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Abstract
Background
Carbon fibers are high aspect ratio structures with diameters on the submicron scale. Vapor grown carbon fibers are contained within multi-walled carbon tubes, with VGCF™-H commonly applied as a conductive additive in lithium-ion batteries. However, several multi-walled carbon fibers, including MWNT-7, have been reported to induce lung carcinogenicity in rats. This study investigated the carcinogenic potential of VGCF™-H fibers in F344 rats of both sexes with the vapor grown carbon fibers VGCF™-H and MWNT-7 over 2 years. The carbon fibers were administered to rats by intratracheal instillation at doses of 0, 0.016, 0.08, and 0.4 mg/kg (total doses of 0, 0.128, 0.64, and 3.2 mg/kg) once per week for eight weeks and the rats were observed for up to 2 years after the first instillation.

Results
Histopathological examination showed the induction of malignant mesothelioma on the pleural cavity with dose-dependent increases observed at 0, 0.128, 0.64, and 3.2 mg/kg in rats of both sexes that were exposed to MWNT-7. On the other hand, only two cases of pleural malignant mesothelioma were observed in the VGCF™-H groups; both rats that received 3.2 mg/kg in male. The animals in the MWNT-7 groups either died or became moribund earlier than those in the VGCF™-H groups, which is thought related to the development of malignant mesothelioma. The survival rates were higher in the VGCF™-H group, and more carbon fibers were observed in the pleural lavage fluid (PLF) of the MWNT-7 groups. These results suggest that malignant mesothelioma is related to the transfer of carbon fibers into the pleural cavity.

Conclusions
The intratracheal instillation of MWNT-7 clearly led to carcinogenicity in both male and female rats at all doses. The equivocal evidence for carcinogenic potential that was observed in male rats exposed to VGCF™-H was not seen in the females. The differences in the carcinogenicities of the two types of carbon fibers are thought due to differences in the number of carbon fibers reaching the pleural cavity. The results indicate that the carcinogenic activity of VGCF™-H is lower than that of MWNT-7.
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Background
Carbon fibers with nanoscale to submicron-scale diameters and high aspect ratios have excellent physicochemical and electrical properties. Multi-walled carbon nanotubes (MWCNTs) are carbon fibers with particularly excellent properties that have been widely applied widely in industry and several are commercially available. The production of MWCNTs has increased in recent years; however, the needle-like/fibrous structure and high aspect ratio of MWCNTs is similar to asbestos and there is concern that these fibrous materials may be bio-persistent [1, 2], resulting in pulmonary toxicity. MWNT-7, which has a needle-like/fibrous structure and a high aspect ratio, has been found to promote the development of lung carcinogenesis in mice treated with whole-body inhalation [3]. Moreover, in a carcinogenicity study using rats, MWNT-7 induced lung carcinoma not only in animals treated with whole-body inhalation [4], but instigated the development of pleural malignant mesothelioma in animals to whom fibers were delivered via intratracheal instillation [5]. The IARC has classified MWNT-7 as group 2B (possibly carcinogenic to humans) [6] based on the report of an inhalation carcinogenicity study that used a carcinogenic initiator [3] and the increased incidence of mesothelioma in the abdominal cavity of rats that were subjected to intraperitoneal [7] and intrascrotal administration [8] or p53 heterozygous mice treated with intraperitoneal injection [9]. These reports indicate that materials with needle-like/fibrous structures may be carcinogenic, rendering it necessary to obtain further information on the carcinogenicity of these materials for an accurate hazard assessment with respect to the carcinogenic potential in humans.
Vapor grown carbon fibers are formulated to enhance the electrical and thermal properties of high-performance materials with multi-walled carbon tube structures. VGCF™-H and MWNT-7, the test materials in this study, are vapor grown carbon fibers. The physicochemical properties of VGCF™-H, such as the diameter, length, and electrical properties differ considerably from those of MWNT-7 because of the different manufacturing conditions, and it has superior conductivity and dispersion. However, both are fibrous structures with a high aspect ratio in a broad sense. These factors are concerning, and it is unknown whether the continuous inhalation of VGCF™-H fibers may induce persistent lung toxicity and carcinogenicity. Delorme et al., reported that the inhalation of 0.54, 2.5, and 25 mg/m3 VGCF™-H over a 90-day period in rats led to a concentration-related small, but detectable, accumulation of extrapulmonary fibers in various organs and tissues over the whole-body. No adverse effects were observed in the tissues, and a no-observed-adverse-effect level of VGCF™-H for male and female rats of 0.54 mg/m3 was obtained [10]. However, MWNT-7 induced lung toxicity such as inflammation, indicated by bronchioalveolar lavage fluid (BALF) from whole-body inhalation of even 0.2 mg/m3, was observed in a 13-week study [11]. These reports suggest that the sub-chronic lung toxicity level of VGCF™-H is lower than that of MWNT-7. However, no studies have reported on the lung carcinogenicity of VGCF™-H, and its potential carcinogenicity remains unknown, and no studies have as yet compared the pulmonary carcinogenicity of VGCF™-H with that of MWNT-7.
Whole-body inhalation studies are usually performed over 2 years to evaluate lung carcinogenicity; however, reports on this type of experiment are limited because of the extensive facilities required for whole-body inhalation. However, the intratracheal instillation method is often used to evaluate the acute to sub-chronic lung toxicity of carbon fibers. We previously performed a 13-week toxicity study of VGCF™-H on rat lungs with MWNT-7 as a comparative material to obtain the dosage for a carcinogenicity study using intratracheal instillation [12]. The sub-chronic lung toxicity of VGCF™-H was evaluated by means of eight treatments with 0.2, 0.4, and 0.8 mg/kg (total doses of 1.6, 3.2, and 6.4 mg/kg, respectively) that were administered once per week and compared with 3.2 and 6.4 mg/kg of MWNT-7. Both BALF and histopathological analyses showed that the sub-chronic lung toxicity was dose-dependent increases for both MWNT-7 and VGCF™-H; however, the lung toxicity of VGCF™-H was expectedly lower than that of MWNT-7. A comparative study of the sub-chronic lung toxicity of VGCF™-H and MWNT-7 using both whole-body inhalation and intratracheal instillation produced comparable results indicating that the adverse effects of MWNT-7 as compared to VGCF™-H. Although some sub-chronic toxicity inhalation studies investigating carbon fibers have been reported, only limited studies evaluating carcinogenicity have been conducted owing to the difficulty of conducting whole-body inhalation. In addition, although MWNT-7 has been examined in most carcinogenicity studies, few reports of the chronic toxicity of other carbon fibers have been made. One carcinogenicity study that used carbon fibers other than MWNT-7 by Suzui et al. reported that the intratracheal instillation of MWCNT (NIKKISO) into rat lungs induced malignant mesothelioma and lung tumors [13]. Furthermore, Numano et al. reported that the intratracheal instillation of MWNT-7 into rats induced the transfer of carbon fibers from lungs to the thoracic cavity, causing pleural malignant mesothelioma in 95% of the studied animals [5]. On the other hand, it was reported that no malignant mesothelioma was observed in whole-body inhalation study of MWNT-7 [4]. It is unclear whether other vapor grown carbon fibers, including VGCF™-H, also differ in the development of malignant mesothelioma in whole-body inhalation and intratracheal studies. However, at least the sub-chronic lung toxicity observed for MWNT-7 and VGCF™-H was consistent in that MWNT-7 was more adverse in both whole-body inhalation and intratracheal instillation studies. Based on these results, it was considered that the intratracheal instillation method could be used to lung hazard identification and screening purpose. We therefore decided to investigate the lung carcinogenicity of VGCF™-H using intratracheal instillation. This paper describes the first chronic lung toxicity study of VGCF™-H in rats.

Results
Characteristics of carbon fibers
The primary particle morphology, dispersion state, and iron content of carbon fibers
To determine the differences in the physicochemical properties of VGCF™-H and MWNT-7, an investigation of the primary particle morphology and the average hydrodynamic diameter of the carbon fibers was performed by scanning electron microscopy (SEM) and dynamic light scattering (DLS). The VGCF™-H fiber was a diameter of 148 ± 52 nm, a length of 5.2 ± 2.7 μm and a surface area of 15 m2/g. The MWNT-7 fiber was a diameter of 75 ± 20 nm, a length of 9.0 ± 6.1 μm and a surface area of 25 m2/g. Additional file 1: Fig. S1 shows the distribution of the carbon fiber length and diameter of MWNT-7 and VGCF™-H used in this study. Both VGCF™-H and MWNT-7 fibers were straight in shape. The average hydrodynamic diameters of MWNT-7 and VGCF™-H were 656 ± 34 nm and 783 ± 43 nm, 514 ± 40 nm and 589 ± 23 nm, and 561 ± 63 nm and 613 ± 29 nm in the 0.008 mg/mL (for 0.128 mg/kg), 0.04 mg/mL (for 0.64 mg/kg), and 0.2 mg/mL (for 3.2 mg/kg) doses, respectively. The average hydrodynamic diameters of the fibers did not change when passed through the microsprayer aerosolizer (data not shown). Iron contents of MWNT-7 and VGCF™-H fiber was 4200 ppm and 9.7 ppm, but no other elements were detected for VGCF™-H fibers (Additional file 1: Table S1).

Dispersion state of carbon fibers in saline solution containing 0.3% Kolliphor P188
Figure 1 shows representative SEM images of carbon fibers in the prepared test material solution. SEM observation was performed to evaluate the dispersion state of the carbon fibers in the solution. VGCF™-H fibers were found to be shorter and thicker than MWNT-7 fibers, and both the MWNT-7 and VGCF™-H fibers dispersed as single straight fibers with no aggregation. These profiles were observed at all doses.[image: ]
Fig. 1Representative scanning electron microscopic images of MWNT-7 (A) and VGCF™-H (B) fibers in the prepared solution. VGCF™-H fibers were shorter and thicker than MWNT-7 fibers. The scale bar indicates 1 μm




Survival and body weight
Figure 2 and 3 shows a Kaplan–Meier survival curve for male and female rats. Male rats in the 0.64 and 3.2 mg/kg MWNT-7 groups began to die 56 and 53 weeks into the experimental period, which was notably earlier than those in the VGCF™-H groups (Fig. 2). In a previous report describing a 2 year carcinogenicity study, the final survival rate of male and female F344 rats were 66.0–88.0% and 68.0–86.0%, respectively [14]. No significant change in the survival rates of male and female rats in the nontreatment and control groups (82.9% and 74.3%, and 62.9%, and 80.0%, respectively) was reported compared to the results obtained in previous studies, suggesting that the intratracheal instillation process had no effect on the survival rate. The final survival rates of male rats in the MWNT-7 groups were 70.0, 40.0, and 2.5%, and survival rates of 65.0, 87.5, and 75.0% observed in the VGCF™-H groups subjected to 0.128, 0.64, and 3.2 mg/kg, respectively. Importantly, the survival rates of male rats in the 0.64 and 3.2 mg/kg MWNT-7 groups were lower than those of all other groups. On the other hand, no clear decrease in the survival rate was observed in the male VGCF™-H groups, although the survival rate of the VGCF™-H group that received 0.128 mg/kg was slightly lower than that of the control group. Females in the 3.2 mg/kg MWNT-7 group began to die at week 65 in the experimental period (Fig. 3), which was earlier than the females in the other groups. The final survival rate at week-104 of the experimental period were 70.0, 65.0, and 35.0% for the female MWNT-7 groups, and 72.5, 77.5, and 77.5% for the female VGCF™-H groups at 0.128, 0.64, and 3.2 mg/kg, respectively. The survival rates of the 0.64 and 3.2 mg/kg MWNT-7 groups were therefore markedly lower than those of the VGCF™-H group. The survival rate of the all-female MWNT-7 groups was lower than that of the control group. The survival rate of the male MWNT-7 groups was lower than that of females, and no decreasing trends were observed in the survival rates of the male VGCF™-H groups at any dose, as were observed in the male MWNT-7 groups.[image: ]
Fig. 2Kaplan–Meier survival plot for the male rats in the nontreatment, control, MWNT-7, and VGCF™-H groups in each dose

