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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is a serious dose-limiting side effect

of several first-line chemotherapeutic agents including paclitaxel, oxaliplatin and bortezo-

mib, for which no predictive marker is currently available. We have previously shown that

mitochondrial dysfunction is associated with the development and maintenance of CIPN.

The aim of this study was to evaluate the potential use of mitochondrial DNA (mtDNA) levels

and complex I enzyme activity as blood biomarkers for CIPN. Real-time qPCR was used to

measure mtDNA levels in whole blood collected from chemotherapy- and vehicle-treated

rats at three key time-points of pain-like behaviour: prior to pain development, at the peak of

mechanical hypersensitivity and at resolution of pain-like behaviour. Systemic oxaliplatin

significantly increased mtDNA levels in whole blood prior to pain development. Furthermore,

paclitaxel- and bortezomib-treated animals displayed significantly higher levels of mtDNA at

the peak of mechanical hypersensitivity. Mitochondrial complex I activity in whole blood was

assessed with an ELISA-based Complex I Enzyme Activity Dipstick Assay. Complex I activ-

ity was not altered by any of the three chemotherapeutic agents, either prior to or during

pain-like behaviour. These data demonstrate that blood levels of mtDNA are altered after

systemic administration of chemotherapy. Oxaliplatin, in particular, is associated with higher

mtDNA levels before animals show any pain-like behaviour, thus suggesting a potential role

for circulating mtDNA levels as non-invasive predictive biomarker for CIPN.

Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is the major dose-limiting side effect of

several widely used chemotherapeutic agents. Compounds associated with CIPN include

microtubule-stabilising agents e.g. Paclitaxel (Taxol1), DNA-crosslinking agents e.g.
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oxaliplatin (Eloxatin1) and proteasome inhibitors e.g. bortezomib (Velcade1). Patients suffer-

ing from CIPN mainly report sensory symptoms in their hands and feet, including numbness,

tingling, pain, and hypersensitivity to cold and/or mechanical stimuli [1]. Symptoms can

occur at any time during or after the treatment and can also endure for months or years after

treatment cessation [1]. CIPN is typically dose-dependent and symptoms develop after cumu-

lative doses of chemotherapy, generally after the 3rd or 4th cycle [2]. The incidence and sever-

ity of CIPN can vary, depending on the agent and dose administered (reviewed in [3]).

Systematic meta-analysis evaluated the prevalence of CIPN following paclitaxel, bortezomib,

cisplatin, oxaliplatin, vincristine or thalidomide treatment cessation. Results showed that

68.1% of patients suffered from CIPN within the first month, 60% at 3 months and 30% at� 6

months [4]. As of yet, no preventive or treatment options are available to CIPN patients

(reviewed in [5]). Therefore, it is imperative to develop accessible techniques to identify

patients susceptible to CIPN to enable chemotherapy regimens to be tailored to prevent CIPN

development.

Several studies in recent years provided evidence for a key role of mitochondrial dysfunc-

tion in the development and maintenance of CIPN (reviewed in [6, 7]). Mitochondria are

involved in many essential functions, including ATP production through oxidative phosphor-

ylation (OXPHOS), apoptosis regulation, intracellular calcium homeostasis and reactive oxy-

gen species (ROS) production. Given their pivotal role, any alteration to mitochondrial

integrity and functionality can impact on cellular functionality leading to disorders. Many fac-

tors are involved in the maintenance of mitochondrial activity, including mitochondrial DNA

(mtDNA), the only source of genomic material external to the nucleus. MtDNA is a small

(16.6 kb), circular, double-stranded molecule encoding for 37 genes essential for mitochon-

drial function. Of these, 24 encode for RNA products, while the remaining 13 encode for pro-

tein components of the mitochondrial electron transport chain (mETC), the site of OXPHOS.

To date, a total of 92 genes for subunits of the mETC have been identified and 79 of them are

encoded by the nuclear DNA. In addition, nuclear DNA encodes for factors responsible for

mtDNA replication and maintenance (review in [8]). Therefore, mitochondria functionality

relies heavily on the nuclear genome. The number of mitochondria within each cell is variable,

spanning from hundreds to thousands per cell and mtDNA level in each mitochondrion is var-

iable as well. Transcription of mitochondrial genes, and subsequently mitochondrial activity

itself, is often proportional to mtDNA copy number and this has contributed to the hypothesis

that mtDNA content could be a biomarker of mitochondrial dysfunction [9]. MtDNA content

is reflective of the different energy demand among cell types and of the different physiological

or pathological states (reviewed in [10]). Moreover, mitochondria can adapt to stressful condi-

tions by inducing mitochondrial biogenesis, often initially by increased mtDNA replication.

Indeed, an upregulation in mitochondrial biogenesis has been reported in cells exposed to dif-

ferent chemotherapeutic compounds, including etoposide and paclitaxel [11–13].

Given the growing body of evidence demonstrating mitochondrial dysfunction in chemo-

therapy-induced neuropathy, we evaluated mtDNA levels in the peripheral blood of rats

administered with three different chemotherapeutics during the time-course of the neuropa-

thy. The aim of our study was to assess mtDNA levels and complex I activity as potential blood

biomarkers for CIPN. This work was previously presented in abstract form [14].

Materials and methods

Behavioural assessment

Adult male Sprague-Dawley rats (180-220g; Harlan/Envigo) were housed in groups of 3–4 in

plastic cages with sawdust bedding and environmental enrichment materials and free access to
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food and water. Cages were held in a climate-controlled environment with a 12-hour light/

dark cycle. All procedures were conducted in compliance with the UK Animals (Scientific Pro-

cedures) Act, 1986 and the IASP ethical guidelines [15]. The procedures were approved by the

Ethical Review Panel of King’s College London and conducted under project licenses 70/8015

and 70/6673.

Behavioural testing was performed in elevated, clear Perspex boxes (15 cm x 16 cm x 21

cm) with a wire-rung floor that allowed access to the animals’ paws. Animals were habituated

to the behavioural testing environment for 20–30 minutes on two-three separate occasions

and mechanical hypersensitivity was assessed by withdrawal responses to von Frey filaments

(Touch-Test™ Sensory Evaluators, Linton Instrumentation, UK), as previously described [16–

19]. Each filament was applied 5 times, for five seconds, to the midplantar region of both right

and left hind paw. All animals were tested using one von Frey filament on one hind paw before

beginning to test the other hind paw with the same bending force filament. Three baseline

measurements were taken prior to chemotherapeutic/vehicle administration and mechanical

hypersensitivity was measured at regular intervals until the chemotherapy-induced mechanical

hypersensitivity had resolved. Resolution of mechanical hypersensitivity was defined as

responses returning to individual baseline values on two different testing days. Testing was

performed on animals that were alert, not grooming or sleeping, with all four paws in contact

with the platform, and under blind conditions. Mechanical hypersensitivity was assessed

between 8-11am on all occasions. Each cohort was behaviourally tested by the same investiga-

tor throughout its time-course. Weight gain and health status were checked throughout the

study and no animals were excluded due to weight loss or poor health status.

Administration of chemotherapeutics

Animals were randomised to receive either chemotherapy or the appropriate vehicle solution

based on their respective baseline level of mechanical hypersensitivity. To avoid any potential

bias when assessing mechanical hypersensitivity, each experimenter dosed the animals and

performed behavioural tests under blind conditions. Injection vials were anonymised (as vial

A or B) by a third party and the experimenter remained blind to the identity of the treatment

administered until the end of the study, when data analysis was performed. Animals were

dosed according to their weight (1ml/kg). Drug administration was performed in the early

afternoon between 1 and 3 pm on all occasions.

Paclitaxel. Clinical formulation of 6mg/ml Paclitaxel Solution for Infusion (Actavis Ltd)

was diluted with 0.9% sterile saline (Fresenius Kabi, UK) to obtain a 2mg/ml solution. Control

animals received an equivalent amount of vehicle solution. In order to replicate the vehicle

solution of the clinical formulation, a 1:1 solution of cremophor EL (Sigma, UK) and ethanol,

plus 2mg/ml sodium citrate (Sigma, UK), was used as a vehicle solution. For vehicle adminis-

tration, the stock vehicle solution was diluted with 0.9% sterile saline, at a ratio of 1:2. 2mg/kg

paclitaxel or an equal volume of vehicle solution were administered intraperitoneally on four

alternate days (0, 2, 4, 6) [18].

