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Abstract

:

Carbon nanotubes (CNTs) have gained much attention due to their superb properties, which make them promising options for the reinforcing composite materials with desirable mechanical properties. However, little is known about the linkage between lung exposure to nanomaterials and kidney disease. In this study, we compared the effects on the kidneys and aging for two different types of multiwall carbon nanotubes (MWCNTs): pristine MWCNTs (PMWCNTs) and acid-treated MWCNTs (TMWCNTs), with TMWCNTs being the preferred form for use as a composite material due to its superior dispersion properties. We used tracheal instillation and maximum tolerated dose (MTD) for both types of CNTs. MTD was determined as a 10% weight loss dose in a 3-month subchronic study, and the appropriate dosage for 1-year exposure was 0.1 mg/mouse. Serum and kidney samples were analyzed using ELISA, Western blot, and immunohistochemistry after 6 months and 1 year of treatment. PMWCNT-administered mice showed the activation of pathways for inflammation, apoptosis, and insufficient autophagy, as well as decreased serum Klotho levels and increased serum levels of DKK-1, FGF-23, and sclerostin, while TMWCNTs did not. Our study suggests that lung exposure to PMWCNTs can induce premature kidney aging and highlights a possible toxic effect of using MWCNTs on the kidneys in the industrial field, further highlighting that dispersibility can affect the toxicity of the nanotubes.
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1. Introduction


Multi-walled carbon nanotubes (MWCNTs) have unique mechanical, electrical, and thermal properties. With their potential for massive adoption in the industrial field, concerns over unanticipated effects have been emphasized [1]. Exposure to MWCNTs has been associated with various inflammatory responses in different organs. For instance, MWCNTs exposed to the lungs have been shown to cause granulomatous inflammation [2], while exposure in the liver has been linked to nonalcoholic steatohepatitis [3], and neuroinflammation has been observed in the brain [4]. In addition, MWCNT exposure on the skin has also been reported to induce inflammation [5]. Despite the fact that the kidney is a toxicologically vulnerable organ and plays an important role in body hormone and mineral homeostasis [6], toxicity evaluations for lung exposed MWCNTs in the kidney have not been reported. In particular, the kidney is a typical casualty of aging, as shown by the higher prevalence of chronic kidney disease (CKD) in people older than 70 [7] and the higher susceptibility of acute kidney injury (AKI) in elderly people [8]. This is because kidney cells barely express the enzyme telomerase [9], resulting in a limited ability to recover after acute injuries [10].



Premature aging is a process associated with a progressive accumulation of deleterious changes over time, an impairment of physiological functions, and an increase in the risk of diseases and death [11,12,13]. Regardless of genetic background, aging can be promoted by the lifestyles and environmental conditions to which our genes are exposed [12,14]. The kidneys play a key role in the regulation of body homeostasis by eliminating toxic substances and waste products, or maintaining acid-base balance and producing hormones such as calcitrol and erythropoietin [15]. Chronic kidney disease is a well-known condition that accelerates cellular senescence and premature aging through toxic alterations in the internal environment [12,16,17]. This occurs through several mechanisms, including increased reactive oxygen species generation [18], DNA and mitochondria damage [19], persistent inflammation [20], phosphate toxicity [11,21], stem cell depletion [22], decreased Klotho expression [11,23] and telomere shortening [10]. Through these mechanisms, patients with chronic kidney disease show premature aging phenotypes that are very similar to anti-aging protein Klotho knock-out mice such as hyperphosphatemia, vascular calcification and decreased mineral bone density [12,24]. These similarities led to the theory that CKD is a premature-aging-like syndrome caused by hyperphosphatemia [12]. Patients with CKD show increased oxidative DNA damage and shortened telomerase, supporting the theory.



Kidney premature aging is a complex process characterized by pathological and functional changes that accumulate over the course of a lifetime [25]. The main structural and functional changes in the aging kidney include glomerular, tubulo-interstitial, vascular, and endocrine changes [26]. As for the underlying molecular mechanisms, increased apoptosis is an intriguing theory for the increased cell damage observed with aging, as it represents a convergence between increased acute kidney injury (AKI) in the aging kidney and chronic renal dysfunction due to tubular loss [26]. In addition to this, autophagy is also reported to be altered in the aging kidney. Cui et al. reported that autophagy was not induced during ischemic stress in tubular cells in the aging kidney [27]. The increased chronic inflammation, which is characterized by the accumulation of macrophages and lymphocytes in the renal interstitium, also promotes renal senescence [13].



Based on the current state of MWCNT study and application, we used two different kinds of MWCNTs for the comparison of kidney toxicity and the effects on premature aging: pristine multi-walled carbon nanotubes (PMWCNTs) and acid treated multi-walled carbon nanotubes (TMWCNTs). The PMWCNTs were raw MWCNTs as purchased, and the TMWCNTs were highly dispersed PMWCNTs subjected to a multistep acid treatment using both hydrochloric and nitric acids [2]. As the number of CNT researchers and workers that use highly dispersible functionalized MWCNTs are increasing, we used TMWCNTs as the test materials [28]. In a previous study, we showed that TMWCNTs clear faster than PMWCNTs [2], and that PMWCNTs can induce non-alcoholic steatosis hepatitis-like phenotypes [3]. Although inhalation is the most ideal method for testing airborne materials, the equipment is expensive to acquire and maintain and it is hard to generate and characterize exposure from the atmosphere especially with fibrous MWCNTs. Moreover, anatomically, mice have a longer, more complex, and smaller proximal nasal airway path than humans, which provides better protection to the lower respiratory tract by improving filtration, absorption, and disposal of airborne particles and gases. In contrast, humans have simple middle and inferior turbinates in their nose [29]. Consequently, the inhalation of MWCNTs in mice may not achieve the intended delivery of particles to the lungs due to these structural differences. Therefore, direct instillation of the test material into the lungs was employed as an alternative to inhalation in this study. Tracheal instillation also has certain advantages over inhalation such as having a qualitatively reliable method when comparing different materials as the actual dose delivered to the lungs of mice can be defined accurately [30]. Based on these advantages, we compared the kidney damage and premature aging effect of PMWCNTs and TMWCNTs in the murine lung at 6 months and 1 year post tracheal instillation. This study has found that exposure of the lungs to PMWCNTs can induce premature kidney aging, indicating a possible toxic effect on the kidneys from the use of MWCNTs in industrial settings. This highlights the importance of considering the dispersibility of MWCNTs, as it can affect their toxicity.




