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Abstract: In our previous rodent studies, the paclitaxel (PTX)-incorporating polymeric micellar 

nanoparticle formulation NK105 had showed significantly stronger antitumor effects and reduced 

peripheral neurotoxicity than PTX dissolved in Cremophor® EL and ethanol (PTX/CRE). Thus, 

to elucidate the mechanisms underlying reduced peripheral neurotoxicity due to NK105, we 

performed pharmacokinetic analyses of NK105 and PTX/CRE in rats. Among neural tissues, the 

highest PTX concentrations were found in the dorsal root ganglion (DRG). Moreover, exposure 

of DRG to PTX (C
max_PTX

 and AUC
0-inf._PTX

) in the NK105 group was almost half that in the PTX/

CRE group, whereas exposure of sciatic and sural nerves was greater in the NK105 group than 

in the PTX/CRE group. In histopathological analyses, damage to DRG and both peripheral 

nerves was less in the NK105 group than in the PTX/CRE group. The consistency of these 

pharmacokinetic and histopathological data suggests that high levels of PTX in the DRG play 

an important role in the induction of peripheral neurotoxicity, and reduced distribution of PTX 

to the DRG of NK105-treated rats limits the ensuing peripheral neurotoxicity. In further analyses 

of PTX distribution to the DRG, Evans blue (Eb) was injected with BODIPY®-labeled NK105 

into rats, and Eb fluorescence was observed only in the DRG. Following injection, most Eb dye 

bound to albumin particles of ~8 nm and had penetrated the DRG. In contrast, BODIPY®–NK105 

particles of ~90 nm were not found in the DRG, suggesting differential penetration based on 

particle size. Because PTX also circulates as PTX–albumin particles of ~8 nm following injec-

tion of PTX/CRE, reduced peripheral neurotoxicity of NK105 may reflect exclusion from the 

DRG due to particle size, leading to reduced PTX levels in rat DRG (275).

Keywords: micelle, paclitaxel, peripheral neurotoxicity, dorsal root ganglion, vascular 

permeability

Introduction
Taxol® (Bristol-Myers Squibb Co., Princeton, NJ, USA) is one of the most widely 

used antineoplastic agents and exhibits wide-spectrum antitumor activity.1 However, 

Taxol® is also known to induce various adverse effects. Of these, sensory peripheral 

neuropathy is a dose-limiting factor for Taxol® treatments as no accepted standard of 

care for its prevention or treatment has been established.2,3 Taxol® contains paclitaxel 

(PTX) as a main active ingredient, which is formulated in Cremophor® EL and dehy-

drated ethanol (PTX/CRE), an original formulation of PTX.

NK105 is a PTX-incorporating core-shell-type micellar nanoparticle formulation 

comprising the novel amphiphilic block copolymer (NK105 polymer in self-associ-

ation with polymeric micellar nanoparticles) in aqueous media.4 Because of its high 

hydrophobicity, PTX is physically entrapped within NK105 polymers and forms the 

inner core of the NK105 formulation. In our preceding rodent study, NK105 showed 
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significantly higher antitumor effects than PTX/CRE, and 

the associated peripheral neurotoxicity (PN) was reduced.4 

Increased antitumor effects of NK105 likely reflected longer 

retention times in the plasma and enhanced permeability and 

retention effects in tumor tissues.5,6 However, the mecha-

nisms behind limited NK105-induced PN remain unknown 

and were the focus of the present study.

Although numerous reports describe the molecular mecha-

nisms of PTX/CRE-induced PN,7–13 high PTX distribution 

to the dorsal root ganglion (DRG) seems to play a pivotal 

role.14–17 High distributions of other anticancer platinum deriv-

atives to the DRG have also been known to associate with 

PN in animal models and in cancer patients.18–20 Moreover, 

high levels of methylmercury21 or cadmium22 have also been 

reported in the DRG of the rat cadmium- or methyl mercury-

induced peripheral neuropathy models and seem to be one of 

the main reasons for their symptoms.23 Thus, in the present 

study, we compared the relative distributions of NK105 and 

PTX to the DRG by pharmacokinetics analyses following 

weekly injections of NK105 or PTX/CRE in rats.