Oxaliplatin. Clinical formulation of oxaliplatin 5mg/ml concentrate for Solution for Infu-

sion (Accord Healthcare Ltd) was diluted with 0.9% sterile saline (Fresenius Kabi, UK) to

obtain a 2mg/ml oxaliplatin solution. Control animals received an equivalent amount of vehi-

cle solution, which consists of 0.9% sterile saline. 2 mg/kg oxaliplatin or an equal volume of

vehicle solution were administered intraperitoneally on four alternate days (0, 2, 4, 6).

Bortezomib. Clinical grade bortezomib (Velcade1) 3.5mg/vial (Millennium Pharmaceu-

ticals, Inc) was diluted with 0.9% sterile saline (Fresenius Kabi, UK) to prepare a 0.2mg/ml

bortezomib solution. For vehicle administration, a solution of 0.2mg/ml D-mannitol (Sigma,
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UK) in 0.9% sterile saline was used to replicate Velcade1 vehicle solution. Animals received

0.2mg/kg bortezomib, or an equivalent volume of vehicle solution, intraperitoneally on day 0,

3, 7 and 10 [16].

Three key time-points were investigated in these models of CIPN. Day 4 (bortezomib) or

day 7 (paclitaxel and oxaliplatin), prior to the onset of pain-like behaviour; peak pain, when

animals reached the peak of mechanical hypersensitivity (paclitaxel: day 28–31; oxaliplatin:

day 27–29; bortezomib: day 23–25); and resolution of chemotherapy-induced pain behaviour,

when animals returned to their individual baseline response on two consecutive occasions

(paclitaxel day 174; oxaliplatin day 147–148; bortezomib day 116–124). The peak pain and res-

olution of pain time-points within a cohort occurred on more than one day, as they differed

between rats and were dependent on individual rat behaviour compared to its baseline. Raw

behavioural data for all animals is shown in S1 Raw data.

DNA isolation from rodent blood and tissue samples

At each timepoint, blood samples were taken from vehicle- and chemotherapy-treated ani-

mals. Animals were terminally anesthetised via intraperitoneal injection of 100-150mg pento-

barbital sodium solution (Euthatal, Merial) and blood was harvested through cardiac

puncture. Blood was collected in BD Vacutainer1 Plus Blood Collection tubes containing

K2EDTA, aliquoted in 100μl aliquots and stored at -80˚C until use. DNA was isolated from

blood samples as described in [20], using a column-based method, following the manufactur-

er’s protocol (DNeasy Blood & Tissue Kit, Qiagen). In brief, 20μl of proteinase K, 100μl of PBS

and 200μl of lysis buffer was added per 100μl of whole blood (tissue samples were not

weighed). This was then vortexed and incubated at 56˚C for 10 minutes. Following lysis, 200μl

ethanol (95–99.9%, Sigma, UK) was added and samples vortexed thoroughly. This solution

was transferred to a DNeasy Mini spin column in a 2ml collection tube and manufacturer’s

instructions were followed for washing and drying the columns. To elute DNA, DNeasy Mini

spin columns were transferred to sterile tubes and 50μl of elution buffer were added to the col-

umn membrane. This was incubated for 1 minute at room temperature (RT), and subse-

quently centrifuged at 8,000 rpm. Eluted DNA was sonicated for ten minutes using a water

bath sonicator (Ultrawave, UK). DNA quantity and quality were then assessed using a Nano-

Drop1ND-1000 spectrophotometer. Final DNA concentrations were adjusted to 10ng/μl

using nuclease-free water. Additionally, 20 mg of dorsal root ganglia (DRG), saphenous nerve

and spinal cord samples were harvested from paclitaxel-treated animals and their respective

vehicle-treated controls. DNA was isolated from these tissues using the same protocol

described above.

Real-time qPCR

Real time quantitative PCR was used to measure mtDNA content in DNA isolated from blood

or nervous tissue samples. Primers for the rat mitochondrial genome which do not amplify

nuclear mitochondrial insertion sequences were used to quantify a unique mitochondrial frag-

ment relative to a single copy region of the housekeeping gene β-2-microglobulin (β2M). The

oligonucleotide sequences for mtDNA (Mito) and nuclear DNA (nDNA; β2M) determination

are shown in Table 1.

The rMito and rβ2M PCR products were amplified using DNA isolated from blood samples

of naive rats. The reaction mix was prepared using 5μl Green GoTaq Reaction Buffer (5x

stock), 1.5μl MgCl2 (25mM stock), 0.5μl dNTPs (10mM stock), 0.3μl GoTaq Polymerase

(5units/μl) (Promega, UK), 0.5μl of each forward and reverse primers (10μM) and 15.7μl

RNase-free water. 1μl of DNA template (10ng/μl stock) was added to this reaction mix, giving
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a final reaction volume of 25μl. A Thermal Cycler (Applied Biosystems, Thermofisher, UK)

was used to perform PCR using: hot start at 95˚C for 15 minutes; 30 cycles of denaturation at

94 ˚C for 30 s, annealing at 60 ˚C for 30 s, and extension 72 ˚C for 1 min and 30 s; with a final

extension is at 72 ˚C for 7 min.

PCR products were verified by electrophoresing on a 1.5% agarose gel, excised and purified

using a QiAquick Gel Extraction Kit (Qiagen) as per manufacturer’s instructions. PCR prod-

ucts were quantified using a NanoDrop1ND-1000 and copy number per μl of purified DNA

calculated as [x g/μl purified DNA / (amplicon length in basepairs x 660)] x 6.022 x 1023. PCR

products were calculated and diluted in DEPC treated water (Ambion, UK) or nuclease-free

water (Qiagen, UK) containing 10 μg/ml transfer RNA (tRNA; Invitrogen, UK) to yield DNA

standards within a range of 108−102 molecules/μl to generate a standard curve for quantifica-

tion. qPCR reactions were prepared using 5μl QuantiFast SYBR Green PCR Master Mix (2x

stock, Qiagen, UK), 0.3μl of each forward and reverse primers (10μM), 2.4μl nuclease free

water (Qiagen, UK) and 2μl DNA (10 ng/μl stock).

In all experiments, one sample of blood or tissue was created from each animal used. Sam-

ple DNA and reference standards were loaded in 1–3 wells in a single plate and qPCR reactions

were prepared fresh on the day each plate was run. In all plates, DNA samples from a similar

number of chemotherapy-treated and respective vehicle-treated rats were run in parallel. Real-

time qPCR was performed using the Light Cycler1 480 (Roche, Switzerland) under the follow-

ing conditions; preincubation at 95 ˚C for 5 min (1 cycle); denaturation at 95 ˚C for 10 s;

annealing and extension at 57 ˚C for 30 s (repeat denaturation and extension steps for 45

cycles); melting at 95 ˚C for 5 s, 65 ˚C for 60 s, and 97 ˚C continues (melt curve analysis −1

cycle); and, the last step, cooling at 40 ˚C for 30 s. For DNA extracted from whole blood, qPCR

reactions were run in three separate plates on different days to generate a triplicate measure-

ment of each blood sample (S2 Raw data). There were two instances where one of the three

technical replicates of blood samples was excluded for a vehicle-treated animal (at day 7 in oxa-

liplatin dataset and at peak pain in bortezomib dataset) due to a technical error (noted in S2

Raw data). For DNA extracted from DRG, saphenous nerve and spinal cord samples, triplicate

measurements were made within the same plate (S3 Raw data).

Copy numbers for mitochondrial and nuclear genome for each sample were extrapolated

from the standard curves generated within the plate the sample was run in. This analysis was

performed using the LightCycler1 480 software (Roche, Switzerland). mtDNA levels were

expressed as mtDNA/nDNA ratio. The mtDNA/nDNA ratio for each sample was obtained by

the average of three mtDNA values divided by the average of three nDNA values, as previously

described [20] (S2 and S3 Raw datas). The biological replicate and statistical analysis in all

experiments is based on the number of animals in each experimental group. One oxaliplatin-

treated animal was excluded from the final analysis at the resolution of pain time point, due to

a substantially lower nDNA level across the three replicates compared to the rest of the

samples.