2. Materials and Methods


2.1. Preparation of Multi-Walled Carbon Nanotubes


MWCNTs CM-95TM were purchased from Hanhwa Nanotech (Seoul, Republic of Korea), and the diameter and purity were reported as 12.5 ± 2.5 nm and >95%, respectively, by the manufacturer. MWCNTs not treated with anything were termed pristine-MWCNTs (PMWCNTs) and acid-treated MWCNTs were termed treated-MWCNT (TMWCNTs). These were prepared as previously reported [2,3] Briefly, PMWCNTs were mixed with HNO3 and H2SO4 (1:3 = v/v); approximately 10 mL of HNO3 and 30 mL of H2SO4 for 1 g of PMWCNTs. Then, the mixture was sonicated during 25 min for assisting the dispersal of MWCNTs. These mixtures were then refluxed at 120 °C for 90 min, and washed with deionized water and filtered using pore size of 0.8 µm, DM Metricel 800 (Pall Life Science, Port Washington, NY, USA). MWCNTs were weighed in a 10 mL glass vial in the fume hood and then was dry-heat sterilized at 200 °C for 1 h. They were suspended in sterile saline at a final concentration of 1 mg/mL in 10 mL glass vials and were sonicated for 15 min in a water sonicator bath (5510-DTH; Branson, Danbury, CT, USA); it was used as the stock solution for tracheal instillation. To prevent physical changes of MWCNTs, the stock solution of each MWCNT was prepared immediately before each cell experiment.




2.2. Transmission Electron Microscopy (TEM)


A drop of the MWCNTs solution was placed on a formvar/carbon-film-coated 400 mesh Cu TEM grid (Samchang Commercial Co., Ltd., Seoul, Republic of Korea), followed by sonicating in ethanol for 3 min. Morphology of MWCNTs were analyzed using energy-filtering TEM (EF-TEM) on a LIBRA 120 instrument (Carl Zeiss, Oberkochen, Germany) with voltage of 120 kV.




2.3. Raman Spectroscopy


Using a confocal microscope Raman system (LabRAM 300; JY-Horiba, Edison, NJ, USA) equipped with an optical microscope (Olympus, Tokyo, Japan), Raman scattering signals were collected in a 180° back-scattering geometry following the detection by a spectrometer equipped with a thermoelectrically cooled (−70 °C) charge-coupled device (CCD) detector. Power of the laser was approximately 1.2 mW at the samples, and the excitation source was a 647-nm Kr laser (Innova I-301; Coherent, CA, USA). Raman signals were collected on the selected point for 1 s.




2.4. Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)


ICP-AES was performed using an Optima-4300 DV (PerkinElmer, Waltham, MA, USA). In the mixture of 5 mL of aqua regia, 30 mg of MWCNTs were dissolved and mixed with 2 mL of hydrofluoric acid for 5 h in 180 °C. Then, the mixture was centrifuged and separate the residual solids. Lastly, the concentrations of metal elements in aqua regia were analyzed after dilution with distilled water to 20 mL.




2.5. Dosage of PMWCNTs and TMWCNTs


To determine the dosage for 1 year of exposure to MWCNTs, we used data from our previous 3-month subchronic exposure experiment [2]. Over 3 months, mice were treated with 0.1 mg PMWCNTs and TMWCNTs, and the dosage was determined according to the dose that was approximately less than 10% of the body weight lost compared to the control group (Figure 2B).




2.6. Animal Experiments and Tracheal Instillation


Six-week-old male C57BL/6 mice were purchased from ORIENT BIO (Seongnam, Republic of Korea) and quarantined one week prior to the experiment. The mice were kept in the laboratory animal facility with temperature and relative humidity maintained at 23 ± 2 °C and 50 ± 20%, respectively, under a 12-h light/dark cycle, and given food and water ad libitum. All methods used in this study were approved by the Animal Care and Use Committee at Seoul National University. A total of 50 µL of PMWCNT and TMWCNT suspensions were administered via intratracheal instillation to the mice in doses of 10 or 100 µg/mouse. After being anesthetized intra-peritoneally with ketamine/xylazine (150/15 mg/kg mixture) solution, a 24-gauge catheter was intubated into the trachea. Then, 50 µL of the MWCNT suspension was instilled into the catheter one drop at a time. Vehicle control mice received 50 µL of sterilized saline. The animals were sacrificed at the time points of 6 months and 1 year following injection (n = 5/group).




2.7. Hematoxylin and Eosin (H&E) and Masson’s Trichrome Staining


The kidneys were decapsulated and fixed in 10% neutral buffered formaldehyde overnight. The tissues were then paraffin processed, sectioned at a thickness of 3 μm, and transferred to a Plus slide (Fisher Scientific, Pittsburgh, PA, USA). For histologic analysis, the tissue sections were deparaffinized in xylene, rehydrated and stained with H&E (Sigma-Aldrich, Saint Quentin Fallavier, France), and Masson’s Trichrome staining (HT15, Sigma-Aldrich) according to the manufacturer’s protocol.




2.8. Kidney Histology


Scoring of tubular degeneration and mononuclear/lymphocytic infiltrates in the kidneys was performed in a blinded fashion by veterinary pathologists based on a previously described method [31].




2.9. Western Blot Analysis


Kidneys were homogenized using lysis buffer, and protein concentrations were measured with a Bradford solution (Bio-Rad, Hercules, CA, USA). Western blot analysis was performed as described previously (Kim et al., 2014 [3]). Anti-nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) p65 (sc-372), BAD (sc-943) and BAX (sc-526) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-alpha-smooth muscle actin (α-SMA) (ab5694), anti-F4/80 (ab6640), anti-Klotho (ab18131), and anti-p62 (SQSTM1) (ab56416) antibodies were purchased from Abcam (Cambridge, UK). Anti-p53 (LF-PA20550) and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (LF-PA41791) antibodies were purchased from Abfrontier (Seoul, Republic of Korea).




2.10. Serum Analysis of Klotho, Phosphate, and Mouse Bone Metabolism Proteins


Collected serum samples were stored at −70 °C before batch assay for Klotho levels using MyBioSource Mouse Klotho (KL) ELISA Kit (MBS015591, San Diego, CA, USA), according to the manufacturer’s instructions. Serum phosphate was analyzed using the BioVision phosphate colorimetric assay kit (K410-500, Milpitas, CA, USA) according to the manufacturer’s protocol. Mouse bone metabolism analyses including FGF-23, DKK-1, and sclerostin were performed using MILLIPLEXMAP Mouse Bone Magnetic Bead Panel (MBNMAG-41K, Millipore, Billerica, MA, USA), according to the manufacturer’s protocol.




2.11. Statistical Analysis


Results are shown as the mean ± S.E.M. of three experiments. Statistical analyses were performed using the Student’s t-test when the data consisted of only two groups (Graphpad Software v7, San Diego, CA, USA). A p < 0.05 were considered significant, and a p < 0.01 was considered to be highly significant. Quantification of Western blot analysis was performed using the Multi Gauge version 3.0 program (Fujifilm, Tokyo, Japan).





3. Results


3.1. Characteristics of PMWCNTs and TMWCNTs


TEM images of PMWCNTs and TMWCNTs shows that the diameter and length of TMWCNTs became smaller and shorter than those of PMWCNTs (Figure 1A). Raman spectra of each MWCNTs displayed two major peaks; the tangential mode or so-called G band at 1601 cm−1 and D-band at 1289 cm−1 assigned to carbonaceous compounds and defects of MWCNTs (Figure 1B). The intensity ratio of D-band to the G-band (ID/IG) in TMWCNTs is higher than that of PMWCNTs, meaning that PMWCNTs have less surface defects than TMWCNTs (Figure 1C). These defects can act as bonding sites for better functionalization on the side wall. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) results also shows that by the acid treatment, TMWCNTs contain less metal catalyst remnants compared to PMWCNTs, such as aluminum and ferrite (Table 1).