[image: ]
Fig. 3Kaplan–Meier survival plot for the female rats in the nontreatment, control, MWNT-7, and VGCF™-H groups in each dose


Body weights fluctuated slightly after instillation of MWNT-7 or VGCF™-H (data not shown), but no significant changes were observed in either group at week 104 of the experimental period (Table 1).Table 1Body weights at week 104 of the experimental period


	Test article
	Total dose (mg/kg)
	Male (g)
	Female (g)

	Nontreatment
	-
	412.0 ± 35.7
	(29)
	261.9 ± 36.8
	(22)

	Control
	0
	421.6 ± 47.3
	(26)
	272.6 ± 16.2
	(28)

	MWNT-7
	0.128
	412.5 ± 42.1
	(28)
	272.9 ± 36.0
	(28)

	MWNT-7
	0.64
	417.8 ± 39.3
	(16)
	258.1 ± 32.3
	(26)

	MWNT-7
	3.2
	405.4
	(1)
	269.1 ± 17.3
	(15)

	VGCF™-H
	0.128
	412.5 ± 64.6
	(26)
	264.1 ± 43.5
	(30)

	VGCF™-H
	0.64
	413.3 ± 46.3
	(35)
	270.5 ± 29.9
	(31)

	VGCF™-H
	3.2
	417.8 ± 44.9
	(30)
	274.0 ± 17.6
	(31)


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D




Evaluation of inflammation and tissue damage by carbon fibers
Analysis of inflammatory cells in the PLF
Table 2 shows the cellular component of the PLF at week 13 of the experimental period. No significant changes were observed in the nontreatment and control groups, with both males and females unaffected in terms of the studied parameters. The number of white blood cells (WBC) and differential leukocytes increased significantly in the male MWNT-7 groups, except for basophils. No significant changes were observed in the PLF from males and females in the VGCF™-H groups, except for a significant increase in the numbers of lymphocytes and eosinophils in the male 3.2 mg/kg VGCF™-H group. A significant increase was observed in the WBC and differential leukocytes of the female MWNT-7 groups, except for neutrophils and basophils, while no significant increase was observed in either WBC or differential leukocytes in the female VGCF™-H groups at week 13 of the experimental period.Table 2Cellular components in the PLF at week 13 of the experimental period


	Test article
	Total dose (mg/kg)
	Female

	WBC (× 102/µL)
	Leukocytes, differential

	Lymphocytes
	Neutrophils
	Eosinophils
	Basophils
	Monocytes

	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)

	Nontreatment
	–
	(5)
	20.2 ± 5.6
	1.4 ± 0.3
	3.1 ± 1.0
	1.3 ± 0.4
	0.0 ± 0.0
	14.4 ± 4.0

	Control
	0
	(5)
	20.3 ± 6.4
	1.5 ± 0.4
	3.2 ± 1.0
	1.2 ± 0.4
	0.0 ± 0.0
	14.4 ± 4.9

	MWNT-7
	0.128
	(5)
	30.2 ± 3.3
	2.3 ± 0.4#
	2.4 ± 0.5
	2.1 ± 0.4#
	0.0 ± 0.0
	23.4 ± 2.2#

	MWNT-7
	0.64
	(5)
	39.3 ± 9.9#
	2.1 ± 0.5
	2.8 ± 1.1
	4.2 ± 1.5#
	0.0 ± 0.0
	30.2 ± 7.1#

	MWNT-7
	3.2
	(5)
	41.8 ± 14.8##
	1.5 ± 0.4
	3.4 ± 0.7
	6.5 ± 2.5#
	0.0 ± 0.0
	30.4 ± 12.3

	VGCF™-H
	0.128
	(5)
	22.1 ± 4.7
	1.9 ± 0.6
	3.1 ± 0.6
	1.3 ± 0.4
	0.0 ± 0.0
	15.9 ± 3.9

	VGCF™-H
	0.64
	(5)
	20.6 ± 5.4
	1.7 ± 0.7
	2.7 ± 1.3
	1.3 ± 0.3
	0.0 ± 0.0
	14.9 ± 3.6

	VGCF™-H
	3.2
	(5)
	23.9 ± 6.7
	1.9 ± 0.6
	1.8 ± 0.6
	1.4 ± 0.4
	0.0 ± 0.0
	18.7 ± 5.5


	Test article
	Total dose (mg/kg)
	Male

	WBC (× 102/µL)
	Leukocytes, differential

	Lymphocytes
	Neutrophils
	Eosinophils
	Basophils
	Monocytes

	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)

	Nontreatment
	–
	(5)
	35.6 ± 7.7
	2.2 ± 0.9
	3.4 ± 1.5
	1.6 ± 0.2
	0.0 ± 0.0
	28.4 ± 5.7

	Control
	0
	(5)
	28.5 ± 10.5
	1.7 ± 0.5
	3.0 ± 0.9
	1.3 ± 0.3
	0.0 ± 0.0
	22.6 ± 9.3

	MWNT-7
	0.128
	(5)
	37.6 ± 10.6
	2.5 ± 0.6#
	3.1 ± 0.7
	2.6 ± 0.6#
	0.0 ± 0.0
	29.4 ± 9.2

	MWNT-7
	0.64
	(5)
	69.7 ± 10.2##
	3.1 ± 0.6##
	6.2 ± 1.8##
	7.7 ± 1.7#
	0.0 ± 0.0
	52.8 ± 6.5##

	MWNT-7
	3.2
	(5)
	93.0 ± 12.1##
	1.6 ± 0.2
	6.3 ± 1.9##
	14.9 ± 3.0#
	0.0 ± 0.0
	70.3 ± 9.0##

	VGCF™-H
	0.128
	(5)
	30.9 ± 3.0
	1.9 ± 0.3
	3.1 ± 0.7
	1.3 ± 0.3
	0.0 ± 0.0
	24.6 ± 2.9

	VGCF™-H
	0.64
	(5)
	34.9 ± 8.0
	2.4 ± 0.6
	3.3 ± 1.2
	1.4 ± 0.2
	0.0 ± 0.0
	27.7 ± 6.4

	VGCF™-H
	3.2
	(5)
	40.1 ± 7.8
	2.6 ± 0.7#
	3.1 ± 0.8
	1.9 ± 0.4#
	0.0 ± 0.0
	32.5 ± 6.2


Number in parentheses indicates the number of animals examined. The values indicate as mean ± S.D
Significantly different from the Control group; #p < 0.05, ##p < 0.01



Table 3 shows the cellular components of the PLF at week 104 of the experimental period. No significant increase was observed in the WBC or the differential leukocytes in all male VGCF™-H groups at week 104. Many of the male animals in the MWNT-7 group that received 3.2 mg/kg died by 104 weeks of the experiment, and the cellular components of the PLF could only be measured in one rat, with a significant decrease observed in the lymphocytes of the 0.64 mg/kg male MWNT-7 group thought to be the result of error as the changes were not dose dependent. There was a significant increase in the monocytes of the 3.2 mg/kg MWNT-7 group; however, no other significant changes were observed in any of the female groups.Table 3Cellular components in the PLF at week 104 of the experimental period


	Test article
	Total dose (mg/kg)
	Male

	WBC (× 102/µL)
	Leukocytes, differential

	Lymphocytes
	Neutrophils
	Eosinophils
	Basophils
	Monocytes

	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)

	Nontreatment
	–
	(5)
	46.6 ± 6.6
	6.4 ± 2.0
	1.4 ± 0.7
	0.5 ± 0.6
	0.0 ± 0.0
	38.2 ± 6.3

	Control
	0
	(5)
	71.2 ± 48.0
	11.6 ± 9.5
	2.7 ± 1.6
	1.9 ± 2.9
	0.0 ± 0.0
	54.9 ± 35.9

	MWNT-7
	0.128
	(5)
	55.1 ± 8.8
	5.0 ± 1.1
	2.2 ± 0.6
	1.7 ± 0.7
	0.0 ± 0.0
	46.1 ± 7.8

	MWNT-7
	0.64
	(5)
	69.7 ± 7.5
	3.2 ± 0.7#
	2.0 ± 0.6
	2.7 ± 1.2
	0.0 ± 0.0
	61.8 ± 6.7

	MWNT-7
	3.2
	(1)
	103.0
	10.4
	8.0
	1.4
	0.0
	83.2

	VGCF™-H
	0.128
	(5)
	43.0 ± 14.5
	9.8 ± 5.3
	1.2 ± 0.4
	0.2 ± 0.2
	0.0 ± 0.0
	31.8 ± 11.4

	VGCF™-H
	0.64
	(5)
	44.4 ± 5.0
	4.8 ± 1.6
	1.4 ± 0.4
	0.5 ± 0.3
	0.0 ± 0.0
	37.7 ± 3.4

	VGCF™-H
	3.2
	(5)
	56.0 ± 5.7
	6.7 ± 1.8
	1.9 ± 0.3
	1.1 ± 0.4
	0.0 ± 0.0
	46.2 ± 4.8


	Test article
	Total dose (mg/kg)
	Female

	WBC (× 102/µL)
	Leukocytes, differential

	Lymphocytes
	Neutrophils
	Eosinophils
	Basophils
	Monocytes

	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)
	(× 102/µL)

	Nontreatment
	–
	(5)
	28.9 ± 14.1
	4.7 ± 3.3
	0.7 ± 0.5
	0.3 ± 0.2
	0.0 ± 0.0
	23.3 ± 10.5

	Control
	0
	(5)
	36.9 ± 13.1
	7.0 ± 4.2
	1.0 ± 0.3
	0.4 ± 0.2
	0.0 ± 0.0
	28.6 ± 8.9

	MWNT-7
	0.128
	(5)
	34.4 ± 10.8
	5.8 ± 6.1
	0.7 ± 0.4
	1.1 ± 0.7
	0.0 ± 0.0
	26.8 ± 8.5

	MWNT-7
	0.64
	(5)
	39.7 ± 8.8
	4.4 ± 3.7
	1.1 ± 1.0
	1.6 ± 1.8
	0.0 ± 0.0
	32.6 ± 8.8

	MWNT-7
	3.2
	(5)
	61.9 ± 32.8
	5.6 ± 6.8
	1.3 ± 0.8
	0.7 ± 0.4
	0.0 ± 0.0
	54.4 ± 25.7

	VGCF™-H
	0.128
	(5)
	29.1 ± 7.2
	4.5 ± 2.9
	0.6 ± 0.4
	0.1 ± 0.2
	0.0 ± 0.0
	23.9 ± 4.2

	VGCF™-H
	0.64
	(5)
	31.8 ± 9.4
	6.0 ± 5.8
	0.6 ± 0.4
	0.3 ± 0.3
	0.0 ± 0.0
	24.9 ± 5.3

	VGCF™-H
	3.2
	(5)
	42.7 ± 7.2
	6.9 ± 3.4
	0.7 ± 0.3
	0.4 ± 0.2
	0.0 ± 0.0
	34.7 ± 4.1


Number in parentheses indicates the number of animals examined. The values indicate as mean ± S.D
Significantly different from the Control group; #p < 0.05



A lower inflammatory response was observed in the VGCF™-H groups than the MWNT-7 groups. The data indicating the cellular component in the PLF at week 104 of the experimental period were less variable and the association between these results and carcinogenicity was unclear.

