dose and by decreasing the patient’s quality of life 

via psychological distress, fatigue, sleep disorders, cognitive deficit, and diminished activity 

[13,19]. Patients receiving aggressive therapy with doses exceeding the recommended levels 

or patients with pre-existing symptomatic or asymptomatic nerve damage (eg diabetes or 

prior chemotherapy) are at an increased risk [23,49]. CIPN largely affects sensory function 

leading to the development of central sensitization, although effects on motor function have 

been noted, especially acutely [25]; these are absent or rare with chronic dosing. The clinical 

management of these patients is difficult as current pain-management drugs are only 

marginally effective and display unacceptable side effects [13]. As the estimated incidence 

of CIPN can be as high as 30–90%, advances in understanding the underlying pathology are 

essential in order to identify effective therapeutic strategies to address this growing problem 

[13].

Here we confirm our recent findings that PN is a critical determinant of paclitaxel-induced 

neuropathic pain [12] and now extend to CIPN observed with two other distinct 

chemotherapeutic agents: oxaliplatin, which is used for metastatic colon cancer and other 

gastrointestinal tumors, and bortezomib, which is used for multiple myelomas [13]. The 

finding that neuropathic pain caused by these agents did not emerge for several days after 

discontinuing the PNDC treatment suggests that PNDCs could be used to prevent underlying 

causative mechanisms necessary for neuropathic pain development, rather than simply 

providing a transient decrease in enhanced nociceptive processing, as would occur with 

other analgesics (eg gabapentin, opiates). These results broaden the importance of PN in 

CIPN and suggest that there may be a common PN-dependent pathway independent of the 

chemotherapeutics’ anti-tumor mechanisms of action. One common denominator in the 

development of paclitaxel-, oxaliplatin-, and bortezomib-induced neuropathic pain is 

mitochondrial dysfunction in PNSAs leading to a persistent deficit in axonal energy supply 

[14,51,55,56]. Our results confirm these previous studies and extend them to implicate, for 

the first time, PN as one of the key players in the development of mitochondrial dysfunction 

in all three settings.

ATP production was assayed in saphenous nerve samples composed of axons, Schwann 

cells, and vascular endothelial cells. The axons of the rat’s saphenous nerve are all, or very 

nearly all, sensory [44,45] and we can thus discount any contribution from mitochondria in 

motor axons. If there is any contribution from mitochondria in endothelial cells it is certain 

to be quite small as these are very few in number compared with the number of axons. It 
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seems unlikely that Schwann cell mitochondria make any contribution to the chemotherapy-

induced change—first, because the number of mitochondria in Schwann cell cytoplasm is 

low compared with that in axoplasm [53,55,56], and, second, and more importantly, because 

no chemotherapy-induced change in mitochondrial structure is seen [53,55,56], suggesting 

that they are functionally normal. It thus seems most likely that chemotherapy-induced 

damage is to the mitochondria within PNSAs and that these are the targets of the PNDC’s 

actions.

Consistent with the mitotoxicity hypothesis, the results of our study clearly demonstrate that 

peak neuropathic pain was associated with significant nitration and inactivation of 

mitochondrial MnSOD and impairment of ATP production arising from complex I and II 

deficits. Moreover, the removal of PN with MnTE-2-PyP5+ prevented MnSOD nitration and 

inactivation, as well as the bioenergetic deficits, ultimately preventing the development of 

CIPN hypersensitivity. More importantly, this occurs without interfering with anti-tumor 

effects. The mitotoxicity hypothesis in CIPN is further supported by the fact that cytosolic 

CuZnSOD activity was unaffected, which is consistent with the fact that PN does not affect 

the catalytic activity of CuZnSOD [41]. These results therefore suggest that overt production 

of PN nitrates and inactivates MnSOD, which enables a feed-forward mechanism that 

sustains PN and PN-mediated nitroxidative stress leading to bioenergetic deficits by damage 

to various mitochondrial proteins, which probably includes the proteins that form respiratory 

complexes I and II.