3.2. Dosage Determined Using the Maximum Tolerated Dose (MTD) and Animal Experiments


The experimental mice received sterile saline or 0.01 mg or 0.1 mg of PMWCNTs or TMWCNTs, as indicated in the schematic diagram, and were dissected at 6 months and 1 year post-instillation (Figure 2A). After a post-exposure period of 92 days, the average body weight of the saline control group was 31.7 ± 0.81 g. In contrast, the group exposed to 0.1 mg of PMWCNTs had an average body weight of 29.59 ± 0.56 g, while the group exposed to 0.1 mg of TMWCNTs had an average body weight of 28.89 ± 0.83 g. The average body weight of the mice at the start of the experiment was approximately 20 g. No toxicity, defined here as a 10% weight loss, was observed up to the dose of 0.1 mg/mouse for both PMWCNTs and TMWCNTs. Therefore, the maximum tolerated dose (MTD) of PMWCNTs and TMWCNTs was established at 0.1 mg/mouse (Figure 2B).




3.3. Renal Dysfunction and Histologic Change at 6 Months Post-Instillation of MWCNTs


At 6 months post instillation, the serum phosphate level was increased significantly in mice treated with 0.1 mg of PMWCNTs and TMWCNTs (Figure 3A). The increment of blood urea nitrogen (BUN) was significant in mice treated with 0.1 mg of PMWCNTs whereas the increase in TMWCNT-treated mice was not significant (Figure 3B). The elevation of BUN in mice treated with 0.01 mg of PMWCNTs was significantly different from that in mice treated with 0.01 mg of TMWCNTs (Figure 3B). In H&E staining of kidney paraffin sections 6 months after PMWCNT and TMWCNT administration, increased glomerular size (arrowhead) and increased interstitial volume (arrow) were observed in the PMWCNT-treated group compared to the saline control and the TMWCNT-treated group (Figure 3C).




3.4. Kidney and Serum Klotho Levels of Mice at 6 Months Post Instillation of MWCNTs


After 6 months of instillation, the expression level of kidney klotho was significantly decreased in the 0.1 mg/mouse PMWCNT-treated group according to the results of Western blot analysis, whereas the TMWCNT-treated group was not affected (Figure 4A). The serum Klotho level was significantly reduced in the 0.1 mg/mouse PMWCNT-treated group compared to the control and TMWCNT-treated groups (Figure 4B).




3.5. Activated Inflammatory, Fibrotic and Apoptotic Pathways, and Insufficient Autophagy in the Kidneys of 6-Month Post-Tracheal PMWCNT Instillation Mice


In the kidneys of the mice at 6 months post instillation, the expression level of NF-kBp65 was significantly increased in the 0.1 mg of PMWCNT-instilled group (Figure 5A,B). Abnormal autophagic accumulation was also observed in the 0.1 mg of PMWCNT-treated mice, as shown by a significant increment in p62 expression level (Figure 5A,B). Western blot analysis of alpha-SMA, F4/80 and MCP1 in the kidney of the mice 6 months after the administration of PMWCNTs and TMWCNTs showed a dose-dependent increase, with the highest expression level in the mice treated with 0.1 mg of PMWCNTs (Figure 5A,B). The expression levels of pro-apoptosis proteins were also increased significantly in the kidney of the mice treated with 0.1 mg of PMWCNTs (Figure 5C,D). The expression levels of p53 and BAX were increased and BAD was significantly increased in the 0.1 mg of PMWCNT-treated mice (Figure 5C,D).




3.6. Histologic Change of Kidney after 1 Year of MWCNTs Instillation


At 1 year post instillation, the overall morphology of the kidneys showed empty spaces in the mice treated with 0.1 mg of PMWCNT per mouse, while the control and TMWCNT groups did not show abnormal morphology (Figure 6A). Hydronephrosis was observed in the 0.1 mg of PMWCNT-administered mice and traces of the glomerulus were observed in the remaining cortex (Figure 6B). Compared to the control and TMWCNT groups, H&E staining of the PMWCNT-treated group showed increased tubular epithelial vacuolation (Arrow), tubular epithelial necrosis (Empty arrow), tubular dilation (Arrow head), and lymphocyte infiltration (Empty arrow) (Figure 6C). In addition to this, interstitial fibrosis (Dashed arrow) and glomerulosclerosis (Dashed empty arrow) were observed in the mice treated with 0.1 mg of PMWCNTs on Masson’s trichrome staining (Figure 6C). These pathological observations are summarized in Table 2. PMWCNTs caused significant tubular degeneration and lymphocyte infiltration compared to the TMWCNT-treated group (Table 2).




3.7. Changes in Serum Indicators Related to Kidney Function and Aging


On serum analysis of mice after 1 year of instillation, phosphate levels were increased in the PMWCNT- and TMWCNT-treated groups (Figure 7A) and blood urea nitrogen levels were significantly increased in the PMWCNT-treated group, compared to the TMWCNT-treated group (Figure 7B). Serum Klotho levels were significantly decreased in the PMWCNT-treated group, compared to the control and TMWCNT-treated groups (Figure 7C). Serum DKK-1 (Figure 7D), FGF-23 (Figure 7E), and Sclerostin (Figure 7F) levels in the PMWCNT-treated group were significantly increased compared to the control.





4. Discussion


Abnormal kidney function is a common issue that promotes premature aging and cellular senescence [12,32]. This effect is related to several mechanisms, including increased reactive oxygen species [18], mitochondrial damage [19], persistent inflammation [20], phosphate toxicity [21], and decreased Klotho expression [11]. Since lung exposure to MWCNTs is reported to generate free radicals and persistent inflammation [3,33], here, we investigated the possible toxic effects of MWCNTs on the kidneys and premature aging. Our study shows that intratracheal exposure to MWCNTs can induce kidney inflammation and related premature aging phenotypes. By comparing the effect of PMWCNTs and TMWCNTs, we also discovered that the effects were different in that PMWCNT-induced kidney aging more than TMWCNTs. The determination of premature kidney aging was largely achieved using pathological features of the kidneys (Table 2, Figure 3 and Figure 6), specifically, decreased levels of serum Klotho (Figure 4B and Figure 7C), increased serum FGF-23 (Figure 7E), and increased apoptosis and inflammation (Figure 5) in the kidneys.



The aging kidney exhibits various glomerular and tubulo-interstitial changes [25]. We observed several structural changes in the kidneys of mice treated with 0.1 mg of PMWCNTs. After 6 months of exposure, glomerular size increase and increased interstitial volume was observed; after 1 year, tubular epithelial vacuolation, tubular epithelial necrosis, tubular dilation, lymphocyte infiltration, interstitial fibrosis, and glomerulosclerosis were apparent (Figure 3 and Figure 6). These are all typical hallmarks of kidney aging [34,35]. In particular, one year after the administration of 0.1 mg of PMWCNTs, two of the five mice exhibited acquired unilateral hydronephrosis (Figure 6B), which is a naturally occurring disease that impairs free urine flow. Many etiologies leading to hydronephrosis are of particular significance to aging mice [36]. Since alterations in tubular function accompany anatomical involvement, tubular scarring leads to reduced Na-K ATPase, urea transporter, and proton pump in the elderly, resulting in electrolyte and mineral imbalances [37].