Analysis of clinical chemistry in the PLF
Table 4 shows the clinical chemistry data in the PLF at week 13 of the experimental period. The biomarkers μ-TP and μ-ALB were increased significantly in the male MWNT-7 group exposed to 3.2 mg/kg, while only μ-ALB was increased significantly in the 0.64 mg/kg male VGCF™-H group, and this was assumed to be the result of errors as the changes were not dose-dependent.Table 4Clinical chemistry in the PLF at week 13 of the experimental period


	Test article
	Total dose (mg/kg)
	Male
	Female

	 	LDH
	μ-TP
	μ-ALB
	 	LDH
	μ-TP
	μ-ALB

	 	(U/L)
	(mg/dL)
	(µg/mL)
	 	(U/L)
	(mg/dL)
	(µg/mL)

	Nontreatment
	-
	(5)
	25 ± 39
	29.8 ± 6.0
	68.2 ± 9.9
	(5)
	2 ± 1
	19.2 ± 5.5
	50.2 ± 7.8

	Control
	0
	(5)
	7 ± 2
	26.8 ± 2.5
	63.7 ± 4.4
	(5)
	3 ± 3
	17.1 ± 3.1
	45.0 ± 5.0

	MWNT-7
	0.128
	(5)
	11 ± 7
	31.4 ± 3.7
	72.5 ± 6.5
	(5)
	4 ± 2
	22.7 ± 1.3#
	59.4 ± 2.3#

	MWNT-7
	0.64
	(5)
	11 ± 5
	35.3 ± 8.0
	76.3 ± 9.4
	(5)
	4 ± 1
	23.7 ± 1.5#
	57.5 ± 4.3#

	MWNT-7
	3.2
	(1)
	15 ± 6
	39.6 ± 5.1##
	83.9 ± 10.5##
	(5)
	8 ± 11
	37.3 ± 23.8#
	79.8 ± 38.7#

	VGCF™-H
	0.128
	(5)
	9 ± 3
	30.5 ± 1.9
	72.0 ± 5.0
	(5)
	4 ± 2
	20.0 ± 3.4
	53.1 ± 7.3

	VGCF™-H
	0.64
	(5)
	14 ± 12
	31.5 ± 4.8
	74.3 ± 9.5#
	(5)
	4 ± 2
	19.3 ± 2.3
	50.9 ± 7.5

	VGCF™-H
	3.2
	(5)
	7 ± 4
	29.9 ± 2.9
	69.2 ± 3.9
	(5)
	3 ± 1
	19.6 ± 4.6
	49.7 ± 8.7


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D
Significantly different from the Control group; #p< 0.05, ##p< 0.01



Table 5 shows the clinical chemistry data in the PLF at week 104 of the experimental period. No significant increase was observed for LDH, μ-TP, or μ-ALB in any of the male and female MWNT-7 and VGCF™-H groups. Many of the male animals in the group that received 3.2 mg/kg of MWNT-7 died by 104 weeks of the experiment, and the levels of these markers were therefore measured in only one rat. The results indicate that the pulmonary damage associated with VGCF™-H was lower than that for MWNT-7.Table 5Clinical chemistry in the PLF at week 104 of the experimental period


	Test article
	Total dose
	Male
	Female

	(mg/kg)
	 	LDH
	μ-TP
	μ-ALB
	 	LDH
	μ-TP
	μ-ALB

	 	(U/L)
	(mg/dL)
	(µg/mL)
	 	(U/L)
	(mg/dL)
	(µg/mL)

	Nontreatment
	–
	(5)
	9 ± 2
	38.8 ± 8.9
	81.3 ± 20.3
	(5)
	6 ± 4
	48.5 ± 16.7
	115.4 ± 35.7

	Control
	0
	(5)
	19 ± 20
	66.5 ± 41.4
	131.2 ± 62.4
	(5)
	5 ± 2
	43.3 ± 7.2
	103.7 ± 16.8

	MWNT-7
	0.128
	(5)
	11 ± 2
	62.0 ± 29.0
	117.4 ± 42.0
	(5)
	5 ± 1
	46.8 ± 16.7
	112.9 ± 38.8

	MWNT-7
	0.64
	(5)
	23 ± 17
	59.6 ± 21.7
	103.0 ± 18.1
	(5)
	8 ± 4
	49.2 ± 29.6
	106.2 ± 62.5

	MWNT-7
	3.2
	(1)
	46
	257.1
	307.3
	(5)
	32 ± 40
	136.4 ± 129.8
	192.0 ± 114.9

	VGCF™-H
	0.128
	(5)
	8 ± 2
	40.4 ± 14.3
	92.9 ± 27.6
	(5)
	6 ± 2
	44.4 ± 21.7
	105.0 ± 47.3

	VGCF™-H
	0.64
	(5)
	13 ± 9
	58.1 ± 19.4
	116.8 ± 26.4
	(5)
	11 ± 15
	51.5 ± 20.7
	118.8 ± 33.1

	VGCF™-H
	3.2
	(5)
	13 ± 6
	81.8 ± 64.0
	145.9 ± 63.3
	(5)
	10 ± 6
	61.7 ± 25.5
	142.3 ± 54.1


There was no significant difference between groups
Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D





Distribution of carbon fibers
Amount of VGCF™-H and MWNT-7 fibers in the lung
To investigate lung toxicity relationships between the instillation of carbon fibers and lung toxicity such as inflammation and carcinogenicity, the lung burden of the carbon fibers was examined. Tables 6 and 7 show the amount of carbon fibers in the lungs of both male and female rats at weeks 13 and 104 of the experimental period. Table 6 shows the amount of carbon fibers in the lungs of each animal were observed to have increased in a dose-dependent manner by week 13 in the male MWNT-7 and VGCF™-H. The lung weight of males in both the MWNT-7 and VGCF™-H groups changed slightly with dose; however, the amount of carbon fibers per lung tended to be similar to the amount of carbon fibers administered. Interestingly, although the amount of carbon fibers in the lungs increased in a dose-dependent manner in both the male MWNT-7 and VGCF™-H groups, the amount of VGCF™-H observed was less than half that seen in the MWNT-7 group at week 104 of the experimental period in males that were subjected to 0.64 mg/kg. The amount of fibers in the lung could not be accurately measured in the male 3.2 mg/kg MWNT-7 group because many animals had died before week 104.Table 6Amount of carbon fibers in the lungs of male rats


	Test article
	Total dose
	Week 13 of the experimental period
	Week 104 of the experimental period

	 	(mg/kg)
	(μg/animal)
	(μg/g lung)
	 	(μg/animal)
	(μg/g lung)

	Control
	0
	(5)
	–
	–
	 	–
	–

	MWNT-7
	0.128
	(5)
	19.7 ± 2.50
	15.5 ± 2.6
	(5)
	6.36 ± 1.60
	4.0 ± 0.9

	MWNT-7
	0.64
	(5)
	132 ± 140
	96.3 ± 8.0
	(5)
	73.9 ± 9.4
	44.1 ± 8.6

	MWNT-7
	3.2
	(5)
	754 ± 55.0
	458.5 ± 40.6
	(0)
	–
	–

	VGCF™-H
	0.128
	(5)
	21.0 ± 2.60
	16.2 ± 2.1
	(5)
	9.95 ± 1.8
	6.3 ± 1.8

	VGCF™-H
	0.64
	(5)
	129 ± 17.0
	101.4 ± 12.3
	(5)
	27.1 ± 6.2
	16.6 ± 4.0

	VGCF™-H
	3.2
	(5)
	581 ± 61.0
	422.1 ± 30.0
	(5)
	168.0 ± 154.0
	106.4 ± 110.8


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D


Table 7Amount of carbon fibers in the lungs of female rats


	Test article
	Total dose
	Week 13 of the experimental period
	Week 104 of the experimental period

	 	(mg/kg)
	 	(μg/animal)
	(μg/g lung)
	 	(μg/animal)
	(μg/g lung)

	Control
	0
	 	–
	–
	 	–
	–

	MWNT-7
	0.128
	(5)
	8.20 ± 1.38
	9.0 ± 1.3
	(5)
	4.10 ± 1.17
	3.5 ± 0.6

	MWNT-7
	0.64
	(5)
	55.6 ± 3.30
	58.6 ± 3.4
	(5)
	40.7 ± 4.4
	36.5 ± 4.8

	MWNT-7
	3.2
	(5)
	361 ± 48.0
	308.6 ± 42.8
	(5)
	315.0 ± 49.0
	251.4 ± 34.3

	VGCF™-H
	0.128
	(5)
	12.3 ± 1.60
	13.3 ± 2.1
	(4)
	7.14 ± 0.99
	6.5 ± 1.2

	VGCF™-H
	0.64
	(5)
	58.2 ± 13.5
	64.8 ± 14.7
	(5)
	26.5 ± 3.1
	24.8 ± 3.2

	VGCF™-H
	3.2
	(5)
	301 ± 34.0
	323.3 ± 26.4
	(5)
	39.3 ± 20.3
	33.7 ± 18.2


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D



Table 7 shows the amount of carbon fibers and the lung weight of females at weeks 13 and 104 of the experimental period. The amount of carbon fibers in the lung was observed to increase in a dose-dependent manner by week 13, with equivalent amounts observed in the lungs of rats receiving different doses of MWNT-7 and VGCF™-H. The amount of carbon fibers in the lungs of females in the 3.2 mg/kg VGCF™-H group was less than 1/7 that of the MWNT-7 group at week 104.
These results suggested that the lungs were cleared off the VGCF™-H fibers more rapidly than the MWNT-7 fibers in both males and females.
Additional file 1: Tables S2 and S3 shows the results of converting the amount of carbon fiber in the lung to the surface area of the carbon fiber. The total surface area of carbon fibers in the lung was greater for MWNT-7 than for VGCF™-H in both sexes up to 13 weeks after instillation. At 104 weeks of instillation, the difference was even greater, VGCF™-H at 0.64 mg/kg in males was less than 1/4 that of MWNT-7, and VGCF™-H at 0.64 mg/kg and 3.2 mg/kg in females were less than 1/2 and 1/12 that of MWNT-7, respectively. These results are similar to Tables 6 and 7, suggesting that VGCF™-H has a lower biopersistence than MWNT-7.