Table 1. Oligonucleotide sequences for mtDNA & nDNA determination using real-time qPCR.

Primer name Sequence 5’!3’ Amplicon length

rMitoF1 TACTGGAAAGTGTGCTTGGAA 150 bp

rMitoR1 GTTTTAGTTTATGTGGGGGTTTAG

rβ2MF1 GTGCTTGTCTCTCTGGCCGTCG 144 bp

rβ2MR3 AACGCCCACTCCTTTCCCGAGA

https://doi.org/10.1371/journal.pone.0262544.t001
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Dipsticks

Complex I activity and quantity were determined using dipstick array kits (AbCam, UK). Sam-

ple preparation was the same for both activity and quantity dipsitcks. Whole blood samples

were thawed on ice and diluted with the extraction buffer provided in the kit (1:3). Samples

were kept on ice for 20 minutes with intermittent vortexing. Samples were then centrifuged at

13,500 rpm for 20 minutes at 4˚C. Supernatants were retained for use in dipstick assays.

Complex I activity

All kit components were reconstituted according to instructions. All samples were run in

duplicate in the same plate. 25μl of whole blood supernatant and 25μl of blocking buffer were

added to a well of the microplate. One dipstick was added per well containing sample. After

the dipstick had wicked up the entire sample, dipsticks were moved to wells containing 30μl of

wash buffer. After incubating for 10 minutes, the wicking pad was removed from the dipstick

and the dipstick was placed in wells containing 300μl activity buffer. Dipsticks were incubated

for 45 minutes after which they were moved to wells containing 300μl deionised water. After

10 minutes, dipsticks were removed and allowed to air dry.

Complex I quantity. All kit components were reconstituted according to instructions. All

samples were run in duplicate in the same plate. 25μl of whole blood supernatant and 25μl of

blocking buffer were added to the wells containing gold-conjugated antibody. This was incu-

bated for 5 minutes and resuspended to ensure hydration of the antibody. One dipstick was

added per well containing sample. After the entire sample had wicked up the dipstick, 30μl of

wash buffer was added to each well containing a dipstick. After this had been absorbed, the

dipsticks were allowed to air-dry.

Signal intensity from all dipsticks were measured using a MitoSciences Dipstick reader

(AbCam, UK) with Measurement Program MS1000 1.0.1.3 software (Hamamatsu Photonics).

All dipsticks were measured within 60 minutes of assay completion. For each biological sample,

activity dipstick signals were averaged between duplicates. There was a technical error with the

reading of one activity dipstick for an oxaliplatin-treated animal at peak pain (noted in S4 Raw

data). For each biological sample, duplicate quantity dipstick signals were averaged. Lastly,

averaged activity signals were normalised to averaged quantity signals for each sample (S4 Raw

data).

Statistical analysis

All statistical analysis was conducted on raw data using GraphPad Prism 8. Statistical signifi-

cance was accepted at p< 0.05 and no further distinction was made when p< 0.01. At each

time-point, mechanical hypersensitivity development in chemotherapy-treated rats was com-

pared to their respective vehicle-treated animals with unpaired two-tailed multiple comparison

t-tests with Holm-Sidak correction. Mitochondrial DNA changes (expressed as mtDNA:

nDNA ratio) between chemotherapy- and their respective vehicle-treated rats were assessed

through unpaired two-tailed t-tests at each time point. In case of unequal variances between

chemotherapy- and vehicle-treated groups, Welch’s correction was applied to t-tests. Complex

I activity was normalised to complex I quantity and unpaired two-tailed t-tests were performed

to compare chemotherapy-treated animals to their vehicle-treated animals prior to pain devel-

opment and at peak pain.

Results

Fig 1 illustrates changes in pain-like behaviour (expressed as mechanical hypersensitivity to

von Frey filament 8g) following systemic chemotherapy/vehicle administration for all the
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animals used in this study. The intermittent systemic administration of low-dose clinically for-

mulated paclitaxel (2mg/kg) on day 0, 2, 4 and 6 resulted in the development of a progressive

mechanical hypersensitivity (Fig 1A). No difference in mechanical hypersensitivity was

observed between paclitaxel- and vehicle-treated animals at day 7, 24 hours after the last pacli-

taxel administration. Paclitaxel-treated animals reached the peak of pain-like severity at day

28–31 following the first chemotherapy injection. There was a 2-fold significant increase in

paw withdrawal responses to von Frey 8g compared to concurrent vehicle-treated control rats

(Fig 1A). Mechanical hypersensitivity eventually resolved after approximately six months (day

174). These paclitaxel-induced changes in mechanical hypersensitivity are in accordance with

previous findings in our lab following systemic paclitaxel administration [17–19, 21].

Similarly, the intermittent administration of low-dose clinically-formulated oxaliplatin

(2mg/kg) on day 0, 2, 4 and 6 evoked pain-like behaviour with a slow onset (Fig 1B). No differ-

ence in mechanical hypersensitivity was observed between oxaliplatin- and vehicle-treated ani-

mals at day 7, 24 hours after the last oxaliplatin administration. Oxaliplatin-induced

mechanical hypersensitivity developed gradually and reached the peak of its severity around

day 27–29 following the first chemotherapy administration. We observed a 2.3-fold significant

increase in paw withdrawal responses to von Frey 8g compared to concurrent vehicle-treated

control rats (Fig 1B). Mechanical hypersensitivity then resolved, quicker than observed with

paclitaxel, after approximately 5 months (days 147–148).

Finally, intermittent administration of low-dose clinically-formulated bortezomib (0.2mg/

kg) on day 0, 3, 7 and 10 determined a progressive development of mechanical hypersensitivity

(Fig 1C). No difference in mechanical hypersensitivity was observed between bortezomib- and

vehicle-treated animals at day 4, 24 hours after the second out of four bortezomib injections.

Bortezomib-treated animals showed the peak of mechanical hypersensitivity 23–25 days fol-

lowing the first chemotherapy administration. As expected, we observed a 2.1-fold significant

increase in paw withdrawal responses to von Frey 8g compared to concurrent vehicle-treated

control rats (Fig 1C). Mechanical hypersensitivity resolved after approximately 4 months (days

116–124). These results are concordant with our recent findings in a bortezomib-induced neu-

ropathy rat model [16].

Fig 1. Key time-points of mechanical hypersensitivity before (baseline) and following systemic administration of chemotherapy. Graphs show

mechanical hypersensitivity to von Frey filaments 8g. (A) Mechanical hypersensitivity after systemic administration of 2 mg/kg paclitaxel or vehicle

solution on four alternate days (0, 2, 4 and 6). Baseline and day 7: n = 29 per group; peak pain (day 28–31): n = 17 per group; resolution (day 174): n = 4

per group. (B) Mechanical hypersensitivity after systemic administration of 2 mg/kg oxaliplatin or vehicle solution on four alternate days (0, 2, 4 and 6).

Baseline and day 7: n = 31 per group; peak pain (day 27–29): n = 21 per group; resolution (day 147–148): n = 7 per group. (C) Mechanical

hypersensitivity after systemic administration of 0.2 mg/kg bortezomib or vehicle solution on four alternate days (0, 3, 4 and 6). Baseline: n = 20 per

group; day 4: n = 12 per group; peak pain (day 23–25): n = 14 per group; resolution (116–124): n = 8 per group. Data are expressed as mean ± SEM of

number of withdrawals to 10 stimulations in total. �p< 0.05, two-tailed multiple-comparison unpaired t-tests with Holm-Sidak correction. Sample size

decreases over time as some animals were sacrificed at day 7 and peak pain to perform experiments on mtDNA levels and Complex I activity.

https://doi.org/10.1371/journal.pone.0262544.g001
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To investigate the potential use of mtDNA as biomarker for CIPN, we evaluated mtDNA

content in whole blood as the mtDNA:nDNA ratio following chemotherapy administration.

