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Abstract

Paclitaxel is an effective chemotherapeutic agent, but has some treatment-limiting adverse

effects that markedly decrease patients’ quality of life. Peripheral neuropathy is one of these,

and no treatment for it has been established yet. Ghrelin, an endogenous ligand for the growth

hormone secretagogue receptor, is secreted from the stomach and has widespread effects on

multiple systems. We investigated the pharmacological potential of ghrelin in preventing

paclitaxel-induced peripheral neuropathy using wild-type mice, ghrelin-null mice, and growth

hormone secretagogue receptor-null mice. In wild-type mice, ghrelin administration alleviated

mechanical and thermal hypersensitivity, and partially prevented neuronal loss of small

unmyelinated intraepidermal nerve fibers but not large myelinated nerve fibers. Moreover,

ghrelin administration decreased plasma oxidative and nitrosative stress and increased the

expression of uncoupling protein 2 (UCP2) and superoxide dismutase 2 (SOD2) in the dorsal

root ganglia, which are mitochondrial antioxidant proteins, and peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC-1a), a regulator of mitochondrial number.

Both ghrelin-null mice and growth hormone secretagogue receptor-null mice developed more

severe nerve injuries than wild-type mice. Our results suggest that ghrelin administration exerts

a protective effect against paclitaxel-induced neuropathy by reducing oxidative stress and

enhancing mitochondrial anti-oxidant functions, and that endogenous ghrelin has a
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neuroprotective effect that is mediated by ghrelin/growth hormone secretagogue receptor

signaling. Ghrelin could be a promising therapeutic agent for the management of this intractable

disease.

Keywords

Ghrelin, Growth hormone secretagogue receptor, Paclitaxel, Chemotherapy-induced peripheral

neuropathy, Peripheral neuropathic pain, PC12
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1. Introduction

Paclitaxel is a taxane-derived anti-neoplastic agent that is commonly used for solid

tumors such as ovarian, breast, and lung cancers. It is highly effective against these cancers but

has several treatment-limiting adverse effects (reviewed in (Rowinsky and Donehower, 1995)).

Clinical symptoms of paclitaxel-induced peripheral neuropathy include numbness, tingling, and

burning pain in a glove-and-stocking distribution, leading to markedly decreased quality of life

(Tofthagen, 2010). However, prophylactic therapies for paclitaxel-induced neuropathy have not

been established thus far.

Ghrelin, an endogenous ligand for the growth hormone secretagogue receptor, is

secreted from the stomach. It acts on the pituitary to stimulate growth hormone release, and on

the hypothalamus to enhance food intake (Kojima et al., 1999; Nakazato et al., 2001). Ghrelin

also has widespread effects on multiple systems, influencing glucose metabolism, cell

proliferation, and gastrointestinal, cardiovascular, and immune function (reviewed in (Kojima

and Kangawa, 2006)). In addition, ghrelin has been reported to exert a neuroprotective effect on

the peripheral nervous system against conditions such as diabetic neuropathy (Kyoraku et al.,

2009; Tsuchimochi et al., 2013) and cisplatin-induced peripheral neuropathy (Garcia et al.,

2008). However, it remains unclear whether ghrelin attenuates paclitaxel-induced neuropathy
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and which portions of the peripheral neurons it protects. Moreover, the mechanism by which

ghrelin exerts a neuroprotective effect on the peripheral nervous system is unclear.