Number of VGCF™-H and MWNT-7 fibers in the PLF
Table 8 shows the number of carbon fibers in the PLF of males and females at weeks 13 and 104 of the experimental period, which can be utilized to investigate the relationship between carcinogenicity and the number of carbon fibers in the pleural cavity. The numbers of MWNT-7 and VGCF™-H fibers in the pleural cavity were observed to increase in a dose-dependent manner, with less than 1/10 and 1/30 VGCF™-H fibers observe as compared to MWNT-7 groups at all doses for both male and female rats at week 13. Most importantly, the increase in the number of MWNT-7 and VGCF™-H fibers in the pleural cavity observed at week 104 of the experimental period was dose-dependent increases and the number of VGCF™-H fibers was less than 1/8 that seen in the MWNT-7 groups that received 0.128 and 0.64 mg/kg. The number of fibers in the PLF could only be measured in one animal in the 3.2 mg/kg male MWNT-7 group because most of the animals were dead by week 104 of the experimental period.Table 8Number of carbon fibers in the PLF


	Test article
	Total dose
	Male
	Female

	 	(mg/kg)
	(fibers/animal)
	(fibers/animal)

	 	 	Week 13
	Week 104
	Week 13
	Week 104

	Control
	0
	–
	 	–
	 	–
	 	–
	 
	MWNT-7
	0.128
	1421 ± 772
	(5)
	4070 ± 2226
	(5)
	1445 ± 493
	(5)
	1338 ± 924
	(5)

	MWNT-7
	0.64
	4994 ± 3107
	(5)
	9134 ± 9059
	(5)
	4011 ± 2416
	(5)
	16,938 ± 14,546
	(5)

	MWNT-7
	3.2
	51,134 ± 17,273
	(5)
	6520
	(1)
	8835 ± 4166
	(5)
	8174 ± 3419
	(4)

	VGCF™-H
	0.128
	77 ± 70
	(5)
	144 ± 128
	(5)
	48 ± 66
	(5)
	99 ± 106
	(5)

	VGCF™-H
	0.64
	339 ± 239
	(5)
	1090 ± 549
	(5)
	93 ± 97
	(5)
	312 ± 253
	(5)

	VGCF™-H
	3.2
	1332 ± 224
	(5)
	5270 ± 2325
	(5)
	78 ± 72
	(5)
	2285 ± 1843
	(5)


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D



These results indicated that the carbon fibers were retained in the PLF for 104 weeks, and that the VGCF™-H fibers were less easily transferred from the lungs to the pleural cavity as compared to the MWNT-7 fibers.


Changes in lung weights
No significant change was observed in the lung weight of the male MWNT-7 and VGCF™-H groups; however, the weight of the lungs from the 3.2 mg/kg female MWNT-7 group were found to have increased significantly at week 104 of the experimental period (Table 9). The lung weights of males in the 3.2 mg/kg MWNT-7 groups could not be measured because most of the animals in this group were dead by week 104 of the experimental period.Table 9Lung weights at week 104 of the experimental period


	Test article
	Total dose (mg/kg)
	Male
	Female

	Lung weights (g)
	Lung weights (g)

	Nontreatment
	–
	1.391 ± 0.381
	(24)
	0.940 ± 0.125
	(16)

	Control
	0
	1.328 ± 0.113
	(21)
	0.961 ± 0.083
	(23)

	MWNT-7
	0.128
	1.358 ± 0.121
	(17)
	0.986 ± 0.183
	(18)

	MWNT-7
	0.64
	1.403 ± 0.137
	(4)
	1.075 ± 0.288
	(16)

	MWNT-7
	3.2
	 	 	1.110 ± 0.046#
	(4)

	VGCF™-H
	0.128
	1.319 ± 0.063
	(15)
	1.094 ± 0.644
	(18)

	VGCF™-H
	0.64
	1.374 ± 0.206
	(24)
	0.951 ± 0.045
	(21)

	VGCF™-H
	3.2
	1.381 ± 0.084
	(20)
	0.955 ± 0.077
	(21)


Number in parentheses indicates the number of animals examined
The values indicate as mean ± S.D
Significantly different from the Control group; #p < 0.05




Gross pathological examination
Gross pathological examination was performed on dead, euthanized, and animals surviving at week 104 of the experimental period. Most of the dead or euthanized animals in the MWNT-7 groups had nodules or small granules adhered to the thoracic wall, heart, or diaphragm, with clear/red fluid in their pleural or pericardial cavities. One image of a male rat in the MWNT-7 group that died in week 45 of the experimental period shows small white granules (Fig. 4A yellow arrows), white nodules (Fig. 4A green arrows), and black deposits in the thoracic area and the interior of the lung. The granules and nodules had spread around the lungs and reached the heart epicardium, diaphragm, and thoracic wall. One image of a male rat from the VGCF™-H group that died at week 60 shows white nodules (Fig. 4B green arrows) and swelling (Fig. 4B red arrows) around the lungs and the heart. These profiles were confirmed in animals that survived until week 104, male animals that died since week 46 of the experimental period, and in female MWNT-7 groups that died since week 66. Most importantly, these profiles were confirmed only in two animals, one of which was euthanized at week 60 and one in the male 3.2 mg/kg VGCF™-H group that died 102 weeks into the experiment.[image: ]
Fig. 4Representative gross pathological image of thoracic area in the male MWNT-7 group that died at week 45 of the experimental period (A) and an image of the male VGCF™-H group that died at week 60 of the experimental period (B). The small white granules (yellow arrows) and white nodule (green arrows) had spread around the lungs, and reached the heart epicardium, diaphragm, and thoracic wall (A). The white nodule (green arrows) and the swelling (red arrows) present around the lungs and heart (B). The scale bar indicates 10 mm



Histopathological examination
Neoplastic lesions
Table 10 shows details of the neoplastic lesions that were observed in the histopathology of dead, euthanized, and surviving rats 104 weeks after intratracheal instillation. No significant increase was observed in the incidence of adenoma, adenocarcinoma, and combined them in the lungs and bronchia of males or females in the MWNT-7 and VGCF™-H groups as a result of any dose. Adenosquamous carcinoma was observed in the lung/bronchia of one male and one female from the 3.2 mg/kg MWNT-7 groups, but none was observed at any dose in the VGCF™-H group. The incidences of malignant mesothelioma in the thoracic cavity 1 in 30 (3.3%), 18 in 30 (60.0%), and 37 in 39 (94.9%) in males that received 0.128, 0.64, and 3.2 mg/kg MWNT-7, and there was a significant increase in them compared to control group. However, the incidences in the thoracic cavity were 0 in 30 (0%), 0 in 30 (0%), and 2 in 30 (6.7%) in males that received 0.128, 0.64, and 3.2 mg/kg VGCF™-H, and there were not statistically differences from that of control group. Interestingly, the incidences of mesothelioma of the dead and euthanized rats were 1 in 12 (8.3%), 15 in 24 (62.5%), and 37 in 39 (94.9%) in the groups that received 0.128, 0.64, and 3.2 mg/kg of MWNT-7, respectively, while only 2 in 10 (20%) of the male rats that received 3.2 mg/kg in VGCF™-H group. This result suggested that malignant mesothelioma was developed early after carbon fiber instillation. The incidence of malignant mesothelioma in the thoracic cavity was 2 in 30 (6.7%), 1 in 30 (3.3%), and 22 in 30 (73.3%) in female rats that received 0.128, 0.64, and 3.2 mg/kg MWNT-7, and there was a significant increase in them compared to control group. No malignant mesothelioma was observed in any of the female VGCF™-H groups at any dose. The development of malignant mesothelioma in the thoracic cavity was dose-dependent increase in both male and female MWNT-7 groups. Most malignant mesothelioma had spread to the surface of the lungs (Fig. 5B for the MWNT-7 group, Fig. 5E for the VGCF™-H group), heart epicardium (Fig. 5C in MWNT-7, Fig. 5F in VGCF™-H group), thoracic wall, and diaphragm and had invaded each organ. Mesothelium hyperplasia of the heart increased significantly compared to control group in the male groups that received 0.64 mg/kg and 3.2 mg/kg and female groups that received 3.2 mg/kg MWNT-7 but was not observed in the VGCF™-H groups. Interestingly, the alveolar hyperplasia, bronchiolo alveolar hyperplasia, and mesothelium hyperplasia on the lung/bronchia increased significantly compared to control group in the MWNT-7 groups, but not in the VGCF™-H groups. The mesothelial hyperplasia of the diaphragm increased significantly compared to control group in both the 0.64 mg/kg and 3.2 mg/kg male and female MWNT-7 groups and the male 3.2 mg/kg VGCF™-H group but was not observed in any of the female VGCF™-H groups at any dose.Table 10Summary of histopathological findings for neoplastic lesions at 104-weeks of the experimental period


	Test article
	Male
	Female

	Nontreatment
	Control
	MWNT-7
	VGCF™-H
	Nontreatment
	Control
	MWNT-7
	VGCF™-H

	Total dose (mg/kg)
	–
	0
	0.128
	0.64
	3.2
	0.128
	0.64
	3.2
	–
	0
	0.128
	0.64
	3.2
	0.128
	0.64
	3.2

	No. of animals/group
	30
	30
	30
	30
	39
	30
	30
	30
	30
	30
	30
	30
	30
	30
	30
	30

	Lung/bronchial

	Adenoma, bronchiolo-alveolar
	0
	4
	1
	0
	1
	2
	0
	0
	1
	0
	3
	0
	0
	1
	0
	2

	Adenocarcinoma, bronchiolo-alveolar
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	1
	0
	0
	0
	0

	Carcinoma, adenosquamous
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0

	Total adenoma and/or carcinoma
	0
	4
	0
	0
	2
	2
	0
	1
	1
	0
	3
	1
	1
	1
	0
	2

	Thoracic cavity

	Mesothelioma, malignant
	0
	0
	1
	18##
	37##
	0
	0
	2
	0
	0
	2
	1
	22##
	0
	0
	0



[image: ]
Fig. 5Representative histological images of the lung and heart in the MWNT-7 and VGCF™-H group. Deposition of MWNT-7 fibers (arrow in A) and the alveolar hyperplasia (A). B, C indicates the malignant mesothelioma in the MWNT-7 group. It indicates the deposition of VGCF™-H fibers (arrow in D) in the lung (D). E, F indicates the malignant mesothelioma in the VGCF™-H group. The scale bar indicates 50 μm


There were no significant differences from the incidences of the other neoplastic lesions compared to control group in both the male and female MWNT-7 and VGCF™-H groups (Tables 11 and 12). Table 11Histopathological findings: summary of neoplastic (benign) or neoplastic (malignant) in male