While the initial source of PN responsible for the nitration and inactivation of MnSOD is 

unknown, we believe the intramitochondrial compartment to be the likely source as PN 

generated at extramitochondrial sites generally bears little effect on mitochondrial function 

[35,46]. In support of this, the enzymatic sources leading to the production of PN, nitric 

oxide synthase (NOS) and nicotinamide adenine dinucleotide phosphate oxidase, which 

provide the precursors for the biosynthesis of PN, namely NO and SO [4], have been 

identified within the mitochondria. These enzymes are either present in [16,33] or docked to 

[5,15] mitochondria and are activated in response to stress, such as inflammation [18,20]. 

Furthermore, in vitro studies have demonstrated that in isolated mitochondria, treatment 

with paclitaxel or cisplatin increases the formation of reactive oxygen species [47] and 

upregulates NOS [47], respectively. Regardless of the source, PN formed near the site of SO 

generation has a half-life of about 10 milliseconds, and can easily diffuse through 

membranes [46] where it undergoes fast, direct, and free radical-dependent molecular 

reactions with proteins in all mitochondrial compartments: the matrix, inner and outer 

membranes, and intermembrane space. These PN-mediated reactions can, ultimately, lead to 

mitochondrial dysfunction [35]. For example, nitrated mitochondrial electron transport chain 

(mETC) proteins (complex I–IV), ATP synthase, ANT1, and VDAC1 have been found in 

association with mitochondrial dysfunction in other pathological states [8,43]. Nitration of 

mETC proteins can disrupt ATP production through the loss of activity in complexes I, II, 

and, to a lesser extent, complex IV [6,35] and/or the inability of these proteins to physically 

interact with and transfer electrons to other complexes (eg nitration of complex II reduces 

protein–protein interactions with, and electron transfer to, complex III) [7]. Tyrosine 

nitration of ATP synthase reduces its activity [35] by interfering with the proton flow 

necessary for its function [11]. ATP production and mitochondrial integrity can also be 
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compromised by the nitration of ANT1, an ADP–ATP exchanger across the inner membrane 

[57], and/or VDAC1, which imports anions and ADP, and exports ATP across the outer 

membrane [24]. Impairment of their activities can lead to reduced availability of mETC 

substrates [24] and, at least in the case of ANT, could also contribute to the assembly/

activation of the mitochondrial permeability transition pore and consequential loss of 

mitochondrial membrane potential [57].

A question remains as to what drives PN formation in PNSAs. Many possibilities exist, but 

one strong contender is pro-inflammatory cytokines, which are known to be increased in 

blood [50] or can be released locally by activated macrophages or Schwann cells in response 

to chemotherapy [31]. Pro-inflammatory cytokines, such as tumor necrosis factor-α and 

interleukin-1β, are potent stimulating mediators in PN production [22], and, reciprocally, PN 

can drive the production of pro-inflammatory cytokines. Nitration/inactivation of MnSOD 

promotes the sustained presence of PN contributing to signal transduction changes known to 

be important in modulating neuronal excitability, such as activation of mitogen-activated 

protein kinases and redox-sensitive transcription factors, including nuclear factor kappa B 

and extracellular regulated kinase, and release of various inflammatory cytokines (reviewed 

in [38]) thereby creating a potent amplification loop. This reciprocal regulation between 

cytokines and PN has been defined in spinal cord during the development of pain of several 

etiologies [38], including paclitaxel-induced neuropathic pain [12] and in the development 

of opioid-induced hypersensitivity and antinociceptive tolerance [39]. Therefore, it may be 

that cytokines are involved in favoring mitochondrial dysfunction in the PNSAs during 

CIPN by stimulating the production of PN thereby sustaining such dysfunction via a 

feedback loop.

As mitochondrial dysfunction underlies CIPN associated with several chemotherapeutics, 

understanding the interactions between PN and mitochondria in PNSAs, dorsal root ganglia, 

and spinal cord are an important focus for future studies aimed at furthering our 

understanding of the pathogenesis of CIPN.
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Fig. 1. 
Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) blocks 

oxaliplatin (Ox)-induced neuropathic pain in a dose-dependent manner. When compared 

with baseline [day (D)0], treatment with oxaliplatin (●), but not with its vehicle (Veh) (○), 

led to the time-dependent development of mechano-allodynia (A) and mechano-hyperalgesia 