In this study, we examined ghrelin’s effects in @ murine model of paclitaxel-induced

peripheral neuropathy, focusing on histology and neuroprotective mechanisms in the peripheral

nerves. We further investigated the neuroprotective effect of the endogenous ghrelin/growth

hormone secretagogue receptor system using ghrelin-null and growth hormone secretagogue

receptor-null mice.
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2. Methods and materials

2.1. Animals

Male 8- to 10-week-old C57BL/6J mice (wild-type [WT] mice) were purchased from

Charles River Japan (Yokohama, Japan). Eight-week-old ghrelin-null (Sato et al., 2008) and

growth hormone secretagogue receptor-null mice (Sun et al., 2004) were generously provided

by Dr. M. Kojima (Kurume University, Fukuoka, Japan) and Dr. R. G. Smith (Baylor College of

Medicine, Houston, TX), respectively. Growth hormone secretagogue receptor-enhanced green

fluorescent protein (eGFP) reporter mice were obtained from Mutant Mouse Resource &

Research Centers at University of California, Davis. All mice were housed under controlled

temperature (21-23°C) on a 12-h light (08:00—20:00)/12-h dark cycle, and fed standard

laboratory chow with ad libitum access to food. All experimental procedures were approved by

the Animal Care and Use Committee of the University of Miyazaki.

2.2. Administration of paclitaxel and ghrelin

Paclitaxel 2 mg/kg (Nippon Kayaku, Tokyo, Japan) or vehicle (Cremophor EL and

99.9% ethanol at a 1:1 ratio) were administered to mice intraperitoneally (i.p.), in a volume of

0.2 ml, once per day for 5 consecutive days (cumulative dose of 10 mg/kg) (Masocha, 2014).

Concurrently with paclitaxel or vehicle administration, 300 nmol/kg/0.2 ml ghrelin or 0.2 ml
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PBS were intraperitoneally injected into the mice once per day for 5 consecutive days. This

ghrelin administration protocol was modified from that of our previous work (Kyoraku et al.,

2009; Tsuchimochi et al., 2013). WT mice were divided into three groups: “control” (vehicle +

PBS), “PTX + PBS” (paclitaxel + PBS), and “PTX + ghrelin” (paclitaxel + ghrelin). Ghrelin-

null and growth hormone secretagogue receptor-null mice were injected with paclitaxel 2 mg/kg

and PBS for 5 consecutive days. Body weights and behavioral analyses were evaluated on day 1

before drug administration and on day 7. In addition, histological analysis, measurement of

oxidative and nitrosative stress, and quantitative PCR were conducted after mice were

euthanized on day 7.

2.3. Cell culture and administration of paclitaxel and ghrelin

Rat pheochromocytoma PC12 cells were obtained from the RIKEN Cell Bank

(Ibaraki, Japan), and maintained in Dulbecco's modified Eagle's medium (DMEM)

supplemented with 10% fetal bovine serum, 10% horse serum, and 1% penicillin-streptomycin

at 37°C in humidified 5% CO.. These cells were exposed to paclitaxel (1 pM) in the presence or

absence of ghrelin (10 uM) for 24 h, as described previously (Liu et al., 2013; Konaka et al.,

2017), followed by immunocytochemistry and western blotting.
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2.4. Behavioral analyses

Mechanical and thermal sensitivities were measured on day 1 before paclitaxel

administration and on day 7. Mechanical sensitivity was assessed by measuring the 50%

mechanical withdrawal threshold with calibrated von Frey filaments (Muromachi Kikai, Tokyo,

Japan) using the up—down method (Chaplan et al., 1994; Sommer and Schafers, 1998). Briefly,

mice were placed in plastic cages with an elevated wire mesh floor, and allowed to acclimate for

15 min before testing. Increasing strengths (0.4-8.0 gram) of von Frey filaments were applied

sequentially to the plantar surface of the hind paw of each mouse. The strength of the filament

that caused paw withdrawal in 3 of the 6 applications was defined as the 50% mechanical

withdrawal threshold.

Thermal sensitivity was evaluated by measuring the thermal withdrawal threshold

using the hot plate test, as described previously (Kyoraku et al., 2009; Tsuchimochi et al., 2013;

Masocha et al., 2016). Briefly, mice were placed on a hot plate (Muromachi Kikai, Tokyo,

Japan) with the temperature maintained at 55+1 °C after a 15-min acclimation period. The

response latency to either a hind paw lick or to a jump was recorded. A cut-off time of 20 s was

chosen to prevent tissue damage.