	Test article
	Nontreatment
	Control
	MWNT-7
	VGCF™-H

	Total dose (mg/kg)
	 	 	0.13
	0.64
	3.2
	0.13
	0.64
	3.2

	Number of animals
	30
	30
	30
	30
	39
	30
	30
	30

	Heart

	Schwannoma, intramural
	0
	1
	0
	0
	0
	0
	0
	0

	Schwannoma, subendocardial
	0
	0
	0
	0
	0
	1
	0
	0

	Other lymph node
	[2]b
	[3]b
	[3]b
	[4]b
	[3]b
	[3]b
	[5]b
	[4]b

	Hemangioma
	0
	0
	0
	1
	0
	0
	0
	0

	Spleen
	 	 	 	 	 	 	 	 
	Fibroma
	0
	0
	0
	0
	0
	0
	0
	0

	Pituitary
	[12]b
	[11]b
	[10]b
	[9]b
	[3]b
	[11]b
	[12]b
	[12]b

	Adenoma, pars distalis
	9
	9
	6
	5
	3
	8
	11
	10

	Adenoma, pars intermedia
	1
	0
	0
	0
	0
	0
	0
	0

	Carcinoma, pars distalis
	0
	0
	2
	1
	0
	0
	1
	0

	Craniopharyngioma, malignant
	0
	0
	0
	0
	0
	0
	0
	0

	Thyroid
	[10]b
	[9]b
	[9]b
	[8]b
	[1]b
	[6]b
	[7]b
	[7]b

	Adenoma, C-cell
	6
	7
	8
	5
	1
	6
	4
	6

	Adenoma, follicular cell
	0
	1
	0
	0
	0
	1
	0
	0

	Carcinoma, C-cell
	2
	1
	1
	3
	0
	1
	1
	2

	Carcinoma, follicular cell
	0
	0
	1
	0
	0
	0
	0
	0

	Adrenal
	[3]b
	[2]b
	[1]b
	[1]b
	[1]b
	[4]b
	[3]b
	[1]b

	Ganglioneuroma, benign
	0
	0
	0
	0
	0
	0
	0
	0

	Pheochromocytoma, benign
	1
	1
	0
	1
	0
	1
	0
	1

	Pheochromocytoma, complex, malignant
	0
	0
	0
	0
	0
	1
	1
	0

	Pheochromocytoma, malignant
	2
	0
	1
	0
	0
	0
	0
	0

	Nasal cavity
	 	[1]b
	 	 	 	[1]b
	 	 
	Adenocarcinoma
	 	0
	 	 	 	1
	 	 
	Tongue
	 	 	 	 	[1]b
	 	 	 
	Carcinoma, squamous cell
	 	 	 	 	1
	 	 	 
	Stomach
	[3]b
	[3]b
	[1]b
	[2]b
	[6]b
	[1]b
	[1]b
	 
	Adenocarcinoma
	1
	0
	0
	0
	0
	0
	0
	 
	Leiomyosarcoma
	0
	0
	0
	0
	1
	1
	0
	 
	Jejunum
	 	[1]b
	[3]b
	[1]b
	[1]b
	 	[1]b
	 
	Gastrointestinal stromal tumor
	 	0
	0
	0
	0
	 	0
	 
	Leiomyosarcoma
	 	0
	1
	0
	0
	 	0
	 
	Cecum
	 	[3]b
	[3]b
	 	 	[2]b
	 	 
	Leiomyoma
	 	0
	1
	 	 	0
	 	 
	Pancreas
	[1]b
	[1]b
	 	[2]b
	[3]b
	 	[4]b
	[2]b

	Adenoma, islet cell
	0
	0
	 	0
	1
	 	0
	0

	Carcinoma, islet cell
	0
	1
	 	0
	0
	 	2
	1

	Liver
	 	 	 	 	 	 	 	 
	Adenoma, hepatocellular
	3
	0
	1
	0
	0
	2
	0
	0

	Carcinoma, hepatocellular
	0
	0
	1
	0
	0
	0
	1
	0

	Kidney
	 	 	 	 	 	 	 	 
	Adenoma
	0
	1
	0
	0
	0
	0
	0
	0

	Hemangioma
	0
	0
	0
	0
	0
	1
	0
	0

	Carcinoma, transitional cell
	0
	0
	0
	0
	0
	1
	0
	0

	Urinary bladder
	[2]b
	[1]b
	 	 	[1]b
	[2]b
	 	 
	Papilloma, transitional cell
	0
	0
	 	 	0
	1
	 	 
	Testis
	[26]b
	[27]b
	[26]b
	[23]b
	[24]b
	[27]b
	 	[26]b

	Adenoma, leydig cell
	26
	25
	24
	21
	20
	25
	27
	26

	Prostate
	 	[1]b
	[1]b
	[1]b
	[1]b
	 	 	 
	Adenoma
	 	0
	1
	0
	0
	 	 	 
	Adenocarcinoma
	 	0
	0
	0
	0
	 	 	 
	Prep./ Clit. gland
	 	 	 	[3]b
	 	[2]b
	[3]b
	[2]b

	Adenoma
	 	 	 	0
	 	0
	0
	2

	Adenocarcinoma
	 	 	 	3
	 	2
	2
	0

	Mammary gland
	[2]b
	[1]b
	[1]b
	[3]b
	[1]b
	[1]b
	 	[2]b

	Fibroadenoma
	2
	0
	1
	0
	0
	1
	 	1

	Thoracic wall
	 	[1]b
	[3]b
	[12]b
	[36]b
	 	 	[1]b

	Osteosarcoma
	 	0
	1
	0
	0
	 	 	0

	Skin/subcutis
	[7]b
	[9]b
	[6]b
	[9]b
	[2]b
	[6]b
	[11]b
	[5]b

	Fibroma
	6
	6
	3
	4
	0
	4
	6
	1

	Keratoacanthoma
	0
	2
	1
	0
	0
	1
	2
	1

	Lipoma
	1
	0
	0
	1
	0
	0
	0
	0

	Papilloma, squamous cell
	0
	0
	0
	1
	0
	0
	3
	0

	Trichoepithelioma
	0
	0
	1
	0
	0
	0
	0
	0

	Carcinoma, squamous cell
	0
	2
	0
	0
	0
	0
	0
	0

	Skin/subcutis
	 	 	 	 	 	 	 	 
	Fibrosarcoma
	0
	0
	0
	1
	1
	0
	2
	1

	Hemangiosarcoma
	0
	0
	0
	0
	0
	0
	1
	1

	Malignant fibrous histiocytoma
	0
	0
	0
	1
	0
	0
	0
	0

	Malignant schwannoma
	0
	0
	0
	1
	0
	0
	0
	0

	Rhabdomyosarcoma
	0
	1
	0
	0
	0
	0
	0
	0

	Sarcoma, NOS
	0
	0
	0
	0
	0
	0
	0
	1

	Zymbal's gland
	 	[1]b
	 	[1]b
	[2]b
	[1]b
	 	 
	Carcinoma
	 	1
	 	1
	2
	1
	 	 
	Brain
	[3]b
	[5]b
	[5]b
	[2]b
	[1]b
	[3]b
	[3]b
	[3]b

	Astrocytoma, malignant, low grade
	0
	0
	0
	0
	0
	1
	0
	0

	Tumor, granular cell, malignant
	0
	0
	0
	0
	0
	0
	0
	1

	Invasion (pituitary: carcinoma pars distalis)
	0
	0
	2
	1
	0
	0
	0
	0

	Abdominal cavity
	[1]b
	[2]b
	[2]b
	[2]b
	[4]b
	[1]b
	[3]b
	 
	Mesothelioma, malignant
	1
	2
	2
	2
	4
	1
	3
	 
	Pinna
	 	 	 	 	[1]b
	 	 	 
	Neural crest neoplasm
	 	 	 	 	1
	 	 	 
	All sites
	[4]b
	[6]b
	[4]b
	[6]b
	[2]b
	[7]b
	[5]b
	[6]b

	Histiocytic sarcoma
	0
	0
	0
	0
	2
	0
	0
	0

	Large granular lymphocyte leukemia
	4
	4
	4
	6
	0
	7
	4
	4

	Lymphocytic lymphoma
	0
	1
	0
	0
	0
	0
	1
	2

	Myeloid leukemia
	0
	1
	0
	0
	0
	0
	0
	0

	Cranial bone
	 	 	[1]b
	 	 	 	 	 
	Chondrosarcoma
	 	 	1
	 	 	 	 	 
	Lumber vertebra
	 	[1]b
	 	 	 	 	 	 
	Osteosarcoma
	 	1
	 	 	 	 	 	 
	Sternum
	 	 	 	 	 	 	 	 
	Osteosarcoma
	 	 	 	 	 	 	 	 

Significantly different from the Control group; ##p < 0.01
bNumbers in square bracket are for animals examined microscopically


Table 12Histopathological findings: summary of neoplastic (benign) or neoplastic (malignant) in female