Next, we conducted serum analysis, and elevated serum phosphate (Figure 3A and Figure 7A) and blood urea nitrogen (Figure 3B and Figure 7B) levels were observed. These have been reported to be responsible for accelerating premature aging and causing decreased kidney function, respectively [21,24]. Increased serum phosphate level is reported to be universal in patients with advanced CKD or end-stage renal disease (ESRD) [16], and ESRD patients are known to show aging-like phenotypes including vascular calcification and metabolic bone disease [12] induced by decreased Klotho expression in the kidneys [38] as well as increased serum FGF-23 levels [39]. The reduced kidney and serum Klotho levels (Figure 4 and Figure 7C) in addition to the increased FGF-23 (Figure 7E) found in our study also coincide with these reports. Klotho, an anti-aging protein expressed in the distal convoluted tubules [23], is reported to induce hyperphosphatemia as its inhibitory effect on the proximal tubule Na-coupled phosphate transporter is lost [40]. Since phosphate is thought to be a major toxicological molecule that induces premature aging-like phenotypes [21] and genotoxic stress [41], the hyperphosphatemia shown in this study supports the theory of possible premature effects from PMWCNTs and TMWCNTs. In addition to this, decreased Klotho is known to be associated with increased susceptibility to oxidative stress via the activation of the insulin growth factor-1(IGF-1) pathway [22]. Emerging evidence also suggests that Klotho, itself, may be directly involved in the regulation of cellular senescence [42,43]. Increased circulating FGF-23 (Figure 7E) has also been reported as a consequence of decreasing nephron numbers with age, progression of CKD [39,44], and loss of the integrity of the Klotho signaling pathway, which accompanies mild hypercalcemia, vascular calcification, and elevated 1,25(OH)2 vitamin D3 [45,46]. FGF23 suppresses Cyp27b1, a gene that encodes 25-hydroxy-vitamin D 1α-hydroxylase, an enzyme that is essential for 1,25(OH)2 vitamin D3 synthesis in the kidneys [47]. Therefore, perturbation of the klotho-FGF-23 endocrine axes, which accompanies hyperphosphatemia, appears to be a major reason for the premature aging effects from PMWCNTs observed in this study.



This study also demonstrated an increased aging phenotype such as inflammatory response, abnormal autophagy, and increased apoptosis in the kidneys (Figure 5). Chronic inflammation, which is characterized by a progressive accumulation of macrophages, shown here as F4/80 increments (Figure 5A), and lymphocytes in the kidney interstitium, may induce or potentiate renal aging [13]. The major mechanisms whereby chronic inflammation may promote kidney aging include the induction of fibrosis by inflammatory cells through pro-fibrotic cytokines [48] and the enhancement of cell apoptosis [49]. Recent studies have revealed the renoprotective roles of autophagy against aging both in proximal tubular cells and podocytes [50]. Abnormal p62 accumulation in MWCNT-treated mice results in an impaired ability to induce autophagy and the aging phenotype (Figure 5A).



We further investigated whether PMWCNT-induced kidney damage could affect bone mineral metabolism and vascular calcification, which are major categories of aging, using related serum proteins including DKK-1, FGF-23, and sclerostin (Figure 7D,F). In chronic kidney disease, mineral and bone disorder is an extremely serious complication [17], and a disruption in bone and mineral homeostasis can increase cardiovascular mortality by inducing atherosclerosis-stimulated arterial calcification [51]. The serum proteins sclerostin and DKK-1 are soluble inhibitors of canonical Wnt signaling and have been identified as components of parathyroid hormone signal transduction [52]. Mounting evidence indicates that the increment of these proteins may be related to renal osteodystrophy correlated with aging [53]. We found a significant increase in sclerostin and DKK-1 in the PMWCNT-instilled group, supporting the theory that PMWCNTs can initiate chronic kidney disease-associated bone and mineral disorder through the inhibition of Wnt signaling. However, studies exploring the clinical correlations of serum DKK1 and sclerostin levels have so far yielded conflicting results regarding bone disorders [53,54]. Biological variability and analytical issues account at least partly for this inconsistency. Interestingly, a recent report by Weitzmann et al. indicated that bioactive silica nanoparticles can reverse age-associated bone loss in aged mice, and they showed increased serum osteocalcin levels and bone density in the bioactive silica-treated group [55]. Although the tested materials, concentrations, and experimental conditions are totally different, and even the results look conflicting at first glance, our results in part coincide with the results of Weitzmann et al., in that there is a report arguing that reduced Klotho levels is related to increased tibial trabecular bone density since Klotho has the opposite effect on Wnt signaling [56]. Serum FGF23 is reported to be independently correlated with vascular calcification but not mineral density in CKD patients [57] while vascular calcification and osteoporosis appear to be independent processes in elderly women [58].



There are possible explanations for the reasons of the different degree of toxicity of P PMWCNTs and TMWCNTs in kidney. Through acid treatment, TMWCNTs are more hydrophilic than PMWCNTs because of surface functional groups on them and consequently more dispersible (Figure 1). Our result coincides with the report by Sayes et al., [59] that as the degree of sidewall functionalization increases, the SWCNT becomes less cytotoxic. Another study also presented that suspended CNT-bundles were less cytotoxic than asbestos, while rope-like agglomerates induced more severe cytotoxic effects than asbestos fibers at the same concentrations [60]. Not just an in vitro study, also an in vivo study showed that MWCNTs with higher degree of agglomeration are more toxic, in terms of their prolonged persistence in the body [61]. Agglomerated MWCNTs retained in the lungs and liver and were not eliminated completely in 28 days, while the well-dispersed ones remained as fewer aggregates in the lungs and liver, and be easily eliminated [61]. Our previous study also supports that aggregated PMWCNTs cleared more slowly than TMWCNTs [2]. Persistently accumulated agglomerated MWCNTs in the lungs caused consistence systemic inflammatory responses, and this might be the major reason for the differential toxic effect of PMWCNTs and TMWCNTs on the kidneys. Another possible reason is that PMWCNTs contain a higher amount of iron and aluminum compared to TMWCNTs. It has been shown that iron can cause kidney toxicity by inducing oxidative stress, mitochondrial dysfunction, inflammation, and cell death [62]. Aluminum toxicity is also observed when plasma levels of aluminum exceed 0.2 μg/mL, leading to inhibition of enzyme activity and protein synthesis, alterations in nucleic acid function, and changes in cell membrane permeability [63]. Altogether, these suggest that synthesizing dispersible suspension is one of the key requirements for safe usage of MWCNTs in the applicable field.



In this study, we could not directly evaluate bone mineral density because we did not expect the possibility of kidney toxicity from PMWCNT and TMWCNT exposure through the lung after one year post administration, so we did not preserve the bone as an analytic sample. Moreover, functional analysis of the kidney’s glomerular filtration rate (GFR) could be a potential strength that strengthens the conclusions of this study. Although our study warrants further experiments, an intensified focus for the evaluation of factors that dictate the production as well as the release of humoral factors from the bone that can induce pathological changes at distant sites could open a new avenue for evaluating the parameters of nanotoxicity for possible aging effects.