In contrast with peripheral nerves in rats,24 the capillaries 

in the DRG are much more permeable to nanoparticles, such 

as serum albumin (70 kDa, 8 nm24 in diameter),25,26 horserad-

ish peroxidase (40 kDa, 2.5–5.0 nm),27,28 and dextrans of 

various sizes (3–150 kDa, 3–17 nm).24 Therefore, following 

injections of PTX/CRE formulations, PTX rapidly adheres to 

albumin29 and circulates in the blood as albumin-bound PTX 

particles (≈8 nm)24 that must be small enough to leak from 

the blood vessels into the DRG.24–26 Subsequent extravasation 

into DRG parenchyma seems to result in significantly higher 

and more sustained distributions of PTX in the DRG of PTX/

CRE-treated rodents.14,16,17,23,30 In contrast, NK105 is ~90 nm 

in diameter4 and may be excluded from the DRG, thus limiting 

the distribution of PTX to the DRG. To confirm this assump-

tion, we compared plasma and DRG concentrations of NK105 

polymer and PTX in rats using pharmacokinetic assays and 

fluorescent analyses following injections of BODIPY®-labeled 

NK105 polymer and the extravasation marker Evans blue (Eb). 

Previous studies showed that Eb adheres to albumin soon 

after injection31 and, similar to PTX,29 circulates as albumin-

bound Eb.31 Thus, the present Eb fluorescence experiments 

indicate likely distributions of albumin-bound PTX in rat 

DRG and suggest that the comparatively limited presence of 

NK105 reduces PTX-associated PN in rats.

Materials and methods
Experimental animals
Female Sprague Dawley rats (Charles River Japan Inc., 

Yokohama, Kanagawa, Japan) were used in all experiments 

after 1 week of habituation. Animal studies were conducted 

with the approval of the in-house experimental Animal Ethics 

Committee of Nippon Kayaku Co., Ltd. (Tokyo, Japan) and 

in accordance with the protocols in the Guidelines for Proper 

Conduct issued by the Japanese Association for Laboratory 

Animal Science.32 All attempts were made to minimize the 

pain and stress inflicted on the animals.

Drugs
NK105 was manufactured by Nippon Kayaku Co., Ltd. 

(Tokyo, Japan) as a freeze-dried product and was dissolved in 

5% glucose for all experiments. The mean diameter of NK105 

micelles was measured to be ~90 nm by dynamic light scat-

tering analyses (Zeta Potential/Particle Sizer, NICOMP™ 

380 ZLS; Particle Sizing Systems, Port Richey, FL, USA). 

NK105 was injected at volumes of 0.1–0.5 mL/0.1 kg in 

all experiments. PTX was purchased from Xi’an High-

Tech Industries (Xi’an, People’s Republic of China), and 

PTX/CRE stock solution was prepared for each experiment 

by dissolving PTX in a mixed solution of Cremophor® EL 

(Sigma-Aldrich Co., St Louis, MO, USA) and dehydrated 

ethanol (50:50, v/v). PTX/CRE was injected immediately 

after diluting stock solutions with sterile saline. Control rats 

were intravenously administered a 5% glucose solution.

Concentration–time profiles of PTX after 
weekly injections of NK105 or PTX/CRE
Eighty rats (9–10 weeks old) were assigned to 16 groups 

of five rats with minimal differences in mean body weights 

using the SAS system preclinical package, version 5.0 

(SAS Institute Inc., Cary, NC, USA). Subsequently, eight 

groups of five rats each were treated with NK105, and the 

other eight groups were treated with PTX/CRE.

NK105 or PTX/CRE were administered weekly, and at 

0.083, 1, 4, 8, 24, 72, and 168 h following the sixth injection 

of NK105 or PTX/CRE at 7.5 mg/kg/day, one of the eight sub-

groups from each treatment was euthanized by blood collection 

from the abdominal aorta under ether anesthesia. Plasma samples 

were separated by centrifuging the blood samples at 3,000 rpm 

for 15 min at 4°C. Subsequently, liver, sciatic nerve, sural nerve, 

spinal cord, brain (cerebellum), and DRG (L1 to L6) tissues were 

excised, weighed, and stored at -80°C until further analysis.