	Test article
	Nontreatment
	Control
	MWNT-7
	VGCF™-H

	Total dose (mg/kg)
	 	 	0.13
	0.64
	3.2
	0.13
	0.64
	3.2

	Number of animals
	30
	30
	30
	30
	30
	30
	30
	30

	Heart
	 	 	 	 	 	 	 	 
	Schwannoma, intramural
	0
	0
	0
	0
	2
	0
	1
	0

	Pituitary
	[17]b
	[21]b
	[19]b
	[16]b
	[13]b
	[21]b
	[25]b
	[21]b

	Adenoma, pars distalis
	8
	12
	15
	10
	7
	13
	16
	10

	Adenoma, pars intermedia
	0
	0
	0
	0
	0
	0
	0
	1

	Carcinoma, pars distalis
	2
	0
	1
	1
	2
	1
	4
	2

	Thyroid
	[6]b
	[3]b
	[3]b
	[2]b
	[3]b
	[5]b
	[7]b
	[5]b

	Adenoma, C-cell
	4
	2
	1
	2
	3
	4
	5
	3

	Carcinoma, C-cell
	2
	1
	1
	0
	0
	1
	3
	1

	Adrenal
	 	 	[3]b
	[2]b
	[1]b
	[3]b
	[1]b
	 
	Adenoma, cortical
	 	 	0
	0
	0
	0
	1
	 
	Ganglioneuroma, benign
	 	 	0
	1
	0
	0
	0
	 
	Pheochromocytoma, complex, malignant
	 	 	0
	0
	1
	0
	0
	 
	Pheochromocytoma, malignant
	 	 	1
	0
	0
	0
	0
	 
	Lung/bronchial
	 	 	 	 	 	 	 	 
	Epithelioma, non-keratinizing
	0
	0
	0
	0
	1
	0
	0
	0

	Stomach
	[1]b
	[1]b
	[4]b
	 	[2]b
	[3]b
	 	[2]b

	Papilloma, squamous cell
	0
	0
	0
	 	0
	1
	 	0

	Jejunum
	[1]b
	 	[1]b
	[1]b
	 	 	 	[1]b

	Leiomyosarcoma
	0
	 	0
	1
	 	 	 	0

	Cecum
	[1]b
	 	[2]b
	 	 	 	 	[1]b

	Leiomyoma
	1
	 	0
	 	 	 	 	0

	Lipoma
	0
	 	1
	 	 	 	 	0

	Colon
	 	 	[1]b
	 	 	[1]b
	 	 
	Leiomyosarcoma
	 	 	0
	 	 	1
	 	 
	Liver
	 	 	 	 	 	 	 	 
	Adenoma, hepatocellular
	0
	1
	0
	2
	2
	0
	0
	3

	Carcinoma, hepatocellular
	1
	0
	0
	0
	0
	0
	0
	0

	Cholangiocarcinoma
	0
	0
	0
	1
	0
	1
	0
	0

	Kidney
	 	 	 	 	 	 	 	 
	Hemangioma
	0
	0
	0
	0
	1
	0
	0
	0

	Carcinoma
	0
	0
	0
	0
	0
	1
	0
	0

	Urinary bladder
	[1]b
	 	[2]b
	 	[2]b
	 	 	 
	Carcinoma, transitional cell
	0
	 	0
	 	0
	 	 	 
	Prep./ Clit. gland
	[4]b
	 	[2]b
	[5]b
	 	[1]b
	[3]b
	 
	Adenoma
	2
	 	0
	0
	 	0
	2
	 
	Adenocarcinoma
	1
	 	2
	5
	 	1
	1
	 
	Mammary gland
	[9]b
	[10]b
	[11]b
	[8]b
	[6]b
	[14]b
	[11]b
	[8]b

	Adenoma
	0
	0
	1
	1
	0
	1
	2
	2

	Fibroadenoma
	4
	8
	7
	7
	6
	11
	9
	6

	Fibroma
	1
	1
	1
	1
	0
	0
	0
	0

	Adenocarcinoma
	0
	1
	1
	1
	0
	0
	0
	2

	Ovary
	[3]b
	[1]b
	[6]b
	[2]b
	[1]b
	[5]b
	[4]b
	 
	Cystadenoma
	0
	0
	0
	0
	0
	1
	0
	 
	Luteoma
	1
	0
	0
	0
	0
	0
	0
	 
	Tumor, granulosa cell, benign
	0
	0
	0
	0
	0
	0
	3
	 
	Uterus
	[8]b
	[11]b
	[9]b
	[6]b
	[3]b
	[5]b
	[8]b
	[9]b

	Leiomyoma
	0
	0
	1
	0
	0
	0
	0
	0

	Polyp, endometrial stromal
	3
	5
	3
	1
	1
	4
	3
	6

	Polyp, glandular
	0
	0
	2
	0
	1
	0
	3
	0

	Adenocarcinoma
	0
	2
	0
	0
	0
	0
	0
	0

	Leiomyosarcoma
	0
	0
	0
	1
	0
	0
	0
	0

	Malignant schwannoma
	0
	0
	1
	0
	0
	0
	0
	0

	Sarcoma, endometrial stromal
	1
	0
	0
	0
	0
	0
	0
	0

	Skin/subcutis
	[3]b
	[1]b
	[3]b
	[1]b
	[1]b
	[3]b
	[2]b
	[3]b

	Adenoma, sebaceous cell
	0
	0
	0
	0
	0
	0
	1
	1

	Fibroma
	1
	1
	0
	0
	0
	0
	0
	1

	Keratoacanthoma
	0
	0
	0
	0
	0
	0
	1
	0

	Malignant fibrous histiocytoma
	0
	0
	1
	0
	0
	0
	0
	0

	Malignant schwannoma
	0
	0
	0
	0
	1
	0
	0
	1

	Osteosarcoma
	0
	0
	0
	1
	0
	0
	0
	0

	Brain
	[5]b
	[2]b
	[6]b
	[2]b
	[4]b
	[10]b
	[10]b
	[8]b

	Invasion (pituitary: carcinoma pars distalis)
	2
	0
	0
	0
	2
	1
	1
	2

	Spinal cord
	[1]b
	[2]b
	[1]b
	 	 	 	 	 
	Astrocytoma, malignant, high grade
	0
	0
	1
	 	 	 	 	 
	Astrocytoma, malignant, low grade
	0
	1
	0
	 	 	 	 	 
	Abdominal cavity
	 	 	[1]b
	 	[1]b
	 	 	 
	Mesothelioma, malignant
	 	 	0
	 	1
	 	 	 
	Sarcoma, NOS
	 	 	1
	 	0
	 	 	 
	Oral cavity
	[1]b
	 	 	 	 	 	 	 
	Carcinoma, squamous cell
	1
	 	 	 	 	 	 	 
	Trigeminal nerve
	 	 	 	 	 	[1]b
	 	 
	Neurofibrosarcoma
	 	 	 	 	 	1
	 	 
	All sites
	[6]b
	[4]b
	[6]b
	[8]b
	[1]b
	[7]b
	[6]b
	[5]b

	Histiocytic sarcoma
	0
	0
	1
	0
	0
	0
	0
	0

	Large granular lymphocyte leukemia
	4
	3
	5
	4
	1
	5
	4
	5

	Lymphocytic lymphoma
	2
	1
	0
	4
	0
	2
	2
	0

	Site unknown
	 	 	 	 	 	[1]b
	 	 
	Endocrine tumor
	 	 	 	 	 	1
	 	 

Significantly different from the Control group; ##p < 0.01
bNumbers in square bracket are for animals examined microscopically




Non-neoplastic and pre-neoplastic lesions
Table 13 exhibits the non-neoplastic lesions and pre-neoplastic lesions obtained from the dead, euthanized, and surviving rats via histopathology at 104 weeks following intratracheal instillation. Deposits comprising fibers and inflammatory cells that infiltrated the lungs and bronchia increased significantly compared to control group in both the male and female MWNT-7 and VGCF™-H groups. Pleura fibrosis, chronic inflammation, granuloma formation on the lung/bronchia, and pleural fibrosis in the diaphragm increased significantly compared to control group in the MWNT-7 groups, but not in the VGCF™-H groups.Table 13Summary of histopathological findings for non-neoplastic or pre-neoplastic lesions at 104-weeks of the experimental period


[image: ]
Significantly different from the Nontreatment group; **p < 0.01
Significantly different from the Control group; #p < 0.05, ##p < 0.01
aNumbers in parenthesis indicate the grades of lesion: (1) minimum, (2) Slight, (3) Moderate, (4) Marked, (5) Severe






Discussion
This study is a comparison of the carcinogenicities of the two different types of vapor grown carbon fibers VGCF™-H and MWNT-7, which were administered to rats via intratracheal instillation. Rats were instilled with the vehicle, MWNT-7, and VGCF™-H at doses of 0, 0.016, 0.08, and 0.4 mg/kg (total doses of 0, 0.128, 0.64, and 3.2 mg/kg) once a week for 8 weeks. Animals were then observed over a period of 2 years, following the first instillation and sacrificed after the observation period. Both MWNT-7 and VGCF™-H fibers led to an inflammatory response in the PLF, and carbon fibers were transferred to the pleural cavity; however, the magnitude of the inflammatory response and the number of carbon fibers observed were lower in the VGCF™-H groups than the MWNT-7 groups. Both MWNT-7 and VGCF™-H induced fibrosis and inflammatory cell infiltration in the lung; however, alveolar macrophage aggregation, pleural fibrosis, chronic inflammation, and granuloma formation on the lung and the bronchia were much milder in the VGCF™-H groups compared to the MWNT-7 groups. In particular, the incidence of malignant mesothelioma was much milder in the VGCF™-H groups compared to the MWNT-7 groups as the trend of these other toxicity in the lung and pleural, suggesting an association between the carbon fibers and the development of malignant mesothelioma.
The instillation of MWNT-7 clearly induced malignant mesothelioma in the pleural cavity at all doses. On the other hand, malignant mesothelioma was observed in only two cases for males that received the highest dose of VGCF™-H, and was not observed in any females that received VGCF™-H. Moreover, the MWNT-7 groups began to die earlier in the experiment than those in the VGCF™-H groups, and many of the animals that died or were euthanized in week 104 of the experimental period had developed malignant mesothelioma that had already spread into the thoracic cavity. This suggested that the malignant mesothelioma developed early after the initial instillation of the MWNT-7 fibers and was a direct cause of death. In addition, the incidence of malignant mesothelioma induced by carbon fibers was higher in males than in females. Carbon fiber dosage was calculated per animal weight. However, males and females weigh were differently, with males receiving a higher carbon fiber intake per serving than females. We believe that the difference in dosage between individuals affects the incidence of malignant mesothelioma.
In this study, we compared the mass of carbon fibers, but when comparing carbon fibers with different fiber lengths or fiber diameters, surface area may be used as a basis. The surface of carbon fiber had been known to relate to reactions and dispersion in organisms. Therefore, it has been reported that comparisons based on surface area rather than dose are more effective for demonstrating differences in toxicity of carbon fibers with the same material and similar shape. If the difference in incidence of malignant mesothelioma between MWNT-7 and VGCF™-H was due to their shape (size of fibers such as thickness), we expected that that depends on the surface area regardless of the type of carbon fiber. Therefore, we evaluated the incidence of malignant mesothelioma in MWNT-7 and VGCF™-H by surface area (Fig. 6). Total surface areas of 0.128, 0.64 and 3.2 mg/kg total doses were 0.0032, 0.016 and 0.08 m2/kg for MWNT-7 and 0.00192, 0.0096 and 0.048 m2/kg for VGCF™-H, respectively. We also showed that VGCF™-H had a lower incidence of malignant mesothelioma than MWNT-7, even when comparing total surface area corresponding to total dose. The incidence of malignant mesothelioma did not depend on the carbon fiber surface area, suggesting that factors other than carbon fiber surface area (stiffness, length, etc.), including the respective properties of VGCF™-H and MWNT-7 was considered to influence the difference in toxicity of carbon fibers. Interestingly, there was a linear correlation between the logarithmic distribution of the total surface area of MWNT-7 and the incidence of malignant mesothelioma, with a total surface area that did not develop malignant mesothelioma of 0.0025 m2/kg (as a total dose of 0.100 mg/kg). The total surface area of VGCF™-H that did not develop malignant mesothelioma was 0.0096 m2/kg, and VGCF™-H　also showed a lower incidence of malignant mesothelioma than MWNT-7 in this point.[image: ]
Fig. 6Correlation between surface area at total doses and the incidence of the malignant mesothelioma. The total dose of 0.128, 0.64, 3.2 mg/kg were a surface area of 0.0032, 0.016, and 0.08 m2/kg for MWNT-7, a surface area of 0.00192, 0.0096, and 0.048 m2/kg for VGCF™-H