5. Conclusions


Our study demonstrates that PMWCNT exposure through the lungs can induce chronic kidney damage associated with premature aging within 1 year of instillation, evidenced by histological changes, increased inflammation, abnormal autophagic accumulation, and increased apoptosis in the kidneys. In addition to this, increased serum phosphate, decreased serum Klotho, and increased bone mineral metabolism-related hormones including DKK-1, FGF-23, and Sclerostin also indicate kidney-related premature aging in MWCNT-treated mice. Furthermore, by comparing PMWCNTs and TMWCNTs, our study shows that acid-treatment can mitigate the kidney effects of MWCNTs. Although our study cannot explain whether premature aging or kidney damage comes first, and limited number of mice were used, our findings can contribute to better understanding of the premature aging effect from lung exposure to MWCNTs on the kidneys.







Author Contributions


Conceptualization, J.-E.K. and M.-H.C.; methodology, J.-E.K.; formal analysis, J.-E.K.; investigation, J.-E.K.; resources, J.-E.K. and M.-H.C.; data curation, J.-E.K.; writing—original draft preparation, M.-H.C.; writing—review and editing, J.-E.K.; visualization, M.-H.C.; supervision, M.-H.C.; project administration, M.-H.C.; funding acquisition, M.-H.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Research Foundation, grant number NRF-2012-0006206. J-E.K. was the recipient of a Brain Korea 21 Program for Veterinary Science of Seoul National University.




Institutional Review Board Statement


The mice were housed and handled in accordance with the Seoul National University Guide for the Care and Use of Laboratory Animals. All methods used in this study were approved by the animal care and use committee at Seoul National University (SNU-080215-1).




Acknowledgments


The authors thank Mansoo Choi in Seoul National University for providing acid treated MWCNT.




Conflicts of Interest


The authors declare that they have no competing interest.




Abbreviations


PMWCNT: pristine multi-walled carbon nanotube, TMWCNT: Acid-treated multi-walled carbon nanotube, MTD: Maximum tolerated dose, NF-κBp65: anti-nuclear factor kappa-light-chain-enhancer of activated B cells p65, α-SMA: alpha-smooth muscle actin, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, DKK-1: Dickkopf-related protein 1, FGF-23: Fibroblast growth factor 23, BUN: Blood urea nitrogen, BAD: Bcl-2-associated death promoter, BAX: Bcl-2-associated X protein.




References


	



Lam, C.W.; James, J.T.; McCluskey, R.; Arepalli, S.; Hunter, R.L. A review of carbon nanotube toxicity and assessment of potential occupational and environmental health risks. Crit. Rev. Toxicol. 2006, 36, 189–217. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Lim, H.T.; Minai-Tehrani, A.; Kwon, J.T.; Shin, J.Y.; Woo, C.G.; Choi, M.; Baek, J.; Jeong, D.H.; Ha, Y.C.; et al. Toxicity and clearance of intratracheally administered multiwalled carbon nanotubes from murine lung. J. Toxicol. Environ. Health A 2010, 73, 1530–1543. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Lee, S.; Lee, A.Y.; Seo, H.W.; Chae, C.; Cho, M.H. Intratracheal exposure to multi-walled carbon nanotubes induces a nonalcoholic steatohepatitis-like phenotype in C57BL/6J mice. Nanotoxicology 2015, 9, 613–623. [Google Scholar] [CrossRef] [PubMed]

	



Aragon, M.J.; Topper, L.; Tyler, C.R.; Sanchez, B.; Zychowski, K.; Young, T.; Herbert, G.; Hall, P.; Erdely, A.; Eye, T. Serum-borne bioactivity caused by pulmonary multiwalled carbon nanotubes induces neuroinflammation via blood–brain barrier impairment. Proc. Natl. Acad. Sci. USA 2017, 114, E1968–E1976. [Google Scholar] [CrossRef]

	



Palmer, B.C.; Phelan-Dickenson, S.J.; DeLouise, L.A. Multi-walled carbon nanotube oxidation dependent keratinocyte cytotoxicity and skin inflammation. Part. Fibre Toxicol. 2019, 16, 3. [Google Scholar] [CrossRef]

	



Burcham, P.C. Target-Organ Toxicity: Liver and Kidney. In An Introduction to Toxicology; Springer: Berlin, Germany, 2014; pp. 151–187. [Google Scholar]

	



Coresh, J.; Selvin, E.; Stevens, L.A.; Manzi, J.; Kusek, J.W.; Eggers, P.; Van Lente, F.; Levey, A.S. Prevalence of chronic kidney disease in the United States. JAMA 2007, 298, 2038–2047. [Google Scholar] [CrossRef]

	



Chronopoulos, A.; Cruz, D.N.; Ronco, C. Hospital-acquired acute kidney injury in the elderly. Nat. Rev. Nephrol. 2010, 6, 141–149. [Google Scholar] [CrossRef]

	



Melk, A.; Kittikowit, W.; Sandhu, I.; Halloran, K.M.; Grimm, P.; Schmidt, B.M.W.; Halloran, P.F. Cell senescence in rat kidneys in vivo increases with growth and age despite lack of telomere shortening. Kidney Int. 2003, 63, 2134–2143. [Google Scholar] [CrossRef]

	



Westhoff, J.H.; Schildhorn, C.; Jacobi, C.; Hömme, M.; Hartner, A.; Braun, H.; Kryzer, C.; Wang, C.; von Zglinicki, T.; Kränzlin, B.; et al. Telomere shortening reduces regenerative capacity after acute kidney injury. J. Am. Soc. Nephrol. 2010, 21, 327–336. [Google Scholar] [CrossRef]

	



John, G.B.; Cheng, C.Y.; Kuro-o, M. Role of Klotho in aging, phosphate metabolism, and CKD. Am. J. Kidney Dis. 2011, 58, 127–134. [Google Scholar] [CrossRef]

	



Stenvinkel, P.; Larsson, T.E. Chronic kidney disease: A clinical model of premature aging. Am. J. Kidney Dis. 2013, 62, 339–351. [Google Scholar] [CrossRef] [PubMed]

	



Mei, C.; Zheng, F. Chronic inflammation potentiates kidney aging. In Seminars in Nephrology; Elsevier: Amsterdam, The Netherlands, 2009; pp. 555–568. [Google Scholar]

	



Pathai, S.; Bajillan, H.; Landay, A.L.; High, K.P. Is HIV a model of accelerated or accentuated aging? J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 833–842. [Google Scholar] [CrossRef] [PubMed]

	



Klaassen, C.D. Casarett and Doull’s Toxicology: The Basic Science of Poisons; McGraw-Hill: New York, NY, USA, 2013; Volume 1236. [Google Scholar]

	



Hruska, K.A.; Mathew, S.; Lund, R.; Qiu, P.; Pratt, R. Hyperphosphatemia of chronic kidney disease. Kidney Int. 2008, 74, 148–157. [Google Scholar] [CrossRef] [PubMed]