Paclitaxel-treated rats showed a significant >two-fold increase in circulating mtDNA levels at

the peak of mechanical hypersensitivity compared to their respective vehicle-treated controls

(Fig 2A). However, we did not detect any significant difference in mtDNA levels between pac-

litaxel- and vehicle-treated animals at day 7 and at resolution of pain-like behaviour. Oxalipla-

tin-treated rats showed a significant 64% increase in mtDNA levels at day 7 (prior to pain-like

behaviour) compared to vehicle-treated ones (Fig 2B). We did not detect any significant differ-

ence in mtDNA levels between oxaliplatin- and vehicle-treated animals at the peak of mechan-

ical hypersensitivity, nor once the pain-like behaviour had resolved. Lastly, bortezomib-treated

rats did not display any significant difference in mtDNA levels at day 4 compared to their

respective vehicle-treated controls, but they showed a significant 78% increase in mtDNA lev-

els at the peak pain time-point compared to their respective vehicle-treated controls. Interest-

ingly, there was a significant 34% decrease in mtDNA levels in bortezomib-treated animals

compared to their vehicle-treated ones at the resolution of pain-like behaviour (Fig 2C).

Given the changes in the blood, we evaluated whether mitochondria in the pain pathway

were also affected by systemic administration of chemotherapy. We examined mtDNA copy

number in peripheral (dorsal root ganglia, DRG and saphenous nerve) and central (spinal

cord) nervous tissues following systemic paclitaxel administration (Fig 3). We did not observe

Fig 2. MtDNA levels in whole blood following chemotherapy administration. MtDNA levels are quantified as mtDNA:nDNA ratio. (A) MtDNA

levels in animals administered with four injections of 2 mg/kg paclitaxel or an equal volume of vehicle solution. Day 7 and peak pain: n = 6 per group;

resolution: n = 4 per group. (B) MtDNA levels in animals administered with four injections of 2 mg/kg oxaliplatin or an equal volume of vehicle

solution. Day 7: n = 5 per group; peak pain: n = 9 per group; resolution: n = 6–7 per group. (C) MtDNA levels in animals administered with four

injections of 0.2 mg/kg bortezomib or an equal volume of vehicle solution. Day 4 and peak pain: n = 6 per group; resolution: n = 8 per group. (pain:

n = 9 per group; resolution: n = 6–7 per group. Data are expressed as mean ± SEM. �p< 0.05, unpaired two-tailed t-tests.

https://doi.org/10.1371/journal.pone.0262544.g002

Fig 3. MtDNA levels in nervous tissues following systemic administration of 2 mg/kg paclitaxel or vehicle solution on four alternate days (0, 2, 4

and 6). MtDNA levels are quantified as mtDNA:nDNA ratio. (A) MtDNA levels in DRG. Day 7 and peak pain (day 28): n = 6 per group. (B) MtDNA

levels in saphenous nerve. Day 7 and peak pain (day 28): n = 6 per group. (C) MtDNA levels in spinal cord. MtDNA levels in saphenous nerve. Day 7

and peak pain (day 28): n = 6 per group. Data are expressed as mean ± SEM. Data were analysed with unpaired two-tailed t-tests.

https://doi.org/10.1371/journal.pone.0262544.g003
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any significant difference in mtDNA levels in these nervous tissues prior to, or during, pacli-

taxel-evoked mechanical hypersensitivity.

As mtDNA encodes for essential subunits of complexes of the electron transport chain, we

investigated whether increases in mtDNA levels would result in increased electron transport

chain (ETC) activity. To do so, we chose to focus on the largest of the ETC complexes, Com-

plex I. As shown in Fig 4, chemotherapy administration did not affect Complex I activity levels,

either prior to, nor at the peak of chemotherapy-evoked mechanical hypersensitivity. Due to

the lack of increase in mtDNA levels at the resolution of pain-like behaviour, we did not assess

whether mitochondrial activity would be increased at this time-point.

Discussion

Mitochondrial dysfunction, manifesting itself as altered morphology, altered bioenergetics or

increased ROS production, is now widely accepted as a major factor contributing to CIPN

development and maintenance [6, 7]. We hypothesise that mitochondrial biogenesis and/or

mtDNA replication is increased to compensate for the lack of functional mitochondria follow-

ing this chemotherapy-evoked dysfunction. The aim of our study was to evaluate changes in

circulating mtDNA levels and Complex I activity following systemic chemotherapy adminis-

tration and to assess their potential as blood biomarkers for CIPN. We have identified changes

in mtDNA levels in whole blood at different timepoints during the time course of pain-like

behaviour in rats administered with paclitaxel, oxaliplatin and bortezomib. Paclitaxel and bor-

tezomib regimens were associated with increased mtDNA levels when animals reached the

peak of their mechanical hypersensitivity. In comparison, oxaliplatin-treated animals showed

increased circulating mtDNA levels at day 7, before animals developed pain-like behaviour.

Increased mtDNA levels were not reflective of, nor translated to, increased mtDNA in pain

pathways as there was no change in mtDNA levels in the DRG, saphenous nerve or spinal cord

of paclitaxel-treated rats.

The mitochondrial network is highly plastic and constantly adapting to changes in cellular

environment and metabolic demands. Therefore, given the changes in mtDNA levels in whole

blood would this convey altered mitochondrial function following the toxic insult of systemic

chemotherapy administration. Enzyme activity dipstick assays have previously been shown to

identify altered Complex I activity in various patient tissues, including fibroblasts, PBMCs and

whole blood, in an accurate and reproducible manner [22, 23]. However, we did not detect

Fig 4. Mitochondrial Complex I activity in whole blood following chemotherapy administration. Complex I activity is normalized to Complex I

quantity. (A) Complex I activity in animals administered with four injections of 2 mg/kg paclitaxel or an equal volume of vehicle solution. Day 7: n = 6

per group; peak pain: n = 7 per group. (B) Complex I activity in animals administered with four injections of 2 mg/kg oxaliplatin or an equal volume of

vehicle solution. Day 7 and peak pain: n = 5 per group. (C) Complex I activity in animals administered with four injections of 0.2 mg/kg bortezomib or

an equal volume of vehicle solution. Day 4 and peak pain: n = 6 per group. Data are expressed as mean ± SEM. Unpaired two-tailed t-tests.

https://doi.org/10.1371/journal.pone.0262544.g004
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any change in Complex I activity following any of our chemotherapy regimens prior to pain

development and at peak pain. We hypothesise that the increase in mtDNA levels we observed

following chemotherapy administration is perhaps indicative of increased mitochondrial bio-

genesis to compensate for the lack of functional organelles. Consequently, Complex I expres-

sion and activity are likely to be restored as well. Indeed, by measuring Complex I quantity, we

also determined that there is no alteration to Complex I overall expression levels. In our inves-

tigation, we only focused on Complex I activity in blood, rather than nervous tissues, as we

aimed to assess the feasibility of blood as non-invasive biomarker. Moreover, nerve biopsies

are a direct cause of numbness and neuropathic pain [24] and therefore are not a viable option

to determine patient susceptibility.

Different methods have been suggested in the literature to predict susceptibility to CIPN. In

colorectal cancer patients, deficits in different quantitative sensory testings (QSTs; including

heat detection, pellet retrieval and touch sensation) before oxaliplatin administration have

been associated with increased incidence of severe chronic neuropathy during infusion cycles

and even after treatment completion [25–29]. Other studies have attempted a pharmacogeno-

mic approach to investigate potential genetic markers, such as genes coding for transport pro-

teins, for enzymes involved in drug detoxification and DNA repair mechanisms, as well as

genes involved in nerve function and inflammation (reviewed in [30]). However, in the major-

ity of cases, results from different groups were contradictory and/or not reproducible. Con-

versely, genome-wide association studies (GWAS) allow investigation of hundreds of single

nucleotide polymorphisms (SNPs) at once and may offer a more useful tool than single SNPs

evaluation. For instance, 9 novel SNPs in 8 genes have been putatively associated with chronic

oxaliplatin-induced neuropathy [31], yet further studies failed to confirm the SNPs role in oxa-

liplatin-induced neuropathy [32, 33]. Many improvements to the methodology of pharmaco-

genomic studies are still required in order to introduce a genetic screening approach in the

clinic to stratify patients at risk of CIPN. Nonetheless, the usefulness of a genetic screening is

exemplified by DPYD genotyping already in use in the clinic to predict severe and lethal cape-

citabine toxicity in breast cancer patients based on the presence of the most common deleteri-

ous polymorphism in dihydropyrimidine dehydrogenase (DPD), a key enzyme in the

catabolism of the drug [34, 35]. Exploiting another high-throughput technology like mass

spectrometry-based proteomics, Chen et al. identified 12 proteins in serum exosomes from

early-stage breast cancer patients receiving adjuvant taxanes associated with CIPN develop-

ment [36]. Nonetheless, further studies need to validate these data in larger cohorts of patients.