Whole-body inhalation is useful for evaluating the lung toxicity of airborne materials that are likely to induce adverse effects in the lung. Recent studies that evaluated the lung toxicity of MWNT-7 by using whole-body inhalation performed at 0.2, 1, and 5 mg/m3 over 13 weeks showed persistent lung toxicity at 1 mg/m3 in rodents [11]. However, it has also been reported that rats exposed to 0.54, 2.5 and 25 mg/m3 of VGCF™-H via whole-body inhalation over 90 days showed a detectable accumulation of extrapulmonary fibers with minimal inflammation at 25 mg/m3 [10]. Furthermore, in a sub-chronic study, the administration of MWNT-7 or VGCF™-H by intratracheal instillation induced pulmonary toxicity with inflammation and fibrosis in a dose-dependent manner, with less lung toxicity associated with VGCF™-H than MWNT-7 [12]. The results of these studies and the present study indicate that the lung toxicities of MWNT-7 and VGCF™-H are dose-dependent increases, and that the lung toxicity of VGCF™-H is lower than that of MWNT-7 when administered by both whole-body inhalation and intratracheal instillation. Therefore, the intratracheal instillation method can be used for screening or toxicity ranking, and the effects of the lung toxicity, such as carcinogenicity or chronic toxicity of the extrapulmonary fibers, can be revealed using either method. Moreover, the use of reference material such as MWNT-7 may predict chronic toxicity and carcinogenicity for test material in the lung in sub-chronic studies.
The amount of carbon fiber in the lungs was equivalent in the VGCF™-H and MWNT-7 groups at 13 weeks into the experimental period, with lower amount of fibers observed in the VGCF™-H groups than the MWNT-7 groups at 104 weeks into the experimental period. A higher number of carbon fibers was observed in the PLF of the MWNT-7 group than that of the VGCF™-H group at both 13 and 104 weeks into the experimental period. These results indicate that VGCF™-H fibers are cleared more readily from the thoracic cavity than MWNT-7 fibers. Hojo et al. reported that a translocation of fibers through the visceral pleura could take place because of increases in pulmonary interstitial pressure as result inflammatory and edematous change. This report showed that increased pulmonary interstitial pressure caused carbon fibers to migrate from the lungs through the pulmonary pleura and into the thoracic cavity [15]. In addition, Hojo et al. suggested that pulmonary pleura edematous was more pronounced with repeated intratracheal instillation than with whole-body inhalation, and increased carbon fiber transition from the lungs into the thoracic cavity as a response specific to intratracheal instillation. However, 13 weeks after intratracheal administration of VGCF™-H, pulmonary pleura was hardly inflamed (3.2 mg/kg) in our previous study [12]. In addition, pulmonary pleural inflammation could not be observed because 2 years had passed since administration in this study, but fibrosis indicating long-term pulmonary pleural edema and inflammation was almost never observed in the VGCF™-H group.
Based on these results, we considered that one of the reasons for the lower number of fibers in the thoracic cavity in the VGCF™-H group compared to the MWNT-7 group is that the incidence of pleural translocation is less in the VGCF™-H group. Moreover, though in the whole-body inhalation, carbon fibers are mainly cleared from the lungs via lymphatic vessels, in addition to that route, intratracheal instillation was suggested that the transfer of carbon fibers from the lungs into the pleural cavity due to pulmonary pleural inflammation (edematous change) further clarified the mesothelioma-inducing potential of the administered carbon fibers. We also considered that there is an effect of carbon fiber length on the degree of pulmonary pleural inflammation. Anja Schinwald and Ken Donaldson reported that persistent pleural inflammation induced, because silver nanowires longer than 10 μm could not be completely phagocytosis by macrophages, and frustrated phagocytosis (a phenomenon in which long fibers destroy cells that phagocytize them) was induced, by visualizing method of the interaction between silver nanowires and pleural inflammatory cells [16]. VGCF™-H fibers used in our study show fewer fibers longer than 10 μm compared to MWNT-7 fibers (Additional file 1: Fig. S1). We suggested that VGCF™-H fibers are less likely to induce frustrated phagocytosis in macrophages than MWNT-7 fibers, and that it was one of factors which the degree of chronic inflammation, transition of VGCF™-H fibers into the thoracic cavity, and the incidence of mesothelioma. Furthermore, Donaldson et al. reported that biopersistent substances in the parietal cavity are transported through pores called stomata and excreted to the lymph nodes, and that fibrous substances with a large aspect ratio cannot pass easily through the stomata [17]. In this study, MWNT-7 induced hyperplasia of the diaphragm pleura, and it is possible that the structure of the parietal pleura was altered, thereby inhibiting the function of the stomata. In addition, VGCF™-H did not cause diaphragm pleural hyperplasia except for the highest dose in males, suggesting that VGCF™-H cleared the thoracic cavity faster than MWNT-7. These reports and results in this study suggested that the difference in the number of MWNT-7 and VGCF™-H fibers in the PLF in this study was related to both transition from the lung through the edematous pleura into the thoracic cavity and excretion from the thoracic cavity via the stomata. Moreover, Murphy et al. reported that the inflammatory response, fibrosis, and granuloma formation in several organs differed depending on the length, thickness, and shape (tangle or straight) of the carbon fiber, and that this difference in biological response caused that longer fibers clog the stomata and inhibit the clearance of carbon fibers from the thoracic cavity [18]. Interestingly, Murphy et al. reported that MWNT-7 clogged the stomata and caused a strong inflammatory response on the tissue surface. The smaller aspect ratio of the VGCF™-H fibers means that they can be cleared more rapidly from inside the thoracic cavity, and that MWNT-7 fibers are cleared from the pleural cavity with some difficulty. This may explain the early development of malignant mesothelioma and the higher rates of mortality observed in the MWNT-7 groups. On the other hand, it is unclear how the carbon fibers are transferred from the lung to the pleural cavity, and even two different straight type fibers for vapor grown carbon fibers produced different numbers of fibers in the lungs at week 104 of the experimental period. These results suggest that physical properties such as the aspect ratio affect the transition to the pleural cavity.
Previous studies have reported that some carbon fibers that are inhaled into the lung are transferred from the lung to the PLF, where they induce mesothelial hyperplasia [4] and malignant mesothelioma [5]. In this study, malignant mesothelioma occurred in the MWNT-7 and presumably the VGCF™-H groups, but the incidence was much higher in the MWNT-7 groups and more carbon fibers were observed in the pleural cavities of individuals from the former groups. It has been reported previously that the long-term inhalation of carbon fibers not only deposits carbon fibers in the lung, but also induces alveolar fibrosis and hyperplasia by transferring carbon fibers to the thoracic cavity [12], which is supported by the results of this study. The long-term inhalation of carbon fibers may therefore result in the development of malignant mesothelioma in the lung.
In contrast to the development of malignant mesothelioma, the intratrachial instillation of VGCF™-H and MWNT-7 almost certainly did not lead to lung adenoma or adenocarcinoma. In a previous report that showed lung carcinoma at exposures of 0.2 mg/m3 and 2 mg/m3 in male and female rats in a 2 years whole-body inhalation study of MWNT-7, the rats did not develop malignant mesothelioma [4]. Based on the correlation between lung deposition and the exposure dose shown by Kasai et al., the rat lung deposition of MWNT-7 fibers in our study was calculated as the exposure dose by whole-body inhalation. The lung deposits associated with the intratracheal instillation of 0.128 and 0.64 mg/kg MWNT-7 in male rats at week 104 of the experimental period were 0.007 and 0.082 mg/m3 when converted to whole-body inhalation doses, while female rats received with 0.128, 0.64, and 3.2 mg/kg MWNT-7 showed lung deposits of 0.007, 0.071, and 0.546 mg/m3 by whole-body inhalation at the same point in time. These results suggest that an insufficient amount of carbon fibers is deposited in the lungs to cause lung cancer. On the other hand, in our study, 4070 and 1338 MWNT-7 fibers were observed in the PLF of male and female rats exposed to 0.128 mg/kg MWNT-7, respectively, whereas Kasai et al. reported 1468 and 847 MWNT-7 fibers in the PLF of male and female rats, respectively, even at the maximum exposure of 2 mg/m3. This report suggests that the whole-body inhalation method might not have transferred sufficient fiber into the thoracic cavity to cause mesothelioma. This consideration is supported by a report by Fukushima et al., the results of which suggest that lung cancer was not observed in our study because intratracheal instillation administers a large amount of carbon fibers at the start of the experiment, and that large numbers of the fibers are quickly transferred into the thoracic cavity. In contrast, carbon fibers accumulate gradually in the lungs when administered by whole-body inhalation, meaning that a long time is required for an equivalent dose to that via intratracheal instillation to be reached [19]. In addition, it has been reported that rodents have a different nasal structure than humans, with a significantly higher nasal cavity surface area per body weight [20], meaning that the carbon fibers do not enter the lungs easily by whole-body inhalation. Carcinogenicity studies that include whole-body inhalation and intratracheal instillation may have different target organs, such as the lungs or thoracic cavity. On the other hand, in the recent whole-body inhalation study, the inhalation of MWNT-7 did not lead to malignant mesothelioma, although lung pleura hyperplasia was developed [4]. In addition, 5270 fibers were obtained from the PLF of the male 3.2 mg/kg VGCF™-H group with only 2 cases of mesothelioma observed, while 2285 fibers were obtained from the female 3.2 mg/kg group, with no mesothelioma observed. This result suggests that thousands of carbon fibers might be required to be present within the thoracic cavity as one of several conditions for the development of mesothelioma. If an animal is exposed to carbon fibers via whole-body inhalation for more than 2 years, the development of malignant mesothelioma may be observed because more fibers are transferred into the thoracic cavity. The results obtained for pulmonary toxicity, especially malignant mesothelioma, differ for the whole-body inhalation method and the intratracheal instillation method [4, 5, 12, 21]. Moreover, the current occupational exposure limits for workers are most often assessed using the whole-body inhalation method. However, the administration of MWNT-7 by whole-body inhalation does not lead to malignant mesothelioma. Therefore, it does not know if the mesothelioma, lung adenoma, or adenocarcinoma develop in 2 year carcinogenicity studies that uses whole-body inhalation to instill VGCF™-H fibers. It has been reported that the intratracheal instillation method can be used for the hazard identification and ranking of test substances. In order clearly to evaluate the carcinogenic potential of VGCF™-H, it is necessary to conduct a study using the whole-body inhalation method by VGCF™-H in addition to the results of this study. Hojo et al. reported that the lung burden peak of the carbon fiber in the lung differs between the whole-body inhalation method and the intratracheal instillation method, and that this affects the development of lung cancer and malignant mesothelioma [15]. It has been reported that the intratracheal administration method and the whole-body inhalation method are likely to develop malignant mesothelioma and lung adenocarcinoma, respectively. Hojo et al. adjusted the duration of administration to make the lung burden during intratracheal instillation similar to whole-body inhalation, resulting in the development of not only malignant mesothelioma but also lung adenocarcinoma with intratracheal instillation. These results suggest that temporal differences in carbon fiber exposure to the lung may cause differences in the incidence of lung adenocarcinoma and malignant mesothelioma. The results of this study support those reports and suggest that not only MWNT-7, which has been reported to be carcinogenic by intratracheal instillation, but also other carbon fibers have similar tendencies. Intratracheal instillation may be effective in assessing the potential development of malignant mesothelioma.
Sakamoto et al. conducted intraperitoneal administration studies of seven different multi-walled carbon nanotubes (MWCNTs) with iron contents ranging from ≤ 0.1 to 59 μg/mg CNTs in rats to evaluate the developmental potential of MWCNTs for malignant mesothelioma. In that report, there was little correlation between iron contents and incidence of malignant mesothelioma, suggesting that fiber shape (long and relatively thick fibers (≧50 nm)) was a critical factor in the development of that [22]. In the present study, the iron contents of MWNT-7 and VGCF™-H were 4200 ppm (4.2 μg/mg) and 9.7 ppm (0.0097 μg/mg), which are within the range of the study by Sakamoto et al. Therefore, it was considered unlikely that the iron content of each carbon fiber would affect the development of malignant mesothelioma. Our results also supported Sakamoto's report, as the incidence of malignant mesothelioma was higher in MWNT-7, which has more long fibers than VGCF™-H.
In our study, adenosquamous carcinoma, a rare malignant tumor, was found in 1 male and 1 female from the 3.2 mg/kg MWNT-7 groups. A previous report described the development of adenosquamous carcinoma in a 2 year carcinogenicity study that was performed using the whole-body inhalation of indium tin oxide (ITO) by rats, which is particulate matter with an average diameter of 3.5 μm [23]. This indicates that the development of adenosquamous carcinoma may result from exposure to MWNT-7. Although MWNT-7 did not cause lung adenoma and adenocarcinoma, the results of this study suggest that it may have carcinogenic potential in the lung because the administration of MWNT-7 led to alveolar hyperplasia and adenosquamous carcinoma.