Concentrations of PTX in plasma, liver, and neural tissues 

were determined using a liquid chromatography/electrospray 

ionization (positive)-selected reaction monitoring method 

(API4000; AB SCIEX, Framingham, MA, USA). To accom-

modate technical difficulties of measuring PTX concentra-

tions which are incorporated in and released from micelles 

separately and precisely, PTX concentrations were determined 
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as the combination of both forms. Pharmacokinetic param-

eters were calculated using noncompartmental analyses with 

the WinNonlin Professional program, version 4.1 (Pharsight 

Corporation, Mountain View, CA, USA).

Concentration–time profiles of the 
NK105 polymer and PTX after single 
injections of NK105
At 1, 24, and 72 h after single injections of NK105 at 

7.5 mg/kg/day into 11-week-old rats, plasma and DRGs 

were collected and stored as described earlier, and NK105 

polymer concentrations were measured according to those of 

the hydrolytic component 4-phenyl-1-butanol,4 which binds 

to polyethylene glycol (PEG) polyaspartate chain, using a 

liquid chromatography/electrospray ionization (negative)-

selected reaction monitoring method (API300; AB SCIEX). 

The concentration of NK105 polymer was estimated to be 

the sum of the NK105 micelle concentration and a single or a 

few aggregated PEG polyaspartate chain concentrations. The 

concentrations of PTX in plasma and DRG were estimated as 

the sum of micelle-incorporated and micelle-released PTX 

concentrations as described earlier.

Histopathological observations and 
morphometrical analyses of sciatic nerves 
and DRGs from rats
In our previous light microscope observations, weekly 

injections of PTX/CRE at 7.5 mg/kg/day for 6 weeks induced 

apparent histological damages to sciatic4 and sural nerves 

(Figure S1) but to the DRG (data not shown) compared to 

the vehicle. Thus, to compare the effects of NK105 and PTX/

CRE on the DRG histologically, we administered NK105 or 

PTX/CRE at 18 mg/kg/day on days 0 and 3, according to a 

previous study which induced much severe PN in rats.33

DRGs and sciatic nerves were excised on days 4, 8, and 10 

from euthanized rats (9–10 weeks old) and were fixed in 10% 

phosphate-buffered formalin for histopathological and immu-

nohistochemical analyses. After fixation, frozen or paraffin-

embedded tissues were sectioned and stained with hematoxylin 

and eosin for histopathological analysis or were processed 

for immunohistochemical analysis by incubating overnight 

with mouse monoclonal antibodies against anti-neurofilament 

(NF; Nichirei Biosciences Inc., Tokyo, Japan), Ki-67 (clone 

MIB-5, 1:50; Dako Denmark A/S, Glostrup, Denmark), glial 

fibrillary acidic protein (GFAP, clone GA5; Nichirei Biosciences 

Inc.), and rabbit polyclonal anti-activating transcription 

factor 3 (ATF-3) antibody (1:500; Santa Cruz Biotechnology 

Inc., Dallas, TX, USA). Subsequently, the sections were 

washed and incubated with HRP-conjugated anti-mouse IgG 

(Histofine SAB-PO kit; Nichirei Biosciences Inc.) or Alexa 

Fluor 594-conjugated goat polyclonal anti-rabbit IgG (H + L) 

secondary antibodies (Thermo Fisher Scientific, Waltham, 

MA, USA). Fluorescent images were generated and analyzed 

using 576 nm and 628 nm emission filters (NanoZoomer; 

Hamamatsu Photonics, Shizuoka, Japan).

The numbers of ATF-3-positive and NF-positive neurons 

were counted within the entire DRG areas and were expressed 

as percentages of the total number of neurons. The numbers 

of Ki-67-positive satellite cells were counted within three 

randomly selected DRG areas at a magnification of 200× 

and were expressed as percentages of the total number of 

satellite cells in each area.