On a smaller scale, low levels of N-myc downstream regulated gene 1 (NDRG-1) protein in

nerve tissues from resected early-stage breast cancer sections of paclitaxel-treated patients

have been suggested as predictive of susceptibility to severe paclitaxel-induced neuropathy

[37]. Lastly, electron paramagnetic resonance (EPR) oximetry allows for the non-invasive and

repetitive measurement of oxygen levels in tissue samples [38], including peripheral nerves.

An ongoing clinical trial (NCT03348956) is testing EPR oximetry as biomarker of CIPN in

breast cancer patients scheduled to receive a taxane-based treatment.

To our knowledge, mtDNA levels have never been investigated as potential biomarker for

CIPN. MtDNA changes in peripheral blood and other bodily fluids have already been associ-

ated with various diseases. Multiple studies have suggested mtDNA levels in circulating blood

as non-invasive biomarker for cancer. Decreased mtDNA levels were found in stage I breast

cancer patients [39] and have also been associated with higher risk of renal cell carcinoma

[40]. Increased mtDNA levels were associated with higher risk of non-Hodgkin lymphoma

[41], breast [42], pancreatic [43] and lung cancer [44]. MtDNA levels were increased in the

serum of testicular cancer patients [45]; and increased mtDNA in the plasma of advanced

prostate cancer patients was associated with poor prognosis [46]. Increased mtDNA levels
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were also found in the saliva of head and neck cancer patients [47]. Circulating mtDNA copy

number may act as a prognostic or diagnostic biomarker for other diseases, including HIV

[48]; diabetes [49] and diabetic complications [50, 51]. The contrasting data on whether an

association to a pathological state is linked to an increase or a decrease in mtDNA levels may

be partially due to differences in DNA quantification methodology, as previously discussed

[20].

MtDNA level has been suggested as biomarker of mitochondrial dysfunction, as its levels

are subject to variation under stressful conditions, such as oxidative stress [9]. Mitochondria

are the main source of ROS production inside the cell, due to a leakage of electrons from Com-

plex I and III during OXPHOS. Malik et al. proposed that increased mtDNA levels are reflec-

tive of an upregulated mitochondrial biogenesis in the presence of a ROS-rich cellular

environment [20], like in the case of chemotherapy administration. Additionally, ROS are

potent mutagenic agents and mtDNA close proximity to the major production site of ROS

makes it extremely prone to oxidative damage. Mutated mtDNA could impact negatively on

mitochondrial protein synthesis and functionality, thus exacerbating mitochondrial dysfunc-

tion and ROS production. A direct damaging effect on mtDNA has been reported in many

studies following exposure to platinum agents and other DNA-intercalating chemotherapeu-

tics, both in vitro and in vivo [52–57]. We could not find any study in the literature directly

linking paclitaxel or bortezomib to mtDNA damage. These results support our finding that

mtDNA levels are increased early after oxaliplatin treatment (prior to pain development),

which might be due to oxaliplatin intercalating into mtDNA itself and exacerbating ROS pro-

duction. Alternatively, we observed a delayed increase in mtDNA levels (at the peak of pain

behaviour) following paclitaxel and bortezomib, which might be explained by the lack of a

direct effect of these compounds on mtDNA and might be attributed to ROS-induced damage

[17]. At the resolution of pain, mtDNA levels did not differ between paclitaxel/oxaliplatin- and

vehicle-treated animals. Conversely, we observed a significant reduction in mtDNA copy

number in bortezomib-treated animals compared to the control group. We hypothesised that

the lower mtDNA levels in bortezomib-treated animals is an ageing effect. However, we did

not observe decreased mtDNA levels at the resolution of pain in paclitaxel- or oxaliplatin-

treated animals. It remains unclear why the resolution time-point was associated with altered

mtDNA levels only in bortezomib-treated rats.

Conclusions

The data presented here shows that systemic chemotherapy administration is associated with

increased mtDNA levels in the blood prior to, and during chemotherapy-evoked pain-like

behaviour. In conclusion, our data suggest that the assessment of mtDNA levels in whole

blood has the potential to be translated into the clinic as an early biomarker for CIPN, particu-

larly for oxaliplatin-induced neuropathy.
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Zuliani-Álvarez, Sarah J. L. Flatters.

References
1. Flatters SJL, Dougherty PM, Colvin LA. Clinical and preclinical perspectives on Chemotherapy-Induced

Peripheral Neuropathy (CIPN): A narrative review. British Journal of Anaesthesia. 2017; 119(4):737–

49.

2. Grisold W, Cavaletti G, Windebank AJ. Peripheral neuropathies from chemotherapeutics and targeted

agents: diagnosis, treatment, and prevention. [Review]. Neuro-Oncology. 2012; 14 Suppl 4:iv45–iv54.

3. Cavaletti G, Marmiroli P. Chemotherapy-induced peripheral neurotoxicity. [Review]. Nature Reviews

Neuroscience. 2010; 6:657–66.

4. Seretny M, Currie GL, Sena ES, Ramnarine S, Grant R, MacLeod MR, et al. Incidence, prevalence, and

predictors of chemotherapy-induced peripheral neuropathy: A systematic review and meta-analysis.

Pain. 2014; 155(12):2461–70. Epub 2014/09/28. https://doi.org/10.1016/j.pain.2014.09.020 PMID:

25261162.

5. Hershman DL, Lacchetti C, Dworkin RH, Lavoie Smith EM, Bleeker J, Cavaletti G, et al. Prevention and

management of chemotherapy-induced peripheral neuropathy in survivors of adult cancers: American

Society of Clinical Oncology clinical practice guideline. J Clin Oncol. 2014; 32(18):1941–67. Epub 2014/

04/16. https://doi.org/10.1200/jco.2013.54.0914 PMID: 24733808.

6. Trecarichi A, Flatters SJL. Mitochondrial dysfunction in the pathogenesis of chemotherapy-induced

peripheral neuropathy. Int Rev Neurobiol. 2019; 145:83–126. Epub 2019/06/19. https://doi.org/10.1016/

bs.irn.2019.05.001 PMID: 31208528.

7. Flatters SJL. The contribution of mitochondria to sensory processing and pain. Progress in molecular

biology and translational science. 2015; 131:119–46. Epub 2015/03/07. https://doi.org/10.1016/bs.

pmbts.2014.12.004 PMID: 25744672.

8. Chinnery PF, Hudson G. Mitochondrial genetics. Br Med Bull. 2013; 106(1):135–59. Epub 2013/05/25.

https://doi.org/10.1093/bmb/ldt017 PMID: 23704099

PLOS ONE Mitochondrial DNA as a potential blood biomarker for chemo-therapy-induced peripheral neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0262544 January 11, 2022 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0262544.s004
https://doi.org/10.1016/j.pain.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25261162
https://doi.org/10.1200/jco.2013.54.0914
http://www.ncbi.nlm.nih.gov/pubmed/24733808
https://doi.org/10.1016/bs.irn.2019.05.001
https://doi.org/10.1016/bs.irn.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31208528
https://doi.org/10.1016/bs.pmbts.2014.12.004
https://doi.org/10.1016/bs.pmbts.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25744672
https://doi.org/10.1093/bmb/ldt017
http://www.ncbi.nlm.nih.gov/pubmed/23704099
https://doi.org/10.1371/journal.pone.0262544


9. Malik AN, Czajka A. Is mitochondrial DNA content a potential biomarker of mitochondrial dysfunction?

Mitochondrion. 2013; 13(5):481–92. Epub 2012/10/23. https://doi.org/10.1016/j.mito.2012.10.011

PMID: 23085537.