(B). Daily (D0–17) injections of MnTE-2-PYP5+ (0.3 mg/kg/d, ▲; 1 mg/kg/d, ▼; 3 mg/kg/d, 

■) significantly attenuated the development of oxaliplatin-induced mechano-

hypersensitivity in a dose-dependent manner (A, B). Results are expressed as mean ± SD, n 

= 5–7 and analyzed by two-way analysis of variance with Bonferroni’s post-hoc 

comparisons. *P < .001 (tday vs tday 0); †P < .001 (Ox + MnTE-2-PyP5+ vs Ox). PWT = paw 

withdrawal threshold.
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Fig. 2. 
Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) prevents 

the development of bortezomib (Bort)-induced neuropathic pain. Compared with baseline 

[day (D)0], administration of bortezomib (black bars), but not its vehicle (Veh) (open bars), 

led to the development of mechano-allodynia (A) and mechano-hyperalgesia (B). 

Prophylactic daily injections (D0–17) of MnTE-2-PyP5+ (3 mg/kg/d; gray bars) blocked the 

development of both bortezomib-induced mechano-allodynia (A) and mechano-hyperalgesia 

(B). Hypersensitivity did not appear after drug termination up until the end of testing on D25 

(A, B). Results are expressed as mean ± SD, n = 5–6, and analyzed by two-way analysis of 

variance with Bonferroni’s post-hoc comparisons. *P < .001 (tday vs tday 0); †P < .001 (Bort 

+ MnTE-2-PyP5+ vs Bort). PWT = paw withdrawal threshold.
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Fig. 3. 
Increased nitration and inactivation of manganese superoxide (MnSOD) in peripheral nerve 

sensory axons (PNSAs) with paclitaxel-treatment; prevention with Mn(III) 5,10,15,20-

tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+). Treatment with paclitaxel 

(Pac) (black bars), but not vehicle (Veh) (open bars), resulted in the development of 

mechano-allodynia (A) and mechano-hyperalgesia (B) on day (D)25 compared with D0 and 

was prevented by daily (D0–16) injections of 10 mg/kg/d MnTE-2-PyP5+ (gray bars) (A,B). 

At peak hypersensitivity, a significant increase in the nitration of MnSOD (C) and an 

associated decrease in its activity (D) were observed in the PNSAs of paclitaxel-treated 

animals compared with vehicle; treatment with MnTE-2-PyP5+ prevented this (C,D). 

Representative blots are shown above the quantitative bar graph corresponding to mean ± 

SD for an n = 4/group (C). Results are expressed as mean ± SD, n = 4–6, and analyzed by 

one-way analysis of variance (ANOVA) with Dunnett’s post-hoc comparisons or two-way 

ANOVA with Bonferroni’s post-hoc comparisons. *P < .001 (tday vs tday 0); †P < .001 (Pac + 

MnTE vs Pac). PWT = paw withdrawal threshold.
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Fig. 4. 
Copper zinc superoxide dismutase (CuZnSOD) activity was not altered by treatment with 

chemotherapeutics [paclitaxel (Pac), oxaliplatin (Ox), and bortezomib (Bort)] or Mn(III) 

5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+). Treatment with 

the chemotherapeutics paclitaxel (A), oxaliplatin (B), or bortezomib (C) either alone (black 

bars) or in combination with MnTE-2-PyP5+ (gray bars) had no effect on the activity of 

CuZnSOD compared with vehicle treatment (open bars). Results are expressed as mean ± 

SD, n = 6 and analyzed by one-way analysis of variance with Dunnett’s post-hoc 

comparisons. n.s. = not significant.
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Fig. 5. 
Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) prevents 

mitochondrial abnormalities and dysfunction in the peripheral nerve sensory axons (PNSAs) 

associated with paclitaxel (Pac)-treatment. Representative electron micrographs of the 

myelinated A-fiber axons of the saphenous nerve from vehicle- (A, B) and paclitaxel- (C, D) 

treated animals showing swollen and vacuolated mitochondria within the nerves of the 

paclitaxel-treated group (C, D). Paclitaxel treatment (black bars) led to an increased 

appearance of abnormal mitochondria (swollen and vacuolated) in both the A- (E) and C-

fibers (F) compared with treatment with vehicle (Veh) (open bars). Paclitaxel-treatment also 

resulted in a significant impairment of adenosine triphosphate (ATP) production after 

stimulation in the PNSAs compared with vehicle treatment (G) on day 25. MnTE-2-PyP5+ 

prevented both the paclitaxel-associated increase in mitochondrial abnormalities (E, F) and 

dysfunction (G). Results are expressed as mean ± SD, n = 5–6, and analyzed by one-way 

analysis of variance (ANOVA) with Dunnett’s post-hoc comparisons (E, F) or two-way 