	



Moe, S.M.; Drüeke, T.; Lameire, N.; Eknoyan, G. Chronic kidney disease–mineral-bone disorder: A new paradigm. Adv. Chronic. Kidney Dis. 2007, 14, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Jung, K.J.; Kim, D.H.; Lee, E.K.; Song, C.W.; Yu, B.P.; Chung, H.Y. Oxidative stress induces inactivation of protein phosphatase 2A, promoting proinflammatory NF-κB in aged rat kidney. Free. Radic. Biol. Med. 2013, 61, 206–217. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, M.; Fujimoto, S.; Horike, H.; Ozeki, M.; Nagasu, H.; Tomita, N.; Sasaki, T.; Naoki Kashihara, N. Mitochondrial damage-induced impairment of angiogenesis in the aging rat kidney. Lab. Investig. 2011, 91, 190–202. [Google Scholar] [CrossRef] [PubMed]

	



Izquierdo, M.C.; Perez-Gomez, M.V.; Sanchez-Niño, M.D.; Sanz, A.B.; Ruiz-Andres, O.; Poveda, J.; Moreno, J.A.; Egido, J.; Ortiz, A. Klotho, phosphate and inflammation/ageing in chronic kidney disease. Nephrol. Dial. Transplant. 2012, 27 (Suppl. S4), iv6–iv10. [Google Scholar] [CrossRef]

	



Ohnishi, M.; Nakatani, T.; Lanske, B.; Razzaque, M.S. In vivo genetic evidence for suppressing vascular and soft-tissue calcification through the reduction of serum phosphate levels, even in the presence of high serum calcium and 1, 25-dihydroxyvitamin d levels. Circ. Cardiovasc. Genet. 2009, 2, 583–590. [Google Scholar] [CrossRef]

	



Yang, H.; Fogo, A.B. Cell senescence in the aging kidney. J. Am. Soc. Nephrol. 2010, 21, 1436–1439. [Google Scholar] [CrossRef]

	



Kurosu, H.; Yamamoto, M.; Clark, J.D.; Pastor, J.V.; Nandi, A.; Gurnani, P.; McGuinness, O.P.; Chikuda, H.; Yamaguchi, M.; Kawaguchi, H.; et al. Suppression of aging in mice by the hormone Klotho. Science 2005, 309, 1829–1833. [Google Scholar] [CrossRef]

	



Kuro-o, M. Klotho, phosphate and FGF-23 in ageing and disturbed mineral metabolism. Nat. Rev. Nephrol. 2013, 9, 650–660. [Google Scholar] [CrossRef] [PubMed]

	



Bolignano, D.; Mattace-Raso, F.; Sijbrands, E.J.; Zoccali, C. The aging kidney revisited: A systematic review. Ageing Res. Rev. 2014, 14, 65–80. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Bonventre, J.V.; Parrish, A.R. The aging kidney: Increased susceptibility to nephrotoxicity. Int. J. Mol. Sci. 2014, 15, 15358–15376. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Bai, X.Y.; Shi, S.; Cui, S.; Hong, Q.; Cai, G.; Chen, X. Age-related changes in the function of autophagy in rat kidneys. Age 2012, 34, 329–339. [Google Scholar] [CrossRef] [PubMed]

	



Gasnier, A.; Pedano, M.L.; Gutierrez, F.; Labbé, P.; Rivas, G.A.; Rubianes, M.D. Glassy carbon electrodes modified with a dispersion of multi-wall carbon nanotubes in dopamine-functionalized polyethylenimine: Characterization and analytical applications for nicotinamide adenine dinucleotide quantification. Electrochim. Acta 2012, 71, 73–81. [Google Scholar] [CrossRef]

	



Harkema, J.R.; Carey, S.A.; Wagner, J.G. The nose revisited: A brief review of the comparative structure, function, and toxicologic pathology of the nasal epithelium. Toxicol. Pathol. 2006, 34, 252–269. [Google Scholar] [CrossRef]

	



Driscoll, K.E.; Costa, D.L.; Hatch, G.; Henderson, R.; Oberdorster, G.; Salem, H.; Schlesinger, R.B. Intratracheal instillation as an exposure technique for the evaluation of respiratory tract toxicity: Uses and limitations. Toxicol. Sci. 2000, 55, 24–35. [Google Scholar] [CrossRef]

	



Haschek, W.M.; Rousseaux, C.G.; Wallig, M.A. Fundamentals of Toxicologic Pathology; Academic Press: Cambridge, MA, USA, 2009; pp. 303–316. [Google Scholar]

	



Izquierdo, M.C.; Sanz, A.B.; Sánchez-Niño, M.D.; Pérez-Gómez, M.V.; Ruiz-Ortega, M.; Poveda, J.; Ruiz-Andrés, O.; Ramos, A.M.; Moreno, J.A.; Egido, J.; et al. Acute kidney injury transcriptomics unveils a relationship between inflammation and ageing. Nefrologia 2012, 32, 715–723. [Google Scholar]

	



He, X.; Young, S.H.; Schwegler-Berry, D.; Chisholm, W.P.; Fernback, J.E.; Ma, Q. Multiwalled carbon nanotubes induce a fibrogenic response by stimulating reactive oxygen species production, activating NF-κB signaling, and promoting fibroblast-to-myofibroblast transformation. Chem. Res. Toxicol. 2011, 24, 2237–2248. [Google Scholar] [CrossRef]

	



Martin, J.E.; Sheaff, M.T. Renal ageing. J. Pathol. 2007, 211, 198–205. [Google Scholar] [CrossRef]

	



Li, M.; Nicholls, K.M.; Becker, G.J. Glomerular size and global glomerulosclerosis in normal Caucasian donor kidneys: Effects of aging and gender. J. Nephrol. 2001, 15, 614–619. [Google Scholar]

	



Springer, D.A.; Allen, M.; Hoffman, V.; Brinster, L.; Starost, M.F.; Bryant, M.; Eckhaus, M. Investigation and identification of etiologies involved in the development of acquired hydronephrosis in aged laboratory mice with the use of high-frequency ultrasound imaging. Pathobiol. Aging Age-Relat. Dis. 2014, 4, 24932. [Google Scholar] [CrossRef] [PubMed]

	



Combet, S.; Geffroy, N.; Berthonaud, V.; Dick, B.; Teillet, L.; Verbavatz, J.M.; Corman, B.; Trinh-Trang-Tan, M.M. Correction of age-related polyuria by dDAVP: Molecular analysis of aquaporins and urea transporters. Am. J. Physiol.-Ren. Physiol. 2003, 284, F199–F208. [Google Scholar] [CrossRef] [PubMed]

	



Koh, N.; Fujimori, T.; Nishiguchi, S.; Tamori, A.; Shiomi, S.; Nakatani, T.; Sugimura, K.; Kishimoto, T.; Kinoshita, S.; Kuroki, T.; et al. Severely reduced production of klotho in human chronic renal failure kidney. Biochem. Biophys. Res. Commun. 2001, 280, 1015–1020. [Google Scholar] [CrossRef] [PubMed]

	