10. Hock MB, Kralli A. Transcriptional control of mitochondrial biogenesis and function. Annu Rev Physiol.

2009; 71:177–203. Epub 2009/07/07. https://doi.org/10.1146/annurev.physiol.010908.163119 PMID:

19575678.

11. Arany Z, Wagner BK, Ma Y, Chinsomboon J, Laznik D, Spiegelman BM. Gene expression-based

screening identifies microtubule inhibitors as inducers of PGC-1alpha and oxidative phosphorylation.

Proc Natl Acad Sci U S A. 2008; 105(12):4721–6. Epub 2008/03/19. https://doi.org/10.1073/pnas.

0800979105 PMID: 18347329

12. Wagner BK, Kitami T, Gilbert TJ, Peck D, Ramanathan A, Schreiber SL, et al. Large-scale chemical dis-

section of mitochondrial function. Nat Biotechnol. 2008; 26(3):343–51. Epub 2008/02/26. https://doi.

org/10.1038/nbt1387 PMID: 18297058

13. Fu X, Wan S, Lyu YL, Liu LF, Qi H. Etoposide induces ATM-dependent mitochondrial biogenesis

through AMPK activation. PLoS One. 2008; 3(4):e2009. Epub 2008/04/24. https://doi.org/10.1371/

journal.pone.0002009 PMID: 18431490

14. Trecarichi A, Duggett NA, Zuliani Alvarez L, Granat L, Flatters SJL, editors. Mitochondrial DNA and

activity in whole blood during the timecourse of chemotherapy-induced peripheral neuropathy. 7th Inter-

national Congress on Neuropathic Pain (NeupSIG 2019); 2019; London, UK.

15. Zimmermann M. Ethical guidelines for investigations of experimental pain in conscious animals [edito-

rial]. Pain. 1983; 16(2):109–10.

16. Duggett NA, Flatters SJL. Characterization of a rat model of bortezomib-induced painful neuropathy. Br

J Pharmacol. 2017; 174(24):4812–25. https://doi.org/10.1111/bph.14063 PMID: 28972650

17. Duggett NA, Griffiths LA, McKenna OE, de Santis V, Yongsanguanchai N, Mokori EB, et al. Oxidative

stress in the development, maintenance and resolution of paclitaxel-induced painful neuropathy. Neuro-

science. 2016; 333:13–26. Epub 2016/07/10. https://doi.org/10.1016/j.neuroscience.2016.06.050

PMID: 27393249.

18. Griffiths LA, Duggett NA, Pitcher AL, Flatters SJL. Evoked and Ongoing Pain-Like Behaviours in a Rat

Model of Paclitaxel-Induced Peripheral Neuropathy. Pain Res Manag. 2018; 2018:8217613. https://doi.

org/10.1155/2018/8217613 PMID: 29973969

19. Griffiths LA, Flatters SJL. Pharmacological modulation of the mitochondrial electron transport chain in

paclitaxel-induced painful peripheral neuropathy. J Pain. 2015; 16(10):981–94. Epub 2015/07/06.

https://doi.org/10.1016/j.jpain.2015.06.008 PMID: 26142652.

20. Ajaz S, Czajka A, Malik A. Accurate measurement of circulating mitochondrial DNA content from

human blood samples using real-time quantitative PCR. Methods Mol Biol. 2015; 1264:117–31. Epub

2015/01/30. https://doi.org/10.1007/978-1-4939-2257-4_12 PMID: 25631009.

21. Duggett NA, Griffiths LA, Flatters SJL. Paclitaxel-induced painful neuropathy is associated with

changes in mitochondrial bioenergetics, glycolysis, and an energy deficit in dorsal root ganglia neurons.

Pain. 2017; 158(8):1499–508. Epub 2017/05/26. https://doi.org/10.1097/j.pain.0000000000000939

PMID: 28541258.

22. Willis JH, Capaldi RA, Huigsloot M, Rodenburg RJ, Smeitink J, Marusich MF. Isolated deficiencies of

OXPHOS complexes I and IV are identified accurately and quickly by simple enzyme activity immuno-

capture assays. Biochim Biophys Acta. 2009; 1787(5):533–8. Epub 2008/12/02. https://doi.org/10.

1016/j.bbabio.2008.10.009 PMID: 19041632.

23. Marusich MF, Murray J, Xie J, Capaldi RA. Novel antibody-based strategies for the rapid diagnosis of

mitochondrial disease and dysfunction. Int J Biochem Cell Biol. 2009; 41(10):2081–8. Epub 2009/05/

23. https://doi.org/10.1016/j.biocel.2009.05.009 PMID: 19460456.

24. Gabriel CM, Howard R, Kinsella N, Lucas S, McColl I, Saldanha G, et al. Prospective study of the use-

fulness of sural nerve biopsy. Journal of Neurology, Neurosurgery & Psychiatry. 2000; 69(4):442–6.

https://doi.org/10.1136/jnnp.69.4.442 PMID: 10990501

25. Reddy SM, Vergo MT, Paice JA, Kwon N, Helenowski IB, Benson AB, et al. Quantitative Sensory Test-

ing at Baseline and During Cycle 1 Oxaliplatin Infusion Detects Subclinical Peripheral Neuropathy and

Predicts Clinically Overt Chronic Neuropathy in Gastrointestinal Malignancies. Clin Colorectal Cancer.

2016; 15(1):37–46. Epub 2015/09/05. https://doi.org/10.1016/j.clcc.2015.07.001 PMID: 26337211.

26. Wang XS, Shi Q, Dougherty PM, Eng C, Mendoza TR, Williams LA, et al. Prechemotherapy Touch Sen-

sation Deficits Predict Oxaliplatin-Induced Neuropathy in Patients with Colorectal Cancer. Oncology.

2016; 90(3):127–35.

27. Boyette-Davis JA, Eng C, Wang XS, Cleeland CS, Wendelschafer-Crabb G, Kennedy WR, et al. Sub-

clinical peripheral neuropathy is a common finding in colorectal cancer patients prior to chemotherapy.

PLOS ONE Mitochondrial DNA as a potential blood biomarker for chemo-therapy-induced peripheral neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0262544 January 11, 2022 13 / 15

https://doi.org/10.1016/j.mito.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23085537
https://doi.org/10.1146/annurev.physiol.010908.163119
http://www.ncbi.nlm.nih.gov/pubmed/19575678
https://doi.org/10.1073/pnas.0800979105
https://doi.org/10.1073/pnas.0800979105
http://www.ncbi.nlm.nih.gov/pubmed/18347329
https://doi.org/10.1038/nbt1387
https://doi.org/10.1038/nbt1387
http://www.ncbi.nlm.nih.gov/pubmed/18297058
https://doi.org/10.1371/journal.pone.0002009
https://doi.org/10.1371/journal.pone.0002009
http://www.ncbi.nlm.nih.gov/pubmed/18431490
https://doi.org/10.1111/bph.14063
http://www.ncbi.nlm.nih.gov/pubmed/28972650
https://doi.org/10.1016/j.neuroscience.2016.06.050
http://www.ncbi.nlm.nih.gov/pubmed/27393249
https://doi.org/10.1155/2018/8217613
https://doi.org/10.1155/2018/8217613
http://www.ncbi.nlm.nih.gov/pubmed/29973969
https://doi.org/10.1016/j.jpain.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26142652
https://doi.org/10.1007/978-1-4939-2257-4%5F12
http://www.ncbi.nlm.nih.gov/pubmed/25631009
https://doi.org/10.1097/j.pain.0000000000000939
http://www.ncbi.nlm.nih.gov/pubmed/28541258
https://doi.org/10.1016/j.bbabio.2008.10.009
https://doi.org/10.1016/j.bbabio.2008.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19041632
https://doi.org/10.1016/j.biocel.2009.05.009
http://www.ncbi.nlm.nih.gov/pubmed/19460456
https://doi.org/10.1136/jnnp.69.4.442
http://www.ncbi.nlm.nih.gov/pubmed/10990501
https://doi.org/10.1016/j.clcc.2015.07.001
http://www.ncbi.nlm.nih.gov/pubmed/26337211
https://doi.org/10.1371/journal.pone.0262544


Clin Cancer Res. 2012; 18(11):3180–7. Epub 2012/04/13. https://doi.org/10.1158/1078-0432.ccr-12-

0205 PMID: 22496202

28. de Carvalho Barbosa M, Kosturakis AK, Eng C, Wendelschafer-Crabb G, Kennedy WR, Simone DA,

et al. A quantitative sensory analysis of peripheral neuropathy in colorectal cancer and its exacerbation

by oxaliplatin chemotherapy. Cancer Res. 2014; 74(21):5955–62. Epub 2014/09/04. https://doi.org/10.