2.5. Immunohistochemistry
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Mice were anesthetized by a mixed anesthetic agent (0.4 mg/kg of medetomidine, 2.0

mg/kg of midazolam, and 2.5 mg/kg of butorphanol) (Kawai et al., 2011) and transcardially

perfused with ice-cold PBS followed by 4% PFA solution. Lumbar dorsal root ganglia and hind

paw footpads were immersed in 4% paraformaldehyde/PBS overnight at 4°C, and subsequently

cryoprotected in 0.1 M phosphate buffer (PB) containing 20% sucrose. The dorsal root ganglia

and footpads were embedded in Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo,

Japan) and were cut into 8-um slide sections and 30-um free-floating sections, respectively,

using a cryostat (Leica CM3050S; Leica, Nussloch, Germany).

Dorsal root ganglia sections were blocked in Serum-Free Protein Block (Dako,

Carpinteria, CA) for 10 min, and then incubated overnight at 4°C with rabbit anti-activating

transcription factor 3 (ATF3) (1:500; Santa Cruz Biotechnology, Dallas, TX), a neuronal injury

marker (Tsujino et al., 2000), and Alexa Fluor 488—conjugated mouse monoclonal anti-neuron

specific nuclear protein (NeuN) (1:500; Merck Millipore, Billerica, MA), a neuronal marker to

confirm that dorsal root ganglia sections actually contain neurons.

Footpad sections were incubated in blocking solution (0.01 M PBS containing 5%

normal donkey serum, 2% bovine serum albumin, and 0.25% Triton X-100) for 1 h, then

incubated overnight at 4°C with rabbit anti-protein gene product 9.5 (PGP9.5) (1:2000; Abcam,

Cambridge, UK).
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Both dorsal root ganglia and footpad sections were treated with Alexa Fluor 594—

labeled anti-rabbit secondary antibody (1:500; Invitrogen, Carlsbad, CA).

For guantification, 4 dorsal root ganglia sections per animal were randomly selected,

and ATF3- or NeuN-positive cells in these sections were examined with a Confocal Microscope

C2 (Nikon, Tokyo, Japan). The number of ATF3-positive cells was expressed as the percentage

of the number of NeuN-positive cells. Intraepidermal nerve fibers were quantified by the

method described previously (Ko et al., 2002). Briefly, nerve fibers crossing the basement

membrane were counted as one. The density was determined as the number of nerve fibers per

epidermal length.

2.6. Immunocytochemistry

After the plated PC12 cells were washed with PBS, they were fixed in 4%

paraformaldehyde in 0.1 M PBS for 20 min. The cells were blocked with Serum-Free Protein

Block (Dako, Carpinteria, CA) for 10 min, then incubated overnight at 4°C with rabbit anti-

superoxide dismutase 2 (SOD2) (1:500; Cell Signaling Technology, Danvers, MA). The cells

were treated with Alexa Fluor 488—labeled anti-rabbit secondary antibody (1:500; Invitrogen,

Carlsbad, CA). The sections were counterstained with 4’-6-diamidino-2-phenylindole (DAPI;

Dojindo, Kumamoto, Japan). Images were obtained with a Confocal Microscope C2 (Nikon,

10
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Tokyo, Japan). The quantification method was developed using ImageJ software (National

Institutes of Health, Bethesda, MD), and involved assigning a value for green fluorescence

intensity to every pixel in a cell area, and calculating the average fluorescence intensity in eight

cells across each slide.

2.7. Morphometry of sciatic nerves

The sciatic nerves were dissected, postfixed in 3% glutaraldehyde, osmicated in 1%

osmium tetroxide, dehydrated, and embedded in epoxide resin. The embedded nerves were cut

into 1-pm sections, which were stained with toluidine blue. The sections were examined with an

OLYMPUS AX-7 fluorescence microscope (Olympus, Tokyo, Japan). Only the axons

surrounded by myelin were counted. Morphometrical analysis was performed with the NIH

ImageJ software (National Institutes of Health).