ANOVA with Bonferroni’s post-hoc comparisons (G). *P < .05, **P < .01, ***P < .001 (Pac 

vs Veh); †P < .05, ††P < .001 (Pac + MnTE vs Pac). CSU = Citrate Synthase Units.
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Fig. 6. 
The oxaliplatin (Ox)-associated nitration/inactivation of manganese superoxide dismutase 

(MnSOD) and impaired adenosine triphosphate (ATP) production in peripheral nerve 

sensory axons (PNSAs) is attenuated with Mn(III) 5,10,15,20-tetrakis(N-n-

hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+). On day 25, PNSAs collected from 

oxaliplatin-treated animals (black bars) displayed increased levels of nitrated MnSOD (A), 

decreased MnSOD activity (B), and impaired ATP production (C) compared with tissues 

from vehicle(Veh)-treated animals (open bars). These alterations were prevented by 

administration of MnTE-2-PyP5+ (gray bars). Representative blots are shown above the 

quantitative bar graph corresponding to mean ± SD for an n = 6/group (A). Results are 

expressed as mean ± SD, n = 6 and analyzed by one-way analysis of variance (ANOVA) 

with Dunnett’s post-hoc comparisons (A, B) or two-way ANOVA with Bonferroni’s post-

hoc comparisons (C). *P < .001 (Ox vs Veh); †P < .01, ††P < .001 (Ox + MnTE vs Ox). CSU 

= XXX.
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Fig. 7. 
Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) blocks 

manganese superoxide dismutase (MnSOD) nitration/inactivation and reduced adenosine 

triphosphate (ATP) production in the peripheral nerve sensory axons (PNSAs) of bortezomib 

(Bort)-treated animals. On day 25 of treatment, increased levels of nitrated MnSOD (A), 

decreased MnSOD activity (B), and impaired ATP production (C) were observed in the 

tissue of the group that received bortezomib (black bars) compared with the vehicle (Veh) 

group (open bars), and was prevented by administration of MnTE-2-PyP5+ (gray bars). 

Representative blots are shown above the quantitative bar graph corresponding to mean ± 

SD for an n = 6/group (A). Results are expressed as mean ± SD, n = 5–6 and analyzed by 

one-way analysis of variance (ANOVA) with Dunnett’s post-hoc comparisons (A, B) or two-

way ANOVA with Bonferroni’s post-hoc comparisons (C). *P < .01, **P < .001 (Bort vs 

Veh); †P < .01, ††P < .001 (Bort + MnTE vs Bort). CSU = XXX.
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Table 1

Mn(III) 5,10,15,20-tetrakis(N-n-hexylpyridinium-2-yl)porphyrin (MnTE-2-PyP5+) does not interfere with the 

anti-tumor activity of oxaliplatin or bortezomib in vitro. Treatment of SW480 cells with oxaliplatin (Ox) or 

RPMI8226 cells with bortezomib (Bort) resulted in decreased cell survival in a dose-dependent manner. Co-

administration of MnTE-2-PyP5+ with either oxaliplatin or bortezomib did not reduce their anti-tumor activity.

Treatment LC50 95% CI n

Colon carcinoma cells (SW480)

Veh + Ox 5.4 μM 1.9–15 μM 4

Ox + MnTE-2-PyP5+ 6.7 μM 2.4–18 μM 4

Multiple myeloma cells (RPMI8226)

Veh + Bort 33.2 nM 27.2–40.5 nM 5

Bort + MnTE-2-PyP5+ 32.9 nM 27–40.2 nM 5

Veh = vehicle; 95% CI = 95% confidence interval.
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