1158/0008-5472.can-14-2060 PMID: 25183707

29. Roldan CJ, Johnson C, Lee SO, Peng A, Dougherty PM, Huh B. Subclinical Peripheral Neuropathy in

Patients with Head and Neck Cancer: A Quantitative Sensory Testing (QST) Study. Pain Physician.

2018; 21(4):E419–e27. Epub 2018/07/27. PMID: 30045608

30. Diaz PL, Furfari A, Wan BA, Lam H, Charames G, Drost L, et al. Predictive biomarkers of chemother-

apy-induced peripheral neuropathy: a review. Biomark Med. 2018; 12(8):907–16. Epub 2018/07/26.

https://doi.org/10.2217/bmm-2017-0427 PMID: 30044129.

31. Won HH, Lee J, Park JO, Park YS, Lim HY, Kang WK, et al. Polymorphic markers associated with

severe oxaliplatin-induced, chronic peripheral neuropathy in colon cancer patients. Cancer. 2012; 118

(11):2828–36. Epub 2011/10/25. https://doi.org/10.1002/cncr.26614 PMID: 22020760.

32. Oguri T, Mitsuma A, Inada-Inoue M, Morita S, Shibata T, Shimokata T, et al. Genetic polymorphisms

associated with oxaliplatin-induced peripheral neurotoxicity in Japanese patients with colorectal cancer.

Int J Clin Pharmacol Ther. 2013; 51(6):475–81. Epub 2013/04/04. https://doi.org/10.5414/cp201851

PMID: 23547850.

33. Terrazzino S, Argyriou AA, Cargnin S, Antonacopoulou AG, Briani C, Bruna J, et al. Genetic determi-

nants of chronic oxaliplatin-induced peripheral neurotoxicity: a genome-wide study replication and

meta-analysis. J Peripher Nerv Syst. 2015; 20(1):15–23. Epub 2015/04/11. https://doi.org/10.1111/jns.

12110 PMID: 25858589.

34. Etienne-Grimaldi MC, Boyer JC, Beroud C, Mbatchi L, van Kuilenburg A, Bobin-Dubigeon C, et al. New

advances in DPYD genotype and risk of severe toxicity under capecitabine. PLoS One. 2017; 12(5):

e0175998. Epub 2017/05/10. https://doi.org/10.1371/journal.pone.0175998 PMID: 28481884

35. Lunenburg C, Henricks LM, Guchelaar HJ, Swen JJ, Deenen MJ, Schellens JHM, et al. Prospective

DPYD genotyping to reduce the risk of fluoropyrimidine-induced severe toxicity: Ready for prime time.

Eur J Cancer. 2016; 54:40–8. Epub 2015/12/31. https://doi.org/10.1016/j.ejca.2015.11.008 PMID:

26716401.

36. Chen EI, Crew KD, Trivedi M, Awad D, Maurer M, Kalinsky K, et al. Identifying Predictors of Taxane-

Induced Peripheral Neuropathy Using Mass Spectrometry-Based Proteomics Technology. PLoS One.

2015; 10(12):e0145816. Epub 2015/12/29. https://doi.org/10.1371/journal.pone.0145816 PMID:

26710119

37. Sundar R, Jeyasekharan AD, Pang B, Soong RC, Kumarakulasinghe NB, Ow SG, et al. Low Levels of

NDRG1 in Nerve Tissue Are Predictive of Severe Paclitaxel-Induced Neuropathy. PLoS One. 2016; 11

(10):e0164319. Epub 2016/10/08. https://doi.org/10.1371/journal.pone.0164319 PMID: 27716814

38. Ahmad R, Kuppusamy P. Theory, instrumentation, and applications of electron paramagnetic reso-

nance oximetry. Chem Rev. 2010; 110(5):3212–36. Epub 2010/03/12. https://doi.org/10.1021/

cr900396q PMID: 20218670

39. Xia P, An HX, Dang CX, Radpour R, Kohler C, Fokas E, et al. Decreased mitochondrial DNA content in

blood samples of patients with stage I breast cancer. BMC Cancer. 2009; 9:454. Epub 2009/12/23.

https://doi.org/10.1186/1471-2407-9-454 PMID: 20025731

40. Xing J, Chen M, Wood CG, Lin J, Spitz MR, Ma J, et al. Mitochondrial DNA content: its genetic heritabil-

ity and association with renal cell carcinoma. J Natl Cancer Inst. 2008; 100(15):1104–12. Epub 2008/

07/31. https://doi.org/10.1093/jnci/djn213 PMID: 18664653

41. Lan Q, Lim U, Liu CS, Weinstein SJ, Chanock S, Bonner MR, et al. A prospective study of mitochondrial

DNA copy number and risk of non-Hodgkin lymphoma. Blood. 2008; 112(10):4247–9. Epub 2008/08/

20. https://doi.org/10.1182/blood-2008-05-157974 PMID: 18711000

42. Shen J, Platek M, Mahasneh A, Ambrosone CB, Zhao H. Mitochondrial copy number and risk of breast

cancer: a pilot study. Mitochondrion. 2010; 10(1):62–8. Epub 2009/10/01. https://doi.org/10.1016/j.mito.

2009.09.004 PMID: 19788937.

43. Lynch SM, Weinstein SJ, Virtamo J, Lan Q, Liu CS, Cheng WL, et al. Mitochondrial DNA copy number

and pancreatic cancer in the alpha-tocopherol beta-carotene cancer prevention study. Cancer Prev

Res (Phila). 2011; 4(11):1912–9. Epub 2011/08/24. https://doi.org/10.1158/1940-6207.Capr-11-0002

PMID: 21859925

44. Hosgood HD 3rd, Liu CS, Rothman N, Weinstein SJ, Bonner MR, Shen M, et al. Mitochondrial DNA

copy number and lung cancer risk in a prospective cohort study. Carcinogenesis. 2010; 31(5):847–9.

Epub 2010/02/24. https://doi.org/10.1093/carcin/bgq045 PMID: 20176654

PLOS ONE Mitochondrial DNA as a potential blood biomarker for chemo-therapy-induced peripheral neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0262544 January 11, 2022 14 / 15