Conclusions
Under the conditions of this study, MWNT-7 showed clear carcinogenic properties in both male and female rats. There was also equivocal evidence of carcinogenic potential for VGCF™-H in male rats at the highest dose; however, this was no true for females.
Differences in the carcinogenicities of the two different carbon fibers were considered to be due to the number of carbon fibers in the pleural cavity. Thus, the carcinogenic activity of VGCF™-H is clearly lower than that of MWNT-7.

Methods
Preparation of the test materials
Both VGCF™-H (Showa Denko K.K., Japan) and MWNT-7 (Bussan Nanotech Laboratories, Inc., Japan) were dispersed in the same method as the sub-chronic tests in [12], as described below. Both materials were dispersed in saline solution containing 0.3% w/v Kolliphor P188 (KP188) (Sigma-Aldrich Japan Ltd., Japan) by a tabletop ultrasonic machine (M1800-J, Emerson Japan Inc., Tokyo, Japan); MWNT-7 was dispersed under deaeration (Vacuum Pump V-700, Japan Buchi Co., Ltd., Japan). The suspensions were sonicated with a probe-type ultrasonic generator (UD-201, TOMY SEIKO CO., LTD., Japan) and then dispersed in a wet dispersion system (HJP-25001, SUGINO MACHINE LIMITED., Japan) to prepare solutions at the correct dosage. The prepared solutions were stored in the refrigerator until instillation, and both vehicle and VGCF™-H solution were redispersed for 10 min before intratracheal instillation with a tabletop ultrasonic machine (M1800-J, Emerson Japan Inc., Japan) and then mixed in a vortex mixer for several seconds. The MWNT-7 solution was deaerated and redispersed for 1 min using a vacuum pump (Vacuum Pump V-700, Japan Buchi Co., Ltd., Japan) and a tabletop ultrasonic machine, redispersed for a further 9 min without deaeration, and then the vessel was shaken and gently stirred. All dosing solutions were used within 1 h of redispersion and the solutions were gently mixed just before instillation to produce a homogeneous solution.

SEM
Test material solutions were diluted 100-fold with deionized water and filtered through a membrane filter (Whatman Nuclepore Track-Etch Membrane 111106 PC, Florham Park, USA) for observation with an electron microscope (JSM-7000F, JEOL Ltd., Japan). This membrane filter was subjected to plasma coating with osmium and observed with an electron microscope at an acceleration voltage of 5 keV.

Characterization of the test materials
The average hydrodynamic diameter of fibers in 0.4 mg/mL solution of saline containing 0.3% w/v KP188 was measured using DLS (ELSZ-2000S, Otsuka Electronics Co., Ltd., Japan) at 25 °C. The hydrodynamic diameters obtained were the average of 8 measurements. The average hydrodynamic diameters did not change before and after passing through the microsprayer aerosolizer.
Iron contents of MWNT-7 and VGCF™-H fibers were determined by X-ray fluorescent analysis (RIGAKU RIX2100 and RIGAKU ZSX Primus II, Rigaku Corporation, Japan).

Animals and husbandry
Eight-week-old male and nine-week-old female pathogen-free F344/DuCrlCrlj rats were obtained from Charles River Laboratories Japan, Inc. (Kanagawa, Japan). The animals were housed in a barriered-system animal room under controlled conditions (temperature, 22 ± 3 °C; humidity, 55 ± 15%; 12-h light–dark cycle) and were given the pellet diet CRF-1 sterilized with 30 kGy gamma irradiation (Oriental Yeast Co., Tokyo, Japan) and water ad libitum. After 14 days for male rats and 8 days for female rats, a quarantine and acclimation period were conducted after which the 10 week-old rats were randomized by body weight and assigned to groups (with 40 rats each in the untreated and the vehicle groups, and 50 in each of the VGCF™-H and MWNT-7 groups) on the day before the initial instillation. No significant differences in the average body weights were observed between the groups at the commencement of the study, as measured by the Bartlett and Tukey tests. In addition, no abnormalities were observed in the general condition of the animals during the quarantine period.
The study was approved by the Animal Experimental Committee at the DIMS Institute of Medical Science, Inc., and conducted in accordance with the “Law for the Humane Treatment and Management of Animals” (Law No. 46, May 2014), “Standards Relating to the Care and Management of Laboratory Animals and Relief of Pain” (Notice No. 84 of the Ministry of the Environment, September 2013), “Basic policies for the conduct of animal experiment in academic research institutions under the jurisdiction of the Ministry of Health, Labor, and Welfare” (Notice No. 0220-1 of the Ministry of Health, Labor and Welfare, February 2015), “Guidelines for Proper Conduct of Animal Experiments” (Science Council of Japan, June 2006), and “Standards for Care and Use of Laboratory Animals of DIMS Institute of Medical Science, Inc.” (June 1, 2016). This study was also conducted in accordance with GLP standards with reference to OECD TG451 [24].

Experimental design and treatment of intratracheal instillation
Animal handling during and after the intratracheal instillation was performed as described previously [5, 25]. Briefly, rats were placed under isoflurane anesthesia using the NARCOBIT-E for small laboratory animals (Natsume Seisakusho Co., Ltd., Tokyo, Japan), and the instillation of the test material solution was performed intratracheally with a DIMS-type microsprayer aerosolizer (for rats) that was connected to a 1-mL disposable syringe (OSAKA CHEMICAL Co., Ltd., Osaka, Japan). This instillation method was the same as trans-tracheal intrapulmonary spraying (TIPS) [5, 13]. The instillation of MWNT-7 and VGCF™-H was performed once a week for 8 weeks (8 times in total). The single doses for this study were set at 0 (control), 0.016, 0.08, and 0.4 mg/kg body weight with total doses set at 0.128, 0.64, 3.2 mg/kg body weight with reference to the 13-week subchronic toxicity study by the intratracheal instillation of VGCF™-H and MWNT-7 previously reported [12]. The volume of solution used in instillation was 2 mg/kg and was calculated for each individual animal based on the body weight at the time of instillation. The animals in the control group were instilled with vehicle solution and the nontreatment group did not undergo either isoflurane anesthesia or insertion of the microsprayer aerosolizer. Animals were then observed without further treatment until each sacrifice timepoint.

General observation, body weight, and examination of the animals
The general physical condition of all rats was checked three times on the day of intratrachial instillation; once immediately before and after instillation and once in the afternoon. All rats were observed twice per day until the end of the experimental period, except on instillation days.
All animals were individually weighted on the day of instillation and then weekly until the end of the experimental period. The body weight was also measured at the end of this study.

Collection of pleural lavage fluid (PLF)
At 13-week and 104-week of the experimental period, 5 animals from each group were placed under deep isoflurane anesthesia and exsanguinated from the abdominal aorta. After blood collection, PLF was collected by a previously reported method [9].

Analysis of inflammatory cells and clinical chemistry in PLF
The residual PLF cell pellets were resuspended in 1 mL of sterilized buffered physiological saline and processed for WBC and differential leukocyte counts using an automatic multi-item blood cell analyzer (XT-2000i, Sysmex Corporation, Hyogo, Japan). The supernatants were analyzed for alkaline phosphate (ALP), lactate dehydrogenase (LDH), protein concentration (total protein), and albumin (ALB) using an automatic analyzer (Hitachi 7070, Hitachi, Ltd., Tokyo, Japan). Interleukin 8 (IL-8), a marker of neutrophil migration factor [26, 27], was measured by an absorption reader (Model: Sunrise Rainbow RC, Tecan Japan Co., Ltd). The cell pellet was fixed by suspension in buffered 4% paraformaldehyde at 4 °C overnight, then centrifuged at 1000 rpm for 10 min at 4 °C. The pellet was washed with saline and centrifuged at 1000 rpm at 4 °C for 10 min. Sodium alginate (0.5 mL of 1%) and 20 μL of 1 M CaCl2 was added to the pellet, and the pellet was stored in 80% ethanol prior to embedding in paraffin and processing for histopathology.

Measurement of number of MWNT-7 and VGCF™-H fibers in the lung and PLF
At weeks 13 and 104 of the experimental period, five animals that were not subjected to PLF in each of groups were exsanguinated from the abdominal aorta under deep isoflurane anesthesia. After blood collection, lung tissue, including trachea and bronchi, were weighed, and then preserved in a 10% buffered formalin solution for lung burden analysis. To measure the amount of VGCF™-H and MWNT-7 in the lung and PLF, fixed lung tissues and PLF sample were sent to the Japan Bioassay Research Center, Japan Organization of Occupational Health and Safety (Kanagawa, Japan).
For measurement of carbon fibers, 5 mL in PLF was agitated with a touch mixer and 1 mL was collected, then centrifuged at 12,000 rpm for 10 min. The supernatant was removed and the pellet was digested according to the method of Kohyama et al. [28]. A polycarbonate membrane filter (Isopore, Millipore, MA, USA) pre-coated with Pt for electron charge avoidance was positioned on a suction filtration apparatus, and carbon fibers were collected onto the filter. The morphology of the fibers was determined by SEM examination, and the number of carbon fibers was counted.

Gross pathological examination and organ weight
For the carcinogenicity evaluation, rats that were not subjected to carbon fiber analysis in the lung were exsanguinated from the abdominal aorta under deep isoflurane anesthesia. All organs and tissues were weighed and then preserved in a 10% buffered formalin solution for gross pathological examination.

Histopathological examination
For the histopathological examination, the heart, spleen, trachea, lungs (including bronchi), liver, kidney, diaphragm, peritoneum, vertical lymph nodes, and proliferative lesions were sliced into 5-mm-thick sections, embedded in paraffin, and then processed with hematoxylin and eosin (H&E) staining for histopathological examination. The terminology used in this study confirms to the INHAND Project [29] and the following documents [30–33].

Statistical analysis
For comparisons of the vehicle and treated groups, the homogeneity of variance was analyzed by Bartlett’s test (p < 0.05). If homogeneous, the data were analyzed using the parametric Dunnett’s test (two-sided); if not homogeneous, the data were analyzed by the non-parametric Steel’s test (two-sided). For comparisons of the untreated group vs. the vehicle group and for comparisons between the two groups supplied with the same doses of VGCF™-H and MWNT-7, the means were analyzed using the F-test. If the differences in means were non-significant, a Student's t-test (two-sided) was used; however, if the differences in the means were significant in the F-test, a Welch’s t-test (two-sided) was used. For the histopathological analysis, Fisher's exact test (one-sided) was used to evaluate the frequency of occurrence, and Wilcoxon’s test (two-sided) was used to evaluate the degree. The P-values < 0.05 were considered statistically significant.
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