Fluorescent image analysis of BODIPY®-
labeled NK105 polymer and Eb albumin 
in the DRG
Rats (16 weeks old) were injected with 100 mg/kg Eb or 

30 mg/kg BODIPY®-labeled NK105, which was prepared 

using BODIPY®-conjugated NK105 polymer and PTX. 

BODIPY® was conjugated to the polyaspartate component 

of the NK105 polymer. At 4 and 24 h after single injections, 

DRGs were excised from euthanized rats and were imme-

diately frozen in Jung Tissue-freezing medium™ (Leica 

Microsystems, Wetzlar, Germany) on dry ice. Sections 

(5 μm) were observed using a fluorescence microscope 

(Biozero BZ-8000; Keyence, Osaka, Japan) with 630 nm and 

560 nm emission filters for both Eb and BODIPY®.

Statistics
Data were expressed as mean ± standard deviation (SD). 

Differences between NK105-treated and PTX/CRE-treated 

groups were identified using Student’s t-test with an EXSUS 

statistical analysis system for biological experimental data 

(CAC EXICARE, Tokyo, Japan) and were considered sig-

nificant when P,0.05.

Results
Concentration–time profiles of PTX after 
weekly injections of NK105 or PTX/CRE
Concentration–time curves of PTX were generated for 

plasma, liver, and five neural tissues from NK105-treated 

and PTX/CRE-treated rats (Figure 1), and pharmacoki-

netic parameters were determined (Table 1). In the NK105 

group, the highest C
max_PTX

 (maximum concentration) and 

AUC
0-inf._PTX

 (area under the concentration–time curve) values 

among neural tissues were observed in the DRG and were 

at least 6.9 times larger than those observed in sciatic and 

sural nerves. Similarly, in the PTX/CRE group, the highest 
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C
max_PTX

 and AUC
0-inf._PTX

 values among neural tissues were 

observed in the DRG and were at least 16.9 times larger than 

those observed in sciatic and sural nerves.

Significantly higher plasma C
max_PTX

 (P,0.001) and 

AUC
0-inf._PTX

 (P,0.001) values were observed in the NK105 

group than in the PTX/CRE group, whereas DRG C
max_PTX

 

(P,0.001) and AUC
0-inf._PTX

 (P,0.001) values were signifi-

cantly lower in the NK105 group, at 0.6 times of those observed 

in DRGs from the PTX/CRE group. In addition, the NK105 

group showed higher C
max_PTX

 and AUC
0-inf._PTX

 values in sciatic 

nerves than the PTX/CRE group, although these differences 

were not statistically significant. Finally, NK105-treated rats 

showed significantly higher C
max_PTX

 and AUC
0-inf._PTX

 (P,0.05) 

values in sural nerves than PTX/CRE-treated rats.

In a pilot study, we generated concentration–time profiles 

of PTX after single injections of NK105 or PTX/CRE in rats 

(Figure S2). Although numbers of samples were fewer, the 

results were similar to those presented in Figure 1, indicating 

limited PTX accumulation in plasma, liver, and neural tissues 

under the present drug administration conditions in rats.

Concentration–time profiles of NK105 
polymer and PTX after single injections 
of NK105
Although sample numbers were fewer than in multiple dose 

studies (Figure 1), single doses produced similar plasma 

concentration–time profiles (Figure 2).

Specifically, plasma NK105 polymer concentrations 

gradually decreased by 84% from 1 to 72 h after injection. 

Plasma PTX concentrations also decreased, but much faster 

than those of the NK105 polymer. These data indicate 

that circulating NK105 micelles gradually release PTX, 

which is eliminated from plasma much faster than the 

NK105 polymer.

 NK105 polymer concentrations in the DRG increased 

slightly from 1 to 72 h but remained much lower than those in 

the plasma, at only 0.5%, 1.6%, and 4.9% of plasma NK105 

polymer concentrations at 1, 24, and 72 h after injection, 

respectively. These data suggest that the NK105 polymer is 

not readily distributed from plasma to the DRG. In contrast, 

PTX concentrations in DRG were more stable than those in 

plasma. Hence, the PTX concentration difference between 

plasma and DRG was much smaller than that observed for 

the NK105 polymer. These results indicate that PTX moves 

from the plasma to the DRG more easily than the NK105 

polymer and tends to remain in the DRG for much longer 

period than in the plasma.