https://doi.org/10.1158/1078-0432.ccr-12-0205
https://doi.org/10.1158/1078-0432.ccr-12-0205
http://www.ncbi.nlm.nih.gov/pubmed/22496202
https://doi.org/10.1158/0008-5472.can-14-2060
https://doi.org/10.1158/0008-5472.can-14-2060
http://www.ncbi.nlm.nih.gov/pubmed/25183707
http://www.ncbi.nlm.nih.gov/pubmed/30045608
https://doi.org/10.2217/bmm-2017-0427
http://www.ncbi.nlm.nih.gov/pubmed/30044129
https://doi.org/10.1002/cncr.26614
http://www.ncbi.nlm.nih.gov/pubmed/22020760
https://doi.org/10.5414/cp201851
http://www.ncbi.nlm.nih.gov/pubmed/23547850
https://doi.org/10.1111/jns.12110
https://doi.org/10.1111/jns.12110
http://www.ncbi.nlm.nih.gov/pubmed/25858589
https://doi.org/10.1371/journal.pone.0175998
http://www.ncbi.nlm.nih.gov/pubmed/28481884
https://doi.org/10.1016/j.ejca.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26716401
https://doi.org/10.1371/journal.pone.0145816
http://www.ncbi.nlm.nih.gov/pubmed/26710119
https://doi.org/10.1371/journal.pone.0164319
http://www.ncbi.nlm.nih.gov/pubmed/27716814
https://doi.org/10.1021/cr900396q
https://doi.org/10.1021/cr900396q
http://www.ncbi.nlm.nih.gov/pubmed/20218670
https://doi.org/10.1186/1471-2407-9-454
http://www.ncbi.nlm.nih.gov/pubmed/20025731
https://doi.org/10.1093/jnci/djn213
http://www.ncbi.nlm.nih.gov/pubmed/18664653
https://doi.org/10.1182/blood-2008-05-157974
http://www.ncbi.nlm.nih.gov/pubmed/18711000
https://doi.org/10.1016/j.mito.2009.09.004
https://doi.org/10.1016/j.mito.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19788937
https://doi.org/10.1158/1940-6207.Capr-11-0002
http://www.ncbi.nlm.nih.gov/pubmed/21859925
https://doi.org/10.1093/carcin/bgq045
http://www.ncbi.nlm.nih.gov/pubmed/20176654
https://doi.org/10.1371/journal.pone.0262544


45. Ellinger J, Albers P, Müller SC, von Ruecker A, Bastian PJ. Circulating mitochondrial DNA in the serum

of patients with testicular germ cell cancer as a novel noninvasive diagnostic biomarker. BJU Int. 2009;

104(1):48–52. Epub 2009/01/22. https://doi.org/10.1111/j.1464-410X.2008.08289.x PMID: 19154496.

46. Mehra N, Penning M, Maas J, van Daal N, Giles RH, Voest EE. Circulating mitochondrial nucleic acids

have prognostic value for survival in patients with advanced prostate cancer. Clin Cancer Res. 2007; 13

(2 Pt 1):421–6. Epub 2007/01/27. https://doi.org/10.1158/1078-0432.Ccr-06-1087 PMID: 17255261.

47. Jiang WW, Masayesva B, Zahurak M, Carvalho AL, Rosenbaum E, Mambo E, et al. Increased mito-

chondrial DNA content in saliva associated with head and neck cancer. Clin Cancer Res. 2005; 11

(7):2486–91. Epub 2005/04/09. https://doi.org/10.1158/1078-0432.Ccr-04-2147 PMID: 15814624.

48. Cossarizza A, Riva A, Pinti M, Ammannato S, Fedeli P, Mussini C, et al. Increased mitochondrial DNA

content in peripheral blood lymphocytes from HIV-infected patients with lipodystrophy. Antivir Ther.

2003; 8(4):315–21. Epub 2003/10/02. PMID: 14518701.

49. Xu FX, Zhou X, Shen F, Pang R, Liu SM. Decreased peripheral blood mitochondrial DNA content is

related to HbA1c, fasting plasma glucose level and age of onset in type 2 diabetes mellitus. Diabet Med.

2012; 29(7):e47–54. Epub 2012/01/04. https://doi.org/10.1111/j.1464-5491.2011.03565.x PMID:

22211946.

50. Malik AN, Shahni R, Iqbal MM. Increased peripheral blood mitochondrial DNA in type 2 diabetic patients

with nephropathy. Diabetes Res Clin Pract. 2009; 86(2):e22–4. Epub 2009/08/08. https://doi.org/10.

1016/j.diabres.2009.07.002 PMID: 19660820.

51. Malik AN, Parsade CK, Ajaz S, Crosby-Nwaobi R, Gnudi L, Czajka A, et al. Altered circulating mitochon-

drial DNA and increased inflammation in patients with diabetic retinopathy. Diabetes Res Clin Pract.

2015; 110(3):257–65. Epub 2015/12/03. https://doi.org/10.1016/j.diabres.2015.10.006 PMID:

26625720.

52. Podratz JL, Knight AM, Ta LE, Staff NP, Gass JM, Genelin K, et al. Cisplatin induced mitochondrial

DNA damage in dorsal root ganglion neurons. Neurobiol Dis. 2011; 41(3):661–8. Epub 2010/12/15.

https://doi.org/10.1016/j.nbd.2010.11.017 PMID: 21145397

53. Girolimetti G, Guerra F, Iommarini L, Kurelac I, Vergara D, Maffia M, et al. Platinum-induced mitochon-

drial DNA mutations confer lower sensitivity to paclitaxel by impairing tubulin cytoskeletal organization.

Hum Mol Genet. 2017; 26(15):2961–74. Epub 2017/05/10. https://doi.org/10.1093/hmg/ddx186 PMID:

28486623.

54. Micetich KC, Barnes D, Erickson LC. A comparative study of the cytotoxicity and DNA-damaging effects

of cis-(diammino)(1,1-cyclobutanedicarboxylato)-platinum(II) and cis-diamminedichloroplatinum(II) on

L1210 cells. Cancer Res. 1985; 45(9):4043–7. Epub 1985/09/01. PMID: 3896476.

55. Shi H, Pan L, Song T. Impact of platinum on the whole mitochondrial genome of ovarian carcinomas

both in vivo and in vitro. Int J Gynecol Cancer. 2009; 19(3):423–30. Epub 2009/05/02. https://doi.org/

10.1111/IGC.0b013e3181a19ff0 PMID: 19407571.

56. Ashley N, Poulton J. Mitochondrial DNA is a direct target of anti-cancer anthracycline drugs. Biochem

Biophys Res Commun. 2009; 378(3):450–5. Epub 2008/11/27. https://doi.org/10.1016/j.bbrc.2008.11.

059 PMID: 19032935.

57. Serrano J, Palmeira CM, Kuehl DW, Wallace KB. Cardioselective and cumulative oxidation of mitochon-

drial DNA following subchronic doxorubicin administration. Biochim Biophys Acta. 1999; 1411(1):201–

5. Epub 1999/04/27. https://doi.org/10.1016/s0005-2728(99)00011-0 PMID: 10216166.

PLOS ONE Mitochondrial DNA as a potential blood biomarker for chemo-therapy-induced peripheral neuropathy

PLOS ONE | https://doi.org/10.1371/journal.pone.0262544 January 11, 2022 15 / 15

https://doi.org/10.1111/j.1464-410X.2008.08289.x
http://www.ncbi.nlm.nih.gov/pubmed/19154496
https://doi.org/10.1158/1078-0432.Ccr-06-1087
http://www.ncbi.nlm.nih.gov/pubmed/17255261
https://doi.org/10.1158/1078-0432.Ccr-04-2147
http://www.ncbi.nlm.nih.gov/pubmed/15814624
http://www.ncbi.nlm.nih.gov/pubmed/14518701
https://doi.org/10.1111/j.1464-5491.2011.03565.x
http://www.ncbi.nlm.nih.gov/pubmed/22211946
https://doi.org/10.1016/j.diabres.2009.07.002
https://doi.org/10.1016/j.diabres.2009.07.002
http://www.ncbi.nlm.nih.gov/pubmed/19660820
https://doi.org/10.1016/j.diabres.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26625720
https://doi.org/10.1016/j.nbd.2010.11.017
http://www.ncbi.nlm.nih.gov/pubmed/21145397
https://doi.org/10.1093/hmg/ddx186
http://www.ncbi.nlm.nih.gov/pubmed/28486623
http://www.ncbi.nlm.nih.gov/pubmed/3896476
https://doi.org/10.1111/IGC.0b013e3181a19ff0
https://doi.org/10.1111/IGC.0b013e3181a19ff0
http://www.ncbi.nlm.nih.gov/pubmed/19407571
https://doi.org/10.1016/j.bbrc.2008.11.059
https://doi.org/10.1016/j.bbrc.2008.11.059
http://www.ncbi.nlm.nih.gov/pubmed/19032935
https://doi.org/10.1016/s0005-2728%2899%2900011-0
http://www.ncbi.nlm.nih.gov/pubmed/10216166
https://doi.org/10.1371/journal.pone.0262544