2.8. Extraction of mRNA and quantitative real-time PCR

The dorsal root ganglia were dissected on day 7, preserved in RNA-later (Ambion,

Austin, TX), and stored at 20 °C until the analysis. RNA isolation was performed using the

RiboPure Kit (Ambion, Austin, TX). First-strand cDNA was generated by reverse transcription

using a High-Capacity RNA-to-cDNA Kit (Life Technologies Japan). Quantitative real-time

11
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PCR was performed using TagMan Fast Universal PCR Master Mix (Life Technologies Japan,

Tokyo, Japan) and a Thermal Cycler Dice Real Time System Il (Takara Bio, Kusatsu, Japan).

The levels of mMRNA were determined using cataloged primes (Applied Biosystems, Foster City,

CA) for mice (uncoupling protein 2 [Ucp2], Mm00627599 m1; peroxisome proliferator-

activated receptor gamma coactivator 1-alpha [Pgc-/a], Mm01208835_m1; Sod2,

MmO01313000_m1; glyceraldehyde 3-phosphate dehydrogenase [Gapdh], Mm99999915 g1).

UCP2 and PGC-1a are regulators of mitochondrial reactive oxygen species production

(Andrews et al., 2005) and of mitochondrial number, respectively, and SOD2 is a key

mitochondrial antioxidant enzyme. Expression of these genes was normalized to the expression

of Gapdh mRNA, and the results were expressed as relative fold change.

2.9. Western blotting

Cytoplasmic and nuclear proteins were extracted from whole cells by RIPA buffer

(Nacalai Tesque, Kyoto, Japan), and the extracts were transferred to a new prechilled tube and

stored at -80°C until used. The protein contents of the extracts were determined by a Bradford

assay. Equal amounts of proteins were fractionated by 10% SDS-PAGE and transferred to

Immobilon-P Transfer Membranes (Merck Millipore). After blocking with 5% skimmed milk

dissolved in 20 mM Tris—HCI buffer (pH 7.5) containing 137 mM NaCl and 0.05% Tween 20

12
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for 1 h, the membrane was incubated with rabbit antibodies to SOD2 (1:5000; Cell Signaling

Technology) or B-actin (1:5000; Sigma-Aldrich, St. Louis, MO) overnight at 4°C, followed by

incubation with an anti-rabbit IgG antibody (1:2500; Cell Signaling Technology) conjugated

with peroxidase. Proteins reactive to these antibodies were individually detected by the

enhanced chemiluminescence method using an Immunostar Reagent (Wako, Osaka, Japan) and

a Lumino image analyzer (LAS-1000; Fujifilm, Japan). To quantify protein expression, we used

densitometry with ImageJ software on the lanes.

2.10 Oxidative and nitrosative stress measurements

At the end of the experiments, blood was obtained for the assessment of oxidative and

nitrosative stress, as described previously (Tsuchimochi et al., 2013; Giuliani et al., 2014).

Concentrations of 8-isoprostane and malondialdehyde, used as markers of lipid peroxidation,

were measured with an 8-isoprostane EIA kit (Cayman Chemical, Ann Arbor, Ml) and a

colorimetric commercial kit (Sigma-Aldrich), respectively. The concentration of nitric oxide

was also measured with a colorimetric commercial kit (Enzo Life Sciences, Farmingdale, NY).

2.11. Statistical analysis

Data are expressed as means + standard error of the mean (S.E.M.). Differences

13
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among multiple groups were determined via one-way analysis of variance (ANOVA) with

Dunnett’s post-hoc t-tests. When 2 mean values were compared, the analysis was performed

with an unpaired t-test. P-values less than 0.05 were considered statistically significant.
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3. Results

3.1. Ghrelin administration ameliorated paclitaxel-induced sensory disturbance

The PTX+PBS group showed decreases in both mechanical (Fig. 1A) and thermal

(Fig. 1B) withdrawal thresholds on day 7 compared with the control group. These thresholds

were significantly increased when ghrelin was administered concurrently with paclitaxel

(PTX+ghrelin group).