Light microscope observations of 
histological damage to the DRG and 
sciatic nerves
Degeneration of DRG neurons was observed on day 4 in 

NK105 and PTX/CRE groups (Figure 3A), and hypertrophy 

of satellite cells was shown in both treatment groups on day 8. 

Table 1 Pharmacokinetic parameters of PTX concentration in plasma, liver, and five neural tissues

Tissue Drug Cmax (μg/mL or g tissue) tmax (h) t1/2 (h) AUC0-inf. (μg⋅h/mL or g tissue)

Plasma NK105 142.0±16.3*** 0.083 12.6 482.0±25.0***
PTX/CRE 17.4±2.0 0.083 6.6 18.3±2.6
Ratioa 8.2 1.0 1.9 26.3

Liver NK105 41.8±9.5*** 1.000 42.5 1,210.1±211.1***
PTX/CRE 69.2±6.7 0.08 18.0 200.6±11.0
Ratioa 0.6 12.0 2.4 6.0

Spinal cord NK105 1.0±0.3** 0.083 11.7 4.4±0.9
PTX/CRE 0.2±0.1 0.266 21.9 2.8±2.8
Ratioa 4.9 0.3 0.5 1.6

Brain NK105 1.0±0.1** 0.083 65.2 7.2±0.8**
PTX/CRE 0.4±0.1 0.083 130.8 12.8±2.5
Ratioa 2.9 1.0 0.5 0.6

DRG NK105 1.7±0.2*** 8.000 63.7 138.0±10.5***
PTX/CRE 3.1±0.5 9.000 59.3 243.1±23.6
Ratioa 0.5 0.9 1.1 0.6

Sciatic nerve NK105 0.8±0.4 2.033 67.5 21.1±6.0
PTX/CRE 0.7±0.2 0.817 73.0 14.1±0.8
Ratioa 1.2 2.5 0.9 1.5

Sural nerve NK105 1.0±0.3 0.633 63.3 25.0±6.5*
PTX/CRE 0.8±0.3 0.817 33.5 14.3±6.6
Ratioa 1.3 0.8 1.9 1.7

Notes: aRatio = NK105/(PTX/CRE). Values are expressed as mean ± SD, *P,0.05, **P,0.01, ***P,0.001, NK105 vs PTX/CRE; Student’s t-test.
Abbreviations: AUC, area under the concentration–time curve; DRG, dorsal root ganglion; PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol;  
SD, standard deviation; Cmax, maximum concentration; tmax, time of maximum concentration; t1/2, terminal-phase half-life; PTX, paclitaxel.
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Figure 2 Concentration–time profiles of the NK105 polymer and PTX after single injections of NK105 into rats.
Notes: Concentration–time profiles of the NK105 polymer and PTX in (A) plasma and (B) the DRG after single injections of NK105.
Abbreviations: DRG, dorsal root ganglion; PTX, paclitaxel.

Figure 3 Light micrograph of the DRG and the sciatic nerves in rats. 
Notes: The H&E-stained sections were prepared from (A) the DRG and (B) the sciatic nerve at 4, 8, and 10 days after the first injection of NK105 or PTX/CRE. NK105 and 
PTX/CRE were administered twice intravenously on days 0 and 3. Asterisk, degeneration of neurons; bright blue arrowheads, hypertrophy of satellite cells; yellow arrows, 
single cell necrosis of satellite cells; green arrow, mitotic satellite cells; black arrows, myelin ovoid.
Abbreviations: DRG, dorsal root ganglion; H&E, hematoxylin and eosin; PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol.
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On days 8 and 10, Nageotte nodules, which are an indicator 

of neuronal degeneration,15 were observed in both treatment 

groups (data not shown).