Isakova, T.; Wahl, P.; Vargas, G.S.; Gutiérrez, O.M.; Scialla, J.; Xie, H.; Appleby, D.; Nessel, N.; Bellovich, K.; Chen, J.; et al. Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 2011, 79, 1370–1378. [Google Scholar] [CrossRef]

	



Huang, C.L.; Moe, O.W. Klotho: A novel regulator of calcium and phosphorus homeostasis. Pflügers Arch. Eur. J. Physiol. 2011, 462, 185–193. [Google Scholar] [CrossRef]

	



Ramírez, R.; Carracedo, J.; Soriano, S.; Jiménez, R.; Martín-Malo, A.; Rodríguez, M.; Blasco, M.; Aljama, P. Stress-induced premature senescence in mononuclear cells from patients on long-term hemodialysis. Am. J. Kidney Dis. 2005, 45, 353–359. [Google Scholar] [CrossRef]

	



Kuro-o, M. Klotho as a regulator of oxidative stress and senescence. Biol. Chem. 2008, 389, 233–241. [Google Scholar] [CrossRef]

	



Liu, F.; Wu, S.; Ren, H.; Gu, J. Klotho suppresses RIG-I-mediated senescence-associated inflammation. Nat. Cell Biol. 2011, 13, 254–262. [Google Scholar] [CrossRef]

	



Gutiérrez, O.M.; Wolf, M.; Taylor, E.N. Fibroblast growth factor 23, cardiovascular disease risk factors, and phosphorus intake in the health professionals follow-up study. Clin. J. Am. Soc. Nephrol. 2011, 6, 2871–2878. [Google Scholar] [CrossRef]

	



Moe, S.M. Klotho: A master regulator of cardiovascular disease? Circulation 2012, 125, 2181–2183. [Google Scholar] [CrossRef] [PubMed]

	



Kuro-o, M.; Matsumura, Y.; Aizawa, H.; Kawaguchi, H.; Suga, T.; Utsugi, T.; Ohyama, Y.; Kurabayashi, M.; Kaname, T.; Kume, E.; et al. Mutation of the mouse klotho gene leads to a syndrome resembling ageing. Nature 1997, 390, 45–51. [Google Scholar] [CrossRef]

	



Shimada, T.; Hasegawa, H.; Yamazaki, Y.; Muto, T.; Hino, R.; Takeuchi, Y.; Fujita, T.; Nakahara, K.; Fukumoto, S.; Yamashita, T. FGF-23 is a potent regulator of vitamin D metabolism and phosphate homeostasis. J. Bone Miner. Res. 2004, 19, 429–435. [Google Scholar] [CrossRef] [PubMed]

	



Ding, G.; Franki, N.; Kapasi, A.A.; Reddy, K.; Gibbons, N.; Singhal, P.C. Tubular cell senescence and expression of TGF-β1 and p21 WAF1/CIP1 in tubulointerstitial fibrosis of aging rats. Exp. Mol. Pathol. 2001, 70, 43–53. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.H.; Kim, E.N.; Kim, M.Y.; Chung, S.; Shin, S.J.; Kim, H.W.; Yang, C.W.; Kim, Y.S.; Chang, Y.S.; Park, C.W.; et al. Age-associated molecular changes in the kidney in aged mice. Oxidative Med. Cell. Longev. 2012, 2012, 171383. [Google Scholar] [CrossRef] [PubMed]

	



Huber, T.B.; Edelstein, C.L.; Hartleben, B.; Inoki, K.; Jiang, M.; Koya, D.; Kume, S.; Lieberthal, W.; Pallet, N.; Quiroga, A.; et al. Emerging role of autophagy in kidney function, diseases and aging. Autophagy 2012, 8, 1009–1031. [Google Scholar] [CrossRef]

	



Fang, Y.; Ginsberg, C.; Sugatani, T.; Monier-Faugere, M.C.; Malluche, H.; Hruska, K.A. Early chronic kidney disease–mineral bone disorder stimulates vascular calcification. Kidney Int. 2014, 85, 142–150. [Google Scholar] [CrossRef] [PubMed]

	



Baron, R.; Rawadi, G. Targeting the Wnt/β-catenin pathway to regulate bone formation in the adult skeleton. Endocrinology 2007, 148, 2635–2643. [Google Scholar] [CrossRef]

	



Cejka, D.; Herberth, J.; Branscum, A.J.; Fardo, D.W.; Monier-Faugere, M.C.; Diarra, D.; Haas, M.; Malluche, H.H. Sclerostin and Dickkopf-1 in renal osteodystrophy. Clin. J. Am. Soc. Nephrol. 2011, 6, 877–882. [Google Scholar] [CrossRef]

	



Evenepoel, P.; D’Haese, P.; Brandenburg, V. Sclerostin and DKK1: New players in renal bone and vascular disease. Kidney Int. 2015, 88, 235–240. [Google Scholar] [CrossRef]

	



Weitzmann, M.N.; Ha, S.W.; Vikulina, T.; Roser-Page, S.; Lee, J.K.; Beck, G.R. Bioactive silica nanoparticles reverse age-associated bone loss in mice. Nanomedicine 2015, 11, 959–967. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Fergusson, M.M.; Castilho, R.M.; Liu, J.; Cao, L.; Chen, J.; Malide, D.; Rovira, I.I.; Schimel, D.; Kuo, C.J.; et al. Augmented Wnt signaling in a mammalian model of accelerated aging. Science 2007, 317, 803–806. [Google Scholar] [CrossRef] [PubMed]

	



Desjardins, L.; Liabeuf, S.; Renard, C.; Lenglet, A.; Lemke, H.D.; Choukroun, G.; Drueke, T.B.; Massy, Z.A.; European Uremic Toxin (EUTox) Work Group. FGF23 is independently associated with vascular calcification but not bone mineral density in patients at various CKD stages. Osteoporos. Int. 2012, 23, 2017–2025. [Google Scholar] [CrossRef] [PubMed]

	



Flipon, E.; Liabeuf, S.; Fardellone, P.; Mentaverri, R.; Ryckelynck, T.; Grados, F.; Kamel, S.; Massy, Z.A.; Dargent-Molina, P.; Brazier, M. Is vascular calcification associated with bone mineral density and osteoporotic fractures in ambulatory, elderly women? Osteoporos. Int. 2012, 23, 1533–1539. [Google Scholar] [CrossRef]

	



Sayes, C.M.; Liang, F.; Hudson, J.L.; Mendez, J.; Guo, W.; Beach, J.M.; Moore, V.C.; Doyle, C.D.; West, J.L.; Billups, W.E.; et al. Functionalization density dependence of single-walled carbon nanotubes cytotoxicity in vitro. Toxicol. Lett. 2006, 161, 135–142. [Google Scholar] [CrossRef]

	



Wick, P.; Manser, P.; Limbach, L.K.; Dettlaff-Weglikowska, U.; Krumeich, F.; Roth, S.; Stark, W.J.; Bruinink, A. The degree and kind of agglomeration affect carbon nanotube cytotoxicity. Toxicol. Lett. 2007, 168, 121–131. [Google Scholar] [CrossRef]

	