3.2 Drug administration did not change mouse body weight

In the experimental protocol, the body weights of mice on day 7 were no different in

the presence or absence of paclitaxel or ghrelin administration (Fig. 1C).

3.3. Growth hormone secretagogue receptor located in peripheral neurons in dorsal root

ganglia

Immunohistochemistry with anti-GFP antibody revealed that growth hormone

secretagogue receptor was expressed in dorsal root ganglia neurons in growth hormone

secretagogue receptor-eGFP mice (Fig. 1D).
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3.4. Ghrelin administration prevented paclitaxel-induced injuries of intraepidermal nerve fibers

rather than large and myelinated nerve fibers

To assess the extent of neuronal injury in peripheral nerves, we examined the

expression of ATF3 in lumbar dorsal root ganglia by immunohistochemistry. At day 7, the

number of ATF3-positive neurons in the PTX+PBS group was significantly higher than that in

the control group, while ghrelin administration significantly suppressed ATF3 expression

compared with the PTX+PBS group (Fig. 2A, B). We morphologically evaluated the sciatic

nerve and intraepidermal nerve fibers. The number of myelinated fibers in the sciatic nerve was

not significantly different between the 3 groups (Fig. 2C, D). In the PTX+PBS group there were

significantly fewer intraepidermal nerve fibers, and ghrelin administration prevented their loss

(Fig. 2E, F).

3.5. Ghrelin administration reduced paclitaxel-induced oxidative and nitrosative stress, and

increased mRNA expression levels of Ucp2, Pgc-/«, and Sod2 in the dorsal root ganglia

The plasma levels of 8-isoprostane, malondialdehyde, and nitric oxide were increased

in paclitaxel-treated mice, and ghrelin significantly decreased these values (Fig. 3A-C). Ghrelin

administration also increased the mRNA expression levels of Ucp2, Pgc-/a, and Sod?2 in the

PTX+ghrelin group compared with the PTX+PBS group (Fig. 3D).

16



258

259

260

261

262

263

264

265

266

267

268

269

3.6. Ghrelin administration increased protein levels of SOD2 in paclitaxel-exposed PC12 cells

Immunocytochemistry with anti-SOD2 antibody and western blotting demonstrated

that ghrelin significantly increased the protein level of SOD2 in paclitaxel-exposed PC12 cells

compared with paclitaxel-exposed PC12 cells without ghrelin treatment (Fig. 3E, F).

3.7. Paclitaxel-induced peripheral nerve injuries were more severe in both ghrelin-null and

growth hormone secretagogue receptor -null mice

On day 7, both ghrelin-null and growth hormone secretagogue receptor-null mice

developed intense mechanical hypersensitivity following paclitaxel administration (Fig. 4A). In

addition, both types of null mice demonstrated significant increases in the expression levels of

ATF3 in their dorsal root ganglia compared with WT mice (Fig. 4B).
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4, Discussion

In this study we demonstrated that ghrelin administration ameliorated experimental

paclitaxel-induced neuropathy by preventing loss of intraepidermal nerve fibers. We suggest

that ghrelin maintained mitochondrial function by increasing mitochondrial number and

suppressing mitochondrial reactive oxygen species production, leading to decreased oxidative

stress and to prevention of nerve injuries. In addition, we showed that endogenous ghrelin

exerted a neuroprotective effect through ghrelin/ growth hormone secretagogue receptor

signaling.