No aberrant histological changes were observed in sciatic 

nerves from NK105-treated and PTX/CRE-treated animals 

on day 4 (Figure 3B). Myelin ovoids, which are a distinctive 

feature of degeneration of myelinated fibers,34 were seen in 

both treatment groups on days 8 and 10. However, these 

were much less prevalent in the NK105 group than in the 

PTX/CRE group.

These data show that administration of NK105 or PTX/

CRE induces neural damage in the DRG. However, the 

extent of damage was mild in comparison with sciatic and 

sural nerve damage.

Serial observations of neural damage 
according to histopathological markers 
in the DRG 
ATF-3-positive immunoreactivity was ubiquitously seen in 

the nuclei of DRG neurons on day 4 in both treatment groups, 

but it was less frequent on day 8 and was hardly observed on 

day 10 (Figure 4A). In contrast, ATF-3-positive immunore-

activity was not observed in the nuclei of satellite cells until 

day 8 but became visible on day 10 (Figure 4A). In contrast, 

NF-positive immunoreactivity was ubiquitously observed in 

neuron cytoplasms on day 4, but was less prevalent on day 8 

and was hardly seen on day 10 (Figure 4B). Similar to ATF-3, 

Ki-67-positive and GFAP-positive immunoreactivity was 

observed in satellite cell nuclei on day 8 and remained visible 

on day 10 (Figure 4B). Finally, the ratios of ATF-3-positive 

and NF-positive neurons and Ki-67-positive satellite cells 

in the DRG varied similarly over time in NK105 and PTX/

CRE groups. Although almost all ratios were lower in the 

NK105 group, these did not differ significantly with those 

in the PTX/CRE group (Figure 4C).

Fluorescent image analysis of BODIPY®-
labeled NK105 polymer and albumin-
bound Eb in the DRG
In BODIPY®-labeled NK105 polymer-treated rats, strong 

fluorescence was concentrated in the tissues surrounding the 

DRG, and little fluorescence was seen in the DRG at 4 and 24 h 

after injection (Figure 5A). In contrast, steady and ubiquitous 

fluorescence from albumin-bound Eb was diffusely observed 

in the surrounding tissues and in the DRG at 4 and 24 h after 

injection (Figure 5B). These observations suggest that circulat-

ing albumin-bound Eb extravasates into the DRG at significant 

concentrations. In contrast, circulating BODIPY®-labeled 

NK105 had limited access to the DRG, as indicated by concen-

trated fluorescence in the tissues surrounding the DRG.

Discussion
In the present pharmacokinetic analyses, PTX concentra-

tions were greatest in the DRG among the five neural 

tissues following treatment with PTX/CRE. PTX was also 

predominantly distributed in the DRG following treatment 

with NK105. However, the C
max_PTX

 and AUC
0-inf._PTX

 values 

in the DRG were significantly lower in the NK105 group than 

in the PTX/CRE group, but were greater in sciatic and sural 

nerves of NK105-treated animals. Histopathological analyses 

showed less damage in the DRG and peripheral nerves in the 

NK105 group than in the PTX/CRE group (Figures 3 and S1). 

In addition, fluorescence and immunohistochemical obser-

vations showed that initial damage occurred in the DRG of 

both treatment groups, and then, subsequent nerve damage 

emerged in the peripheral nerves, which was more apparent in 

the PTX/CRE group. These  present pharmacokinetic and his-

topathological results are in strict agreement with the results 

of our previous study4 and suggest greater involvement of 

DRG damage in PTX/CRE-induced PN than sciatic and 

sural nerve damage. Accordingly, reduced distributions of 

PTX in the DRG following treatment with NK105 may have 

significantly attenuated PN in the rats of present study.

In addition to reports indicating significant involvement 

of the DRG in PTX/CRE-induced PN in rodents,14–17,23 

previous studies also suggest that the direct neurodegen-

erative effects of PTX on peripheral nerves lead to PTX/

CRE-induced PN in rats.35–37 However, if that were true, 

NK105 should have caused more apparent histopathologi-

cal damage in sciatic and sural nerves because C
max_PTX

 and 

AUC
0-inf_PTX

 values of NK105 in those peripheral nerves 

were greater than those of PTX/CRE in this study. This 

discrepancy indicates much greater involvement of the DRG 

in PTX-induced PN than that of sciatic and sural nerves in 

the present rats.