Qu, G.; Bai, Y.; Zhang, Y.; Jia, Q.; Zhang, W.; Yan, B. The effect of multiwalled carbon nanotube agglomeration on their accumulation in and damage to organs in mice. Carbon 2009, 47, 2060–2069. [Google Scholar] [CrossRef]

	



van Swelm, R.P.L.; Wetzels, J.F.M.; Swinkels, D.W. The multifaceted role of iron in renal health and disease. Nat. Rev. Nephrol. 2020, 16, 77–98. [Google Scholar] [CrossRef]

	



Rahimzadeh, M.R.; Rahimzadeh, M.R.; Kazemi, S.; Amiri, R.J.; Pirzadeh, M.; Moghadamnia, A.A. Aluminum poisoning with emphasis on its mechanism and treatment of intoxication. Emerg. Med. Int. 2022, 2022, 1480553. [Google Scholar] [CrossRef]








[image: Toxics 11 00373 g001 550] 





Figure 1. Characteristics of PMWCNTs and TMWCNTs. (A) TEM image of PMWCNTs (Left) and TMWCNTs (Right). (B) Raman spectra of PMWCNTs (Red) and TMWCNTs (Black). (C) Intensity ratio of Raman D peak and G peak. TMWCNTs show higher ID/IG ratio than that of PMWCNTs. 
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Figure 2. Schematic diagram of the animal experiment and body weight change during 3 months. (A) Six-week-old mice were treated with either 50 μL sterile saline, PMWCNTs, or TMWCNTs suspended in sterile saline. Five mice were included in each group, and the concentrations of PMWCNTs and TMWCNTs were either 0.01 mg/50 μL or 0.1 mg/50 μL, with each mouse receiving 50 μL of the respective treatment. The mice were dissected at 6 months and 1 year post-instillation to investigate the long-term effects of the treatments. Created with BioRender.com (B) Effects of MWCNTs on mouse body weight gain up until 92 days post-exposure. The average body weight of the control group was 31.7 ± 0.81 g, while the high dosage PMWCNT and TMWCNT groups had an average body weight of 29.59 ± 0.56 g and 28.89 ± 0.83 g each. The average weight of the mice at the start point was approximately 20 g. No toxicity, assessed and defined as a 10% weight loss, was observed up to 0.1 mg/mouse of TMWCNTs and PMWCNTs. Each bar represents the mean ± S.E.M. (n = 5). 
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Figure 3. Alteration of serum phosphate, blood urea nitrogen level and kidney histology by MWCNTs after 6 months of instillation. (A) Serum phosphate level of mice and (B) Serum blood urea nitrogen level of mice after treatment with saline, PMWCNTs, and TMWCNTs. (C) H&E staining of sections of the cortex (×200) and medulla (×400) of the kidneys at 6 months post instillation of saline, PMWCNTs, and TMWCNTs. Arrows indicate increased interstitial volume in the PMWCNT-treated group. Arrow heads indicate increased glomerular size. Representative figures of five individuals from each group. Magnifications are indicated in the figures. Error bars indicate mean ± S.E.M. * p < 0.05 and ** p < 0.001 indicate statistical difference compared to the control group. @ p < 0.05 is statistical difference between 0.1 mg of PMWCNTs and TMWCNTs. 
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Figure 4. Tissue and serum Klotho level in mice after 6 months instillation. (A) Western blot analysis of Klotho in the kidneys of mice after 6 months of treatment with PMWCNTs and TMWCNTs. (B) Serum Klotho level of mice exposed to saline, 0.01 mg and 0.1 mg of PMWCNTs and TMWCNTs, respectively. * Statistically different (p < 0.05) compared to the control group (n = 5). @@ Statistically different (p < 0.01) between the two indicated groups. ## Statistical difference (p < 0.01) between the two indicated groups. 
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Figure 5. Activated inflammatory, fibrotic and apoptotic pathways, and insufficient autophagy were observed in the kidneys at 6 months post tracheal instillation of PMWCNTs. (A) Western blot analysis of NF-κBp65, phospho-smad2, alpha-SMA, p62, F4/80 and MCP1 in the kidney of mice 6 months after the administration of PMWCNTs and TMWCNTs, and their densitometric analysis (B). (C) Western blot analysis of p53, BAX, and BAD in the kidney of mice after 6 months of treatment with PMWCNTs and TMWCNTs, and their densitometry graph (D) (n = 5). The bands of p53, BAX, and BAD were further analyzed using densitometry. The intensity of the p53, BAX, and BAD bands were separated by the intensity of the GAPDH band. Each bar represents the mean ± S.E.M. (n = 5). * Statistically different (p < 0.05) compared to the control group (n = 5). 
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Figure 6. The effects of administering multi-walled carbon nanotubes (MWCNTs) on the morphology of mouse kidneys after one year. (A) Hematoxylin and eosin-stained images show the morphologies of mouse kidneys treated with saline, PMWCNTs, and TMWCNTs. (B) PMWCNTs induce hydronephrosis after one year. Inset shows traces of the glomerulus. (C) Paraffin-embedded kidney tissue sections one year after the administration of PMWCNTs and TMWCNTs were stained with H&E and Masson’s trichrome. Red arrow indicates tubular epithelial vacuolation. Empty arrow indicates tubular epithelial necrosis. Arrow head indicates tubular dilation. Empty arrow head indicates lymphocyte infiltration. Dashed arrow and dashed empty arrow indicate tubulointerstitial fibrosis and glomerulosclerosis, respectively. Magnification and scale bar are indicated in each figure. 
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Figure 7. Serum analysis of mice after 1 year of instillation. (A) Serum phosphate, (B) Blood urea nitrogen, (C) Serum Klotho, (D) Serum DKK-1, (E) Serum FGF-23 and (F) Serum sclerostin levels after 1 year of treatment with saline, PMWCNTs, and TMWCNTs. Each bar represents the mean ± S.E.M. (n = 5). * Statistically different (p < 0.05) compared to the control group. ** Statistically different (p < 0.01) compared to the control group. # Statistical difference (p < 0.05) between the two indicated groups. ### Statistically different (p < 0.001) between the two indicated groups. 
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Table 1. The differences in metal catalyst contents between PMWCNTs and TMWCNTs.
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	PMWCNT (ppm)
	TMWCNT (ppm)





	Mn
	nd
	nd



	Co
	nd
	nd



	Ni
	nd
	nd



	Cu
	nd
	nd



	Zn
	nd
	8.96



	Al
	8973.5
	613.28



	Fe
	12,018.0
	1082.64



	Ti
	nd
	nd



	Pt
	nd
	nd







nd: not detected.
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Table 2. Summary of pathological observations indicative of PMWCNT- and TMWCNT-induced renal dysfunction.
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	Con
	PMWCNT
	TMWCNT





	Tubular injury
	
	
	



	Tubular degeneration
	0.21 ± 0.021
	1.833 ± 0.167 *
	0.900 ± 0.233



	Mononuclear/lymphocytic infiltrates
	0.00 ± 0.00
	0.833 ± 0.401 *
	0.32 ± 0.100







Grade 0: None. Grade 1: Mild. Grade 2: Severe. * indicates p < 0.05, t-test between PMWCNTs and TMWCNTs.
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