In rodent models of paclitaxel-induced neuropathic pain, sensory disturbances are

caused by intraepidermal nerve fiber injuries, and are improved by preventing loss of

intraepidermal nerve fibers (Boyette-Davis et al., 2011; Zhang et al., 2013; Ko et al., 2014;

Zhang et al., 2016). Myelinated large fibers are much less impaired than intraepidermal nerve

fibers in the paclitaxel-induced neuropathic pain model (Polomano et al., 2001; Bobylev et al.,

2015). Ghrelin’s neuroprotective effects have already been demonstrated in diabetic peripheral

neuropathy (Kyoraku et al., 2009; Tsuchimochi et al., 2013) and cisplatin-induced peripheral

neuropathy (Garcia et al., 2008). Our results showed that ghrelin administration lowered ATF3

expression and prevented loss of intraepidermal nerve fibers rather than large sciatic nerves,

18
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suggesting that ghrelin ameliorated the neuropathy in this experimental model by protecting

against intraepidermal nerve fiber injuries caused by paclitaxel.

Paclitaxel affects mitochondria in the neurons by opening mitochondrial permeability

transition pores and increasing reactive oxygen species production (Bernardi et al., 2006), thus

leading to peripheral nerve neuropathy (Duggett et al., 2016). Indeed, levels of markers of

oxidative and nitrosative stress, specifically 8-isoprostane, malondialdehyde, and nitric oxide,

were increased in our experiment. Ghrelin was shown to reduce oxidative and nitrosative stress

in diabetic neuropathy (Kyoraku et al., 2009; Tsuchimochi et al., 2013), sepsis-associated lung

injury (Zeng et al., 2015), and nonalcoholic fatty liver disease (Li et al., 2013), supporting our

finding that ghrelin exerted a neuroprotective effect against paclitaxel-induced neuropathy.

Ghrelin reduces the production of oxidative stress in the mitochondria of neurons by increasing

the expression of UCP2 (Andrews et al., 2008). Ghrelin also increases mitochondrial

proliferation by inducing UCP2 and activating PGC-1a (Wu et al., 1999; Andrews et al., 2008;

Fujimura et al., 2014). Moreover, ghrelin increases the expression of mitochondrial SOD2,

leading to decreased oxidative and nitrosative stress (Xu et al., 2008; Dobutovic et al., 2014).

These mechanisms underlying ghrelin’s effect on oxidative stress have been reported
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in several pathologic conditions, such as an 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine

(MPTP)-induced Parkinson’s disease experimental model (Andrews et al., 2009), traumatic

brain injury (Lopez et al., 2012), hemorrhagic shock (Qi et al., 2014), and a renal fibrosis model

(Fujimura et al., 2014). In the setting of peripheral neuropathy, this is the first study to

demonstrate that ghrelin reduced oxidative and nitrosative stress in dorsal root ganglia neurons

by inducing UCP2, PGC-1a, and SOD2. Taken together, the above findings suggest that ghrelin

exerts a neuroprotective effect by improving mitochondrial anti-oxidant functions. Paclitaxel-

induced neuropathy involves multiple mechanisms in addition to oxidative stress, including

inflammation, intracellular Ca?* dysfunction, ion channel dysfunction, and transient potential

receptor activation (reviewed in (Carozzi et al., 2015)). Further studies are needed to elucidate

the molecular mechanisms of ghrelin’s effect on paclitaxel-induced neuropathy.

Previous studies also showed that ghrelin-null mice and growth hormone secretagogue

receptor-null mice developed more serious pathology in some experimental models; for

example, growth hormone secretagogue receptor-null mice were injured more severely in a

renal fibrosis model (Fujimura et al., 2014) and a hepatic ischemia model (Qin et al., 2014) than

WT mice. We here confirmed that growth hormone secretagogue receptor was expressed in the

dorsal root ganglia neurons of growth hormone secretagogue receptor-eGFP mice. Erriquez et
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al. (2009) demonstrated that neurons in embryonic chick dorsal root ganglia expressed growth

hormone secretagogue receptor and that ghrelin partially increased neuronal cytosolic calcium

concentrations. Endogenous ghrelin possibly exerted a direct neuroprotective effect on

peripheral neurons through interactions with growth hormone secretagogue receptor, and

attenuated paclitaxel-induced neuropathy through ghrelin/ growth hormone secretagogue

receptor signaling.