Although C
max_PTX

 and AUC
0-inf._PTX

 values in the DRG 

of NK105-treated animals were about half of those in the 

PTX/CRE group, this difference was arguably insufficient 

to explain the differences in degrees of PN between the 

treatment groups in our previous study.4 However, in this 

study,  C
max_PTX

 and AUC
0-inf._PTX

 values in the DRG of 

the NK105 group were calculated as the sum of micelle-

incorporated and micelle-released PTX. Because only 

the latter can exert cytotoxic effects, cytotoxic C
max_PTX

 

and AUC
0-inf._PTX

 values in the DRG may have been much 

smaller than those presented in Table 1. Alternatively, 
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Figure 4 Fluorescence immunohistochemical observations of markers for neural damage in the DRG and corresponding morphometric analyses in rats. 
Notes: Rats were injected with NK105 or PTX/CRE on days 0 and 3. (A) Fluorescent images of the neural injury marker ATF-3 show serial observations of DRG 
neurons at 4, 8, and 10 days after the first injection of NK105 or PTX/CRE. Yellow arrows, ATF-3-positive neurons; yellow arrowheads, ATF-3-positive satellite cells. 
(B) Immunohistochemical images of injury markers show serial observations in DRGs at 4, 8, and 10 days after the first injection of NK105 or PTX/CRE. (C) Percentages 
of ATF-3-positive and neurofilament-positive neurons; Ki-67-positive satellite cell numbers were serially calculated based on fluorescence immunohistochemical images of 
DRGs at 4 and 10 days after the first injection of NK105 or PTX/CRE.
Abbreviations: ATF-3, activating transcription factor 3; DRG, dorsal root ganglion; PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1301

Reduction of peripheral neurotoxicity of NK105 in a rat model

BODIPY®–NK105 fluorescence was concentrated in 

the tissues surrounding the DRG, suggesting lower PTX 

concentrations in the DRGs of NK105-treated rats than 

indicated in Figure 1. Taken together, these interpreta-

tions might suggest that lower cytotoxic PTX concen-

trations in the DRG underlie the significant differences 

in degrees of PN between the treatment groups in our 

previous study.4

Pharmacokinetic data from a Phase 1 study38 and a 

preclinical study4 indicate that circulating NK105 micelles 

release PTX gradually. However gradual this release, PTX 

would circulate as albumin-bound PTX and extravasate into 

the DRG, eventually leading to similar AUC
0-inf._PTX

 values 

as those following treatment with PTX/CRE. Although the 

half-life of PTX (t
1/2_PTX

) was longer in the NK105 group, 

the greater AUC
0-inf._PTX

 value of NK105 in the plasma 

(Figure 1) would likely correspond with a DRG AUC
0-

inf._PTX
 value in excess of that following treatment with PTX/

CRE. The present data indicate that this is not the case. As 

indicated in Figures 1 and 2, NK105 gradually released 

PTX into the plasma without an initial burst.39 However, 

at least 84% of the NK105 polymer was eliminated from 

the plasma by 24 h after injection, potentially reflecting the 

actions of hepatic and other phagocytic cells. In addition, 

although circulating in the blood, poor extravasation of 

NK105 into the DRG likely reflects exclusion from DRG 

vasculature due to particle size.16,23,40 Taken together, these 

observations suggest that NK105 is eliminated from the 

blood before releasing all incorporated PTX, as reflected 

by significantly smaller AUC
0-inf._PTX

 values in DRGs of 

NK105-treated rats.

Drug delivery systems (DDS) generally enhance antitu-

mor effects of chemotherapeutic agents and attenuate adverse 

effects by improving pharmacokinetics and/or distributions of 

the incorporated antitumor agents. In the case of PTX, DDS 

are required to increase antitumor effects and to decrease the 

ensuing PN of PTX/CRE.41,42 In the present study, PN was 

attenuated by NK105, at least partly due to decreased PTX 

concentrations in the DRG. Accordingly, NK105 reportedly 

has significantly stronger antitumor effects on xenografted 

tumors in mice.4 In addition, NK105 showed significantly 

stronger antitumor effects on MRMT-1 allografted rat tumors 

than PTX/CRE (Figure S3). Moreover, these effects were 

associated with ~12 times higher PTX concentrations in 

MRMT-1 tumors (Table S1). Taken together, these data sug-

gest that NK105 enhances antitumor effects and attenuates 

PN by limiting the distribution of PTX to the DRG, warrant-

ing further studies in animal models and clinical trials.

Conclusion
In this study, we showed that PTX concentrations in the 

DRG were lower following treatment with NK105 than after 

treatment with PTX/CRE, potentially explaining previously 

observed decreases in PTX-mediated PN in rats.4 These phar-

macokinetic data were confirmed by immunohistochemical 

analyses which show less PTX in the DRG of NK105-treated 

animals and may reflect less extravasation from DRG blood 

vessels due to the large diameter of NK105.

Disclosure
All authors are employees of Nippon Kayaku Co., Ltd. The 

authors report no other conflicts of interest in this work.

Figure 5 Fluorescence images of BODIPY®-labeled NK105 polymer and Evans blue in rat DRGs. 
Notes: The H&E-stained sections and corresponding fluorescence images of DRGs were prepared at 4 and 24 h after a single injection of (A) BODIPY®-labeled NK105 
polymer or (B) Evans blue. Yellow dotted lines in (A and B) indicate DRGs.
Abbreviations: DRG, dorsal root ganglion; H&E, hematoxylin and eosin.
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Supplementary materials

Figure S2 Concentration–time profiles of PTX after single injections of NK105 or PTX/CRE in rats.
Notes: Concentration–time profiles of PTX in (A) plasma, (B) liver, (C) DRG, and (D) sciatic nerve after single injections of NK105 or PTX/CRE; data are shown as mean ± SD.
Abbreviations: DRG, dorsal root ganglion; PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol; SD, standard deviation; PTX, paclitaxel.

Figure S1 Light micrographs of sural nerves in rats.
Notes: Toluidine blue-stained sections were prepared 6 days after six weekly injections of (A) vehicle, (B) NK105, or (C) PTX/CRE at 7.5 mg/kg/day. Arrows indicate 
degeneration of myelinated fibers, which were more apparent in PTX/CRE-treated rats. Numbers of degenerated myelinated fibers were significantly fewer in NK105-treated 
rats than in PTX/CRE-treated rats (data not shown).
Abbreviation: PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol. 
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Figure S3 The effects of NK105 or PTX/CRE on allograft tumor growth in rats.
Notes: MRMT-1 rat mammary tumors from the Institute of Development, Aging, and Cancer, Tohoku University, Miyagi, Japan, were subcutaneously allografted into rats. 
NK105 or PTX/CRE was then weekly injected for 6 weeks at doses of 15 or 7.5 mg/kg/day. NK105 at 7.5 mg/kg/day showed stronger growth inhibition than PTX/CRE at 
15 mg/kg/day. No significant differences in body weights were observed between NK105 and PTX/CRE groups (data not shown); black arrows indicate administration days. 
Abbreviation: PTX/CRE, paclitaxel formulated in Cremophor® EL and dehydrated ethanol.

Table S1 Concentrations of PTX in plasma and allografted tumor tissues in rats

Tissue Drug Concentration of PTX (µg/mL or µg/g tissue)a

Plasma NK105 1.970±0.277***
PTX 0.007±0.002

Tumor NK105 8.844±2.020***
tissue PTX 0.743±0.218

Notes: Data are expressed as mean ± SD. aUnits are expressed as µg/mL for plasma and µg/g tissue for tumor tissue samples; ***P,0.001, NK105 vs PTX; Student’s t-test.
Abbreviations: SD, standard deviation; PTX, paclitaxel.
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