In conclusion, we demonstrated that ghrelin ameliorated paclitaxel-induced

neuropathy by preventing intraepidermal nerve fiber injuries. The mechanisms of ghrelin’s

neuroprotective effect involved suppressing oxidative stress by activating mitochondrial anti-

oxidant functions through induction of UCP2 and SOD2, and by increasing mitochondrial

numbers. In addition, endogenous ghrelin exerted neuroprotective effects through its interaction

with growth hormone secretagogue receptor; this would then directly affect peripheral neurons

via this receptor’s signaling. The pleiotropic effects of ghrelin against paclitaxel-induced

neuropathy that were demonstrated in this study suggest a novel and attractive therapeutic

strategy for the prevention of neuropathy during paclitaxel treatment in humans.
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Figure legends

Fig. 1. Effects of ghrelin administration on mechanical and thermal hypersensitivity and body

weight. (A) Mechanical withdrawal threshold was measured by the von Frey test (n = 9-10) on

Day 1 and Day 7; (B) thermal withdrawal threshold was evaluated by the hot plate test (n = 10—

11) on Day 1 and Day 7; (C) body weight on Day 1 and Day 7. (D) Immunchistochemistry for

anti-GFP antibodies in dorsal root ganglia of growth hormone secretagogue receptor-enhanced

green fluorescent protein mice. Scale bars: 20 pm. Values are means + S.E.M. *P < 0.05, **P <

0.01. PTX, paclitaxel; GHSR, growth hormone secretagogue receptor; eGFP, enhanced green

fluorescent protein.

Fig. 2. Histological analysis of ghrelin’s effects on the dorsal root ganglia, sciatic nerve, and

intraepidermal nerve fibers. (A) Immunohistochemical detection of ATF3 in the dorsal root

ganglia and (B) ratio of ATF3-positive cells in NeuN-positive cells (n = 5). Scale bars: 100 um.

(C) Representative micrographs of sciatic nerves and (D) histograms of myelinated axon

diameter (n = 7-8). Scale bars: 20 um. (E) Representative immunohistochemical staining for

PGP9.5 and (F) the density of intraepidermal nerve fibers in hind paw skin (n = 6). Dotted line

shows the border between epidermis and dermis. Scale bars: 50 pm. Values are means = S.E.M.
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*P < 0.05, **P < 0.01. PTX, paclitaxel; IENF, intraepidermal nerve fiber.

Fig. 3. Effects of ghrelin on systemic oxidative and nitrosative stress, and mitochondrial anti-

oxidant function in dorsal root ganglia. Plasma levels of (A) 8-isoprostane (n = 9), (B)

malondialdehyde (n = 9), and (C) nitric oxide (n = 9) were measured on Day 7. (D) The mRNA

expression levels of Ucp2, Pgc-1a, and Sod2 in the dorsal root ganglia were measured on Day 7

(n = 8-9). The MRNA levels were normalized against Gapdh mRNA levels, and shown relative

to the control group. (E) Representative images of immunocytochemical staining of SOD2 and

the SOD2 fluorescent intensity in PC12 cells (n = 4). Scale bar: 5 um. (F) Representative

images and analysis of a western blot of SOD2 in PC12 cells (n = 4). B-actin was used as a

loading control. Values are means £ S.E.M. *P < 0.05, **P < 0.01. PTX, paclitaxel.

Fig. 4. Effects of endogenous ghrelin on paclitaxel-induced nerve injuries in ghrelin-null and

growth hormone secretagogue receptor-null mice, and histological evaluation of growth

hormone secretagogue receptor in peripheral neurons in growth hormone secretagogue receptor-

eGFP mice. (A) Mechanical withdrawal threshold was measured by the von Frey test (n = 6).

(B) Immunohistochemical detection of ATF3 in dorsal root ganglia and ratio of the ATF3-

positive cells in NeuN-positive cells (n = 6-7). Scale bars: 100 um. Values are means + S.E.M.
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*P < 0.05, **P < 0.01. PTX, paclitaxel; GHSR, growth hormone secretagogue receptor.
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